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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S)
glycoprotein mediates viral entry and membrane fusion. Its cleavage at S1/52 and
S2' sites during the biosynthesis in virus producer cells and viral entry are critical for
viral infection and transmission. In contrast, the biological significance of the junc-
tion region between both cleavage sites for S protein synthesis and function is less
understood. By analyzing the conservation and structure of S protein, we found that
intrachain contacts formed by the conserved tyrosine (Y) residue 756 (Y756) with
three a-helices contribute to the spike’s conformational stability. When Y756 is
mutated to an amino acid residue that can provide hydrogen bonds, S protein could
be expressed as a cleaved form, but not vice versa. Also, the L753 mutation linked to
the Y756 hydrogen bond prevents the S protein from being cleaved. Y756 and L753
mutations alter S protein subcellular localization. Importantly, Y756 and L753 muta-
tions are demonstrated to reduce the infectivity of the SARS-CoV-2 pseudoviruses by
interfering with the incorporation of S protein into pseudovirus particles and causing
the pseudoviruses to lose their sensitivity to neutralizing antibodies. Furthermore,
both mutations affect the assembly and production of SARS-CoV-2 virus-like particles
in cell culture. Together, our findings reveal for the first time a critical role for the
conserved L753-LQ-Y756 motif between S1/S2 and S2' cleavage sites in S protein
synthesis and processing as well as virus assembly and infection.

IMPORTANCE The continuous emergence of SARS-CoV-2 variants such as the delta or
lambda lineage caused the continuation of the COVID-19 epidemic and challenged
the effectiveness of the existing vaccines. Logically, the spike (S) protein mutation
has attracted much concern. However, the key amino acids in S protein for its struc-
ture and function are still not very clear. In this study, we discovered for the first
time that the conserved residues Y756 and L753 at the junction between the S1/S2
and S2’ sites are very important, like the S2' cleavage site R815, for the synthesis
and processing of S protein such as protease cleavage, and that the mutations
severely interfered with the incorporation of S protein into pseudotyped virus par-
ticles and SARS-CoV-2 virus-like particles. Consequently, we delineate the novel
potential target for the design of broad-spectrum antiviral drugs in the future, espe-
cially in the emergence of SARS-CoV-2 variants.

KEYWORDS SARS-CoV-2, spike protein, LLQY domain, protein synthesis and cleavage,
virus assembly
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he spike (S) protein of coronaviruses, such as severe acute respiratory syndrome corona-

virus 2 (SARS-CoV-2), is a single-pass type | membrane protein and the major determi-
nant of virus entry, host range, tissue tropism, pathogenesis, and virulence (1, 2). The binding
of S protein with the cell surface receptor initiates virus entry into host cells. As a class | viral
fusion protein, the S protein forms a homotrimer on the mature viral surface, which com-
prises two major functional subunits—the receptor-binding subunit S1 and the membrane
fusion subunit S2 (3). Cryo-electron tomography of SARS-CoV-2 virions revealed that S pro-
teins are randomly distributed on the surface as a prefusion conformation (4), consistent
with the trimer structure full-length S protein or its ectodomain (5, 6). Although the exact
entry process of SARS-CoV-2 is being deciphered, the interaction between the S1 subunit
and angiotensin-converting enzyme 2 (ACE2) is known to mediate virus entry (7, 8). During
SARS-CoV-2 entry, a dramatic structural rearrangement of S protein is triggered from a meta-
stable prefusion conformation to a postfusion structure of S2, leading to the formation of a
fusion pore and virus shelling (9-11).

For SARS-CoV-2 and SARS-CoV entry, the proteolytic cleavage of coronavirus S protein
by one or more host proteases, such as cysteine proteases cathepsin B and L or the trans-
membrane serine protease 2 (TMPRSS2), is essential to trigger membrane fusion (12, 13).
TMPRSS2-mediated S cleavage at the S2’ site (residue R815 in SARS-CoV-2 [Fig. TA]) must
dissociate the S1 subunit and a cascade of refolding S2 subunit to postfusion conformation
(5, 14). As a result, the TMPRSS2 inhibitors can be an effective candidate for clinical applica-
tion against SARS-CoV-2 or other related viruses (15). In addition, unlike the SARS-CoV S pro-
tein, the SARS-CoV-2 S protein has evolved a polybasic cleavage site (RRAR) at the S1 and S2
boundary, which is effectively recognized by furin protease (11). Furin cleavage of S protein
is required for its folding and maturation and putatively enhances SARS-CoV-2 infection and
transmission or expands its tropism (16-18), while the cleavage at S1/S2 site during S syn-
thesis is not essential for SARS-CoV-2 S-mediated viral entry (19). Additionally, the furin rec-
ognition site disappears during SARS-CoV-2 culture passage in Vero E6 cells (4). Although
the mechanism is unclear, it may be related to the virus's adaptability.

In structural analyses of the SARS-CoV-2, the S proteins were found to freely exist
on the viral envelope, and the S head was connected to the viral membrane with the stalk
domains with three flexible hinges in the S2 subunit (4, 20). Previous studies have shown that
the S2 trimer presents a conservative symmetrical structure including the connector do-
main (CD), fusion peptide (FP), heptad repeat 1 (HR1), HR2, the transmembrane domain
(TM), and cytoplasmic domain (CP), similar to the S proteins of SARS-CoV and Middle East
respiratory syndrome coronavirus (MERS-CoV) (5, 18, 21). Among these, the FP, HR1, HR2,
and TM domains are the key functional regions of the S2 subunit for the occurrence of vi-
rus-cell fusion and formation of fusion pore (22), but little is known about the function of
the regions between the S1/S2 site and S2’ site for the prefusion conformation of S protein
and its mediated virus assembly, egress, or infection. Therefore, some exploratory studies
have been carried out on the two cleavage sites and the conserved regions between them
for SARS-CoV-2 S-driven virus entry by single amino acid engineering mutation.

RESULTS

Y756 and its structurally linked amino acid residues are critical for the cleavage of
the prefusion S protein. The conservation analysis of S protein showed that the amino
acid similarity among 27 SARS-CoV-2 isolates and SARS-CoV (CUHK-W1 strain) is 99.7 to
99.9%, and these SARS-CoV-2 strains share amino acid sequence similarities of only 74%
with MERS virus (HCoV-EMC/2012) (Fig. STA). Especially the region between the S1/52 and
S2' cleavage sites of S protein (Fig. 1A), the amino acid sequences of these SARS-CoV-2 iso-
lates and the SARS-CoV CUHK-W1 strain are completely consistent (Fig. S1B). Moreover, the
structural analysis revealed that the linker fragment of two cleavage sites contains a couple
of a-helices, which are connected via a flexible peptide, GS, forming a bend or turn (Fig. 1A
to Q) (6). Notably, the conserved tyrosine residue (Y) 756 at the downstream of the short
a-helix is hydrogen bonded with the leucine at position 753 (L753), the phenylalanine at
position 759 (F759), and the threonine residue at position 998 (T998) in the folded S trimer
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FIG 1 Tyrosine residue 756 is critical for the cleavage of the prefusion S protein. (A) Schematic of the domain structure of SARS-CoV-2 spike
proteins and amino acid sequence alignment of the S1/52 (R685) and S2’ (R815) cleavage site and the region between them in S2 subunit
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(PDB code 6VSB [Fig. 1D]), which is speculated to contribute to stabilizing the prefusion con-
formation of S protein for infection.

To investigate the influence of these amino acid residues between the S1/52 and S2’
cleavage sites on the synthesis and function of S protein, a series of the S mutants was gen-
erated through site-directed mutagenesis (Fig. 1A), including replacing the arginine (R) resi-
due 685 at the S1/S2 site or R815 at the S2' site with alanine (A) and the mutation of Y756
to other amino acids such as cysteine (C) or phenylalanine (F). Then, the wild-type (WT) or
mutant S protein with a C-terminal Flag tag was probed by Western bot analysis with the
anti-receptor-binding domain (anti-RBD) antibody or anti-Flag antibody (Fig. 1E). We
observed that SARS-CoV-2 S protein (WT) was processed into at least four forms with differ-
ent molecular weights, i.e, monomeric S protein (observed at about 180 kDa), S multimers
(>180 kDa), S1 (>100 kDa), and S2 (around 100 kDa) fragments in HEK293T cells (Fig. 1E),
consistent with the previous studies (19, 22, 23). Furthermore, the natural variant of S protein
with G614, which enhanced viral infectivity and transmissibility compared to D614 (24, 25),
was processed similarly to the WT (Fig. 1E). As previously reported (19, 23), the R685A and
R815A S mutants were produced as uncleaved forms (Fig. 1E). Of note, the mutation of
Y756 codon to cysteine resulted in the expression of S proteins in the uncleaved forms,
while the S proteins with the mutation of Y756 to phenylalanine could be cleaved (Fig. 1E).

To explore the regular pattern, we mutated the Y756 to other amino acid residues:
tryptophan (W), alanine (A), glycine (G), histidine (H), or glutamate (E). We found that the muta-
tion of Y756A, Y756G, or Y756E caused the S proteins to be produced as uncleaved forms, but
the mutated S proteins with Y756W or Y756H were partially cleaved (Fig. 1F). Overall, the full-
length S proteins with the aromatic amino acids, such as Y, W, or F, and the basic amino acids,
such as H, were partially processed to the S1/52 cleaved forms, and the other amino acid
mutations could not cause the S proteins to be cleaved (Fig. 1G). Combined with its structural
characteristics (Fig. 1B and D) (6), we speculated that the mutation of Y756 might affect the
recognition of the cleavage sites on S protein and the corresponding proteolytic enzymes. For
mutants with changes of Y756 to C, A, G, or E, the hydrogen bonds formed by tyrosine side
chain disappear in the folded protein, which may not be conducive to the protein folding and
conformational stability of S protein or even recognition of proteolytic enzymes. And then,
three amino acids (L753, F759, and T998) related to Y756 were mutated to G. Western blot
analysis showed that the L753G S mutant was largely uncleaved, and the F759G mutation sig-
nificantly reduced the cleavage efficiency of S protein, while the T998G S protein was cleaved
as effectively as WT S protein (Fig. 1H). These results indicated that besides R685 and R815
cleavage sites, Y756 and its hydrogen-bonded L753 and F759 are closely related to the spike
cleavage efficiency in producer cells.

Mutations of a structural element, 753-LLQY-756, reduce the infectivity of SARS-
CoV-2. We next evaluate the consequences of mutation of tyrosine 756 on SARS-CoV-2
infection using a lentivirus (HIV-1 NL4-3 strain) pseudotyping system (26). First, the constitutive
expression of ACE2 in A549, HEK293, and Huh?7 cells was identified in about 100 ug total cellu-
lar proteins by Western blotting. The results showed that ACE2 is highly expressed in Huh7
cells, followed by HEK293 cells, but is not found in A549 cells (Fig. 2A), indicating that Huh7
cells can be used to evaluate SARS-CoV-2 infection. Next, we packaged HIV-based SARS-CoV-2
pseudoviruses bearing the WT S and its mutants in HEK293T cells. The infectivity of these
pseudotyped viruses was tested in Huh7 cells by the quantitative measurements of firefly lucif-
erase levels. The results indicate that the R685A mutant SARS-CoV-2 pseudoviruses efficiently

FIG 1 Legend (Continued)

with the corresponding fragments of SARS-CoV and MERS-CoV. (B to D) The hydrogen bonds formed by Y756 and the leucine at position 753
(L753), the phenylalanine at position 759 (F759), or the threonine residue at position 998 (T998) in the folded S trimer can be observed in the
cryo-EM structure of the S ectodomain trimer (PDB code 6VSB). (E) Western blot analysis of the effect of Y756, R685, or R815 mutation on the
expression and processing of SARS-CoV-2 spike proteins using anti-RBD (S1) and Flag (C-terminal of S2). GAPDH was used as a loading control.
(F) Western blot analysis of the effect of Y756 mutation to different amino acids on the synthesis and processing of S protein using anti-RBD
and anti-Flag antibodies. GAPDH was used as a loading control. (G) A summary diagram of the regulation of S protein cleavage when Y756 is
mutated to phenylalanine (F), tryptophan (W), histidine (H), cysteine (C), alanine (A), glycine (G), or glutamate (E). (H) Western blot analysis of
the effect of L753, F759, or T998 mutation on the synthesis and processing of S protein using anti-RBD and anti-Flag antibodies. GAPDH was
used as a loading control.
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FIG 2 The mutation of Y756 or its structurally associated amino acid residues attenuates S protein-mediated viral entry by the pseudotyped viruses. (A)
Western blot analysis of the constitutive expression of ACE2 in A549, HEK293, HEK293T or Huh7 cells and the overexpression of human ACE2 protein in the
stable cell lines with anti-ACE2 antibody. GAPDH was used as a loading control for the cell lysate. (B) Lentiviral particles pseudotyped with SARS-CoV-2 S or
its Y756C, Y756F, R685A, and R815A mutants were used to infect Huh7 cells; luciferase activity was quantified 48 h postinfection. (C) 293T cells expressing
human ACE2 were constructed and identified by quantitative flow cytometry and Western blotting. (D) Lentiviral particles pseudotyped with SARS-CoV-2 S
or its Y756C, Y756F, R685A, and R815A mutants were used to infect 293T-hACE2 cells, and the luciferase activity was quantified 48 h postinfection. (E and
F) Lentiviruses pseudotyped with SARS-CoV-2 S or its R685A, R815A, D614G, Y756C, Y756F, Y756W, Y756A, Y756G, Y756H, and Y756E mutants, as well as
L753G, F759G, and T998G mutants, were used to infect 293T-hACE2 cells, and the luciferase activity was quantified 48 h postinfection. Data are presented
as means * SD from 3 to 6 replicates. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 (Student t test). n.s., not significant. Data are representative of those

from three independent experiments.

entered Huh7, similar to WT S (Fig. 2B). In contrast, Y756C, Y756F, or R815 mutation caused
the S protein-mediated viral infectivity to be significantly weakened in Huh7 cells (Fig. 2B).

To further confirm pseudovirus infection, a HEK293T cell line stably expressing human
ACE2 (293T-hACE2) was prepared through the lentiviral transduction system and blasticidin
pressure selection. The ACE2-positive proportion of the 293T-ACE2 cell line was quantified
as above 98% by flow cytometry, and the expression of ACE2 was detected by Western blot-
ting (Fig. 20). Then, the pseudotyped virus infection was performed on 293T-ACE2 cells.
Consistent with the results with Huh7 cells (Fig. 2B), pseudotyped viruses with Y756 mutant
spike exhibited extremely low infectivity (@about 3- to 4-fold compared with that of the WT),
similar to the R815A mutant, while R685A mutation resulted in higher infection mediated by
spike protein than for WT or D614G S (Fig. 2D and E). More than that, very low infectivity or
even no infectivity was also observed with Y756W, Y756A, Y756G, Y756H, or Y756E S-envel-
oped pseudotyped particles (Fig. 2E). These results imply that the S1/S2 cleavage of S pro-
tein during biosynthesis might not be the key factor for S-mediated virus entry, consistent
with previous research (19, 23), while S2’ cleavage was necessary for S-mediated virus entry
in our experiments. More importantly, Y756 may play an important role in SARS-CoV-2
spike-mediated infection by affecting its expression and processing.

In addition, we investigated the effect of L753, F759, or T998 mutation on SARS-CoV-2
spike-mediated virus infection. The three mutations significantly reduced the pseudovirus
infection, especially the L753G mutation (Fig. 2F), consistent with the phenomenon caused
by the Y756 or R815 mutation. Overall, some conservative residues 753-LLQY-756 in the
connection region between the two cleavage sites, such as Y756 and L753, seem to play a
critical role in SARS-CoV-2 infection.
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S mutants (L753G, F759G, or T998G) in Hela cells using a laser scanning confocal microscope (63x,

tyrosine-protein kinase Lck was used as a subcellular localization marker.

Y756 and L753 mutations alter the subcellular localization of S protein, similar
to R815 mutation. Since these mutations, including R685, L753, Y756, or R815, affect
the expression and processing of S protein, the subcellular localization of S protein may
also be affected. For visual analysis of subcellular localization, the fusion expression plas-
mids of S or its mutants with a C-terminal enhanced green fluorescent protein (EGFP)
tag and tyrosine protein kinase Lck with a C-terminal red fluorescent protein (RFP) tag
were constructed and cotransfected into Hela cells, and Lck was used as a subcellular
localization marker; Lck localizes to the plasma membrane and pericentrosomal vesicles
(27). As speculated, the subcellular localization of S and its mutations showed that the
Y756F, Y756W, Y756H, and R685A mutant S proteins were processed and located at the
cell membrane and near pericentrosomal vesicles, similar to WT S. Conversely, when S
mutants were unable to be cleaved, the location of S proteins with Y756C, Y756A,
Y756G, Y756E, and R815A mutations was observed to be an ambiguous subcellular loca-
tion and diffusely distributed in the cytoplasm (Fig. 3A), indicating that Y756 mutation
alters the subcellular distribution of uncleaved spike protein, similar to the outcome of
R815 mutant S protein, although the mechanism may be different. In addition, the sub-
cellular localization analysis of other S mutants showed that unlike for the F759G and
T998G mutants or WT S, L753G mutation resulted in the irregular distribution of S protein
after transient expression, whereas F759G or T998G mutant S protein colocalized with
Lck on the cytoplasmic membrane (Fig. 3B). Overall, these data indicate that L753 and
Y756 are of great significance to the correct processing of S protein, and the mutation of
both may hinder virus packaging as a result.

Y756 mutation attenuates S protein synthesis and the packaging of S-enveloped
pseudotyped virus. Based on the results showing the effects of L753 and Y756 mutations
on spike synthesis and processing in our experiments, we have boldly speculated that these
mutations may affect the yield or quality of the SARS-CoV-2 pseudotyped viruses. During
the packaging of S-enveloped pseudotyped lentiviruses in cell culture, the expression of S
and its mutations was confirmed to be consistent with the data shown in Fig. 1E and F by
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FIG 4 Y756 mutation attenuates S protein synthesis and the packaging of S-enveloped pseudotyped virus. (A) Western blot analysis of the expression and
processing of S or its mutants in the pseudoviruses producer cells at 48 h after transfection with the indicated antibodies. HIV p24 and GAPDH were used as a loading
control for the cell lysate. (B and C) Western blot analysis of the S protein or its mutants in ultracentrifuge pellets from cell culture supernatant with the indicated
primary antibodies on the left blots. Uncleaved S and its cleaved S1or S2 products, as well as the HIV p24 and B-actin proteins, are also indicated on the left. The
asterisk indicates S protein polymer. (D) Electron microscopy of the pseudotyped virus particles. The viral particles in supernatants were purified, concentrated, and
added to 400-mesh copper grids covered with carbon-coated collodion film and then stained with phosphotungstic acid (1.0% [wt/vol]) for imaging using electron
microscopy. (E and F) Infection analysis of pseudoviruses in 293T-hACE2 cells was performed by continuous gradient dilution and luciferase activity analysis. Data are
presented as means * SD from 6 replicates. ****, P < 0.0001 (Student t test). Data are representative of those from three independent experiments.

Western blotting, and HIV p24 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
or B-actin were blotted as an experimental control (Fig. 4A). Also, in the pellet after ultra-
centrifugation of the pseudoviruses, the S proteins or their mutations on the surface of virus
particles were evaluated by detecting the RBD or C-terminal Flag tag via Western blotting.
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Compared with the WT S or D614G S-enveloped pseudoviruses, the concentration of pseu-
doparticles carrying the Y756C, Y756F, or R815A mutation was significantly lower in the
supernatants of 293T producer cells than the expression levels of uncleaved or cleaved S
proteins and HIV p24 protein (Fig. 4B), suggesting that Y756C or Y756F and R815 mutations
may not be conducive to the generation of S-coated pseudotyped virus. Interestingly, in
the pellet of the pseudoviruses composed of Y756 mutant S proteins, Y756W or Y756H mu-
tant S proteins were cleaved similarly to WT S, but Y756A, Y756G, or Y756E mutant S pro-
teins on the surface of pseudoparticles were rare and uncleaved (Fig. 4C). The results
showed that although both R685A S and R815A S were incorporated into pseudovirions in
a noncleavable form, the transduction efficiency of the latter was lower than that of the for-
mer (Fig. 2D and E), suggesting that the S2' cleavage of the S2 subunit was important for
S-mediated pseudovirus entry into cells.

In addition, except that no pseudovirus particles bearing Y756G S were observed, the char-
acteristics of the particles formed by the WT S or its other mutants were observed under a
negative-staining electron microscope. The virions embedded by WT S or its mutants with
Y756F, R685A, D614G, Y756A, or Y756H exhibited similar morphologies and a diameter of
~200 nm, but the virions embedded by the Y756C, Y756W, Y756E, and R815A S mutants
were irregular in shape (Fig. 4D). Amazingly, the spikes on the surfaces of the virions with
R685A S were more prominent than that of the pseudovirions with D614 or G614 S (Fig. 4D),
which may promote the S-mediated virus entry. Next, these pseudoviruses were titrated by 2-
fold gradient dilution in 293T-ACE2 cells. Compared to the case with WT, D614G, or R685A S-
incorporated pseudoviruses, regardless of whether the mutated S was cleaved, Y756 mutation
caused S-assembled pseudotyped virus to lose infectivity (Fig. 4E and F), indicating that the
Y756 mutation affected the S protein synthesis and processing and the packaging of its envel-
oped pseudovirions, which, in turn, affected S-mediated viral infection.

Three site mutations structurally related to Y756 affect the production of
pseudovirus with SARS-CoV-2 S protein, especially residue L753. We next eval-
uated the impact of the mutation of residue L753, F759, or T998, structurally related to Y756,
on pseudovirus production with SARS-CoV-2 S protein. Pseudoviruses with each mutant S pro-
tein were produced, concentrated, and detected by Western blotting as described above.
Similarly, the quantification of pseudovirus particles was performed using p24 protein as
a reference. The expression of WT or mutant S protein was detected by anti-spike RBD or
S2 antibody in the producer cells (Fig. 5A). For the spike on the surface of pseudoviruses,
T998G S was efficiently cleaved into S1/S2 products, consistent with WT S, while F759G
mutation reduced the amount of intact S or S1/52 cleavage (Fig. 5B and C). Compared
with the WT spike incorporated into pseudovirus particles, the L753 mutation significantly
reduced the number of spikes and caused the mutant to be largely uncleaved (Fig. 5B and
Q). Overall, these data indicate that L753, F759, and T998, structurally related to Y756, affect
pseudovirus production with SARS-CoV-2 S protein, especially residue L753.

Mutations of the 753-LLQY-756 helix decrease the incorporation of S protein
into SARS-CoV-2 virus-like particles. The next question is whether the above-mentioned
locus mutations affect the production of authentic SARS-CoV-2 virions. The SARS-CoV-2 virion,
as is well established, is composed of four structural proteins: spike, membrane, envelope, and
nucleocapsid protein. Recent studies have shown that the coexpression of four structural pro-
teins in HEK293T cells could result in self-assembly into virus-like particles (VLPs) (25, 28, 29).
Therefore, the effect of Y756 mutation on incorporation of S protein into virion particles was
assessed using the virus-like particle production system. The expression of the four structural
proteins in cotransfected cells or the pellet after ultracentrifugation of cotransfected cell cul-
ture supernatant was detected by Western blotting. In the VLP-producing cells (Fig. 6A), the
expression of the WT S and its mutants was consistent with that previously described for pseu-
dovirus-producing cells (Fig. 4A). Furthermore, the Western blot results with antibody targeting
S2 showed that the Y756 mutation directly interfered with the processing of the S protein into
S1,S2, or S2' (Fig. 6A), especially when Y756 was mutated to cysteine, alanine, glycine, or glu-
tamate. The results suggest that Y756 is critical for recognition of the S1/52 and/or S2' site by
corresponding proteolytic enzymes. Furthermore, the M, N, and E proteins were all detectable
in the cell lysate (Fig. 6A).
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FIG 5 L753, F759, or T998 mutation interferes with the packaging of S-enveloped pseudotyped viruses. (A) Western blot analysis
of the expression and processing of WT S or the L753G, F759G, or T998G mutant in the pseudoviruses producer cells at 48 h
after transfection with the indicated antibodies. HIV p24 and B-actin were used as a loading control for the cell lysate. (B)
Western blot analysis of the S protein or its mutants in ultracentrifuge pellets from cell culture supernatant by the indicated
primary antibodies. (C) Relative quantification by grayscale scanning of the full-length S or cleaved S2 products from Western blot
(B) with anti-S2 antibody. HIV p24 was used as a loading control. (D) Infection analysis of pseudoviruses with WT S or the L753G,
F759G, or T998G mutant in 293T-hACE2 cells was performed by continuous gradient dilution and luciferase activity analysis. Data
are presented as means = SD from 6 replicates. ****, P < 0.0001 (Student t test). Data are representative of those from three
independent experiments.

For the VLPs, the WT or D614G mutated S proteins incorporated into SARS-CoV-2 VLPs
composed of M, E, and N (Fig. 6B). However, unlike the former two, part of the S proteins was
incorporated into VLPs in the noncleavage form when R685 was mutated to A in the S1/52
cleavage site (Fig. 6B). In contrast, in the case of the R815 mutation, VLPs containing four struc-
tural proteins were not detectable in the pellet, and the S, M, and E proteins were not detecta-
ble in the pellet (Fig. 6B). The above-described results indicate that mutation of the S2’ site
leads to the failure of VLP assembly, but S1/52 site mutation does not, and the S2' site is also
critical for incorporating S protein into VLPs and assembly of virion particles. Coincidentally,
Y756 and R815 are functionally similar. The Y756C, Y756A, Y756G, and Y756E S mutants were
weakly observed as a noncleavage form in the pellets, and the E protein was not detectable in
these pellets (Fig. 6B). In addition, when Y756 was mutated to F, W, or H, the S proteins were
incorporated into VLPs at lower levels than the WT or D614G mutated S proteins (Fig. 6B).
These data indicate that residue Y756 in the S2 subunit is important for forming SARS-CoV-2
VLPs. L753, F759, and T998, structurally related to Y756, L753G, F759G, and T998G mutants,
and N and M proteins in the producer cells were detected by Western blotting (Fig. 6C).

Furthermore, in the pellets, compared to VLPs with WT S protein, F759G or T998G mu-
tant VLPs only contained lower levels of cleaved S1 or S2 products, especially F759G mutant,

March 2022 Volume 96 Issue 6 e01897-21

Journal of Virology

jviasm.org 9


https://jvi.asm.org

Duetal.

w

0w
© ©
s 28
2 5 =X
o u o
[a]
@ 3
5 4
..E =
< <
o
£ o
w 08
& [
1%} S
c =
<< £
<
o
@
= o
z ?
€
<

Anti-Flag/iM

<
%)
]
©
o
(2]

S-R815A

'5-D614G

Journal of Virology

E w
© ©
v ©
R
x X
(2] 12}

S-Y756A

il
%’ S-Y756G

 kDa

-180
=140
- -100
=75

-180
=140
-100

AIFOSE -

T
D614G

R685A .

c 5.2828 5 88¢ D
s3 oL P §3o kP Sor or
O 0 0w »n 0 O N O »nw » —
3| s» ke | g D614G S
v | e
|-
< j g :
= enm R685A S O
z| o= R815A S
At L753G S O_
Anti-Flag
) Y756X S O_
ragin F759G S

Cell lysate

Assembly

" |R815A.L753G

Y756C/AIG/E

Y756F/W/H
 —

FIG 6 Y756 and its structurally associated residue mutations decrease the incorporation of S protein into SARS-CoV-2 virus-like particles. (A) Western blot
analysis of individual expression of the S, M, E, and N proteins in the cell lysate at 72 h after transfection with the primary antibodies indicated on the left.
GAPDH was used as a loading control for the cell lysate. (B) Western blot analysis of the S, M, E, and N proteins in ultracentrifuge pellets from cell culture
supernatant with the primary antibodies indicated on the left. (C) Western blot analysis of the S, M, and N proteins in VLP producer cells (left) and
ultracentrifuge pellets (right) from cell culture supernatant with the primary antibodies indicated on the left. Uncleaved S and its cleaved S1, S2, and S2’
products, and the N, M, and E proteins, are also indicated on the left. (D) Schematic outline of SARS-CoV-2 VLP production and the effect of S mutation on
VLP assembly. Plasmids encoding SARS-CoV-2 structural proteins E, M, and N were cotransfected in HEK293T cells with plasmids encoding the WT S or its
mutants. VLPs were enriched from culture media at 72 h posttransfection by ultracentrifugation. The mutation of L753, Y756, F759, or R815 affects the

incorporation of S protein into SARS-CoV-2 VLPs and the generation of the complete VLPs.

whereas L753G spike did not appear in the precipitation (Fig. 6C). These results illustrate
that the amino acid residues linked to Y756 are closely related to the processing of S protein
and the formation of virus-like particles. Together, our data suggest that the assembly and
release of SARS-CoV-2 VLPs are weakened when the Y756-mutated spike could be cleaved.
Nevertheless, the assembly and release of VLPs were inhibited when the Y756-mutated
spike could not be cleaved (Fig. 6D). Similar to the R815 mutation, the Y756-associated L753
and F759 mutations also affect the incorporation of S protein into SARS-CoV-2 virus-like par-
ticles, suggesting that Y756 and associated residues are needed for efficient folding of the S
protein.

Effect of S mutation on neutralization potency of the antibodies targeting the
receptor-binding domain. The above-described results confirmed that although the
R685A mutation causes the S protein to be incompletely cleaved, it can be assembled
into pseudovirions with the typical spike structure of the SARS-CoV-2 prototypic virus.
So then, an important question is raised: does this mutation affect antiviral therapy tar-
geting the S protein? The neutralization potency of the monoclonal antibodies and
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FIG 7 Effects of R685, Y756, or R815 mutations on the neutralization sensitivity of the antibodies targeting the receptor-binding domain of S protein. (A and
B) The lentiviruses pseudotyped with WT, D614G (A), or R685A (B) mutant S proteins were preincubated with 3-fold serially diluted anti-RBD monoclonal
antibody and then infected 293T-hACE2 cells for 48 h, and luciferase assays determined the infection levels of pseudoviruses in the presence of diluted
antibodies. VSV G-incorporated pseudotyped viruses were used as a nonspecific control. (C and D) Neutralization sensitivity (C) and potency (D) analysis of
Y756W, Y756A, Y756G, Y756H, or Y756E mutant S pseudotyped viruses with the indicated concentration of anti-RBD monoclonal antibody by luciferase
activity assays. (E and F) Neutralization potency of horse (E) or monkey (F) anti-RBD serum obtained from a horse or monkey immunized with RBD against
SARS-CoV-2 S pseudotyped viruses. (G) Analysis of neutralization sensitivity of R685A, R815A, or Y756 mutant S pseudotyped viruses to the indicated
concentration of horse anti-RBD serum by luciferase activity assays. (H) Analysis of neutralization sensitivity of R685A, R815A, or Y756X mutant S pseudotyped
viruses to the indicated concentration of monkey anti-RBD serum by luciferase activity assays, X represents the specified amino acid. Data are presented as
means = SD from 6 replicates. **, P < 0.01; ****, P < 0.0001 (Student t test). Data are representative of those from three independent experiments.

horse or rhesus monkey antiserum targeting the S protein receptor-binding domain
was assessed using the pseudotyped viruses bearing the WT S or D614G variant and
vesicular stomatitis virus G protein (VSV G)-enveloped pseudotyped virus as a nonspe-
cific control. As expected, the anti-RBD monoclonal antibodies efficiently neutralized
both viruses pseudotyped with the WT S and D614G variant but not VSV G-enveloped
pseudotyped viruses (Fig. 7A), which was consistent with the previous results of the
neutralization assays using the SARS-CoV-2-infected patient serum (25, 30). The results
indicated that the anti-RBD monoclonal antibodies showed neutralization potency
against SARS-CoV-2 S pseudoviruses at certain concentrations, and it had neutralizing
activity to the D614G variant. Also, the R685A mutation did not affect neutralization
mediated by anti-RBD monoclonal antibodies (Fig. 7B). In addition, although Y756
mutations seriously interfere with the incorporation of S protein into virus particles,
the pseudoviruses bearing Y756E mutant S generate a slightly significant luciferase sig-
nal. So to evaluate the effect of the Y756E mutation on the antigenicity of the S
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protein, neutralization experiments were carried out; they showed that the pseudo-
typed viruses lose neutralization sensitivity to the anti-RBD monoclonal antibody (Fig.
7C and D). Then, neutralization assays were performed to assess the neutralization sen-
sitivity of the R685A and Y756E mutants to horse or monkey anti-RBD serum compared
to the WT S protein using the unimmunized donor serum as a negative control. Both
anti-RBD sera demonstrated high neutralization titers against the pseudoviruses with
WT SARS-CoV-2 S and the D614G or R685A mutant (Fig. 7E and F), and the Y756 muta-
tion and R815 mutation but not R685A made the sensitivity of neutralizing antibody
against SARS-CoV-2 S disappear (Fig. 7G and H). In summary, Y756 and R815 in the
SARS-CoV-2 S protein are important for production, transduction, infectivity, and anti-
genicity of pseudotyped viruses.

DISCUSSION

At the end of 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
as a novel betacoronavirus broke into people’s lives; this virus had highly transmissible
and pathogenic characteristics and caused a pandemic of acute respiratory disease
named coronavirus disease 2019 (COVID-19) (31, 32). As we all know, the global spread
and epidemic of SARS-CoV-2 have caused great trauma to society, economic develop-
ment, and human life safety. Fortunately, the successful development and application
of vaccines, including the inactivated viruses (33, 34), recombinant viral vector vaccines
(35, 36), mRNA nucleic acid vaccines (37), and protein subunit vaccines (38), have con-
tributed to prevention and control of SARS-CoV-2. However, the continuous emer-
gence of virus variants, such as the B.1.1.7 strain in the United Kingdom, the B.1.351
strain in South Africa, the B.1.1.28.1 strain in Brazil, and the B.1.617 strain in India, not
only caused the continuation of the epidemic but also challenged the effectiveness of
these existing vaccines (39-41), especially the mutations of some amino acids in the
spike protein. In these mutations, a natural D614G spike mutation has been demon-
strated to increase viral infectivity and transmissibility (24, 25, 30, 42, 43) but does not
affect neutralization sensitivity to antisera against prototypic viruses or anti-RBD mono-
clonal antibodies (25, 30), which is consistent with the results in our study (Fig. 7).
Furthermore, in this study, we paid more attention to the effect of the two cleavage
sites of S protein and the region between them on virus entry mediated by S protein.

The SARS-CoV-2 virion mainly consists of four structural proteins, including the
spike, envelope (E), membrane (M), and nucleocapsid (N) proteins. For SARS-related
coronaviruses, the S protein is synthesized and processed, including posttranslational
modification and cleavage, in the endoplasmic reticulum (ER) and Golgi, respectively
(44, 45). Moreover, in the ER-Golgi intermediate compartment (ERGIC), the coronavirus-
like particles are assembled under the cooperation and interaction of four structural
proteins (29). As the primary receptor binding and membrane fusion mediator, S pro-
tein is required for progeny viral particles to enter and infect cells successfully (28, 46).
In prototypic virus particles (4, 20), VLPs (28, 46), or pseudovirus particles in our study
(Fig. 4) and other studies (19, 26, 47), the S protein appeared as two forms: cleavage
and noncleavage. Cleavage of the S protein at the S1/52 (RRAR|S motif) and/or S2’ site
(PSKR|S motif) is associated with viral entry, which can occur at either the cell plasma
membrane (TMPRSS2 pathway) or the endosomal membrane (cathepsin L pathway),
depending on the cell type (23, 48).

Moreover, other proteases’ S1/52 cleavage is processed beyond the furin proteolytic
enzyme (48). For SARS-CoV-2 S protein, we found that both mutations of R685 in the
S1/S2 cleavage site and R815 in the S2' site significantly reduce cleavage efficiency
(Fig. 1E), but they have two completely different outcomes. The mutation of R685A
does not alter S-mediated viral entry by pseudovirus, but the R815A mutation signifi-
cantly affects S-mediated viral entry (Fig. 2). These results suggested that the cleavage
of the spike between the S1 and S2 subunits can also occur, but S1/S2 cleavage does
not appear to be essential for entry, which has been proved in furin knockout cells (49)
and may explain the fact that the inhibitors targeting furin do not completely prevent
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viral infection. Furthermore, the TMPRSS2-recognized S2' site is extraordinarily critical
for SARS-CoV-2 S-mediated entry and fusion and is an important target for developing
effective antiviral drugs (50).

The S2 subunit consists of the fusion peptide (FP), a second proteolytic site (S2'), an
internal fusion peptide (IFP), and two heptad-repeat domains (HR1 and HR2) preceding the
transmembrane domain (TM) (3, 45). Furthermore, the HR1 and HR2 domains interact to
form a six-helix bundle (6-HB) fusion core after S-receptor binding, bringing viral and cellular
membranes into proximity for fusion and infection (51). The spike protein must be cleaved
at the S1/52 and S2’ sites to catalyze the membrane fusion reaction (51, 52). However, the
role of the conservative region between the S1/52 and S2' sites (about 130 amino acid resi-
dues) in the structure and function of the S protein is rarely reported. In this study, we have
noticed that a tyrosine residue, Y756, in the region between the S1/52 and S2’ sites could
form three hydrogen bonds with L753, F759, and T998, which can be observed in the cryo-
electron microscopy (cryo-EM) structure of the prefusion S protein (PDB code 6VSB) (6).
Accordingly, we speculate that the destruction of the hydrogen bond formed by Y756 and
L753, F759, or T998 would affect the structural stability of the S protein and its mediated vi-
rus entry. As expected, the mutation of Y756 to different amino acids caused the S protein
to show two different expression patterns: cleavage or noncleavage (Fig. 1E and F). From
the results, when Y756 was mutated to amino acid residues meeting the conditions for
hydrogen bond formation, S protein could be expressed as a cleaved form, but not vice
versa.

It is noteworthy that the changes in the expression and subcellular localization of the S
protein affect the assembly of virus particles and viral transduction to a certain extent.
Indeed, we observed very low or even no infectivity of Y756-mutated S-based pseudovirus
compared to that with WT S protein under the conditions of our experiments (Fig. 2E),
which may be related to the yield and quality of pseudotyped virus in producer cells. As
expected, we also found that the Y756 mutation affected the packaging and viral mor-
phology of the pseudotyped virus embedded in the S protein based on qualitative or
semiquantitative analysis of S protein and P protein of HIV in culture supernatant contain-
ing pseudotyped viruses (Fig. 4B and C). Furthermore, negative-stain transmission electron
microscopy was used to demonstrate that no significant spikes appeared on the surface
of the pseudoviruses formed by Y756 mutant S, compared with that of the pseudoviruses
bearing the WT S, D614G mutant S, or R685A mutant S. Therefore, the neutralization sensi-
tivity of the pseudoviruses with Y756 variants to anti-RBD antibody or antiserum was
altered in this work. Although there is no systematic report on the effect of Y756 mutation
on the infectivity of infectious viruses at present, refer to the series of studies in which
D614G was proved to be an infection-enhancing mutation in tissue culture using a pseu-
dotyped virus system (24, 25, 30, 43, 53); the Y756 mutation in S protein may be infection
attenuating, but this needs further confirmation with infectious virus. Follow-up research
work is in progress in our group.

Taken together, our results show that the S protein of SARS-CoV-2 as the primary receptor
binding and membrane fusion mediator mediates virus entry into host cells and is also one of
the main structural proteins for virus assembly. Therefore, the correct expression, structural sta-
bility, and precise subcellular localization of the S protein are critical to the correct assembly of
the virus and indirectly affect the infection of the progeny virus. In this work, we confirm for
the first time that the tyrosine residue at position 756 and the associated L753 and F759 are
critical to the correct expression and subcellular localization of the S protein, regulate virion as-
sembly and production, and, in turn, affect the S protein-mediated virus entry, using a pseudo-
typed virus or virus-like particle model. In addition to the resolved cryo-EM structure of the S
protein, we found that the hydrogen bond formed by Y756 is also important for the stability
of the S protein structure. In terms of significance, this study provides a new potential target
for novel interventions, including antiviral drugs or CRISPR-mediated gene mutation therapy,
by analyzing the key amino acid sites of the S protein. In the future, we will cooperate with
other teams to carry out authentic SARS-CoV-2 verification and small-molecule drug screening
research due to biosafety factors.
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MATERIALS AND METHODS

Plasmid constructs. The full-length SARS-CoV-2 spike (S) gene was synthesized (General Biol, China)
according to the sequence of SARS-CoV-2 Wuhan-Hu-1 strain (54) (GenBank accession no. NC_045512.2)
and then inserted into the eukaryotic expression vector pCMV-3xFlag-14 and fused with 3xFlag for
expression. The S mutants, including D614G, R685A, R815A, and series mutation of Y756, L753, F759, or
T998, were engineered and constructed by PCR with a Q5 site-directed mutagenesis kit (New England
BioLabs [NEB], USA), using the S gene of the Wuhan-Hu-1 strain as the parent and WT sequence. The WT
S gene and its mutants fused with EGFP at the C terminus were cloned into the pEGFP-N3 vector for sub-
cellular localization assays. Human ACE2 was amplified using pcDNA3.1-ACE2-Flag (GenBank accession
no. NM_021804.1; Beyotime, China) as a template and cloned into pLenti 6.3/V5-DEST (Invitrogen, USA)
via homologous recombination to construct a cell line stably expressing human angiotensin-converting
enzyme 2 (ACE2). The lentiviral backbone plasmid pNL4-3.Luc.R-E- was provided by Ningyi Jin. For the
coexpression of SARS-CoV-2 M and E proteins, the M-IRES-E fusion fragment was composed of the M
and E genes fused with Flag tag in the N and C termini, respectively, and M and E were linked by the in-
ternal ribosome entry site (IRES) of encephalomyocarditis virus (EMCV). The pcDNA3.1-SARS-CoV-2-N-
Myc was purchased from Beyotime (China). All plasmids were verified by DNA sequencing.

Reagents and antibodies. Rabbit monoclonal antibody against the SARS-CoV-2 receptor-binding
domain (RBD) (no. 40592-R001), rabbit polyclonal antibody against SARS-CoV-2 nucleocapsid (no.
40588-T62) and spike S2 (no. 40590-T62), and HIV-1 p24 protein (group M, subtype B, strain 92418) anti-
body (no. 11695-T48) were purchased from Sino Biological (China). Rabbit polyclonal antibodies against
Flag (DYKDDDDK) tag (no. 20543-1-AP), ACE2 (no. 21115-1-AP), GAPDH (no. 10494-1-AP), and B-actin
(no. 20536-1-AP), and Coralite 488-conjugated ACE2 monoclonal antibody (no. CL488-66699) were pur-
chased from Proteintech (China). Horse anti-RBD/SARS-CoV-2 spike serum and cynomolgus monkey
anti-RBD serum were gifts from Ningyi Jin.

Cells and 293T-hACE2 stable cell lines. Human lung epithelial (A549) cells were maintained in
Ham’s F-12K (Kaighn's) medium (Gibco, USA) or supplemented with 10% fetal bovine serum (FBS; Gibco, USA)
and 1% penicillin-streptomycin (Solarbio, China). HEK293T, HEK293, and Hela cells were maintained in
Dulbecco’s modified Eagle medium (DMEM; HyClone, USA) containing 10% FBS and 1% penicillin-streptomycin.
Human hepatoma (Huh?) cells were cultured in DMEM supplemented with 10% FBS, 1% GlutaMAX (Thermo,
USA), and 1 mM sodium pyruvate (Gibco, USA). These cells were cultured at 37°C in a 5% CO, incubator and
kindly provided by Stem Cell Bank, Chinese Academy of Sciences. A HEK293T cell line with stable expression of
human ACE2, named 293T-hACE2, was generated based on a lentivirus-mediated gene transduction system
under the antibiotic pressure of blasticidin (InvivoGen, USA). The expression of hACE2 was examined by Western
blotting with anti-ACE2 antibody, and the hACE2* cell percentage was identified by flow cytometry.

Western blot analysis. Cells were lysed with a buffer of 20 mM Tris (pH 7.5), 150 mM NaCl, 1%
Triton X-100, and EDTA-free protease inhibitor cocktail (Roche, Switzerland) and phenylmethylsulfonyl
fluoride (PMSF; Beyotime, China). The extracted proteins were subjected to SDS-PAGE and then electro-
phoretically transferred to a nitrocellulose membrane (GE Healthcare, Germany), and protein bands
were probed with the indicated primary antibodies.

Pseudovirus production and viral entry assays. A total of 5 x 10° HEK293T cells in a 10-cm dish
were cotransfected with 8 ug of S and its mutant expression plasmids pCMV-S-3 x Flag including the WT,
D614G, R685A, R815A, or Y756 mutant or L753G, F759G, or T998G and 8 ug of pNL4-3.Luc.R-E- using
Lipofectamine 3000 (Thermo, USA) to prepare various SARS-CoV-2 S-pseudotyped lentiviral luciferase re-
porter viruses. Six hours posttransfection, the supernatants were replaced with fresh DMEM supple-
mented with 2% FBS. The supernatants containing the pseudoviruses were harvested 48 h after transfec-
tion and purified by filtration with a 0.45-um filter. In accordance with the manufacturer’s protocol, the
pseudoviruses were titrated with the Lenti-X reverse transcription-quantitative PCR (QRT-PCR) titration
kit (TaKaRa, Japan). For SARS-CoV-2 S-pseudotyped virus entry assays, Huh7 or 293T-hACE2 cells were
infected with a fixed dose of pseudoviruses for 48 h and then washed and lysed to detect luciferase sig-
nal with the ONE-Glo luciferase assay system (Promega, USA) according to the instructions.

Analysis of incorporation of spike into pseudotyped virus particles. The supernatants containing
the pseudoviruses with SARS-CoV-2 S protein or its mutants were obtained as described above and then
layered onto 20% (wt/vol) sucrose cushions and purified and concentrated by ultracentrifugation
(35,000 rpm, 2 h, 4°C) using an Optima XPN-100 ultracentrifuge (Beckman Coulter). Furthermore, the pel-
lets were resuspended in sterilized 1x phosphate-buffered saline (PBS) and prepared for SDS-PAGE and
Western blot analysis using the corresponding primary antibodies against RBD, Flag, or HIV p24.

Negative-stain imaging of transmission electron microscopy. The resuspended pellets containing
the pseudovirions obtained as described above were added to a glow-discharged 230-mesh copper grid
covered with carbon-coated collodion film. After standing for several minutes, the excess liquid was
absorbed with a filter paper from the edge of the copper mesh. Then, the copper mesh was stained with
phosphotungstic acid (2.0% [wt/vol]; Solarbio, China) for 5 min and then sucked dry with a filter paper.
Samples were analyzed with a JEM-1200EXII transmission electron microscope (JEOL).

Analysis of subcellular localization. Analysis of the subcellular localization of C-terminally EGFP-
tagged S or its mutants in Hela cells was done using a laser scanning confocal microscope (63x, oil).
The tyrosine protein kinase Lck was used as a subcellular localization marker. Briefly, HeLa cells were cul-
tured on glass coverslips to cotransfect with S or its mutant expression plasmids and Lck marker for 48
h, then fixed in 4% paraformaldehyde and PBS for 30 min, and then permeabilized with 0.25% Triton X-
100 according to the specific requirement. The nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI; Invitrogen, USA). Images were taken under a fluorescence microscope or a Leica TCS SP8 confocal
microscope.
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Production of SARS-CoV-2 VLPs. HEK293T cells in a 10-cm dish were cotransfected with the plas-
mids encoding the SARS-CoV-2 M, E, N, and S or its mutants. In the transfection mixtures, 6 ug of each
plasmid M-IRES-E, pcDNA3.1-SARS-CoV-2-N-Myc, and pCMV-3xFlag-S or the plasmid with S mutant
were added into 1 mL of Opti-MEM and then mixed with 18 uL of PElpro transfection reagent (Polyplus-
transfection, France). The transfection mixtures were incubated for 15 min at room temperature and
dropped into HEK293T cells. At 72 h posttransfection, the culture medium was collected, filtered
through a 0.45-um filter, layered onto 20% (wt/vol) sucrose cushions, and purified and concentrated by
ultracentrifugation (35,000 rpm, 2 h, 4°C) using an Optima XPN-100 ultracentrifuge (Beckman Coulter) as
described above. Moreover, the pellets containing VLPs were resuspended in sterilized 1x PBS, ali-
quoted, and stored at —80°C freezer.
Composition analysis of SARS-CoV-2 VLPs. The VLP pellets and the producer cell lysates were
boiled with 5x SDS-PAGE loading buffer for 10 min at 100°C to identify the components of VLPs. The
cell lysates were used to normalize loading conditions for SARS-CoV-2 structure proteins. These samples
were resolved by a 12.5% SDS-PAGE separating gel and subsequently transferred to a nitrocellulose
membrane for Western blot analysis with the indicated antibodies against SARS-CoV-2 S RBD S2 or N
Flag tag. GAPDH was the loading control.
Neutralization assays. The SARS-CoV-2 pseudovirus neutralization assay was used to test the effect
of mutation on S antigenicity. The horse or rhesus monkey anti-RBD serum samples collected after two
immunizations were gifts from Ningyi Jin and were inactivated at 56°C for 30 min. 293T-hACE2 cells
were seeded in 96-well tissue culture plates at a density of 1 x 10*/well overnight. Threefold serial dilu-
tions of a commercially available rabbit anti-RBD monoclonal antibody or anti-RBD serum samples were
prepared and mixed with an equal volume of pseudoviruses. The mixture was incubated at 37°C for 1 h
before adding 293T-hACE2 cells. At 48 h after infection, cells were lysed to detect luciferase signal with
the ONE-Glo luciferase assay system (Promega, USA) to determine the neutralization levels.

Statistical analyses. Data are presented as means = standard deviations (SD) from 3 to 6 replicates.
Data are representative of those from three independent experiments. Statistical analyses of the data
were performed by using GraphPad Prism version 8.4.3. Statistical comparisons were made using a two-
tailed paired or unpaired Student t test or one-way analysis of variance (ANOVA) with Dunnett's multi-
ple-comparison test.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.

ACKNOWLEDGMENTS
This work was supported by a project funded by the China Postdoctoral Science
Foundation (2020T130045ZX), the National Natural Science Foundation of China
(31972719), and the CAMS Innovation Fund for Medical Sciences (2020-12M-5-001) and
the Science and Technology Innovation Project in Foshan, Guangdong Province, China
(2020001000151).

All authors declare no conflict of interests.

S.D., CL, B.Z, and M.L. conceived and designed the study. S.D., W.X,, Y.W,, L.L,, P.H,,
and M.W. performed the experiments. T.L. and S.W. provided suggestions and technical
assistance. M.T., Q.L., J.B.,, X.Q., and N.J. contributed some reagents and materials. S.D.
and C.L. analyzed the data and wrote the paper.

REFERENCES

1.

2.

Fung TS, Liu DX. 2019. Human coronavirus: host-pathogen interaction. Annu Rev
Microbiol 73:529-557. https://doi.org/10.1146/annurev-micro-020518-115759.

Li Q, Wu J, Nie J, Zhang L, Hao H, Liu S, Zhao C, Zhang Q, Liu H, Nie L, Qin
H, Wang M, Lu Q, Li X, Sun Q, Liu J, Zhang L, Li X, Huang W, Wang Y. 2020. The
impact of mutations in SARS-CoV-2 spike on viral infectivity and antigenicity.
Cell 182:1284-1294.e9. https://doi.org/10.1016/j.cell.2020.07.012.

. LiF.2016. Structure, function, and evolution of coronavirus spike proteins. Annu

Rev Virol 3:237-261. https://doi.org/10.1146/annurev-virology-110615-042301.

. Turonova B, Sikora M, Schiirmann C, Hagen WJH, Welsch S, Blanc FEC, von

Billow S, Gecht M, Bagola K, Horner C, van Zandbergen G, Landry J, de
Azevedo NTD, Mosalaganti S, Schwarz A, Covino R, Mihlebach MD,
Hummer G, Krijnse Locker J, Beck M. 2020. In situ structural analysis of
SARS-CoV-2 spike reveals flexibility mediated by three hinges. Science
370:203-208. https://doi.org/10.1126/science.abd5223.

. Gai Y, Zhang J, Xiao T, Peng H, Sterling SM, Walsh RM, Jr, Rawson S, Rits-

Volloch S, Chen B. 2020. Distinct conformational states of SARS-CoV-2 spike
protein. Science 369:1586-1592. https://doi.org/10.1126/science.abd4251.

March 2022 Volume 96 Issue 6 e01897-21

. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, Graham

BS, McLellan JS. 2020. Cryo-EM structure of the 2019-nCoV spike in the
prefusion conformation. Science 367:1260-1263. https://doi.org/10.1126/
science.abb2507.

. Clausen TM, Sandoval DR, Spliid CB, Pihl J, Perrett HR, Painter CD, Narayanan

A, Majowicz SA, Kwong EM, McVicar RN, Thacker BE, Glass CA, Yang Z, Torres
JL, Golden GJ, Bartels PL, Porell RN, Garretson AF, Laubach L, Feldman J, Yin
X, Pu'Y, Hauser BM, Caradonna TM, Kellman BP, Martino C, Gordts P, Chanda
SK, Schmidt AG, Godula K, Leibel SL, Jose J, Corbett KD, Ward AB, Carlin AF,
Esko JD. 2020. SARS-CoV-2 infection depends on cellular heparan sulfate and
ACE2. Cell 183:1043-1057.e15. https://doi.org/10.1016/j.cell.2020.09.033.

. Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. 2020. Structural basis for the

recognition of SARS-CoV-2 by full-length human ACE2. Science 367:
1444-1448. https://doi.org/10.1126/science.abb2762.

. Bristow MR, Zisman LS, Altman NL, Gilbert EM, Lowes BD, Minobe WA,

Slavov D, Schwisow JA, Rodriguez EM, Carroll IA, Keuer TA, Buttrick PM,
Kao DP. 2020. Dynamic regulation of SARS-Cov-2 binding and cell entry

jviasm.org 15


https://doi.org/10.1146/annurev-micro-020518-115759
https://doi.org/10.1016/j.cell.2020.07.012
https://doi.org/10.1146/annurev-virology-110615-042301
https://doi.org/10.1126/science.abd5223
https://doi.org/10.1126/science.abd4251
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1016/j.cell.2020.09.033
https://doi.org/10.1126/science.abb2762
https://jvi.asm.org

Duetal.

20.

21.

22.

23.

24,

25.

26.

March 2022 Volume 96

mechanisms in remodeled human ventricular myocardium. JACC Basic
Transl Sci 5:871-883. https://doi.org/10.1016/j.jacbts.2020.06.007.

. Seyedpour S, Khodaei B, Loghman AH, Seyedpour N, Kisomi MF, Balibegloo

M, Nezamabadi SS, Gholami B, Saghazadeh A, Rezaei N. 2021. Targeted ther-
apy strategies against SARS-CoV-2 cell entry mechanisms: a systematic review
of in vitro and in vivo studies. J Cell Physiol 236:2364-2392. https://doi.org/10
.1002/jcp.30032.

. Shang J, Wan Y, Luo C, Ye G, Geng Q, Auerbach A, Li F. 2020. Cell entry

mechanisms of SARS-CoV-2. Proc Natl Acad Sci U S A 117:11727-11734.
https://doi.org/10.1073/pnas.2003138117.

. Belouzard S, Chu VC, Whittaker GR. 2009. Activation of the SARS coronavi-

rus spike protein via sequential proteolytic cleavage at two distinct sites. Proc
Natl Acad Sci U S A 106:5871-5876. https://doi.org/10.1073/pnas.0809524106.

. OuX, LiuY, Lei X, Li P, Mi D, Ren L, Guo L, Guo R, Chen T, Hu J, Xiang Z, Mu

Z, Chen X, Chen J, Hu K, Jin Q, Wang J, Qian Z. 2020. Characterization of
spike glycoprotein of SARS-CoV-2 on virus entry and its immune cross-
reactivity with SARS-CoV. Nat Commun 11:1620. https://doi.org/10.1038/
s41467-020-15562-9.

. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S,

Schiergens TS, Herrler G, Wu NH, Nitsche A, Muller MA, Drosten C,
Pohlmann S. 2020. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2
and is blocked by a clinically proven protease inhibitor. Cell 181:
271-280.e8. https://doi.org/10.1016/j.cell.2020.02.052.

. Hoffmann M, Schroeder S, Kleine-Weber H, Muller MA, Drosten C,

Pohlmann S. 2020. Nafamostat mesylate blocks activation of SARS-CoV-2:
new treatment option for COVID-19. Antimicrob Agents Chemother 64:
€00754-20. https://doi.org/10.1128/AAC.00754-20.

. Hoffmann M, Kleine-Weber H, Pohlmann S. 2020. A multibasic cleavage

site in the spike protein of SARS-CoV-2 is essential for infection of human lung
cells. Mol Cell 78:779-784.e5. https://doi.org/10.1016/j.molcel.2020.04.022.

. Menachery VD, Dinnon KH, llI, Yount BL, Jr, McAnarney ET, Gralinski LE,

Hale A, Graham RL, Scobey T, Anthony SJ, Wang L, Graham B, Randell SH,
Lipkin WI, Baric RS. 2020. Trypsin treatment unlocks barrier for zoonotic bat co-
ronavirus infection. J Virol 94:¢01774-19. https://doi.org/10.1128/JVI.01774-19.

. V'Kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. 2021. Coronavirus biol-

ogy and replication: implications for SARS-CoV-2. Nat Rev Microbiol 19:
155-170. https://doi.org/10.1038/s41579-020-00468-6.

. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. 2020. Struc-

ture, function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell
181:281-292.e6. https://doi.org/10.1016/j.cell.2020.02.058.

Yao H, Song Y, Chen Y, Wu N, Xu J, Sun C, Zhang J, Weng T, Zhang Z, Wu
Z, Cheng L, Shi D, Lu X, Lei J, Crispin M, Shi Y, Li L, Li S. 2020. Molecular
architecture of the SARS-CoV-2 virus. Cell 183:730-738.e13. https://doi
.org/10.1016/j.cell.2020.09.018.

Tortorici MA, Veesler D. 2019. Structural insights into coronavirus entry.
Adv Virus Res 105:93-116. https://doi.org/10.1016/bs.aivir.2019.08.002.
Kirchdoerfer RN, Cottrell CA, Wang N, Pallesen J, Yassine HM, Turner HL,
Corbett KS, Graham BS, McLellan JS, Ward AB. 2016. Pre-fusion structure
of a human coronavirus spike protein. Nature 531:118-121. https://doi
.org/10.1038/nature17200.

Hornich BF, GroBkopf AK, Schlagowski S, Tenbusch M, Kleine-Weber H,
Neipel F, Stahl-Hennig C, Hahn AS. 2021. SARS-CoV-2 and SARS-CoV
spike-mediated cell-cell fusion differ in their requirements for receptor
expression and proteolytic activation. J Virol 95:e00002-21. https://doi
.org/10.1128/JV1.00002-21.

Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler J, Abfalterer W,
Hengartner N, Giorgi EE, Bhattacharya T, Foley B, Hastie KM, Parker MD,
Partridge DG, Evans CM, Freeman TM, de Silva TI, Sheffield C-GG,
McDanal C, Perez LG, Tang H, Moon-Walker A, Whelan SP, LaBranche CC,
Saphire EO, Montefiori DC, Sheffield COVID-19 Genomics Group. 2020.
Tracking changes in SARS-CoV-2 spike: evidence that D614G increases
infectivity of the COVID-19 virus. Cell 182:812-827.e19. https://doi.org/10
.1016/j.cell.2020.06.043.

Yurkovetskiy L, Wang X, Pascal KE, Tomkins-Tinch C, Nyalile TP, Wang Y,
Baum A, Diehl WE, Dauphin A, Carbone C, Veinotte K, Egri SB, Schaffner
SF, Lemieux JE, Munro JB, Rafique A, Barve A, Sabeti PC, Kyratsous CA,
Dudkina NV, Shen K, Luban J. 2020. Structural and functional analysis of
the D614G SARS-CoV-2 spike protein variant. Cell 183:739-751.e8.
https://doi.org/10.1016/j.cell.2020.09.032.

Johnson MC, Lyddon TD, Suarez R, Salcedo B, LePique M, Graham M,
Ricana C, Robinson C, Ritter DG. 2020. Optimized pseudotyping condi-
tions for the SARS-COV-2 spike glycoprotein. J Virol 94:e01062-20. https://
doi.org/10.1128/JV1.01062-20.

Issue6 e01897-21

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

Journal of Virology

Zeidman R, Buckland G, Cebecauer M, Eissmann P, Davis DM, Magee Al.
2011. DHHC2 is a protein S-acyltransferase for Lck. Mol Membr Biol 28:
473-486. https://doi.org/10.3109/09687688.2011.630682.

Plescia CB, David EA, Patra D, Sengupta R, Amiar S, Su Y, Stahelin RV. 2020.
SARS-CoV-2 viral budding and entry can be modeled using BSL-2 level virus-
like particles. J Biol Chem. https://doi.org/10.1074/jbc.RA120.016148.

Kumar B, Hawkins GM, Kicmal T, Qing E, Timm E, Gallagher T. 2021. As-
sembly and entry of severe acute respiratory syndrome coronavirus 2
(SARS-CoV2): evaluation using virus-like particles. Cells 10:853. https://doi
.org/10.3390/cells10040853.

Ozono S, Zhang Y, Ode H, Sano K, Tan TS, Imai K, Miyoshi K, Kishigami S,
Ueno T, Iwatani Y, Suzuki T, Tokunaga K. 2021. SARS-CoV-2 D614G spike
mutation increases entry efficiency with enhanced ACE2-binding affinity.
Nat Commun 12:848. https://doi.org/10.1038/s41467-021-21118-2.

Hui DS, Azhar El, Madani TA, Ntoumi F, Kock R, Dar O, Ippolito G, McHugh
TD, Memish ZA, Drosten C, Zumla A, Petersen E. 2020. The continuing
2019-nCoV epidemic threat of novel coronaviruses to global health—the
latest 2019 novel coronavirus outbreak in Wuhan, China. Int J Infect Dis
91:264-266. https://doi.org/10.1016/j.ijid.2020.01.009.

Jiang S, Du L, Shi Z. 2020. An emerging coronavirus causing pneumonia
outbreak in Wuhan, China: calling for developing therapeutic and pro-
phylactic strategies. Emerg Microbes Infect 9:275-277. https://doi.org/10
.1080/22221751.2020.1723441.

Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, Tan W, Wu G, Xu M, Lou
Z, Huang W, Xu W, Huang B, Wang H, Wang W, Zhang W, Li N, Xie Z, Ding
L, You W, Zhao Y, Yang X, Liu Y, Wang Q, Huang L, Yang Y, Xu G, Luo B,
Wang W, Liu P, Guo W, Yang X. 2021. Safety and immunogenicity of an
inactivated SARS-CoV-2 vaccine, BBIBP-CorV: a randomised, double-blind,
placebo-controlled, phase 1/2 trial. Lancet Infect Dis 21:39-51. https://doi
.org/10.1016/51473-3099(20)30831-8.

Zhang Y, Zeng G, Pan H, Li C, Hu Y, Chu K, Han W, Chen Z, Tang R, Yin W,
Chen X, Hu Y, Liu X, Jiang C, Li J, Yang M, Song Y, Wang X, Gao Q, Zhu F.
2021. Safety, tolerability, and immunogenicity of an inactivated SARS-
CoV-2 vaccine in healthy adults aged 18-59 years: a randomised, double-
blind, placebo-controlled, phase 1/2 clinical trial. Lancet Infect Dis 21:
181-192. https://doi.org/10.1016/5S1473-3099(20)30843-4.

Zhu FC, Li YH, Guan XH, Hou LH, Wang WJ, Li JX, Wu SP, Wang BS, Wang
Z, Wang L, Jia SY, Jiang HD, Wang L, Jiang T, Hu Y, Gou JB, Xu SB, Xu JJ,
Wang XW, Wang W, Chen W. 2020. Safety, tolerability, and immunogenic-
ity of a recombinant adenovirus type-5 vectored COVID-19 vaccine: a
dose-escalation, open-label, non-randomised, first-in-human trial. Lancet
395:1845-1854. https://doi.org/10.1016/50140-6736(20)31208-3.

Zhu FC, Guan XH, Li YH, Huang JY, Jiang T, Hou LH, Li JX, Yang BF, Wang
L, Wang WJ, Wu SP, Wang Z, Wu XH, Xu JJ, Zhang Z, Jia SY, Wang BS, Hu
Y, Liu JJ, Zhang J, Qian XA, Li Q, Pan HX, Jiang HD, Deng P, Gou JB, Wang XW,
Wang XH, Chen W. 2020. Immunogenicity and safety of a recombinant adeno-
virus type-5-vectored COVID-19 vaccine in healthy adults aged 18 years or
older: a randomised, double-blind, placebo-controlled, phase 2 trial. Lancet
396:479-488. https://doi.org/10.1016/5S0140-6736(20)31605-6.

Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, Perez
JL, Perez Marc G, Moreira ED, Zerbini C, Bailey R, Swanson KA, Roychoudhury
S, Koury K, Li P, Kalina WV, Cooper D, Frenck RW, Jr, Hammitt LL, Tureci O, Nell
H, Schaefer A, Unal S, Tresnan DB, Mather S, Dormitzer PR, Sahin U, Jansen KU,
Gruber WC, C4591001 Clinical Trial Group. 2020. Safety and efficacy of the
BNT162b2 mRNA Covid-19 vaccine. N Engl J Med 383:2603-2615. https://doi
.0rg/10.1056/NEJMoa2034577.

Dai L, Gao GF. 2021. Viral targets for vaccines against COVID-19. Nat Rev
Immunol 21:73-82. https://doi.org/10.1038/s41577-020-00480-0.

Wang P, Nair MS, Liu L, lketani S, Luo Y, Guo Y, Wang M, Yu J, Zhang B,
Kwong PD, Graham BS, Mascola JR, Chang JY, Yin MT, Sobieszczyk M,
Kyratsous CA, Shapiro L, Sheng Z, Huang Y, Ho DD. 2021. Antibody resist-
ance of SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature 593:130-135.
https://doi.org/10.1038/541586-021-03398-2.

Wang Z, Schmidt F, Weisblum Y, Muecksch F, Barnes CO, Finkin S,
Schaefer-Babajew D, Cipolla M, Gaebler C, Lieberman JA, Oliveira TY,
Yang Z, Abernathy ME, Huey-Tubman KE, Hurley A, Turroja M, West KA,
Gordon K, Millard KG, Ramos V, Da Silva J, Xu J, Colbert RA, Patel R, Dizon
J, Unson-O'Brien C, Shimeliovich |, Gazumyan A, Caskey M, Bjorkman PJ,
Casellas R, Hatziioannou T, Bieniasz PD, Nussenzweig MC. 2021. mRNA
vaccine-elicited antibodies to SARS-CoV-2 and circulating variants. Nature
592:616-622. https://doi.org/10.1038/s41586-021-03324-6.

Chen RE, Zhang X, Case JB, Winkler ES, Liu Y, VanBlargan LA, Liu J, Errico
JM, Xie X, Suryadevara N, Gilchuk P, Zost SJ, Tahan S, Droit L, Turner JS, Kim W,
Schmitz AJ, Thapa M, Wang D, Boon ACM, Presti RM, O'Halloran JA, Kim AHJ,

jviasm.org 16


https://doi.org/10.1016/j.jacbts.2020.06.007
https://doi.org/10.1002/jcp.30032
https://doi.org/10.1002/jcp.30032
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1073/pnas.0809524106
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1128/AAC.00754-20
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1128/JVI.01774-19
https://doi.org/10.1038/s41579-020-00468-6
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.09.018
https://doi.org/10.1016/j.cell.2020.09.018
https://doi.org/10.1016/bs.aivir.2019.08.002
https://doi.org/10.1038/nature17200
https://doi.org/10.1038/nature17200
https://doi.org/10.1128/JVI.00002-21
https://doi.org/10.1128/JVI.00002-21
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/j.cell.2020.09.032
https://doi.org/10.1128/JVI.01062-20
https://doi.org/10.1128/JVI.01062-20
https://doi.org/10.3109/09687688.2011.630682
https://doi.org/10.1074/jbc.RA120.016148
https://doi.org/10.3390/cells10040853
https://doi.org/10.3390/cells10040853
https://doi.org/10.1038/s41467-021-21118-2
https://doi.org/10.1016/j.ijid.2020.01.009
https://doi.org/10.1080/22221751.2020.1723441
https://doi.org/10.1080/22221751.2020.1723441
https://doi.org/10.1016/S1473-3099(20)30831-8
https://doi.org/10.1016/S1473-3099(20)30831-8
https://doi.org/10.1016/S1473-3099(20)30843-4
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1016/S0140-6736(20)31605-6
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1038/s41577-020-00480-0
https://doi.org/10.1038/s41586-021-03398-2
https://doi.org/10.1038/s41586-021-03324-6
https://jvi.asm.org

LLQY Motif Affects S Cleavage and Virion Incorporation

42.

43.

44,

45,

46.

47.

March 2022 Volume 96

Deepak P, Pinto D, Fremont DH, Crowe JE, Jr, Corti D, Virgin HW, Ellebedy AH,
Shi PY, Diamond MS. 2021. Resistance of SARS-CoV-2 variants to neutralization
by monoclonal and serum-derived polyclonal antibodies. Nat Med 27:
717-726. https://doi.org/10.1038/s41591-021-01294-w.

Plante JA, Liu Y, Liu J, Xia H, Johnson BA, Lokugamage KG, Zhang X,
Muruato AE, Zou J, Fontes-Garfias CR, Mirchandani D, Scharton D, Bilello
JP, Ku Z, An Z, Kalveram B, Freiberg AN, Menachery VD, Xie X, Plante KS,
Weaver SC, Shi PY. 2021. Spike mutation D614G alters SARS-CoV-2 fitness.
Nature 592:116-121. https://doi.org/10.1038/s41586-020-2895-3.

Shi PY, Plante J, Liu Y, Liu J, Xia H, Johnson B, Lokugamage K, Zhang X,
Muruato A, Zou J, Fontes-Garfias C, Mirchandani D, Scharton D, Kalveram
B, Bilello J, Ku Z, An Z, Freiberg A, Menachery V, Xie X, Plante K, Weaver S.
2020. Spike mutation D614G alters SARS-CoV-2 fitness and neutralization
susceptibility. Res Sq. https://doi.org/10.21203/rs.3.rs-70482/v1.

Fung TS, Liu DX. 2018. Post-translational modifications of coronavirus
proteins: roles and function. Future Virol 13:405-430. https://doi.org/10
.2217/fvl-2018-0008.

Malik YA. 2020. Properties of coronavirus and SARS-CoV-2. Malays J Pathol 42:
3-11.

Siu YL, Teoh KT, Lo J, Chan CM, Kien F, Escriou N, Tsao SW, Nicholls JM,
Altmeyer R, Peiris JS, Bruzzone R, Nal B. 2008. The M, E, and N structural
proteins of the severe acute respiratory syndrome coronavirus are
required for efficient assembly, trafficking, and release of virus-like par-
ticles. J Virol 82:11318-11330. https://doi.org/10.1128/JVI.01052-08.

Yu J, Li Z, He X, Gebre MS, Bondzie EA, Wan H, Jacob-Dolan C, Martinez
DR, Nkolola JP, Baric RS, Barouch DH. 2021. Deletion of the SARS-CoV-2
spike cytoplasmic tail increases infectivity in pseudovirus neutralization
assays. J Virol 95:e00044-21. https://doi.org/10.1128/JV1.00044-21.

Issue6 e01897-21

48.

49.

50.

51.

52.

53.

Journal of Virology

Tang T, Jaimes JA, Bidon MK, Straus MR, Daniel S, Whittaker GR. 2021. Pro-
teolytic activation of SARS-CoV-2 spike at the S1/52 boundary: potential
role of proteases beyond furin. ACS Infect Dis 7:264-272. https://doi.org/
10.1021/acsinfecdis.0c00701.

Papa G, Mallery DL, Albecka A, Welch LG, Cattin-Ortola J, Luptak J, Paul D,
McMahon HT, Goodfellow IG, Carter A, Munro S, James LC. 2021. Furin
cleavage of SARS-CoV-2 spike promotes but is not essential for infection
and cell-cell fusion. PLoS Pathog 17:21009246. https://doi.org/10.1371/
journal.ppat.1009246.

Schutz D, Ruiz-Blanco YB, Munch J, Kirchhoff F, Sanchez-Garcia E, Muller
JA. 2020. Peptide and peptide-based inhibitors of SARS-CoV-2 entry. Adv
Drug Deliv Rev 167:47-65. https://doi.org/10.1016/j.addr.2020.11.007.

Xia S, Zhu Y, Liu M, Lan Q, Xu W, Wu Y, Ying T, Liu S, Shi Z, Jiang S, Lu L.
2020. Fusion mechanism of 2019-nCoV and fusion inhibitors targeting
HR1 domain in spike protein. Cell Mol Immunol 17:765-767. https://doi
.org/10.1038/5s41423-020-0374-2.

Walls AC, Tortorici MA, Snijder J, Xiong X, Bosch BJ, Rey FA, Veesler D.
2017. Tectonic conformational changes of a coronavirus spike glycoprotein pro-
mote membrane fusion. Proc Natl Acad Sci U S A 114:11157-11162. https://doi
.0rg/10.1073/pnas.1708727114.

Gobeil SM, Janowska K, McDowell S, Mansouri K, Parks R, Manne K, Stalls
V, Kopp MF, Henderson R, Edwards RJ, Haynes BF, Acharya P. 2021. D614G
mutation alters SARS-CoV-2 spike conformation and enhances protease cleav-
age at the S1/52 junction. Cell Rep 34:108630. https://doi.org/10.1016/j.celrep
.2020.108630.

. Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, Hu Y, Tao ZW, Tian JH,

Pei YY, Yuan ML, Zhang YL, Dai FH, Liu Y, Wang QM, Zheng JJ, Xu L, Holmes EC,
Zhang YZ. 2020. A new coronavirus associated with human respiratory disease
in China. Nature 579:265-269. https://doi.org/10.1038/s41586-020-2008-3.

jviasm.org 17


https://doi.org/10.1038/s41591-021-01294-w
https://doi.org/10.1038/s41586-020-2895-3
https://doi.org/10.21203/rs.3.rs-70482/v1
https://doi.org/10.2217/fvl-2018-0008
https://doi.org/10.2217/fvl-2018-0008
https://doi.org/10.1128/JVI.01052-08
https://doi.org/10.1128/JVI.00044-21
https://doi.org/10.1021/acsinfecdis.0c00701
https://doi.org/10.1021/acsinfecdis.0c00701
https://doi.org/10.1371/journal.ppat.1009246
https://doi.org/10.1371/journal.ppat.1009246
https://doi.org/10.1016/j.addr.2020.11.007
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1073/pnas.1708727114
https://doi.org/10.1073/pnas.1708727114
https://doi.org/10.1016/j.celrep.2020.108630
https://doi.org/10.1016/j.celrep.2020.108630
https://doi.org/10.1038/s41586-020-2008-3
https://jvi.asm.org

	RESULTS
	Y756 and its structurally linked amino acid residues are critical for the cleavage of the prefusion S protein.
	Mutations of a structural element, 753-LLQY-756, reduce the infectivity of SARS-CoV-2.
	Y756 and L753 mutations alter the subcellular localization of S protein, similar to R815 mutation.
	Y756 mutation attenuates S protein synthesis and the packaging of S-enveloped pseudotyped virus.
	Three site mutations structurally related to Y756 affect the production of pseudovirus with SARS-CoV-2 S protein, especially residue L753.
	Mutations of the 753-LLQY-756 helix decrease the incorporation of S protein into SARS-CoV-2 virus-like particles.
	Effect of S mutation on neutralization potency of the antibodies targeting the receptor-binding domain.

	DISCUSSION
	MATERIALS AND METHODS
	Plasmid constructs.
	Reagents and antibodies.
	Cells and 293T-hACE2 stable cell lines.
	Western blot analysis.
	Pseudovirus production and viral entry assays.
	Analysis of incorporation of spike into pseudotyped virus particles.
	Negative-stain imaging of transmission electron microscopy.
	Analysis of subcellular localization.
	Production of SARS-CoV-2 VLPs.
	Composition analysis of SARS-CoV-2 VLPs.
	Neutralization assays.
	Statistical analyses.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

