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Abstract

Introduction: Coronavirus disease 2019 caused by
coronavirus-2 (SARS-CoV-2) has emerged as an aggressive
viral pandemic. Health care providers confront a chal-
lenging task for rapid development of effective strategies
to combat this and its long-term after effects. Virus entry
into host cells involves interaction between receptor-
binding domain (RBD) of spike (S) protein S1 subunit
with angiotensin converting enzyme present on host cells.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is
a moonlighting enzyme involved in cellular glycolytic
energy metabolism and micronutrient homeostasis. It is
deployed in various cellular compartments and the extra
cellular milieu. Though it is known to moonlight as a
component of mammalian innate immune defense ma-
chinery, till date its role in viral restriction remains un-
known. Method: Recombinant S protein, the RBD, and
human GAPDH protein were used for solid phase binding
assays and biolayer interferometry. Pseudovirus particles
expressing four different strain variants of S protein all

harboring ZsGreen gene as marker of infection were used
for flow cytometry-based infectivity assays. Results:
Pseudovirus entry into target cells in culture was signif-
icantly inhibited by addition of human GAPDH into the
extracellular medium. Binding assays demonstrated that
human GAPDH binds to S protein and RBD of SARS-CoV-2
with nanomolar affinity. Conclusions: Our investigations
suggest that this interaction of GAPDH interferes in the
viral docking with hACE2 receptors, thereby affecting viral

ingress into mammalian cells. © 2024 The Author(s).
Published by S. Karger AG, Basel

Introduction

COVID-19 (coronavirus disease 2019) is caused by the
coronavirus SARS-CoV-2 (severe acute respiratory syn-
drome coronavirus-2), which spread rapidly, infecting over
550 million individuals across 220 countries (WHO Co-
ronavirus [COVID-19] Dashboard, https://covid19.who.
int/). The primary mechanism of the viral transmission
among humans is usually via exposure to contaminated
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respiratory droplets [1]. Viral transmission occurs through
fomites, larger respiratory droplets (>5 pm), aerosolized
droplets (<5 pm), and droplet transmission [2, 3]. The
symptoms of SARS-CoV-2 infection are milder than severe
acute respiratory syndrome and Middle East respiratory
syndrome; however, the human-to-human transmission is
much faster. The mortality rate of SARS-CoV-2 is 3.4%,
while that of SARS-CoV is 9.6% and Middle East respiratory
syndrome is 35% [4]. Although the overall mortality rate is
relatively low, people who have chronic diseases like dia-
betes mellitus, hypertension, and asthma tend to present
with more severe disease outcomes [5, 6]. Apart from
vaccine development, researchers have focused on the
development of protective and therapeutic options. Some of
the options explored are SARS-CoV-2 entry inhibition into
the host cells, inhibition of virus replication within host cell,
inflammatory response suppression, and antibody
cocktails-based inhibition [7]. SARS-CoV-2 entry into host
cells requires the cleavage of S protein at S1/S2 and S2’
location by host cellular proteases. This allows fusion of viral
and cellular membranes driven by the S2 subunit. Spike
protein binds to angiotensin-converting enzyme 2 (ACE2)
[8] and utilizes host serine protease TMPRSS2 for S protein
cleavage and providing further access to host cellular ma-
chinery [9]. SARS-CoV and SARS-CoV-2 protein se-
quences have 76% amino acid identity. Human ACE2
(hACE2) degrades Ang II to angiotensin 1-7 (Ang 1-7),
which has actions opposite to that of Ang II. Enhanced Ang
IT levels upregulate ACE2 enzymatic activity. In ACE2-
deficient mice, Ang II levels were double to that of wild-type
mice, while Ang 1-7 levels were not detectable [10, 11].
Apart from functioning as a portal of entry into cells for
SARS-CoV-2, host ACE2 receptors are exploited by corona
viruses HCoV-NL63 and SARS-CoV [12]. SARS-CoV-2 is
known to employ furin proteases for priming of S protein
[13]. Recently, it has also been reported that neuropilin-1
(NRP1), which binds furin-cleaved substrates, enhances
SARS-CoV-2 infectivity [14]. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, EC 1.2.1.12) has been long rec-
ognized as a multifunctional glycolytic enzyme, whose
classical involvement in energy production and glucose
metabolism has been well defined [15]. Ubiquitously ex-
pressed in all prokaryotes and eukaryotes, it is a homote-
trameric molecule assembled from 334 amino acids with a
highly conserved sequence, each monomeric unit having a
molecular weight of 36 kDa [16]. Expression mapping
studies have revealed a significant disparity in GAPDH
mRNA with abundant expression in muscle and heart
tissues and a relatively lower expression in liver, brain, and
kidney cells [17]. GAPDH is a moonlighting protein with
numerous functions apart from glycolysis [18-20]. Inves-
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tigations have revealed that GAPDH is also involved in a
wide range of diverse activities such as membrane transport,
cytoskeleton assembly, nuclear material export, protein
phosphotransferase activity, membrane fusion, DNA rep-
lication and repair [21-23]. Apart from its normal physi-
ological functions, several groups have identified the role of
GAPDH in various pathological conditions such as infec-
tion biology, apoptosis, autophagy, efferocytosis, and neu-
ronal degenerative disorders [16, 21, 24-28]. It is also
identified to play a role in the mammalian innate immune
defense machinery [29].

Multi-functionality of GAPDH is not limited to eu-
karyotes; it also exhibits moonlighting in prokaryotes.
Investigators have reported that apart from a cytosolic
localization, GAPDH exists on the surface of eukaryotic
as well as prokaryotic cells and plays a vital role in
microbial pathogenesis [30]. Bacterial cell surface
GAPDH has the capability to interact with several
mammalian proteins such as lysosome, laminin, fibro-
nectin, plasminogen, plasmin, actin and mediates sev-
eral processes for successful survival within the host
tissue [31-35]. Apart from these diverse multiple
functions, it also plays a crucial role in viral infection.
GAPDH is known to interact with positive- and
negative-strand 3’-end RNAs of bamboo mosaic virus
and is involved in the transcription initiation from
positive- and negative-strand RNA templates of the
virus [36]. Another study also reported similar findings
in case of Japanese encephalitis virus and tomato bushy
stunt virus (TBSV), where GAPDH was observed to bind
both positive and negative strand RNAs of viruses (with
a preference for +ve strand), resulting in inhibition of
viral replication [37]. Mammalian GAPDH possesses a
well-characterized phospholipid membrane fusogenic
potential [38]. GAPDH levels were observed to be en-
hanced after Vaccinia virus infection in human
monocytes at mRNA and protein levels [39] and
GAPDH of eukaryotic origin played a progressive role in
cell-to-cell transmission of red clover necrotic mosaic
virus [40].

Given the extreme promiscuity exhibited by GAPDH
for intermolecular interactions, we decided to test for
any effect that GAPDH may have via spike protein on
the corona of SARS-CoV-2. Utilizing pseudovirus ex-
pressing S protein from various strains of the virus and
GAPDH protein, our current study indicates that
GAPDH from three divergent organisms (human,
bacteria, and rodent) could inhibit SARS-CoV-2
pseudovirus infection by binding to the receptor-
binding domain (RBD) region of SARS-CoV-
2 S protein and thus hindering the process of SARS-
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CoV-2 pseudovirus entry into host cells. These results
were confirmed with the SARS-CoV-2 (Wuhan) strain
of the virus in a cell culture model of viral infectivity.
Our findings indicate an evolutionarily conserved
protective role in innate host immune defense against
viral incursion for GAPDH.

Materials and Methods

Cell Lines, Cell Culture, Plasmids, and Reagents

HEK 293T (ATCC, CRL-3216) and Vero E6 (ATCC, CCL-
1586) cells were maintained in high glucose DMEM (SIGMA)
supplemented with 10% FBS (GIBCO), penicillin (100 IU/
mL), streptomycin (100 ug/mL), and HEPES (20 mM) in a 5%
CO, environment at 37°C and passaged every 2-3 days. SARS-
Related Coronavirus 2, Wuhan-Hu-1 Spike-Pseudotyped
Lentiviral Kit, NR-52948, was procured from BEI re-
sources. It comprises five plasmids, namely, viral entry
protein, spike glycoprotein (NR-52514), lentiviral backbone
Luc2; ZsGreen (NR-52516), helper plasmid Gag; pol (NR-
52517), helper plasmid Tatlb (NR-52518), helper plasmid
Revlb (NR-52519). SARS-CoV-2 B.1.617.2 (Delta strain)
plasmid Addgene (#172320), SARS-CoV-2 B.1.617.1 (Kappa
strain) plasmid Addgene (#172319), B.1.1.529/BA.1 (Omi-
cron strain) (InvivoGen) (#plv-spike-v11) were used for
variant pseudovirus production. Polyethylenimine, high
molecular weight, water free, from Sigma Aldrich (# 408727)
was used for plasmid transfection. Rabbit muscle GAPDH
(RM GAPDH) was procured from Sigma Aldrich (#G2267);
recombinant human GAPDH and Salmonella GAPDH [rH
and rS GAPDH]) were cloned and purified as described in
online supplementary materials and methods and Figure S1
(for all online suppl. material, see https://doi.org/10.1159/
000535634). Anti-GAPDH antibody was from Calbiochem (#
CB1001); antibody against bovine serum albumin, from In-
vitrogen (#MA5-15238), anti-rabbit IgG-HRP, and anti-
mouse IgG were obtained from Sigma (# A9044 &
#A0545). Recombinant spike, SARS-CoV-2 stabilized protein
(#NR-52724), and recombinant spike glycoprotein RBD from
SARS-CoV-2, novel coronavirus (#NR-52366), were procured
from BEI resources.

Interaction Studies Using Solid Phase Binding Assay

The ability of pseudoviral particles and recombinant viral
protein to bind recombinant human GAPDH protein was
screened by solid phase binding assay. Briefly, ELISA grade
polystyrene plates were coated for 12 h at 4°C with either 100 ng
S protein or RBD peptide. As negative control, wells were coated
with BSA. After blocking with 2% casein (prepared in PBST) for
2 h at RT, the immobilized proteins were allowed to interact with
rH GAPDH in concentrations from 10,000 ng to 0.305 ng per
well in triplicates. All incubations were carried out in PBST +
0.2% casein for 2 h at room temperature. Wells loaded with only
buffer (no protein coating) were considered as control wells for
background subtraction. Unbound GAPDH/BSA was removed
by extensive rinsing with PBST. Captured protein was detected
using 1 ug/mL of primary rabbit anti-GAPDH/1 ug/mL of primary

GAPDH Inhibits SARS-CoV-2 Entry into
Host Cells

mouse anti-BSA antibody. Secondary antibody used was anti-rabbit
IgG-HRP (1:32,000 dilution)/anti-mouse IgG-HRP (1:32,000).
TMB-H,0, ELISA substrate (Sigma) was used to quantitate the
bound secondary antibody by measuring OD s, using a plate reader
and data were analyzed as described previously [41].

Binding Studies Using BLI

Quantification of the interaction between recombinant human
GAPDH and COVID-19 partner (S protein/RBD peptide) was
measured using an Octet K2 system (Pall Life Sciences, Fremont, CA,
USA). COVID-19 proteins were immobilized onto aminopropylsilane
optic sensor chips as ligand and evaluated for their binding affinity
with the target. Briefly, 25 nm of S protein or RBD was immobilized to
saturate the sensor for 600 s cycle followed by a 60 s baseline step using
neutral buffer (150 mm NaCl, 4.96 mm KCl, 0.99 mm CaCl,, 2.1 mm
MgCl,, 22.73 mm HEPES, pH 7.4) to remove unbound molecules.
Cycles of 300 s each for association and dissociation steps were
performed for binding with GAPDH and its removal in the working
diluent. The assay was repeated with the reference biosensors to
eliminate the possibility for non-specific interactions.

Pseudoviral Particles and SARS-CoV-2 Virus

HEK 293T cells were cultured to 65-70% confluence in
complete DMEM media in standard tissue culture conditions
and transfected with plasmids. A combination of five plasmids
were utilized to produce the severe acute respiratory syndrome
pseudovirus particles whose co-expression in HEK293T cells
produces SARS-CoV-2 spike protein which decorates onto
budding lentiviral particle envelopes containing reporter
ZsGreen. Reporter protein enables fluorescence-based anal-
ysis of spike-mediated entry into host cells. Briefly, plasmids
and PEI transfection reagent (1 mg/mL) were incubated in
DMEM (SEM) for 5 min at 37°C in separate tubes. PEI and
plasmid DNA were mixed at 3:1 ratio (w/w) and pre-incubated
at 37°C for 30 min. For transfection, cells were first incubated
in serum-free DMEM for 30 min (5% CO,) at 37°C. Subse-
quently, the SFM was replaced and cells incubated for a further
30 min at which time PEI: DNA mixture was added gently over
the cells with gentle swirling for uniform distribution.
Transfection was allowed to continue over the next 6-8 h in
CO, at which time the incubation mixture was replaced with
complete DMEM. Sixty hours post-transfection, the culture
supernatant was harvested from the plates and spun at 800 g to
remove cellular debris and then filtered using 0.45 pm syringe
filters. Pseudovirus particles using S gene of different variants,
i.e., Wuhan (original), Delta, Kappa, and Omicron, were
quantified as described in online supplementary materials and
methods, Figure S1, and Table S1. SARS-CoV-2 virus stock
(originally prepared from nasal swab of RT-PCR confirmed
individual) was obtained from the MTCC and Gene Bank,
CSIR-IMTECH (Chandigarh, India). Virus propagation was
done in Vero E6 cell line maintained in 10% FBS containing
DMEM and 1% L-glutamine at standard tissue culture con-
ditions maintained in biosafety level-3 conditions. Culture
supernatant was collected, centrifuged and aliquots stored
at —=70°C and diluted 1:10* in medium before use. The viral
particles were cytopathic and its genome sequencing had
revealed close relatedness with SARS-CoV-2 originating in
Wuhan, China.
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Infectivity Assays

Infectivity of pseudoviral particles was evaluated by inoculating
Vero cells with viral particles and then measuring the percentage
cells expressing marker gene (ZsGreen) after 72 h as described
below. The degree of infection by SARS-CoV-2 virus was quan-
tified by evaluating infected cells for (1) expression of E gene by
RT-PCR and (2) expression of S protein using Western blot as
described below.

Vero E6 cells were seeded in 24 well plates (1 x 10* cell/well).
After 24 h, the medium was removed and the cells incubated in
fresh medium (untreated control) or fresh medium supplemented
with GAPDH or BSA (non-specific protein control). To test for
inhibitory effect of GAPDH on viral/pseudoviral infection, cells
were infected with viral particles in presence of GAPDH (100 pg/
mL) and compared with infectivity of cells in absence of the
protein. As a negative control, BSA was utilized to replace
GAPDH. Dose dependency of GAPDH on viral infectivity was
determined by varying the concentration of GAPDH used. For
this, culture medium was supplemented with GAPDH at different
dilutions (100-0.001 pg/mL). Contact time for GAPDH and viral
particles was 1 h in tube, then 24 h over the cells. After rinsing cells
with fresh medium, any viral particles that had succeeded to infect
the cells were allowed to replicate in situ for 48 h. A non-specific
protein control was run in parallel where GAPDH was replaced by
BSA (100 pug/mL). To check if GAPDH protein can maintain its
stability over an extended period under culture conditions and
continue to inhibit infection by virus, cells were pre-incubated with
GAPDH for 12 h at which time any residual protein was rinsed
away by three washes with PBS before processing the cells for
infectivity assay as above. Briefly, cells were incubated with 300 uL/
well of pseudoviral/viral particle suspension (MOI 2:1) made up of
DMEM + 5% FBS. After inoculation for 24 h, the medium was
replaced with complete DMEM and the cells were incubated for a
further 72 h. After harvesting with PBS-EDTA, the cells were
washed with PBS and analyzed for expression of ZsGreen using a
BD FACS verse flow cytometer. Infectivity was determined as the
percentage of cells expressing ZsGreen. From each sample, 10*
cells were analyzed, all experiments repeated at least three times.
For evaluation of cellular infection with SARS-CoV-2 virus, 10*
cells/well, plated in 96 well plates were infected for 1 h using 100 pL
of viral suspension. Subsequently, the supernatant was removed
and replenished with fresh media and the cells incubated for 72 h
at 37°C, 5% CO,. After 72 h, the cells were collected and processed
for RNA isolation using TRIzol™ Reagent (#:15596026). The RNA
was converted into cDNA using RevertAid First Strand cDNA
Synthesis Kit, #K1621, Thermo Scientific. RT-PCR was set up in an
Applied Biosystem 7300 Fast Real-Time PCR System using SYBR
Green chemistry procured from Thermo Scientific Maxima SYBR
Green/ROX qPCR Master Mix (2X) (Cat No. K0221). Expression
of CoV E gene was evaluated using ACAGGTACGTTAA-
TAGTTAATAGCGT and ATATTGCAGCAGTACGCACACA as
forward and reverse primers, respectively. The expression of the
target gene was normalized to the expression of the p-actin gene
(forward primer CACCATTGGCAATGAGCGGTTC and reverse
primer AGGTCTTTGCGGATGTCCACGT). For Western blot
experiments to evaluate S protein expression, Vero E6 cells (10*
per well of 96 well plate) were infected with SARS-CoV-2 viral
supernatant as above. After 72 h, cells were harvested using RIPA
lysis buffer. Lysate from 6 wells was pooled for each concentration
of GAPDH or control used. Subsequently, the lysate was centri-
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fuged at 12,000 g for 10 min at 4°C. Protein in supernatant was
quantified using BCA method and 40 pg/well was loaded onto 10%
SDS-PAGE gel. The resolved proteins were transferred to 0.22 um
nitrocellulose membrane and probed with anti-S antibody (RD
Systems, #MAB105403). Pure S protein (100 ng) was used as
positive control. Uninfected Vero E6 lysate served as negative
control. GAPDH antibody (Calbiochem, #CD1001) was used to
calculate fold change of S protein expression in Vero E6 lysate.
Image]J software was used to calculate fold change of S protein in
GAPDH-treated lysate in comparison to control infected lysate.

Molecular Docking

Docking for human GAPDH and SARS-CoV-2 S protein was
carried out using ClusPro 2.0 Web server [42-45]. Human
GAPDH (PDB code 1ZNQ) was used as receptor and SARS-CoV-
2 S protein (PDB code 6VXX) as ligand. Amino acids located at
protein interface were obtained using PDB ePISA Web server [46].
The residues whose bond length was below 4 A° were taken into
consideration. The pictorial representations for residues involved
in interactions were shown by PyMOL server [47, 48].

Statistical Analysis

Each set was performed in duplicates, repeated at least three
times. Data are represented as mean + SD. Data were plotted using
GraphPad Prism software 5.0 (GraphPad Software Inc., La Jolla,
CA, USA). Statistical significance was calculated using unpaired
t test.

Results

Interaction Studies Using Solid Phase Binding Assay

and BLI

There are few reports where a viral protein has been
shown to interact with host GAPDH and influence the
host responses. One recent study has suggested that the
non-structural 3 protein of dengue virus interacts with
human GAPDH [49]. With this background, we explored
if SARS-CoV -2 viral receptors protein could interact with
human GAPDH. We observed that both S protein and
SARS-CoV-2 RBD of S protein demonstrate significant
capture of rtH GAPDH in the solid phase assay (Fig. 1a, b).
BLI confirmed the interaction between S protein and
GAPDH with nanomolar affinity. For interaction be-
tween S protein and GAPDH, the Kp was determined to
be 61.90 + 44.14 nMm (Fig. 1¢) while in case of RBD Kp, was
11.79 + 3.47 nM (Fig. 1d).

GAPDH Inhibits Pseudovirus Variant’s Entry into the

Host Cells

Previous studies have revealed that interaction be-
tween the spike protein and host cell receptors is vital for
infection. To explore for any conserved role of GAPDH in
modulating the cellular entry by SARS-CoV-2, we per-
formed transduction assays of SARS-CoV-2 pseudovirus
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in the presence of GAPDH from evolutionary distant
organisms. We tested GAPDH obtained from rabbit
muscle, human, and bacteria (salmonella). Our studies
revealed that GAPDH from all three sources could
significantly reduce infection of Vero E6 cells with rH
GAPDH being most effective (Fig. 1e). When pseudo-
virus particles decorated with S protein of different
variants (Wuhan, Delta, Kappa, and Omicron) were
used for transduction assays, we noted that in all variants
the transduction was significantly decreased in host cells
in presence of rH GAPDH (Fig. 1f). Overall, 100 pg/mL
of GAPDH concentration was used for these assays.

Error bars represent the standard deviation observed in
technical triplicate values. The treated samples were
compared to control, which was taken as 100% in each
triplicate.

GAPDH Inhibits SARS-CoV-2 Virus Entry into the

Host Cells

Finally, we tested if infection of cells with SARS-CoV-2
virus was inhibited by GAPDH. Incubation of Vero cells
with SARS-CoV-2 virus in presence of varying concen-
tration of rtH GAPDH revealed a significant reduction in
the viral titer as evaluated by RT-PCR-based assay of E

Inhibition of infection by pseudovirus

(Wuhan-Hu-1 Spike protein)

Solid phase binding assay
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gene expression in infected cells. Viral titer was signifi-
cantly inhibited in all the concentrations of rH GAPDH
used (7 pM-700 nm) (Fig. 1g). A Western blot of cellular S
protein expression confirmed this result of lower viral
load (Fig. 1h). Entry of fewer viral particles in the
presence of GAPDH in the extracellular milieu leads to
multiplication of a smaller viral load over the
72 h incubation period. This leads to fewer viral particles
inside the cell as well as lower amount of virus released
into the culture medium.

Pre-Treatment of Cells with GAPDH Provides

Protection from Viral Infection

To investigate if the blocking effect of GAPDH in
prevention of viral infection is only a transient phe-
nomena, we first allowed cell surface to be treated with
GAPDH and then allowed for infection with pseudovirus
as well as SARS-CoV-2. In both cases, we found that pre-
treatment of cells with GAPDH results in a significant
decrease of cellular infection even after 12 h (Fig. 1i, j).

Molecular Docking Studies Indicate the GAPDH and

S Protein for a Structurally Stable Complex

Human liver GAPDH was used as receptor and S
protein as ligand. S protein consists of three chains (A, B,
C) whereas GAPDH has four chains (O, P, Q, R). Chain O
(green), P (red), and R (yellow) of GAPDH were found to
interact with chain B (cyan) of S protein via hydrogen
bonds as well as salt bridges (online suppl. Fig. S1I). Bond
lengths below 4 A° were considered during docking of

Fig. 1. a-d Human GAPDH binds with S protein and its RBD
peptide segment. A solid phase binding assay was performed using
MaxiSorp Nunc plates coated with 100 ng of either S protein (a) or
RBD fragment (b). Subsequently, wells were incubated with in-
creasing concentrations of recombinant human GAPDH. After
extensive washing, the captured GAPDH was detected with
monoclonal anti-GAPDH. Assay was performed multiple times in
triplicates. Error bars indicate the standard deviation from trip-
licate values for each concentration tested. Affinity of interaction
was determined by BLI. BLI sensorgrams indicate the binding of
recombinant GAPDH with full-length S protein (¢) and RBD
(d). Data are plotted as response shift in nm versus time and the
global equilibrium dissociation constant values (KD) were cal-
culated. e GAPDH from diverse organisms is capable of inhibiting
pseudoviral infectivity. Transduction of Vero cells by Wuhan
strain S protein pseudovirus is inhibited by GAPDH from evo-
lutionarily diverse sources in human infectivity assay using
GAPDH from three organisms, each was tested at different
concentrations. BSA was used as a non-specific protein control. All
experiments were repeated three times, **p < 0.01. f Human
GAPDH can inhibit infection by pseudovirus-expressing spike
protein of different COVID-19 variants. Transduction of Vero
cells by pseudoviral particles expressing S protein from four
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amino acid residues involved in interaction. The inter-
action between full length S and GAPDH was determined
using 30 representative structures as generated by
docking software. All structures were of balanced models
with least center energy value. This minimal energy
shown in structures corroborates with results obtained
from solid phase assay and BLI assays, showing higher
interaction of GAPDH with S protein. The amino acid
residues of human GAPDH involved in the surface
contact with full length S protein are Lys 194, Lys 215, Lys
219, and Asn 225 from chain O, Asp 256, Asp 257, Gln
280, Ala 299, and Asp 305 from chain P, Arg 80 from
chain R (Table 1). The other amino acids were not
masked when GAPDH interacts with S protein as evident
from docking study (online suppl. Fig. S1J). The inter-
actions between two large protein molecules are usually
attributed to a combinatorial effect of multiple amino
acid interactions. Future studies could explore in depth
the role of key amino acid residues involved in stabilizing
these interactions using multiple single/double/triple
amino acid mutants of GAPDH.

Discussion

The innate immune system in higher organisms has
evolved to deploy multiple cellular and molecular defense
mechanisms, critical for the recognition and restriction of
virus entry into host cells. Cells secrete multiple effector
molecules, which can play a decisive role in modulating

different variants is significantly inhibited by human GAPDH,
***p < 0.001, *p < 0.05, n = 3. g, h GAPDH inhibits infection of
Vero E6 cells by SARS-CoV-2 virus. When Vero E6 cells were
infected with SARS-CoV-2 viral particles in presence of human
GAPDH, there was inhibition of viral RNA in supernatant of Vero
E6. Viral load was evaluated by RT-PCR of SARS-CoV-2 E gene
using total cellular cDNA, *p < 0.05, n = 3 (g) and Western blot of
cell lysate to evaluate expression of S protein (h). i, j GAPDH can
inhibit SARS-CoV-2 virus infection of Vero E6 host cells in culture
up to 12 h post-application. Vero E6 cells were pre-incubated with
100 pg/mL GAPDH or BSA for 12 h at which time cells were rinsed
and infected with either pseudoviral particles (i) or SARS-CoV-2
virus (j). After 72 h, the pseudovirus infected cells were evaluated
for GFP expression and the % infectivity determined as compared
to cells where GAPDH pre-incubation was omitted. In comparison
to cells that had been left untreated or pre-treated with BSA, the
GAPDH coated cells demonstrate a significantly lower infectivity,
ns, not significant, ***p < 0.001, n = 3. SARS-CoV-2 virus infected
cells were maintained in culture for 48 h at which time the cellular
viral RNA expression was evaluated by RT-PCR for CoV E gene
expression. In comparison to control cells, the cells pre-incubated
with GAPDH demonstrate significantly lower viral load. ns, not
significant, ***p < 0.001, n = 3.
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Table 1. Amino acid residues of human

GAPDH involved in interaction with S S. No GAPDH protein GAPDH chain S protein S chain
rotein of SARS-CoV-2 fetched from

FFZDBePISA are enlisted here ! Lys 194 o Asn 81, Asp 138 B
2 Lys 215 ) Trp 64 B
3 Lys 219 ) Tyr 28 B
4 Asn 225 o Tyr 28 B
5 Asp 256 P Lys 97 B
6 Asp 257 P Lys 187 B
7 GIn 280 P His 69 B
8 Ala 299 P His 69 B
9 Asp 305 P Arg 214 B
10 Arg 80 R Cys 136 B

These residues involved hydrogen bond among them with bond length below 4 A°.

the entry of pathogens. For example, the human sur-
factant protein D and lactoferrin are potent molecules
whose presence at mucosal surfaces contributes toward
defense against a wide variety of pathogens including
inhibiting entry of SARS-CoV-2 virus due to interactions
with the spike protein [50-52].

GAPDH is an abundantly expressed multifunctional
protein that is secreted by cells and along with lactoferrin
has been known to play a key role in the innate immune
defenses [28, 41, 53]. These protective effects are man-
ifested through close interaction between host molecules
and host/microbial components that are vital for path-
ogen entry and survival. Earlier studies have confirmed
that GAPDH is expressed on the surface of cells and also
secreted into the extracellular fluid [54-57] especially
during conditions of cellular stress such as iron depletion
and hypoxic stress [41, 58, 59]. We first looked for evi-
dence of any interaction between virus entry machinery
and GAPDH. Our studies revealed that GAPDH binds to
RBD of SARS-CoV-2 S protein. A wide range in the
affinity of interaction between ACE2 receptor and RBD
(ranging from 16.2 nm to 325.8 nm) has been docu-
mented earlier [60]. Our experiments revealed a relatively
high binding affinity of ~62 and 12 nm for binding of
GAPDH with S protein and RBD fragment, respectively.
This suggests that presence of extracellular GAPDH
could affect the interaction between virus and its re-
ceptor(s) on host cells.

To explore if GAPDH could cause inhibition of viral
entry into cells, we carried out infectivity assays and
found that GAPDH could significantly inhibit the entry
of pseudoviral particles as well as SARS-CoV-2 virus into
the Vero E6 cells. Numerous studies have reported on the
importance of viral spike protein-hACE2 receptor in-
teraction leading to entry into host cells. Our investi-
gations revealed that presence of GAPDH significantly

GAPDH Inhibits SARS-CoV-2 Entry into
Host Cells

reduces the quantum of viral entry into cells. As we
observed that GAPDH interacts with spike protein, we
postulate that this lowered viral entry could be due to
GAPDH interfering in the interaction between spike
protein and hACE2. The Coronaviridae family encom-
passes positive-strand RNA viruses infecting amphibians,
birds, and mammals. Genetic evolution data reveal SARS-
CoV origin in bats was by sequential recombination of bat
SARSr-CoVs. Virus residing in civets and mammal un-
derwent rapid mutations in S and orf genes. Strains
further underwent mutations in S gene leading to the
epidemic [61]. As the pandemic has spread, the virus has
undergone numerous mutations leading to the emergence
of newer variants. In several cases, these variants exhibit
significantly altered properties in terms of infectivity, host
fatality, and prognosis. To understand if the interaction of
GAPDH with the S protein is variant dependent, we
compared the inhibitory effect of GAPDH on viral in-
fection using pseudoviral particles presenting with S
protein of Delta, Kappa, and Omicron variants along with
the original Wuhan variant. Interestingly, we found that
GAPDH was able to significantly inhibit infection by all
four variants tested. This suggests that the interaction of
GAPDH and spike protein is independent of the evo-
lutionary pressure driving other genetic alterations.
The COVID-19-induced global pandemic has been
ongoing for over 2 years and resulted in >350 million
infections worldwide. Vaccination at the global scale has
narrowed the severe COVID-19-based complications, yet
mortality rate remains high. While COVID-19 vaccines
educate immune systems to identify a target protein on
the virus (S protein), however, this could mutate to escape
the host immune response. Indiscriminate use of anti-
viral medication is also known to lead to accumulation of
mutations in the pathogen. As entry of SARS-CoV-2 into
cells can occur through several receptor molecules
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present on the surface of mammalian cells [62, 63],
globally there are several attempts to supplement cur-
rently available therapeutic options with simple solutions
to block viral entry into cells via application of any
barrier/inhibitory molecules on target surfaces. Antiviral
nasal sprays are believed to have a promising role in this
regard. Any studies regarding the virus’s interactions with
competing agents (antibodies, peptides, drugs, etc.) have
relevance in terms of development of therapeutic options
[64]. As SARS-CoV-2 is a virus requiring a biosafety
level-3 containment, one way to simplify the safe conduct
of such assays is to utilize spike protein expressing
pseudoviral particles, which can easily be handled under
biosafety level-1/2 containment.

Our studies have revealed that human GAPDH can
interact with viral spike protein and inhibit viral entry
into cells. We also observed that prior surface exposure of
target cells to GAPDH can result in significant inhibition
of viral entry upon subsequent exposure to virus. These
results suggest that GAPDH (a host protein) could harbor
the potential for use as a therapeutic agent to inhibit the
viral entry for up to 12 h post-application. In future, this
could possibly provide leads for the further development
of peptide/protein-based blockers of viral infections,
which could be deployed by way of upper-respiratory
tracts sprays [65, 66]. In silico molecular docking analysis
indicated that primarily basic amino acid residues of
GAPDH interact with different amino acids in the B
chain of the viral S protein. Intermolecular interactions
between two large protein molecules are usually attrib-
uted to a combinatorial effect involving multiple amino
acid interactions. Future investigations on deciphering
their contributions could be carried out using multiple
single/double/triple amino acid mutants of GAPDH.

GAPDH is a highly conserved multifunctional mole-
cule that has maintained its functions across organisms.
Apart from chemical synthesis and recombinant human
protein, GAPDH can also easily be purified from several
GRASS (generally accepted as safe) sources [67]. We
tested and confirmed that GAPDH from at least two
other evolutionarily diverse organisms can inhibit
pseudoviral transfection of Vero cells. Airway submu-
cosal glands contribute to innate immunity and protect
the lungs by secreting mucus. GAPDH has been identified
as one of the numerous components of human mucus
[68]. It is possible that one of the conserved innate im-
mune functions of GAPDH could be to provide pro-
tection from viral infections. We speculate that fluctua-
tions in the levels of extracellular GAPDH may contribute
to success or failure of viral infection of cells. GAPDH
expression on the exterior of the plasma membrane of
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mammalian as well as microbial cells is known to be
regulated by cellular iron levels and a recent report from
our laboratory has demonstrated a linkage between
cellular iron levels and infection by SARS-CoV-2
virus [69].

A limitation of the current study is that the work did
not involve animal model studies; however, in future
before these are taken up it may be worthwhile to focus on
deciphering the minimal conserved structural motif
present in GAPDH responsible for this activity and seek
to utilize it for prophylactic usage. As SARS-CoV-2 be-
comes endemic, it is expected that new virus variants will
continue to emerge in future. There is likely a continuing
need for effective therapeutics, especially as immunity
wanes, vaccine hesitancy continues, and new virus var-
iants emerge that escape natural and vaccine-induced
antibodies.
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