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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining
knowledge from genomic studies, and by systems biologists building predictive models of hormal and disease
variant pathways.

The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751),
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European
Molecular Biology Laboratory (EBI Industry program).
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Maturation of nucleoprotein 7
Stable identifier: R-HSA-9694631
Diseases: COVID-19

Inferred from: Maturation of nucleoprotein (Homo sapiens)

This COVID-19 pathway has been created by a combination of computational inference from SARS-CoV-1 data
(https://reactome.org/documentation/inferred-events) and manual curation, as described in the summation for the
overall SARS-CoV-2 infection pathway.

Nucleoprotein, the most abundant viral protein expressed during infection, is found in the host cell cytosol, the
nucleus and plasma membrane. After phosphorylation and sumoylation it di-/tetramerizes and is moved to the Golgi,
the virion budding site (Li et al, 2005; Surjit et a, 2005).

Literature references
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SRPK1/2 phosphorylates nucleoprotein ~
Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9729330

Type: transition

Compartments: cytosol

Diseases: COVID-19

cytosol
SRPK1/2
[PHP]
P | p-S188,206:N
N
Q
L E > ADP
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Full phosphorylation of SARS-CoV-2 nucleoprotein (N) depends on priming phosphorylations on at least two sites
by SRPK1/2 protein kinases (Heaton et al, 2020; Carlson et al, 2020). Both kinases are monomers that need a
magnesium cofactor to work, and are activated through phosphorylation by CK2 kinase (Daub et al, 2002).

Followed by: GSK3 phosphorylates nucleoprotein

Literature references
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GSK3 phosphorylates nucleoprotein 7
Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9729260

Type: transition

Compartments: cytosol

Diseases: COVID-19

cytosol
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Phosphorylation of SARS-Cov-2 nucleocapsid is catalyzed by glycogen synthase kinase 3 (GSK3) and several other
host cell kinases. Phosphorylated N forms a liquid-like compartment, possibly suited for viral genome processing
(Carlson et al, 2020). GSK 3 phosphorylations depend on priming phosphorylations on at least two sites by SRPK1/2
protein kinases (Heaton et al, 2020).

Three proteomics papers show varying sites for phosphorylations on N that can be explained by specific
phosphorylation catalyzed by GSK3 when primed by phosphorylations on S188 and S206. The sites S176, S180,
S184, S194, T198 and S202 are supported by at least two of the three papers (Bouhaddou et al, 2020; Davidson et al,
2020; Klann et al, 2020). Another analysis found S176 phosphorylated in about half of the cases (Supekar et al,
2021)..

Preceded by: SRPK1/2 phosphorylates nucleoprotein

Followed by: CSNK1A1 phosphorylates nucleoprotein
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GSK3B binds GSKi 7

Location: Maturation of nucleoprotein
Stable identifier: R-HSA-9687724
Type: binding

Compartments: cytosol

GSKi

Rx

@ P GSK3B:GSKi

Rx

GSK3B

cytosol

Many GSK-3[ inhibitors (GSKi) have been identified. They are known to induce apoptosis in leukemia and
pancreatic cancer cells, and can destabilize p53, which may promote cellular death in response to DNA damaging
agents (Wang et al, 2008; Beurel et al, 2009). Administration of GSKi inhibited cochlear destruction in cisplatin-
injected mice (Park et al, 2009).

Lithium is a selective ATP competitive inhibitor of GSK-3 (Ryves and Harwood, 2001). Lithium carbonate is used
with bipolar disorder patients (Moore et al, 2009). In a retrospective study of 162,118 COVID-19 patients from
several U.S. health systems 7% of patients taking lithium developed COVID-19 compared with 15% among the
general population (Liu et al, 2021). LY 2090314 has been in clinical trials for metastatic pancreatic cancer and acute
leukemia ([NCT01632306], [NCT01287520], [NCT01214603]). Clinical trials of GSKi for Alzheimer's disease were
unsuccessful.

The use of GSKi remains controversial because of their possibly oncogenic properties. Evaluation of GSKi in
clinical trials has been hampered by the fear that inhibition of GSK-3 may stimulate or aid in malignant
transformation as GSK-3 can phosphorylate pro-oncogenic factors such as beta-catenin, c-Jun and c-Myc which
targets them for degradation (Patel & Woodgett, 2008). However, no studies have been reported suggesting that
treatment of mice with GSKi resulted in an increase in cancer incidence. In fact, many patients with bipolar disorder
have been treated with lithium for prolonged periods of time, with no evidence that these patients have increased
incidences of cancer (McCubrey et al, 2014).

The GSKi kenpaullone and lithium chloride were found to reduce viral Nucleoprotein phosphorylation in the severe
acute respiratory syndrome CoV-infected VeroE6 cells and decrease the viral titer and cytopathic symptoms. Effects
of GSK-3 inhibition were reproduced in another coronavirus, the neurotropic JHM strain of mouse hepatitis virus
(Wu et a, 2009).
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CSNK1A1 phosphorylates nucleoprotein 7
Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9729318

Type: transition

Compartments: cytosol

Diseases: COVID-19

cytosol
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SARS-Cov-2 nucleoprotein is phosphorylated by several host cell kinases. It is probable that phosphorylations by
SRPK and GSK3 are priming further phosphorylations by other kinases. Modelled CSNK 1A 1 phosphorylation sites
at S201 and T205 (Heaton et al, 2020) were confirmed experimentally by three proteomics papers (Bouhaddou et al,
2020; Davidson et a, 2020; Klann et al, 2020).

Preceded by: GSK3 phosphorylates nucleoprotein

Followed by: Nucleoprotein is methylated by PRMT1, Unknown kinase phosphorylates nucleoprotein

Literature references
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Unknown kinase phosphorylates nucleoprotein #
Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9729300

Type: transition

Compartments: cytosol

Diseases: COVID-19

cytosol
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u%

ATP
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Most of SARS-Cov-2 nucleocapsid phosphorylations in its S/R-rrich region are shown or proposed to be catalyzed
by the host cell kinases SRPK1/2, GSK 3, and CSNK1A1. However, the phosphorylation sites at S23, S79, and S183
were confirmed experimentally by three proteomics papers but the responsible kinase is unknown (Bouhaddou et al,
2020; Davidson et a, 2020; Klann et a, 2020).

Preceded by: CSNK1A1 phosphorylates nucleoprotein

Followed by: Nucleoprotein is methylated by PRMT1
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Nucleoprotein is methylated by PRMT1 ~
Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9729283

Type: transition

Compartments: cytosol

Diseases: COVID-19

cytosol
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Protein arginine methyltransferase 1 (PRMT1) methylates SARS-CoV-2 nucleoprotein on two arginines (R95 and
R177). This modification is required for its RNA binding capacity, since treatment with a type | PRMT inhibitor
(MS023) or substitution of R95K or R177K inhibited interaction with the 5-UTR of the SARS-CoV-2 genomic
RNA. Pre-treatment of VeroE6 cells with MS023 significantly reduced SARS-CoV-2 replication (Cai et al, 2021).

Preceded by: CSNK1A1 phosphorylates nucleoprotein, Unknown kinase phosphorylates nucleoprotein
Followed by: Nucleoprotein is ADP-ribosylated

Literature references
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PRMT1 binds type I PRMT inhibitors 7
Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9766608

Type: binding

Compartments: cytosol

Type | PRMT
inhibitorsg,
. > PRMT1:type | PRMT
inhibitors
PRMT1

cytosol

Type | protein arginine methyltransferases (PRMTs) catalyze mono- and asymmetric dimethylation of arginine
residues. In humans there are five enzymes of thistype: PRMT1, PRMT3, PRMT4, PRMT6, and PRMT8. MS023 is
aselective inhibitor of type | PRMTSs. It inhibits PRMT1 with an 1C50 of 30 +- 9 nM (Eram et a, 2015).

Literature references
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Editions

2022-02-23 Authored Stephan, R.
2022-03-02 Edited Stephan, R.

https://reactome.org Page 11


https://reactome.org/content/detail/R-HSA-9766608
http://www.ncbi.nlm.nih.gov/pubmed/26598975
https://reactome.org

Nucleoprotein is ADP-ribosylated 7
Location: Maturation of nucleoprotein
Stable identifier: R-HSA-9729279

Type: transition

Compartments: cytosol

Diseases: COVID-19

Inferred from: Nucleoprotein is ADP-ribosylated (Homo sapiens)

cytosol

PARPs
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This COVID-19 event has been created by a combination of computational inference (see
https://reactome.org/documentation/inferred-events) from SARS-CoV-1 data and manual curation, as described in
the summation for the overall SARS-CoV-2 infection pathway.

Nucleoprotein (N) is ADP-ribosylated. The modification is maintained both in the cell and in virions (Grunewald et
al, 2018). Members of the protein mono-ADP-ribosyltransferase (PARP) enzyme family are thought to catalyze this
reaction (Fehr et al. 2020)

Preceded by: Nucleoprotein is methylated by PRMT1

Followed by: Nucleoprotein is SUMOylated

Literature references
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Nucleoprotein is SUMOylated ~#
Location: Maturation of nucleoprotein
Stable identifier: R-HSA-9729307
Type: transition

Compartments: cytosol

Diseases: COVID-19

Inferred from: Nucleoprotein is SUMOylated (Homo sapiens)

SUMO1:C93-
UBE2I SUMO1-K62-ADPr-118,2T-
metR95,177-N

cytosol

This COVID-19 event has been created by a combination of computational inference (see
https://reactome.org/documentation/inferred-events) from SARS-CoV-1 data and manual curation, as described in
the summation for the overall SARS-CoV-2 infection pathway.

N protein is sumoylated at alysine residue. Abolition of sumoylation of nucleoprotein significantly decreases homo-
oligomerisation of the protein (Li et a, 2005)

Preceded by: Nucleoprotein is ADP-ribosylated
Followed by: Dimerisation of nucleoprotein

Literature references

Liu, DX., Xiao, H., Li, FQ., Tam, JP. (2005). Sumoylation of the nucleocapsid protein of severe acute respiratory syn-
drome coronavirus. FEBS Lett., 579, 2387-96. 7
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Dimerisation of nucleoprotein 7
Location: Maturation of nucleoprotein
Stable identifier: R-HSA-9694363

Type: binding

Compartments: cytosol

Diseases: COVID-19

SUMO1-K62-ADPr-118,2T- 7] . <
metR95,177-N L= »

cytosol
Nucleoprotein of SARS-Cov-2 forms stable dimersin solution that partly oligomerize further. The predominant form
interacting with RNA is the dimer, with tetramer and higher oligomers appearing temporarily (Wu et al, 2021; Zhao
et a, 2021; Savin et a, 2021; Yeet a, 2020).

Preceded by: Nucleoprotein is SUMOylated

Followed by: Nucleoprotein translocates to the plasma membrane, Nucleoprotein translocates to the

nucleolus, Nucleoprotein translocates to the ERGIC outer membrane

Literature references
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Nucleoprotein translocates to the plasma membrane 7
Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9694575

Type: uncertain

Compartments: plasma membrane, cytosol

Diseases: COVID-19

Inferred from: Nucleoprotein translocates to the plasma membrane (Homo sapiens)

| N dimer I

cytosol

[~]

N
L

plasma membrane
This COVID-19 event has been created by a combination of computational inference (see
https://reactome.org/documentation/inferred-events) from SARS-CoV-1 data and manual curation, as described in
the summation for the overall SARS-CoV-2 infection pathway.

cytoplasmic side of plasma membrane

Some phosphorylated N is found to associate with the cell membrane (Surjit et al, 2005).

Preceded by: Dimerisation of nucleoprotein

Literature references
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Nucleoprotein translocates to the ERGIC outer membrane 7

Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9694568

Type: uncertain

Compartments: cytosol, endoplasmic reticulum-Golgi intermediate compartment membrane
Diseases: COVID-19

Inferred from: Nucleoprotein translocates to the ERGIC outer membrane (Homo sapiens)

cytosol

Golgi i iate compartment membrane
This COVID-19 event has been created by a combination of computational inference (see
https://reactome.org/documentation/inferred-events) from SARS-CoV-1 data and manual curation, as described in
the summation for the overall SARS-CoV-2 infection pathway.

[+
v

As early as 3 hours post-infection, cytoplasmic accumulations of N are formed in infected cells, they colocalize with
viral RNA. From 5 hours post-infection on, N can be detected in the Golgi, the budding site (Stertz et al, 2007)

Preceded by: Dimerisation of nucleoprotein

Literature references

Reichelt, M., Weber, F., Martinez-Sobrido, L., Garcia-Sastre, A., Kochs, G., Kuri, T. et al. (2007). The intracellular
sites of early replication and budding of SARS-coronavirus. Virology, 361, 304-15. 7
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Nucleoprotein translocates to the nucleolus 7
Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9694345

Type: uncertain

Compartments: nucleolus, cytosol

Diseases: COVID-19

Inferred from: Nucleoprotein translocates to the nucleolus (Homo sapiens)

[~]

N dimer

>

nucleolus

cytosol

This COVID-19 event has been created by a combination of computational inference (see
https://reactome.org/documentation/inferred-events) from SARS-CoV-1 data and manual curation, as described in
the summation for the overall SARS-CoV-2 infection pathway.

A certain part of the nucleoprotein can be found in the nucleolus. This localisation seems to depend on the protein's
sumoylation (Li et al, 2005)

Preceded by: Dimerisation of nucleoprotein
Literature references

Liu, DX., Xiao, H., Li, FQ., Tam, JP. (2005). Sumoylation of the nucleocapsid protein of severe acute respiratory syn-
drome coronavirus. FEBS Lett., 579, 2387-96. 7
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Unphosphorylated nucleoprotein translocates to the plasma membrane 7
Location: Maturation of nucleoprotein

Stable identifier: R-HSA-9694373

Type: uncertain

Compartments: plasma membrane, cytosol

Diseases: COVID-19

Inferred from: Unphosphorylated nucleoprotein translocates to the plasma membrane (Homo sapiens)

cytosol
cytoplasmic side of plasma membrane

plasma membrane

This COVID-19 event has been created by a combination of computational inference (see
https://reactome.org/documentation/inferred-events) from SARS-CoV-1 data and manual curation, as described in
the summation for the overall SARS-CoV-2 infection pathway.

Significant amounts of the unphosphorylated N protein are associated with the cell membrane (Surjit et a, 2005)
Literature references

Mishra, RN., Kumar, R., Reddy, MK., Chow, VT., Surjit, M., Lal, SK. (2005). The severe acute respiratory syndrome
coronavirus nucleocapsid protein is phosphorylated and localizes in the cytoplasm by 14-3-3-mediated transloca-
tion. J. Virol., 79, 11476-86. 7
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