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HIGHLIGHTS

o Peptide-fused peptide:N-glycanase (PNGase) targets and edits N-glycosylated proteins of interest in living cells.

@ The targeted deglycosylation and deamidation editing significantly decreased protein stability and accelerated

degradation.

o LCB1- PNGase F (PNGF) edited SARS-CoV-2 spike protein and substantially reduced syncytia formation and virus entry.
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ABSTRACT

Various precise gene editing techniques at the DNA/RNA level, driven by clustered regularly interspaced short palin-
drome repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) technology, have gained significant prominence. Yet,
research on targeted protein editing techniques remains limited. Only a few attempts have been made, including the
use of specific proteases and de-O-glycosylating enzymes as editing enzymes. Here, we propose direct editing of N-
glycosylated proteins using de-N-glycosylating enzymes to modify N-glycosylation and simultaneously alter the rele-
vant asparagine residue to aspartate in living cells. Selective protein deglycosylation editors were developed by fusing
high-affinity protein-targeting peptides with active peptide:N-glycanases (PNGases). Three crucial cell membrane pro-
teins, PD-1, PD-L1, and severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) spike protein, were chosen to
be tested as a proof of concept. N-linked glycans were removed, and the relevant sites were converted from Asn to Asp
in living mammalian cells, destabilizing target proteins and accelerating their degradation. Further investigation focused
on SARS-CoV-2 spike protein deglycosylation editing. The collaboration of LCB1-PNGase F (PNGF) effectively reduced
syncytia formation, inhibited pseudovirus packaging, and significantly hindered virus entry into host cells, which pro-
vides insights for coronavirus disease 2019 (COVID-19) treatment. This tool enables editing protein sequences post-
de-N-glycosylation in living human cells, shedding light on protein N-glycosylation functions, and Asn to Asp editing
in organisms. It also offers the potential for developing protein degradation technologies.

KEYWORDS N-glycosylated proteins; peptide:N-glycanase (PNGase), protein-targeting peptides; deglycosylation; pro-
tein sequence editing; protein degradation

INTRODUCTION Blum et al. developed [4]. This method includes reprogramming

The development of clustered regularly interspaced short palin-
drome repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)
technology since 2012 has triggered a revolution in the field of
gene editing, bringing hope for the treatment of genetic diseases
in humans [1,2]. Meanwhile, current research in protein modifica-
tion studies primarily focuses on protein degradation methods,
such as the widely popular proteolysis-targeting chimera (PRO-
TAC) technology. This technology primarily aims at degrading an
entire target protein through well-designed bifunctional mole-
cules that consist of three key components: a ligand for the
target protein, aligand for an E3 ubiquitin ligase, and a linker con-
necting the two ligands [3]. Another approach to degrading a
target protein involves the selective cleavage of proteases that
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the specificity of proteases, through a phage-assisted evolution
system with simultaneous positive and negative selection, to
selectively cleave new targets of therapeutic interest [4].

Thus far, explorations into targeted protein editing techniques
have just begun, but are still in their early stages. In 2021, Ge
et al. developed a nanobody-fused split O-GlcNAcase (OGA)
tool to selectively remove O-linked N-acetylglucosamine (O-
GIcNAc) from several targeted O-glycosylated proteins,
including the transcription factors like c-Jun and c-Fos [5]. Simi-
larly, Pedram et al. designed a nanobody-fused StcE protease
system for targeted degradation of cancer-associated mucins
by recognizing and cleaving at the joint peptide and glycan mo-
tifs (S/T-X-S/T, where the first serine/threonine must bear an O-
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glycan for cleavage to occur) [6]. These well-designed strategies
focused on O-glycosylated proteins, utilizing de-O-glycosylating
enzymes and specific proteases to edit and modify the targeted
proteins without altering the amino acids in protein sequences.
Ruvkun et al. have discovered the natural phenomenon of pro-
tein sequence editing and its significant roles in protein functions
across eukaryotes since 2019 [7]. For instance, in Caenorhabdi-
tis elegans and Homo sapiens, deglycosylation-dependent
‘sequence editing’ of SKN-1A/Nrf1 by PNG-1/human PNG1
(NGLY1) leads to its nuclear localization and transcriptional acti-
vation of proteasome subunit genes [8]. These studies would
induce an imagination for the development of precisely targeted
protein editing techniques.

Itis well-known that N-glycosylation refers to the attachment
of polysaccharides to the free amino group of asparagine in the
peptide chain of proteins, thereby assembling the sugar chains
onto proteins [9]. N-glycosylation typically occurs at asparagine
residues within the amino acid sequence motif Asn-X-Ser/Thr,
where X can be any amino acid except proline. In eukaryotic
cells, the majority of cell membrane glycoproteins undergo
extensive N-linked glycosylation. This post-translational modi-
fication plays crucial roles in various biological functions, such
as protein folding and stability, cell-cell communication, mem-
brane protein trafficking, pathogen invasion, and immune
response [10,11].

In this study, we proposed a selective de-N-glycosylation pro-
tein editing approach, which is capable of performing protein
sequence editing in living cells by achieving N-glycan removal
and amino acid conversion (Asn to Asp) simultaneously. As a
proof of concept, three membrane proteins (programmed cell
death protein-1 [PD-1], programmed cell death-1 ligand 1 [PD-
L1], and severe acute respiratory syndrome coronavirus-2
[SARS-CQOV-2] spike) in which N-glycosylation plays a signifi-
cant role in their function were selected as the target proteins
for editing. It is widely recognized that PD-1, its ligand, and
PD-L1, each possess four N-glycosylation sites. Accumulating
evidence suggests that N-glycosylation modifications of PD-1
and PD-L1 play a significant role in maintaining their protein
biosynthesis, stability, and interaction. Blocking any glycosyla-
tion site (N49, N58, N74, N116 on PD-1) would lead to decreased
stability and expression levels of PD-1, suggesting a close cor-
relation between PD-1 glycosylation and its stability and expres-
sion [12]. The glycosylation of N192, N200, and N219 on PD-L1
has been reported to create a steric hindrance effect, inhibiting
PD-L1 degradation through the GSK3p-mediated 26S protea-
some machinery, thus contributing to the stabilization of PD-
L1 [13]. The inhibition of N-glycosylation of PD-1/PD-L1 leads
to a reduction in their mutual interaction, thereby significantly
enhancing the anti-tumor effect [14].

Apart from human-origin proteins, many membrane-bound
proteins derived from pathogenic viruses, such as the SARS-
CoV-2 spike protein and the H3N2 influenza A virus hemagglu-
tinin (HA) protein, are also highly N-glycosylated. It has been
confirmed that the SARS-CoV-2 spike protein contains 22 N-
glycosylation sites [15], while the HA protein of the pandemic
H3N2 A/Hong Kong/1/1968 contains 7 N-glycosylation sites
[16]. In general, these N-glycosylation modifications assist in
the proper folding and stabilization of the protein structure and

facilitate the transport of the expressed protein within the in-
fected host cell, as well as the budding of virus particles
[10,17,18]. They also influence the interaction between the viral
membrane proteins and their host cell receptors, which is critical
for viral entry and subsequent replication. Moreover, acting as a
“glycan shield,” the N-glycans can also hide vulnerable epitopes
on these proteins, making it more challenging for the immune
system to recognize and attack the virus [18,19]. Additionally,
the glycans on viral membrane proteins facilitate the binding of
virus particles to the cell membrane by interacting with cell sur-
face lectins as seen with SARS-CoV-2 [20].

Most studies on de-N-glycosylation have primarily focused on
inhibiting the biosynthesis of N-glycosylation. This has been
achieved through various techniques, including genetic modifi-
cations such as site-specific mutagenesis on DNA of decoding
amino acid of Asn sites [21,22], knocking down or out genes
involved in N-glycan generation and transfer (e.g., MGAT1,
STT3A) [23,24], treatment with chemical inhibitors (e.g., tunica-
mycin, NGI-1) [25], using metabolic inhibitors such as 2-deoxy-
glucose in vivo [12], as well as enzymatic treatment in vitro (such
as PNGase F or Endo H) [23]. However, technologies capable of
generating naturally occurring deglycosylated forms at the pro-
tein-based amino acid level, involving the removal of N-glycans
and the conversion of amino acid residues from Asn to Asp
within living cells, have not yet been reported.

In this study, we report a protein sequence editing technique
that allows for the selective editing of cell-surface glycoproteins
in living cells directly at amino acid residues. This technique
which relies on deglycosylation for targeted N-linked glycopro-
teins, has the potential to advance the investigation of specific
N-glycan-associated functions and roles in protein sequence
editing. It involves the combination of well-validated high-affinity
protein-targeting peptides with various active peptide:N-glyca-
nase (briefly referred to as PNGase or PNG1) sourced from
different organisms including PNGase F from Elizabethkingia
miricola and SCPNG1AH1 from Saccharomyces cerevisiae.

RESULTS

Design and Evaluation of Deglycosylation-dependent
Protein Editors for Selected Transmembrane
Glycoproteins

In the pursuit of developing effective protein editing tools, we de-
signed multiple forms of protein editors, each consisting of three
components: a targeting peptide, an editing enzyme, and a linker
in between (Figure 1A). To begin, we employed three PNGase
enzymes derived from different sources to create the initial pro-
tein editors (Figure 1B). They exhibit de-N-glycosylating enzyme
functions despite large differences in protein sequences and
functional domains among them [26]. PNGase F (PNGF), derived
from E. miricola, is a commercially available enzyme that exhibits
high activity and broad substrate specificity toward a wide range
of glycoproteins and glycopeptides in both native and denatured
forms [27]. Unlike prokaryotic PNGF, the various eukaryote-
derived PNG1 enzymes were traditionally considered to primarily
target misfolded or denatured N-linked glycoproteins [28]. How-
ever, deletion of the N-terminal H1 helix (Png1p-AH1, referred to
as ScPNG1AH1 in this study) from yeast PNG1 enhances its N-
glycanase activity toward denatured glycoproteins. Surprisingly,
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it also shows high deglycosylation activity toward native glyco-
proteins [29]. Wu et al. recently discovered that NGLY1 (human
PNG1) successfully recognizes and deglycosylates well-folded
glycosylated PD-1 under the linkage of murine double minute
2 (MDM2) [30]. In addition, NGLY1 shares an 84% identity with
mouse PNGase and they both possess the same functional do-
mains, indicating their close similarity [26,31]. The truncated
version of mouse PNG1 (mPng1-AC, amino acid 1-471) retained
its PNGase activity, indicating that the N-terminal domain and
the middle domain of mPng1p are important for PNGase activity
[32]. In addition to testing PNGF and full-length NGLY1 as editing
enzymes, a truncated ScPNG1AH1 lacking the N-terminal H1
helix and a truncated NGLY1(1-474) lacking the C-terminal
domain were also evaluated in this study.

To produce active editing enzymes capable of being ex-
pressed in human cells, we removed the signal sequence (1-
40 aa) of PNGF from E. miricola, and the N-terminal helix H1
(1-32 aa) of ScPNG1 from S. cerevisiae. Both enzymes were
then subjected to human codon optimization. As a proof of
concept, we targeted a subset of biologically significant glyco-
proteins localized to the cell membrane for editing. These targets
included two endogenous human proteins associated with can-
cer diseases, PD-1 and PD-L1, and two exogenous viral pro-
teins, the spike protein of SARS-CoV-2 and the HA protein of
H3N2 influenza A virus (Figure S1). We then searched and gath-
ered a limited number of published protein-targeting peptides
with confirmed high affinity [33-36] (Table S1). Subsequently,
we constructed dozens of editors in diverse forms by fusing
certain peptides to three distinct PNGase enzymes via several
widely used linkers, respectively (Figure 1C-1D, Table S2).

We next evaluated the efficacy of these editors by transiently
transfecting the respective constructed plasmids into
HEK293T cells or HEK293T stable cells expressing spike pro-
teins. Firstly, it was evident that PNGF demonstrated high de-
N-glycosylation activity toward PD-1, PD-L1, and the SARS-
CoV-2 spike protein, while SCPNG1AH1 exhibited only moder-
ate or low performance in removing N-linked glycans from these
various glycoproteins (Figure 2A-2C). This outcome was ex-
pected due to the disparate optimal temperatures of PNGF
and ScPNG1AH1 enzymes; PNGF functions optimally around
37 °C, whereas ScPNG1AH1 operates optimally at 30 °C. More-
over, PNGF has higher enzyme activity toward all kinds of dena-
tured and native N-linked glycoproteins and glycopeptides and
is capable of cleaving an entire glycan from a glycoprotein,
including all three glycan types (high mannose, hybrid, and com-
plex). In contrast, yeast PNG1 was reported to prefer glycopro-
teins containing high mannose over those bearing complex-type
oligosaccharides [37]. As a result, optimization by combing
various specific protein-binding peptides with PNGF or
ScPNG1AH1 yielded diverse outcomes for different target pro-
teins. For example, a small peptide named LCB1, well-designed
by Cao et al. [38], was chosen in this study to target the full-
length wild-type form or its uncleavable form of the SARS-
CoV-2 spike protein. In this study, the wild-type form is named
S-WT, while the uncleavable form is named S-Mutant with amino
acids on sites 682-685 ('RRAR’) mutated to 'GGSG’. The mass-
shifted bands provided clear evidence that the resulting conju-
gate, termed LCB1-PNGF, achieved more extensive deglycosy-
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lation of the spike protein, even exhibiting lower expression
levels compared with PNGF alone (Figure 2D-2E). Despite not
being comparable to LCB1-PNGF, LCB1-ScPNG1AH1 ex-
hibited higher efficacy in deglycosylating the full-length wild-
type spike protein compared with ScPNG1AH1 alone (Fig-
ure 2F-2G). At last, we decided not to pursue further investiga-
tion with NGLY1 due to its lack of significant impact on PD-1/
PD-L1, even when fused with specific protein-targeting peptides
(Figure 2A-2B).

As deglycosylation-dependent protein modifications were
successfully performed on the spike protein of SARS-CoV-2,
we further conducted a co-immunoprecipitation (co-IP) assay
and confirmed the protein—protein interaction between the engi-
neered editors (PNGF and LCB1-PNGF) and the targeted spike
protein (Figure 2H-2l). Additionally, we utilized immunofluores-
cence confocal microscopy to observe the co-localization of
LCB1-PNGF with the spike protein (Figure 2J). Subsequently,
the specific deglycosylated and deamidated sites of the spike
protein, generated by the two editors, were precisely verified
through immunoprecipitation enrichment and liquid chromatog-
raphy-mass spectrometry (LC-MS) analysis. Concerned with the
fact that the wild-type full-length spike protein (S-WT) is easily
cleaved into S1 and S2 subunits at the furin cleavage site
(*®°RRAR®®) by host proteases, we established a stable
HEK293T S-Mutant cell line expressing a mutated spike protein
that hinders protein cleavage by substituting 'RRAR’ with
’GGSG’. This modification aimed to enrich a sufficient amount
of full-length spike protein through immunoprecipitation [39].
The LC-MS analysis successfully detected and statistically
collected specific deglycosylation-dependent deamidated sites
(Asn to Asp) among the S-Mutant samples. Consistent with the
immunoblotting results, more deamidated sites were observed
in samples treated with LCB1-PNGF (~15 deamidated sites)
than in PNGF-treated samples (~11 deamidated sites) (Fig-
ure 2K, and Supplementary Materials Word and Excel 1-4).

We observed clear evidence that the fusion of a peptide to the
enzyme achieved more extensive deglycosylation and lower
expression levels of the spike protein, exemplified by LCB1-
PNGF compared with PNGF alone (Figure 2E-2H). This phenom-
enon indicates that although the fusion of the LCB1 peptide
might have compromised the expression of PNGF, their combi-
nation likely enhances the delivery of the enzyme to the spike
protein. Consequently, the resulting increased local concentra-
tion of the peptide-enzyme fusion led to more extensive degly-
cosylation and instability of the target protein. However, we
acknowledge that not all fusions have proven effective. Despite
multiple attempts, including the use of different antibodies for
detection, we were unable to observe deglycosylated forms of
H3N2-HA (Figure S2A). In contrast to the effective performance
of LCB1-PNGF on the spike protein, the fusion of a peptide to
PNGF for targeting PD-1 or PD-L1 did not outperform PNGF
alone (Figure S2B-S2G). We hypothesize that the fusion of spe-
cific small peptides might have damaged the proper folding and
assembly of the PNGF protein, potentially compromising its
enzyme activity toward PD-1 and PD-L1. Alternatively, the high
enzyme activity of PNGF may have interfered with the substrate
selectivity of protein-targeting peptides. Future optimization of
these peptide-PNGF editors will be necessary for their
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Figure 1. Design and development of deglycosylation-dependent protein editors

(A) A simplified schematic diagram of the constructed protein deglycosylation sequence editing tool. (B) Three different species-derived
peptide:N-glycosidases. (C) Various arrangements of the constructed protein editors, including a protein-targeting peptide, an active PNGase
(PNGF lacking signal peptide sequence, SCPNG1 lacking H1 [ScCPNG1AH1], a full-length NGLY1 and its truncated version NGLY1[1-474]), and
a linker for connection. A 3xFlag tag was attached to the C-terminus of the protein editor for subsequent detection of protein expression. (D)
The display of high-affinity peptides used for targeting PD-1, PD-L1, and the spike protein of SARS-CoV-2, as well as different forms of flexible
or rigid linkers utilized in this study. Abbreviations: PNGase, peptide:N-glycanase; PNGF, PNGase F; ScCPNG1, Saccharomyces cerevisiae
peptide:N-glycanase; NGLY1, human PNG1; PD-1, programmed cell death protein-1; PD-L1, programmed cell death-1 ligand 1; SARS-CoV-2,

severe acute respiratory syndrome coronavirus-2.

application to PD-1, PD-L1, and other glycoproteins of interest.
However, a collaboration between ScPNG1AH1 and peptide
bPD-1 or bPD-L1 fused to either its N-terminal or C-terminal
orientation resulted in relatively higher levels of deglycosylated
PD-1/PD-L1 protein than ScPNG1AH1 alone (Figure S2B-
S2G). This is likely due to the fusion of the peptide to the relatively
low-activity SCPNG1AH1, which improved substrate selectivity
toward the target proteins. Therefore, future studies should
focus on optimizing and establishing effective fusions between
suitable peptides and active PNGase with appropriate enzyme
activities, linked by suitable linekers, for diverse target proteins.

The Optimized Editors Disrupt the Stability and
Accelerate the Degradation of Targeted Glycoproteins

It has been well-established that N-glycosylation plays a crucial
role in maintaining protein stability, while deglycosylated pro-

teins usually degrade rapidly through the endoplasmic reticu-
lum-associated degradation (ERAD) process. As depicted in Fig-
ure 2, we observed that the editors could decrease the
expression levels of the target proteins. To validate this observa-
tion and investigate turnover rates of the target proteins following
editing by our editors, we employed cycloheximide (CHX) treat-
ment, a well-established method to inhibit de novo protein syn-
thesis. CHX acts by blocking ribosomal translocation during
translation, thereby allowing us to assess the degradation ki-
netics of PD-1, PD-L1, and the spike protein without new protein
synthesis. Upon the addition of 100 uM CHX to reach afinal con-
centration, the protein levels of PD-1, PD-L1, and the SARS-
CoV-2 spike protein were monitored over time using immuno-
blotting. As previously mentioned, although the two conjugates,
bPD-1-PNGF and bPD-L1-PNGF, were not able to achieve the
same level of deglycosylation as PNGF alone when targeting
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Figure 2. The constructed and optimized protein editors efficiently removed N-linked glycans from PD-1, PD-L1, and SARS-CoV-2
spike protein

(A-C) The effects of three different peptide:N-glycanases on target protein PD-1, PD-L1, and the SARS-CoV-2 spike protein were analyzed. PNGF
exhibited a high de-N-glycosylation activity toward PD-1, PD-L1, and SARS-CoV-2 spike protein, whereas SCPNG1AH1 only showed a moderate
or rather low performance on removing N-linked glycans from these different glycoproteins. There was no noticeable impact of a full-length or
truncated version of NGLY1 on PD-1/PD-L1 even when fused with specific protein-targeting peptides. (D-E) LCB1-PNGF induced more extensive
deglycosylation toward both wild-type (S-WT) and mutated spike protein (S-Mutant, 682‘RRAR’685 mutated to ‘GGSG’), even though it exhibited
lower expression levels compared with PNGF alone. (F-G) Despite not being comparable to LCB1-PNGF, LCB1-ScPNG1AH1 exhibited higher
efficacy in deglycosylating the full-length wild-type spike protein, when compared with SCPNG1AH1 alone. (H-l) Co-immunoprecipitation
experiment confirmed the protein—protein interaction between the constructed editors (PNGF-3x Flag and LCB1-PNGF-3 xFlag) and the targeted

(legend continued on next page)
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PD-1 and PD-L1, respectively, they both expedited the protein
degradation process. As shown in Figure 3A, PD-1 exhibited a
faster degradation rate when treated with bPD-1-PNGF than
PNGF alone over 12 h after CHX addition. Similar trends were
observed for PD-L1 and the spike protein (Figure 3B-3C). How-
ever, although LCB1-ScPNG1AH1 demonstrated good perfor-
mance in deglycosylation of the spike protein, it did not exhibit
obvious superior efficiency in destabilizing the full-length spike
protein and its S1 subunit when compared with either the empty
vector or SCPNG1AH1 alone (Figure 3D).

Given the effective deglycosylation and destabilization of the
spike protein by LCB1-PNGF, we employed flow cytometric
analysis to precisely quantify the total concentrations of spike
protein in HEK293T cells after treatment with either PNGF or
LCB1-PNGF. The experiment was conducted by co-transfecting
HEK293T cells with a plasmid expressing the S-WT-EGFP
(enhanced green fluorescent protein) protein and a plasmid ex-
pressing the respective editor. The active editors included
PNGF and LCB1-PNGF, while an empty vector (pcDNAS.1)
and an inactive mutant PNGF(D60N) were used as negative con-
trols. After 48 h post-transfection, cells were collected to mea-
sure the mean fluorescence intensity of EGFP using flow cytom-
etry. The results revealed that LCB1-PNGF induced a 50%
reduction in protein levels relative to the control cells transfected
with the empty vector pcDNA3.1, while cells expressed with
PNGF alone only led to a nearly 20% reduction (Figure 3E).
These findings implied the combined efforts of an active PNGF
and an appropriate protein-targeting peptide were necessary
to achieve such remarkable degradation of the targeted
glycoproteins.

Furthermore, upon treatment with MG132 (a proteasome in-
hibitor) or NH,ClI (an autophagy inhibitor) in HEK293T cells stably
expressing the S1 subunit, we confirmed that the deglycosy-
lated form of the spike S1 subunit primarily undergoes the
ERAD pathway via the proteasome rather than the autophagy
pathway. This was evidenced by the result that treatment with
MG132 led to the apparent restoration of higher levels of degly-
cosylated S1 subunit in LCB1-PNGF samples (Figure 3G-3H).
Additionally, MG132 treatment resulted in a more pronounced
restoration of the full-length S-WT protein in the LCB1-PNGF
sample compared with the PNGF sample and three negative
controls (Figure 3F). This inversely illustrates an increase in
degradation of the spike protein following LCB1-PNGF editing,
a trend that was consistently observed in Figure 3G as well.
Taken together, these approaches provided compelling evi-
dence that deglycosylation-dependent protein sequence edit-
ing, especially when performed by PNGF-related editors fused
with proper targeting peptides, resulted in accelerated degrada-
tion and a subsequent significant decrease in the intracellular
concentrations of the diverse targeted glycoproteins.

De-N-glycosylation of SARS-CoV-2 Spike Proteins
Disrupts Cell-Cell Fusion and Impairs Virus Entry into
Host Cells

There have been consistent reports highlighting the crucial role
of N-glycosylation in the spike protein of SARS-CoV-2 for the vi-
rus’s entry into host cells. It is well established that the interaction
between the receptor-binding domain (RBD) of the spike protein
and angiotensin-converting enzyme 2 (ACE2) is pivotal for
SARS-CoV-2 entry into host cells. LCB1, a high-affinity mini-pro-
tein designed by Cao et al., binds to the RBD of the spike protein
effectively, competes with ACE2, and efficiently inhibits SARS-
CoV-2 infection of cells [38]. Expanding on our observation
that LCB1-PNGF effectively facilitated the deglycosylation and
degradation of the spike protein, we further investigated the
impact of this fusion editor on cell-cell fusion between spike-ex-
pressing cells and ACE2-expressing cells.

To evaluate the effect of deglycosylation-mediated protein ed-
iting on cell—cell fusion and syncytia formation mainly induced by
the spike protein, we conducted a previously described lucif-
erase-based quantification assay. This assay allowed us to
accurately measure the inhibitory efficiency of all the editing
agents developed for the spike protein [40]. The results indicate
that when the LCB1 peptide is either fused to PNGF or
ScPNG1AH1, the resulting conjugates demonstrated greater
effectiveness in blocking cell-cell fusion between HEK293T-
spike-expressing cells and HEK293T-ACE2 expressing cells,
compared with another computationally optimized peptide
23mer (AoN) (Figure S3A-S3B). Subsequently, three combina-
tions of LCB1 and PNGF, with either a flexible (GGGGS) or rigid
(EAAAK) linker in between, were investigated to identify the
optimal combination. Finally, the most pronounced reduction
(around 80%) of syncytia formation was observed with LCB-
PNGF treatment (Figure 4A). In line with the obtained results,
we conducted a visual experiment by mixing HEK293T spike-
EGFP co-expressing cells, which were pretreated with different
editors (PNGF and LCB1-PNGF), with HEK293T-ACE2 express-
ing cells, while empty vector and inactive mutant PNGF(D60N)
were used as two negative controls. Fluorescence microscopy
revealed that the pretreatment with LCB1-PNGF significantly in-
hibited cell-cell fusion, leading to minimal syncytia formation be-
tween the two cells (Figure 4B).

As the optimal candidate in our study, LCB1-PNGF was
selected to further assess its effectiveness in inhibiting pseudo-
virus production and virus entry into host cells (Figure 4C). As
shown in Figure 4D, the spike protein on the pseudovirus sur-
face, pretreated with LCB1-PNGF, displayed a reduced protein
level due to increased deglycosylation, contrasting the control
with pcDNAS3.1 empty vector. As a result, the pseudovirus lost
its viral infection ability by more than 80% when infecting all three
popular host cells, including HEK293T, Calu-3, and PC-9 cells

spike protein. (J) LCB1-PNGF (red) co-localized with the spike protein (green) observed by immunofluorescence laser confocal microscopy. (K)
Specific deglycosylation-dependent deamidated sites (Asn to Asp) among S-Mutant samples induced by PNGF or LCB1-PNGF editor were
detected by LC-MS analysis and statistically collected with four biological replicate experiments. Consistent with the immunoblotting results, more
deamidated sites were observed in LCB1-PNGF samples (15 deamidated sites) than in PNGF samples (11 deamidated sites).
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Figure 3. The optimized editors disrupt protein stability and accelerate the degradation process of targeted glycoproteins

(A-D) Cycloheximide treatment experiments confirmed that bPD-1-PNGF, bPD-L1-PNGF, and LCB1-PNGF accelerated the degradation
process for PD-1, PD-L1, and the spike protein, respectively, compared with PNGF alone. (E) Flow cytometry analysis indicated that LCB1-
PNGF induced a ~50% reduction of spike protein levels relative to the empty vector pcDNA3.1 while PNGF alone only led to less than 20%
reduction of spike protein levels by measuring EGFP mean fluorescence intensity. (F-H) MG132 treatment experiment proved that the de-
glycosylated forms of the full-length wild-type spike protein and its S1 subunit caused by different editors primarily undergo the ERAD pathway
via the proteasome, rather than the autophagy pathway. Abbreviations: EGFP, enhanced green fluorescent protein; ERAD, endoplasmic re-
ticulum-associated degradation.
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(Figure 4E-4G). Then a CellTiter-Glo® Luminescent Cell Viability
assay was employed to reveal that the appropriate amounts of
various optimized editors including LCB1-PNGF used in our ex-
periments for an incubation time of 48h were not toxic to cells
(Figure S3C).

Based on our experimental LC-MS data characterizing the
actual editing sites and the availability of the 3D structure of
the SARS-CoV-2 spike protein (PDB ID: 6XR8), we conducted
a mapping of the deglycosylated and glycosylated sites onto
the 3D structure of the spike protein (Figure S3D, the N74,
N1173, and N1198 sites were unlabeled due to their absence
in the available 3D structure). This mapping was performed for
samples treated with PNGF or LCB1-PNGF, respectively. The
LCB1-PNGF conjugate led to the editing of four additional sites
compared with PNGF alone, namely N61, N74, N165, and N331.
Among them, the N61Q mutation was found to decrease spike
protein expression and hinder its incorporation into spike-pseu-
dotyped lentivirus, subsequently impairing entry into cells ex-
pressing the ACE2 receptor [22]. N-glycans at site N165 are
crucial for modulating the spike’s receptor-binding domain
(RBD) dynamics, which is essential for ACE2 recognition [41].
N331, situated within the RBD of the S1 subunit, is also crucial;
its deglycosylation significantly weakens the RBD’s affinity for
ACE2 [42]. Collectively, these three glycosylated sites are vital
for pseudovirus assembly and entry into ACE2-expressing cells.
Consequently, compared with PNGF alone, LCB1-PNGF-medi-
ated editing leads to a more substantial decrease in cell—cell
fusion and a greater reduction in pseudoviral infection.

DISCUSSION

Herein, we report a deglycosylation-dependent protein
sequence editing tool to selectively remove N-glycans and
simultaneously convert glycosylated asparagine (Asn) residues
to aspartate (Asp) of the desired cell membrane glycoproteins
in living cells. In particular, we demonstrate that the carefully
constructed and optimized PNGF-related and ScPNG1AH1-
related editors achieved varying degrees of deglycosylation
toward PD-1, PD-L1, and SARS-CoV-2 spike proteins, except
for H3N2 HA protein. However, NGLY1, which is essential for
de-N-glycosylation in human cells, has not been found func-
tional for targeting these proteins in our work. This suggests
that these editors may have some specific preferences, which
hinder their effectiveness on all types of N-linked glycoproteins.
Among the three PNGase enzymes utilized in this study, PNGF,
exhibiting high enzyme activity, effectively catalyzed deglycosy-
lation of PD-1, PD-L1, and the SARS-CoV-2 spike proteins. In
contrast, SCPNG1AH1 demonstrated only moderate to low per-
formance in this regard. Notably, the LCB1-PNGF conjugate
enhanced substrate selectivity, specifically targeting the spike
protein, facilitating more profound protein deglycosylation, and
significantly reducing cell-cell fusion and viral entry into
host cells.

Deglycosylation caused by these editors led to a more rapid
degradation rate through the ERAD process via the proteasome.
Several studies have highlighted specific N-glycosylation sites
critical for the spike protein’s stability and proper folding. For
example, it has been reported that N-glycans at positions
N165, N234, and N343 of the SARS-CoV-2 S protein stabilize

the RBD in an open state and thus contribute to an increase in
infectivity [43-45]. Removal of N-glycans in N1074 reduced the
stability of the SARS-CoV-2 spike protein, indicating that N-
linked glycosylation at residue N1074 is crucial for the stability
of the spike protein [46]. Tian et al. have revealed an intriguing
“Q follow N” pattern in the SARS-CoV-2 spike protein [47]. Their
research highlights that O-glycosylation tends to occur near the
N-glycosylation sequence. Specifically, they identified seven O-
glycosylation modification sites situated on Ser/Thr residues of
the NXS/T motif. Moreover, they observed that the N616Q mu-
tation effectively eliminates O-glycosylation at T618, suggesting
that the presence of N-glycosylated Asn is necessary for O-
glycosylation at the T618 site. It is widely acknowledged that
O-glycans play a crucial role in protein stability and function. In
light of this, our tools target the removal of N-glycans from target
proteins, which may also impact other protein post-translational
modifications, such as O-glycosylation and phosphorylation at
adjacent sites. Based on the findings of these studies, our degly-
cosylation editing tools facilitate the destabilization of target pro-
teins, leading to their rapid degradation through the proteasome
pathway. LC-MS analysis revealed that several E3 ubiquitin-pro-
tein ligases were frequently detected in the immunoprecipitation
samples. The most commonly observed ligases with the highest
levels were HUWE1 and CHIP (also known as STUB1) (listed in
Supplementary Material Excel 5). Additionally, other ligases
such as RBBP6, UHRF1, UBR4, UBR5, HECTD1, RBX1, and
ARIH1 were also found with significant frequency. This suggests
that these E3 ubiquitin-protein ligases probably made a major
contribution in facilitating the degradation of deglycosylated
spike protein through subsequent ubiquitination and ERAD
process.

Our study highlights the efficacy of targeted de-N-glycosyla-
tion in promoting natural protein degradation via the protea-
some, akin to findings observed in recent studies involving tar-
geted de-O-glycosylation [5] and dephosphorylation [48]. In
contrast to PROTAC technology, which relies on small mole-
cules to degrade specific target proteins within cells, our
approach simplifies the process by facilitating natural protein
degradation without the need for screening E3 ligases. This by-
passes the challenges associated with PROTAC design,
including the requirement for bifunctional molecules and suitable
E3 ligases for each target protein. Our deglycosylation editing
tools offer a straightforward yet potent alternative for modulating
protein levels within cells. Additionally, our de-N-glycosylation
tool primarily targets N-glycosylated proteins on the cell mem-
brane, distinguishing it from the nanobody-fused split OGA
tool that focuses on nucleocytoplasmic proteins, particularly
transcription factors. While our approach effectively edits N-gly-
cosylated proteins on the cell membrane, its applicability to
other protein types or subcellular locations may be limited.
Nonetheless, considering the significant involvement of high or
abnormal N-glycosylated proteins in diseases like infections
and cancers, our tool introduces innovative strategies for manip-
ulating glycans within cells.

SARS-CoV-2 spike protein plays a critical role in virus binding
to infected cells and facilitating virus invasion through interacting
with host receptor ACE2. Removing N-glycans by optimized
LCB1-PNGF conjugate led to a sharp reduction in spike protein
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Figure 4. De-N-glycosylation of SARS-CoV-2 spike proteins disrupted cell-cell fusion and impaired virus entry into host cells

(A) A modified luciferase-based quantification assay demonstrated that deglycosylation protein editing of spike protein conducted by LCB1-
PNGF editor resulted in the most pronounced reduction (~80%) of cell-cell fusion. (B) HEK293T spike-EGFP co-expressing cells were pre-
treated by different editors (empty vector and inactive mutant PNGF(D60N) as two negative controls, PNGF and LCB1-PNGF). After 48 h post-
transfection, they were collected and mixed with HEK293T-hACE2 expressing cells at a ratio of 1:1. After additional 24 h of incubation, images
of syncytia formation were captured using a fluorescence microscope. It clearly showed that LCB1-PNGF pretreatment of spike protein led to a
very low syncytia formation between the two cells, in line with the greatly reduced cell-cell fusion efficiency. (C) A schematic representation of
SARS-CoV-2 pseudovirus production and virus entry into target cells. (D) The spike protein on the pseudovirus surface, pretreated with LCB1-
PNGF editor, exhibited a lower protein level following deglycosylation, compared with the pcDNA3.1 empty vector. (E-G) The pseudovirus
pretreated with LCB-PNGF editor lost its viral infection ability by more than 80% when infecting all three popular host cells, including HEK293T,
Calu-3, and PC-9 cells. *P < 0.05, **P < 0.01, **P < 0.001, and ****P < 0.0001.
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level and significantly hindered pseudovirus production as well
as virus entry into host cells. It was revealed by immunopeptido-
mic analysis that the deamidated HLA-bound peptides primarily
originate from deglycosylated precursor proteins mediated by
NGLY1/PNG1 during the ERAD process [49]. Ruvkun et al. sug-
gested that protein deglycosylation and Asn to Asp editing not
only serve as prerequisites for protein degradation via the pro-
teasome but also potentially play a significant role in the immune
system since processing peptides is a critical step in the immune
presentation of both host and viral peptides [7]. These peptides
may robustly activate T-cell cytotoxicity or B-cell maturation to
mediate a stronger immune response against viral infections.
Taken together, deglycosylation and Asn to Asp editing by our
carefully optimized editors perhaps provide an alternative strat-
egy for COVID-19 treatment and antiviral therapy.

We admit that there are notable limitations to our current
peptide-enzyme conjugates for the deglycosylation and deami-
dation system. For instance, it is noteworthy that LCB1-PNGF
continues to exhibit obvious off-target efficiency due to its
high enzyme activity according to LC-MS analysis. Future
studies should prioritize enhancing the balance between off-
target rate and on-target efficacy in our protein editing tech-
nigque. Genetic engineering approaches or chemical modifica-
tions could achieve this goal. Specifically, we propose exploring
genetic engineering approaches to fine-tune the enzyme’s prop-
erties, mainly involving site-directed mutagenesis to modulate
the catalytic activity of PNGF. For example, point mutations
such as T101A have been shown to halve enzyme activity, while
D102N leads to a 70% decline, and Y85F retains only 10% ac-
tivity [50]. Rational design and engineering combined with
directed evolution hold promise for improving the thermostability
and enzyme activity of SCPNG1AH1 and modifying NGLY1 for
its utility in this technique. In the meantime, selecting high-affinity
protein-targeting peptides or specific nanobodies may enhance
on-target efficacy in future studies. We hope, in the future, to
employ these approaches or modifications to provide precise
control over enzyme activity, enabling customized editing of
target proteins while minimizing off-target effects.

In conclusion, we present here an unconventional approach
for targeted protein editing, focusing on the de-N-glycosylation
of disease-associated proteins using a peptide-PNGase fusion
editor. This system brings hope in uncovering the underlying
mechanisms of their N-glycosylation modifications and the nat-
ural phenomenon of Asn to Asp protein sequence editing within
living organisms in the future. Furthermore, this protein
sequence editor provides an opportunity to open a new era of
precise editing in living cells.

MATERIALS AND METHODS

Plasmids

The genes encoding PNGF (UniProtKB: P21163), SCPNG1AH1
(UniProtKB: Q02890), and NGLY1 (UniProtKB: Q961V0) were hu-
man codon-optimized and synthesized by GENEWIZ (Jiangsu,
China). They were then cloned into the pcDNAS3.1 vector and
fused with a C-terminal 3xFlag tag. Inactive mutants of
PNGF(D60N) and ScPNG1AH1(D204A) were generated through
site-specific mutagenesis using PCR. The gene fragments of

protein-targeting peptides for PD-1 (UniProtKB: Q15116), PD-
L1 (UniProtKB: Q9NZQY7), influenza A virus (strain A/Hong
Kong/1/1968 H3N2) HA (UniProtkB: Q91MAY7), and SARS-
CoV-2 spike protein (UniProtKB: PODTC2), which are listed in
Table S1, were also synthesized by GENEWIZ. They were cloned
into the PNGF, ScCPNG1AH1, or NGLY1 plasmids in two different
fusion orientations via a flexible or rigid linker in between to
generate the required deglycosylation-dependent protein edi-
tors, as shown in Table S2. The genes encoding PD-1, PD-L1,
H3N2-HA, and SARS-CoV-2 S-WT-A19 were synthesized by
GENEWIZ and cloned into the pcDNA3.1 vector individually.
Each gene, either encoding the full-length wild-type spike pro-
tein of SARS-CoV-2, or its spike-mutant form where the amino
acids 'RRAR’ at sites 682-685 were mutated into ‘GGSG’, or
its S1 subunit fragment, was synthesized into the lentiviral
expression vector pCDH which harbors the EGFP and puromy-
cin gene sequence to generate HEK293T-S-WT, HEK293T-S-
Mutant, or HEK293T-S1 stable cell lines through lentiviral
infection.

Generation of Stable Cell Lines

To generate S-WT, S-mutant, and S1 stably expressing cell
lines, HEK293T cells were co-transfected with the constructed
pCDH vectors containing each gene encoding either S-WT-
T2A-EGFP or S-Mutant-T2A-EGFP or S1-T2A-EGFP, psPAX2,
and VSV-G plasmids via Lipo8000™ transfection reagent (Beyo-
time, Shanghai, China) to produce lentivirus containing either S-
WT or S-Mutant or S1 transgene, respectively. After 72 h post-
transfection, the lentivirus supernatant was harvested, filtered
by using a 0.45 um filter (MilliporeSigma, Hessian, Germany),
and concentrated by using a Amicon® Ultra-15 Centrifugal Fil-
ter-100 kDa (MilliporeSigma, Hessian, Germany), and then
transduced into HEK293T cells with 10 ng/mL polybrene (Beyo-
time, Shanghai, China). Finally, all three stable cell lines were
EGFP-positive sorted by flow cytometry and maintained in se-
lection using 2 ng/mL puromycin (Beyotime, Shanghai, China).

Cell Cultures and Plasmids Transfection

HEK293T cells were cultured in DMEM (Dulbecco’s modified Ea-
gle medium) (TransGen Biotech, Beijing, China) supplemented
with 10% (v/v) fetal bovine serum (FBS) (TransGen Biotech, Bej-
ing, China), along with 1% penicillin-streptomycin liquid (100 )
(Solarbio, Beijing, China). HEK293T-S-WT, HEK293T-S-mutant,
and HEK293T-S1 stable cells were cultured with the addition of
2 ng/mL puromycin (Beyotime, Shanghai, China). HEK293T-
hACE2 stable cells were cultured with the addition of 100 pg/
mL hygromycin B (PhytoTech Labs, Kansas, USA). Calu-3 cells
were cultured in minimum essential medium (MEM, Solarbio,
Beijing, China) with 10% FBS along with 1% penicillin-strepto-
mycin liquid (100x ). PC-9 cells were cultured in Roswell Park
Memoirial Institute (RPMI) Medium 1640 (Solarbio, Beijing, China)
with 10% FBS. The cells were maintained at 37 °C with a 5%
CO, concentration. Plasmid transfection was performed when
the cells reached approximately 70%-80% confluence,
following the instructions provided by the Lipo8000™ transfec-
tion reagent manufacturer. After 48 h post-transfection, the cells
were harvested for further analysis.
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In vivo Deglycosylation Assay

The appropriate amounts of constructed plasmids were tran-
siently transfected into HEK293T cells or the respective stable
cell lines using Lipo8000™ transfection reagent. After 48 h of
cultivation, the cells were collected and lysed with RIPA lysis
buffer (Solarbio, Beijing, China). Protein concentrations were
quantified using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Massachusetts, USA). A total of 30 ug of pro-
tein was mixed with SDS-PAGE Sample Loading Buffer (ABclo-
nal, Hubei, China) and heated at 100 °C for 5-10 min. The
mixture was then separated on SurePAGE, Bis-Tris 4%-12%
gels (GenScript, Jiangsu, China), and transferred onto a polyvi-
nylidene fluoride (PVDF) transfer membrane (Thermo Fisher Sci-
entific, Massachusetts, USA) using the eBlotTM L1 system
(GenScript, Jiangsu, China). Protein expression levels of various
editors constructed in this study were detected using anti-Flag
antibody, and the deglycosylation effects on target proteins
were investigated using their respective antibodies such as
anti-PD-1 antibody, anti-PD-L1 antibody, anti-H3N2-HA anti-
body, and anti-SARS-CoV-2 spike antibody listed in Table 1.

Co-IP Assay and LC-MS Analysis

The appropriate amounts of the two constructed plasmids,
pcDNAB.1-PNGF-3xFlag and pcDNAS3.1-LCB1-PNGF-3x
Flag, were transiently transfected into HEK293T-S-Mutant sta-
ble cells, respectively. After 48 h of cultivation, the cells were
lysed using NP40 buffer for 15 min on ice. The supernatant
was collected after centrifugation at 15,000 rpm for 5 min at
4 °C. Protein concentrations were quantified using the Pierce
BCA Protein Assay Kit. Following the manufacturer’s instruction,
a Flag-tag Protein IP Assay Kit with Magnetic Beads (Beyotime,
Shanghai, China) was employed to enrich proteins with Flag-tag
and their interacting proteins. Similarly, the Anti-SARS-CoV-2
spike S1-NTD Magnetic Beads Immunoprecipitation (IP) Kit
(Sino Biological, Beijing, China) was utilized to enrich spike pro-
teins and their interacting proteins. Immunoblotting analysis was
then conducted to confirm the protein expression levels of
PNGF or LCB1-PNGF and the deglycosylation states of the
spike-mutant (S-Mutant). Finally, the bands of enriched S-
Mutant proteins were analyzed through LC-MS analysis to
detect deaminated sites after deglycosylation induced by
PNGF or LCB1-PNGF.

Immunofluorescence Assay

HEK293T-S-EGFP stable cells were transiently transfected with
the appropriate amount of LCB1-PNGF plasmid in a 20 mm
confocal dish (NEST, Jiangsu, China). After 48 h of cultivation,
cells were fixed with 4% paraformaldehyde (Solarbio, Beijing,
China) for 30 min at room temperature (RT). Following three
washes with 1x PBS, cells were permeabilized with 0.1% Triton
X-100 (Solarbio, Beijing, China) for 10 min at RT to allow antibody
penetration. After another three washes with 1x PBS, cells were
blocked with immunofluorescence blocking buffer (Beyotime,
Shanghai, China) for 40 min at RT. Subsequently, cells were
incubated with anti-Flag antibody (1:200) overnight at 4 °C, fol-
lowed by ABflo 647-conjugated goat anti-rabbit IgG (H + L)
(1:500) (ABclonal, Hubei, China) for 40 min at RT. After washing
with 1x PBS three times, an antifade mounting medium with
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4’ 6-diamidino-2-phenylindole (DAPI) (Beyotime, Shanghai,
China) was applied to the cells for 5 min in the dark. Images
were acquired using a Zeiss laser confocal microscope (LSM
900 with Airyscan 2, Zeiss, Baden-Wurttemberg, Germany).

Protein Degradation Assay

Cycloheximide Treatment

HEK293T cells were transiently co-transfected with the indicated
plasmids, such as the PD-1 expressing plasmid and its deglyco-
sylation editor (PNGF or bPD-1-PNGF), the PD-L1 expressing
plasmid and its deglycosylation editor (PNGF or bPD-L1-
PNGF), with an empty vector pcDNA3.1 as the negative control.
Similarly, HEK293T-S-WT stable cells were transiently trans-
fected with individual editor plasmids (PNGF, LCB1-PNGF,
ScPNG1AH1, or LCB1-ScPNG1AH1). After 30 h of transfection,
cells were incubated with 100 uM CHX (Aladdin, Shanghai,
China) for up to 12 h. At the indicated time points, cells were
collected and lysed with RIPA lysis buffer. Protein expression
levels of editors and deglycosylation and degradation states of
targeted proteins were determined by western blotting. Vinculin
and B-actin were used as internal loading controls.

MG132 Treatment

HEK293T-S-WT stable cells were transiently transfected with
the indicated individual plasmid, including PNGF, LCB1-PNGF
as active editor, while empty vector and inactive mutant
PNGF(D60N) as two negative controls. After 48 h of transfection,
cells were incubated with 10 UM proteasome inhibitor MG132
(Salorbio, Beijing, China) for up to 12 h. Then cells were collected
and lysed for western blotting. HEK293T-S1 stable cells were
transiently transfected with indicated individual plasmid, such
as PNGF, LCB1-PNGF, ScPNG1AH1, LCB1-ScPNG1AH1, as
well as negative controls. After 48 h of transfection, cells were
incubated with 10 uM proteasome inhibitor MG132 (Salorbio,
Beijing, China) or 50 nM lysosome inhibitor NH,Cl (Salorbio, Bei-
jing, China) for up to 12 h. Then cells were collected and lysed for
western blotting.

Flow Cytometry

HEK293T cells were transiently co-transfected with full-length
wild-type spike-EGFP expressing plasmid and the editor
plasmid PNGF or LCB1-PNGF, with an empty vector and an
inactive mutant PNGF(D60N) as negative controls. After 48 h
of transfection, cells were collected to detect the whole protein
expression levels of spike by measuring EGFP mean fluores-
cence intensity using the flow cytometry instrument BD LSR For-
tessa X-20 (BD Biosciences, California, USA). Cells expressing
eGFP were gated, and the percentage depletion of GFP-positive
cells was calculated relative to the control group. This experi-
ment was performed in three biological replicates.

Cell-Cell Fusion Assay

Cell—cell fusion assays were performed following the protocol
previously outlined [40], with some small modifications. In brief,
HEK293T-S-WT stable cells were co-transfected with a plasmid
encoding one of several spike deglycosylation editors and a
pFR-Luc plasmid containing a synthetic promoter consisting of
five tandem repeats of yeast GAL4 binding sites that regulate
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Reagent type Designation Source or reference Identifiers Additional information
(species) or
resource
Antibody PD-L1/CD274 rabbit pAb ABclonal Cati#: A1645 WB (1:2000)
(Hubei, China)
Antibody PD-L1/CD274 rabbit mAb ABclonal Cat#: A19135 WB (1:2000)
(Hubei, China)
Antibody PD-1/CD279 rabbit pAb ABclonal Cat#: A11973 WB (1:2000)
(Hubei, China)
Antibody PD-1/CD279 rabbit pAb ABclonal Cat#: A5584 WB (1:2000)
(Hubei, China)
Antibody Influenza A H3N2 Sino Biological Cat#: 11056-T62 WB (1:3000)
hemagglutinin/HA (Beijing, China)
rabbit PAb
Antibody Influenza A H3N2 Sino Biological Cat#: 11056-MMO03 WB (1:2000)
hemagglutinin/HA (Beijing, China)
mouse MAb
Antibody SARS-CoV-2 (2019-nCoV) Sino Biological Cat#: 40592-T62 WB (1:2000)
spike RBD antibody, (Beijing, China)
rabbit PAb
Antibody SARS-CoV-2 (COVID-19) GeneTex Cat#: GTX135356 WB (1:2000)
spike antibody, rabbit pAb  (California, USA)
Antibody Rabbit anti-p24 pAb Sino Biological Cat#: 11695-RP02 WB (1:2000)
(Beijing, China)
Antibody DDDDK-tag rabbit mAb ABclonal Cat#: AE092 WB (1:4000)
(Hubei, China)
Antibody Mouse anti DDDDK- ABclonal Cat#: AE005 WB (1:4000)
tag mAb (Hubei, China)
Antibody Vinculin rabbit mAb ABclonal Cati#: A23468 WB (1:4000)
(Hubei, China)
Antibody Rabbit anti HA-tag pAb ABclonal Cat#: AE036 WB (1:4000)
(Hubei, China)
Antibody HRP goat anti-rabbit ABclonal Cat#: AS014 WB (1:10000)
IgG (H + L) (Hubei, China)
Antibody HRP goat anti-mouse ABclonal Cat#: AS003 WB (1:10000)
IgG (H + L) (Hubei, China)
Cell line (Homo HEK293T National Collection of Cat#: SCSP-502
Sapiens) Authenticated Cell
Cultures
(Shanghai, China)
Cell line (Homo HEK293T-hACE2 Sino Biological Cat#: OEC001
Sapiens) (Beijing, China)
Cell line (Homo Calu-3 iCell Cat#: iCell-h035
Sapiens) (Shanghai, China)
Cell line (Homo PC-9 National Collection of Cat#: SCSP-5085

Sapiens)

Authenticated Cell
Cultures
(Shanghai, China)
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Table 1. Continued

Reagent type Designation Source or reference Identifiers Additional information
(species) or

resource

Cell line (Homo HEK293T-S-WT This paper

Sapiens)

Cell line (Homo HEK293T-S-Mutant This paper

Sapiens)

Cell line (Homo HEK293T-S-WT-EGFP This paper

Sapiens)

Cell line (Homo HEK293T-S1 This paper

Sapiens)

Recombinant pcDNAS.1-PD-L1 GENEWIZ Plasmid to express full

DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

Recombinant
DNA reagent

pcDNA3.1-PD-1

pPcDNAS.1-H3N2-HA

pCDH-S-WT-EGFP

pCDH-S1-T2A-EGFP

pCDH-S-WT-T2A-EGFP

pCDH-S-Mutant-T2A-EGFP

pcDNA3.1-S-WT-A19

pLVX-IRES-ZsGreen1-Luc

psPAX2

VSV-G

pFR-Luc

pBD-NF-«B

(Jiangsu, China)

GENEWIZ
(Jiangsu, China)

GENEWIZ
(Jiangsu, China)

This paper Derived from
pcDNAS3.1.2S [51]

This paper

This paper

This paper

This paper [52]

HonorGene Cat#: HG-VMH1035

(Hunan, China)

Addgene Cat#: 12260
Addgene Cat#: 12259
Hunan Fenghui Cat#: QT019
Biotechnology
(Hunan, China)
Hunan Fenghui Cat#: QT016

Biotechnology
(Hunan, China)

length human
PD-L1

Plasmid to express full
length human
PD-1

Plasmid to express full
length H3N2 hemagglutinin

Plasmid to express full
length spike wild-type
and EGFP

Plasmid to generate
HEK293T-spike S1 subunit
cell line

Plasmid to generate
HEK293T-spike wild-type
cell line

Plasmid to generate
HEK293T-spike mutant
(®32’RRAR’®®® mutated to
"GGSG’ cell line

Plasmid to express spike-
A19 on viral coat

the expression of the luciferase gene. HEK293T-hACE2 stable
cells were transfected with a pBD-NF-«B plasmid, which en-
codes a fusion protein containing the DNA binding domain of
GAL4 and the transcription activation domain of NF-xB. After
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40 h, an equivalent amount of different S-WT stable cells treated
with various editors were detached using trypsin (0.25%) and
plated on a 70% confluent monolayer of HEK293T-hACE2 sta-
ble cells at a 1:1 ratio. Following an incubation period of 16—
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24 h, luciferase expression was activated when cell-cell fusion
occurred between HEK293T-S-WT and HEK293T-hACE2 stable
cells as the GAL4-NF-«B fusion protein bound to the GAL4 bind-
ing sites on the luciferase gene promoter. Each cell sample was
lysed by adding 200 uL of firefly luciferase reporter gene assay
cell lysis buffer (Beyotime, Shanghai, China) for 30 min, and the
supernatants were obtained after centrifugation at 15,000 rpm
for 5 min. Luciferase activity was then quantified using BrightLu-
mi™ luciferase reporter gene assay kit (Beyotime, Shanghai,
China) and measured with a BioTek Synergy Neo2 multimode
microplate reader (BioTek Instruments, Inc., Vermont, USA). All
experiments were performed in triplicate and repeated at least
three times. To visualize the inhibition of deglycosylation-depen-
dent protein editing on cell-cell fusion, HEK293T-S-WT-EGFP
stable cells were transiently transfected with the pcDNAS.1-
PNGF plasmid, the pcDNA3.1-LCB1-PNGF plasmid, as well as
empty vector and inactive mutant PNGF(D60N) as negative con-
trols. After 48 h of transfection, these pretreated HEK293T-S-
WT-EGFP stable cells were detached using trypsin (0.25%)
and plated on a 70%-80% confluent monolayer of HEK293T-
hACE2 cells at a ratio of approximately 1:1. After 24 h of incuba-
tion, images of syncytia formation were captured using an
OLYMPUS IX73 research inverted microscope with cellSens En-
try software (Olympus Corporation, Tokyo, Japan).

Pseudovirus Production and Infection Assay
Pseudovirions were produced by co-transfection into HEK 293T
cells with pLVX-IRES-ZsGreen1-Luc, psPAX2, and S-WT-A19,
as well as either empty vector or LCB1-PNGF editor at a molar
ratio of 1:1:2:1 by using polyetherimide (PEIl). After 72 h of incu-
bation, the supernatant media containing pseudovirions passed
through a 0.45 um filter and was centrifuged at 5000 rpm for
30 min at 4 °C to remove debris. The collected supernatants
were concentrated with a universal virus concentration kit (Beyo-
time, Shanghai, China) and stored at —80 °C if necessary. The
pseudoviral titers were determined using the Lentivirus Titer
p24 ELISA Kit (Biodragon, Beijing, China) following the manufac-
turer’s instructions. The concentration and deglycosylation state
of viral spike glycoproteins were also verified by western blotting
with anti-spike RBD pAb to detect equivalent amounts of the
pseudovirions in each of the preparations with p24 as a loading
control.

To measure the spike protein-mediated entry of pseudoviri-
ons, we utilized the commonly used HEK293T-hACE2, Calu-3,
and PC-9 target cells. These cells were plated at approximately
25%-30% confluence in 96-well plates. The next day, the cells
were exposed to 100 ul of 1:1 diluted pseudovirus. After 48 h of
incubation, the cells were lysed using 100 uL of firefly luciferase
reporter gene assay cell lysis buffer for 30 min. The resulting su-
pernatant was obtained through centrifugation at 15,000 rpm for
5 min. Subsequently, 20 uL of each sample was combined with
100 pL of BrightLumi™ |uciferase reaction reagent and incu-
bated at RT for 5 min. The luciferase activity was quantified using
a BioTek Synergy Neo2 multimode microplate reader.

Cell Viability Assay
HEK293T-S-WT stable cells were transiently transfected with
the indicated plasmids. Following 48 h of transfection, the cells

were gathered and quantified using the LUNAIITM automated
cell counter. Subsequently, 40,000 cells from each sample
were transferred into an opaque 96-well plate. Cell viability
was assessed by adding 100 pL of CellTiter-Glo reagent (Prom-
ega, Wisconsin, USA) to each well and incubating it at RT for
10 min. The luminescence was then measured using a BioTek
Synergy Neo2 multimode microplate reader.

Statistical Analysis

Statistical analysis (unpaired two-tailed Student’s t-tests) was
performed using GraphPad Prism 9 (GraphPad Software, Inc.,
La Jolla, USA). Data were derived from at least three indepen-
dent biological replicate experiments and are presented as the
mean = standard deviation (SD); *P < 0.05, P < 0.01,
P < 0.001, and P < 0.0001.
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