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ARTICLE INFO ABSTRACT

Keywords: Variants of SARS-CoV-2 lineages including the most recently circulated Omicron, and previous pandemic
N501Y B.1.351, B.1.1.7, which have been public concerns, contain a N501Y mutation located in the spike receptor
:1(\}1;;—C0V-2 binding domain. However, the potential interactions with host cells linking N501Y mutation to pathogenic

relevance remain elusive. Recently, we and others report that kinases such as PI3K/AKT signaling are essential in
SARS-CoV-2 entry. Here we analyzed the predicted potential kinases interacting with the mutation. Bioinfor-
matics tools including structure-prediction based molecular docking analysis were applied. We found kinases
such as EGFR might potentially act as new factors involving the N501Y mutation binding through possible
phosphorylation at Y501 and enhanced affinity in certain variants. To our surprise, the Omicron receptor binding
domain harboring N501Y mutation did not enhance binding to EGFR which might be due to the mutations of
charged polar to uncharged polar side chains located on the interaction interfaces. Similarly, potent gains of
phosphorylation in B.1.351 and B.1.1.7 by mutations were predicted and interaction networks were analyzed
with enrichment of pathways. Given kinases might be elevated in cancer patients, the N501Y mutation con-
taining lineages may be possibly much more infectious and additional care for cancer management might be

Network pharmacology

taken into consideration by precision prevention, therapy or recovery.

1. Introduction

Recently, Omicron (B.1.1.529) was reported or predicted to be
associated with rapid increase of COVID-19 cases (https://www.who.int
/news/item/28-11-2021-update-on-omicron). The new, widely re-
ported and WHO concerned SARS-CoV-2 variant has caused many
countries travel restrictions or border closures even more studies are still
ongoing or urgently needed for the clinical investigations and border
closure benefit [1]. The number of reported Omicron cases from early
discovery dates to nowadays showed that in the short period about less
than 2 weeks, the circulating of Omicron has been found in at least 65
countries and territories with more than thousands of confirmed cases
and more than a thousand suspected cases (Fig. 1) (https://www.gisaid.
org/hcov19-variants/; https://en.wikipedia.org/wiki/SARS-CoV-2_Omi
cron_variant).

Omicron contains many more mutations compared with other vari-
ants such as SARS-CoV-2501.V2 (B.1.351 lineage) and VOC 202012/01

* Corresponding author.
E-mail address: xieautumnus@yahoo.com (Y. Xie).
1 Co-first authors.

https://doi.org/10.1016/j.tmaid.2021.102242

(B.1.1.7 lineage) [2]. All the three variants retain N501Y mutation on
spike protein receptor binding domain (RBD) which is required for
binding to human receptor ACE2 (hACE2) for viral entry to host cells.
The B.1.1.7 is reported to be more infectious with higher spreading rate
and increased binding affinity to ACE2 [2] in particular due to N501Y,
compared with other mutations such as E484K [3,4]. The N501Y mu-
tation localizes at RBD that might help in attaining higher binding to
host cells and result elevated transmission and infectious. However, not
much are reported as an evidence of kinase or other signaling pathways
resulting the severe complications or increased death rate by variant
containing N501Y mutation has been concluded. Nevertheless, further
in-depth studies on the newly emerged variant mutations induced host
cell signaling is highly needed to aid the drug development and travel
infection prevention.

It has been reported that tyrosine (Y) residue is easily phosphory-
lated [2]. Therefore, we hypothesized that the N501Y mutation could be
more prone to the host-kinases to be modified or phosphorylated. Here
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we aimed to investigate the potential of the phosphorylation and predict
kinases with molecular docking analysis for binding to kinases using first
reported, wild type SARS-CoV-2 RBD as control and repurpose the po-
tential therapeutic methods.

2. Methods

To test the hypothesis and predict the tyrosine kinases that might
phosphorylate the mutated Spike RBD at N501Y, several bioinformatics
tools are applied. Group-based Prediction System of version 5.0 web
server (GPS 5.0) [5] is based on the highest probability of phosphory-
lation indicated by the “score”, and the “cut-off” value, which should not
exceed 15% to give significant results. Another is NetPhos 3.1 web
server [6,7] - DTU (www.cbs.dtu.dk ) services ) NetPhos) with the
threshold score which is equal to 0.5.

For modeling and docking assignments, wild type hACE2, corona-
virus spike RBD and kinase domain of human EGFR were retrieved from
the Protein data bank (7EKG and 4123). AlphaFold and Modeller were
employed to generate mutant structures for Omicron and N501Y RBD
[8,9]. In order to generate protein-protein complexes, the HDock pro-
gram was utilized that samples the potent binding modes by Fast Fourier
transform (FFT)-based global search optimization method and consid-
ering the available homologue information from the PDB in generating
binding modes [10,11].

For the generated complexes, contact based prediction methods were
used to predict and evaluate the binding-affinities(AG) and dissociation
constant Kd (M), explained in Ref. [12]. For protein-protein interaction
networks analysis, we applied a STRING database [13] and retrieved it
by Cytoscape7.3 software [14]. ClusterONE plug-in of Cytoscape 7.3
was used to identify the most significant cluster (nodes as 45; density as
0.498; p-value <0.001) [15,16]. The mutation data were obtained from
resources [17,18]. The most important KEGG pathways were identified
by the data taken from the Kobas database. Five KEGG pathways were
chosen according to the corrected p-value <3.40e-9 and kappa
score 0.4. Analysis was also performed by an online tool [19].

3. Results and discussion

3.1. Docking analysis of a kinase with N501Y mutation in SARS-CoV-2
lineages

First we applied NetPhos 3.1 server for predicting kinases that potent

AG (keal mol-1) = -12.6
Kd (M) at 25.0 °C = 5.4E-10

Spike RBD
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potentially phosphorylate Y501, and we found the phosphorylation site
was predicted whereas the gain of phosphorylation at N501 (wild type)
was not found (Supplementary Fig. S1). SRC and epidermal growth
factor receptor (EGFR) were potent kinases to phosphorylate Y501.
Through another server GPS 5.0, EGFR and Fibroblast growth factor
receptor (FGFR) were found. Interestingly, MET was predicted too even
with a reduced score. It has been shown that both EGFR and MET kinases
play an essential role in lung cancer [20]. On the contrary, we did not
find kinases using other tools like Quokka, KinasePhos and ELM which
might be explained by the limited database or different algorithm used.
Thus, through the two programs prediction, EGFR potentially interacts
with and phosphorylates SARS-CoV-2 spike RBD at N501Y.

Next, we employed docking tools to generate desired complexes of
the EGFR with wild and N501Y spike RBD. First, we calculated the
binding affinities of the wild type PDB complex (7EKG) and dock com-
plex of the mutant (N501Y) spike RBD against the hACE2 receptor as a
control. Our results depicted that in both cases the complex retrieved
same binding affinity of —12.6 kcal/mol, suggesting a negligible impact
of the point mutation (Fig. 1, Table 1). Subsequently, dock complexes of
kinase domain of EGFR-RBD wild and mutant were generated. The
N501Y EGFR-RBD complex showed slightly higher affinity of —12.3
kcal/mol compared to —11.6 kcal/mol with wild type RBD (Figs. 2 and
3, Table 1). Interestingly, the Omicron RBD showed the lowest binding
affinity of —10.4 kcal/mol among all the tested complexes (Fig. 4).
Omicron RBD contains 11 mutations, where 4 of them K417 N, E484A,
G496S and N501Y were found on the interface region (Fig. 4). Besides,
the disappearance of the acidic and basic residues, with the interface of
the Omicron RBD presented an interface region with higher uncharged
polar side chains retaining amino acids.

Table 1
Statistics of docking analysis for all the generated complexes.

Complex Name Docking Score Template Used LG-score/Quality

ACE2-RBD (wild) —253.22 7EKH 5.051
ACE2-RBD (N501Y) —271.33 7EKH 5.051
EGFR-RBD (wild) —267.34 4C02 5.284
EGFR-RBD (N501Y) —257.35 4C02 5.284
EGFR-Omicron RBD —266.98 4C02 5.037

LG-score indicates the reliability of the docking results and was calculated by
ProQ program. Based on the LG-score, all the docked complexes were ranked in
top hierarchy (LG-score > 5.0) [11].

Fig. 1. Superimposition of the spike RBD and ACE2 complexes. Docked complexes of the Spike RBD wild type (pink) and N501Y (light green) are shown in cartoon
representation with hACE2 receptor. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)


http://www.cbs.dtu.dk
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AG (kcal mol-1) = -11.6
Kd (M) at 25.0 °C = 3.0E-09

o
EGFR Kinase domain

Fig. 2. Complex structure of the spike RBD against the kinase domain of EGFR. The predicted complex of spike RBD (pink) with kinase domain of EGFR (blue) are
shown in cartoon representation. The stick representation are the interface residues located in the region of 5 A. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

AG (kcal mol-1) = -12.3
Kd (M) at 25.0 °C = 1.0E-09

Spike RBD N501Y

EGFR Kinase domain

Fig. 3. Complex structure of the mutant spike RBD against the kinase domain of EGFR. The predicted complex of mutant spike RBD (pink) with kinase domain of
EGFR (blue) are shown in cartoon representation. The residues in stick representation are of the interface located in the region of 5 A. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Overall, these results indicate that RBD retains the capability to 3.2. Network prediction of the mutations in SARS-CoV-2
interact EGFR, as the wild type and mutant complex showed binding
affinity almost equivalent to the control hACE2-RBD complex. In addition to N501Y, we also performed prediction of other
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AG (kcal mol-1) = -10.4
Kd (M) at 25.0 °C = 2.2E-08

EGFR Kinase domain

Fig. 4. Complex structure of the Omicron spike RBD against the kinase domain of EGFR. The predicted complex with green and red spheres indicate the mutations
observed in Omicron RBD and on the interface region, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

mutations of B.1.351 and B.1.1.7 lineages by potent phosphorylation
using servers search as mentioned above. These include gain of possible
phosphorylation by mutations of the two lineages with mutations of
12230T, N501Y; or H2799Y, D4527Y, N501Y to gain phosphorylation,
compared with wild type sequences. All potent kinases were listed and
further analyzed for gain of potent phosphorylation with protein-protein
interaction maps (Supplementary Figs. S2 and S3). We found EGFR,
ErbB and MAPK pathways are top ranked in the variants host cell
signaling based on KEGG analysis (Fig. 5A). Gene Ontology analysis on
biological processes suggest the phosphorylation, cell proliferation,
apoptosis and DNA replication pathways are involved in the two vari-
ants (Fig. 5B). Thus, the gain of potent phosphorylation by kinases might
induce the possibly signaling transduction events resembling cancer
induced cell death or phosphorylation events.

3.3. Potent kinase inhibitors in treatment and prevention of the N501Y
mutations induced gain of phosphorylation

The EGFR, a receptor tyrosine kinase, is known to be frequently
mutated and upregulated in some cancers in response to their internal
and external stresses to survive and resist against different types of
therapies. EGFR has also been reported acting as a receptor in viral entry
for influenza, and hepatitis C viruses [21]. According to Ref. [22]
SARS-CoV-2 infection causes activation of aberrant STAT pathway
which results in an acute lung injury upregulating EGFR that leads to
constitutive STAT3 activation. Moreover, EGFR signaling can disrupt
antiviral events induced by INF-u, thus promoting severity of viral
infection [23]. A recent study by proteomics found that the SARS-CoV-2
proteins are mostly phosphorylated and network analysis identified
EGFR as a central hint of the proteomic interactome [21]. The study also
reported that sorafenib, a RAF inhibitor and RO5126766, a RAF/MEK
dual inhibitor can disrupt viral entry and infection which is promising in
anti-COVID-19 [21]. For mechanistic analysis, EGFR likely plays
essential roles in cell fusion during infection of respiratory syncytial
virus predicted by the other virus studies.

Given the specificity of over-expression of EGFR or SRC kinases in
some cancers and its predicted role in COVID-19, it suggests an addi-
tional consideration with the treatment of cancer patients, as cancer
patients with elevated EGFR or SRC might be susceptible to the variants
of SARS-CoV-2 as predicted above. Our data also suggest that the
mutated N501Y and other sites of the RBD has the potential to be

phosphorylated by different kinases including EGFR. Thus kinase in-
hibitors could possibly be considered and studied as an agent for pre-
cision treatment of cancer patients with SARS-CoV-2 infection after
experimental validation. For example, erlotinib, as EGFR inhibitor,
could be recommended because its combination with INF-o showed
antiviral activity [24].

Moreover, we may apply some herbal food which contains EGFR
inhibitors compound of natural products for preventing the new variants
induced COVID-19 (Fig. 5C). For example, we may select Genistein rich
food to prevent the infection, including different species of soybean,
black soybean, and other herbs or herbal food analyzed by a database of
TCMSP Version 2.3 [25-27]. While processing of natural products of
herbal food or traditional Chinese Medicine, possibly generates nano-
zyme of phosphatase which can block the kinases activity by combina-
tion, as we reported, the herbal food resources of kinase inhibitors may
benefit the prevention of the variants. For example, Huangjing, which is
already recommended as a component of anti-COVID-19 herbal food by
clinical agencies [28,29], could be recommended for prevention of
infection of variant. Moreover, integration with the traditional Chinese
Medicine Huangjing, and EGFR inhibitor for treatment by applying the
phosphatase activity of nanocale Huangjing of nanozyme, as we recently
proposed in cancer cells [27], would also be promising. Thus, cancer
patients may benefit the integration method if undergoing cancer pre-
cision therapy, with the target inhibitors as repurposed or rehabilitation
medicine during Omicron circulation [30].

Recently, we reported that PI3K/AKT signal pathway is essential in
COVID-19 and capivasertib as an inhibitor restricts SARS-CoV-2 entry
into host cells [31,32]. In addition, based on our hypothesis mentioned
above, to further investigate the potential of combination therapy by
EGFR and AKT inhibitors would be promising in anti-variants. Thus the
crosstalk pathways would also be deserved to clarify.

Given kinases are usually elevated in cancer patients, the potent ki-
nase associated new variant mutation binding may induce more cancer
signaling and sever infection, even there is no clear evidence that the
SARS-CoV-2 can promote tumorigenesis. In addition, cancer patients
should be noticed that the potent kinase associated infection by spike
RBD binding to cell membrane receptor kinases. Thus the potent risk
may exist that cancer patient might be more vulnerable for infection due
to elevated kinase expression levels.

Most recently, while we are revising the manuscript, a study was
published on which N501Y mutation’s superiority among different



B. Kazybay et al.

B.1.1.7 lineage

Travel Medicine and Infectious Disease 45 (2022) 102242

DNA replication - anoikis .
heart development{ ephrin receptor signaling pathway .
i i . - MAP kinase activity .
somitogenesis log10 i e -log10
JUN kinase activity . 10 ase activity -
ERK1 and ERK2 cascade| o 8 ERBB?2 signaling pathway .
. . o _ o o 20
autophosphorylation ° . 6 phosphatrdyllno§|tol.3 kmase' actlYlty .
face development ) 4 protein kinase B signaling . 10
protein kinase B signaling N — phosphatidylinositol 3—kinase slugnalfng .
apoptotic process| @ cell proliferation{ ® count
- Fl,t F; Sl g MAPK cascade{ @ o
el e o phosphatidylinositol-mediated signaling . o
tdiimassnd I & ERK1 and ERK2 cascade| @ 4=
ivitv4 15
NAPICAcY ks tyrosine kinase signaling pathway .
cell proliferation{ @ autophosphorylation °
phosphorylation ( ] phosphorylation P
0 40 80 120 160 40 80 120 160
8 |
C | EGFR inhibitors | S
inhibitors A y —
,_%:.“:.?“jvv &/&‘g;':' EGFR inhibitors
\ - be’?: i, Natural products

Precision/individual
anti-COVID-19 therapy

@ sArs-cov-2

Wild_typg. . _I\_Il_utations .
Ace2

[
\| NS |
EGFR- EGFR+ FGFR+ Kinase+

S
7 /

Precision/individual

anti-COVID-19
prevention
F N
=« , Mutations
1G M "aa,
o

Fig. 5. Signaling analysis of potent network kinases and suggested precision therapy or prevention. KEGG pathways (A) and Gene Ontology (GO) biological
process (B) were shown. The top five KEGG pathways were identified by Kobas database and conducted by OriginLab 2020b software and bioinformatics tools online.
C. Suggested precision therapy, and prevention medicine based on the role of EGFR/FGFR as an example of targeting potent virus-host cell interactions to disrupt
potent membrane fusion for precision prevention infection especially in kinase elevated cancer patients.

mutations tested for transmission [33]. The tested mutations include
spike mutants of T716I, N501Y, A570D, P681H, D1118H, 982A, dele-
tion 69-70, deletion 145, with lineage B.1.1.7 variant spike [33]. The
experimental data by infected hamsters suggest that in addition to
deletion 69-70, N501Y showed much more advantages of fitness
compared with wild type in replication efficiency in the upper airway,
and shedding in nasal cavity or secretions which are related to air-borne

transmission [33]. It has been shown that N501Y alone can exert the
function as a powerful driver for elevated transmission but not inducing
immune disruption suggesting the vaccine escape is minimum [33,34].

4. Conclusion

In summary, though our prediction and hypothesis are limited which
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needs experimental investigation, we provided potential new mutations
mediated interactions and its predicted phosphorylation landscape with
host cell kinases based on current evidence from published reports in
database. Our results depict that EGFR receptor is one of the potential
binary partner of the spike RBD that binds almost with equal affinity as
RBD-hACE2 complex. Keeping the fact of EGFR kinase activity, this
report suggests the possibility of phosphorylating N501Y mutation that
is located on the interface region to further potentiate its importance.
We also suggest a prevention approach, and applicable solutions to fight
against the new variants in the current pandemic era. Cancer patients
might consider the kinase elevation induced binding to spike protein for
increased risk of infection and applying kinase inhibitors or natural
products for both precision cancer therapy and preventive or rehabili-
tative medicine. Potent host cell kinases elevation as biomarker for
prevention of viral infection might be considered for cancer patients
during Omicron circulation.
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