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ARTICLE INFO ABSTRACT
Keywords: Infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) poses a threat to global public
SARS-CoV-2 health, underscoring the urgent need for the development of preventive and therapeutic measures. The spike (S)

Spike protein

Cytoplasmic tail

Assembly

Intracellular targeting signal

protein of SARS-CoV-2, which mediates receptor binding and subsequent membrane fusion to promote viral
entry, is a major target for current drug development and vaccine design. The S protein comprises a large N-
terminal extracellular domain, a transmembrane domain, and a short cytoplasmic tail (CT) at the C-terminus. CT
truncation of the S protein has been previously reported to promote the infectivity of SARS-CoV and SARS-CoV-2
pseudoviruses. However, the underlying molecular mechanism has not been precisely elucidated. In addition, the
CT of various viral membrane glycoproteins play an essential role in the assembly of virions, yet the role of the S
protein CT in SARS-CoV-2 infection remains unclear. In this study, through constructing a series of mutations of
the CT of the S protein and analyzing their impact on the packaging of the SARS-CoV-2 pseudovirus and live
SARS-CoV-2 virus, we identified Vi264L1265 as a new intracellular targeting motif in the CT of the S protein, that
regulates the transport and subcellular localization of the spike protein through the interactions with cytoskel-
eton and vesicular transport-related proteins, ARPC3, SCAMP3, and TUBBS, thereby modulating SARS-CoV-2
pseudovirus and live SARS-CoV-2 virion assembly. Either disrupting the Vjge4li26s motif or reducing the
expression of ARPC3, SCAMP3, and TUBBS significantly repressed the assembly of the live SARS-CoV-2 virion,
raising the possibility that the Vj264L1265 motif and the host responsive pathways involved could be new drug
targets for the treatment of SARS-CoV-2 infection. Our results extend the understanding of the role played by the
S protein CT in the assembly of pseudoviruses and live SARS-CoV-2 virions, which will facilitate the application
of pseudoviruses to the study of SARS-CoV-2 and provide potential strategies for the treatment of SARS-CoV-2

infection.
1. Introduction the genus Betacoronavirus of the Coronaviridae family, is an enveloped,
positive-sense RNA virus with a genome of approximately 29.8 kB,
The ongoing coronavirus disease 2019 (COVID-19) pandemic, encoding sixteen nonstructural proteins (nspl-nspl6), nine accessory
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV- proteins and four structural proteins: spike (S) protein, envelope (E)
2), has led to numerous cases of infection and death, and poses a great protein, matrix (M) protein, and nucleocapsid (N) protein (Bai et al.,

threat to human health (Sachs et al., 2022). SARS-CoV-2, as a member of 2022). Among them, the S protein plays the essential role on the virus
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entry, through mediating the binding of the virus to
angiotensin-converting enzyme 2 (ACE2) on the host cell membrane and
subsequent membrane fusion. Thus, the S protein is a significant target
for current drug development and vaccine design against SARS-CoV-2.
The S protein is a type I transmembrane protein. In structure, it com-
prises a large N-terminal extracellular domain, a transmembrane
domain (TMD) and a short cytoplasmic tail (CT) at the C-terminus. The
large N-terminal extracellular domain is composed of the S1 subunit
responsible for receptor binding and the S2 subunit responsible for
membrane fusion. However, the function of CT domain of S protein is
poorly understood.

Previous studies have highlighted that the CT of viral membrane
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glycoproteins of other viruses facilitates the packaging of virus particles
through assisting in maintaining proper subcellular trafficking and
localization of glycoproteins. For instance, the CT of human immuno-
deficiency virus type 1 (HIV-1) envelope protein gp41 interacts with the
Gag protein, which contribute to the enrichment of gp41 at the viral
packaging site for subsequent efficient packaging into viral particles
(Muranyi et al., 2013; Postler and Desrosiers, 2013; Roy et al., 2013;
Tedbury and Freed, 2015). In addition, the interactions between the CT
of the HA protein or NA protein of influenza A virus and the M1 protein
facilitate the maintenance of the correct subcellular localization and
packaging of viral particles (Barman et al., 2004; Jin et al., 1997; Kor-
dyukova et al., 2021). Moreover, the CT of respiratory syncytial virus
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Fig. 1. Lig6s5 in the cytoplasmic tail of the S pro-
tein is crucial for SARS-CoV-2 pseudovirus pack-
aging. (A) Schematic diagram of the structure of the
SARS-CoV-2 spike protein and the cytoplasmic tail
sequences of human coronavirus (hCoV). The posi-
tions of the starting and ending amino acids of the
cytoplasmic tail are annotated. Solid underlined bold
and dashed underlined bold italics indicate the KxHxx
motif and Yxx® motif, respectively. SP, signal
sequence; NTD, N-terminal domain; RBD, receptor-
banding domain; SD1, subdomain 1; SD2, sub-
domain 2; S1/S2, protease cleavage site; S2/, protease
cleavage site; FP, fusion peptide; HR1, heptad repeat
1; HR2, heptad repeat 2; TMD, transmembrane
domain; CT, cytoplasmic tail. (B) A diagram showing
the cytoplasmic tail sequence of the wild-type (FL-S),
CT-truncated and ERRS-mutated (ALAYT) S protein.
(C) 293T-ACE2 cells were infected with equal vol-
umes of lentiviral pseudovirus carrying wild-type S
(FL-S), CT-truncated or ERRS-mutated (ALAYT) S
protein. To quantify the infection, luciferase activity
was measured at 48 h post infection and normalized
to that of the cells infected by the pseudovirus car-
rying FL-S. (D-F) The cytoplasmic tail of the S protein
was truncated or mutated as indicated. 293T-ACE2
cells were infected with lentiviral SARS-CoV-2 pseu-
dovirus bearing wild-type or mutated S proteins.
Luciferase activity was measured at 48 h post infec-
tion and normalized to that of the cells infected with
the pseudovirus bearing FL-S (D and E) or the L1265G
mutant (F). (G) Vesicular stomatitis virus (VSV)-
based SARS-CoV-2 pseudovirus carrying the indicated
wild-type or mutant S protein was prepared by tran-
sient transfection of HEK293T cells with an S protein-
expressing plasmid followed by infection with G*AG-
VSV. 293T-ACE2 cells were infected with VSV-based
SARS-CoV-2 pseudovirus. The infection was then
measured by firefly luciferase activity at 48 h post-
infection and normalized to that of the cells infected
by pseudovirus bearing wild type S. Data are shown
as the mean + SEM (standard error of the mean) of at
least three independent experiments. PSV, pseudovi-
rus; ns, no significance; *, p < 0.05; **, p < 0.01; ***,
p < 0.001.
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fusion protein mediates virion assembly through incorporation of in-
ternal virion proteins into virus filaments at the cell surface (Baviskar
et al., 2013; Shaikh et al., 2012). For most coronaviruses, the S protein
has a cytoplasmic tail of approximately 40 amino acids, that modulates
the intracellular transport and subcellular localization of the S protein
through one or two classic intracellular targeting motifs: a
tyrosine-based sorting motif, Yxx® (x is any residue and ® is a bulky
hydrophobic residue), and/or an ER retrieval signal (ERRS),
KxHxx/KKxx motif (Fig. 1A) (Hou et al., 2019). However, there is no
Yxx® motif in the CT of SARS-CoV and SARS-CoV-2 S proteins.
Furthermore, the KxHxx motif (KLHYT) in SARS-CoV and SARS-CoV-2 S
protein has been identified as a weak and suboptimal ER retrieval motif
that cannot efficiently mediated S protein retention in the ER (Jennings
et al., 2021; Lontok et al., 2004; McBride et al., 2007; Ujike et al., 2016).
Therefore, it is speculated that there may be other intracellular locali-
zation signals in the CT of the SARS-CoV and SARS-CoV-2 S proteins.

Since live SARS-CoV-2 research is restricted to biosafety level 3 (BSL-
3) laboratories, the research and development of SARS-CoV-2 vaccines
and antiviral drugs has been severely impeded. Thus, the pseudoviruses
(PSVs) based on vesicular stomatitis virus (VSV) or HIV-1 virions
pseudotyped with the SARS-CoV-2 S protein are useful alternative ap-
proaches that can mimic the entry process of SARS-CoV-2 and be utilized
to screen and evaluate antivirals and vaccine candidates safely and
effectively at BSL-2 laboratory (Chen and Zhang, 2021; Salazar-Garcia
et al., 2021; Xiang et al., 2022a). Previous studies have shown that CT
truncation of the S protein can enhance the infectivity of SARS-CoV and
SARS-CoV-2 pseudovirus (PSV), which is speculated due to the deletion
of ERRS (Chen et al., 2021; Giroglou et al., 2004; Johnson et al., 2020;
Moore et al., 2004; Yu et al., 2021). However, the number of amino acids
truncated in the CT varies from study to study, and the underlying
molecular mechanism has not been precisely elucidated. In-depth
insight into the role of the CT in the packaging of SARS-CoV-2 PSV
will considerably facilitate the application of pseudoviruses in the
research and development on therapeutic agents and vaccines for
SARS-CoV-2 and related human coronaviruses. In addition, the precise
role of the CT of the S protein in SARS-CoV-2 infection remains unclear,
and its elucidation will also enhance the understanding of the viral
infection process and shed new light on the design of improved diagnosis
and treatment programs.

In this study, we identified a novel intracellular targeting motif in the
CT of the SARS-CoV and SARS-CoV-2 S protein, Vizg4li265, which
interacted with the cytoskeleton and vesicle transport-related proteins
to regulate the intracellular transport of S protein, and thereby modu-
lated incorporation of S protein into pseudovirus particles and live
SARS-CoV-2 virions. Notably, knocking down CT-interacting proteins
significantly blunted the assembly of SARS-CoV-2 virion, suggesting its
potential as a new drug target. Our findings shed light on the crucial role
of the CT of the S protein in SARS-CoV-2 infection and provide insights
into potential drug targets against SARS-CoV-2 infection.

2. Material and methods
2.1. Cells and reagents

HeLa and HEK293T cells were cultured in DMEM supplemented with
10% FBS, 100 unit/mL penicillin and 100 pg/mL streptomycin at 37 °C
and 5% CO; incubator. All cell lines were negative for contamination
with mycoplasma. The 293T-hACE2 cell line stably expressing human
angiotensin-converting enzyme 2 (ACE2) was generated by lentiviral
transduction of human ACE2 into HEK293T cells, followed by stable cell
selection using 2 pg/mL puromycin. The antibody against VSV M
(P04876) was purchased from CUSABIO (China), the antibodies against
Gag protein(ab9071) and HA tag (ab9110) were purchased from Abcam
(USA), the antibody against GAPDH (KC-5G5) was purchased from
KANGCHEN (China), and the anti-FLAG antibody (F1804) was pur-
chased from Sigma (USA).
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2.2. Plasmid construction

The full-length of spike gene of SARS-CoV-2 Wuhan-Hu-1 strain
(GenBank: MN908947) was codon-optimized, synthesized and cloned
into pcDNA3.1(+) vector between BamH I and EcoR I sites of the to
generate pcDNA3.1(+)-FL-S (FL-S). Cytoplasmic tail truncation- and
sequence-related mutations were constructed by PCR or site-directed
mutagenesis according to the manufacturer’s instructions. All con-
structed plasmids were verified by sequencing.

2.3. Preparation of pseudotyped viruses

Lentivirus based SARS-CoV-2 pseudoviruses were prepared using the
methods described in our previous study (Hu et al., 2022). In brief,
HEK293T cells were co-transfected with a construct expressing viral
envelope protein, a lentiviral vector (pWPXL) expressing firefly lucif-
erase reporter protein and a lentiviral packaging plasmid (psPAX2)
using Lipofectamine 3000 transfection reagent (Invitrogen). The su-
pernatants were refreshed by prewarmed DMEM at 6-8 h
post-transfection and harvested at 48 h post-transfection, followed by
passage through a 0.45 pm low protein binding filter, and then kept at
—80 °C. Vesicular stomatitis virus (VSV) based SARS-CoV-2 pseudovi-
ruses were produced as previously described (Nie et al., 2020). Briefly,
HEK293T cells were transfected with plasmids encoding wild-type or
mutant S proteins. The transfected cells were infected with G*AG-VSV
(VSV G pseudotyped virus) at 24 h post-transfection at an MOI of 0.05.
Supernatants were refreshed at 2 h post infection and harvested at 24 h
post infection, filtered through a 0.45 pm low protein binding filter, and
then stored at —80 °C. To further purify and concentrate SARS-CoV-2
pseudovirus, the virus-containing supernatants were subjected to
centrifugation at 10,000 rpm for 30 min to remove cell debris, followed
by ultracentrifugation at 100,000xg for 3 h using an SW-32 rotor. The
supernatant was removed, and the virus pellet was resuspended in PBS,
aliquoted and stored at —80 °C.

2.4. SARS-CoV-2 spike-based cell fusion assay

The SARS-CoV-2 spike-based cell fusion assay was performed as
previously described with slight modification (Peng, 2010). HEK293T
cells co-transfected with plasmids encoding hACE2 and T7 RNA poly-
merase (pRNP; kindly provided by Dr Richard Longnecker of North-
western University) were used as target cells. HEK293T cells
co-transfected with plasmids encoding SARS-CoV-2 S protein and the
firefly luciferase gene driven by a T7 promoter (pT7Luc; kindly provided
by Dr Richard Longnecker of Northwestern University) were used as
effector cells. The effector and target cells were dissociated by trypsin
(Invitrogen, USA) and mixed in equal proportions for co-culture at 72 h
post transfection. The luciferase activity was assessed after 24 h of
incubation.

2.5. Real-time quantitative PCR (RT-qPCR)

Quantification of viral RNA levels in cells and culture supernatants
was performed by RT-qPCR. To measure the viral RNA level in cell
culture supernatants, viral RNA was extracted from virus-containing
supernatant using a QIAamp Viral RNA Mini Kit (Qiagen), as
described in the manufacturer’s protocol. To detect the viral RNA level
in cells, total cellular RNA was extracted using a UNIQ-10 total RNA
isolation Kit (B511361, Sangon Biotech, Shanghai, China). cDNA was
synthesized using a cDNA reverse transcription kit (EP0451, Thermo
Scientific) according to the manufacturer’s instructions and subjected to
qPCR analysis using a fluorescence quantitative PCR instrument (CFX96,
Bio-Rad, San Diego, CA, USA). Primers against SARS-CoV-2 subgenomic
RNA  (5-CCTTCCCAGGTAACAAACCAACC-3'/5'-CAGTATTATTGGG-
TAAACCTTGGGGC-3') (Jin et al., 2021) were used to quantify the
intracellular SARS-CoV-2 RNA level; primers against gag gene
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(5'-TTCGGTTAAGGCCAGGGG-3'/5'-CTTCTGATCCTGTCTGAAGGG-3')

were used to quantify the supernatant lentiviral RNA expression level;
primers against the L gene (5-AATGACGATGAGACYATGCAATC
-3'/5'-CAAGTCACYCGTGACCATCT-3') were used to quantify the su-
pernatant VSV RNA expression level. For absolute quantification of su-
pernatant lentiviral and VSV RNA expression levels, serial dilutions of
plasmids encoding gag and L proteins were used as standards in qPCR,
respectively.

2.6. Co-immunoprecipitation/mass spectrometry (Co-IP/MS)

The intracellular proteins interacting with the CT of the S protein in
lentiviral and VSV-based pseudovirus packaging cells were identified
using immunoprecipitation and mass spectrometry. For lentiviral PSV
packaging system, HEK293T cells were co-transfected with pWPXL,
psPAX2 and plasmids expressing GFP, GFP-CT or GFP-CT-AC9, respec-
tively. At 48 h post transfection, cells were harvested and processed for
sequential anti-FLAG immunoprecipitation. For VSV-basde PSV pack-
aging system, HEK239T cells were transfected with plasmids expressing
GFP, GFP-CT or GFP-CT-AC9, respectively, and infected with G*AG-VSV
(VSV G pseudotyped virus) at 24 h post transfection at an MOI of 0.05.
At 24 h post infection, cells were harvested and processed for sequential
anti-FLAG immunoprecipitation. The immunoprecipitation and the
subsequent mass spectrometry (MS) analysis were performed using a
Pierce MS-Compatible Magnetic IP Kit (Thermo Scientific) following the
manufacturer’s instructions. In brief, cells were lysed in IP-MS Cell Lysis
Buffer on ice for 10 min and centrifuged at ~13,000xg for 10 min. The
supernatant was collected and mixed with 5 pg of anti-FLAG antibody
(M2, Sigma). After the overnight incubation at 4 °C, protein A/G mag-
netic beads were added to the lysate/antibody mixture and incubated for
1 h at room temperature, followed by rinse with IP-MS wash buffer and
sequential elution with IP-MS elution buffer. The elution was dried and
resuspended in 6 M urea/50 mM triethylammonium bicarbonate
(TEAB), and incubated with Tris (2-carboxyethyl) phosphine (TCEP) at
37 °C for 30 min. Iodoacetamide (IAA) was then added to the sample and
incubated at room temperature for 30 min, followed by the digestion
with trypsin overnight at 37 °C. The sample was then mixed with 10%
trifluoroacetic acid (TFA) and centrifuged at 15,000xg for 2 min. The
supernatant was cleaned up with a C18 trap column and processed for
MS analysis using Q Exactive Orbitrap Mass Spectrometers (Thermo
Scientific). The raw data were acquired and processed with MaxQuant
software with default settings referencing the Uniprot database. The Co-
IP/MS experiments were repeated twice, and only proteins identified in
both independent replicates were included in subsequent analyses
(Table S1).

2.7. Immunofluorescence analysis (IFA)

HeLa cells that transfected with plasmid DNA encoding different
spike mutants using Lipofectamine 3000 were seeded on glass coverslips
48 h after transfection in a humidified incubator at 37 °C with 5% CO2.
Twenty-four hours after seeding, the cells were washed with PBS, fixed
in 4% paraformaldehyde for 20 min at room temperature and then
incubated in QuickBlock buffer (Beyotime) for 10 min. The cells were
washed and incubated with a rabbit polyclonal antibody against spike
protein (1:400) for 1 h, followed by staining with AF555-conjugated
goat anti-rabbit IgG (1:500) to detect the cell-surface spike protein.
Cells were subsequently washed five times in PBS and permeabilized
with Triton, followed by incubation in QuickBlock buffer (Beyotime) for
10 min. Then, the cells were washed and incubated with a rabbit poly-
clonal antibody against spike protein (1:400) for 1 h, followed by
staining with AF488-conjugated goat anti-rabbit IgG (1:500) to label the
intracellular spike protein (as well as available cell-surface S protein).
After counterstaining the nuclei with DAPI, the cells were mounted in
Dako Fluorescent Mounting Medium (S3023) and imaged using a Leica
TCS SP8 confocal microscope equipped with Leica Application Suite X
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software.
2.8. Generation of single-round infectious SARS-CoV-2

The single-round infectious SARS-CoV-2 virion was generated by the
SARS-CoV-2 replicon with the deletion of the spike gene (Jin et al.,
2021) (kindly provided by Professor Ji-An Pan from Sun Yat-sen Uni-
versity) trans-complemented with ectopically expressing the spike pro-
tein according to the protocols described in a previous study
(Ricardo-Lax et al., 2021) with slight modifications. Briefly, HEK293T
cells (1.5 x 10°) were plated into 6-cm dishes 24 h before transfection,
and then co-transfected with 3 pg plasmid encoding spike protein and 3
pg SARS-CoV-2 replicon RNA. The medium was refreshed 6-8 h after
transfection and virus-containing supernatants were collected 48 h after
transfection, centrifuged to remove debris, and used to infect
293T-ACE2 cells.

2.9. Flow cytometry

HEK293T cells were transfected with plasmids expressing spike
proteins using Lipofectamine 3000. Cells were harvested and rinsed
twice with wash buffer (1% FBS in PBS), and then fixed for 15 min with
4% paraformaldehyde. To detect spike protein on the cell surface, cells
were incubated with rabbit polyclonal antibody against spike protein
(1:400) for 30 min at room temperature, followed by staining with
AF488-conjugated goat anti-rabbit IgG (1:500) (Invitrogen A11008) for
30 min, and then analyzed by flow cytometry using an Accuri C6 in-
strument (BD Biosciences). For the detection of the intracellular and
cell-surface spike protein, cells were permeabilized with 0.1% Triton
prior to primary antibody incubation.

2.10. Sequence data

Mutations occurrence data were downloaded from the GISAID
database (https://gisaid.org/hcovl9-mutation-dashboard/) in August
2022 (Elbe and Buckland-Merrett, 2017). The amino acid sequence of
isolate Wuhan-Hu-1 was used as the reference proteome (GenBank
accession no. MN908947).

2.11. Statistical analysis

All experiments were performed at least three times. The data were
presented as mean + SD(SEM). Statistical significance was analyzed by
Student’s t-test or one-way ANOVA statistical tests where appropriate
using GraphPad Prism 8. p < 0.05 was considered statistically signifi-
cant. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

3. Results

3.1. Ljzes in the cytoplasmic tail of the SARS-CoV-2 spike protein is
crucial for the enhanced infectivity of SARS-CoV-2 pseudovirus

To determine the effect of CT deletion on SARS-CoV-2 pseudovirus
packaging, we constructed a series of CT truncation mutants by deleting
the amino acids of CT one by one (AC1 to AC34 in Fig. 1B) from full-
length wild-type spike protein (FL-S) and compared the infectivity of
pseudoviruses (PSVs) packaged by these mutants using a lentiviral
packaging system. Previous studies have attributed the promotion of
SARS-CoV pseudovirus infectivity by CT deletion to the deletion of pu-
tative ER retrieval signal (ERRS) located in the last 5 amino acids
(KLHYT) of the CT, but our results indicated that neither deletion of
ERRS (AC5) nor mutation of ERRS (ALAYT) significantly enhanced the
infectivity of SARS-CoV-2 pseudovirus (Fig. 1C). The infectivity of SARS-
CoV-2 pseudovirus was significantly increased when the last 9 amino
acids in the CT of the S protein were removed (AC9) (Fig. 1C). Compared
with AC9, further deletions of amino acids (AC10 to AC26) did not
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significantly improve the infectivity of SARS-CoV-2 pseudoviruses,
indicating that the last 9 amino acids of the spike protein were the
determining factor for SARS-CoV-2 pseudovirus packaging (Fig. 1C).
Moreover, the length of the CT seemed critical to the package of SARS-
CoV-2 pseudovirus, since the infectivity of SARS-CoV-2 PSVs was
markedly reduced when one or two glycine residues were added at the
COOH-terminus of AC9 (Fig. 1D). In order to figure out which amino
acids in CT determine SARS-CoV-2 pseudovirus packaging efficiency, we
substituted the L1265 and K1266 individually or simultaneously with
glycine or alanine in FL-S and detected the infectivity of SARS-CoV-2
PSV. As shown in Fig. 1E, the infectivity of SARS-CoV-2 PSV was
significantly increased when L1265 was substituted with glycine, but the
substitution of K1266 with glycine had no effect on the infectivity of
SARS-CoV-2 PSV. These results suggested the critical role of L1265 on
the efficient SARS-CoV-2 PSV packaging. Then, we wondered whether
the chemical properties of the amino acid at position 1265 had any in-
fluence on SARS-CoV-2 PSV packaging. Therefore, we substituted L1265
with amino acids with different chemical properties, including posi-
tively charged (Lys or Arg), negatively charged (Asp or Glu), aromatic
(Phe, Tyr or Trp) and polar uncharged (Ser or Asn), and tested the
infectivity of packaged SARS-CoV-2 PSV. As shown in Fig. 1F, the
packaged SARS-CoV-2 PSV displayed highest infectivity only when the
L1265 was replaced by the aromatic amino acids. Consistent results
were obtained in the vesicular stomatitis virus (VSV)-based PSV pack-
aging system, indicating that the enhancement of SARS-CoV-2 PSV
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infectivity through the truncation of the last 9 amino acids or the sub-
stitution of L1265 in the spike protein on was independent of the
packaging system (Fig. 1G).

3.2. CT truncation of the spike protein enhances its incorporation in the
SARS-CoV and SARS-CoV-2 pseudovirus by increasing its cellular surface
localization

Our results suggested that the truncation of the last 9 amino acids of
the spike protein significantly promoted the SARS-CoV-2 PSV pack-
aging. Next, we sought to elucidate the underlying mechanism of this
promotion. Since the S protein mediates the receptor-binding and
membrane fusion steps of viral entry, we first assessed the effect of CT
truncation on the ability of the S protein to bind to the ACE2 receptor
and mediate membrane fusion by a cell fusion assay. The trans-
membrane domain of S protein plays important role during entry (Broer
et al.,, 2006; Corver et al., 2009). The mutants missing most or all
transmembrane domains (AC41 or AC53) partially or completely lost its
membrane localization, rendering it incapable of mediating membrane
fusion as the expectation, indicating the reliability of this assay to study
the membrane fusion (Fig. 2A). Compared with FL-S protein, CT trun-
cations did not display enhanced fusion activity (Fig. 2A). Then, we
detected the expression levels of spike proteins in SARS-CoV-2 pseudo-
virus particles. The mutants with the last 9 or 21 amino acids trunca-
tions, as well as the mutants with L1265 substitutions exhibited much

Fig. 2. CT truncation promoted incorporation of
SARS-CoV-2 S protein into pseudovirus particles
by increasing their expression on the cell surface.
(A) A cell fusion assay was performed to assess the
ability of wild-type and CT-truncated S proteins to
mediate receptor binding and subsequent membrane
fusion. HEK293T cells co-transfected with pT7Luc
and plasmids encoding S protein were mixed at a 1:1
ratio with those cells co-transfected with pRNP and
plasmid expressing hACE2 at 72 h after transfection.
The luciferase activity in the cell lysates was deter-
mined and normalized to hACE2 mixed with wild-
type S protein. (B-E) Lentiviral PSVs and VSV-based
PSVs bearing wild-type or mutant SARS-CoV-2 S
protein were concentrated by ultracentrifugation. The
S protein expression level in lentiviral PSV (B) or
VSV-based PSV (D) were detected by Western blot,
and the viral structure protein Gag or M was used as
an internal control. The viral genomic copy numbers
of concentrated lentiviral PSV (C) and VSV-based PSV
(E) were quantified by RT-qPCR and normalized to
FL-S. Serial dilutions of plasmids encoding the HIV-1
gag gene or VSV L gene were used as standards,
respectively. (F-G) HEK293T cells were transfected
with plasmids encoding the wild-type or CT truncated
S protein (F) or co-transfected with lentiviral pack-
aging plasmids (pWPXL and pSPAX2) and plasmids
encoding the wild-type or CT truncated S protein (G).
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higher expression levels than the full-length S protein in SARS-CoV-2
PSV particles (Fig. 2B).

But no significant difference was detected in the lentiviral structure
protein (Gag) as well as genomic RNA levels among CT truncated mu-
tants and FL-S packaged lentiviral pseudovirions (Fig. 2B and C). Similar
results were observed in the VSV-based PSV packaging system (Fig. 2D
and E). These results suggested that the last 9 amino acid truncation or
the L1265 substitution did not affect the number of lentiviral pseudo-
virus particles but promoted the incorporation of spike protein into
lentiviral pseudovirions.

Furthermore, the expression levels of S protein in the transfected
cells or the PSV packaging was similar among the FL-S and CT truncated
S protein (Fig. 2F and G), suggesting that CT truncations did not increase
the S protein in SARS-CoV-2 PSV through directly increasing the
expression level of S protein. Since lentiviruse and VSV virions acquire
their envelope glycoproteins and bud at the plasma membrane (Freed,
2015; Lyles, 2013), we speculated that the CT truncation facilitates the
incorporation of the S protein into PSV by increasing its localization on
the plasma membrane. Flow cytometric results indicated that the trun-
cation of the last 9 amino acids of the spike protein significantly
increased its localization on the plasma membrane (Fig. 2H and I).
However, mutation or deletion of ERRS (ALAYT and AC7) did not affect
the cell surface localization of the spike protein (Fig. 2H and I), further
illustrating that ERRS is not a decisive factor in aiding SARS-CoV-2
pseudovirus packaging. Considering that the CT of the SARS-CoV and
SARS-CoV-2 S protein is highly conserved (Fig. 1A), we speculated that
the truncation of the last 9 amino acids of the SARS-CoV spike protein
would promote the infectivity of SARS-CoV pseudoviruses such as
SARS-CoV-2. As expected, the infectivity of the SARS-CoV PSV was
significantly increased after truncation of the last 9 amino acids of the
spike protein, while the deletion of additional amino acids failed to
further enhance the infectivity (Fig. 3A). Consistently, the packaging
efficiency of SARS-CoV S protein was also increased when the last 9
amino acids of the SARS-CoV spike protein was deleted, regardless of the
packaging systems (Fig. 3B-E). Overall, these results suggested that
deletion of the last 9 amino acids of the SARS-CoV-2 or SARS-CoV spike
protein enhanced its incorporation into pseudovirus particles by
increasing the plasma membrane localization of the spike protein.

3.3. ARPC3, SCAMP3 and TUBBS participate in SARS-CoV-2
pseudovirus packaging through interactions with the CT of the spike protein

To further elucidate the key regions in the spike protein responsible
for the efficient packaging of SARS-CoV-2 pseudovirus, we used FLAG-
tagged GFP to replace the extracellular domain of S protein, and con-
structed FLAG-tagged GFP fused with the TMD and full-length CT of the
S protein (GFP-CT) or with the TMD and the last 9 amino acids-truncated
CT of the S protein (GFP-CT-AC9) (Fig. 4A). Then we packaged the
pseudoviruses with these fusion proteins and detected the levels of GFP
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expression both in pseudovirus packaging cells and pseudovirus parti-
cles. Similar to that of the FL-S and AC9, no evident difference in the
expression levels of the three fusion proteins was observed in pseudo-
virus packaging cells, but the expression level of GFP-CT-AC9 in pseu-
dovirus particles was significantly higher than that of GFP-CT and GFP
as a control. These results suggested that the truncation of the last 9
amino acids of CT could not only promote the incorporation of spike
protein into pseudovirus particles but also facilitate the incorporation of
GFP into pseudovirus particles, further confirming the key role of the
last 9 amino acids in the SARS-CoV-2 PSV packaging (Fig. 4B and C).
Next, in order to investigate the host proteins involved in the SARS-
CoV2 PSV packaging, we performed immunoprecipitation coupled
with mass spectrometry (IP-MS) and identified 280 GFP-CT interacting
proteins, 141 GFP interacting proteins and 447 GFP-CT-AC9 interacting
proteins in both lentiviral and VSV-based pseudovirus packaging cells
(Table S1). Among them, there were 35 proteins specifically interacting
with GFP-CT, 225 proteins specifically interacting with GFP-CT-AC9 and
8 proteins specifically interacting with GFP proteins, respectively
(Fig. 4D). Since the deletion of the last 9 amino acids increased the
incorporation efficiency of protein in pseudovirus particles (GFP-CT vs.
GFP-CT-AC9 in Fig. 4C), we speculated that some protein interacting
with GFP-CT and inhibited its packaging into pseudovirus particles, and
as a result, initially focused on 35 proteins that specifically interact with
GFP-CT. Protein—protein interaction (PPI) network and gene ontology
(GO) analyses of the 35 GFP-CT-specific interacting proteins revealed
enriched genes involved in cytoskeleton assembly (such as ARPC3 and
TUBBS8) and vesicular transport (such as SCAMP3) and functioning in
actin/cytoskeleton protein binding and intracellular protein transport
(Fig. 4E and F). Then, we knocked down these GFP-CT-specific inter-
acting proteins in pseudovirus packaging cells to detect the impact of
these proteins on the infectivity of FL-S- or AC9- packaged SARS-CoV-2
PSV (Fig. S1). Among these tested proteins, knocking down ARPC3,
SCAMP3 and TUBBS significantly enhanced the infectivity of FL-S-
packaged pseudovirus but had no significant effect on the infectivity
of the AC9-packaged pseudovirus (Fig. 4G). Then we performed a
reciprocal co-IP assay to confirm that ARPC3, SCAMP3 and TUBBS8
specifically interacted with GFP-CT, but not GFP and GFP-CT-AC9
(Fig. 4H). In addition, knockdown of ARPC3, SCAMP3 and TUBBS8
expression significantly increased the localization of the full-length
spike protein on the cell surface and increased the packaging effi-
ciency of the full-length spike protein into SARS-CoV-2 PSV particles
(Fig. 41 and J). Taken together, these results suggest that ARPC3,
SCAMP3 and TUBBS interact with the full-length CT of the spike protein
and block its packaging into pseudovirus particles through suppressing
its localization on the cell surface.

Fig. 3. CT truncation promoted incorporation of
1.5 SARS-CoV S protein into pseudovirus particles. (A)
09 The luciferase activity in 293T-ACE2 cells infected by
lentiviral SARS-CoV pseudovirus carrying wild type
or CT truncated S protein was measured at 48 h post
infection and normalized to FL-S. The S protein
expression level in lentiviral SARS-CoV pseudovirus
(B) or VSV-based SARS-CoV pseudovirus (D) bearing
wild type or the last nine amino acid deleted S protein
(AC9) was detected by Western blot, and the viral
structure protein gag or M was used as an internal
control. The viral genomic copy numbers of concen-
trated lentiviral SARS-CoV PSV (C) and VSV-based
SARS-CoV PSV (E) were quantified by RT-gPCR and
normalized to FL-S. Serial dilutions of plasmids
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3.4. Via64L1265 in the CT of the spike protein is essential for the assembly
of SARS-CoV-2 virions

Unlike VSV and lentivirus virions whose assembly and release take
place on the plasma membrane, the assembly of mature SARS-CoV-2
virions occurs within the ER-to-Golgi intermediate compartment
(ERGIC) (Lebeau et al., 2020). Thus, we investigated the effect of CT
truncation of the spike protein on the assembly of live SARS-CoV-2 vi-
rions utilizing single-round infectious SARS-CoV-2 virions produced by a
trans-complementation system to mimic the assembly process of live

Antiviral Research 209 (2023) 105509

SARS-CoV-2 virions.

The trans-complementation system consists of a SARS-CoV-2 repli-
con RNA containing spike gene deletion and a spike-encoding plasmid
ectopically expressing the spike protein (Jin et al., 2021; Ricardo-Lax
et al., 2021). There was no significant difference in the viral RNA
expression levels in single-round infectious SARS-CoV-2 packaging cells,
suggesting that the deletion of the last 9 amino acids of the spike protein
did not affect the replication of the SARS-CoV-2 genome (Fig. 5A).
However, the expression level of SARS-CoV-2 RNA in cells infected by
AC9 packaged single-round infectious SARS-CoV-2 was significantly
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Fig. 4. Identification of CT-interacting proteins modulating intracellular transport of S protein and infectivity of SARS-CoV-2 pseudovirus. (A) Schematic
diagram showing the protein structure of GFP fusion proteins: GFP, which comprises an N-terminal FLAG tag and GFP; GFP-CT, which comprises an N-terminal FLAG
tag, followed by GFP, and the TMD as well as full-length CT of S; and GFP-CT-A9, which comprises an N-terminal FLAG tag, followed by GFP, and the TMD as well as
the last nine amino acids truncated CT of S. HEK293T cells were co-transfected with lentiviral packaging plasmids (pWPXL and pSPAX2) and GFP, GFP-CT or GFP-CT-
A9, respectively. The cells were harvested and the virus-containing supernatants were collected and concentrated by ultracentrifugation at 48 h post transfection. The
S protein expression levels in transfected cell (B) and concentrated lentiviral particles (C) were detected with Western blotting. GAPDH and Gag protein were used as
internal controls. (D) Venn diagram illustrating the overlapping proteins interacting with GFP, GFP-CT or GFP-CT-AC9 in pseudovirus packaging cells identified
using immunoprecipitation and mass spectrometry. Protein-protein interaction (PPI) network (E) and gene ontology (GO) analysis (F) of 35 proteins specifically
interacting with GFP-CT. (G) HEK293T cells were transfected with the indicated siRNA using Lipofectamine RNAiMAX, followed by co-transfection with lentiviral
packaging plasmids (pWPXL and psPAX2) and plasmid encoding full length S (FL-S) or the last nine amino acids truncated S (AC9) at 36 h after siRNA transfection.
Lentiviral PSVs bearing FL-S or AC9 were harvested at 48 h after plasmids transfection and used to infect 293T-ACE2 cells. The luciferase activity in pseudovirus
infected 293T-ACE2 cells was measured at 48 h post infection to assess the infectivity of pseudovirus and normalized to that of cells infected by pseudovirus from
siNC-transfected cells. HEK293T cells were co-transfected with FLAG-tagged GFP, GFP-CT or GFP-CT-AC9 as well as plasmids encoding HA-tagged ARPC3, SCAMP3
or TUBBS protein, respectively. The cell lysates were collected at 48 h post transfection and subjected to an immunoprecipitation assay using an anti-HA antibody.
(H) The input and immunoprecipitated proteins were detected by Western blotting using anti-FLAG and anti-HA antibodies. (I) HEK293T cells were transfected with
siRNA targeting ARPC3, SCAMP3 and TUBBS, respectively, followed by co-transfection with lentiviral packaging plasmids (pWPXL and psPAX2) and plasmid
encoding full length S (FL-S) at 36 h after siRNA transfection. (I) Cells were harvested 48 h post plasmids transfection and the S protein expression level on the cell
surface was assessed by flow cytometry using an anti-spike antibody and normalized to that of siNC-transfected cells. (J) Meanwhile, pseudovirus-containing su-
pernatant was collected and concentrated by ultracentrifugation, and the S protein expression level in concentrated pseudovirus particles was detected with Western
blotting. Gag protein was used as an internal control. Data are shown as the mean + SEM (standard error of the mean) of at least three independent experiments. PSV,

pseudovirus; ns, no significance; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

lower than that in cells infected with FL-S packaged single-round in-
fectious SARS-CoV-2, indicating that the deletion of the last 9 amino
acids of the spike protein significantly inhibited the assembly of infec-
tious SARS-CoV-2 virions (Fig. 5B). Moreover, knocking down ARPC3,
SCAMP3 or TUBB8 remarkably suppressed the assembly of single-round
infectious SARS-CoV-2 virions (Fig. 5C). These results suggest that the
CT of the S protein and its interacting proteins may be promising targets
for SARS-CoV-2 drug design.

Since the onset of the COVID-19 pandemic, many SARS-CoV-2 var-
iants have arisen due to emerging mutations in the SARS-CoV-2 genome
(Harvey et al., 2021). To investigate the impact of the CT of spike pro-
teins on SARS-CoV-2 infection in the real world, we compared the fre-
quency of mutations occurring in the CT of the spike protein. Notably,
one mutation, V1264L, occurred at a particularly high frequency
(Fig. 5D and Table S2). In general, an increase in the frequency of a
mutation means that it may offer some selective advantage. Therefore,
we firstly examined the effect of the V1264L mutation on the assembly
of single-round infectious SARS-CoV-2. No significant difference in viral
RNA expression levels was detected between the single-round infectious
SARS-CoV-2 packaging cells transfected with wild-type spike protein
(WT-S) and the V1264L mutant, indicating that V1264L mutation did
not affect the replication of the SARS-CoV-2 genome (Fig. 5E). However,
the expression levels of SARS-CoV-2 RNA in cells infected with
V1264L-packaged single-round infectious SARS-CoV-2 were signifi-
cantly higher than that in cells infected with WT-S-packaged single--
round infectious SARS-CoV-2, suggesting that the V1264L mutation
might facilitate the assembly of infectious SARS-CoV-2 virions (Fig. 5F).
Furthermore, we examined the effect of the V1264L mutation on the
packaging of SARS-CoV-2 PSV. The infectivity of the V1264L-packaged
SARS-CoV-2 pseudovirus was obviously lower than that of the
WT-S-packaged PSV (Fig. 5G). Although V1264L was expressed at the
same level in PSV packaging cells as WT-S, its expression level in the
pseudovirus particles was significantly lower than that of WT-S (Fig. 5H
and I), suggesting that the V1264L mutation repressed the incorporation
of spike protein into pseudovirus particles and resulted in decreased
infectivity of SARS-CoV-2 pseudovirus. Additionally, this possibility was
further demonstrated by comparing the subcellular localization of
V1264L and WT-S by immunofluorescence assay (IFA) and flow
cytometry. The IFA and flow cytometry results both showed that the
V1264L mutation significantly reduced the localization of the S protein
on the cell surface (Figs. 5J, 5K, and S3). Together, these results indicate
that the V1264L mutation hampers the localization of the spike protein
on the cell surface, thereby preventing the incorporation of spike protein
into pseudovirus particles, but also promotes the intracellular localiza-
tion of the spike protein accordingly and facilitates the assembly of

infectious SARS-CoV-2 virions.

4. Discussion

Although the cytoplasmic tail (CT) of the viral envelope glycoprotein
plays essential roles in multiple stages of viral infection, the function of
the CT of the spike protein in the life cycle of SARS-CoV-2 is far from
known. In this study, we identified the V;264L126¢5 motif in the CT of the
SARS-CoV-2 and SARS-CoV spike proteins as a novel intracellular tar-
geting signal that regulates the assembly of SARS-CoV-2 pseudovirus
particles and live SARS-CoV-2 virions through modulating the intra-
cellular transport and subcellular localization of the spike protein.

Previous studies have speculated that the deletion of the ER retrieval
signal (ERRS) located in the C-terminus, KLHYT, increases localization
of the spike protein on the cell surface and accounts for the increased
infectivity of SARS-CoV and SARS-CoV-2 PSVs caused by the CT trun-
cation. However, our results indicated that either deletion or mutation
of the ERRS has no significant effect on promoting the cell surface
localization of the SARS-CoV-2 S protein or the infectivity of the SARS-
CoV-2PSV (Figs. 1C and 2H). In addition, the deletion of the ERRS in the
CT of HCoV-229E and HCoV-NL63 spike proteins did not improve the
infectivity of the pseudovirus (Fig. S2). These results suggest that the
ERRS in the CT of the spike protein might not be a key factor in the
package of coronavirus PSVs. In sharp contrast, truncation of the last 9
amino acids of the CT of the S protein significantly promoted the cell
surface localization of the spike protein and hence the infectivity of the
pseudovirus, suggesting that the infectivity promotion of SARS-CoV and
SARS-CoV-2 pseudoviruses caused by CT truncation of spike proteins is
due to the disruption of the novel intracellular targeting signal,
V1264L1265 motif, and not deletion of the ERRS. Our results provided new
insight into how CT truncations of S protein increases the infectivity of
SARS-CoV and SARS-CoV-2 PSVs.

Intracellular targeting signals of virus glycoproteins modulate their
intracellular localization through interactions with vesicle coat proteins
or related accessory proteins. For example, the KxHxx/KKxx motif in-
teracts with coatomer complex I (COPI) to regulate proteins transport
through the canonical secretory pathway (Jackson et al., 2012; McBride
et al., 2007). The Yxx® motif interacts with the clathrin complex
including AP-1, AP-2, and AP-3 to mediate the intracellular transport of
proteins (Bonifacino and Dell’Angelica, 1999; Bonifacino and Traub,
2003). A previous study suggested that there was a di-acidic ER export
motif in the CT of SARS-CoV-2 spike protein, which interacted with
COPII to modulate the intracellular trafficking of spike protein (Catti-
n-Ortola et al., 2021). In this study, we figured out that ARPC3, SCAMP3
and TUBBS8 interact with the CT of SARS-CoV-2 spike protein and
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Fig. 5. Vi264L1265 motif in the CT of the S protein
modulated SARS-CoV-2 virion assembly. HEK293T
cells were co-transfected with the SARS-CoV-2 repli-
con with the spike gene deleted and FL-S or AC9. (A)
At 48 h post transfection, cells were harvested and
viral RNA expression levels in transfected cells were
measured by RT-qPCR and normalized to FL-S trans-
fected cells. (B) Meanwhile, virus-containing super-
natant was collected to infect 293T-ACE2 cells, and
viral RNA expression levels in infected cells were
measured by RT-qPCR, and normalized to FL-S
transfected cells at 48 h post infection. (C)
HEK293T cells were transfected with siRNA as indi-
cated, followed by co-transfection with the SARS-
CoV-2 replicon with the spike gene deleted and FL-S
at 36 h post siRNA transfection. At 48 h post trans-
fection, virus-containing supernatant was collected to
infect 293T-ACE2 cells, and viral RNA expression
levels in infected cells were measured by RT-qPCR,
and normalized to siNC at 48 h post infection. (D)
The frequency of mutations emerging in the cyto-
plasmic tail of the SARS-CoV-2 S protein in real
world. Data were collected from the GISAID website
in August 2022. (E) HEK293T cells were co-
transfected with the SARS-CoV-2 replicon with the
spike gene deleted and the FL-S or V1264L mutant. At
48 h post transfection, cells were harvested and viral
RNA expression levels in transfected cells were
measured by RT-qPCR, and normalized to FL-S
transfected cells. (F) Meanwhile, virus-containing
supernatant was collected to infect 293T-ACE2 cells,
and viral RNA expression levels in infected cells were
measured by RT-qPCR, and normalized to FL-S
transfected cells at 48 h post infection. (G) Lenti-
viral SARS-CoV-2 pseudovirus carrying wild-type or
V2164L mutant S protein was prepared and used to
infect 293T-ACE2 cells. The luciferase activity in
infected 293T-ACE2 cells was measured at 48 h post
infection. The S protein expression levels in FL-S/
V1264L transfected cells (H) and concentrated pseu-
dovirus particles (I) were detected by Western blot-
ting. GAPDH and gag were used as internal controls.
(J) HeLa cells were transfected with plasmids
expressing wild-type or V1264L mutant S protein, and
immunofluorescence analysis (IFA) was performed to
detect the cell surface and intracellular S protein.
Scale bars: 10 pm. (K) HEK293T cells were trans-
fected with plasmids expressing wild type or V1264L
mutant S protein. Cells were harvested 48 h after
transfection and cell surface expression of S protein in
non-permeabilized cells, and total S expression in
permeabilized cells was measured by flow cytometry.
Data are shown as the mean 4+ SEM (standard error of
the mean) of at least three independent experiments.
PSV, pseudovirus; ns, no significance; *, p < 0.05; **,
p < 0.01; ***, p < 0.001.
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regulate intracellular transport of the spike protein. ARPC3 is one of the
seven subunits of the actin-related protein complex (Arp2/3), which is
involved in globular actin polymerization and essential for vesicle
trafficking (Mu et al, 2016; Zhou et al, 2015). TUBB8 is a
primate-specific p-tubulin isotype, whose physiological function has not
been fully understood (Feng et al., 2016). So far, this is the first time that
TUBBS has been linked to viral infection. Previous studies have provided
evidences supporting that the interaction between cytoskeleton and
spike proteins is essential for coronavirus infection (Wen et al., 2020).
For example, Ezrin, a membrane-actin linker, interacts with the CT of
the SARS-CoV spike protein and impedes virus entry and fusion (Millet
et al., 2012). The success assembly and release of infectious viral par-
ticles of HCoV-229E, HCoV-NL63 and transmissible gastroenteritis virus
(TGEV) rely on the interactions between tubulins and S proteins
(Rudiger et al., 2016). Nevertheless, the effect of the interaction be-
tween SARS-CoV-2 spike protein and cytoskeleton associated proteins
on SARS-CoV-2 infection is unknown. Our results provide evidence for
the participation of cytoskeleton related proteins ARPC3 and TUBBS, in
regulating SARS-CoV-2 infection through modulating intracellular
transport of the S protein. During SARS-CoV-2 infection, spike proteins
are initially translated in the endoplasmic reticulum (ER) and then
trafficked to the ER Golgi intermediate compartment (ERGIC) and later
Golgi compartments where they are assembled into virions (V'Kovski
et al., 2021). Additionally, some spike proteins are present on the cell
surface via the secretory pathway. SCAMP3, a member of the secretory
carrier membrane protein family, functions as a recycling carrier to the
cell surface in post-Golgi recycling pathways and interacts with ESCRTs
to regulate the process of multivesicular endosome biogenesis (Aoh
et al., 2009; Falguieres et al., 2012). Although our results reveal that
ARPC3, SCAMP3 and TUBB8 modulate the intracellular transport of S
protein through interaction with the CT of S protein, the underlying
mechanism by which these proteins modulate the transport of spike
proteins remains to be further investigated. For instance, how SCAMP3,
a recycling carrier to the cell surface, is involved in the intracellular
transport of spike proteins? In addition, whether ARPC3, TUBB8 and
SCAMP3 proteins individually or cooperatively regulate the transport of
the spike protein? Further investigation is required to answer these
questions.

Considering the high mutation rate of the extracellular domain of the
SARS-CoV-2 S protein, the CT with low mutation rate and its corre-
sponding host proteins are more attractive drug targets. Previous study
has suggested that synthetic peptides corresponding to the CT of the S
protein inhibit SARS-CoV-2 infection by blunting the interaction be-
tween the S protein and the N protein (Park et al., 2021). Moreover,
inhibition of the Numb-associated kinases, which regulates intracellular
membrane trafficking, effectively suppressed SARS-CoV-2 infection
(Karim et al., 2022; Xiang et al., 2022b). Our results provided data that
knocking down the expression of APRC3, SCAMP3, and TUBBS signifi-
cantly suppresses the assembly of the single-round infectious
SARS-CoV-2 virions, suggesting that their important roles on
SARS-CoV-2 infection or assembly (Fig. 5C). Consistent with this, two
groups have also identified ARPC3 as a host factor required for
SARS-CoV-2 infection using genome-wide CRISPR/Cas9 screening,
which also verified our findings to a certain extent (Daniloski et al.,
2021; Zhu et al., 2021). Therefore, all this has led to an interest in the
possibility that the CT of the S protein, CT-interacting proteins, and the
intercellular trafficking of S protein are potential targets for therapeutic
strategies against SARS-CoV-2.

In conclusion, we identified V19641265 as a new intracellular tar-
geting signal in the CT of the spike protein of SARS-CoV-2 that regulates
the intracellular transport and subcellular localization of the spike
protein through interactions with cytoskeleton and vesicular transport-
related proteins, and thereby affects the packaging of SARS-CoV-2
pseudovirus and live SARS-CoV-2. Our study extends the understand-
ing of the role of CT of the S protein in the SARS-CoV-2 infection and
provides potential strategies for the treatment of SARS-CoV-2 infection.
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