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Distinct motifs in the E protein are required for SARS-CoV-2 virus
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ABSTRACT Severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) is a major
public health concern, but the mechanisms underlying its viral particle formation are
not well understood. In this study, we established a system for producing virus-like
particles (VLPs) by expressing four structural proteins that make up SARS-CoV-2 virus
particles in cells and used a spike (S) protein fused with the HiBiT peptide as a marker
for evaluating VLP production. Using this system, we confirmed that the E protein plays
an important role in VLP release. Both the co-expression of VPS4A K173Q and ORF3A
and treatment with bafilomycin A1 enhanced VLP release. These results suggest that
VLPs are released in an endosomal sorting complex required for transport-independent
manner and that lysosomal dysfunction is required for the efficient release of VLPs.
Screening various E protein mutants revealed that the F56/Y57/Y59 amyloidization motif
and the D72/L73/L74/N75 PDZ-binding motif (PBM) are critical for E protein function
in VLP release. We also found that E protein expression led to an increase in the pH
of lysosomes and that the N15 residue required for viroporin activity, the C40/C43
consensus sequence, or the K63 dibasic motif are required for its function. However,
amyloidization or PBM mutations did not affect lysosomal deacidification, suggesting
that the mechanisms of E protein activity during VLP formation and lysosomal deacidi-
fication are distinct. Overall, this study highlights the importance of the E protein in
SARS-CoV-2 viral particle formation, and the results may be useful in the development of
drugs that inhibit this process.

IMPORTANCE Severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2), the virus
responsible for coronavirus disease 2019 (COVID-19), has caused a global public health
crisis. The E protein, a structural protein found in this virus particle, is also known to be a
viroporin. As such, it forms oligomeric ion channels or pores in the host cell membrane.
However, the relationship between these two functions is poorly understood. In this
study, we showed that the roles of E protein in virus particle and viroporin formation
are distinct. This study contributes to the development of drugs that inhibit SARS-CoV-2
virus particle formation. Additionally, we designed a highly sensitive and high-through- Editor Stacey Schultz-Cherry, St. Jude Children's
put virus-like particle detection system using the HiBiT tag, which is a useful tool for Research Hospital, Memphis, Tennessee, USA
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and six million deaths worldwide. Coronaviruses, including SARS-CoV-1 and MERS-CoV,
are known to cause severe and often fatal diseases (1). Currently, drugs targeting
the RNA-dependent polymerase or the protease enzymes of SARS-CoV-2 are effective
treatments for SARS-CoV-2 infections (2). However, it is necessary to develop drugs with
alternative modes of action that can effectively treat the virus and have minimal side
effects.

SARS-CoV-2 is a member of the B-coronavirus (B-CoV) family and has a single-stran-
ded (+) RNA genome of approximately 30 kb (3). It has 79.6% sequence identity with
SARS-CoV-1, and both viruses enter cells using the angiotensin-converting enzyme 2
(ACE2) receptor, which is present on the target cell surface (4, 5). Upon entry of SARS-
CoV-2 into the host cells, RNA from the viral genome is synthesized in the cytoplasm (6,
7). Following the synthesis of the viral RNA genome and protein, four structural proteins,
the spike (S), nucleocapsid (N), membrane (M), and envelope (E) proteins, assemble
on the membrane with the genomic RNA to form a new virion (8-10). The S protein,
which binds to the ACE2 receptor, is important for viral entry into the host cells (11).
The N protein of SARS-CoV-2 binds to and protects the genomic RNA and promotes
virion assembly and maturation through its interaction with the C-terminus of the M
protein (12, 13). The M protein is involved in the assembly of structural proteins and
the formation of viral particles in the endoplasmic reticulum (ER)-Golgi intermediate
compartment, and it is the most abundant protein in viral particles (12, 14). The function
of the E protein in the assembly and budding of SARS-CoV-2 remain unclear, but research
on SARS-CoV-1 and SARS-CoV-2 has demonstrated that it has a crucial role in virion
formation, as the titers of viruses lacking the E protein are greatly reduced compared
to those of wild-type viruses (15-17). Studies of SARS-CoV-2 virus-like particles (VLPs)
have also shown that the E protein plays a role in modulating the secretory pathway of
the S protein (18). The interactions among these four structural proteins are crucial for
the proper assembly, genome packaging, and budding of progeny coronavirus particles
(12). After virion assembly, B-CoVs, including SARS-CoV-2, utilize lysosomal trafficking to
release their progeny particles rather than the biosynthetic secretory pathway commonly
used by other enveloped viruses (19). This process can lead to lysosomal deacidification,
the inactivation of lysosomal enzymes, and disruption of antigen presentation pathways
(19).

The SARS-CoV-2 E protein is a single transmembrane protein composed of 75 amino
acids, and its sequence is similar to that of SARS-CoV-1 (20). The E protein is a struc-
tural coronavirus protein that is incorporated into virions in small amounts (12). The
E protein can promote virus particle assembly by cooperating with the M protein (18,
21-26). Additionally, the E protein has been reported to function as a viroporin, with
monovalent cation and Ca**-selective ion channel activity, through self-assembly into a
pentameric structure (6, 16, 27-32). Studies of SARS-CoV-1 have shown that its activity is
not essential for viral production, but it can enhance viral pathogenesis by modulating
cytokine production (16). The C-terminus of coronaviral E proteins contains a PDZ-bind-
ing motif (PBM) sequence that interacts with host PDZ domain proteins, such as PALS1
and syntenin1 (33-39). The PDZ domain is a protein-protein interaction module found
in a variety of species that is involved in various biological processes, including protein
transport, cell adhesion, ion channel formation, and signal transduction (40). Proteome
analysis has been used to identify several other PDZ domain proteins, including ZO-1,
PALS2, and PTPN13, that may interact with the E protein (41), suggesting that multi-
ple PDZ domain proteins are involved in E protein function. Although the infectivity
of recombinant SARS-CoV-1 with a mutation in the PBM of the E protein does not
significantly impact viral propagation, studies have shown that deletion of the entire
PBM region in the SARS-CoV-1 E protein or mutations in the E proteins of SARS-CoV-2
or MERS-CoV affects viral propagation (15, 42). These findings strongly suggest that the
interaction between the host PDZ domain proteins and E proteins plays a role in viral
propagation. However, the specific roles of these interactions in the viral life cycle remain
unclear.
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Previous studies have shown that VLPs can be efficiently produced when all four
structural proteins (S, M, N, and E) are expressed. In this study, we fused the HiBiT tag,
a highly sensitive detection tag (43), to the C-terminus of the S protein and used HiBiT
activity measurements as an extremely sensitive method for quantifying VLPs. Further-
more, we monitored changes in lysosomal acidification caused by the expression of the
E and ORF3A proteins and evaluated how these proteins affected viroporin function. Our
study revealed a relationship between viral particle formation and viroporin function in
SARS-CoV-2 VLP-producing cells.

RESULTS

Establishment of a highly sensitive SARS-CoV-2 virus-like particle detection
system

To learn more about the mechanism of SARS-CoV-2 particle formation, we focused on
studying the VLPs that can be produced by inducing the expression of viral structural
proteins in cells. In our study, we used HEK293T cells transfected with the four SARS-
CoV-2 structural proteins. Thirty-six hours after transfection, we collected the VLPs from
the culture supernatants (Fig. 1A). The collected medium was then centrifuged at three
different speeds (500 x g; 1,200 x g; and 10,000 X g) for 5 min each to perform crude
purification and remove cell debris. Further purification of VLPs was performed using
ultracentrifugation at 100,000 x g, and the pellet fraction contained the VLPs (Fig. 1B).
Western blotting was used to confirm that the purified VLPs contained the structural
proteins S, M, and N (Fig. 1C). E protein expression was confirmed using fluorescent
immunostaining, as western blotting was unsuccessful (Fig. 1D). To quantify the VLPs,
we used a HiBiT tag (a Split NanolLuc fused to the C-terminus of the spike protein),
which enabled extremely sensitive measurements. The C-terminus of the spike protein is
located within the VLP, which allowed us to evaluate its status in the culture supernatant
by comparing the HiBiT activity in the presence or absence of detergent. We observed
a significant detergent-dependent increase in HiBiT activity in the 100,000 x g pellet
when all structural proteins were present (Fig. 1E, right). However, we did not observe
a detergent-dependent increase in HiBiT activity in the 100,000 x g supernatant despite
the presence of all four structural proteins (Fig. 1E, left). These results suggested that
all S proteins in the 100,000 x g pellet fraction in culture supernatant are released
as membrane-enveloped VLPs. We named this detection system the Detergent Assay
and used it in subsequent experiments. Because the VLPs released into extracellular
environment appeared to be enveloped by membranes, the status of the VLPs in the
100,000 x g precipitate was investigated using 20%-60% sucrose density gradient
ultracentrifugation. The HiBiT activity of each fraction was measured in the presence
or absence of detergents. After the fractions were treated with detergent, we detected a
peak in HiBiT activity, especially in the heavy fraction (Fig. 1F). The presence of 100 nm
vesicles in these fractions supports the conclusion that they represent VLP-positive
fractions. These results suggest that VLPs are released into the extracellular environment
as enveloped VLPs. Immunofluorescence imaging was also performed to evaluate the
intracellular status of VLPs when all four structural proteins are expressed (Fig. 1G,
right). These analyses revealed the assembly of S-protein-positive structures in the
cytoplasm. TEM of ultra-thin sections of cells expressing VLPs revealed the formation of
approximately 100 nm particles in the cytoplasm (Fig. TH, right, arrows), which were not
observed in mock-transfected HEK293T cells. These results suggest that the formation of
VLPs in these cells was similar to that observed during SARS-CoV-2 infection.

Requirement of SARS-CoV-2 structural proteins for VLP formation

Various structural protein combinations were expressed in the experimental cells to
determine the minimum structural protein requirements for VLP production. The HiBiT
activity in culture supernatants and cell lysates was measured, and the secretion rate was
calculated by dividing the supernatant HiBiT activity by the total HiBiT activity (Fig. 2A
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FIG 1 Highly sensitive SARS-CoV-2 virus-like particle detection system. (A) Schematic illustration of the SARS-CoV-2
VLP-producing system. (B) Flowchart of VLP purification. (C) Detection of S, M, and N proteins from the cells producing
VLPs and the purified VLP fraction. Thirty-six hours after transfection, whole-cell lysate (WCL) was prepared from the cells
transfected with an empty vector (lane 1) or the S-FLAG-HiBiT, M, N, and E protein-expressing vector (lane 2). The WCL and
VLP fraction (100,000 x g pellet fraction, lane 3) was separated using sodium dodecyl sulfate polyacrylamide electrophoresis
(SDS-PAGE) and detected using the S-FLAG-HIBIT (top panel), M protein (middle panel), N protein (bottom panel), and their
specific antibodies. (D) Detection of E protein from a VLP-expressing cell. Twenty-four hours after transfection, an empty
vector (upper) or E protein-expressing vector (lower) transfected Hela cells were fixed and stained with anti-E antibodies.
Magnified images are shown in the right panels. Bar = 10 um. (E) HiBiT activities in the 100,000 x g supernatant fraction
(left panel) and 100,000 x g pellet fraction (right panel). Thirty-six hours after transfection, culture supernatants from the
HEK293T cells expressing S-FLAG-HiBIT protein only or the S-FLAG-HiBIiT, M, N, and E proteins were fractionated using serial
centrifugation. HiBiT activities in the indicated fractions were measured with (black bars) or without (gray bars) 0.1% (vol/vol)
TritonX-100. ****P < 0.0001; ns, not significant (Tukey’s t-test). (F) Sucrose density gradient (20%-60%) ultracentrifugation
assay of the 100,000 x g pellet fraction from culture supernatants of 293T cells expressing the S-FLAG-HiBiT, M, N, and E
(Continued on next page)
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FIG 1 (Continued)

proteins. HiBiT activities in each fraction were measured with (black line) or without (gray line) 0.1% (vol/vol) TritonX-100.
Negatively stained transmission electron microscope images of fractions no. 4-6 are shown in the right upper panel. Bar
= 500 nm. (G) Subcellular localization of the S-FLAG-HiBiT protein and a TEM image of VLP-expressing cells. Twenty-four
hours after transfection, HelLa cells expressing the S-FLAG-HIBiT, M, N, and E proteins (left bottom panel) or the mock
control (left upper panel) were stained using anti-FLAG antibodies. The arrowhead indicates a VLP-specific structure. Bar =
10 um. (H) Ninety-six hours after transfection, HEK293T cells expressing the S-FLAG-HiBiT, M, N, and E proteins (bottom) or
mock-transfected negative control cells (top) were fixed, ultrathin sectioned, stained, and observed by TEM. Magnified images
are shown in the bottom right panel. The arrowhead indicates a VLP-like structure. Bar = 1 pm.

through Q). The results showed that the presence of the E protein significantly increased
secretion compared to that of the S protein alone. The presence of the M protein also
increased secretion, but the presence of the N protein had no effect on secretion. The co-
expression of E+ N or M + N did not change secretion compared to that of E or M alone,
but the co-expression of E + M led to higher secretion. This suggests that the E and M
proteins are crucial for VLP production. The E protein helps form virions in coronaviruses
(44), and previous reports have indicated that only a small amount is incorporated into
virus particles (45). Therefore, we conducted further experiments to explore the role of
the E protein in virus particle formation.

The endosomal sorting complexes required for transport pathway is not
involved in SARS-CoV-2 VLP release

The endosomal sorting complex required for transport (ESCRT) pathway is known to
be involved in the budding of some enveloped viruses, including retroviruses (46, 47).
To determine whether SARS-CoV-2 virus particle budding depends on this pathway, we
conducted experiments using VLPs. VPS4A is a member of the AAA-ATPase family of
proteins that forms a hexameric complex. This protein complex plays a crucial role in
the disassembly of ESC-RT factors. Overexpression of ATP hydrolysis-deficient mutations
in VPS4A effectively inhibits the ESCRT pathway (48). We performed an ESCRT pathway
inhibition experiment using the VPS4A K173Q dominant-negative mutant to block the
release of the human immunodeficiency type | (HIV-I) Gag protein, which is known to
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FIG 2 Requirement of SARS-CoV-2 structural proteins for VLP release. (A) HiBiT activities in the 100,000 x g pellet fraction
of culture supernatants derived from HEK293T cells expressing various combinations of structural proteins. Thirty-six hours
after transfection, the VLPs in culture supernatants from the HEK293T cells expressing the indicated combination of structural
proteins were purified using serial centrifugation. HiBiT activities in the 100,000 x g pellet fractions were measured with
(black bars) or without (gray bars) 0.1% (vol/vol) TritonX-100. (B) HiBiT activities in the WCL fraction from the experiment
(A). (C) Secretion rate of S-FLAG-HiBIiT. The secretion rate was calculated by dividing the culture supernatant HiBiT value by the
total HiBiT value of the cell culture. **P < 0.01; ***P < 0.001; ns not significant (Tukey’s t-test).
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bud through the ESCRT pathway (48). The Detergent Assay showed that the released Gag
protein was enveloped by the membrane (Fig. 3A). The HiBiT activity of the cell lysates
was also measured (Fig. 3B), and the secretion rate was calculated, revealing a dramatic
decrease in Gag secretion due to VPS4A K173Q expression (Fig. 3C). A similar experiment
was conducted using SARS-CoV-2 VLPs to examine the effect of the E protein on the
ESCRT pathway. The secretion of the S protein alone (S), without the E protein (M + N
+ S), and with all structural proteins (E + M + N + S) was measured. As expected, the
secretion of E + M + N + S was significantly higher than that of M + N + S when the
ESCRT pathway was not inhibited (Fig. 3D through F). However, when the ESCRT pathway
was inhibited, we did not observe a decrease in the secretion of the S protein alone, M
+ N+ S,or E+ M+ N + S. Instead, inhibiting the ESCRT pathway led to a significant
increase in VLP secretion (Fig. 3D through F), indicating that SARS-CoV-2 VLPs undergo
ESCRT-independent budding. To assess the effects of VPS4A K173Q expression on the
SARS-CoV-2 viral life cycle, we conducted SARS-CoV-2 infection studies. A previous study
has shown that the exogenous overexpression of hACE2 significantly increased the
susceptibility of HEK293T cells to SARS-CoV-2 infection (49). As shown in Fig. 3G, VPS4A
K173Q expression in these cells did not inhibit SARS-CoV-2 propagation; rather, it led to
a slight increase. This observation also suggests that the ESCRT pathway does not play a
significant role in the SARS-CoV-2 life cycle.

Enhancement of VLP release by the inhibition of lysosomal acidification

The inhibition of the ESCRT pathway impairs the delivery of lysosomal hydrolases (50),
resulting in lysosomal dysfunction. We hypothesized that this dysfunction contributes to
the increased release of SARS-CoV-2 VLPs. Furthermore, previous reports have shown
that SARS-CoV-2 infection increases lysosomal pH (19). Therefore, we investigated the
effect of reduced lysosomal pH on VLP production using bafilomycin A1 (BafA1), a V-
ATPase inhibitor that inhibits lysosomal acidification (51). We found that E-dependent
VLP release occurred after DMSO treatment, but that no E-dependent increase in VLP
secretion occurred after BafA1 treatment (Fig. 4A). To further explore the role of lysoso-
mal acidification in VLP production, we investigated the effects of ORF3A expression on
VLP secretion. The ORF3A protein, a reported viroporin, has been shown to inhibit
lysosome acidification (19, 52). The expression of ORF3A was confirmed using western
blotting (Fig. 4B). The presence of both the E and ORF3A proteins resulted in the release
of the highest amount of VLPs, which was approximately 1.5 times that of E+ M+ N + S
alone (Fig. 4C). In contrast, there was no difference in the amount of VLPs released when
E+ M+ N+Sand ORF3A + M + N + S were compared (Fig. 4C). These results suggest that
the E and ORF3A proteins exert a synergistic effect and support the hypothesis that both
proteins aid VLP secretion by inhibiting lysosomal acidification.

The functional domain of the E protein in VLP production

Next, we evaluated the effect of mutations in the E protein on VLP secretion and
analyzed the relationship between E protein structure and VLP production. The E protein
is a single transmembrane protein consisting of 75 amino acids and has 94.7% sequence
homology with the E protein of SARS-CoV-1 (53). In both SARS-CoV-1 and SARS-CoV-2,
viruses lacking the E protein have been shown to have significantly reduced titers,
suggesting that the E protein is required for virus particle formation (15, 16). Therefore,
we created mutants with amino acid substitutions based on the previously reported
functions of the E protein and sequences that are conserved among coronaviruses (Fig.
5A) (15, 16, 20, 21, 42, 44, 54-61). In addition, to investigate the effect of fusing tags to
the C-terminus or N-terminus of the E protein, we constructed a Myc-tagged mutant and
confirmed its expression using immuno-staining (Fig. 5B). An examination of VLPs
secreted from cells expressing the E proteins with either N-terminus or C-terminus tags
showed that there was a decrease in the HiBiT value in the cell lysate upon expression of
Myc-E (fused to the N-terminus) (Fig. 5C and D). The secretion rate of VLPs decreased
significantly when the Myc tag was fused to the C-terminus of the E protein (E-Myc). The
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FIG 3 ESCRT pathway is not involved in SARS-CoV-2 VLP release. (A-C) Effects of the ESCRT pathway on Gag protein secretion.
(A) HiBiT activities in the 20,000 x g pellet fraction of the culture supernatants derived from HEK293T cells expressing
HIV-Gag-HiBiT. Thirty-six hours after transfection, the VLPs in the culture supernatants from the HEK293T cells expressing
HIV-Gag-HiBiT with or without VPS4A K173Q were purified using serial centrifugation. HiBiT activities in the 20,000 x g pellet
fraction were measured with (black bars) or without (gray bars) 0.1% (vol/vol) TritonX-100. (B) HiBiT activities in the WCL
fraction of experiment (A). (C) Secretion rate of HIV-Gag-HiBiT. The secretion rate was calculated by dividing the culture
supernatant HiBiT value by the total HiBiT value for the cell culture. *P < 0.05, ***P < 0.001 (Tukey’s t-test). (D-F) Effects
of the ESCRT pathway on SARS-CoV-2 VLP release. (D) HiBiT activities in the 100,000 x g pellet fraction of the culture
supernatants derived from HEK293T cells expressing various combinations of SARS-CoV-2 structural proteins. Thirty-six hours
after transfection, the VLPs in the culture supernatants from the HEK293T cells expressing the indicated SARS-CoV-2 structural
proteins expressed with or without VPS4A K173Q were purified using serial centrifugation. HiBiT activities in the 100,000 x g
pellet fraction were measured with (black bars) or without (gray bars) 0.1% (vol/vol) TritonX-100. (E) HiBiT activities in the WCL
fraction from experiment (D). (F) Secretion rate of SARS-CoV-2 S-FLAG-HiBIT. The secretion rate was calculated by dividing the
(Continued on next page)
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FIG 3 (Continued)

culture supernatant HiBiT value by the total HiBiT value in cell culture. *P < 0.05, ***P < 0.001, (Tukey’s t-test). (G) Effects of the
ESCRT pathway on SARS-CoV-2 propagation. HEK293T cells were co-transfected with a vector expressing human ACE2 (hACE2)
and either a VPS4A K173Q expressing vector or an empty vector. After 24 h of culture, the cells were infected with SARS-CoV-2
at an MOI (multiplicity of infection) of 0.1. The expression levels of VPS4A K173Q (top left) and alpha-tubulin (bottom left), as
well as the SARS-CoV-2 infectious titer (right graph), were measured at 48 h post infection (hpi).

secretion rate was similar to that which occurred when the E protein was not expressed
(Fig. 5E). These results indicated that fusing tags to the C-terminus of E protein affect VLP
formation. To investigate the presence of E protein in VLPs, we co-expressed a HiBiT-
fused E protein at the N-terminus with M, N, and S proteins. Notably, the HiBiT tag was
not fused with the S protein in this case. As shown in Fig. 5F, HiBiT-E was detected in the
culture supernatant, similar to S-HiBiT-, M-, N-, and E-expressing cells. Importantly, this
HiBIT activity was only detected in the presence of detergent, suggesting that a portion
of the E protein was, indeed, incorporated into these VLPs. Next, we observed the effects
of various E-protein mutations on VLP production and release. T9l is a mutation in the E
gene of the SARS-CoV-2 Omicron strain, and it is present in the specific sequence
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FIG 4 Enhancement of VLP release by the inhibition of lysosomal acidification. (A) Effect of bafilomycin A1 (BafA1) on VLP
release. Thirty-six hours after transfection, the VLPs in culture supernatants from the HEK293T cells expressing the indicated
SARS-CoV-2 structural proteins and treated with or without 50 nM of BafA1 were purified using serial centrifugation. HiBiT
activities in the cells and supernatant fractions were measured. The secretion rate was calculated by dividing the culture
supernatant HiBiT value by the total HiBiT value of the cell culture. After calculating the secretion rate, the fold-change
secretion was determined based on that of cells expressing E + M + N + S. *P < 0.05; ns, not significant (Tukey's t-test).
(B) Expression of the SARS-CoV-2 ORF3A protein. SARS-CoV-2 ORF3A-expressing vectors were transfected into HEK293T
cells. Thirty-six hours after transfection, the expression of ORF3A protein (upper panel) or alpha-tubulin (lower panel) was
confirmed using western blotting and specific antibodies. (C) Effect of ORF3A protein expression on VLP release. Thirty-six
hours after transfection, the VLPs in the culture supernatants from the HEK293T cells that expressed the indicated SARS-CoV-2
structural proteins with or without ORF3A protein were purified using serial centrifugation. HiBiT activities in the cells and
supernatant fractions were measured. The secretion rate was calculated by dividing the culture supernatant HiBiT value by
the total HiBiT value of the cell culture. *P < 0.05; ns, not significant (Tukey’s t-test). After calculating the secretion rate, the
fold-change secretion was determined based on that of cells expressing E + M + N + S. **P < 0.01; ***P < 0.001; ns, not

significant (Tukey's t-test).
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FIG 5 Functional domain of E protein required for VLP release. (A) The structure of the E protein. The model structure of E protein by alphafold2 (top) and the
NMR structure of pentameric E protein (PDB:7K3G) (bottom). The amino acids residues this study focused on are indicated. The transmembrane region is shown
in gray. Other regions of interest are shown in green. (B) Expression of Myc-tagged E proteins. Hela cells were transfected with an empty vector (left panels),
an expression vector for E protein fused with a Myc tag at the N-terminus (middle panels), or C-terminus (right panels). Twenty-four hours after transfection,
the cells were stained with anti-E (green, upper panels) and anti-Myc (magenta, middle panels) antibodies. Merged images are shown in the bottom panels. Bar
=10 pm. (C, D, and E) Effect of Myc-tag fusion on VLP release. (C) HiBiT activities in the 100,000 x g pellet fractions of cell culture supernatants derived from
HEK293T cells expressing various combinations of structural proteins. Thirty-six hours after transfection, the VLPs in the culture supernatants from the HEK293T
cells that expressed the indicated combination of structural proteins were purified using serial centrifugation. HiBiT activities in the 100,000 x g pellet fractions
were measured with (black bars) or without (gray bars) 0.1% (vol/vol) TritonX-100. (D) HiBiT activities in the WCL fraction of experiment (C). (E) Secretion rate of
S-FLAG-HiBIT. The secretion rate was calculated by dividing the culture supernatant HiBiT value by the total HiBiT value in the cell culture. ****P < 0.0001; ns, not
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FIG 5 (Continued)

significant (Tukey’s t-test). (F) HiBiT activities in the 100,000 x g pellet fraction of culture supernatant derived from cells expressing HiBiT-E and other structural
proteins. Thirty-six hours after transfection, culture supernatants from the HEK293T cells expressing an empty vector or the HiBiT-E, S, M, and N proteins were
fractionated using serial centrifugation. HiBiT activities in the 100,000 x g pellet fractions were measured with (black bars) or without (gray bars) 0.1% (vol/vol)
TritonX-100. (G) Expression of E mutant proteins. HelLa cells were transfected with an empty vector (upper left panel) or an expression vector for the mutant
E protein. Twenty-four hours after transfection, the cells were stained with anti-E antibodies. Bar = 10 pm. (H, |, and J) Effect of E protein mutations on VLP
release. (H) HiBiT activities in the 100,000 x g pellet fractions of culture supernatants derived from HEK293T cells expressing VLPs and different mutant E proteins.
Thirty-six hours after transfection, the VLPs in the culture supernatants from the HEK293T cells that expressed the indicated combination of structural proteins
were purified using serial centrifugation. HiBiT activities in the 100,000 x g pellet fractions were measured with (black bars) or without (gray bars) 0.1% (vol/vol)
TritonX-100. (1) HiBiT activities in the WCL fraction of experiment (H). (J) Secretion rate of S-FLAG-HiBIT. The secretion rate was calculated by dividing the culture
supernatant HiBiT value by the total HiBiT value for the cell culture. *P < 0.05; ns, not significant (Tukey'’s t-test).

required for viroporin activity (61). The sequences that affect viroporin activity are N15
and V25 (16, 44, 57, 62). F20/F23/F26 and C40/C43 are conserved sequences among
coronaviruses (20, 44, 54, 55), and F56/Y57/Y59 are sequences associated with E amyloid-
ization (20, 59, 60). K63 is an amino acid involved in the RK/X/RK dibasic motif and has
been suggested to function as an ER export signal sequence (20, 56). N66 is a putative
glycosylation sequence (44, 55). D72/L73/L74/V75 is a motif sequence that binds to the
PDZ domain protein present in host cells and is called the PBM (15, 42, 44). First, we
confirmed the expression of each E mutant using fluorescence immunostaining and
found that there were no significant changes in subcellular localization (Fig. 5G). Then,
we expressed each E mutant and observed its effect on the secretion rate of VLPs (Fig. 5H
through J). Compared to the wild-type E protein-expressing cells, the secretion rate of
VLPs from cells expressing the F56A/Y57A/Y59A, N66A, and D72A/L73A/L74A/N75A
mutations was dramatically reduced. These results suggest that the ability of the E-
protein to perform its essential functions in VLP release is dependent on amyloidization,
N-glycosylation, and the ability to bind host PDZ domain proteins.

Inhibition of lysosomal acidification in SARS-CoV-2-infected cells

SARS-CoV-2 is known to be secreted through lysosomes, and 3-CoV infection is known
to raise the pH of lysosomes (19). To investigate the role of lysosomes in SARS-CoV-2
infection, we confirmed the co-localization of the E protein and LAMP1, a lysosome
marker protein, during SARS-CoV-2 infection (Fig. 6A). Next, we measured lysosomal pH
using a pH indicator to determine the effect of E protein localization on their acidity. A
pH indicator was constructed by fusing sfGFP to the N-terminus of LAMP1 and mCherry
to the C-terminus, as previously described (63). When a lysosome is functioning normally,
sfGFP fluorescence is quenched due to the acidic environment and only mCherry signals
are detected. However, both sfGFP and mCherry signals are detected when lysosomes
are not properly acidified (Fig. 6B). Upon transfection into Hela cells and observation
under a fluorescence microscope, this pH indicator allowed the visualization of acidified
lysosomes, which had only mCherry puncta (Fig. 6C, left). However, the addition of
BafA1, which inhibits lysosomal acidification, resulted in the loss of mCherry puncta.
This confirmed the utility of this pH indicator as a marker of lysosomal acidification
(Fig. 6C, right). Furthermore, transfection of cells with the pH indicator and subsequent
flow cytometry (FCM) analysis confirmed that sfGFP fluorescence decreased after DMSO
treatment and increased after BafA1 treatment (Fig. 6D). After VeroE6/TMPRSS2 cells
were infected with SARS-CoV-2, the expression of this pH indicator showed that the
lysosomes underwent hypertrophy and deacidification (Fig. 6E). This indicates that
SARS-CoV-2 infection causes lysosomal deacidification.

The functional domain of the E protein is required for the inhibition of
lysosome acidification

We used a pH indicator to study the factors that contribute to lysosomal deacidifica-
tion in SARS-CoV-2-infected cells. We co-expressed the ORF3A protein, which has been
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FIG 6 Inhibition of lysosomal acidification in SARS-CoV-2-infected cells. (A) Lysosomal localization of the E protein in SARS-CoV-2-infected cells. VeroE6/TMPRSS2
cells were infected with SARS-CoV-2 at MOI = 1.0. Thirty hours after infection, the cells were fixed and stained with anti-E (left panel, green) and anti-LAMP1

(middle panel, magenta) proteins, respectively. A merged image is shown in the right panel. Bar = 10 um. (B) Schematic illustration of the pH indicator.

(C) Comparative determination of lysosomal acidity using the pH indicator. Hela cells expressing the pH indicator were treated with (right panel) or without
(left panel) 50 nM bafilomycin A1 for 18 h. (D) Flow cytometry analysis of cells expressing the pH indicator. The HEK293T cells that expressed the pH indicator

were treated with (middle panel) or without (left panel) 50 nM bafilomycin A1 for 18 h. Twenty-four hours post transfection, the cells were loaded into the flow

cytometer. The Y-axis corresponds to sfGFP fluorescence measurements, and the X-axis corresponds to mCherry fluorescence measurements. Merged results

are shown in the right panel (gray dots: control cells; black dots: BafA1-treated cells). (E) Lysosomal acidity of SARS-CoV-2-infected cells. VeroE6/TMPRSS2 cells

expressing the pH indicator were infected with mock (upper panels) or SARS-CoV-2 (bottom panels) at MOI = 1.0. Twenty-four hours after infection, sfGFP (left

panels) and mCherry (middle panels) signals were detected using a fluorescence microscope. Merged images are shown in the right panels. Magnified images

are shown at the right bottom. Bar = 10 um.

previously demonstrated to induce lysosomal deacidification (19), with this pH indicator
and then analyzed the cells using fluorescence microscopy (Fig. 7A). The expression of
the ORF3A protein alone resulted in lysosomal deacidification (Fig. 7A, bottom). The
expression of ORF3A alone also resulted in lysosomal hypertrophy in cells. These results
are in accordance with previous reports (19, 64). The SARS-CoV-2 E protein can form a
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FIG 7 Functional domain of E protein required for the inhibition of lysosomal acidification. (A) Effect of E protein or ORF3A
protein expression on lysosomal acidification. HeLa cells were co-transfected with an empty vector (top row), E- (middle row)
or ORF3A-expressing vector (bottom row), and pH indicator-expressing vector. Twenty-four hours after transfection, the cells
were observed and sfGFP (left column) and mCherry (middle column) signals were obtained using a fluorescence microscope.
(B) Flow cytometry analysis of lysosomal acidification in cells expressing the E or ORF3A proteins. The HEK293T cells were
co-transfected with an empty vector (top panel), E- (middle panel) or ORF3A-expressing vectors (bottom panel), and pH
indicator-expressing vector. Twenty-four hours after transfection, the cells were harvested and the sfGFP (Y-axis) and mCherry
(X-axis) signals were measured using a flow cytometer. (C) Quantification of the results from flow cytometry analysis in (B). The
disappearance of the sfGFP signal was calculated by dividing the MFI value of the sfGFP MFI by that of mCherry. The results
are shown as fold change values. N = 3. ****P < 0.0001; ns, not significant (Tukey’s t-test). (D) Effect of the expression of E
mutants on lysosomal acidification. The HEK293T cells were co-transfected with an empty vector, wild-type E protein, or the
indicated E mutant protein-expressing vectors. Twenty-four hours after transfection, the cells were harvested and analyzed
using flow cytometry. The disappearance of the sfGFP signal was calculated using the same method described in (C). N = 3.
***%p < 0.0001; ns, not significant (Tukey’s t-test).
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pentamer and act as a viroporin (61). The E protein in SARS-CoV-1 also exhibits viroporin
activity (28, 30), and the disruption of this activity affects its virulence (16). Therefore, the
previously described pH indicator was used to examine how the viroporin activity of the
E protein affected lysosomal pH. As shown in Fig. 7A, the expression of the E protein also
resulted in an increase in lysosomal pH. The lysosomal acidification was then quantified
using FCM analyses of cells that expressed the pH indicator and either the E or ORF3A
protein (Fig. 7B). Lysosomal acidification was quantified using the mean fluorescence
intensity (MFI) of sfGFP and mCherry obtained by FCM analyses of the cells. The sfGFP
MFI of E- or ORF3A-expressing cells was significantly higher than that of the cells that
expressed the empty vector (Fig. 7C). This indicates that the lysosomes were deacidified
by the expression of the E or ORF3A proteins. In addition, we examined the effects of the
previously described E mutant proteins on lysosomal acidification. We found that the
C40/C43A, K63N, and N15A mutations inhibited E-induced lysosomal deacidification.
These results suggest that these residues are critical for the ability of the E protein to
deacidify lysosomes. However, the N66A mutation also facilitated lysosomal acidification.
This result suggests that glycosylation site of E is controlled by its proper membrane
topology and function (65). However, the F56A/Y57A/Y59A, N66A, and D72A/L73A/L74A/
V75A mutant E proteins, which were able to inhibit VLP production, were unable to
inhibit lysosomal acidification (Fig. 7D). This suggests that the E protein has two distinct
functions: a lysosomal deacidification function required for the efficient extracellular
release of virus particles and a function required for virus particle formation.

DISCUSSION

In this study, we investigated the specific role of the E protein in virus particle formation
and lysosomal deacidification. The relationship between these two roles of the E protein
in SARS-CoV-2-infected cells has not yet been clarified. Because lysosomal deacidification
enhances VLP release, it is unclear whether the E protein contributes to virus particle
release through its role as a structural or non-structural viroporin protein. In this study,
we found that these functions can be separated because they are determined by distinct
motifs and that both functions driven by different functional domains collaboratively
contribute to virus particle release.

Virus-like particles are vesicles composed of viral proteins that assemble when viral
structural proteins are expressed (24). Electron microscopy of VLPs in cells and analyses
using density gradient ultracentrifugation showed that the morphology of the VLPs is
similar to that of the actual virions. Biosafety level 3 (BSL3) facilities are required for
SARS-CoV-2 experiments, which has limited progress in understanding the molecular
mechanisms of virus propagation. Our VLP production system can be used in BSL2
facilities and has the potential to be a useful tool for studying SARS-CoV-2 particle
formation. In the past, research has mainly relied on western blotting to quantify the
VLPs produced (18, 23, 24), but this method is not sensitive enough for high-through-
put analysis. Our study utilized HiBiT-tags to label VLPs, which allows for more sen-
sitive quantification than western blotting. In addition, HiBiT-based experiments can
be conducted on a small scale. We believe that this high-sensitivity, high-throughput
experimental system will be helpful in the effort to eradicate COVID-19.

The ESCRT pathway is generally known as the pathway that enveloped viruses such
as retroviruses use for budding (46, 47). In our study, we discovered that inhibiting
the ESCRT pathway did not prevent the release of VLPs (Fig. 3D through F) and the
propagation of SARS-CoV-2 (Fig. 3G), indicating that SARS-CoV-2 may not rely on the
ESCRT pathway for budding but instead may utilize the E and M proteins to manipulate
membrane curvature. Further research is needed to confirm the ESCRT-independent
mechanism of viral particle formation in SARS-CoV-2.

The E and M proteins are essential for the formation of virus particles, as shown by
the significant inhibition of VLP formation in the absence of either protein (Fig. 2). The
secretion of VLPs was also greatly affected by the addition of tags to the C-terminus
of the E protein (Fig. 5C through E), suggesting that the structures of C-terminus and
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the factors that bind to them play crucial roles in E protein function. Our analysis of
C-terminal mutants of the E protein revealed that substituting A for D72/L73/L74/V75, a
PBM required for interaction with host PDZ domain proteins, significantly decreased VLP
secretion (Fig. 5H through J). This indicates that the E-PDZ protein interaction is critical
for the activity of the E protein in virion formation.

Previously, the C-terminal 55-SFYVYSRVK-63 sequence was identified as the
oligomeric unit of the E protein (20, 59, 60). This motif, known as the amyloidization
motif, can allow the formation of peptide aggregates in vitro. In this study, we gener-
ated a F56A/Y57A/Y59A mutant and found that this sequence is necessary for VLP
formation but not for lysosomal deacidification (Fig. 5H through J and Fig. 7D). Although
the induction of amyloidization in SARS-CoV-2-infected cells remains unknown, these
properties of the E protein could aid its incorporation into virions and support virus
particle formation.

The glycosylation of residue N66 has been previously reported (65). Intriguingly, the
mutation of this residue resulted in higher molecular weight forms, similar to dimers
and trimers, of the E protein (55), implying that the glycosylation of N66 could inhibit
E protein oligomerization and support its specific role. Our results indicate that this
mutation affects VLP formation (Fig. 5H through J) and suggests that proper E protein
oligomerization is necessary for SARS-CoV-2 particle formation.

Previously, the SARS-CoV E protein was thought to be important for viral virulence
but not essential for viral replication (17). Some studies have found that SARS-CoV-2
viruses lacking the E-ORF3A protein can still cause secondary infections even in the
absence of E-ORF3A in their genome after multiple passages (66). Although these viruses
have reduced infectious titers and pathogenicity, E-ORF3A may not be necessary for the
formation of virus particles. However, our study revealed that the E protein is required for
the efficient formation of virus particles (Fig. 2), indicating that the E protein plays a role
in promoting virus particle formation.

Itis also known that the E protein functions as a viroporin and allows the transport of
cations such as Ca*>* and Na* (67, 68). Our study, along with that of Xia et al., found that
the ion channel activity of the E protein increased lysosomal pH (61). In addition to the
E protein, the ORF3A protein exhibits viroporin activity (19, 69), suggesting that multiple
viral factors may have redundant functions in ion channel activity. Although inhibiting
the viroporin activity of the E protein has been shown to improve the pathology of SARS
and reduce cytokine expression (16, 67), this may also affect viral replication in infected
cells. The ability of the E viroporin to inhibit lysosomal acidification may prevent the
degradation of virus particles and facilitate their efficient release.

The lysosomal deacidification caused by BafA1 increased the release of VLPs (Fig.
4A). It is possible that this deacidification helps protect SARS-CoV-2 particles from
degradation in lysosomes as they are transported and released outside of the cell. In
addition, our results indicate that the loss of the PBM function of the E protein did not
affect the inhibition of lysosomal acidification (Fig. 7D). Previous studies have shown
that SARS-CoV-1 and SARS-CoV-2 with PBM-deficient E proteins had significantly reduced
infectious titers (15, 42), suggesting that this outcome might not be correlated with
lysosomal function in host cells.

In this study, we discovered that E and ORF3A proteins share similar functions. Both
are transmembrane proteins that can act as viroporins and participate in lysosomal
deacidification, ultimately aiding in the release of progeny virions. However, in contrast
to ORF3A, the coronavirus E protein is known to be incorporated into the virion during
the assembly process (70). Consistent with this, our study demonstrated the incorpora-
tion of a small portion of the E protein into VLPs (Fig. 5F). These findings strongly suggest
that the E protein may play a specific role in viral particle formation, distinct from that
of ORF3A. Previous studies conducted on other betacoronaviruses have shown that
deletion of the E protein gene leads to the production of viral particles with abnormal
morphology. This suggests that the E protein is involved in the formation of membrane
curvature during budding. In the case of SARS-CoV-2, it is plausible that the E protein
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may have a similar function, playing a role in membrane curvature formation during viral
budding. Similar to the E protein, ORF3A possesses a PBM at its C-terminus. However,
we have not examined the significance of ORF3A-PBM in lysosomal deacidification.
Investigation of this aspect may offer insights into further functional differences between
E and ORF3A proteins.

Our study revealed that residue N15 is necessary for E protein-mediated lysosomal
deacidification (Fig. 7D). The N15 residue has previously been found to be crucial for
viroporin formation due to its impact on the ion channel activity of the E protein
(16). In this study, we found that the mutation in the V25 residue did not have a
significant impact on the function of the E protein in lysosomal deacidification despite
its known importance in ion channel activities. Previous studies assessing ion channel
activities primarily focused on conductance, calcium, or sodium ions but not protons
(57). Therefore, the role of the V25 residue may be specific to its interactions with specific
substrates. Furthermore, it has been shown that mutations in C40/C43 caused lysosomal
deacidification (Fig. 7D). This mutation may inhibit viroporin function by preventing the
self-assembly of E proteins. A previous report showed that the coronavirus E protein does
not form disulfide bonds (71). Other studies have shown that the C40/C43 residue of the
E protein is involved in palmitoylation and self-assembly (55). Palmitoylation-mediated
membrane associations and oligomer formation could be crucial for viroporin activity.
This study also identified another essential residue, K63, for lysosome deacidification
(Fig. 7D). The K63 residue is part of the RK/X/RK dibasic motif and is thought to play
a role in ER export (20). Although there was no noticeable difference in the subcellular
localization of the E protein mutants in our imaging analysis (Fig. 5G), the K63 mutation
may affect the transport of the E protein from the ER to the lysosomes, resulting in
impaired lysosomal function. Notably, the N15A, C40A/C43A, and K63N mutations, which
affect the role of the E protein in lysosome deacidification, did not affect VLP release
(Fig. 5J). These findings contradict the results presented in Fig. 4, which shows that VLP
release was enhanced by lysosomal deacidification. This could be due to the fact that
these mutations did not entirely impede lysosomal deacidification, as shown in Fig. 7D.

This study showed that interactions between the E protein and proteins with PDZ
domains are crucial for the formation of VLPs (Fig. 5H through J). This indicates that VLP
production requires interaction between the E protein and proteins with PDZ domains.
The PDZ domain is known to be involved in various biological processes, including
protein transport, cell adhesion, ion channel formation, and signal transduction (40).
Previously, syntenin1 and PALS1 were identified as PDZ domain partners of the SARS-
CoV-1 E protein. However, recent proteomic analyses suggest that various other PDZ
domain proteins may also interact with the SARS-CoV-2 E protein (41). This suggests
that cell type-specific partners may exist or that multiple factors may have redundant
functions in E-protein-mediated particle formation. Currently, there are no drugs that
specifically target the formation of SARS-CoV-2 virus particles. Our findings suggest that
it may be possible to treat SARS-CoV-2 more effectively by using drugs that inhibit
virion formation in combination with the currently available E-PDZ-inhibiting drugs. This
approach may help increase the effectiveness of treatments for SARS-CoV-2 infections
and potentially reduce disease severity.

MATERIALS AND METHODS
Cells, viruses, and reagents

The HEK293T, Hela, and Vero E6/TMPRSS2 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (FBS), 1 mg/mL G418,
100 U/mL penicillin, and 100 pg/mL streptomycin at 5% CO, and 37°C.

SARS-CoV-2 (OMC-510 isolate (72)) was propagated in Vero E6/TMPRSS2 cells.
SARS-CoV-2 titrations were performed using a plaque-forming unit assay. Briefly,
SARS-CoV-2 was sequentially diluted with the growth medium, and then, the dilution
was added to confluent Vero E6/TMPRSS2 cells. After infection, the Vero E6/TMPRSS2
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cells were cultured in modified Eagle’s medium supplemented with 2% FBS, 100 U/mL
penicillin, 100 pg/mL streptomycin, and 1.0% (wt/vol) methylcellulose at 5% CO; and
37°C. Three days post infection, the Vero E6/TMPRSS2 cells were fixed with formaldehyde
and stained with crystal violet to visualize the plaques.

For the SARS-CoV-2 infection experiment, the virus was inoculated at a multiplicity
of infection (MOI) = 1.0. Plasmids were transfected into HEK293T and Hela cells using
polyethylenimine (PEl)-Max (Polysciences, Warrington, PA, USA) or Lipofectamine 3000
(Thermo Fisher Scientific, Waltham, MA, USA), respectively, according to the manufactur-
er's protocol. BafilomycinA1 (AdipoGen) was dissolved in DMSO. TritonX-100 (Nacalai
Tesque, Kyoto, Japan) was dissolved in water at a concentration of 20% (wt/vol). The
plasmids and antibodies used are listed in Tables 1 and 2.

Plasmid construction

To express the SARS-CoV-2 structural protein in mammalian cells, M, N, E, and ORF3A
protein expression vectors were constructed by inserting their respective sequences into
the Kpnl/Xhol sites of pCAG.MCS2 (73) vectors using ligation. The S-FLAG-HiBiT was
constructed by inserting its sequence into the Kpnl/Xhol site of pCAG.MCS2-FLAG-HiBiT
using ligation. The plasmids encoding E protein mutants were generated using the
inverse PCR method with corresponding primer pairs. The pH indicator pcDNA3.1-sfGFP-
LAMP1-mCherry was designed and constructed as previously described (63). Briefly, DNA
fragments of the signal sequences of bovine prolactin and sfGFP were connected to the
N-terminus of hLAMP1, and mCherry was then connected to the C-terminus of hLAMP1.
These DNA fragments were amplified using PCR and the corresponding primer pairs.
The resulting DNA fragments were then inserted into the Nhel/Xhol site of pcDNA3.1
MycHis(-)A using ligation. All constructs were amplified by DH5a cells, and the DNA
sequences were confirmed.

SARS-CoV-2 VLP preparation, detection of HiBiT-dependent NanoLuc
luciferase activity (HiBiT activity), and detergent assays

SARS-CoV-2 VLPs were produced using a previously described method (24). Briefly,
HEK293T cells were transfected with structural protein expression vectors using PEl at
a molar ratio of 8:6:3:8 for SIM:N:E or 8:6:3:8:6 for S:M:N:E:ORF3A. Twelve hours after
transfection, the culture supernatant was changed. To observe the effect of bafilomycin
A1, it was added to a final concentration of 50 nM at the time of medium exchange.
Twenty-four hours after medium exchange, HEK293T cell culture supernatants were
harvested and centrifuged (500 x g for 5 min; 1,200 x g for 5 min; 10,000 X g for 5 min)
to remove cell debris. After centrifugation at 10,000 x g, the supernatant was ultracentri-
fuged (100,000 x g for 70 min) to precipitate SARS-CoV-2 VLPs. The VLP precipitates and
cells were suspended in phosphate-buffered saline (PBS). The HiBiT tag in the VLPs or
transfected cells was detected using a Nano-Glo HiBiT Lytic Detection System (Promega)
and a Varioskan LUX Multimode microplate reader (Thermo Fisher Scientific) according
to the manufacturer’s protocol. Equal volumes of Nano-Glo HiBiT Lytic Buffer containing
a 1.0% LgBiT protein solution and 2.0% Nano-Glo HiBiT Lytic Substrate were added to
the supernatant, PBS-suspended pellet, or cells. In a 384-well white-bottom assay plate
(Greiner Bio-one, Kremsmiuinster, Austria), 10 pL of sample solution was mixed with 10 pL
of reaction buffer. Luciferase signals were measured immediately after mixing, using a
Varioskan LUX microplate reader (Thermo Fisher Scientific). For the detergent sensitivity
assay, we used detergent sensitivity assay buffer (PBS containing a 1.0% LgBiT protein
solution and 2.0% Nano-Glo HiBiT Lytic Substrate). The assay was conducted with or
without the addition of 0.1% TritonX-100 (Nacalai, Kyoto, Japan).

ESCRT pathway inhibition

To inhibit the ESCRT pathway, the VPS4A K173Q mutant (48) was co-expressed with
the HiBiT-labeled VLP constructs. Inhibition of the ESCRT pathway was confirmed by
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TABLE 1 Antibody list
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Name Host Clone # Dilution factor Conjugation Experiment Source
FLAG Mouse M2 1:1,000 None WB, ICC
Myc Mouse 9E10 1:1,000 None WB Sigma
a-Tubulin Mouse DM1A 1:1,000 None WB Sigma
SARS-CoV-2 (COVID-19) spike S1 Rabbit HL6 1:1,000 None WB GeneTex
SARS-CoV-2 (COVID-19) Rabbit 1:1,000 None WB GeneTex
nucleocapsid
Sars membrane Rabbit 1:1,000 None WB Novus
SARS-CoV-2 (COVID-19) envelope Rabbit HL1443 1:500 None ICC GeneTex
SARS-CoV-2 ORF3a Mouse 1035921 1:1,000 None WB R&D
LAMP1 Mouse H4A3 1:1,000 None ICC Santa Cruz
Biotechnology
Anti-VPS4A Rabbit 1:1,000 None WB Original
TABLE 2 Plasmid list
Plasmid name Backbone Epitope tag Selection
pCAG.MCS2 pCAG.MCS2 Amp
pCAG.Myc pCAG.Myc Amp
pPCAG.MCS2-Myc pCAG.MCS2-Myc Amp
pPcDNA3.1 MycHis(-)A pcDNA3.1 MycHis(-)A Myc Amp
PEGFP-C1 pPEGFP-C1 EGFP Kan
pPCAG.MCS2-FLAG-HIBIiT pCAG.MCS2-FLAG-HIBIiT FLAG, HiBiT Amp
pCAG.HiBiT-FLAG pCAG.HiBiT-FLAG-MCS2 FLAG, HiBiT Amp
pPCAG.SARS-CoV-2-S-FLAG-HiBIiT pCAG.MCS2-FLAG-HIBIiT FLAG, HiBiT Amp
pCAG.SARS-CoV-2-M pCAG.MCS2 Amp
pCAG.SARS-CoV-2-N pCAG.MCS2 Amp
pPCAG.SARS-CoV-2-E pCAG.MCS2 Amp
PCAG.SARS-CoV-2-ORF3A pCAG.MCS2 Amp
pPCAG.SARS-CoV-2-E pCAG.MCS2 Amp
PCAG.SARS-CoV-2-E-F20/F23/F26A pCAG.MCS2 Amp
pCAG.SARS-CoV-2-E-C40/C43A PCAG.MCS2 Amp
PCAG.SARS-CoV-2-E-F56/Y57/Y59A pCAG.MCS2 Amp
pCAG.SARS-CoV-2-E-N66A pCAG.MCS2 Amp
pCAG.SARS-CoV-2-E-D72/L73/L74/V75A pCAG.MCS2 Amp
pCAG.SARS-CoV-2-E-K63N pCAG.MCS2 Amp
pCAG.SARS-CoV-2-E-N15A pCAG.MCS2 Amp
pCAG.SARS-CoV-2-E-V25F pCAG.MCS2 Amp
PCAG.SARS-CoV-2-E-T9I pCAG.MCS2 Amp
PCAG.SARS-CoV-2-Myc-E pCAG.Myc Myc Amp
PCAG.SARS-CoV-2-E-Myc pCAG.MCS2-Myc Myc Amp
PcDNA3.1-sfGFP-LAMP1-mCherry pcDNA3.1 MycHis(-)A sfGFPmCherry Amp
PEGFP-VPS4A K173Q pPEGFP-C1 EGFP Kan
pQH-Gag pQC-xIN FLAG,HiBiT Amp
hACE2 Addgene#1786 Amp

examining HiBiT activity in the culture supernatants of cells expressing human codon-
optimized HIV-1 Gag protein (74) fused with the HiBiT tag. To purify the Gag protein, we
followed the methods outlined in a previous report (48). Briefly, the culture supernatants
of HEK293T cells were harvested after 36 h of transfection and subjected to continuous
centrifugation (500 x g for 5 min; 1,200 x g for 5 min; 20,000 x g for 90 min) to remove
cell debris. After centrifugation, the pellet from the 20,000 x g centrifugation step was
collected and resuspended in PBS. The HiBiT activity was measured using the method
described above. For the ESCRT inhibition assay, VPS4A K173Q-expressing plasmids or
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empty plasmids were co-transfected with VLP-expressing vectors at a molar ratio of 1:1,
and the HiBIT activities of the culture supernatant were measured 36 h post transfection.

Western blotting

The cells were directly lysed in sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) sample buffer and boiled for 5 min at 95°C. The SDS-PAGE was performed
using a 10% WIDE RANGE polyacrylamide gel (Nacalai Tesque, Kyoto, Japan). The
proteins were electrically transferred to a polyvinylidene fluoride membrane (Immobi-
lon-P; MilliporeSigma, Burlington, MA, USA), and the membranes were blocked using
blocking buffer {3% skim milk, TBS-T [25 mM Tris pH 7.5], 137 mM NaCl, 0.27 mM
KCl, 0.05% Tween20} for 30 min at 25°C. The membranes were incubated overnight at
4°C with diluted primary antibodies (see Table 1). After rinsing three times with TBS-T,
the membrane was incubated with diluted secondary antibodies for 60 min at 25°C.
After washing out the unbound secondary antibodies, the immunoreactive signals were
detected using EzWestLumi plus (ATTO Technology, Amherst, NY, USA) and a chemilumi-
nescence detector (iBRIGHT CL1000; Thermo Fisher Scientific).

Immunofluorescence and fluorescence microscopy

For the analysis of cells expressing viral proteins, HelLa cells transfected with plasmid
vectors were cultured on glass coverslips for 24 h and fixed with 4% paraformaldehyde in
PBS (Nacalai Tesque) for 15 min. Then, the cells were permeabilized with PBS containing
0.1% Triton X-100 (vol/vol) for 10 min. For the analysis of SARS-CoV-2-infected cells,
VeroE6/TMPRSS2 cells were infected with SARS-CoV-2 at MOI = 1.0, cultured for 30 h, and
then fixed with 100% methanol for 6 min. After fixation and permeabilization, the cells
were treated with blocking buffer [PBS containing 0.1% Triton X-100 (vol/vol) and 10%
fetal bovine serum] for 30 min and incubated with diluted primary antibodies (see Table
1) for 60 min. After washing to remove the unbound primary antibodies, the cells were
incubated with various Alexa fluor-conjugated secondary antibodies for 60 min. The cells
were then mounted on coverslips using Fluoromount-G (SouthernBiotech). Fluorescent
images were captured using an Olympus FV3000 laser-scanning confocal microscope
(Olympus).

Sucrose density gradient analysis

The purified SRAS-CoV-2 VLPs described above were loaded onto a 20%-60% (wt/vol)
linear sucrose density gradient in PBS. Sucrose density gradient ultracentrifugation was
performed for 3 h at 220,000 x g and 4°C. The gradient was fractionated into 32 fractions
from the top, and HiBiT activity in each fraction was detected as described above.

Transmission electron microscopy analysis

To observe purified VLPs, SARS-CoV-2 VLPs were purified from 10 cm dishes of HEK293T
cells that produced VLPs, and the VLPs were further purified using serial centrifuga-
tion and sucrose density gradient ultracentrifugation as described above. The fractions
that contained the VLPs were collected and dialyzed in PBS, and then, the VLPs were
concentrated using ultracentrifugation at 100,000 x g for 70 min. The pellet was
resuspended in PBS. The samples were applied to a glow-discharged carbon-coated
copper grid (Nisshin-EM, Tokyo, Japan) and stained using an EM-stainer (Nisshin-EM).
The air-dried sample grids were observed using a JEM-2100 electron microscope (JEOL,
Tokyo, Japan) operating at 200 kV and a normal magnification of x10,000, and images
were obtained using an Orius SC200D CCD camera (JEOL).

The preparation of ultra-thin sections from VLP-producing cells for observation was
performed as previously described (75). Briefly, the HEK293T cells expressing VLPs were
pelleted and then fixed with a 2% glutaraldehyde solution in 0.15 M PBS (pH 7.2) at 4°C
for 3 h. After five washes with the 0.15 M PBS, the cells were post-fixed with 1% osmium
tetroxide in 0.15 M PBS for 2 h. The samples were dehydrated in ethanol and embedded
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in an epoxy resin (Nisshin EM, Tokyo, Japan). Ultrathin sections (70 nm) were prepared
using a Reichert-Nissei ultramicrotome (ULTRACUT-N; Nissei Sangyo, Tokyo, Japan) and
mounted on a nickel grid. The sections were double-stained with uranyl acetate and
Reynolds’ Pb and observed under TEM and ET (HT7800 types, Hitachi, Tokyo, Japan).
Micrographs were captured using a CCD camera (XR-81).

Comparative determination of lysosomal acidity using a pH indicator

For the analysis of viral protein-expressing cells, HEK293T cells transfected with
pcDNA3.1-sfGFP-LAMP1-mCherry (pH indicator) and empty, E protein-, or ORF3A
protein-expressing vectors were cultured for 24 h. For the analysis of SARS-CoV-2-infec-
ted cells, VeroE6/TMPRSS2 cells transfected with pcDNA3.1-sfGFP-LAMP1-mCherry were
infected with SARS-CoV-2 at MOI = 1.0 and then cultured for 24 h. The cells were
harvested and analyzed for GFP and mCherry fluorescence using a flow cytometer
(CytoFLEX S, Beckman Coulter). The MFI values for the GFP or mCherry signals were
obtained from GFP- and mCherry-double-positive cell populations. Lysosomal acidity
was determined by dividing the MFI of GFP by that of mCherry. For the imaging analysis,
cells were fixed with 4% paraformaldehyde and observed by fluorescence microscopy
(Olympus FV3000 laser scanning confocal microscope).

Statistical analysis

All graphical values are represented as mean * standard deviation. One-way analysis of
variance with Tukey’s test was performed using GraphPad Prism software (version 7.0;
GraphPad Software Inc., La Jolla, CA, USA) to compare each group with the control group.
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