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Mutating novel interaction sites in NRP1
reduces SARS-CoV-2 spike protein internalization

Debjani Pal,1,2,5 Kuntal De,2,5 Timothy B. Yates,2,3 Jaydeep Kolape,4 and Wellington Muchero2,3,6,*

SUMMARY

The global pandemic of coronavirus disease 2019 caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) virus has become a severe global
health problem because of its rapid spread. Both Ace2 and NRP1 provide initial
viral binding sites for SARS-CoV-2. Here, we show that cysteine residues located
in the vestigial plasminogen-apple-nematode (PAN) domain of NRP1 are neces-
sary for SARS-CoV-2 spike protein internalization. Mutating novel cysteine resi-
dues in thePANalteredNRP1 stability anddownstreamactivation of extracellular
signal-regulated kinase (ERK) signaling pathway and impaired its interaction with
the spike protein. This resulted in a significant reduction in spike protein abun-
dance in Vero-E6 cells for the original, alpha, and delta SARS-CoV-2 variants
even in the presence of the Ace2. Moreover, mutating these cysteine residues
in NRP1 significantly lowered its association with Plexin-A1. As the spike protein
is a critical component for targeted therapy, our biochemical studymay represent
a distinct mechanism to develop a path for future therapeutic discovery.

INTRODUCTION

Neuropilin (NRP) is a singlemembrane-spanning, type-I transmembrane, non-tyrosine kinase receptor protein.1

In humans, it has two homologs, NRP1 andNRP2, with a 44%of sequence identity.2,3 Both contain five extracel-

lulardomainswhichare twocubilinhomology (CUB) (a1/a2), twocoagulation factor FV/FVIII (b1/b2), aMAM(me-

prin, A5, and m-phosphatase; also known as c), and a domain that contains a transmembrane and a short cyto-

plasmic region.4,5 NRP1 was identified as a co-receptor for several extracellular ligands, including class III

semaphorins, a specific isoformof the vascular endothelial growth factor-A (VEGF-A), heparin-binding proteins,

placental growth factor 2, and fibroblast growth factor 2.6,7 BothCUB andFV/FVIII domains provide the binding

sites for secreted semaphorins and VEGF.8 NRP1 plays an essential role in performing key physiological pro-

cesses like angiogenesis and semaphorin-dependent axon guidance signaling.9,10

An interesting aspect of NRP1 is that its ligand, semaphorin, is synthesized as inactive precursor forms and re-

quires proteolytic cleavage by furin or related endoproteolytic pro-protein convertases, a key feature that is

also utilized by the viral coat proteins.11 For example, NRP1 has been reported to function as an entry receptor

for Epstein-Barr virus (EPV) and more recently for the severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) virus.12,13,14 To promote NRP1-mediated cell internalization via tissue penetration, cleaved peptides uti-

lize the R/K/XXR/K motif at their C-terminus (C-end rule, CendR).15 CendR peptides are known to be useful for

cancer drug delivery as NRP1 is frequently overexpressed in various tumor types.16 This similar phenomenon is

used by SARS-CoV-2while bindingwithNRP1 for virus-hostmembrane fusion via themultibasic site at the S1-S2

boundary of the viral spike (S) protein.14 S protein usually gets activated by cellular proteases, either by furin and/

orTMPRSS2,whichensure cleavageat theS1/S2 site.17 TheS1 subunit of the Sproteinof coronaviruses facilitates

viral entry into target cells byproviding a receptor-bindingdomain.17 Since the alarming spreadof theCOVID-19

pandemic, a major focus of ongoing research has been to define the mechanism behind viral entry. For SARS-

CoV-2, the CendR pocket is usually present within the extracellular b1b2 domain of NRP1.14 However, the

dynamics of S protein binding to the NRP1 receptor at the specific amino acid level are yet to be established.

RESULTS

Novel cysteine controls NRP1 stability

We recently identified orthologs of NRP1 and NRP2 that carry a plasminogen-apple-nematode (PAN)

domain.18 Our Gene Ontology (GO) enrichment analyses using InterPro (https://www.ebi.ac.uk/interpro/)

1Radioisotope Science and
Technology Division, Oak
Ridge National Laboratory,
Oak Ridge, TN 37830, USA

2Bioscience Division, Oak
Ridge National Laboratory, 1
Bethel Valley Road, Oak
Ridge, TN 37831, USA

3Bredesen Center for
Interdisciplinary Research,
University of Tennessee,
Knoxville, TN 37996, USA

4Biochemistry & Cellular and
Molecular Biology, University
of Tennessee, Knoxville, TN
37996, USA

5These authors contributed
equally

6Lead contact

*Correspondence:
mucherow@ornl.gov

https://doi.org/10.1016/j.isci.
2023.106274

iScience 26, 106274, April 21, 2023 ª 2023 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

https://www.ebi.ac.uk/interpro/
mailto:mucherow@ornl.gov
https://doi.org/10.1016/j.isci.2023.106274
https://doi.org/10.1016/j.isci.2023.106274
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106274&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

B

C

D

ll
OPEN ACCESS

2 iScience 26, 106274, April 21, 2023

iScience
Article



and UniProt (https://G-LecRK.uniprot.org) databases identified 28,300 PAN domains containing proteins

across the 2,496 organisms.19 Surprisingly, these proteins are predominantly enriched in immune signaling

processes as the majority of them were associated with the extracellular matrix (ECM) as cell surface

receptors.18,19 A key feature of the PAN domain is the presence of 4-6 strictly conserved cysteine residues

forming its core. We reported that this protein domain was involved in receptor binding and proteolysis of

two unrelated proteins, a hepatocyte growth factor in human and a G-type lectin receptor-like kinase in

plants.18–20 Mutation of core cysteines in the PAN domain of both proteins led to dramatic changes in im-

mune signaling in both organisms without having a detectable impact on their structure.18,19 Because the

humanNRP1 did not have a reported conserved PAN domain, we sought to evaluate if any domain features

could be detected by assessing residual homology with NRP1 and NRP2 from other organisms. After our

careful analysis, we determined that ancestral NRP2 from Stylophora pistillata (coral reefs) have survived

more than 400 million years21,22 andM. yessoensis (mollusca) around 545 million years23–25 carries an intact

PAN domain. We aligned the human NRP1 with several NRP1 and NRP2 from other organisms including

chimpanzee, rat, dog, cow, and zebrafish and the NRP2 containing functional PAN domain from

S. pistillata andM. yessoensis. Based on this analysis, we identified a region of NRP1 that exhibited homol-

ogy to the ancestral PAN domain. Specifically, we identified four cysteine residues at amino acid positions

C82, C104, C147, and C173 in two extracellular CUB domains of NRP1. The second cysteine C104 and third

cysteine C147 aligned well, while the first and fourth cysteines at both terminals did not (Figure 1A).

Although the distance between the conserved cysteines in S. pistillata and M. yessonensis is less than the

human and mammalian counterpart, there is sufficient sequence similarity between human NRP1 and the

PAN domain in S. pistillata to suggest homology. Therefore, we classified human NRP1 as a protein with

a vestigial PAN domain. Based on the previous research focusing on the PAN domain,18,26 we hypothesize

that these cysteine residuesmay play a role inNRP1 function and, therefore, couldmodify its interactionwith

SARS-CoV-2 S protein.

To evaluate the functional significance of these four cysteines, we introduced single cysteine-to-alanine

mutations and simultaneously mutated all four cysteines to alanine in NRP1. (Figure 1B). Like most other

transmembrane receptors, upon binding with its ligand, NRP1 undergoes internalization and is targeted

for lysosomal degradation.27 Based on this established model, we first evaluated the overall abundance

of cysteine-to-alanine NRP1 proteins in cells compared to the wild type. With the cycloheximide (CHX) pro-

tein stability assay, we observed that mutations in any of the four cysteines increased protein stability of

exogenously expressed hemagglutinin (HA)-tagged NRP1 in HEK293T cells (Figures 1C and 1D). The

HA-NRP1 4Cys-4Ala mutant showed a cumulative impact on the protein stability by all the four-cysteines

mutation as expected (Figure 1D). We hypothesized that the higher NRP1 expression of the NRP1 mutants

might result from its inability to interact with its ligand and, therefore, not following the downstream recep-

tor degradation pathway preventing the NRP1 degradation. However, it was intriguing to ask whether

these mutations lead to localization defects in NRP1. We attempted its detection in Vero-E6 cells following

transient transfection. Clear staining of non-permeabilized Vero cells with an antibody against the

N-terminus HA tag of the NRP1 indicates that no large-scale perturbation of cellular localization occurred

in the NRP1 mutants compared to the wild-type NRP1 (Figure S1).Taken together, these data suggested

that all four cysteines could be involved in the receptor-mediated endolysosomal degradation pathway,

although at varying extents.

Novel cysteines in NRP1 facilitate its interaction with SARS-CoV-2 S protein

Secondly, we sought to evaluate impact of these mutations on NRP1 interaction with SARS-CoV-2 S1 pro-

tein. SARS-CoV-2 S1 protein residues 493-685 have been reported to bind with NRP1.14 We made a FLAG-

SARS-CoV-2-S1493�685 construct based on the sequence available in NCBI (Figure 2A). To assess the impact

Figure 1. Novel cysteine controls NRP1 stability

(A) Multiple alignment of the sequences of PAN domain of representative proteins from seven different organisms highlights the position of conserved

cysteines.

(B) Schematic diagram of amino acid sequence represents NRP1 vestigial PAN domain along with the four marked cysteines (Cys82, Cys104, Cys147, and

Cys173) and the subsequent mutant version where conserved cysteines were mutated to alanine (Ala82, Ala104, Ala147, and Ala173).

(C) Immunoblot analysis of whole-cell lysates derived from 293T cells, transfected with HA-NRP1 WT and different single cysteine mutants of HA-NRP1 and

HA-NRP1-4Cys-4Ala constructs as indicated. 24 h post-transfection, cells were split, and cells were treated with 100 mg/mL cycloheximide (CHX) 20 h later. At

the indicated time points, whole-cell lysates were prepared for immunoblot analysis. Representative image of n = 3 biological replicates.

(D) Quantification of the band intensities in (c). The intensities of HA-NRP1 (WT and mutants) bands were normalized to actin and then normalized to HA-

NRP1 WT. Data are represented as mean G SD, n = 3, and *, p < 0.05; **, p < 0.005; ***, p < 0.0005. were calculated with one-way ANOVA.
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of these four novel cysteines in NRP1 interaction with COVID-19, we carried out a direct co-immunoprecip-

itation assay between HA-NRP1-WT, HA-NRP1-C82A, HA-NRP1-C104A, HA-NRP1-C147, HA-NRP1-C173A,

HA-NRP1-4Cys-4Ala, and FLAG-SARS-CoV-2-S1493�685 following expression in HEK293T cells. Mutations in

any of the first three cysteines (C82A, C104A, and C147A) in NRP1 had a significantly negative impact on

FLAG-SARS-CoV-2-S1493�685 protein binding as evidenced by quantification of the relative amount of

FLAG-SARS-CoV-2-S1493�685 pulled down with different variants of NRP1 in 293T cells (Figures 2B, S2A,

and S2B). We also took advantage of repeating the experiment in Vero-E6 cell lines as they are relevant

A

B

C

Figure 2. Novel cysteines in NRP1 facilitate its interaction with SARS-CoV-2 S protein

(A) Schematic representation of SARS-CoV-2 S protein binding with NRP1 receptor. Contacting residues on S protein is

from 493-685.

(B and C) NRP1 binding with S protein is novel cysteines dependent. 293T and Vero-E6 cells were transfected with the

indicated HA-NRP1 (wild type and mutants) and FLAG-SARS-CoV-2-S1493�685 constructs. Cells were lysed 30 h post-

transfection, and the interaction between HA-NRP1 and FLAG-SARS-CoV-2-S1493�685 was analyzed.
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for SARS-CoV-2 research and observed notably reduced interaction for the first two cysteines. The C147A

mutant shows diminished interactions in Vero cells, but the binding was not statistically significant

(Figures 2C, S2C, and S2D).

To bolster our conclusion that these novel single-cysteine residues in NRP1 are critical for SARS-CoV-2

interaction, we used both Vero-E6 and HeLa cells to perform co-immunolocalization assays between

NRP1(s) and the FLAG-SARS-CoV-2-S1493-685. Our results corroborated these findings as they showed

markedly reduced colocalization between HA-NRP1-C82A, HA-NRP1-C104A, HA-NRP1-C147A, HA-

NRP1-4Cys-4Ala, and FLAG-SARS-CoV-2-S1493-685 compared to HA-NRP1-WT in both Vero-E6 and

HeLa cells (Figures 3 and S3A). Remarkably, in cells with transfected HA-NRP1-C82A, HA-NRP1-C104A,

and HA-NRP1-C147A the SARS-CoV-2-S1493�685 protein shows significant reduction in overall abundance

(Figures S3B and S4). These results could be due to the weaker association between the S protein and those

NRP1mutants altering the S protein expressions in cells. Previous studies show that NRP1 binds with SARS-

Cov-2 S protein with greater affinity and stabilizes the S1 (c-terminal region), which remains in folded

conformation14,28,29 and, thereby, restores the S protein expression. In the absence of NRP1, published

data show that SARS-CoV-2 S protein gets stretched and unfolded.30 Our data show a reduced abundance

of S protein in cells transfected with mutant NRP1. Taken together, we propose that in the presence of a

mutated version of NRP1, the S protein shows reduced binding and becomes more stretched, unfolded,

and non-functional. Unfolded or non-functional proteins are less stable and are more susceptible to degra-

dation pathways.31,32 Co-transfection of HA-NRP1-4Cys-4Ala with S1 might express some unfolded S pro-

teins targeted by the secretory pathway components for its degradation and thereby altering the overall S

protein abundance in cells.

Mutation in the novel cysteines in NRP1 universally impairs its interaction with different

SARS-CoV-2 S protein variants

We then examined whether the full-length SARS-CoV-2-S protein could influence the interaction with NRP1.

The interaction between HA-NRP1-4Cys-4Ala and SARS-CoV-2-S was impaired when co-expressed in 293T

and Vero-E6 cells and subjected to immunoprecipitation (Figures 4A and 4B). We concluded that full-length

SARS-CoV-2-Sprotein is equally susceptible toNRP1cysteinemutations. The immediatedevelopmentof a vac-

cine against COVID-19 has provided a vital tool to fight against the rapid spread of the SARS-CoV-2 virus. How-

ever, constantly evolving mutations in the S protein imposes a challenge for effective deployment of vaccines.

To establish NRP1 as a potential universal candidate for targeted therapy, we used full-length FLAG-

tagged SARS-CoV-2-S, SARS-CoV-2-B.1.1.7-S, and FLAG-tagged SARS-CoV-2-B1.351-S, representing

the original, alpha, and beta variants, respectively, for colocalization assays. HA-NRP1-4Cys-4Ala was

equally incapable of interacting with the variants as confirmed from the immunofluorescence data

(Figures 4C, 4E, and 4G). In addition, viral S protein load in cells co-transfected with HA-NRP1-4Cys-4Ala

was reduced significantly as compared to the NRP1-WT (Figures 4D, 4F, and 4H). This study provides

the first experimental evidence supporting our hypothesis that targeting these specific amino acids in

NRP1 PAN domain could be effective in reducing viral spread irrespective of the S protein variants,

although emerging variants will need to be evaluated.

NRP1 interaction with co-receptor Plexin-A1 is cysteine dependent

As mentioned earlier, NRP1 acts as a ligand for the secreted semaphorins. However, NRP1 cannot trans-

duce the semaphorin-induced downstream signal in the cytoplasm due to their short intracellular

domain.33 Regular interaction with type-A plexins is required to form the functionally active receptor for

secreted semaphoring 3A.34,35 Both NRP1 and plexins are well-known prognostic markers for several

cancers, including glioblastoma and pediatric brain tumors causing poor survival in the patients.36–38

Therefore, we decided to test whether these cysteine residues in the vestigial PAN domain of NRP1

can be targeted against the plexin-A1 binding. HA-NRP1-WT and HA-NRP1-4Cys-4Ala variants were

Figure 3. Detection of interaction of NRP1 and SARS-CoV-2 S protein in cells

Representative images of colocalization studies between FLAG-SARS-CoV-2-S1493�685 and different HA-NRP1 constructs by confocal immunofluorescence

microscopy in Vero-E6 cells. The cells were transiently transfected with FLAG-SARS-CoV-2-S1493�685 and different mutants of HA-NRP1 as indicated. 30 h

post-transfection, cells were fixed andmounted, and protein expression patterns were visualized using a Leica SP8White Light Laser Confocal System. Scale

bars represent 10 mm. The images shown are representative from three independent biological experiments (average 100 cells were observed per

experimental condition per replicate).
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co-expressed with FLAG-Plexin-A1 in HEK293T cells, and complexes were immunoprecipitated using anti-

FLAG. Our results indicated that the 4Cys-4Ala mutant showed significantly reduced binding with Plexin-

A1 (Figures S5A and S5B). In agreement with our biochemical data, we reconfirmed that mutating these

cysteine residues reduced the colocalization signal for NRP1 and Plexin-A1 when transfected in HeLa cells

(Figure S5C). Plexin-NRP1-4Cys-4Ala reduced interaction reveals that the PAN domain in NRP1 might be

helpful to targeted therapy for cancers caused by aberrant activation of the NRP1 signaling pathway.

Several NRP1-directed therapies such as anti-NRP1 mAb, NRP1 antagonist, and anti-NRP1 nanobodies

showed reduced size tumors without toxicity.39–42 Above studies reveal that targeting NRP1 can be highly

effective without side effects. It could also be considered as a path in treating the severe SARS-CoV-2 infec-

tion in cancer patients.

Attenuated association of NRP1 mutant with endolysosomal marker lysosome-associated

membrane protein 1 (LAMP1)

Upon binding with its substrate, efficient transmembrane receptor internalization and trafficking are essen-

tial for the proper progression of several cellular processes.27 Various pathogenic viruses utilize the host

endocytic pathway to get access to cells including SARS-CoV-2 as it follows the conventional endosomal

secretory route for its subsequent maturation and release from the infected cells.43,44 Therefore, numerous

antiviral drugs targeting this pathway have been demonstrated against pathogenic viruses, namely Ebola

(EBOV), African swine fever virus (ASFV), and SARS-CoV-2.44 Cellular proteins promoting this endocytic

trafficking could provide a potential target against the spreading of the pathogenic virus. Thus, we deter-

mined the vesicular distribution of NRP1-WT and NRP1-4Cys-4Ala by staining for endolysosomal

membrane protein marker, LAMP1. We transfected Vero-E6 cells with HA-tagged NRP1-WT and NRP1-

4Cys-4Ala. Immunofluorescence analysis revealed a substantially low level of colocalization between the

NRP1-4Cys-4Ala mutant and LAMP1 compared with NRP1-WT in cells (Figure S6). Thus, our study supports

the notion that an overall reduction in viral S protein loads in the cells co-transfected with NRP1-4Cys-4Ala

mutant could result from a widespread alteration in the endolysosomal pathway.

Reduced expression of SARS-CoV-2 S protein is related to NRP1 functional mutation

To ascertain our observations for lower S protein density in cells related to theNRP1 PANdomainmutation, we

co-transfected 293T cells with HA-NRP1-WT andNRP1-4Cys-4Ala mutant with FLAG-SARS-CoV-2-S1493�685 at

different ratios and measured the expressed S protein levels (Figure 5A), and the outcome further supported

our previous observation that reduced S protein density was solely due to the lack of functional NRP1 receptor

in cells (Figure 5B). In fact, increasing the transfection ratio for FLAG-SARS-CoV-2-S1493�685 could not fully

rescue the S protein yield in cells transfected with HA-NRP1-4Cys-4Ala mutant (Figures 5A and 5B). Full-length

SARS-CoV-2-S protein also exhibited reduced S protein density when co-transfected in a 1:1 ratio together

with the HA-NRP1-4Cys-4Ala mutant compared with wild type (Figure 5C). Similar impact on experimental

outcome was also noted while using Vero-E6 cells (Figures 5D and 5E). These results demonstrate that

NRP1 4Cys-4Ala mutation at the PAN domain plays a critical role in diminishing both initial S protein recogni-

tion and overall S protein abundance in transfected cells.

Transcriptome analysis of 293T cells shows differential gene expression following PAN

mutation

As we have pinpointed specific NRP1 cysteines necessary for S1 binding, we aimed to identify the down-

stream pathways that could be activated resulting from this interaction. The goal was to find whether

Figure 4. Mutation in the novel cysteines in NRP1 universally impairs its interaction with different SARS-CoV-2 S protein variants

(A and B) NRP1 PANdomain cysteines play crucial role in SARS-CoV-2 S protein binding. Both 293T and Vero-E6 cells were transfected with the indicated HA-

NRP1 (wild type and 4Cys-4Ala mutant) and FLAG-SARS-CoV-2-S constructs. Cells were lysed 30 h post-transfection, and the interaction between HA-NRP1

and FLAG-SARS-CoV-2-S was analyzed.

(C, E, and G) Representative images of colocalization studies between FLAG-tagged different SARS-CoV-2 S protein variants and indicated HA-NRP1

constructs by confocal immunofluorescence microscopy in Vero-E6 cells. The cells were transiently transfected with different FLAG-SARS-CoV-2-S and

different constructs of HA-NRP1 as indicated. 30 h post-transfection, cells were fixed and mounted, and protein expression patterns were visualized using a

Leica SP8 White Light Laser Confocal System. Scale bars represent 10 mm. The images shown are representative from three independent biological

experiments (average 100 cells were observed per experimental condition per replicate).

(D, F, and H) Quantification of the Vero-E6 cells expressing FLAG-SARS-CoV-2-S, FLAG-SARS-CoV-2-B.1.1.7-S, and FLAG-SARS-CoV-2-B.1351-S in the

presence of indicated HA-NRP1 constructs. Percentage of cells with FLAG-SARS-CoV-2-S protein was calculated for each of the variant separately and

normalized compared to their respective control set (cells with HA-NRP1-WT). Data are represented as mean G SD, n = 3 (average 100 cells were observed

for each condition per experiment), and *, p < 0.05; **, p < 0.005; ***, p < 0.0005 were calculated by Student’s t test.
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Figure 5. Reduced expression of SARS-CoV-2 S protein is related to NRP1 functional mutation

(A) 293T cells were transfected with the indicated HA-NRP1 (wild type and 4Cys-4Ala mutant) and FLAG-SARS-CoV-2-S1493�685 constructs at different ratio.

Cells were lysed 30 h post transfection, and the protein expression was analyzed.

(B) Quantification of the band intensities (n = 3). FLAG-SARS-CoV-2-S1493�685 band intensities were normalized to the actin band and further normalized to

FLAG-SARS-CoV-2-S1493�685 level in presence of NRP1-WT for each experimental set up. Mean and SD are indicated. Data were analyzed by one-way

ANOVA: *,p < 0.05; **,p < 0.005; ***, p < 0.0005.

(C) 293T cells were transfected with the indicated HA-NRP1 (wild type and 4Cys-4Ala mutant) and FLAG-SARS-CoV-2-S constructs at 1:1 ratio. Cells were

lysed 30 h post transfection, and the protein expression was analyzed.

(D and E) Immunoblot analysis showing altered expression of exogenously expressed SARS-CoV-2-S1493�685 or (e) SARS-CoV-2-S in Vero-E6 cells in presence

of NRP1-4Cys-4Ala mutant.
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mutating NRP1 results in altered expression of target genes. To that end, we characterized transcriptional

responses in cells transiently co-transfected either with HA-NRP1-WT and FLAG-SARS-CoV-2-S1493�685 or

HA-NRP1-4Cys-4Ala and FLAG-SARS-CoV-2-S1493�685. Total RNA was extracted from HEK293T cells 30 h

post-transfection. Transcriptional profiling demonstrated differential expression of the genes takes part in

ribosomal biogenesis, immune signaling, proteasomal degradation, and cell cycle pathway (Figure 6A).

Specifically, we observed reduced expression for multiple ribosomal proteins (RPs) in cells transfected

with HA-NRP1-4Cys-4Ala. RPs have been shown in several studies to be an important candidate in immune

signaling.

We also observed reduced expression of RPL13 in cells transfected with mutated HA-NRP1-4Cys-4Ala.

RPL13 overexpression promotes the induction and activation of promoters for the nuclear factor-kB

(NF-kB) and interferon-b (IFN-b) genes.45 The NF-kB pathway is already considered a potential therapeutic

target to treat COVID-19 disease.46 Another candidate of RP involvement in immune signaling is ribosomal

Protein S3 (RPS3), which selectively modulates NF-kB gene expression. RPS3 was identified as the non-Rel

component of the NF-kB complex by directly binding to the RelA subunit.47 In addition, IkB kinase B (IkkB)

phosphorylates RPS3 at serine 309, which promotes RPS3 translocation to the nucleus48 and induces ubiq-

uitination of NF-kB inhibitor. In addition, we see the high expression of NF-kB1, an inhibitor of the NF-kB

pathway.49 We believe as the expression of RPS3 was downregulated, the IkkB-RPS3 could not be activated

and induced the expression of NF-kB1 in HA-NRP1-4Cys-4Ala and FLAG-SARS-CoV-2-S1493�685 co-trans-

fected cells. Some RPs also facilitate translation initiation, where the virus infects the host.

RPS9, RPLP1/2, and RPS19 are the signature genes required for viral protein synthesis.50–52 We could see

the expression of these genes is downregulated. So, selective inhibition of the S1-HA-NRP1-4Cys-4Ala

interaction would reduce SARS-Cov-2 infection when exposed to the virus. However, further investigation

is needed to understand how ribosomal protein expression relates to stable S1-NRP1 interaction.

In addition, we evaluated expression patterns of genes that participate in cell cycle pathways in our tran-

scriptome analysis since we were interested in finding out which pathway gets activated. We found consid-

erably higher expression of some cell cycle genes in cells transfected with HA-NRP1-WT compared to the

cells transfected with HA-NRP1-4Cys-4Ala in the presence of SARS-CoV-2-S1493�685 (Figure 6A). These

included kinesin family member 20A (KIF20A), SRY-box 2 (SOX2), and (TACC3). KIF20A, which was initially

discovered as a key protein in mitosis, was later found to be responsible for poor prognosis in cancers when

it is upregulated.8 Downregulation of KIF20A induces cell-cycle arrest and apoptosis by suppressing PI3K/

AKT pathway.53 SOX2 is a universal cancer stem cell marker, accountable for the maintenance of cancer

stem cells and tissue homeostasis,54 and it is known to initiate cell division and is known to be a regulator

of G1/S transition in cell cycle. TACC3 regulates spindle organization during mitosis and is an important

candidate for cell division.55 Growth of lung cancer has been reported to be inhibited by targeting Protea-

some subunit beta type6 (PSMB6).56 PSMB7 is a prognostic biomarker for breast cancer.57 On the other

hand, transcriptome profiling revealed upregulated expression of several genes implicated in cellular path-

ways like ubiquitination, degradation, and suppression of inflammation. We observed significantly higher

expression of both degradation in ER protein 3 (DERL3) and homocysteine-inducible ER protein with ubiq-

uitin-like domain 1 (HERPUD1), both of which are known to promote degradation of misfolded proteins in

the ER.58,59 Interestingly, DERL3 has been identified as a potential candidate gene that might be regulated

via SARS-CoV-2-induced DNA methylation changes in COVID-19 infection.60 HERPUD1, which usually ac-

tivates innate immune response, is an ER stress marker and was found to be upregulated in L cells infected

with mouse hepatitis virus (MHV) or SARS-CoV.61 To our surprise, we saw higher ER oxidoreductase 1 beta

(ERO1B) expression in cells transfected with HA-NRP1-4Cys-4Ala. ERO1B re-oxidizes PDIA4 leading to

reactive oxygen species production.62

Abrogating the interaction between NRP1 and S1 reduces the expression of several 20S proteasomes,

which includes PSMB 3,4,5,6, and 7. PSMBs are in the class of modified proteasomes, involved in process-

ing class I major histocompatibility complex peptides, and have an enhanced ability to generate antigenic

peptides.63 Moreover, Proteasomes are present throughout the eukaryotic cells and cleave peptides in an

ATP/ubiquitin-dependent process.64

Inflammatory responses define the outcome of viral infection, and hyperinflammation in COVID-19 contrib-

utes to disease severity.65 One of the important factors that play a central role in the initiation and
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Figure 6. Transcriptome analysis in 293T cells

(A) Heatmap of selected genes. Heatmap displaying pattern of expression for the candidates showed an altered

expression pattern following transfection with different NRP1 constructs (WT and 4Cys-4Ala) and FLAG-SARS-CoV-2-

S1493�685. Genes are depicted based on their expression ratios across three RNA seq comparison. Colors range from

bright red (upregulation; log2 ratio over control) to bright green (downregulation; log2 ratio over control).

(B) Venn diagram is to visualize the overlap in the genes found to be differentially expressed in the NRP1-WT vs NRP1-

4Cys-4Ala mutant and NRP1-WT+ SARS-CoV-2-S1493�685 vs NRP1- 4Cys-4Ala+ SARS-CoV-2-S1493�685. Each circle

represents a group of gene sets, and the areas superimposed by different circles represent the intersection of these gene

sets. The non-overlapping part indicates the uniquely expressed genes, and the numbers on the figure indicate the

number of genes in the corresponding area.
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resolution of this response is the NF-kB/REL family of transcription factors. NF-kB subunit c-Rel acts as a

transcriptional repressor of inflammatory genes.66 Our results indicated higher expression for both

c-REL and NF-kB1 with HA-NRP1-4Cys-4Ala in the presence of SARS-CoV-S1493�685.

Finally, Venn diagram shows overlap of genes found to be differentially expressed when cells were trans-

fected with NRP1-WT vs. NRP1-4Cys-4Ala without the S protein as well as when cells were transfected with

NRP1-WT plus SARS-CoV-2-S1493�685 vs. NRP1-4Cys-4Ala plus SARS-CoV-2-S1493�685 (Figure 6B). Interest-

ingly, the inclusion of SARS-CoV-2-S1493�685 dramatically increased differential expression of unique genes

to 10 times higher between the two groups (Figure 6B). Collectively, these data potentially revealed pre-

viously unknown downstream targets involved in NRP1 mediation of SARS-CoV-2 S1 interaction.

Reduced cellular expression of pERK was observed in cells co-transfected with SARS-CoV-2 S

protein and NRP1 mutant

As obligate intracellular pathogen, viruses take over the complex metabolic machinery of the host to pro-

duce more viral particles and maintain viral pathogenesis. One way to do that is to manipulate the existing

host cell signal transduction pathway to ensure optimal viral replication. One of the best-known pathways

required by several DNA and RNA viruses to activate their replication machinery is that the mitogen-acti-

vated protein kinase (MAPK) family comprises extracellular signal-regulated kinases 1 and 2 (ERK1/2)

cascade, activated in response to environmental factors and inflammatory stress.67–69 Upon activation by

phosphorylation, ERK1/2 MAPKs translocate to the nucleus and trigger downstream gene expression

required to facilitate viral infection, dysregulation of the host cell cycle, and alterations to host immune

responses to upregulate viral pathogenesis.70 Previous studies have reported that PD98059, a specific

inhibitor of the ERK/MAPK pathway, abolishes visna virus replication.71 Prior work has suggested that co-

ronavirus S protein activates the MAPK pathway and downstream inflammatory responses and can be tar-

geted by MEKi.72 In this study, we have taken a step forward in understanding the impact of novel cysteine

mutations in NRP1 on the alteration of the downstream signaling cascade by evaluating the phosphoryla-

tion levels of MAPK pathway-associated proteins. First, we analyzed the downstream activation of ERK1/2

in Vero-E6 cells transfected with NRP1-WT or NRP1-4Cys-4Ala mutant together with SARS-CoV-2-S1493-

685. The level of ERK phosphorylation was significantly downregulated in cells transfected with NRP1-

4Cys-4Ala as determined by western blot in the presence of recombinant S protein (Figures 7A and 7B).

To further investigate the correlation between reduced ERK phosphorylation and NRP1 mutation, we

compared the level of endogenous phosphorylated extracellular signal-regulated kinase (pERK) among

cells transfected with NRP1 without S protein. We found no changes in the pERK level in cells transfected

with NRP1-WT or NRP1-4Cys-4Ala mutant in the absence of the S protein (Figure 7C). Taken together; we

concluded that successful NRP1-S protein interaction is imperative for the higher expression of pERK.

However, in our study, we have not exclusively examined the functional consequences of the NRP1 muta-

tions on the actual SARS-CoV-2 viral particle infection. Based on the biochemical data we presented so far,

it might be reasonable to consider further preclinical experiments to establish a more direct approach to

use these novel cysteines as a target to suppress SARS-CoV-2 infection. Although our study dealt mainly

with increasing mechanistic knowledge, the observations here signify to the potential of fighting against

the SARS-CoV-2 virus by selectively targeting these novel cysteines.

DISCUSSION

PAN domain was originally discovered with a diverse biological function including a site for protein-protein

or protein-carbohydrate interaction.26 Our recent discoveries have confirmed that PAN mutation is exclu-

sively associated with the protein function rather than an overall structural change.18 In this study, we have

identified the presence of an unconventional PAN domain in NRP1 containing novel cysteine residues,

which when mutated, interfere with its stability as well as its ability to bind with the SARS-CoV-2 S protein.

However, unlike the conventional PAN domain that we have reported earlier, with NRP1, each cysteine res-

idue shows varying impact on NRP1 function and stability at the protein level. We also demonstrated a

marked reduction in overall S protein levels even in the presence of an intact endogenous angiotensin con-

verting enzyme 2 (ACE2) receptor in Vero-E6 cells following mutation of these residues. There was no sig-

nificant association between the NRP1-4Cys-4Ala and SARS-CoV-2 variants, suggesting that these novel

cysteines are critical determinants for NRP1 activity. Moreover, NRP1 has been connected to the occur-

rence of various cancers. Interaction between NRP1 and its ligand, VEGF165, is known to cause pathological

angiogenesis.73 Considered to be a therapeutic target against cancer, NRP1 signaling could bemodulated
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by targeting these novel cysteines since our results showed cysteine-mutated NRP1 was unable to interact

with its co-receptor Plexin-A1. This might broaden a new avenue in the cancer field as the NRP-plexin re-

ceptor complex regulates tumor cell migration, angiogenesis, and proliferation and represents an inter-

esting therapeutic target.36 Aberrant expression of NRP1 is associated with poor prognosis in cancer

and is already identified as a potential diagnostic or therapeutic target to improve survival and life quality

of patients.37,74 Because NRPs are considered as a prooncogenic co-receptor, these novel sites could be

used as a promising target for the development of highly specific and formidable NRP1 inhibitors.

Transcriptomic analysis reveals that the attenuated interaction of S1 and NRP1 cysteines showed some

downregulation of specific genes, which take part in immune signaling, proteasomal degradation, secre-

tory pathway, and cell cycle. Targeting the cysteine residues in NRP1 could act as the multi-pathway target

for SARS-CoV-2 S protein internalization. In addition, we provided experimental evidence that mutating

core cysteine residues in the NRP1 PAN domain results in negative regulation of downstream ERK1/2

A B

C

Figure 7. Reduced cellular expression of pERK was observed in cells co-transfected with SARS-CoV-2 S protein

and NRP1 mutant

(A) Vero-E6 cells were transfected with the indicated HA-NRP1 constructs together with FLAG-SARS-CoV-2-S1493�685.

Cells were lysed, and endogenous ERK phosphorylation was analyzed.

(B) Quantification of the band intensities (n = 3). pERK band intensities were normalized to the Actin control. Data are

represented as mean G SD, and **, p < 0.005 (Two-tailed Student’s t test).

(C) Immunoblot analysis of whole-cell lysate derived from Vero-E6 cells transfected with the indicated constructs.

Upregulation of ERK phosphorylation was abrogated in cells co-transfected with SARS-CoV-2 S protein andNRP1mutant.
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MAPK signaling cascade following S protein expression and altered endocytosis for the NRP1 receptor it-

self. Cantuti-Castelvetri et al. have identified the extracellular soluble b1/b2 domain of NRP1 as the primary

binding site for SARS-CoV-2 viral S protein,13,75 or the computational model predicts a2-b1-b2 recognizes

RRAR amino acid sequence of the S1 domain of SARS-CoV-2 following furin protease cleavage.76 Here, for

the first time to date, we showed direct evidence that novel cysteine residues in vestigial PAN domain

directly regulate the S protein interaction. Among the four cysteines identified, we showed two specific

cysteine residues, C82 and C104, located in the two N terminal CUB domain (a1/a2) have an significant

impact on the S protein recognition across various cell lines used even in the presence of intact b1/b2

domain and have the potential to act as a target site as mutation in any of these two reduced the S protein

recognition by NRP1 (Figure 8). Considering the lack of viral particles in this study, we postulate that future

examination of these newly identified sites will be necessary. However, our research provides new insights

about S protein-NRP1 interaction, increasing our understanding and enhancing our ability to design more

targeted strategies to counteract the differential response of COVID-19 virus variants against the vaccines.

Limitations of the study

Though our study suggests the presence of previously unknown novel sites in NRP1 that could be targeted

against the SARS-CoV-2 infection, this research has some limitations. Our study was solely based on the

data that we gathered by using various in vitro cell lines. This study did not include the actual viral particle.

Experimental determination of the interaction between viral particles and the cysteine residues in the vesti-

gial PAN domain of NRP1 is necessary. We have also shown a significantly reduced abundance of SARS-

CoV-2 S protein in the presence of NRP1 with the mutated PAN domain. But the direct evidence showing

the exact mechanism remains unclear. Moreover, we did not conduct any animal experiments to verify

some of our conclusion. However, despite these limitations, our current study provided insights into the

biochemical mechanism behind the NRP1-SARS-CoV-2 S protein binding that might be useful for devel-

oping targeted therapy to mitigate the viral infection.
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Chemicals, peptides, and recombinant proteins

TransIT-LT1 Mirus Bio Cat# MIR2305

Cycloheximide EMD Millipore Cat# AC357420010

Fluorimount G Southern Biotech Cat# 0100-01

Hoechst 33342 ThermoFisher Scientific Cat# 62249

TRIzol� Reagent ThermoFisher Scientific Cat# 15596026

Dulbecco’s Modified Eagle’s

(DMEM) complete medium

Corning Cat# 10-017-CV

Fetal bovine serum (FBS) Seradigm Cat# 1500-500GH

Penicillin-streptomycin Millipore Sigma Cat# P4333-100ML

Paraformaldehyde Electron Microscopy Sciences Cat# 15710

Amersham ECL Western

Blotting Detection Reagent

FisherScientific Cat# 45-002-401

Deposited data

HEK 293T RNA-seq This paper NCBI under BioProject ID PRJNA767890

https://www.ncbi.nlm.nih.gov/bioproject/

?term=PRJNA767890

Experimental models: Cell lines

HEK-293T (293T is an epithelial-like cell that

was originally isolated from the kidney of a

patient, age:fetus; available through ATCC)

ATCC Cat# CRL-3216�; RRID: CVCL_0063

HeLa (Originally isolated in 1951 from a cervical

carcinoma derived from a 31-year-old black

female patient; available through ATCC)

ATCC Cat# CCL-2�; RRID: CVCL_0030

Vero-E6 also known as Vero C1008 (African

Green Monkey Kidney Cells with epithelial

morphology; available through ATCC)

A generous gift from Carmen

Foster at the Oak Ridge

National Laboratory.

Cat# CRL-1586�; RRID: CVCL_0574

Recombinant DNA

N-terminal tagged HA-NRP1 and

different mutants of HA-NRP1

GenScript (customized)

C-terminal tagged Flag-Plexin-A1 GenScript (customized)

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Wellington Muchero (mucherow@ornl.gov).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The published article and supplemental information include all data generated and analyzed during this

study. This paper does not report original code.

d RNA-seq data has been deposited at NCBI and are publicly available as of the date of publication.

Accession number is listed in the key resources table.

d Any additional information supporting the current study in this paper is available from the lead contact

upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mammalian cell culture, transfection, and drug treatment

Vero-E6 cells were obtained from Carmen Foster at the ORNL as a generous gift. HeLa and HEK 293T cells

were obtained from ATCC and maintained in a humidified atmosphere at 5% CO2 in Dulbecco’s Modified

Eagle’s (DMEM) complete medium (Corning) supplemented with 10% fetal bovine serum (FBS; Seradigm)

in 37�C. Plasmid transfections were done with TransIT-LT1 (Mirus Bio) per the manufacturer’s instructions.

Detailed information regarding all the cell lines used was provided in the ‘‘key resources table.’’

Declaration

No human or animal subjects were used for this study.

Plasmids and recombinant proteins

N-terminal tagged HA-NRP1 and different mutants of HA-NRP1, C-terminal tagged Flag-Plexin-A1, N-ter-

minal tagged Flag-SARS-CoV-2-S-original (NC_045512.2), Flag-SARS-CoV-2-B.1.1.7-S, Flag-SARS-CoV-

B.1.351-S were all obtained from GenScript (Cloned into pcDNA 3.1 vector). N-terminal tagged

Flag-SARS-CoV-2-S1493-685 was made in GenScript.

METHOD DETAILS

PAN domain sequence alignment

Proteins with PAN domains were identified from Uniprot and were selected from 2 model organisms.77 The

PAN domain coordinates from Uniprot were used to extract the PAN domain sequences from the full-

length proteins which were then aligned with MAFFT linsi.78 The alignment was visualized with Geneious.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

N-terminal tagged Flag-SARS-CoV-2-S-

original (NC_045512.2), Flag-SARS-CoV-2-

B.1.1.7-S, Flag-SARS-CoV-B.1.351-S

GenScript (customized)

N-terminal tagged

Flag-SARS-CoV-2-S1493�685

GenScript (customized)

Software and algorithms

GraphPad Prism v8 GraphPad https://www.graphpad.com/

ImageJ ImageJ software https://imagej.net/Fiji

DESeq2 Bioconductor software https://bioconductor.org/

https://bioconductor.org/packages/

release/bioc/html/DESeq2.html
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Immunofluorescence and confocal microscopy

Vero-E6 cells were seeded on coverslips in 24 well plates. Where indicated, cells were transfected with HA-

NRP1 WT and different PAN domain mutants together with different SARS-CoV-2 spike protein constructs

as indicated for 30 hr, followed by fixation in 4% paraformaldehyde. Next, the cells were permeabilized with

0.5% Triton X-100 in PBS, washed and then blocked for 30 minutes at room temperature with 5% BSA in

PBS. Cells were incubated with primary antibodies in 5% BSA in 1X-PBS with 0.5% Triton X-100 for 1 hr

at room temperature. After washing the cells were incubated with appropriate secondary antibodies in

5% BSA in PBST for 30 minutes at room temperature. DNA was counterstained with 1 mg/mL Hoechst

33342 and mounted with Fluorimount G (Southern Biotech). Cells were imaged using a Leica SP8 White

Light Laser Confocal System. HeLa cells were visualized using a Zeiss LSM 710 confocal microscope.

Membrane localization of different NRP1(s) in Vero-E6 cells were done as described previously.79,80 Briefly,

cells were grown on glass coverslips and transfected with N-terminal tagged HA-NRP1 WT and different

NRP1 mutants as indicated for 30 hr. All the washing, antibody incubation and 4% (w/v) paraformaldehyde

fixation were done at 4 �C without incorporating any permeabilization steps. ZO-1 was used as a control

membrane marker. Images were acquired on Zeiss LSM 710 confocal microscope.

Western blotting and immunoprecipitation

For immunoprecipitation, either HA-tagged NRP1 (or mutants) and Flag-tagged SARS-CoV-2-S (or

S1493-685) mutant or HA-tagged NRP1 (or mutants) and Flag- Plexin-A1 were expressed where indicated

in cells for 30 hr. Cell extracts were generated in EBC buffer, 50mM Tris (pH 8.0), 120mM NaCl, 0.5%

NP40, 1mM DTT, and protease and phosphatase inhibitors tablets (Thermo Fisher Scientific). Equal

amounts of cell lysates were incubated with the indicated antibodies conjugated to protein G beads (Invi-

trogen) respectively from 4h to overnight at 4�C. The beads were then washed with EBC buffer including

inhibitors. Immunoprecipitation samples or equal amount of whole cell lysates were resolved by SDS-

PAGE, transferred to PVDF membranes (Milipore) probed with the indicated antibodies, and visualized

with either LiCor Odyssey infra-red imaging system or Chemiluminescence detection. For cycloheximide

stability assay, 293T cells were transfected with the constructs encoding HA-NRP1 or HA-NRP1 mutants.

24 hr post transfection, cells were splitted and replated. 20 hr post splitting, cells were treated with 100

ug cycloheximide. Cells washed with PBS and lysed. Briefly, Cell extracts were generated on ice in EBC

buffer, 50mM Tris (pH 8.0), 120mM NaCl, 0.5% NP40, 1mM DTT, and protease and phosphatase inhibitors

tablets (Thermo Fisher Scientific). Extracted proteins were quantified using the PierceTMBCA Protein assay

kit (Thermo Fisher). Proteins were separated by SDS acrylamide gel electrophoresis and transferred to

IMMOBILON-FL 26 PVDF membrane (Milipore) probed with the indicated antibodies and visualized either

by chemiluminescence (according to the manufacturer’s instruction) or using LiCor Odyssey infra-red im-

aging system. To detect the phosphorylation of ERK1/2, Vero cells were transfected with indicated con-

structs expressing NRP1 and SARS-CoV-2 spike proteins. 30 hr post transfection, cells were lysed and

the expression of p-ERK and total ERK were determined by Western blot.

RNA-seq analysis

For RNA-seq analysis, Total RNA was extracted from HEK293T cell line 30 hr post transfection (HA-NRP1

and SARS-CoV-2-S1493-685 and or HA-NRP1-4Cys-4Ala and SARS-CoV-2-S1493-685) using TRIzol reagent

(Invitrogen) according to the manufacturer’s instructions. Quantification and quality control of isolated

RNA was performed by measuring absorbance at 260 nm and 280 nm on a NANODROP ONEC spectro-

photometer (Thermo Scientific, USA). The RNA-seq run was performed with four biological replicates. Li-

brary prep and sequencing was performed by BGI using the DNBSEQ-G400 platform which generated

100bp paired-end reads. The raw RNA-seq reads have been deposited at NCBI under BioProject ID

PRJNA767890. Clean reads were aligned to the human reference genome GRCh38. Reads were mapped

with bowtie2 v2.2.5.81 Differential expression analysis was performed with DESeq2, genes with an adjusted

p-value less than 0.05 were considered differentially expressed.82

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed on individual experiments, as indicated, with GraphPad Prism 8 Soft-

ware using an unpaired t-Test, equal variance for comparison between two groups and one-way ANOVA

for comparisons between more than two groups. A P value of *P<0.05 was considered as statistically

significant.
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