Bittremieux et al. 2020 • Open science resources for the mass spectrometry-based analysis of SARS-CoV-2

1/17

Open science resources for the mass
spectrometry-based analysis of SARS-CoV-2
Wout Bittremieux1,2,∗ , Charlotte Adams2 , Kris Laukens2 , Pieter C. Dorrestein1 , Nuno Bandeira1,3
1 Skaggs

School of Pharmacy and Pharmaceutical Sciences, University of California San Diego, La Jolla, CA 92093, USA; 2 Department of
Computer Science, University of Antwerp, 2020 Antwerp, Belgium; 3 Department of Computer Science and Engineering, University of
California San Diego, La Jolla, CA 92093, USA.
Corresponding author: wbittremieux@health.ucsd.edu

Abstract
The SARS-CoV-2 virus is the causative agent of the 2020 pandemic leading to the COVID-19 respiratory disease.
With many scientific and humanitarian efforts ongoing to develop diagnostic tests, vaccines, and treatments
for COVID-19, and to prevent the spread of SARS-CoV-2, mass spectrometry research, including proteomics,
is playing a role in determining the biology of this viral infection. Proteomics studies are starting to lead to an
understanding of the roles of viral and host proteins during SARS-CoV-2 infection, their protein-protein interactions, and post-translational modifications. This is beginning to provide insights into potential therapeutic
targets or diagnostic strategies that can be used to reduce the long-term burden of the pandemic. However, the
extraordinary situation caused by the global pandemic is also highlighting the need to improve mass spectrometry data and workflow sharing. We therefore describe freely available data and computational resources that
can facilitate and assist the mass spectrometry-based analysis of SARS-CoV-2. We exemplify this by reanalyzing a virus-host interactome dataset to detect protein-protein interactions and identify host proteins that could
potentially be used as targets for drug repurposing.

1 Introduction
An outbreak of the novel coronavirus SARS-CoV-2
in late 2019 proceeded to spread internationally in
early 2020 [140]. Leading to the COVID-19 respiratory disease, the SARS-CoV-2 virus presents a major societal challenge on a global scale. To date,
COVID-19 has led to millions of infections and has
resulted in over a million deaths worldwide, with
these numbers still firmly increasing on a daily basis. Although hundreds of efforts to develop a vaccine against SARS-CoV-2 are underway [66], currently no vaccine or antiviral drugs are available yet.
As a result, governments worldwide have had to respond by instituting measures to mitigate spread of
the virus, including quarantine and isolation procedures. Meanwhile, many researchers around the
world have rallied to understand the spread and biology of viral infection by SARS-CoV-2 and to develop
antiviral therapies. A detailed understanding of its
fundamental infectious cycle will be essential for the
effective development of treatments to eliminate or
control SARS-CoV-2. To this end, mass spectrometry
(MS)-based research is playing a key role in gaining
an understanding of the virus’s biology and to support the development of diagnostics (figure 1, supplementary table 1).
Several studies propose to use mass spectrometry for diagnostic testing to detect SARS-CoV-2 infection as an alternative to reverse transcription polymerase chain reaction (RT-PCR) (figure 1A) [8, 17,
18, 41, 42, 55, 56, 84, 95, 99, 107, 136, 142]. Often

peptides from the abundant nucleocapsid protein
are used as markers of SARS-CoV-2 infection. However, the reported eﬀicacy of these studies varies
wildly, from only 20 % sensitivity [142] up to nearperfect detection rates [17, 95, 107]. As such studies continue to emerge, it is important to provide
essential details such as a comparison to the viral
load detectability, the limit of detection, and the
specificity when compared to other methods such
as RT-PCR. Alternatively, studies that aim to detect SARS-CoV-2 infection indirectly by measuring
changes in host proteins and metabolites are also being introduced [63, 81]. However, as in this case the
viral proteins are not directly and unambiguously
detected, MS signature-based diagnostics are an indirect readout compared to RT-PCR or targeted MS
methods. Additionally, several studies use long liquid chromatography gradients [8, 42, 55, 99] or require advanced MS setups [84, 95], prohibiting the
high throughput required for large-scale testing and
rendering such methods, without major modifications, unfeasible in practice (for purposes other than
research). Considering these caveats, MS-based diagnostic approaches should currently be considered
preliminary and extensive validation, which will
likely take longer, is needed to confirm their robustness and accuracy. This validation should include
much larger sample sizes and performing the same
experiment in different laboratories. Additionally,
and this is especially relevant when employing an
indirect readout of a signature as opposed to direct
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Figure 1: Mass spectrometry approaches to aid in combating SARS-CoV-2. (A) MS-based techniques can be
used as a diagnostic test to determine whether people are infected and to assess disease severity. (B) Mass
spectrometry can be used to understand the dynamics and mechanism of viral infection. Insights in changes
in host cell protein dynamics and the virus-host interactome can be used to identify potential drug targets and
develop antiviral therapies.
measurement of the viral proteins, a large-scale and
heterogeneous population is required and disease
assessments must be made to determine whether
other diseases, such as related viral infections, do
not confound the results. Alternatively, until such
MS-based diagnostics can be assessed with tens to
hundreds of thousands of samples that include a diversity of patients and a diverse set of diseases, and
assuming their accuracy is satisfactory, they may be
repurposed as a pre-screening method to triage patients for subsequent testing using unambiguous diagnostics that rely on a direct readout of the virus
itself, such as sequencing (and perhaps in the future measurements of the viral proteins themselves
by mass spectrometry).
Many MS-based SARS-CoV-2 studies employ underpowered and problematic statistical and machine learning strategies that risk overfitting and
could lead to incorrect results. Some authors have
correctly stated that their results should indeed only
be considered preliminary [8, 21, 41, 42, 55, 63, 84,
89, 99, 106, 110, 135, 142], whereas others have not
clearly specified this caveat [17, 76, 81, 95, 107].
Furthermore, many of these studies do not make
their raw data, identification results, feature tables,
and code available (supplementary table 1), making it impossible to independently assess the validity of the results or to test alternative analysis workflows that could reveal additional data patterns that
the original authors did not uncover with their chosen analysis approach. Of the 42 manuscripts we
have evaluated that use mass spectrometry to study
SARS-CoV-2, 22 studies have made their raw data
fully available, five studies have additionally made
their identification data or feature tables publicly
available (18 more have made this data partially
available), and only a single study has made its code
publicly available. Thus, a very large number of
SARS-CoV-2 mass spectrometry papers are not adhering to the best practices set by the community,
funding bodies, and journals [61, 80, 82]. Perhaps
in this case best practices can be skipped to some
extent by authors, reviewers, and journals because
there is an urgent need to get the work dissemi-

nated to address the SARS-CoV-2 pandemic. However, skipping best practices exacerbates the existing
reproducibility crisis in science [3]. As current research on SARS-CoV-2 is highly publicized and scrutinized, if promising results later turn out to be irreproducible or incorrect, this might strongly damage
the credibility of MS-based research. While there
may be valid privacy or intellectual property reasons
that raw data cannot be shared — and it needs to be
disclosed when this is the case — downstream processed data tables and code are with very few exceptions shareable. “Data available upon request”
should be considered unacceptable, especially as
there are ample solutions available to share data and
code, including specialized repositories for the deposition of MS data [128] and scientific sites to create permanently citable code archives [93]. Because
different people have a different expertise and skills,
data reanalyses might uncover novel knowledge that
was overlooked in the original study. It is not only
because when more eyes look at the data that it is
possible to get a faster and more complete understanding of its information content, but also that
making data publicly available can spur the development of new computational methods that can lead
to more accurate results. An example hereof is evolving data deposition requirements in the Protein Data
Bank [7]. Whereas initially only processed data had
to be deposited, with advances in algorithms the
raw data could be processed directly to improve the
quality of the protein structures, and thus not having the raw images from the X-ray available was a
missed scientific opportunity. As a result, now the
Protein Data Bank requires the deposition of raw image data as well. This is one of the reasons why we
are highlighting the public MS data resources that
are available (section 2), as such resources will help
the larger community to fight the pandemic. Additionally, we also believe that research without its associated data and code available is much less impactful. Furthermore, there is reason to believe that, due
to incorrect use of statistics and the irreproducible
nature of the science itself, some of the reported results even go against the progress of fighting this
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pandemic.
Although mechanistic mass spectrometry-based
studies are similarly beset by data and code sharing challenges, the mechanistic insights may ultimately lead to discoveries that improve the management, understanding of susceptibility patterns, prevention, and treatment of SARS-CoV-2 infection (figure 1B). Whereas the the initial SARS-CoV-2 genome
was compiled using computational predictions and
homology to other coronaviruses, novel research indicates that it likely contains several unannotated
viral open reading frames [33]. MS techniques are
excellently placed to confirm these results and help
resolve ambiguities in the transcriptomic data [22,
134]. Several groups have performed quantitative
MS experiments to study the kinetics of viral infection over time, confirming that viral protein synthesis continuously increases after infection. Based
on changes in host cell protein dynamics, activated
pathways can be identified and used as potential
drug targets [12, 13, 64]. Additionally, mass spectrometry can be used to study virus-host interactions. As viruses infect their hosts by a series of interactions between viral and host proteins [15], the
study of virus-host protein-protein interaction (PPI)
networks is essential to understand the role of viral proteins during infection [94]. Several MS-based
studies investigating the SARS-CoV-2 virus-host interactome have recently been released [36, 40, 67, 68,
100, 116]. Knowledge on PPIs can be used to identify
candidate druggable human proteins targeted by existing drugs [40, 116]. Importantly, these studies
are largely complementary as they use different experimental protocols to detect semi-overlapping sets
of interacting proteins. This exemplifies how a fundamental understanding of virus-host interactions
can be used to suggest possible repurposing of existing drugs and eventually develop novel therapeutics
against SARS-CoV-2 infection.
Fortunately there are some commendable groups
that continue to adhere to best scientific practices
even in the middle of a pandemic. As of October 23, 2020, there are now 55 SARS-CoV-2 and
related datasets accessible on MassIVE [131] via
CoronaMassKB (section 2) and 31 datasets in the
PRoteomics IDEntifications (PRIDE) database [91]
for the community to reuse. Additionally, specialized SARS-CoV-2 data and computational infrastructures have been created to make the data more accessible, and we will describe how these resources can
be used to study SARS-CoV-2. Besides a review of
the resources and their utility, we also demonstrate
how publicly available proteomics data may be leveraged to drive discovery of PPIs. We provide a documented and reproducible example of how PPI data
can be analyzed to determine virus-host interactions
and show how this information can be potentially
leveraged to suggest drugs that may be repurposed.
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2 SARS-CoV-2 mass spectrometry
public resources
An unprecedented scientific effort, with thousands
of papers published on the topic in a span of eight
months, is currently underway to study SARS-CoV-2
and try to develop antiviral therapies. Relevant scientific manuscripts, datasets, and novel insights are
produced at a breakneck pace, making it diﬀicult to
keep up with the latest developments. To address
this information disparity, several online resources
which bundle knowledge at the data level on the MSbased analysis of SARS-CoV-2 in a few centralized
locations and which facilitate and assist in the analysis of MS data have emerged (table 1):
CoronaMassKB is a community resource for sharing of MS data and analysis results built upon
the MassIVE infrastructure [131]. It allows
users to submit their coronavirus related data
and (re)analysis results of existing datasets,
and perform reanalyses directly using the online workflows that are available on MassIVE.
It currently contains several reprocessed MS
proteomics and metabolomics datasets and reanalysis results for SARS-CoV-2, SARS-CoV,
MERS-CoV, and other coronaviruses.
COVID-19 Data Portal is a unified portal to access different types of omics data related to
SARS-CoV-2, hosted by the European Bioinformatics Institute (EMBL-EBI). The data portal
provides an easy access point to SARS-CoV-2
data that is available in various services hosted
by EMBL-EBI, such as genomic sequences
(from the European Nucleotide Archive [1]),
expression data (including gene expression
and single cell expression data from the Expression Atlas [90] and protein expression
data hosted in the PRIDE database [91]), protein sequence data (from UniProtKB [122]),
protein structures (from the Protein Data Bank
in Europe [79]), and drug compound activity
data (from ChEMBL [75]) and potential drug
targets (complexes from the Complex Portal [73] and pathways from Reactome [58]).
COVID-19 UniProtKB provides the latest available pre-release UniProtKB [122] data for
SARS-CoV-2 and other entries related to the
COVID-19 outbreak. It is updated as new
relevant information becomes available, independent of the general UniProt release schedule. Note that the COVID-19 UniProtKB contains the full sequence of the SARS-CoV-2
replicase polyprotein 1ab as a single entry,
rather than individual entries for the sixteen
non-structural proteins into which it is autoproteolytically processed.
Human Protein Atlas SARS-CoV-2 [127] contains
tissue and cell expression patterns of known
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Resource

Data type

Functionality

CoronaMassKB
COVID-19 Data Portal
COVID-19 UniProtKB
Human Protein Atlas SARS-CoV-2

proteomics, metabolomics
genomics, proteomics
proteomics
protein expression

data repository, data reanalysis
data indexing
protein sequence
data repository

Table 1: Overview of publicly available resources for the MS-based analysis of SARS-CoV-2.
SARS-CoV-2 interacting human proteins,
based on transcriptomics and antibody-based
proteomics data that is curated from the
scientific literature.
In addition to these specialized SARS-CoV-2
resources, relevant data has been deposited to
the standard MS public data repositories. Several datasets are available through ProteomeXchange [27] in member repositories such as
MassIVE [131], PRIDE [91], and iProx [70]. Additionally, several metabolomics coronavirus datasets
are available on GNPS [130] and MetaboLights [48]
as well. These datasets often form the starting
point for (re)analyses included in the specialized
SARS-CoV-2 data portals listed above. Additionally, PPI databases, such as IntAct [86] and other
members of the International Molecular Exchange
(IMEx) Consortium [87], provide access to interaction information for SARS-CoV-2 that is being
curated from the emerging scientific literature [92].
When a novel virus, such as SARS-CoV-2,
emerges, there is only a very limited amount of
information available. Instead, molecular data
for closely related, known, viruses can provide
preliminary insights into viral activity [112, 138].
Therefore, besides SARS-CoV-2 data, many of the
resources described above also contain data for
related coronaviruses, such as the SARS-CoV virus
(causing the severe acute respiratory syndrome
(SARS)) and the related MERS-CoV virus (causing
the Middle East respiratory syndrome (MERS)).
Genomic and proteomic information from these
related coronaviruses can be used to investigate the
functionality of homologous SARS-CoV-2 proteins
and understand how host responses overlap or
differ. For example, the receptor binding motif for
Angiotensin I converting enzyme 2 (ACE2) binding
by SARS-CoV, which it uses for host cell entry,
is conserved in SARS-CoV-2, and SARS-CoV-2
similarly uses ACE2 for cellular entry [49].
Besides these resources for data sharing, the
COVID-19 Mass Spectrometry Coalition [115] is a
collective and collaborative effort to share sample
collection and processing protocols, and disseminate knowledge and best practices for MS analysis
of COVID-19 samples. This is especially relevant because rigorous safety protocols need to be followed
during analytical processing of COVID-19 samples
to ensure that laboratory personnel does not get infected.

3 Public data sharing enables
reanalysis of virus-host
protein-protein interactions
To illustrate the power of public data sharing, we
will demonstrate how existing PPI MS data can be
reanalyzed using a different method to investigate
the virus-host interactome and identify potential targets for drug repurposing. As PPIs drive most cellular functions, studying the virus-host interactome is
essential to understand the molecular mechanisms
of viral infection. Several high-throughput MS techniques can be used to determine protein interactions, such as aﬀinity purification mass spectrometry (AP-MS) [30], proximity-dependent biotinylation (PDB) approaches [101], and thermal protein
profiling [71]. A widely used technique to identify protein interactions is AP-MS [30]. In an APMS experiment cells expressing a protein of interest (called the “bait”) are cultured and harvested, allowing the purification of the protein by an aﬀinity
reagent targeting the protein itself or an epitope tag.
The targeted protein is then isolated from nonspecific proteins through a series of washes and identified by mass spectrometry along with its interacting partners (called “preys”). Alternatively, during a proximity-dependent biotinylation experiment
the bait is fused in-frame to a PDB enzyme, leading to the covalent biotinylation of nearby proteins.
The advantage of PDB is that protein interactions
or the integrity of organelles does not need to be
maintained post-labeling because the covalently biotinylated preys can be captured using an aﬀinity
matrix [101]. These techniques have been instrumental in recent years to increase our understanding of protein interactions. As an example, the
BioPlex project is a remarkable effort to map the human interactome [52–54]. Its latest iteration covers
70 % of the human proteome and includes 118 162
interactions among 14 586 proteins, resulting from
a staggering 10 128 AP-MS experiments. This detailed knowledge on human protein interactions is
highly valuable to determine normal cellular processes and analyze how viral infection hijacks cellular activity. With regard to SARS-CoV-2, several APMS and PDB-based studies investigating the virushost interactome have recently been released [36, 40,
67, 68, 100, 116].
The outcome of a PPI experiment is a list of
bait proteins and their potential interaction part-
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ners (preys). However, such unfiltered lists can
contain a very high number of false positive interactions [83]. First, false positive interactions arise
from incorrect protein identifications. Similar to
standard spectrum identification, false positive identifications need to be controlled at the spectrum
level, peptide level, and protein level [59]. Second, besides this general problem of false positive
protein identifications, nonspecific interactors need
to be removed [83]. Nonspecifically binding proteins, or background proteins, include highly abundant cellular proteins (e.g. tubulins and ribosomal
proteins), proteins that bind to unfolded polypeptides (e.g. heat-shock proteins), and other contaminants. A further consideration when using MSbased techniques to determine PPIs is that, as opposed to binary interaction elucidation techniques,
such as yeast two-hybrid (Y2H), they cannot differentiate between direct and indirect binding relationships. Consequently, using MS-based techniques it
is not possible to determine whether two proteins directly interact with each other, or whether they interact indirectly as part of a larger protein complex. In
contrast, compared to Y2H and other ex situ binding
assays, MS-based binding assays function in situ, i.e.
they involve the binding of the protein of interest to
host proteins inside of the cell. This decreases the
detection of artificial interactions and modifications
on the proteins and can be closer to the state found
during infection [37].

3.1 Filtering high-confidence interacting
proteins
A crucial step in the computational analysis of
PPI data is filtering out false positive interactions.
The background is estimated over multiple unrelated MS runs in an experiment and proteins that
are present at a higher abundance than the background are assumed to be interactors. Alternatively, the CRAPome is a repository of negative
controls aggregated from multiple AP-MS experiments that can be used to help filter background
contaminants in experiments conducted with similar protocols [74]. Several computational tools,
such as CompPASS [111]/CompPASS-Plus [54],
SAINT [20]/SAINTexpress [120], MiST [57], and
SFINX [124], exist to filter nonspecific interactors
and rank interacting proteins. These tools typically
employ label-free protein quantification to score interactors and filter out low confidence interactions.
To demonstrate how publicly available proteomics data may be used to study the virus-host
interactome and to illustrate the need for appropriate filtering of potential PPIs, we have reanalyzed
the SARS-CoV-2 AP-MS data from Gordon et al.
[40]. A fully end-to-end analysis, including detailed instructions and descriptions of the different
steps, is available as a Jupyter notebook [123] at
https://github.com/bittremieux/sars_cov_2
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(figure 2). Identification results have been deposited to the MassIVE repository with reanalysis
identifier RPXD018240.3. First, raw files downloaded from PRIDE were converted to MGF files
using ThermoRawFileParser (version 1.2.3) [51].
Next, spectrum identification was performed using
the Comet search engine (version 2016.01) [31]
in the Crux toolkit (version 3.2) [72] against a
concatenated FASTA file containing human protein
sequences (Uniprot reviewed sequences downloaded on 2020/02/28) [14], the SARS-CoV-2
protein sequences, and the green fluorescent
protein sequence (the AP-MS tag). The search
settings included a concatenated target-decoy
search, 10 ppm precursor mass tolerance, trypsin/P
cleavage, removal of the precursor peak, and to only
report the top scoring peptide per spectrum. Other
search settings were kept at their default values,
including a static carbamidomethylation modification of cysteine and no variable modifications. The
peptide-spectrum matches (PSMs) were processed
in Python 3.8 using Pyteomics (version 4.3.2) [39]
to jointly filter them at a 1 % PSM and protein level
false discovery rate (FDR), retaining 173 748 PSMs.
Next, we have used SAINTexpress [120] to score
PPIs based on spectral counts. In the notebook, we
describe the format of the SAINTexpress input files
and demonstrate how to generate them from the
PSM data. Prior to SAINTexpress filtering there
were 44 992 unique bait–prey combinations that
form potential interacting proteins. After filtering
the SAINTexpress results at 1 % FDR and requiring
at least 20 spectra per bait–prey pair, 412 PPIs were
retained. This 100-fold reduction in PPIs clearly
illustrates the need for stringent filtering to remove
spurious interactions.
In their original analysis, Gordon et al. [40] report 332 high-confidence interactions. The difference in detected PPIs can largely be attributed to
a difference in filtering strategies. Whereas Gordon et al. [40] have used a two-step combination of SAINTexpress [120] and MiST [57] filtering
with different thresholds to identify high-confidence
PPIs, here we have filtered on the FDR reported by
SAINTexpress and a minimum spectra requirement.
We observe that 319 of the 412 PPIs obtained from
the reanalysis are present in the unfiltered data by
Gordon et al. [40]. Additionally, 93 new PPIs are
detected, which can be attributed to the fact that different search engines were used for spectrum identification.
Several databases exist that collect information
on PPIs [85], such as IntAct [86], MINT [69],
BioGrid [88], STRING [119], etc. These databases
collect molecular interaction data that is derived
and curated from the literature or that is predicted
from genomic context information. Several of these
data repositories are members of the IMEx Consortium [87], which has established a single set of
rules and guidelines for capturing PPI data and provides a unified interface for computational access
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Figure 2: Example Jupyter notebook to illustrate the benefits of open science for the analysis of SARS-CoV-2 data.
The notebook contains a step-by-step reanalysis of the AP-MS data from Gordon et al. [40], including spectrum
identification, PPI filtering and network visualization, and identifying potential targets for drug repurposing.
The full notebook can be found at https://github.com/bittremieux/sars_cov_2.
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Figure 3: PPI network for the SARS-CoV-2 nucleocapsid (N) protein, visualized using NetworkX (version 2.4) [46]. The weight of the edges is proportional to the average spectral counts of the preys
across the biological replicates of the bait. Edges
for interactions that have been manually extracted
from the literature by IMEx curators [92] are colored
dark gray, whereas edges for potentially novel interactions are colored light gray. Prey (human) proteins that are a target for existing drugs retrieved
from ChEMBL [75] are indicated with a pink border.
to these data resources [2]. The IMEx Consortium
has recently released a curated dataset of molecular interactions for SARS-CoV-2 and other coronaviruses, containing 2212 binarized interactions extracted from 86 publications [92]. We demonstrate
in the notebook how the PSICQUIC web service [2]
can be used to automatically query the curated interactions from IMEx. The comparison with the
confirmed interactions (figure 3) indicates that reprocessing existing datasets with alternative computational tools recovers known, high-quality interactions, but can also suggest new interactions. This
clearly demonstrates the value of public data sharing, as reanalysis can provide different perspectives
on the same published data.

3.2 Virus-host protein interactions
provide targets for drug repurposing
Drug repurposing is an especially attractive strategy in the early phase of an epidemic to provide
immediate treatment [45, 98]. The advantage of repurposing existing drugs is that no expensive and
time-consuming drug development cycle has to be
completed but that the drugs are readily available.
Additionally, existing drugs have known safety pro-
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files and are already familiar to clinicians working
with these drugs. As an example, remdesivir, which
was originally developed as a treatment against
ebola, has been shown to be effective in reducing
the time to recovery for adults hospitalized with
COVID-19 [6], while dexamethasone, a commonly
used corticosteroid, has been shown to reduce mortality among severe COVID-19 patients receiving invasive mechanical ventilation [121].
Conventional antiviral drug therapies mainly target the virus itself. Most coronaviruses encode a
large surface protein, the spike protein, which is responsible for receptor binding and membrane fusion. Antibodies that bind the spike protein prevent its attachment to the host cell and can potentially neutralize viral infection [66]. As such, although to date no vaccine or specific antiviral drug
has been approved for the previous coronavirus
SARS-CoV, its spike protein has been identified as a
potential target for vaccine and therapeutic development [29]. Similarly, the spike protein was quickly
identified as an antigenic target for development of
a vaccine against SARS-CoV-2 as well [66]. Alternatively, instead of targeting viral proteins, knowledge about the virus-host interactome can be used to
identify potentially relevant host protein targets for
antiviral therapy [25, 102]. For instance, Hoffmann
et al. [49] show that the cellular serine protease
TMPRSS2 primes the SARS-CoV-2 spike protein for
entry, and that the serine protease inhibitor camostat mesylate, which is active against TMPRSS2,
blocks SARS-CoV-2 infection of lung cells. Additionally, by matching PPI information determined
via AP-MS to chemical databases, Gordon et al. [40]
were able to identify 67 human proteins targeted
by existing drugs, including drugs approved by the
Food and Drug Administration (FDA), compounds
in clinical trials, and preclinical compounds.
Similarly, the supplementary Jupyter notebook
demonstrates how cheminformatics approaches can
be used to find existing drugs that target host proteins that interact with SARS-CoV-2 proteins in the
reprocessed AP-MS data from Gordon et al. [40].
Several databases of bioactive molecules, their chemical properties, and drug target information exist, including ChEMBL [75], DrugBank [137], the Therapeutic Target Database [132], and BindingDB [38].
We have used the ChEMBL Python client library
(version 0.10.1) [23] to automatically retrieve FDAapproved drug compounds that target the human proteins that were found to interact with
SARS-CoV-2 (figure 3). This results in 2982 drug–
protein pairs consisting of 51 unique human proteins that are targeted by 357 unique drugs. Interestingly, four drugs are currently being evaluated in clinical trials registered at ClinicalTrials.gov.
These include colchicine, an anti-inflammatory drug
which has been shown to improve time to clinical deterioration [26]; cd24fc, which has immune
checkpoint inhibitory and anti-inflammatory activities and which was originally developed for the treat-
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ment of graft-versus-host disease; and selinexor,
an anticancer drug that blocks the cellular protein
XPO1, which mediates the export of viral proteins
out of the nucleus [126]. This demonstrates how the
study of virus-host interactions can lead to mechanistic insights into viral infection to identify host proteins that can be used as potential targets for drug
repurposing.
Furthermore, multiple approaches to evaluate
drug targets in silico are being pursued [5, 96, 143].
As an example, based on the BenevolentAI knowledge graph [103], which consists of medical information extracted from the scientific literature using
machine learning, the drug baricitinib has been predicted to reduce the ability of SARS-CoV-2 to infect
lung cells [96, 113], which effect was recently confirmed in a clinical trial [114]. However, baricitinib
also blocks JAK-STAT signaling, which is thought to
lead to an increased risk of herpes zoster and simplex infection. As such, the use of baricitinib should
currently be considered with caution [32, 97]. As
the scientific and medical community gains a deeper
understanding into the dynamics of SARS-CoV-2 infection, additional drug repurposing targets might
be identified. However, these recommendations
should initially only be considered as tentative treatment options, which have to be carefully validated
in randomized controlled trials.

3.3 The underexplored role of
post-translational modifications in
SARS-CoV-2 infection
Although viral protein complexity is often limited by
its relatively small genome, post-translational modifications (PTMs) offer additional functional diversity within the limited genetic space. PTMs play an
important role in enhancing the multifunctional nature of viral proteins by contributing to both cellular responses to infection and viral hijacking of the
host [24]. Although our current knowledge of the
presence and role of PTMs in SARS-CoV-2 is still
limited, viral replication and pathogenesis of other
coronaviruses has been shown to be influenced by
the presence of PTMs [34]. When the SARS-CoV
spike glycoprotein was treated with PNGase F to
remove N-linked glycans it was no longer recognized by neutralizing antisera raised against purified virions [109], suggesting that N-linked glycosylation may play an important role in constituting the native structure of the spike protein and
thereby affecting its antigenicity. The SARS-CoV nucleocapsid protein can be phosphorylated by multiple host kinases. Inhibition of the host protein
glycogen synthase kinase-3 significantly reduced the
phosphorylation level of the nucleocapsid protein
and led to a decrease in viral titer and cytopathic
effects [139]. Additionally, coronaviruses can interfere with host PTMs as well. The replicase polyprotein encoded by coronavirus gene 1 is processed
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into sixteen nonstructural proteins by two viral proteases, papain-like protease (PLpro) and 3C-like
protease [47]. Apart from its protease activity,
SARS-CoV PLpro [4], MERS-CoV PLpro [78], as
well as PLpro of other coronaviruses have also been
shown to possess deubiquitinating activity.
Both viral and host PTMs might similarly play a
role in infection by SARS-CoV-2, and mass spectrometry is being used to provide insights into the modification profile of SARS-CoV-2 proteins. There is
a high degree of structural similarity and sequence
conservation between the SARS-CoV spike protein
and the SARS-CoV-2 spike protein [129]. As almost all current vaccine candidates are focused on
the spike protein [66], detailed knowledge of its glycosylation status is highly relevant [104, 105, 117,
133, 144]. Additionally, numerous phosphorylation
sites have been reported within critical SARS-CoV-2
proteins [13, 22, 64, 116, 118], with extensive temporal changes in phosphorylation of host and viral
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infection by SARS-CoV-2.
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Spectral Library Searching through Approximate Nearest Neighbor Indexing.” In: Journal of Proteome Research 17.10 (Oct. 5, 2018),
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4 Conclusion
While the current SARS-CoV-2 pandemic presents
an unprecedented global challenge, the scientific
community has likewise responded with extraordinary speed and focus. With many researchers pivoting towards the analysis of SARS-CoV-2, a massive
amount of novel scientific knowledge is currently
being generated on a daily basis, and it can be a
daunting task to keep up with this rapidly growing
body of research. We have highlighted a few centralized data portals that contain resources to facilitate the MS-based analysis of SARS-CoV-2. These
data portals play an important role in featuring relevant scientific work and eﬀiciently sharing emerging insights. Despite the urgency imposed by the
pandemic we would like to encourage the scientific
community to keep adhering to best practices to ensure the highest quality of possible research. Importantly, this includes public data and code sharing,
ideally using the aforementioned resources, to avoid
exacerbating the reproducibility crisis, impart confidence in the published results, and enable and facilitate public data reanalyses.
As a brief demonstration of the potential of public data sharing we have reanalyzed a recently published SARS-CoV-2 PPI dataset. We have shown
how known and novel protein interactions can be
found and how this information can be used to identify candidates for drug repurposing. Additionally,
we have highlighted opportunities for further reanalyses of public data to investigate the unknown role
of protein modifications during viral infection. Crucially, such reanalyses to explore the virus-host interactome in deeper detail are only possible if the data
is publicly accessible.
These are challenging times for a lot of people,
both in their personal lives as well as in their professional lives. Nevertheless, seeing the collegiality in the scientific community, by collaborating on
projects to understand SARS-CoV-2 and by providing emotional support in these taxing circumstances,
makes us feel optimistic that together we will overcome these challenges.
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Supplementary table 1: Data and code availability for studies (including preprints) that have utilized mass
spectrometry to analyze SARS-CoV-2. Partial data availability indicates that there are missing data files or that
data files are only available in custom file formats (raw data: vendor raw files missing, identification/feature
data: no standard formats (such as mzIdentML [60], mzTab [44], or mzTab-M [50])).

