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Abstract

Background: The coronavirus nonstructural protein 5 (Nsp5) is a cysteine protease required for processing the viral
polyprotein and is therefore crucial for viral replication. Nsp5 from several coronaviruses have also been found to
cleave host proteins, disrupting molecular pathways involved in innate immunity. Nsp5 from the recently emerged
SARS-CoV-2 virus interacts with and can cleave human proteins, which may be relevant to the pathogenesis of
COVID-19. Based on the continuing global pandemic, and emerging understanding of coronavirus Nsp5-human
protein interactions, we set out to predict what human proteins are cleaved by the coronavirus Nsp5 protease using a
bioinformatics approach.

Results: Using a previously developed neural network trained on coronavirus Nsp5 cleavage sites (NetCorona), we
made predictions of Nsp5 cleavage sites in all human proteins. Structures of human proteins in the Protein Data Bank
containing a predicted Nsp5 cleavage site were then examined, generating a list of 92 human proteins with a highly
predicted and accessible cleavage site. Of those, 48 are expected to be found in the same cellular compartment as
Nsp5. Analysis of this targeted list of proteins revealed molecular pathways susceptible to Nsp5 cleavage and there-
fore relevant to coronavirus infection, including pathways involved in mRNA processing, cytokine response, cytoskel-
eton organization, and apoptosis.

Conclusions: This study combines predictions of Nsp5 cleavage sites in human proteins with protein structure infor-
mation and protein network analysis. We predicted cleavage sites in proteins recently shown to be cleaved in vitro by
SARS-CoV-2 Nsp5, and we discuss how other potentially cleaved proteins may be relevant to coronavirus mediated
immune dysregulation. The data presented here will assist in the design of more targeted experiments, to determine
the role of coronavirus Nsp5 cleavage of host proteins, which is relevant to understanding the molecular pathology of
coronavirus infection.

Keywords: Nsp5, Mpro, 3CLpro, Protease, Coronavirus, Human proteins, Human proteome, SARS-CoV-2, COVID-19

Background

Coronaviruses are major human and livestock pathogens,
and are the current focus of international attention due
to an ongoing global pandemic caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). This
recently emerged coronavirus likely originated in bats in
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China, before passing to humans in late 2019 through a
secondary animal vector [1, 2]. Although 79% identical
at the nucleotide level to SARS-CoV [2], differences in
the infectious period and community spread of SARS-
CoV-2 has caused a greater number of cases and deaths
worldwide [3, 4]. Individuals infected by SARS-CoV-2
can develop COVID-19 disease which primarily affects
the lungs, but can also cause kidney damage, coagulopa-
thy, liver damage, and neuropathy [5-10]. Hyperinflam-
mation, resulting from dysregulation of the immune
response to SARS-CoV-2 infection, has emerged as a
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leading hypothesis regarding severe COVID-19 cases,
which may also explain the diverse and systemic symp-
toms observed [11-14].

Similar to other coronaviruses, once a cell is infected,
the 5’ portion of the SARS-CoV-2 (4)ssRNA genome is
translated into nonstructural proteins (Nsps) required for
viral replication, which are expressed covalently linked
to one another (Fig. 1la) [15]. This polyprotein must
therefore be cleaved to free the individual Nsps, which
is performed by two virally encoded proteases: Nsp3/
papain-like protease (PLpro) and Nsp5/Main Protease
(Mpro)/3C-like protease (3CLpro). Nsp5 is responsible
for the majority of polyprotein cleavages and its func-
tion is conserved across coronaviruses [16, 17], making it
a key drug target as its inhibition impedes viral replica-
tion (reviewed by [18]). Notably, the recently developed
SARS-CoV-2 Nsp5 inhibitor Paxlovid reduced COVID-
19 related hospital admission or death by 89% in clinical
trials [19].

All coronavirus Nsp5 proteases identified to date are
cysteine proteases in the chymotrypsin family, which pri-
marily cleave peptides at P2-P1-P1’ residues leucine-glu-
tamine-alanine/serine [16, 17, 20, 21], where the cleavage
occurs between the P1 and P1’ residues. Nsp5 forms a
homodimer for optimal catalytic function but may func-
tion as a monomer when processing its own excision
from the polyprotein [22-24]. SARS-CoV-2 Nsp5 shares
96.1% sequence identity with SARS-CoV Nsp5 and has
similar substrate specificity in vitro, but SARS-CoV-2
Nsp5 accommodates more diverse residues at substrate
position P2 and may have a higher catalytic efficiency
[23-26].

Coronavirus proteases also manipulate the cellular
environment of infected cells to favor viral replication
[27, 28], and disrupt host interferon (IFN) signaling path-
ways to suppress the anti-viral response of the innate
immune system (reviewed by [29-31]). The role of cor-
onavirus protease Nsp3 as an IFN antagonist has been
well documented, including SARS-CoV-2 Nsp3 [32, 33].
Although Nsp3 proteolytic activity contributes to IFN
antagonism, it is the deubiquitinating and delSGylating
activities of Nsp3 that are primarily responsible [33—40].
In contrast, fewer examples of Nsp5 mediated disruption
of host molecular pathways have been identified, and all
are a result of its proteolytic activity [41-47].

Coronavirus Nsp5 antagonism of IFN is not yet clear
[32, 48-50], but in vitro evidence supports SARS-
CoV-2 Nsp5 mediated cleavage of TAB1, NLRP12,
RIG-I, and RNF20 which are involved in innate immu-
nity [51-53]. Hundreds of potentially cleaved peptides
containing the Nsp5 consensus sequence appeared
when lysate from human cells were incubated with
recombinant Nsp5 from SARS-CoV, SARS-CoV-2, or
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hCoV-NL63, indicating a significant potential for Nsp5
mediated disruption of host proteins [45, 54]. Simi-
larly, the abundance of potentially cleaved peptides
containing a Nsp5 consensus sequence was increased
in cells infected in vitro with SARS-CoV-2, which was
dependent on the cell type studied [46]. Knock down
or inhibition of some of these human proteins likely
cleaved by Nsp5, suppressed SARS-CoV-2 replication
in vitro, suggesting that targeted host protein prote-
olysis is involved in viral replication [46]. Many other
SARS-CoV-2 Nsp5-host protein interactions have been
predicted using proximity labeling and co-immunopre-
cipitation [55-60], but it is unknown if these interac-
tions lead to Nsp5 mediated cleavage. Indeed, in vitro
studies may miss Nsp5-host protein interactions due
to cleavage of the host protein upon Nsp5 binding [55],
and because individual cell types only express a limited
set of human proteins. A proteome-wide prediction of
coronavirus Nsp5 mediated cleavage of human pro-
teins is therefore relevant to understanding COVID-19
pathogenesis, and how coronaviruses in general disrupt
host biology.

The neural network NetCorona was previously devel-
oped in 2004, and was trained on a dataset of Nsp5 cleav-
age sites from seven coronaviruses including SARS-CoV
[61]. NetCorona outperforms traditional consensus
motif-based approaches for identifying cleavage sites,
and based on the similar specificities of SARS-CoV and
SARS-CoV-2 Nsp5, we believed it could be applied to
the study of SARS-CoV-2 Nsp5 interactions with human
proteins. However, NetCorona only analyzes the primary
amino acid sequence to predict cleavage sites, which
lacks information about the 3D structure of the folded
protein, and therefore how exposed a predicted cleav-
age site is to a protease. In particular, the solvent acces-
sibility of a peptide motif is closely related to proteolytic
susceptibility [62, 63], and in silico measurement of sol-
vent accessibility has previously been used to help predict
proteolysis [64—66].

In this study we used NetCorona to make predictions
of Nsp5 cleavage sites across the entire human proteome,
and additionally analyzed available protein structures
in silico to identify highly predicted cleavage sites. We
extended this analysis to examine subcellular and tis-
sue expression patterns of the proteins predicted to be
cleaved, and applied protein network analysis to iden-
tify potential key pathways disrupted by Nsp5 cleavage.
Predicted Nsp5 cleavage sites in human proteins were
similar to those recently identified in vitro, and human
proteins predicted to be cleaved by Nsp5 were found to
be involved in molecular pathways that may be relevant
to the pathogenesis of COVID-19 and other coronavirus
diseases.
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Fig. 1 aThe SARS-CoV-2 polyproteins ppla and pplab. ppla contains Nsp1-Nsp11, pplab contains Nsp1-Nsp16 with Nsp11 skipped by a — 1
ribosomal frameshift. Nsp5 and its cleavage sites are indicated with red arrows. Nsp3 cleavage sites are indicated with grey arrows. b SARS-CoV-2
native Nsp5 cleavage motifs. NetCorona scores are indicated, and residues in white boxes differ from SARS-CoV. ¢ SARS-CoV-2 pp1ab sequences
scored with NetCorona. Scores and frequency were determined for all P5-P4’motifs surrounding glutamine residues in 8017 patient-derived
SARS-CoV-2 sequences. Known Nsp5 cleavage sites are indicated in green, while mutations at a Nsp5 cleavage site are indicated in blue. The
Nsp5-Nsp6 cleavage site is indicated in red, and all other glutamine motifs are indicated in black
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Results

Evaluating NetCorona performance with the SARS-CoV-2
Polyprotein

As we sought to utilize the NetCorona neural network,
which had not been trained on the SARS-CoV-2 polypro-
tein sequence (Fig. 1a), we examined if the 11 polyprotein
cleavage sites homologous to SARS-CoV would be cor-
rectly scored as cleaved (NetCorona score>0.5). Due to
the high polyprotein pplab sequence similarity between
SARS-CoV and SARS-CoV-2, there were only three
cleavage sites containing different residues (Fig. 1b).
The mean NetCorona score for 10 out of the 11 SARS-
CoV-2 Nsp5 cleavage sites was 0.859 (SD=0.08), indicat-
ing highly predicted cleavages. Additional Nsp5 cleavage
sites have not been identified in the SARS-CoV-2 poly-
protein, and no others were predicted by NetCorona. The
cleavage site at Nsp5-Nsp6 was classified as uncleaved,
with a score of 0.458. SARS-CoV contains the same
unique phenylalanine at position P2 of Nsp5-Nsp6, but
with different P1’-P3’ residues, and received a marginal
score of 0.607 in the original NetCorona paper [61]. Phe-
nylalanine at P2 is not found in other coronaviruses that
infect humans [21, 67], nor in the other viruses used to
train NetCorona, which contributed to these low scores.
A P2 phenylalanine may be intentionally unfavorable at
the Nsp5-Nsp6 cleavage site, to assist in its autoprocess-
ing from the polypeptide, by limiting the ability of the
cleaved peptide’s C-terminus to bind the Nsp5 active site
[67]. Interestingly, the swapped identity of the P3 and
P2 residues at the SARS-CoV-2 Nspl0-Nspll cleavage
site resulted in a higher score versus SARS-CoV (0.865
vs 0.65), due to leucine being more common at P2 ver-
sus methionine. This mutation may result in a more rapid
cleavage at this site in SARS-CoV-2 versus SARS-CoV,
as Nsp5 favors leucine above all other residues at P2 [17,
26].

To investigate if NetCorona can distinguish between
cleaved and uncleaved motifs, NetCorona scores for all
glutamine motifs in the SARS-CoV-2 pplab polypro-
tein were also determined. To gather context from the
ongoing pandemic and to investigate glutamine motifs
across different viral variants, 8017 SARS-CoV-2 pplab
polyprotein sequences obtained from patient samples
were scored with NetCorona (Fig. 1c, Additional file 1:
Table S1). Apart from two motifs present in only 40
sequences, all glutamine motifs not naturally processed
by Nsp5 received a NetCorona score < 0.5, indicating they
were correctly predicted not to be cleaved. Mutations
at native Nsp5 cleavage sites were also rare, with only
28 such mutated cleavage sites present in 63 sequences.
Except for three mutations present in one sequence each,
mutations at native Nsp5 cleavage sites were conserva-
tive and only modestly changed the NetCorona score.
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One sequence contained a histidine at Nsp8-Nsp9 P1
(QI004366), resulting in NetCorona not scoring the
motif. SARS-CoV and SARS-CoV-2 Nsp5 may be able
to cleave motifs with histidine at P1, albeit with reduced
efficiency [17, 54].

These combined results indicate that despite NetCo-
rona not being trained on the SARS-CoV-2 sequence, it
was able to correctly distinguish between cleaved versus
uncleaved motifs in the pplab polyprotein, except for
Nsp5-Nsp6. The rarity of mutated canonical cleavage
sites and mutations introducing new cleavage sites (0.8
and 0.5% of sequences respectively), indicates stabilizing
selection for a distinction between Nsp5 cleavage sites
and all other glutamine motifs.

NetCorona predictions of Nsp5 cleavage sites in the human
proteome

To generate a global view of Nsp5 cleavage sites in the
human proteome, datasets were batch analyzed using
NetCorona (Fig. 2). Every 9-residue motif flanking a glu-
tamine was scored, where glutamine acts as P1 and four
resides were analyzed on either side (P5-P4’). Using a
NetCorona score cutoff of >0.5, 15,057 proteins (~20%)
in the “All Human Proteins” dataset contained a pre-
dicted cleavage site, 6056 (~29%) proteins in the “One
Protein Per Gene’, and 2167 (~32%) proteins in the “Pro-
teins With PDB” dataset (Additional file 1: Table S2-S4,
raw data sets in Additional file 2, 3 and 4).

To help interpret these results, we compared the out-
put from “One Protein Per Gene” to proteins that have
been directly tested in vitro for cleavage by a coronavi-
rus Nsp5 protease (Additional file 1: Table S5). There
are 18 human proteins where cleavage sites have been
mapped to the protein sequence and confirmed using
an in vitro cleavage assay (CDH6, CDH20, CREBI,
F2, GOLGA3, LGALS8, MAP4K5 NEMO, NLRP12,
NOTCH]1, OBSCN, PAICS, PNN, PTBP1, RIG-I, RNF20,
RPAPI1, TAB1) [41, 45-47, 51, 53], and also two proteins
from pigs (NEMO, STAT?2) [42, 44], and one from cats
(NEMO) [43]. NetCorona accurately scored 14 out of
the 25 unique cleavage sites mapped in these proteins,
where a glutamine was at P1. NetCorona struggled with
an identical cleavage motif at Q231 in NEMO from cats,
pigs, and humans, which contains an uncommon valine
at P1. Interestingly, NetCorona predicted a cleavage site
in PNN at Q495, which was not identified in the original
study but matches the size of a reported secondary cleav-
age product [46].

Instances where NetCorona predicted cleavages but
they are not observed in vitro are also relevant to inter-
preting the full proteome results. NetCorona predicted
cleavage sites in 22 of the 71 proteins Moustaqil et al.
studied, however only TAB1 and NLRP12 were observed
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Fig. 2 Overview of approach to predicting Nsp5 cleavage sites in human proteins. Three datasets of human protein sequences were analyzed by
the NetCorona neural network. NetCorona assigned scores (0-1.0) to the 9 amino acid motif surrounding every glutamine residue in the datasets,
where a score > 0.5 was inferred to be a possible cleavage site. PDB files associated with predicted cleaved proteins were analyzed using the Protein
Structure and Interaction Analyzer (PSAIA) tool, which output the accessible surface area (ASA) of each predicted 9 amino acid cleavage motif.
Proteins with highly predicted Nsp5 cleavage sites were then analyzed using STRING, which provided information on tissue expression, subcellular
localization, and performed protein network analysis. Human proteins and molecular pathways of interest containing a predicted Nsp5 cleavage

to be cleaved by SARS-CoV-2 Nsp5 [51]. NetCorona pre-
dicted three cleavage sites in TABI and two in NLRP12,
but just one predicted site in each protein matched the
mapped cleavage sites.

Many other potential cleavage sites have been identi-
fied by Koudelka et al. and Pablos et al., where N-termi-
nomics was used to identify possible cleavage sites, after
cell lysate was incubated with various coronavirus Nsp5
proteases [45, 54]. Out of the 383 unique peptides iden-
tified by Koudelka et al. where a glutamine was at P1,
NetCorona predicted that 167 (44%) of them would be
cleaved (Additional file 1: Table S6). Similarly, out of the
155 unique peptides identified by Pablos et al. where a
glutamine was at P1, NetCorona predicted that 73 (47%)
of them would be cleaved (Additional file 1: Table S7).
Meyer et al. also used N-terminomics to study potential
Nsp5 cleavage events, following in vitro infection with
SARS-CoV-2 [46]. They identified 12 motifs in human
proteins that were likely cleaved by Nsp5, of which Net-
Corona predicted 8 of these to be cleaved (Additional
file 1: Table S8).

Several SARS-CoV-2 human protein interactomes
have been made available [55-60], where predicted
interactions between Nsp5 and human proteins have

been reported. Interactions predicted by Samavarchi-
Therani et al. were the most numerous, and the data
was well annotated [57], which enabled a comparison
to our results. These interaction scores, which varied
depending on where the BiolD tag was located on Nsp5
(Nsp5 C-term, N-term, or N-term on the C145A cata-
lytically inactive mutant), were plotted against the Net-
Corona score from our study, which is illustrated in
Additional file 5: Fig. S1 (raw data in Additional file 1:
Table S9). Although statistically significant, the negative
correlation between the strength of the Nsp5-human
protein interaction and the maximum NetCorona score
was small: p ranged from —0.18 to —0.29, r* ranged
from 0.03 to 0.08, depending on where the BiolD tag
was located on Nsp5. When examining only the human
proteins with a positive interaction score, the mean Net-
Corona score ranged from 0.35 to 0.38 (SD =0.25). Thus,
Nsp5-human protein interactions predicted in vitro by
Samavarchi-Therani et al. did not reflect an increased
likelihood of cleavage predicted by NetCorona.
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Structural characterization of predicted Nsp5 cleavage Bank (PDB), however technical limitations for solving
sites protein structures means that certain protein domains,
We next sought to incorporate available structural such as transmembrane and disordered regions, may
information of potential protein substrates into our be underrepresented [68]. To investigate if the avail-
analysis, to address the discrepancy between the able PDB structures contained a biased distribution of
cleavage events predicted by NetCorona and mapped NetCorona scores, similarity between the distribution
cleavage sites observed in vitro. The “Proteins With  of NetCorona scores for “Proteins With PDB” and pro-
PDB” dataset contains only human proteins that have teins in the other two datasets was assessed through the
a solved structure available in the RCSB Protein Data  non-parametric KS test (Fig. 3a). There was insufficient
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Fig. 3 Structural analysis of predicted and known Nsp5 cleavage motifs. a NetCorona scores are shown for all P5-P4' motifs surrounding glutamine
residues in three datasets of human proteins, binned by score differences of 0.01. The distributions of scores were not statistically different from one
another. b Despite a high NetCorona score in ACHE, the motif's location in the core of the protein leads to a low Nsp5 access score. ¢ TAB1 contains
several motifs predicted to be cleaved, including at Q108 and Q132. The Nsp5 access score is slightly higher for the Q132 motif due to the greater
accessible surface area (ASA). d DHX15 contains the motif with the highest Nsp5 access score observed in the human proteins studied, located on
the C-terminus of the protein. @ SARS-CoV-2 proteins Nsp15 and Nsp16 contain the native Nsp5 cleavage motif with the lowest Nsp5 access score
calculated (487), which helped provide a cut-off to Nsp5 access scores in human proteins. f The Nsp5 access score of human protein motifs are
indicated, binned by score differences of 50. 92 motifs in 92 unique human proteins have a Nsp5 access score > 500
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evidence to reject the null hypothesis that the distri-
bution of scores for “Proteins With PDB” proteins was
equivalent to scores for “All Human Proteins” and “One
Protein Per Gene” (p =0.121 and p =0.856, respec-
tively), indicating that there was not significant bias in
the distribution of NetCorona scores.

NetCorona scores are derived from the primary amino
acid sequence, but targeted proteolysis is also depend-
ent on the 3D structural context of the potential sub-
strate peptide within a protein [62, 63]. Many methods
have been developed to quantify this structural context
in silico, and solvent accessibility has been shown to be
a strong predictor of proteolysis [63]. Accessible surface
area (ASA) is commonly used to measure solvent accessi-
bility, where a probe that approximates a water molecule
is rolled around the surface of the protein, and the path
traced out is the accessible surface [69]. Thin slices are
then cut through this path, to calculate the accessible sur-
face of individual atoms. After obtaining PDB files con-
taining motifs predicted to be cleaved by NetCorona, the
total ASA of each 9 amino acid motif was calculated using
Protein Structure and Interaction Analyzer (PSAIA) [70].
This ASA was then multiplied by the motif’s NetCorona
score to provide a “Nsp5 access score’, which represents
both the solvent accessibility and substrate sequence
preference. A Nsp5 access score was obtained for 914
glutamine motifs in 794 unique human proteins (Addi-
tional file 1: Table S10), with the process for selecting
PDB files to analyze listed in Additional file 6.

Specific examples are presented to illustrate the utility
of the Nsp5 access score (Fig. 3b-e). Acetylcholinesterase
(ACHE) contains a motif at Q259 that was highly scored
by NetCorona (0.890), but due to its presence in a tightly
packed beta sheet in the core of the protein, the low ASA
(38.4A2) results in a similarly low Nsp5 access score
(34.1) and is therefore unlikely to be cleaved by Nsp5
(Fig. 3b). TGF-beta-activated kinase 1 (TAB1) is one of
the few human proteins with a structure and experimen-
tal evidence of SARS-CoV-2 cleavage at specific sites
(Q132 and Q444) [51]. As illustrated in Fig. 3¢, the nearby
motif at Q108 was scored higher than Q132 by NetCo-
rona, but the greater ASA of the Q132 motif contributes

Table 1 Rationale for Nsp5 Access Score Cutoff
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to a higher Nsp5 access score, which matches the experi-
mental evidence. The human protein with the highest
Nsp5 access score was DEAH box protein 15 (DHX15),
as the motif surrounding Q788 was both highly scored by
NetCorona and its location proximal to the C-terminus
of the protein makes it highly solvent exposed (Fig. 3d).

Rationale for Nsp5 access score cut-off

To focus analysis on human proteins most likely to be
cleaved by Nsp5, we determined a relevant cut-off to
the Nsp5 access score. Using available structures and
homology models, the Nsp5 access score of SARS-CoV-2
native cleavage sites was calculated, which ranged from
487 (Nspl5-Nspl6) to 923 (Nsp4-Nsp5) (Additional
file 1: Table S11). The Nsp15-Nspl6 site (Fig. 3e) had a
surprisingly low ASA (542A?) versus the other SARS-
CoV-2 cleavage sites analyzed (mean of others 890A2
SD=102A?), and as compared to the P5-P4’ residues of
known substrates of other proteases in the chymotrypsin
family (mean 678A% SD=297A?% (Additional file 1:
Table S12).

As previously noted, NetCorona predicted cleavage
sites in 22 of the 71 proteins Moustagqil et al. studied, but
cleavages were only observed in vitro in two proteins [51].
Based on available protein structures, Nsp5 access scores
could be assigned to 8 unique motifs from the 22 pro-
teins NetCorona incorrectly predicted to be cleaved, the
mean of which was 332 (SD = 143). The sum of this mean
and one standard deviation gives a Nsp5 access score of
475. As these were incorrectly predicted to be cleaved,
this number set a lower bound for the Nsp5 access score
cut-off. The score cut-off was further informed by cleav-
age sites recently identified by Koudelka et al. and Pablos
et al. that could be assigned a Nsp5 access score (Table 1).
Only a single site identified as cleaved from Moustaquil
et al. (TAB1, Q132) and Yucel et al. (F2, Q494) could be
assigned Nsp5 access scores, at 375 and 532 respectively.

Based on these comparisons to available experimen-
tal data, a Nsp5 access score cut-off of 500 was selected,
which is further illustrated in Additional file 7: Fig.
S2 (full data in Additional file 1: Table S13). This cut-
off accommodates motifs with marginal NetCorona

Source of data Motifs assigned Nsp5 access Mean Nsp5 access Standard deviation Nsp5 cut-off
score score (mean+1

SD)

SARS-CoV-2 native Nsp5 cleavage sites, this 5 738 167 N/A

study

Moustaqil et al. uncleaved [51] 8 332 143 475

Koudelka et al. cleaved [54] 30 381 150 531

Pablos et al. cleaved [45] 10 378 124 502
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scores (~0.5) but maximally observed ASA (~1000A2),
and the opposite scenario where a low ASA compara-
ble to Nspl15-Nspl6 (~500A2) is matched with a high
NetCorona score (~0.9). Ninety-two motifs in ninety-
two human proteins were found to have a Nsp5 access
score>500 (Fig. 3f), which were forwarded to the next
rounds of analysis.

Analysis of tissue expression and subcellular localization

of predicted cleaved proteins

Proteins with a Nsp5 access score above 500 were
imputed in STRING within the Cytoscape environ-
ment [71-73]. The STRING app computes protein
network interaction by integrating information from
publicly available databases, such as Reactome and
Uniprot. Through textmining of the articles reported
in those databases, it also compiles scores for multi-
ple tissues and cellular compartment. The nucleus and
cytosol were the top locations for human proteins with
a highly predicted Nsp5 cleavage site (Fig. 4a), and the
highest expression was in the nervous system and liver
(Fig. 4b). The mean or summed expression score did
not correlate with the Nsp5 access score (p=0.03 and
0.05 respectively), nor was there a correlation between
the Nsp5 access score and subcellular localization
scores (p=—0.08 for mean and — 0.17 for sum).

Studies of the subcellular localization of coronavi-
rus Nsps provide insight into where Nsp5 may exist in
infected cells, and thus what human proteins it may be
exposed to. Flanked by transmembrane proteins Nsp4
and Nsp6 in the polyprotein, Nsp5 is exposed to the cyto-
sol when first expressed, where it colocalizes with Nsp3
once released [74—76]. Recent studies have indicated that
SARS-CoV-2 Nsp5 activity can be detected throughout
the cytosol of a patient’s cells ex vivo [26], and Nsp5 is
also found in the nucleus and ER [57, 77].

Through the Human Protein Atlas (HPA), we obtained
information on protein expression in tissue by immuno-
histochemistry (IHC) together with intracellular locali-
zation obtained by confocal imaging for most of the
proteins in our dataset [78]. Proteins that are not found
in the same cellular compartment as Nsp5 (nucleus, cyto-
plasm, endoplasmic reticulum), or where intracellular
localization was unknown, were filtered out. Out of the
initial 92 proteins with a Nsp5 access score over 500 and
based on current knowledge, only 48 proteins were likely
to be found in the same cellular compartment as Nsp5
(Fig. 5, Additional file 1: Table S14-15), indicating the
greatest potential for interacting with and being cleaved
by the protease. Proteins involved in apoptosis, such as
CASP2, E2F1, and FNTA, had both a high Nsp5 access
score and an above average expression.
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Network analysis and pathways of interest

Imputation in STRING of these 48 human proteins
with a Nsp5 access score over 500 and plausible colo-
calization, revealed multiple pathways of interest
(Fig. 6, Additional file 1: Table S16). The pathway con-
taining the most proteins that may be targeted by and
colocalize with Nsp5 was mRNA processing (DHX15,
ELAVL1, LTV1, PABPC3, RPL10, RPUSD1, SKIV2L2,
SMG7, TDRD7). Another prominent pathway was
apoptosis, with multiple proteins involved directly
in apoptosis or its regulation (CASP2, E2F1, FNTA,
MAPT, PTPN13). DNA damage response, mediated
through ATF2, NEIL1, PARP2, and RAD50 may also be
targeted by Nsp5. PARP2 had the second highest Nsp5
access score in our analysis, and the predicted cleav-
age site at Q352 is located between the DNA-binding
domain and the catalytic domain [79].

Proteins involved in membrane trafficking (RAB27B
and SNX10), or in microtubule organization (DNM1,
HTT, MAPRE3, TSC1) were also enriched in this
focused dataset, which were grouped together under
the descriptor “vesicle trafficking” Two proteins related
to ubiquitination (UBA1 and USP4) were also amongst
these potential Nsp5 targets. Finally, a group of proteins
implicated in cytokine response was also strongly pre-
dicted to be cleaved (AIMP1, MAPK12, and PTPN2),
which are involved in downstream signaling of multiple
cytokines [80-83].

Discussion

To provide context to the growing list of coronavirus-
host protein-protein interactions, and to aid in the inter-
pretation of experiments focused on human proteins
cleaved by coronavirus Nsp5, we applied a bioinformat-
ics approach to predict human proteins cleaved by Nsp5.
Our proteome-wide investigation complements in vitro
experiments, which are limited to only a subset of poten-
tial human protein substrates based on what proteins are
expressed by the cell type chosen, resulting in different
proteins appearing to be cleaved by [46, 54], or interact
with Nsp5 [55-60].

The NetCorona neural network generated long lists
of potentially cleaved human proteins, but mismatches
between these predictions and the in vitro mapping of
Nsp5 cleavage sites indicated that NetCorona scores
alone were insufficient for accurate predictions. We
added to these NetCorona predictions, which are based
on primary sequence alone, by calculating solvent acces-
sibility of the predicted cleaved motifs, which is closely
related to proteolytic susceptibility [62, 63]. We focused
this analysis to high quality protein structures, and
avoided homology models and predicted structures, to
connect our predictions to real protein structures. This
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a Cellular compartments distribution of the proteins with Nsp5 access score over 500
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Relationship between the Nsp5 Access Score and the average protein expression by IHC for protein
with an Access Score of 500 or more, that are found in known Nsp5 subcellular locations
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was made possible thanks to the PSAIA tool which auto-
mated the measurement of motif solvent accessibility
with an easy-to-use GUI that handled batch input of PDB
files [70].

Human proteins predicted to be cleaved by Nsp5 did
not correlate with Nsp5-human protein-protein inter-
actions predicted in vitro, and Nsp5 overall appears to
interact with fewer human proteins compared to other
Nsps and structural proteins [57]. This may be because
the proteolytic activity of Nsp5 reduces the efficiency of
proximity labeling/affinity purification, whereby Nsp5
may cleave proteins it interacts with most favorably,
reducing the appearance of host protein interactions.
The small but statistically significant negative correlation
between the strength of the Nsp5-human protein interac-
tion and the human protein’s maximum NetCorona score
may be evidence of this. Indeed, different sets of inter-
acting proteins are obtained when using the catalytically
inactive Nsp5 mutant C145A versus the wildtype Nsp5
[55, 57, 60]. These protein-protein interaction studies
also rely on the overexpression of viral proteins in a non-
native context. We therefore hypothesize that the interac-
tions observed by proximity labeling/affinity purification
do not reflect Nsp5 mediated proteolysis and instead
represent non-proteolytic protein-protein interactions,

which may still be important to understanding Nsp5’s
role in modulating host protein networks.
N-terminomics based approaches have identified many
potential Nsp5 cleavage sites in human proteins [45, 46,
54], but they have some limitations that a bioinformatics
approach can complement. Trypsin is used in the prepa-
ration of samples for mass spectrometry, which gener-
ates cleavages at lysine and arginine residues that are
not N-terminal to a proline. Lysine and arginine appear
in many cleavage sites predicted by NetCorona, mean-
ing that cleavage by trypsin may mask true cleavage sites
by artificially generating a N-terminus proximal to a P1
glutamine residue. Only 38 cleavage sites were commonly
identified by both Koudelka et al. and Pablos et al. using
similar N-terminomics approaches, out of the hundreds
of potentially cleaved peptides that each study identified
[45, 54], likely as these studies used different cell lines
and thus different proteins will be expressed. Meyer et al.
point out that the lysate-based method used by Koudelka
et al. and Pablos et al. strips proteins of their subcellular
context, which may lead to observed cleavage events that
are not possible in vivo during infection [46]. Even so,
the SARS-CoV-2 cellular infection-based method Meyer
et al. used, paired with N-terminomics, resulted in cell-
type dependent differences [46]. Recently, Yucel et al.
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searches in databases (Uniprot, GeneCARD, PubMed)

Fig. 6 Network of proteins with plausible Nsp5 colocalization a Nsp5 access score above 500. Node color represents the Nsp5 access score (light
yellow =500, dark red =1005). Node size indicates the mean expression across all tissue. Edge linking two nodes notes a known interaction
between these proteins. Grey squares are proteins added by STRING to add connectivity to the network, but do not have an access score above 500
and/or plausible colocalization with Nsp5. Circles highlighting pathways were based on STRING gene set enrichment analysis coupled with manual
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DNA damage
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presented evidence that proteins predicted to be cleaved
by SARS-CoV-2 Nsp5 are rapidly degraded by the pro-
teosome, meaning that N-terminomics approaches may
miss potentially cleaved proteins due to fragments being
cleared.

In contrast, our bioinformatics analysis is cell-type and
methodology agnostic as it examined the entire human
proteome, and it is not affected by the potential for the
proteosome to degrade the fragments cleaved by Nspb5.
The cleavage sites predicted in silico, combined with
analysis of solved protein structures, and knowledge
of Nsp5 subcellular localization and protein networks,

identified several interesting human cellular pathways
and proteins.

mRNA processing, vesicle trafficking, cytokine signal-
ing, ubiquitination, DNA damage recognition, and apop-
tosis were the cellular pathways found to be most affected
by the predicted Nsp5 cleavage of human proteins.
mRNA processing was also predicted by Pablos et al. to
be affected by SARS-CoV-2 Nsp5 [45], and coronaviruses
are known to manipulate mRNA processing both for sup-
pressing antiviral responses [84], and for increasing viral
takeover of the cell by degrading host mRNA [15, 85].
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Vesicle trafficking is known to be manipulated by cor-
onaviruses to favor the formation of complex double
membrane vesicles during viral replication [75]. RAB27B
was predicted to be cleaved by Nsp5, and has roles in the
trafficking of vesicles from the trans-Golgi network [86],
which coronavirus proteins accumulate in [87]. RAB27B
also plays a role in the exocytosis of neutrophil granules
[88], suggesting that cleavage of RAB27B could also dis-
rupt the immune response to infection.

AIMP1, MAPKI12, PTPN2 have roles in cytokine
response and antiviral defense, and were identified as
highly predicted targets of Nsp5 cleavage. AIMP1 is cru-
cial to antiviral defense in mice [80], and it is targeted
for degradation by hepatitis C virus envelope protein
E2 [81]. MAPK12 function appears to be important for
SARS-CoV-2 replication, as knockdown by siRNA results
in lower virus titers [82]. This phenotype is similar to
the knockdown of Nsp5 targeted proteins resulting in
lower virus replication, as observed by Meyer et al. [46].
T-cell protein tyrosine phosphatase, PTPN2, negatively
regulates the antiviral response of MITA [89] and the
JAK-STAT pathway of the innate immune system [90].
Knockout of PTPN2 results in systemic inflammatory
responses in mice resulting in premature death [91], and
a genetic polymorphism resulting in PTPN2 loss of func-
tion increases ACE2 expression, resulting in greater sus-
ceptibility to SARS-CoV-2 infection [83].

DHX15 contained a predicted cleavage site with the
highest Nsp5 access score, and the protein may co-local-
ize with Nsp5 in the nuclei of infected cells, making it a
significant protein of interest. DHX15 is a DExD/H-box
helicase, a family of proteins that serves to detect foreign
RNA, triggering an antiviral response (reviewed by [92]).
The role of DHX15 in anti-viral defense is diverse, includ-
ing by binding viral RNA with NLRP6, which activates
Type I/III interferons and IFN-stimulated genes in the
intestine of mice [93]. DHX15 mediated sensing of viral
RNA activates MAPK and NK-kB innate immune signal-
ing [94], and also acts as a coreceptor of viral RNA with
RIG-I that increases antiviral response and cytokine pro-
duction [95]. Interestingly, RIG-I was recently identified
as being cleaved by SARS-CoV-2 Nsp5 in vitro [52].

DHX15 is not predicted to be a significant interactor
with SARS-CoV-2 proteins [57], however it is capable of
binding both dsRNA and ssRNA [95], suggesting it could
bind coronavirus ssSRNA. The location of the predicted
Nsp5 cleavage site (Q788) is very close to its C-terminus
(Y795), so cleavage by Nsp5 would remove only seven
amino acids. However, there is a SUMOylation site
(K786) at P3 of the cleavage motif, and the de-SUMOyla-
tion of DHX15 results in increased antiviral signaling
[96]. Therefore, it is possible that Nsp5 cleavage at Q788
may disrupt SUMOylation, by reducing the length of the
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peptide accessible by the SUMOylation complex, con-
tributing to the general dysregulation of a coordinated
innate immune response to viral infection.

Nsp3 mediated modulation of ubiquitination has been
shown to be important for IFN antagonism [33-40], and
there is also evidence for Nsp5 mediated reduction of
ubiquitination [49, 54]. USP4, which was predicted to be
cleaved by Nspb5, has a stabilizing effect on RIG-I, result-
ing in an elevated innate immune response [97]. Thus,
the predicted cleavage of USP4 would attenuate this
response. UBA1 catalyzes the first step in ubiquitin con-
jugation, thus its potential cleavage by Nsp5 would have a
myriad of disruptive effects in an infected cell.

PARP2 contained a predicted Nsp5 cleavage site with
the second highest Nsp5 access score, at Q352. PARP2
is involved in DNA damage recognition and repair, and
its correct functioning prevents apoptosis in the event of
a double stranded break (DSB) [98]. PARP2 also plays a
role in the adaptive immune system, as it helps prevent
the accumulation of DSBs during TCRa gene rearrange-
ments in thymocytes, promoting T-cell maturation [99].
The predicted Nsp5 site occurs between the DNA bind-
ing and catalytic domains of PARP2 [100], meaning the
cleaved protein would be unable to recognize damaged
DNA, contributing to apoptosis. Interestingly, this is
similar to the native activity of human caspase-8, which
cleaves PARP2 in its DNA binding domain during apop-
tosis [101]. SARS-CoV-2 infection of lung epithelial cells
was found to increase caspase-8 activity, resulting in
cleaved PARP1, a homolog of PARP2 [102]. SARS-CoV
Nsp5 activity is known to be pro-apoptotic, via the acti-
vation of caspase-3 and caspase-9 [103]. Overall, if coro-
navirus Nsp5 cleaves PARP2, it could contribute to the
pro-apoptotic cell state observed in infected cells.

It is therefore possible that Nsp5 mediated cleavage
of human proteins manipulates a variety of host cellular
pathways, which may bias infected cells to favor viral rep-
lication while also disrupting antiviral responses, contrib-
uting to the molecular pathogenesis of diseases caused
by coronaviruses. These pathways and specific proteins
mentioned above represent interesting targets for further
analysis in vitro.

Limitations

The predictions presented in this study are not specific to
SARS-CoV-2 Nsp5, but rather are predictions of the Nsp5
of coronaviruses in general, due to their shared mecha-
nism and similar substrate specificities. Recent studies
comparing Nsp5 proteases from various coronaviruses
have indicated that despite sharing significant sequence
and structural similarity, they cleave and interact with
different human proteins in vitro [54, 60]. In general, a
pan-coronavirus predictor of Nsp5 cleavage sites may
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not be feasible. For example, SARS-CoV-2 Nsp5 accom-
modates more diversity at P2 than SARS-CoV Nsp5 [26],
which would influence the human proteins that could
be cleaved. Refinements to the NetCorona neural net-
work to improve its predictive accuracy, or make them
virus-specific, would be beneficial and have recently been
attempted [47, 104]. Indeed, the significant amount of
research into SARS-CoV-2 Nsp5 mediated cleavage of
human proteins has provided large datasets that could be
used to create a neural network specific to SARS-CoV-2
Nsp5. Nsp5 also appears to accommodate more diver-
sity at P1" and P3 than what NetCorona was trained on,
based on the naturally occurring SARS-CoV-2 pplab
variants we report here. That histidine and methio-
nine can be accommodated at P1, and phenylalanine at
P2, albeit unfavorably, further adds complexity to what
human proteins may be cleaved by Nsp5 [17, 26, 45, 54,
67]. The results of this study are instead meant to provide
guidance for in vitro experimental design and interpre-
tation of experimental results, in addition to suggesting
proteome-wide trends in molecular pathways that Nsp5
from coronaviruses may disrupt to evade the immune
system, or augment to favor viral replication through tar-
geted cleavage of human proteins.

Conclusions

The large volume of recent coronavirus research and
data requires proteome-wide views of interpretation.
The results of this study are intended to complement the
various in vitro approaches that have been used to iden-
tify coronavirus Nsp5-human protein interactions, and
to map specific Nsp5 cleavage sites in human proteins.
As Meyer et al. discuss, specific targeting of proteins by
Nsp5 appears likely, as the knockdown of certain Nsp5-
targeted proteins reduces viral reproduction [46]. We
have built upon the original NetCorona study by per-
forming detailed structural analysis of predicted cleav-
age sites, and protein network and pathway analysis.
Nsp5 was predicted to play a role in the targeted disrup-
tion or augmentation of several key molecular pathways
that relate to recent studies of SARS-CoV-2, and thus are
interesting targets for future analysis and characteriza-
tion both in the context of the COVID-19 pandemic and
to improve our understanding of coronaviruses overall.
We hope that our analysis and the proteome-wide data-
sets generated will aid in the interpretation and design
of additional experiments towards understanding Nsp5’s
role in coronavirus molecular pathology. Specifically,
the 48 proteins highly predicted to be cleaved, and also
expected to be found in the same cellular compartment
as Nsp5, should be investigated in vitro for Nsp5 medi-
ated cleavage.
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Methods

Amino acid sequence datasets

Three datasets of amino acid sequences of human pro-
teins were downloaded from the UniProt reference
human proteome on April 14 2020: “All Human Proteins”
contains 74,811 human protein sequences including
splice variants and predicted proteins; “One Protein Per
Gene” contains 20,595 human protein sequences where
only one sequence is provided for each gene; “Proteins
With PDB” is the “All Human Proteins” dataset filtered
in UniProt for associated entries in the RCSB Protein
Data Bank, generating a dataset of 6806 human protein
sequences. 9404 amino acid sequences of the SARS-
CoV-2 pplab polyprotein were obtained from NCBI
Virus on August 4 2020. Sequences with inconclusive
“X” residues were filtered out as they were not correctly
handled by NetCorona, leaving 8017 SARS-CoV-2 pplab
polyprotein sequences to be analyzed.

NetCorona analysis

The command line version of NetCorona was used to
predict Nsp5 cleavage site scores for human and viral
protein sequences [61]. To overcome the input file
limit of 50,000 amino acids per submission and han-
dle sequences with non-standard amino acids, a Python
script was developed. This script partitions the input
data, runs the NetCorona neural network on each sub-
set, and parses and concatenates the output data. The
output file includes sequence accession number, position
of P1-Glutamine (Q) residue, Netcorona score (0.000—
1.000) and a 10 amino acid sequence motif of positions
P5-P5’ (Additional file 2, 3 and 4). Note that the neural
network itself uses positions P5-P4’ (9 residues) for cal-
culating the score. Gene names and other identifiers
associated with each UniProt ID containing a NetCorona
score>0.5 were collected in Microsoft Excel (Additional
file 1: Table S2-S4). Scores from NetCorona run on each
dataset of proteins were parsed and compared with a Kol-
mogorov-Smirnov (KS) test, to assess the null hypothesis
that the scores for each population are drawn from the
same distribution. Unique glutamine motifs from pplab
polyprotein sequences were identified using Microsoft
Excel (Additional file 1: Table S1). Statistical analysis and
the generation of graphs was performed using GraphPad
Prism (version 9.1.0).

Structural analysis

PDB metadata associated with proteins in the “Proteins
With PDB” dataset that also contained a predicted Nsp5
cleavage (NetCorona score >0.5), were downloaded from
the RCSB PDB website by generating a custom report
in .csv format. Homology models, and structures with a
resolution greater than 8 A or where resolution was not
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reported, were removed. Nsp5 cleavage sites predicted by
NetCorona were matched with one PDB file per cleavage
site, by searching the PDB metadata for the predicted 9
amino acid cleavage motif using Microsoft Excel (Addi-
tional file 6). The entire predicted 9 amino acid motif
must appear in the PDB file to be considered a match.
Matches between a PDB file and predicted cleavage
motif were manually corrected when the motif sequence
appeared by chance in a PDB containing the incorrect
protein.

PDB files containing a predicted Nsp5 cleavage site
were then batch downloaded from the RCSB PDB, and
analyzed 100 at a time using the Protein Structure and
Interaction Analyzer (PSAIA) tool using default settings
[70], with chains in each PDB analyzed independently.
The total accessible surface area (ASA) of each residue
was calculated using a Z slice of 0.25 A and a probe radius
of 1.4A. XML files output by PSAIA were combined in
Microsoft Excel, to create searchable datasets for each 9
amino acid motif predicted to be cleaved by NetCorona,
and the total ASA of all atoms in each 9 amino acid motif
were summed. The motif’s ASA was then multiplied by
the NetCorona score to provide a Nsp5 access score.

Proteins known to be cleaved by mammalian chymot-
rypsin-like proteases were independently obtained from
the RCSB PDB, and the known cleaved motifs were ana-
lyzed as above. Protein structures and homology models
of SARS-CoV-2 proteins were obtained the RCSB PDB
and from SWISS-MODEL [105] and were analyzed as
above. Publication quality figures were generated using
PyMOL 2.3.0.

Tissue expression and subcellular localization analysis
Proteins with Nsp5 access score above 500 were loaded
into the STRING app [71] within Cytoscape [72] (ver-
sion 1.6.0 and 3.8.2 respectively) using Uniprot ID, Homo
sapiens background, 0.80 confidence score cut-off and no
additional interactor for the pathway enrichment analysis
(Additional file 1: Table S14-S16). The node table (includ-
ing tissue expression scores and compartments score for
each protein) was exported to R for wrangling and data
visualization using the tidyverse and ggrepel packages
[106-108].

To increase confidence, tissue expression and subcellu-
lar localization data were obtained from the Human Pro-
tein Atlas which are all based on immunohistochemistry
(tissue expression) or confocal microscopy (subcellular
localization) [78, 109]. Each entry was then matched in R,
table joining was done using Uniprot IDs. Expression lev-
els noted as “Not detected’;, “Low”, “Medium” or “High”
were replaced by numeric values ranging from 0 to 3.
Mean expression was calculated as the mean expression
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across all tissues, removing missing values from the
analysis.

The following intracellular locations were used to
encompass the nucleus, cytoplasm, and endoplasmic
reticulum: “Cytosol’; “Nucleoplasm’, “Endoplasmic retic-
ulum’, “Microtubules’, “Nuclear speckles’, “Intermediate
filaments”, “Nucleoli’, “Nuclear bodies” All the proteins
that did not include one or more of these locations in the

HPA database were excluded from further analysis.

Protein network analysis

The 48 proteins with a Nsp5 access score >500 and that
had the potential to be found in the same cellular com-
partment as Nsp5 were imported into the STRING app
(again within Cytoscape) while allowing a maximum of 5
additional interactor for the network generation instead
of none. All the other parameters were left unchanged.
Individual nodes that had no protein-protein interactions
with other proteins in the network were manually moved
closer to other nodes presenting the same or similar path-
way. When proteins could interact in multiple pathways
represented here, a “main pathway” was assigned based
on literature search. Node color was a gradient based on
Nsp5 access score. Node size increased with the mean
expression. Edges represent protein-protein interaction
(confidence >0.80). Gene name labels were colored based
on the Nsp5 access acore for readability only.
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