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ABSTRACT The spike protein on sarbecovirus virions contains two external, pro-
truding domains: an N-terminal domain (NTD) with unclear function and a C-terminal
domain (CTD) that binds the host receptor, allowing for viral entry and infection.
While the CTD is well studied for therapeutic interventions, the role of the NTD is far
less well understood for many coronaviruses. Here, we demonstrate that the spike
NTD from SARS-CoV-2 and other sarbecoviruses binds to unidentified glycans in vitro
similarly to other members of the Coronaviridae family. We also show that these
spike NTD (S-NTD) proteins adhere to Calu3 cells, a human lung cell line, although
the biological relevance of this is unclear. In contrast to what has been shown for
Middle East respiratory syndrome coronavirus (MERS-CoV), which attaches sialic acids
during cell entry, sialic acids present on Calu3 cells inhibited sarbecovirus infection.
Therefore, while sarbecoviruses can interact with cell surface glycans similarly to
other coronaviruses, their reliance on glycans for entry is different from that of other
respiratory coronaviruses, suggesting sarbecoviruses and MERS-CoV have adapted to
different cell types, tissues, or hosts during their divergent evolution. Our findings
provide important clues for further exploring the biological functions of sarbecovirus
glycan binding and adds to our growing understanding of the complex forces that
shape coronavirus spike evolution.

IMPORTANCE Spike N-terminal domains (S-NTD) of sarbecoviruses are highly diverse;
however, their function remains largely understudied compared with the receptor-
binding domains (RBD). Here, we show that sarbecovirus S-NTD can be phylogeneti-
cally clustered into five clades and exhibit various levels of glycan binding in vitro.
We also show that, unlike some coronaviruses, including MERS-CoV, sialic acids pres-
ent on the surface of Calu3, a human lung cell culture, inhibit SARS-CoV-2 and other
sarbecoviruses. These results suggest that while glycan binding might be an ances-
tral trait conserved across different coronavirus families, the functional outcome dur-
ing infection can vary, reflecting divergent viral evolution. Our results expand our
knowledge on the biological functions of the S-NTD across diverse sarbecoviruses
and provide insight on the evolutionary history of coronavirus spike.

KEYWORDS sarbecovirus, SARS-related coronavirus, spike-NTD, glycan-binding
property, evolutionary trait

The coronavirus spike glycoprotein (S) mediates viral cell entry, a multistep process
consisting of cell-surface attachment, receptor binding and membrane fusion. In

general, the S protein can be functionally divided into the S1 and S2 subunits. The S1
subunit binds to the host cell receptor, and the S2 subunit mediates the fusion of viral
envelope and host cell endosomal membrane or plasma membrane (1–3). The S1
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subunit can be further divided into the N-terminal domain (NTD) and C-terminal do-
main (CTD). For many coronaviruses, including severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) and Middle East respiratory syndrome coronavirus (MERS-CoV),
the S-CTD contains a receptor-binding domain (RBD) that engages with proteinaceous
host receptor molecules, angiotensin-converting enzyme 2 (ACE2) and dipeptidyl-pepti-
dase 4 (DPP4), respectively (4–7). Other coronaviruses, such as mouse hepatitis coronavirus
(MHV), have been shown to use the S-NTD to engage with their host receptors (8, 9). In
addition to proteinaceous receptors, some coronaviruses utilize glycans present on the cell
surface to mediate viral entry into the cell: the S-NTD in human coronavirus (HCoV)-OC43
and -HKU1 bind 9-O-acetylated sialic acids (9-O-Ac sialic acid) (10–12).

Evidence from coronaviruses such as MERS-CoV suggests that viral attachment to
specific glycans on the cell surface is critical for viral entry and infection (13). The sialic
acid-binding function in transmissible gastroenteritis virus (TGEV) has been suggested
to influence viral pathogenicity (14–16), and computational modeling suggests sialic
acid binding in SARS-CoV-2 spike may be an immune evasion mechanism (17). Recent
studies also propose that sialic acid or 9-O-Ac sialic acid of glycoproteins and glyco-
lipids might be served as the host factor for SARS-CoV-2 infection (18–22). However,
the functional analysis of this phenotype was not fully assessed in cell culture or animal
models, leaving the biological impact unknown. In addition, other studies have shown
that the SARS-CoV-2 S-NTD harbors an antigenic site capable of inducing neutralizing
antibodies similar to those of the S-RBD (23–28), and high-frequency substitutions and
deletions have been found in the NTD region of various SARS-CoV-2 variants of con-
cern (VOCs) during human transmission, suggesting the S-NTD of SARS-CoV-2 also
plays a critical function in sarbecovirus biology.

Like the RBD in spike, the S-NTD is also divergent both in length and sequence among
different sarbecoviruses (Fig. 1A and B), including the SARS-related coronaviruses (SARSr-
CoVs) detected in bats and pangolins: SARS-CoV-2-related coronaviruses RaTG13, RmYN02,
and pangolin-CoV-GD/GX and SARS-CoV-1-related coronavirus RsWIV1, RsWIV16, and Rp3
(4, 29–34). Both SARS-CoV-1 and -2 likely emerged from these or other closely related bat
and pangolin-derived sarbecoviruses through recombination or adaptive evolution
through intermediate hosts (2, 3, 35–37). However, similar to the SARS-CoV-2 S-NTD, the
role of the S-NTD in these animal-derived sarbecoviruses remains largely understudied.
From an evolutionary perspective, it is still unknown if the sialic acid-binding features for
SARS-CoV-2 spike are specific to SARS-CoV-2 or coronavirus adaptation to humans or if this
spike property is also retained by other sarbecoviruses.

Previous studies have shown that sarbecovirus RBDs phylogenetically group into at
least 4 functionally distinct clades (38, 39). Here, we took a similar approach to the sar-
becovirus S-NTD and found that this spike domain can also be divided into its own
clades, with distinctions in glycan-binding function. These results shed light on the ev-
olutionary history of the S-NTD in sarbecoviruses as well as the potential inhibitory role
for sialic acid during viral entry.

RESULTS
Recombinant sarbecovirus S-NTDs do not hemagglutinate the erythrocytes

like other coronaviruses.We constructed a phylogenetic tree based on representative
sarbecovirus spike NTD amino acid sequences. Similar to what we have observed with
the sarbecovirus spike RBD (38, 39), the S-NTDs display high diversity, sharing 42 to
99% amino acid sequence identities with each other and can be phylogenetically clus-
tered into five clades (Fig. 1A and B). We expressed and purified nine representative S-
NTD proteins from the different clades for the function study. Because the S-NTD from
some coronaviruses can agglutinate human or rat erythrocytes (14, 40), we performed
a standard hemagglutination assay (HA) using the recombinant sarbecovirus S-NTD-Fc
proteins. The esterase inactive hemagglutinin-esterase (HE) proteins of bovine corona-
virus (BCoV-HE0) and MERS-CoV S-NTD protein were used as a positive and negative
control, respectively. As expected, the MERS-CoV S-NTD failed to agglutinate the eryth-
rocytes (13), while the BCoV-HE0 protein exhibited a clear effect on the rat red blood
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cells (RBCs) (Fig. 1C). We did not observe any hemagglutination for those sarbecovirus
S-NTDs in both human and rat erythrocytes, even at higher concentrations of the
S-NTD (Fig. 1C). Because purified recombinant S-NTD protein is not truly representative
of the multiple spike proteins found on the surface of virus particles, we repeated the

FIG 1 Erythrocyte agglutination test of sarbecovirus S-NTDs. (A) Maximum-likelihood phylogenetic tree of sarbecovirus S-NTD constructed in the RAxML
program in CIPRES Science Gateway (https://www.phylo.org) using the Taylor-Thornton (JTT1G1I) model, with bootstrap values determined by 1,000
replicates. (B) Alignment of amino acid sequences of S-NTDs (corresponding to aa14 to 292 of SARS-CoV-2). The red rectangle shows the proposed sialic
acid-binding sites in the SARS-CoV-2 spike (19). (C and D) Classical hemagglutination assay. S-NTD/HE0-Fc proteins (2-fold serial dilutions, starting at 10 mg/
well) (C) or coronavirus pseudotyped particles (D) were mixed with RBCs (1%) from humans or rats and then incubated at 4°C for 2 h. Hemagglutination is
shown in the red rectangles.
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assay using vesicular stomatitis virus (VSV)-based pseudotyped particles bearing differ-
ent sarbecovirus S proteins in human erythrocytes. Consistent with the results from
recombinant S-NTD protein, we did not observe any hemagglutination with sarbecovi-
rus spike pseudotyped particles, even with purified particles (Fig. 1D). In contrast, the
positive-control glycoprotein from influenza virus strain H1N1 showed clear hemagglu-
tination (Fig. 1D). These results suggest that sarbecovirus S-NTDs show no or low affin-
ity to glycans, including sialic acids (sialic acid) and ABO blood group antigens.

Sarbecovirus S-NTDs bind to BSM with a wide affinity range in vitro. We next
tested if the sarbecovirus S-NTDs could interact with other glycans. To start, we measured
the affinity between sarbecovirus S-NTD proteins and bovine submaxillary mucin (BSM),
which contains glycans that bind to S and HE proteins from several coronaviruses (40–44).
BCoV-HE0, which binds to BSM in a 9-O-Ac-Sia-dependent fashion (44), was used as a posi-
tive control. Strikingly, we observed that the S-NTDs from clades 1, 2, and 4 and some of
the S-NTDs from clade 5 exhibited concentration-dependent binding to BSM, albeit with
varied affinities among different clade S-NTDs (Fig. 2A). For example, the S-NTDs from clade
1 showed much higher binding affinity to BSM than pangolin-CoV-GD and RsWIV1, which
belong to clade 2 and 4, respectively. Furthermore, the two pangolin-derived SARSr-CoVs,
pangolin-CoV-GD (clade 2) and -GX (clade 1), displayed nearly opposite affinities in binding
with BSM (Fig. 1A and B, Fig. 2A). The S-NTDs of SARS-CoV-1 and RsWIV16 from clade 3
and bat SARSr-CoV Rp3 in clade 5, as well as the MERS-CoV S-NTD, did not show obvious
binding affinity to BSM (Fig. 2A) (13).

To identify ligand molecules in BSM that bind to sarbecovirus S-NTDs, we per-
formed an on-the-plate-O-Ac-Sia-depletion assay using pan-active neuraminidase
enzymes (NA) from Clostridium perfringens (CPN) or Arthrobacter ureafaciens (AUS), as
well as HE proteins from BCoV and porcine torovirus (PToV), which are esterase-active.
The two NAs broadly cleave (a2,6)/(a2,3)/(a2,8)-linked sialic acids, while the two HE
proteins convert 7/9-O-Ac modified sialic acid moieties to naive sialic acids (44).
Pretreatment of the BSM with the neuraminidases or esterases caused the positive-
control protein BCoV-HE0 to lose its ability to bind with BSM, suggesting both neurami-
nidases and esterases were enzymatically active. In comparison, neither neuraminidase
nor esterase depletion altered the binding properties of sarbecovirus S-NTDs to BSM,
except for the pangolin-CoV-GD S-NTD, which showed lower binding affinity to BSM
after being treated with C. perfringens, but not A. ureafaciens (Fig. 2B to D, Fig. 3A).

BSM is a heavily O-glycosylated protein rich in (a2,6)-linked 7,9-O-Ac sialic acid and
9-O-Ac sialic acid (44). The esterase-active HE proteins from BCoV and PToV preferen-
tially cleave the 9-O-acetyl group but have lower activity against 7-O-acetyl groups
(44). The acetyl group at C-7 of sialic acid (Neu5,7Ac2) is unstable and will migrate to C-
9 forming Neu5,9Ac2 under physiological conditions or upon pH and temperature
changes (45, 46). To further test if the sarbecovirus S-NTDs bind to Neu5,7Ac2 in BSM,
we chemically converted the sialosides into Neu5,9Ac2 by treating BSM with 100 mM
Tris-HCl (pH = 8.4) at 60°C for 30 min (44), allowing BCoV-HE proteins to cleave the 9-O
acetyl group of sialic acids. The results showed that none of the S-NTDs abolished the
binding affinity to BSM (Fig. 3B).

To test if those glycans are involved in the viral cell entry, we performed a BSM-blocking
assay by incubation of pseudovirus or authentic virus with BSM before infecting Calu3 cells.
We did not observe significant changes between the treated and nontreated groups (Fig.
2E and F).

Taken together, with the exception of pangolin-CoV-GD S-NTD, most of the tested
sarbecovirus S-NTDs do not bind sialic acid regardless of acylation. Moreover, the com-
ponents of BSM that are bound by S-NTDs may not be involved in the viral entry
process.

Sarbecovirus S-NTDs bind to Calu3 cells but are not involved in the viral entry
directly. To test if the S-NTDs are involved in viral cell entry, we performed a cell-based
binding assay using the Calu3 cell line, which is permissive to sarbecovirus infection and has
been reported to contain abundant sialic acids that facilitate MERS-CoV attachment (13). We
incubated Calu3 cells with different amounts of S-NTDs and subsequently stained the cells
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FIG 2 Binding assay between the sarbecovirus S-NTDs and the BSM. (A) SARSr-CoV S-NTDs bind to the glycan molecules in BSM with different
affinities. The binding affinities of S-NTD/HE0-Fc proteins (in 2-fold serial dilutions, starting at 12 ng/mL) to BSM were determined by sp-LBA. (B)

(Continued on next page)
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with a fluorescent antibody to detect S-NTD binding by flow cytometry. We observed dose-
dependent binding between sarbecovirus S-NTDs and Calu3 cells (Fig. 4A and B). Notably,
the sarbecovirus S-NTDs that bound to the Calu3 cells were the same viruses that bound to
BSM in our previous experiments (Fig. 2A, Fig. 4B). Furthermore, we found the binding effi-
ciency of SARS-CoV-2 and SARS-CoV-2-related coronavirus S-NTDs to Calu3 cells was much
higher than that of SARS-CoV-1, SARS-CoV-1-related coronaviruses, and MERS-CoV (Fig. 4A
and B).

Next, we evaluated the impact of S-NTD on viral entry. We incubated Calu3 cells
with different amounts of purified S-NTD protein at 37°C for 2 h and subsequently
infected them with different pseudoviruses or authentic viruses. The infectivity of the
viruses tested was not affected by S-NTDs preincubation (Fig. 4C and D). Taken to-
gether, these data indicate that the S-NTD of the sarbecovirus might bind to certain
molecules in BSM as well as on the Calu3 cell surface, but the interaction is not critical
for virus entry in these assays.

Cleavage of the sialic acids on cell surfaces enhances the sarbecovirus entry. To
determine if sialic acids are involved in sarbecovirus viral entry, we treated Calu3 cells
with neuraminidase from Clostridium perfringens for 2 h at 37°C and then infected the
cells with different pseudoviruses. In contrast to our positive control, MERS-CoV, which
showed a reduction in entering C. perfringens-treated Calu3 cells (13), the entry effi-
ciency of the sarbecovirus displayed significant enhancement after the treatment (Fig.
5A). Because C. perfringens treatment reduced binding between pangolin-CoV-GD S-
NTD and BSM in vitro (Fig. 2C and D), while neuraminidase treatment enhanced viral
entry in pseudotype assays, we wondered if our pseudotype stocks were too high in ti-
ter for us to observe differences in NTD function. To address this potential artifact, we
repeated the infection using serial dilutions of the pangolin-CoV-GD pseudotypes and
found that the treatment still increased the entry efficiency of pangolin-CoV-GD
regardless of the viral concentration (Fig. 5B).

We then performed a similar infection assay with live viruses, including the original
isolate for SARS-CoV-2, pangolin-CoV-GX, and bat SARSr-CoV-1 RsWIV1 and RsWIV16.
MERS-CoV was used as the positive control. Viral entry and replication were quantified
by measuring viral genome accumulation in the supernatants. Consistent with what
we found in the pseudovirus entry assay, C. perfringens treatment increased the virus ti-
ter in the supernatant of all viruses at 24 h postinfection (hpi). This effect was especially
notable for the two bat SARS-CoV-1-related coronaviruses, RsWIV1 and RsWIV16, which
showed a continuous increase after 24 h postinfection (hpi) (Fig. 5C). These results are
in close agreement with previous findings on SARS-CoV-1 and SARS-CoV-2 (22, 47).
Our data suggest that the sialic acids on the surface of the Calu3 cells inhibit entry of
sarbecovirus. Together with previous reports, our results demonstrate that this phe-
nomenon may exist in all sarbecoviruses but is dramatically opposite to MERS-CoV.

DISCUSSION

In this study, we explored the function of S-NTD of SARS-CoV-2 as well as other sar-
becoviruses in the Sarbecovirus subgenus. The five different clades of S-NTD from our
phylogenetic analysis exhibited various capabilities of glycan binding, but with less

FIG 2 Legend (Continued)
Esterase depletion assay. BSM was coated on MaxiSorp plates and incubated for 2 h with BCoV-Mebus-HE-Stag protein at fixed concentrations (1.2 mg/
well); binding affinities of different S-NTD-Fc proteins to residual O-Ac-sialic acid in BSM were assessed by sp-LBA. Relative binding was compared with
BCoV-Mebus-HE0-Fc proteins in panels A and B (12 ng/mL BCoV-Mebus-HE0-Fc proteins was set at 100%). (C and D) Neuraminidase depletion assay.
BSM-coated MaxiSorp plates were either mock-treated or desialylated by serial concentrations of NA from Clostridium perfringens (CPN) and
Arthrobacter ureafaciens (AUS), followed by incubation with viral S-NTD-Fc protein (C) or pangolin-CoV-GD S-NTD proteins (D). Relative binding was
compared with BCoV-Mebus-HE0-Fc proteins in panels C and D (6 ng/mL BCoV-Mebus-HE0-Fc protein was set at 100%). All of the binding experiments
were performed in duplicate and repeated more than twice. A representative experiment is shown. Error bars represent the mean 6 standard error of
the mean (SEM). ***, P , 0.001; **, P , 0.005; *, P , 0.05. (E and F) Impact of BSM on sarbecovirus cell entry in Calu3 cells. SARSr-CoVs pseudovirus (E)
or authentic virus (F) stocks were preincubated with 500 mg/mL or 50 mg/mL BSM or PBS at 37°C for 1 h before Calu3 cells were infected. For
pseudovirus infection, the data show the relative entry of pseudovirus compared to the mock group. For authentic virus infection, the data show the
change of virus genome copy in the supernatant through time in each group compared to 0 h. The above-described infection experiments were
performed in duplicate and repeated more than twice. A representative experiment is shown. Error bars represent the mean 6 SEM.
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clear functional delineation than the different clades of RBD that we have defined pre-
viously (Fig. 1) (29, 38, 48, 49). While sialic acid removal had a significant positive effect
on viral entry and replication for all the sarbecoviruses (Fig. 5), we only observed nota-
ble cell adherence for S-NTD from clades 1, 2, and part of clade 5, and purified S-NTD
protein had practically no effect on virus infection (Fig. 4). Thus, glycan-binding charac-
teristics might be an ancestral and evolutionary trait of coronaviruses that has been
lost or retained during evolutionary history.

FIG 3 Esterase depletion assay. (A) On-the-plate O-Ac-Sia depletion assay. BSM-coated ELISA plates were either mock-treated or de-9-O-acetylated by serial
concentrations of PToV-HE-Stag protein before incubation with viral S-NTDs. (B) BSM-coated ELISA plates were either mock-treated, de-9-O-acetylated using
BCoV-HE-Mebus, or induced by migration of the Sia-7-O-acetyl group to C-9 by incubation at 60°C for 30 min with 100 mM Tris-HCl (pH = 8.4) and then
mock-treated or treated with BCoV-HE-Mebus before incubation with viral S-NTDs. Relative binding was compared with BCoV-Mebus-HE0-Fc proteins in
panels A and B (6 ng/mL BCoV-Mebus-HE0-Fc protein was set at 100%). All experiments were performed in duplicate and repeated twice. A representative
experiment is shown. Error bars represent the corresponding mean 6 SEM. ****, P , 0.0001; *, P , 0.05.
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It is well established that coronaviruses can utilize a diversity of glycan molecules as
attachment factors or functional receptors, such as HCoV-OC43, BCoV, and HCoV-
HKU1, which engage 9-O-Ac-Sia as a receptor (10, 11, 40, 50), that MERS-CoV binds to
(a2,3)-linked-sialic acid for attachment (13), and that porcine epidemic diarrhea virus
(PEDV) and transmissible gastroenteritis virus (TGEV) have been shown to interact with
some sialoglycans during infection (14, 15, 51). Based on the available structural infor-
mation, the spike residues that bind with saccharides are located within the NTD and
are relatively conserved among these viruses (52–54). In this study, we showed that
the S-NTD of some sarbecoviruses also binds to certain saccharides in the BSM. Our
Sia-depletion assay revealed that the acetylation of the sialic acids, including the 7-O,
9-O, and 7,9-O-acetylated, did not affect the binding of sarbecovirus S-NTDs to BSM
(Fig. 2B to D, Fig. 3). In addition, we found that neuraminidase treatment also did not
impact the binding of most sarbecovirus S-NTDs to BSM, except for the pangolin-CoV-
GD (Fig. 2C and D). A preprint publication showed that the NTD mutations in SARS-
CoV-2 variants of concern (VOCs) spike, such as H69, V70, and Y145 in Alpha variants,
ablated the sialoside-binding trait of SARS-CoV-2 spike (19). Based on homology stud-
ies, we found that the proposed sialic acid-binding sites, including the H69, Q183, and
S247 sites in SARS-CoV-2 spike (19), are different from the corresponding amino acids
in pangolin-CoV-GD (Fig. 1A), but they are conserved in RaTG13 and pangolin-CoV-GX,

FIG 4 Binding and entry assays of sarbecovirus S-NTDs in Calu3 cells. (A and B) SARSr-CoV S-NTDs bind to Calu3 cells. The Calu3 cells were scraped with a
cell scraper and washed twice with PBS before incubation with 2.5 or 5 mg S-NTD proteins at 37°C for 30 min. The binding between S-NTDs and cells was
detected by a Dylight650-labeled goat-anti-human IgG Fc antibody. (C and D) SARSr-CoVs S-NTDs preincubated with Calu3 did not affect SARSr-CoVs cell
entry. The Calu3 cells were preincubated with different S-NTDs (2.5 or 5 mg for pseudovirus, 10 mg for authentic virus), or PBS before incubation with
different pseudovirus (C) or authentic virus (D) stocks. For pseudovirus infection, the data show the relative entry of different SARSr-CoVs compared to the
mock (PBS) at 24 hpi. For authentic virus infection, the data show the change of virus genome copy in the supernatant through time in each group
compared to 0 h. The above-described experiments were repeated more than twice with three (pseudovirus) or two (authentic virus) technical replicates
each time. A representative result is shown. Error bars represent the mean 6 SEM.
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which show similar binding affinity to BSM as SARS-CoV-2. These results imply that the
topology around the H69, Q183, and S247 sites in sarbecovirus spike may play impor-
tant roles in binding with saccharides. During the preparation of the manuscript, an
NMR study demonstrated that the NTD of SARS-CoV-2 spike binds exogenous (a2,3)/
(a2,6)-Neu5Ac linked to N-acetyllactosamine, and the galactose moieties display addi-
tional contributions for the binding (18). However, in our study, we found neuramini-
dase cleavage would not abolish the binding of SARS-CoV-2 and other sarbecovirus
S-NTDs to BSM. This inconsistency may be caused by the incomplete sialic acid re-
moval in our experiments or the different modifications between Neu5Ac and N-glyco-
lyneuraminic acid (Neu5Gc), as the BSM contains both Neu5Ac and Neu5Gc on short
O-glycans instead of the common N-glycans on the cell surface (44). Our results sug-
gest that sarbecovirus may interact with some less-characterized glycan molecules.

Our pseudovirus infection data suggest that neuraminidase pretreatment increases
sarbecovirus viral entry in Calu3 cells (Fig. 5A). This result is generally consistent with
the previous studies, and the small difference in SARS-CoV-1 and -2 may be caused by
the different cell lines and neuraminidase we used in our experiments (22, 47).
However, the interfering sialic acids for SARS-CoV-2 are not likely on the viral receptor
itself, as blocking O- and N-linked glycan biosynthesis of ACE2 has been shown to have
no effect on viral entry or spike binding (55). Recent studies showed that membrane-
tethered mucins restrict SARS-CoV-2 infection (56) and that SARS-CoV-2 infection leads
to upregulated mucin expression in primary lung epithelial cells (57). Thus, mucins
may act as a barrier to protect host cells from infection. In contrast, other viruses, such
as influenza A virus (IAV), interact with sialic acid residues as a viral receptor and

FIG 5 Neuraminidase treatment enhances the cell entry of sarbecovirus. (A to C) Calu3 cells were treated with either 50 mU NA from C. perfringens or PBS
at 37°C for 2 h before incubation with different pseudovirus (A, B) or authentic virus (C) stocks. For pseudovirus infection, the data show the relative entry
of different SARSr-CoVs compared to the mock (PBS) 24 hpi. For authentic virus infection, the data show the change of virus genome copy in the
supernatant through time in each group compared to 0 h. The above-described experiments were repeated more than twice with three (pseudovirus) or
two (authentic virus) technical replicates each time. A representative result is shown. Error bars represent the mean 6 SEM.
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subsequently destroy the sialic acids upon egress from the cell to facilitate viral prog-
eny release. A previous study showed that the coinfection of IAV and SARS-CoV-2
enhances SARS-CoV-2 infectivity by upregulating the expression of ACE2 (58).
Combining the results from this study, it is possible that the neuraminidase expressed
during IAV infection could also increase susceptibility to SARS-CoV-2 infection or
enhance disease progression by removal of the sialic acid barrier on cells.

Similar to influenza, which must also overcome sialic acids to exit from the cell,
some coronaviruses that are known to use sialic acids for cell entry further encode a re-
ceptor-destroying enzyme. The HE enzyme encoded by some coronaviruses helps
remove sugar moieties from the cell surface to help with egress, as is well described
for the human respiratory virus, HCoV-OC43 (42). The role of sugar binding and the
challenges it presents to viral replication are not fully understood for viruses that do
not encode HE or use sialic acid as a receptor. For example, while the S-NTD from
MERS-CoV has been shown to bind sialic acids, the binding affinity is actually very low
and the cells that express abundant DPP4 are typically low in sialoglycan (13). As the vi-
rus has evolved, these compromises may allow MERS-CoV to balance virion attachment
and progeny release. In this study, we found that neither preincubating Calu3 cells
with S-NTDs nor preincubating the virus with BSM make an obvious impact on sarbe-
covirus cell entry, suggesting that as long as the S-RBD binds to the protein receptor,
the glycan-binding method of the sarbecovirus S-NTD may have a minor effect on virus
entry. Curiously, these NTDs have maintained a lectin-function domain in their S-NTD,
like other coronaviruses, during their evolution. Therefore, future work is required to
determine if there is a tissue- or cell-type-specific role for this sugar-binding function,
as well as how coronaviruses without esterase enzymes, such as the sarbecoviruses,
balance virion attachment and progeny release.

As SARS-CoV-2 circulated globally, high-frequency mutations were observed in the
spike NTD of different SARS-CoV-2 VOCs. Despite part of the mutations being shared
by different VOCs, most of the mutations appear to occur randomly. One study showed
that the mutations in H69 and Y145 in Alpha variant spike abolished its ability to bind
sialoside (19). Thus, in humans, the NTD of SARS-CoV-2 spike appears to have a high
tolerance to mutations, and potential loss of glycan binding seems to have a negligible
effect on replication in vitro. In contrast, glycan binding is conserved among sarbecovi-
ruses detected from wildlife, albeit with various binding affinities. These results suggest
that glycan binding may be an evolutionary footprint in sarbecovirus history and that
SARS-CoV-2 may still be adapting to humans. Whether the continuously occurring
mutations in SARS-CoV-2 spike in the future would impact the glycan-binding charac-
teristics still needs further exploration. In addition, recent studies suggested that the
SARS-CoV-2 spike NTD affects the metastability of the spike protein, and it is also im-
portant for proteolytic fusion activation in the viral cell entry (28, 59). Taken together,
the S-NTD is a functionally critical region in the S protein, capable of modulating viral
entry and infection. Therefore, further work is required to determine how glycan bind-
ing in the S-NTD of sarbecoviruses influences other viral phenotypes, such as antigenic
variability, cross-species transmission, and viral infectivity.

MATERIALS ANDMETHODS
Plasmid construction. The codon-optimized genes encoding the S-NTDs were synthesized by Sangon

Biotech (Shanghai, China) and cloned into a modified pCAGGS mammalian expression vector with an mIgkss
signal peptide in the N terminus and a human IgG Fc tag in the C terminus followed by a stop codon. The
GenBank accession number were listed below: SARS-CoV-2 (spike aa14-292, QHR63260), SARS-CoV-1 (spike
aa14-279, AAP30030), RaTG13 (spike aa14-292, QHR63300), pangolin-CoV-GX (spike aa14-289, QIQ54048), pan-
golin-CoV-GD (spike aa15-288, QIG55945), RmYN02 (spike aa14-271, QPD89843), RsWIV1 (spike aa15-280,
AGZ48831), RsWIV16 (spike aa14-279, ALK02457), Rp3 (spike aa16-673, AAZ67052) and MERS-CoV (spike aa19-
357, YP_009047204). The ectodomain of BCoV-Mebus HE (spike aa19-377, GenBank accession number:
AH010363) and PToV-Markelo HE (spike aa24-393, GenBank accession number: AJ575363) were synthesized
and placed into the expression vector with an N-terminal signal peptide and an S-tag as described previously
(60). The enzymatically inactive form of BCoV-HE0-Fc was constructed through site-directed mutagenesis
(amino acid 40 Ser to Ala) as described previously (41) and placed into the same expression vector as described
above.

Functional Analysis of the Spike NTD of Sarbecoviruses Journal of Virology

August 2022 Volume 96 Issue 15 10.1128/jvi.00958-22 10

https://www.ncbi.nlm.nih.gov/protein/QHR63260.2
https://www.ncbi.nlm.nih.gov/protein/AAP30030.1
https://www.ncbi.nlm.nih.gov/protein/QHR63300.2
https://www.ncbi.nlm.nih.gov/protein/QIQ54048.1
https://www.ncbi.nlm.nih.gov/protein/QIG55945.1
https://www.ncbi.nlm.nih.gov/protein/QPD89843.1
https://www.ncbi.nlm.nih.gov/protein/AGZ48831.1
https://www.ncbi.nlm.nih.gov/protein/ALK02457.1
https://www.ncbi.nlm.nih.gov/protein/AAZ67052.1
https://www.ncbi.nlm.nih.gov/protein/YP_009047204.1
https://www.ncbi.nlm.nih.gov/nuccore/AH010363.2
https://www.ncbi.nlm.nih.gov/nuccore/AJ575363.1
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00958-22


Protein expression and purification. HEK293T/17 cells were transiently transfected with different
protein expression plasmids using Lipofectamine 3000 (Life Technologies). Then, 6 h posttransfection,
the cells were washed with phosphate-buffered saline (PBS) twice and cultured in a fresh 293T FreeStyle
expression medium (Life Technologies) at 37°C in a humidified 5% CO2 incubator. The supernatant was
collected at 48 h posttransfection and centrifuged at 4,000 � g for 10 min at 4°C. The clarified superna-
tant was purified with protein A/G agarose (Thermo Scientific) and eluted with IgG elution buffer
(Thermo Scientific). The HE-Stag proteins of BCoV-Mebus and PToV-Markelo were expressed and purified
as previously described (60). The purified proteins were buffered with PBS, quantified using a Qubit 2 flu-
orometer (Thermo Scientific), and then aliquoted and stored at 280°C for further use.

Solid-phase lectin-binding enzyme-linked immune assay (ELISA) and on-the-plate O-Ac-Sia-
depletion assay. Solid-phase lectin-binding enzyme-linked immune assay (Sp-LBA) was performed as
described previously with minor adjustments (41–43). In brief, bovine submaxillary mucin (BSM) (Sigma)
was coated overnight on a 96-well ELISA plate (0.5 mg per well) at 4°C. The wells were washed with
washing buffer (PBS, 0.05% Tween 20) twice before incubation with blocking buffer (PBS, 0.05% Tween
20, 2% bovine serum albumin) at room temperature (about 25°C) for 1.5 h. Then the wells were washed
three times and incubated with 2-fold serial dilutions of S-NTD-Fc or BCoV-HE0 proteins at 37°C for 1 h.
Horseradish peroxidase (HRP)-conjugated goat anti-human IgG antibody (dilution in blocking buffer)
was used to detect the binding between S-NTD-Fc proteins and BSM. For the on-the-plate O-Ac-Sia
depletion assay, the wells were treated with BCoV-HE, PToV-HE, neuraminidase (from Clostridium perfrin-
gens and Arthrobacter ureafaciens, Sigma) or PBS (mock) at 37°C for 2 h before incubation with different
S-NTD-Fc proteins.

Pseudovirus production and entry assays. Different coronavirus S-pseudotyped VSV-DG particles
were generated as previously described with minor adjustments (61, 62). Briefly, HEK 293T/17 cells were
transfected with codon-optimized sarbecovirus and MERS-CoV spike plasmids. Then, 24 h posttransfec-
tion, the cells were infected with VSV-G-pseudotyped VSV4G/Fluc at 37°C for 1 h and then washed five
times with PBS and supplied with fresh Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal bo-
vine serum (FBS) medium plus 1mg/mL anti-VSV-G antibody (Kerafast). The supernatants were harvested
48 h after infection and centrifuged at 4,000 � g for 10 min at 4°C. The pseudotyped particles were used
for infection directly.

The pseudovirus infection assay was performed on Calu3 cell lines. For the neuraminidase treatment
assay, the Calu3 cells were incubated with neuraminidase from Clostridium perfringens or PBS (mock) at
37°C for 2 h before challenge with different pseudoviruses. For the BSM-blocking assay, the same
amount of pseudotyped particles was mock-treated or preincubated with BSM at 37°C for 1 h before
infecting the monolayers in a 96-well plate. For the S-NTD blocking assay, the Calu3 cells were incubated
with different concentrations of S-NTD proteins (2.5 mg or 5 mg/well) at 37°C for 1 h, followed by differ-
ent pseudovirus challenges. After 1 to 2 h of incubation, pseudovirus stocks were removed and fresh
DMEM/F12 plus 15% FBS medium was to culture for another 24 h. Firefly luciferase expression was
measured using a GloMax luminometer (Promega Biotech Co. Ltd., Beijing, China). Infection experiments
were performed independently in triplicate with three technical replicates each time. All work with the
VSV backbone was conducted under biosafety level 2 conditions.

Virus infection assay. The SARS-CoV-2 strain used in this study was SARS-CoV-2 IVCAS 6.7512 (4),
the pangolin-CoV-GX strain was GX/P2V and gifted by Yigang Tong (34), and the bat RsWIV1 and rWIV1-
RsWIV16S strains were as previously reported (29, 60). These viruses were grown in Vero E6 cell lines
within 3 passages. The MERS-CoV strain used in this study was HCoV-EMC/2012 (GenBank accession
number JX869059) and was grown in Vero E6 cell lines. The titer of the virus stocks was determined as
previously reported (29). All live virus-related work was conducted under biosafety level 3 conditions.
For the neuraminidase treatment assay, the Calu3 cells were incubated with neuraminidase from
Clostridium perfringens or PBS at 37°C for 2 h before challenge with different virus stocks at a multiplicity
of infection (MOI) of 0.1 for 1 h at 37°C. For the S-NTD blocking assay, the Calu3 cells were incubated
with 10 mg/well S-NTD proteins at 37°C for 1 h, followed by different virus stock challenges at an
MOI of 0.1 for 1 h at 37°C. For the BSM-blocking assay, the virus stocks (MOI = 0.1) were preincubated
with different concentrations of BSM (diluted in PBS) or PBS at 37°C for 1 h before infecting the Calu3
cells at 37°C for 1 h. The inoculum was removed after absorption and washed three times with PBS and
supplemented with fresh DMEM/F12 plus 15% FBS medium. The viral supernatants were harvested at 0,
3, 24, 48, and 72 hpi and stored at 280°C. The above-described infection assays were performed in a 12-
well plate, and 1.5 mL medium per well was used in the cell culture. Infection experiments were inde-
pendently repeated twice with two technical replicates each time.

Real-time PCR. Viral RNA extraction was performed as previously described (60). The viral replication
was determined by quantitative real-time PCR (RT-PCR) using the HiScript II one-step reverse transcrip-
tion-quantitative PCR (qRT-PCR) SYBR green kit (Q221-01, Vazyme) with the Bio-Rad-CFX system. The pri-
mers used for bat RsWIV1, rWIV1-RsWIV16S, and MERS-CoV were as previously reported (60, 63, 64); the
primers used for SARS-CoV-2 were SARS-CoV-2-RBD-F, 59-CAATGGTTTAACAGGCACAGG-39 and SARS-
CoV-2-RBD-R, 59-CTCAAGTGTCTGTGGATCACG-39 targeting the spike gene, and the primers used for pan-
golin-CoV-GX targeting the partial N gene, GX-Np-F, were 59-ACGTAGTCGCAATAGTTCCAG-39 and
GX-Np-RT-R, 59-GCATTCAACCGATCAAGCAG-39. The RNA dilutions from purified RsWIV1 stock which cor-
related with the threshold cycle (CT) value and virus titer were used as a standard for bat RsWIV1 and
rWIV1-RsWIV16S, and the RNA dilutions from purified SARS-CoV-2 or pangolin-CoV-GX stocks which cor-
related with the CT value and virus titer were used as a standard for SARS-CoV-2 and pangolin-CoV-GX,
respectively. For MERS-CoV, the N protein gene of MERS-CoV was cloned into the cloning vector as a
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plasmid standard, with the viral copy number calculated accordingly. Every sample was analyzed in
duplicate on two independent occasions. One representative data set was shown.

Hemagglutination assay. Classical hemagglutination assays were performed as previously reported
(65). In brief, the erythrocytes from humans and rats (Rattus norvegicus strain Wistar) were suspended in
PBS at a final concentration of 1%. The 2-fold serial dilutions of S-NTD-Fc and BCoV HE0-Fc proteins
(starting at 10 mg/well) or pseudotyped particles were incubated with the erythrocytes at 4°C for 2 h.

For the hemagglutination assays using pseudotyped particles, the coronavirus S-pseudotyped VSV-
DG particles were concentrated through ultracentrifugation. In brief, the culture supernatants contain-
ing different coronavirus S-pseudotyped VSV-DG particles were loaded onto 2 mL of 20% sucrose in PBS
buffer and centrifuged at 30,000 rpm in the SW41 rotor (154,000 � g) for 2 h at 4°C (66, 67). The pellets
of pseudotyped particles were resuspended in PBS buffer and used for hemagglutination assays directly
or stored at280°C for future use.
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