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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is a global threat to human health and has compromised economic
stability. In addition to the development of an effective vaccine, it is
imperative to understand how SARS-CoV-2 hijacks host cellular
machineries on a system-wide scale so that potential host-directed
therapies can be developed. In situ proteome-wide abundance and
thermal stability measurements using thermal proteome profiling
(TPP) can inform on global changes in protein activity. Here we
adapted TPP to high biosafety conditions amenable to SARS-CoV-2
handling. We discovered pronounced temporal alterations in host
protein thermostability during infection, which converged on cellu-
lar processes including cell cycle, microtubule and RNA splicing
regulation. Pharmacological inhibition of host proteins displaying
altered thermal stability or abundance during infection suppressed
SARS-CoV-2 replication. Overall, this work serves as a framework for
expanding TPP workflows to globally important human pathogens
that require high biosafety containment and provides deeper reso-
lution into the molecular changes induced by SARS-CoV-2 infection.
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Introduction

SARS-CoV-2, the novel severe acute respiratory syndrome coron-
avirus, has led to a worldwide pandemic that is upending economic
stability and poses a tremendous burden on healthcare systems. As
the pandemic is ongoing and treatment options remain limited, a
deeper molecular understanding of the host proteins modulated by
SARS-CoV-2 to promote its infection life cycle is urgently required to
expose potential therapeutic intervention strategies. SARS-CoV-2
hijacks host cell processes for its replication, packaging and release,
leading to alterations in cell signalling and protein expression
(Bojkova et al, 2020; Bouhaddou et al, 2020; Zecha et al, 2020;
Gordon et al, 2020b). Although genetic approaches are shedding
light onto the functional relevance of such large-scale proteomic
information (preprint: Wang et al, 2020; Wei et al, 2020; Gordon
et al, 2020a), complementary approaches are needed to expand our
understanding of the biophysical changes that proteins can undergo
within a live infection context.

Many physiological changes to the functional state of a protein
are reflected in altered protein thermal stability (Mateus et al,
2016, 2020b). Thermal proteome profiling (TPP) measures protein
thermal stability in situ on a proteome-wide scale and is a power-
ful tool for identifying proteins with altered biophysical states in
living cells: protein—protein interactions (PPIs), the reorganization
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of protein complexes (Mateus et al, 2018; Becher et al, 2018),
post-translational modifications (Huang et al, 2019; preprint: Potel
et al, 2020) or the interaction of proteins with co-factors, small
molecules or nucleic acids (Sridharan et al, 2019; Mateus et al,
2020a). The method quantifies protein abundance changes in the
same samples, offering a comprehensive insight into the physio-
logical changes that occur during cellular perturbations. Applying
TPP to viral pathogens can provide a comprehensive and orthogo-
nal view on various protein state changes during infection and
highlight key proteins and cellular processes required for viral
replication (Hashimoto et al, 2020). However, no study to date
has applied TPP to the infection context under biosafety level 3
(BSL3) conditions.

Here, we present the first dataset on the time-resolved interro-
gation of host protein thermostability changes during infection of
Caco-2 cells with SARS-CoV-2. Hundreds of proteins changed in
abundance and thermal stability, starting from as early as 1 h
postinfection (hpi), indicating rapid remodelling of the host cell
proteomic state. Integration of our data with SARS-CoV-2 induced
phosphorylation events and viral-host PPI maps revealed common
cellular processes, such as RNA splicing, that are affected within
the first 1-2 h postinfection, followed by disturbances in cell cycle
and the cell cytoskeleton towards later stages of infection. Addi-
tional proteins and processes not previously implicated in SARS-
CoV-2 infection were also affected. To illustrate that changes in
thermal stability and abundance—as a result of SARS-CoV-2 infec-
tion—can be used to unravel host cell biology that the virus
hijacks or depends on, we tested pharmacological inhibitors for a
subset of affected proteins to modulate viral proliferation. This led
us to uncover a requirement for host heat shock chaperones
(HSP90) and the aryl hydrocarbon hydroxylase (CYP1Al) in
supporting SARS-CoV-2 proliferation. In conclusion, we report an
important method development for the TPP workflow that
expands its application to high biosafety conditions, thus paving
the way for future studies aimed at understanding how dangerous
human pathogens remodel the host proteome state. This allowed
us to implicate new host proteins and cellular pathways in SARS-
CoV-2 infection that can be pharmacologically targeted to inhibit
viral replication.

Results

Proteome abundance and thermal stability upon
SARS-CoV-2 infection

Since viral pathogens need to hijack endogenous host protein
machinery for their replication, we reasoned that TPP would be a
powerful means to uncover functionally relevant changes during
infection with SARS-CoV-2 (Savitski et al, 2014). To generate
proteome-wide thermal stability profiles in a typical TPP work-
flow, cell aliquots are subjected to ten different temperatures to
promote in situ protein unfolding. Cells are then lysed, insoluble
proteins are removed, and the remaining soluble protein fraction
at each temperature is collected and analysed with mass spectrom-
etry-based quantitative proteomics (Becher et al, 2016, 2018). To
ensure compatibility with a BSL3 working environment, we first
adapted our standard TPP protocol (Franken et al, 2015) by
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replacing centrifugation steps—which can otherwise lead to the
generation of aerosols containing airborne pathogens—with a fil-
tration step aided by vacuum for protein aggregate removal that
can be performed inside a HEPA filtered laminar flow cabinet
(Fig 1A; see Materials and Methods for details). We confirmed that
this step was as effective as the previous centrifugation procedure
(Appendix Fig S1A and B).

We then applied the adapted TPP workflow to study how
SARS-CoV-2 infection modifies host proteome thermal stability and
abundance. Caco-2 cells, which are permissive to SARS-CoV-2
infection (Stanifer et al, 2020; Bojkova et al, 2020), were infected
in triplicate with SARS-CoV-2 at a multiplicity of infection (MOI)
of 0.5 for 1 h, after which unbound viral particles were removed
and samples were harvested at 1, 2, 4, 7, 12, 24 and 48 h postin-
fection (Fig 1A). Four hours after addition of the virus ~ 5.2% of
cells were infected, with cell infection rates then peaking at around
18% by 24 h (Fig 1B and C). At each time point, samples were
harvested and processed using vacuum-based aggregate removal
as described above and analysed by mass spectrometry-based
quantitative proteomics (Fig 1A).

We detected 7,414 proteins with at least two unique peptides.
This included three viral proteins: the spike glycoprotein (S), the
nucleoprotein (N) and Orfob. Abundance changes of these three
proteins over time largely recapitulated the microscopy observations
for viral replication (Fig 1D). SARS-CoV-2 proliferation kinetics and
the viral protein coverage were comparable to those reported previ-
ously in Caco-2 cells (Bojkova et al, 2020). We then calculated
abundance changes relative to the non-infected control for 5,564
proteins (detected at the two lowest temperatures in at least two
replicates), and thermal stability changes for 4,076 proteins (de-
tected at the two lowest temperatures in at least two replicates and
overall detected in at least ten temperatures; Dataset EV1; see Mate-
rials and Methods for details). Of these, 350 proteins showed signifi-
cant changes in abundance (|z-score| > 1.96 and g-value < 0.05;
see Materials and Methods for details) and 278 proteins showed
changes in thermal stability in at least one time point (Dataset EV1,
Appendix Fig S2). Consistent with previous observations, the major-
ity of protein abundance changes were the result of down-regulation
(62.9% of overall abundance changes; 220 proteins in total)
(Bouhaddou et al, 2020), whereas stability changes were dominated
by protein destabilization (61.9% of overall thermal stability
changes: 172 proteins in total) (Fig 2A and Appendix Fig S2). For
instance, we observed an early increase in the abundance of host
transcription and translation-related proteins (including viral-associ-
ated processes), specifically within the first hour of infection,
whereas thermostability changes for these processes were mostly
sustained throughout the infection time course (Fig 2B and Dataset
EV2). Proteins associated with mitochondrial translation changed
only in abundance within the first 2 h of infection, and proteins
related to cytoskeletal remodelling and protein folding changed only
in thermal stability mostly towards the later stages of infection
(Fig 2B and Dataset EV2). Hits related to protein folding were
mostly the result of thermal destabilization and cell-cell adhesion
proteins were mostly thermally stabilized (Appendix Figs S3 and S4,
and Dataset EV2). In summary, we reveal a rich and dynamic map
of host protein abundance and thermal stability changes upon
SARS-CoV-2 infection that may represent novel therapeutically rele-
vant targets.

© 2021 The Authors
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Figure 1. Global assessment of host abundance and thermostability changes during SARS-CoV-2 infection.

A Caco-2 monolayers consisting of 1.5¢° cells per sample were infected with SARS-CoV-2 at an MOI of 0.5 (see Materials and Methods). Three biologically independent
replicates were collected per time point. Samples were subjected to vacuum manifold-based 2D-TPP. After removal of insoluble proteins, the remaining soluble
fractions were labelled with isobaric mass tags (TMTpro) to enable protein quantification. Samples were combined in a 2D-TPP layout in order to compare protein
thermal stability and abundance throughout the infection time course (Becher et al, 2018). The uninfected (t_,) time point was used as a reference to calculate fold
changes (FC). Significant protein changes (abundance and thermal stability) are represented as circle plots for individual proteins, as previously described (Becher
et al, 2018). Inner circle corresponds to protein abundance and the outer circle corresponds to thermal stability changes (n = 3).

B Caco-2 cells were infected with SARS-CoV-2 as per (A). Cells were washed, fixed and stained with DAPI (blue) to visualize cell nuclei and incubated with anti-N-
protein antibody (red) to visualize SARS-CoV-2 infected cells. Scale bar denotes 10 um.

C Infection rates were calculated using automated imaging software (see Materials and Methods) calculated from six fields of view per time point per biological
replicate. Data point indicates the sample means and the error bars the standard error of the mean (SEM) (n = 3).

D SARS-CoV-2 detected proteins plotted as a function of time where each data point denotes a different replicate (n = 3).

SARS-CoV-2-induced thermal stability changes converge on viral-
host PPIs and phosphosite regulation

Next, we asked whether proteins that change in abundance or ther-
mal stability during SARS-CoV-2 infection also participate in viral-
host PPIs and/or possess phosphosites that are differentially regu-
lated upon SARS-CoV-2 infection (Bouhaddou et al, 2020; preprint:
Samavarchi-Tehrani et al, 2020; Gordon et al, 2020b). To do this, we
compared this list of proteins to previously acquired proteome-wide
datasets describing SARS-CoV-2-host PPIs and phosphosite regula-
tion upon infection (Bouhaddou et al, 2020; Gordon et al, 2020b).
We found an overlap of 30 proteins that had altered abundance or

© 2021 The Authors

thermal stability and were previously shown to physically interact
with viral baits in affinity purification mass spectrometry (AP-MS)
experiments (Gordon et al, 2020b; Appendix Fig S5A) and 204
proteins in BioID experiments (preprint: Samavarchi-Tehrani et al,
2020) (Appendix Fig S5B). Additionally, 107 of the proteins with
altered abundance or thermal stability also exhibited altered phos-
phorylation states during SARS-CoV-2 infection (Appendix Fig S5C;
Bouhaddou et al, 2020). Thus, proteins exhibiting multiple alter-
ations in abundance, thermal stability and/or their interaction or
phosphorylation state provide further molecular support for their
functional role during SARS-CoV-2 infection. Importantly, the major-
ity of proteins changing in thermal stability were unique to the TPP

Molecular Systems Biology 17:€10188|2021 3 of 13
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Figure 2. Global protein abundance and thermal stability changes upon SARS-CoV-2 infection.

A Total number of significantly up- or down-regulated proteins (|z-score| > 1.96, g-value < 0.05) per time point of SARS-CoV-2-infected Caco-2 cells as described in
Fig 1A. Proteins that were significantly changed in abundance (left) and thermal stability (right) are sub-grouped according to either down-regulation/destabilization

(red) or up-regulation/stabilization (turquoise).

B Gene Ontology (GO) biological process and pathway enrichment of selected pathways. See Dataset EV2 for complete GO term biological process and pathway

enrichments.

experiment. As discussed below, some of these hits are direct targets
of SARS-CoV-2 inhibiting drugs, suggesting that TPP provides
orthogonal information on the biology of SARS-CoV-2 infection.

To understand how thermal stability changes relate to alterations
in host cellular processes, we used proteins with altered thermal
stability to seed a network which was then propagated using host
proteins previously shown to interact with SARS-CoV-2 proteins or

Figure 3. Network analysis of integrated SARS-CoV-2 datasets.

exhibit disturbances in phosphosite regulation during SARS-CoV-2
infection (Bouhaddou et al, 2020; Gordon et al, 2020b; Fig 3A).
After network propagation, clustering was performed to split the
network into modules containing proteins with related biological
functions. Biological pathway analysis revealed pronounced conver-
gence of host proteome regulation (thermal stability or phosphosite)
and physical interactions (viral-host PPIs) within core cellular

A Network of proteins commonly altered or targeted during SARS-CoV-2 infection. Proteins displaying significantly altered changes in thermal stability were used as
seeds for building the network. SARS-CoV-2 infection regulated phosphosites and their predicted upstream kinases as well as protein—protein interactions between
viral baits and host prey proteins were used to propagate the network. After network propagation, clustering was performed to split the network into modules (see
Materials and Methods). GO term enrichments for each module are shown bottom right. Protein thermal stability data is from this study, whereas phosphorylation/
kinase regulation (Bouhaddou et al, 2020) and viral-human protein—protein interaction (Gordon et al, 2020b) data were acquired from previous work and used to
propagate the TPP hits that seed this network. All TPP thermal stability hits per module are displayed.

B Two statistical tests were then performed on the generated network from (A). First, to assess whether the modules are enriched in TPP hits (Fisher test), and second,
to determine whether they received a significant amount of starting signal (KS test). Dashed red line represents significance threshold (P-adj < 0.05).

C Heat map showing the time point at which TPP hits are found within each module defined in (A). Green tile indicates significant changes in thermal stability.
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processes including proteins involved in cell cycle regulation, micro-
tubule organization and mRNA splicing regulation (Fig 3A and B).
Notably, proteins involved in RNA splicing (Module M-3) (e.g.
SNRNP70, SNRPGP15, SRSF10, SNRPG, SRSF1, SRSF7, SRRM1 and
LUC7L3) were consistently thermally destabilized at 2 h postinfec-
tion (Fig 3C). Disturbances in the RNA splicing machinery is in line
with recent reports demonstrating alterations in the abundance
(Bojkova et al, 2020) and phosphorylation states (Bouhaddou et al,
2020) of RNA splicing-related proteins during SARS-CoV-2 infection.
Importantly, the functional requirement for spliceosome function in
SARS-CoV-2 infection has been previously demonstrated using the
spliceosome inhibitor, pladienolide B, which suppressed SARS-CoV-
2 replication (Bojkova et al, 2020). Interestingly, the SARS-CoV-2
protein nsp16 disrupts mRNA splicing events through binding of the
mRNA recognition domains U1/U2 snRNAs, thus preventing trans-
lation of antiviral gene products (Boudreault et al, 2019; Maranon
et al, 2020; Banerjee et al, 2020).

Furthermore, we observed pronounced changes in the thermal
stability of structural components of desmosomes which are
involved in cell-cell adhesion; desmoplakin (DSP) was thermally
destabilized between 7 and 24 h of infection while desmoglein-2
(DSG2) and plakophilin-2 (PKP2) showed thermal stabilization
towards later time points (Fig 3A, and Dataset EV1). This may have
implications for the spread of SARS-CoV-2, as other viruses have
been shown to target cell-cell junction proteins to facilitate their
spread to neighbouring cells (Mateo et al, 2015).

We detected a strong destabilization of inosine-5'-monophos-
phate dehydrogenase 2 (IMPDH2) starting from 4 h postinfection
(Fig 4A). IMPDH2 catalyses the conversion of inosine 5'-phosphate
(IMP) to xanthosine 5’-phosphate (XMP), which is a rate limiting
step of de novo guanine biosynthesis. Inhibition of IMPDH2 with the
antiviral ribavirin was previously shown to suppress SARS-CoV-2
replication (Bojkova et al, 2020), as does its genetic ablation (Gor-
don et al, 2020a). These results provide further evidence that
IMPDH2 is functionally modified during infection, possibly by a
direct interaction with nspl4, and provides additional molecular
insight into why IMPDH2 pharmacological inhibition effectively
suppresses SARS-CoV-2 replication.

We found that the glycosaminoglycan biosynthesis protein UDP-
glucose 6-dehydrogenase, UGDH and the proteasomal 26S inhibitor,
PAAF1, were both destabilized upon SARS-CoV-2 infection (Fig 4B).
Importantly, both UGDH and PAAF1 are required for SARS-CoV-2
infection (preprint: Wang et al, 2020), and nsp6 was previously
found to physically interact with UGDH, and the viral membrane
glycoprotein M with UGDH and PAAF1 in BiolD experiments
(preprint: Samavarchi-Tehrani et al, 2020) (Fig 4B). These data
suggest that thermal destabilization of UGDH and PAAF1 during
SARS-CoV-2 infection capture functionally relevant changes in their
biophysical state that impact SARS-CoV-2 proliferation.

We previously reported that protein phosphorylation, in some
cases, corresponds to alterations in protein thermal stability
(preprint: Potel et al, 2020). We noticed that some phosphorylation
events we previously observed (Bouhaddou et al, 2020) during
SARS-CoV-2 infection temporally coincided with protein thermal
stability changes, particularly during earlier time points. For
instance, phosphorylation of S604 on the transcription factor scaffold
attachment factor B1 (SAFB), temporally coincided with its destabi-
lization which began at 1 hpi and reached significance at 2 hpi
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(Bouhaddou et al, 2020; Fig 4C). We have previously demonstrated
that phosphorylation of S604 is associated with SAFB thermal desta-
bilization (preprint: Potel et al, 2020; Fig 4D), suggesting SARS-CoV-
2 infection promotes SAFB thermal destabilization by phosphoryla-
tion on S604. Consistent with a role for S604 in regulating SAFB
function, the protein abundance of SAFB target genes FBL, RPS15
and TAF15 increased concomitantly with S604 levels (Appendix Fig
S6A). Notably, the SAFB target gene product LARP1 was previously
found to interact with the SARS-CoV-2 N-protein, and the target gene
neuroguidin (NGDN) with the SARS-CoV-1 protein nsp9 (Gordon
et al, 2020a, 2020b). Confirming the functional relevance for SARS-
CoV-2, NGDN was recently shown to be required for SARS-CoV-2
proliferation (preprint: Wang et al, 2020). These findings allude to a
potential temporal interplay between SARS-CoV-2 and SAFB,
whereby phosphorylation of S604 on SAFB that induces the expres-
sion of proteins directly targeted by SARS-CoV-2 during infection.
Several host chaperones had profound changes in thermal stabil-
ity during SARS-CoV-2 infection. For instance, the core components
of the human chaperone complex (TRiC/CCT) were mildly thermally
stabilized early in infection, whereas they were strongly destabilized
at later infection stages (Appendix Fig S6B). This complex is
required for influenza virus replication, where it was shown to form
a protein complex with the viral RNA polymerase subunit PB2
(Fislova et al, 2010). In addition, several host heat shock chaperones
were thermally destabilized (e.g. HSP90AB1, HSP90AA1, HSPBI,
HSPAS), some of which also contain differentially regulated phos-
phosites upon SARS-CoV-2 infection (Bouhaddou et al, 2020). For
example, thermal destabilization of HSPB1 was associated with
increased phosphorylation of S15, S78 and/or S82 (Appendix Fig
S6C). In particular, S78 and/or S82 act as a conformational switch
which plays an important role in regulating HSPB1 dimer formation
and promotes chaperone activity (Choi et al, 2019). Taken together,
these findings demonstrate that TPP provides further molecular
insight into pathways previously implicated in SARS-CoV-2 infec-
tion, as well as implicating novel pathways in SARS-CoV-2 infection.

The antiviral effects of heat shock chaperone and cytochrome
P450 inhibitors

We investigated whether thermal stability or abundance changes
can reveal functionally relevant host proteins that could be
exploited as potential drug targets to block SARS-CoV-2 replication.
Based solely on our ability to find compounds that selectively modu-
late the activity of host proteins which were significantly altered in
our data, we manually shortlisted seven druggable host target
proteins which we found to exhibit altered abundance (CYP1Al:
inhibited by rhapontigenin) or thermostability (CAPN1: PD-150606,
IMPDH1/2: ribavirin and mycophenolic acid, HSP90: tanespimycin,
PTRG1: acetylsalicylic acid and diclofenac, CTSV: E64d and CA-074-
Me) upon SARS-CoV-2 infection. To account for effects of the
compounds on both viral entry and replication, cells were pre-
treated with compounds and these were kept present throughout
the experiment. The capacity of the tested compounds to inhibit
SARS-CoV-2 proliferation was assessed by quantifying the amount
double-stranded viral RNA after 20-24 h postinfection and their
effects on cell viability were tested in parallel on uninfected cells.
Two of the tested compounds suppressed SARS-CoV-2 proliferation
(Fig 5) (discussed below). The other compounds showed no effect
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Figure 4. Thermal stability changes in SARS-CoV-2-targeted host proteins.

A IMPDH2 was consistently destabilized from 4 h post-SARS-CoV-2 infection. IMPDH2 was previously shown to form a protein—protein interaction with nspl4 (green
line) (Gordon et al, 2020b) and be a crucial factor in supporting SARS-CoV-2 replication (Gordon et al, 2020a). The SARS-CoV-1 nsp14 has a dual role in base pair
mismatch repair and synthesis of the Guanine-rich 5’ cap of viral RNA (Chen et al, 2009; Smith & Denison, 2013; Smith et al, 2015). Circular thermal stability and
abundance plots are from Caco-2 cells infected with SARS-CoV-2 as described in Fig 1A (see also Fig 1A for plot legend). Asterisk denotes significant regulation (see

Materials and Methods).

B Thermal destabilization of UGDH and PAAF1 temporally coincide and both were previously shown to interact with the SARS-CoV-2 proteins nsp6 (UGDH), and M
(UGDH and PAAF1) (preprint: Samavarchi-Tehrani et al, 2020). PAAF1 negatively regulates the proteasome by controlling its assembly/disassembly (Park et al, 2005)
and has been previously linked to transcription of HIV-1 (Lassot et al, 2007; Nakamura et al, 2012). Significant protein changes (abundance and thermal stability) are
represented as circle plots for individual proteins, as previously described (Becher et al, 2018). Inner circle corresponds to protein abundance and the outer circle
corresponds to thermal stability changes (n = 3). Asterisk denotes significant regulation (see Materials and Methods).

C SAFB phosphopeptide abundance changes during SARS-CoV-2 infection. Vero cell phosphopeptide data from (Bouhaddou et al, 2020). Data previously acquired from
Vero cells infected with SARS-CoV-2 (Bouhaddou et al, 2020). S604 phosphosite that temporally coincides with SAFB thermal destabilization (preprint: Potel et al,
2020). Shown above the line plot are the thermostability and abundance profiles of SAFB in SARS-CoV-2 infected Caco-2 cells as described in Fig 1A (n = 3). Asterisk

denotes significant regulation (see Materials and Methods).

D Thermal stability profile for all unmodified SAFB peptides (green) and the phosphorylated S604 (pS604) (purple) in HeLa cells. Data from Potel et al (preprint: Potel

et al, 2020).

on SARS-CoV-2 proliferation in the concentration range tested
(Appendix Fig S7A-H), this does not rule out that they could be
active in combination with other drugs or in different cellular
systems, as is the case for ribavirin (Bojkova et al, 2020) and the
CAPN1 inhibitor (Ma et al, 2020).

The overall broad and consistent thermal destabilization of chap-
erones involved in unfolded protein folding suggested a global shift
in their engagement with unfolded client proteins (Fig 2B). This
could be due to the drastic increase in chaperone occupancy with
large volumes of unfolded viral protein substrates, which may trans-
late to a detectable shift in chaperone thermal stability. We verified
the functional relevance of HSP90AA1 and HSP90AB1 thermal
destabilization (Fig 5A) using the selective inhibitor tanespimycin,

© 2021 The Authors

which efficiently suppressed viral replication at low micromolar
concentrations (EICsg ~ 2 pM) that were not toxic to the human
cells (Fig 5B). In addition, we detected a pronounced increase in
CYP1A1 abundance between 4 and 12 h postinfection, which was
then followed by a strong decrease between 24 and 48 h postinfec-
tion (Fig 5C). Interestingly, treatment with the selective CYP1Al
inhibitor, rhapontigenin, suppressed SARS-CoV-2 proliferation
within the micromolar range (EICsq ~ S0 uM) (Fig 5D).

Taken together, these results demonstrate that changes in protein
abundance or thermal stability can suggest molecular targets for
viral replication inhibition. This shows the utility of TPP for uncov-
ering infection-relevant host pathways, which can expedite the iden-
tification of potential antiviral therapies.
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Figure 5. 2D-TPP abundance and stability changes uncover functionally
relevant host targets during SARS-CoV-2 infection.

A Heat shock proteins, HSP9OAAL and HSP90AB1, were thermally destabilized
during SARS-CoV-2 infection of Caco-2 cells (circular plots, left side (n = 3);
see Fig 1A for circular plot legend). Significant protein changes (abundance
and thermal stability) are represented as circle plots for individual proteins,
as previously described (Becher et al, 2018). Inner circle corresponds to
protein abundance and the outer circle corresponds to thermal stability
changes (n = 3). Asterisk denotes significant regulation (see Materials and
Methods).

B The corresponding HSP90 inhibitor, Tanespimycin, effectively suppressed
SARS-CoV-2 proliferation (n = 2). Calu-3 cells were pre-incubated with the
compound, followed by the addition of SARS-CoV-2 and subsequent co-
incubation in the presence of the compound for 20-24 h. Viral load was
quantified in parallel using antibody-based detection of double-stranded
RNA (orange). Compound toxicity in Calu-3 cells was assessed (purple)
treated with the compound alone for 20-24 h.

C The aryl hydrocarbon hydroxylase (CYP1A1) increased in abundance
between 4 and 12 h postinfection and was then reduced between 24 and
48 h postinfection (circular plot, left, (n = 3); see Fig 1A for circular plot
legend). Circular plots displayed as described in panel A. Asterisk denotes
significant regulation (see Materials and Methods).

D The CYP1Al inhibitor suppressed SARS-CoV-2 proliferation (n = 2). Dose—
response curves were performed as described in Fig 4A. See Appendix Fig
S7 for additional tested drugs. Data displayed as described in (B).

Discussion

This work describes a modified TPP workflow that can be used to
probe the infection interface of diverse human pathogens requiring
high biosafety containment. Here, we assessed for the first time
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temporal alterations in host protein thermal stability upon SARS-
CoV-2 infection. We observed pronounced shifts in host protein
thermal stability across diverse host cellular processes and through-
out distinct infection phases, e.g., mRNA splicing machinery (early)
and protein folding/chaperones (mid to late). We then demon-
strated that proteins exhibiting changes in thermal stability or abun-
dance can highlight functionally relevant host targets that could be
exploited as possible antiviral therapies. It is, however, important to
note that changes in protein abundance or thermal stability may
reflect a cellular defense response, for which their pharmacological
interference may instead enhance viral replication. Although none
of the tested compounds led to an increase in viral load, such effects
may occur.

We sought to interfere with SARS-CoV-2-induced HSP90 destabi-
lization by treatment with the HSP90 selective inhibitor tane-
spimycin. This resulted in efficient inhibition of SARS-CoV-2
proliferation, providing compelling evidence for the requirement of
HSP90 proteins in SARS-CoV-2 proliferation. This corroborates
recent findings whereby HSP90AA1 mRNA transcripts were found
to be upregulated in a lung carcinoma cell line (H1299) infected
with SARS-CoV-2 (preprint: Emanuel et al, 2020)—prompting the
authors to reveal that HSP90AA1 inhibition with tanespimycin simi-
larly blocked SARS-CoV-2 replication in Calu-3 cells. Due to the
non-specific nature of HSP90 client proteins, their inhibition should
be effective against diverse viruses. Indeed, HSP90 is considered to
be universally required for viral protein homeostasis (Geller et al,
2012). For instance, tanespimycin, or the related HSP90 inhibitor
geldanamycin, effectively suppress diverse viral pathogens such as
the Mumps virus and porcine reproductive and respiratory
syndrome virus in vitro (Gao et al, 2014; Katoh et al, 2017). Further-
more, tanespimycin is undergoing clinical trials for cancer treatment
and has been proposed as an effective broad-spectrum antiviral drug
(Geller et al, 2012; Wang et al, 2017). Thus, HSP90 inhibition
warrants further exploration as a broad-spectrum host-directed ther-
apeutic against SARS-CoV-2.

One of the many pathways regulated by HSP90 chaperones
includes the aryl hydrocarbon receptor (AhR) signalling pathway
(Pongratz et al, 1992). During SARS-CoV-2 infection, AhR promotes
interferon-induced mucus production in a rodent model (Liu et al,
2020). This build-up of alveolar mucus is thought to underly the
obstructed blood-gas exchange seen in SARS-CoV-2 patients, thus
leading to hypoxia and reduced lung capacity. In line with a role for
AhR activation during SARS-CoV-2 infection, we detected a
pronounced increase in the abundance of the well-known target gene
product, CYP1A1 (4-12 h postinfection). Interestingly, pharmacolog-
ical inhibition of HSP90 with tanespimycin is known to potently
suppress CYP1Al abundance by promoting proteasome-mediated
degradation of the upstream transcriptional regulator, AhR (Hughes
et al, 2008; Kasai & Kikuchi, 2010). It is therefore conceivable that at
least part of the mechanism by which tanespimycin suppresses
SARS-CoV-2 replication is through reducing CYP1Al abundance,
whose activity we show is required for SARS-CoV-2 replication.
Although it remains unclear how CYP1Al activity is required for
SARS-CoV-2 replication in this context, further exploration of HSP90-
dependent pathways required for SARS-CoV-2 replication could lead
to the identification of additional therapeutic host targets.

In conclusion, we assessed biophysical changes in host proteins
induced by a major human pathogen, SARS-CoV-2. We anticipate

© 2021 The Authors



Joel Selkrig et al

this resource will aid in understanding of SARS-CoV-2 pathogenesis
mechanisms and assist with rational design of host-targeted thera-
peutics that block SARS-CoV-2 infection. More broadly, applying
TPP to organisms requiring high biosafety containment will unveil a
hidden dimension of molecular interplay between highly infectious
pathogens and their host.

Materials and Methods
Chemicals

The following compounds were purchased from Sigma; PD-150606
(D5946), ribavirin (R9644), mycophenolic acid (M3536), tane-
spimycin (A8476), acetylsalicylic acid (A5376), diclofenac (D689),
rhapontigenin (PHL83903) and E64d (E8640). The cathepsin inhi-
bitor CA-074me (205531) was purchased from Merck Millipore.
Remdesivir was purchased from MedChemExpress (HY-104077).
Drug stocks were prepared as follows: PD-160606 (50 mM in
DMSO), ribavirin (50 mM in H,0), mycophenolic acid (100 mM in
MeOH), tanespimycin (50 mM in DMSO), acetylsalicylic acid
(100 mM in EtOH), diclofenac (10 mM in MeOH), rhapontigenin
(10 mM in DMSO), CA-074me (20 mM in DMSO), E64d (10 mM in
DMSO) and Remdesivir (10 mM in DMSO).

Cell culture and virus stock

Caco-2 cells were acquired from APC Cork (Alimentary Pharmabi-
otic Centre, University College Cork, National University of Ireland,
Cork, Ireland), HeLa cells (CCL-2), VeroE6 and Calu-3 cells from
ATCC. All cells below passage 35 were used for experiments. Caco-2
cells were propagated in DMEM with GlutaMAX Gibco Cat No
61965-026 and 20% heat inactivated foetal bovine serum (FBS).
Vero cell culture and virus particle generation and titration were
performed as previously described (Stanifer et al, 2020). VeroE6
(African green monkey kidney epithelial cell line) and Calu-3 (hu-
man lung epithelial cell line) cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM, Life Technologies) containing 10% or
20% foetal bovine serum, respectively, 100 U/ml penicillin, 100 pg/ml
streptomycin and 1% non-essential amino acids (complete
medium). Cell lines used in these experiments tested negative for
mycoplasma using the MycoAlert Plus mycoplasma detection kit
(Lonza) as per manufacturer’s instructions.

Visualization of SARS-CoV-2 viral N-protein during infection

Caco-2 cells were seeded on iBIDI glass bottom 8-well chamber
slides. At indicated times postinfection, cells were fixed in 4%
paraformaldehyde (PFA) for 20 min at room temperature. Cells
were washed and permeabilized in 0.5% Triton X-100 for 15 min at
room temperature. Mouse monoclonal antibody against SARS-CoV
NP (Sino biologicals MMO05) were diluted in phosphate-buffered
saline (PBS) at 1:1,000 dilution and incubated for 1 h at room
temperature. Cells were washed in 1x PBS three times and incu-
bated with Goat anti-mouse Alexa Fluor 568 secondary antibody
and DAPI for 45 min at room temperature. Cells were washed in 1x
PBS three times and maintained in PBS. Cells were imaged by epiflu-
orescence on a Nikon Eclipse Ti-S (Nikon).
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2D-TPP infection time course

Two days prior to infection, 1.5 x 10° Caco-2 cells were seeded in trip-
licate into plastic 10 cm tissue culture dishes (Greiner Cell State) per
condition or in 8-well iBIDI chambers for immunofluorescence stain-
ing. Caco-2 cells were infected with SARS-CoV-2 (BetaCoV/Germany/
BavPat1/2020 p.1) at an MOI of 0.5 for 1 h. Following 1 h infection,
virus supernatants were removed and cells were washed, and fresh
media was added to cells At indicated times, the 10 cm dish samples
were harvested as described below (see thermal proteome profiling)
and the iBIDI chambers were fixed and stained as described above (vi-
sualization of SARS-CoV-2). The percentage of infected cells was
determined by creating a nuclei mask in Ilastik (www.ilastik.org).
CellProfiler (www.cellprofiler.org) was then used to measure the fluo-
rescence intensity inside each nucleus of the mask. The values were
thresholded using mock cells as a background control, and the
percentage of infected cells was calculated by the ratio of nuclei to
positive cells. Visual inspection of infected cells revealed the appear-
ance of cytopathogenic effects from 48 h postinfection.

Thermal proteome profiling

Thermal proteome profiling was performed as previously described
(Becher et al, 2018) with the following modifications. The infected
Caco-2 cells were harvested at 1, 2, 4, 7, 12, 24 and 48 h postinfec-
tion. For harvesting, cells were trypsinized, washed once with PBS
and resuspended in 220 pl PBS. Each 20 pl of the concentrated cells
were pipetted into a 96-well PCR plate and the samples from each
time point were subjected to a thermal gradient (40.0, 42.1, 43.8,
46.5, 50.0, 54.0, 57.3, 60.1, 62.0, 64.0°C) for 3 min in a thermocy-
cler (MJ Research, PTC-0200 DNA Engine) followed by 3 min at
room temperature. The cells were then placed on ice and lysed with
30 l lysis buffer (0.8% NP-40, 1 mM MgCl,, 1x protease inhibitor
(Roche), 1x phosphatase inhibitor (PhosStop, Sigma-Aldrich),
250 U/ml benzonase in PBS) for 1 h, shaking at 4°C and 500 rpm.
A 0.45 pm 96-well filter plate (Millipore, ref: MSHVN4550) was pre-
wet with 50 pl of 0.8% NP-40 in PBS by centrifugation, an addi-
tional 100 pl of 0.8% NP-40 in PBS was added to each sample, and
the samples were transferred to the pre-wet filter plate. The filter
plate was transferred to an extraction plate vacuum manifold for
Oasis 96-well plates from Waters (Cat. 186001831), and the sample
was filtered for the removal of protein aggregates. To verify the
effect of the heat treatment, the soluble protein concentration at
each temperature for each experiment was determined using the
BCA assay, according to the manufacturer’s instructions (Thermo
Fisher Scientific). Then, 100 pl of each sample was transferred to a
new PCR plate, 10 pl of denaturing buffer (20 mM TCEP (tris
(2-carboxyethyl)phosphine) in 2% SDS) was added, and the plate
was covered with aluminium foil, boiled for 10 min at 95°C and
kept at —20°C until prepared for mass spectrometry.

Mass spectrometry-based proteomics

Proteins were digested according to a modified SP3 protocol (Hughes
et al, 2014, 2019). Briefly, approximately 5 pg of protein was diluted
in 20 pl of water and added to the bead suspension (10 ug of beads
(Thermo Fischer Scientific—Sera-Mag Speed Beads, (4515-2105-
050250 and 6515-2105-050250) in 10 pl 15% formic acid and 30 pl
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ethanol). After a 15-min incubation at room temperature with shak-
ing, beads were washed four times with 70% ethanol. Next, proteins
were digested overnight by adding 40 ul of digest solution (5 mM
chloroacetamide, 1.25 mM TCEP, 200 ng trypsin and 200 ng LysC in
100 mM HEPES pH 8). Peptides were then eluted from the beads,
dried under vacuum, reconstituted in 10 ul of water and labelled for
30 min at room temperature with 45 pug of TMTpro (Thermo Fisher
Scientific) dissolved in 4 pl of acetonitrile. The reaction was
quenched with 4 pl of 5% hydroxylamine for 15 min at room temper-
ature, and experiments belonging to the same mass spectrometry run
were combined. Samples were desalted with solid-phase extraction
by loading the samples onto a Waters OASIS HLB pElution
Plate (30 pm), washing them twice with 100 pl of 0.05% formic acid,
eluting them with 100 pl of 80% acetonitrile and 0.05% formic acid,
and drying them under vacuum. Finally, samples were fractionated
onto 12 fractions on a reversed-phase C18 system running under high
pH conditions. This consisted of an 85 min gradient (mobile phase A:
20 mM ammonium formate (pH 10) and mobile phase B: acetonitrile)
at a 0.1 ml/min starting at 0% B, followed by a linear increase to
35% B from 2 to 60 min, with a subsequent increase to 85% B from
up to 62 min and holding this up to 68 min, which was followed by a
linear decrease to 0% B up to 70 min, finishing with a hold at this
level until the end of the run. Fractions were collected every 2 min
from 12 to 70 min and every 12™ fraction was pooled together.

Samples were analysed with liquid chromatography coupled to
tandem mass spectrometry, as previously described. Briefly,
peptides were separated using an UltiMate 3000 RSLCnano system
(Thermo Fisher Scientific) equipped with a trapping cartridge
(Precolumn; C18 PepMap 100, 5 pm, 300 um i.d. x 5 mm, 100 A)
and an analytical column (Waters nanoEase HSS C18 T3,
75 um x 25 cm, 1.8 pm, 100 A). Solvent A was 0.1% formic acid in
LC-MS grade water, and solvent B was 0.1% formic acid in LC-MS
grade acetonitrile. Peptides were loaded onto the trapping cartridge
(30 pl/min of 0.05% trifluoroacetic acid in LC-MS grade water for
3 min) and eluted with a constant flow of 0.3 ul/min using a
120 min analysis time (with a 2-30% B elution, followed by an
increase to 40% B, and a final wash to 80% B for 2 min before re-
equilibration to initial conditions). The LC system was directly
coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific) using a Nanospray-Flex ion source and a Pico-Tip Emitter
360 pm OD x 20 pum ID; 10 um tip (New Objective). The mass spec-
trometer was operated in positive ion mode with a spray voltage of
2.3 kV and capillary temperature of 275°C. Full-scan MS spectra
with a mass range of 375-1,200 m/z were acquired in profile mode
using a resolution of 70,000 (maximum fill time of 250 ms or a
maximum of 3e6 ions (automatic gain control, AGC)). Fragmenta-
tion was triggered for the top 10 peaks with charge 2—4 on the MS
scan (data-dependent acquisition) with a 30-s dynamic exclusion
window (normalized collision energy was 30), and MS/MS spectra
were acquired in profile mode with a resolution of 35,000 (maxi-
mum fill time of 120 ms or an AGC target of 2e5 ions).

Protein identification and quantification

MS data were processed as previously described (Franken et al,
2015). Briefly, raw MS files were processed with isobarQuant
(Franken et al, 2015), and the identification of peptides and proteins
was performed with Mascot 2.4 (Matrix Science) against the human
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(Proteome ID: UP000005640) and SARS-CoV-2 (Proteome ID:
UP000464024) UniProt FASTA, modified to include known contami-
nants and the reversed protein sequences (search parameters:
trypsin; missed cleavages 3; peptide tolerance 10 ppm; MS/MS
tolerance 0.02 Da; fixed modifications were carbamidomethyl on
cysteines and TMTpro on lysine; variable modifications included
acetylation on protein N-terminus, oxidation of methionine and
TMTpro on peptide N-termini).

Abundance and thermal stability score calculation

We calculated abundance and thermal stability scores for every
protein at every infection time point by combining the data from the
three replicates similarly to previously described (Mateus et al,
2018). Briefly, the overall distribution of signal sum intensities was
normalized with vsn to compensate for slight differences in protein
amounts from each TMT channel. Then, for every protein, we calcu-
lated the ratio of the signal sum intensity of each time point to the
signal sum of the uninfected sample at the same temperature. The
abundance score of each protein at each time point was calculated as
the average log, fold change at the two lowest temperatures weighted
for the number of temperatures in which the protein was identified
for each replicate (requiring that there was data for two biological
replicates). The thermal stability score of each protein at each time
point was then calculated by subtracting the abundance score from
the log2 fold changes of all temperatures, and summing the resulting
fold changes weighted for the number of temperatures in which the
protein was identified for each replicate (requiring that there were at
least ten data points to calculate this score). To assess the signifi-
cance of abundance and thermal stability scores, we used a limma
analysis, followed by an FDR analysis, using the fdrtool package (see
analysis script at: https://github.com/andrenmateus/TPP-SARSCoV2/).
Abundance and thermal stability scores for all time points were sepa-
rately transformed to z-scores. Proteins with calculated |[z-
score| > 1.96 (corresponding to a global P < 0.05 for the effect size)
and with g-value < 0.05 were considered significantly changed.

Network analysis

All proteins having significant stability changes during infection
with SARS-CoV-2 were selected, given the same weight and mapped
into a custom made human interactome integrating STRING v 11.0
(Edge Score > 0.75) and Opentargets interactome (November 2019)
(compilation of Intact, Reactome and Signor). All edges were treated
as undirected, redundancies and self-loops removed, and a person-
alized PageRank algorithm was used to propagate the signal. Walk-
trap clustering was performed in the network regions with the
highest page rank score (third quantile) to produce modules of inter-
acting genes with no more than 300 genes. Modules were selected
as significant if proteins with stability changes were enriched
(Fisher test with BF multiple testing P value adjustment) or if the
distribution of page rank score was significantly higher (Kol-
mogorov-Smirnov test with BF multiple testing P value adjustment).
Finally, we selected the significant modules that were enriched in
proteins with: SARS-CoV-2 viral interactors (Gordon et al, 2020b),
phosphosites changing during SARS-CoV-2 infections or kinases
whose activity is affected by SARS-CoV-2 infection (Bouhaddou
et al, 2020). The resulting six modules were further simplified
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keeping only the nodes that were changing at any level during infec-
tion (protein stability, phosphosite dynamics, kinase activity, PPI
with viral proteins) and the edges connecting them.

TPP data comparison with protein—protein interaction studies

For Gordon et al (2020a) we took the data from Table S2 (of the
corresponding work), sheet “SARS-CoV-2_HighConfidence” and
compared the overlap of the column PreyGene with our hits. For
Samavarchi-Tehrani et al (preprint: Samavarchi-Tehrani et al,
2020): we took data from Table S2 (of the corresponding work),
sheet “viral baits (N- & C-term merge)” filtered for BFDR < 0.01 and
compared the overlap of the column PreyGene with our hits. For
Bouhaddou et al (2020) we took data from Table S1 (of the corre-
sponding work), sheet “PhosphoDataFiltered” filtered for any of the
columns log,FC for > 1 or < —1 and in adj.Pvalue < 0.05 and
compared the overlap of the column Gene_Name with our TPP hits.

Antiviral activity test

For testing the antiviral activity and cytotoxicity of selected
compounds, Calu-3 cells were seeded 1 day prior to infection at a
density of 3 x 10* cells per well of a clear 96-well plate (Corning).
Antiviral activity and cytotoxicity were tested in duplicates, and
remdesivir was included as positive control in each test run (con-
centration range: 0.5 nM — 10 uM in 3-fold serial dilutions). For the
cytotoxicity test, cells were left untreated or treated with the respec-
tive drug in 3-fold dilution steps (for concentration ranges, see Fig 5
and Appendix Fig S6). For the antiviral activity test, cells were addi-
tionally infected with SARS-CoV-2 at an MOI of 1. Plates were incu-
bated at 37°C for 20-24 h. Cytotoxicity was measured using a
CellTiter-Glo Luminescent Cell Viability Assay (Promega) according
to the manufacturer’s instruction. For the antiviral activity test,
plates were fixed with 6% formaldehyde, washed with PBS and
applied to immunostaining using a double-strand RNA-specific anti-
body (Scicons) suitable to detect SARS-CoV-2 infected cells. Cells
were permeabilized with 0.2% Triton X-100 in PBS for 15 min at
room temperature, washed once with PBS and blocked in 2% milk
in PBS with 0.02% Tween-20 for 1 h at room temperature. Cells
were incubated with the mouse anti-double-strand RNA antibody
for 1 h at room temperature, washed three times with PBS, incu-
bated with the secondary antibody (anti-mouse IgG, conjugated
with horseradish peroxidase) for 1 h at room temperature and
subsequently washed four times with PBS. Detection was done by
adding TMB (3,3',5,5-Tetramethylbenzidine) substrate (Thermo
Fisher Scientific), and plates were analysed by photometry at
620 nm using a plate reader. The background absorbance was
measured at 450 nm. The percentage of cell viability and inhibition
was determined by dividing the values obtained from the drug-
treated cells by the values from the untreated controls. ICso values
were calculated by non-linear regression sigmoidal dose-response
analysis using the GraphPad Prism 7 software package.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with

© 2021 The Authors
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the dataset identifier PXD022115 (https://www.ebi.ac.uk/pride/arc
hive/projects/PXD022115).

All code has been deposited at https://github.com/andrenmate
us/TPP-SARSCOV2/.

Expanded View for this article is available online.

Acknowledgements

We acknowledge funding from EMBL for this research. AM, KM, CGPV and CMP
were supported by a fellowship from the EMBL Interdisciplinary Postdoc
(EI3POD) Programme under Marie Sktodowska-Curie Actions COFUND (grant
number 664726). MS and SB were supported by research grants from the
Deutsche Forschungsgemeinschaft (DFG): (Project number 240245660,
278001972, 415089553 and 272983813 to SB and 416072091 to MS), the state
of Baden-Wuerttemberg (AZ: 33.7533.-6-21/5/1) and the Bundesministerium flr
Bildung und Forschung (BMBF, grant number 01KI20198A); RB by the German
Center for Infection Research (DZIF), project numbers 8029801806 and
8029705705; and AT by an ERC consolidator grant, uCARE (ID 819454). We
thank the EMBL Genomics Core Facility for providing a thermal cycler for use
in the BSL3 lab. Open Access funding enabled and organized by Projekt DEAL.

Author contributions

Investigation: JS, MS, AM, KM, MR, HK, CGPV, PW, CK, A] and CP. Data analysis:
MS, AM, IB-H, NK and FS Writing: All authors contributed to writing of the
manuscript. Figures: AM and IB-H. Supervision: MMS, AT, PB, MS, SB, RB and
BK. Funding acquisition: MMS, AT, PB, MS, SB and RB.

Conflict of interest

BK is a founder and shareholder of OmicScouts and MSAID. He has no opera-
tional role in either of the two companies. All other co-authors declare no
competing financial interests.

References

Banerjee AK, Blanco MR, Bruce EA, Honson DD, Chen LM, Chow A, Bhat P,
Ollikainen N, Quinodoz SA, Loney C et al (2020) SARS-CoV-2 disrupts
splicing, translation, and protein trafficking to suppress host defenses. Cell
183: 1325-1339

Becher I, Werner T, Doce C, Zaal EA, Togel I, Khan CA, Rueger A, Muelbaier
M, Salzer E, Berkers CR et al (2016) Thermal profiling reveals
phenylalanine hydroxylase as an off-target of panobinostat. Nat Chem
Biol 12: 908-910

Becher |, Andrés-Pons A, Romanov N, Stein F, Schramm M, Baudin F,
Helm D, Kurzawa N, Mateus A, Mackmull M-T et al (2018) Pervasive
protein thermal stability variation during the cell cycle. Cell 173:
1495-1507

Bojkova D, Klann K, Koch B, Widera M, Krause D, Ciesek S, Cinatl J, Mlnch C
(2020) Proteomics of SARS-CoV-2-infected host cells reveals therapy
targets. Nature 583: 469—472

Boudreault S, Roy P, Lemay G, Bisaillon M (2019) Viral modulation of cellular
RNA alternative splicing: a new key player in virus-host interactions?
Wiley Interdiscip Rev RNA 10: e1543

Bouhaddou M, Memon D, Meyer B, White KM, Rezelj W, Correa
Marrero M, Polacco BJ, Melnyk JE, Ulferts S, Kaake RM et al (2020) The
global phosphorylation landscape of SARS-CoV-2 infection. Cell 182:
685-712

Molecular Systems Biology 17:€10188|2021 11 of 13


https://www.ebi.ac.uk/pride/archive/projects/PXD022115
https://www.ebi.ac.uk/pride/archive/projects/PXD022115
https://github.com/andrenmateus/TPP-SARSCoV2/
https://github.com/andrenmateus/TPP-SARSCoV2/
https://doi.org/10.15252/msb.202010188

Molecular Systems Biology

Chen Y, Cai H, Pan J, Xiang N, Tien P, Ahola T, Guo D (2009) Functional
screen reveals SARS coronavirus nonstructural protein nspl4 as a novel
cap N7 methyltransferase. Proc Natl Acad Sci USA 106: 3484 —3489

Choi S-K, Kam H, Kim K-Y, Park SI, Lee Y-S (2019) Targeting heat shock
protein 27 in cancer: a druggable target for cancer treatment? Cancers 11:
1195

Emanuel W, Kirstin M, Vedran F, Asija D, Theresa GL, Roberto A, Filippos K,
David K, Salah A, Christopher B et al (2020) Bulk and single-cell gene
expression profiling of SARS-CoV-2 infected human cell lines identifies
molecular targets for therapeutic intervention. bioRxiv https://doi.org/10.
1101/2020.05.05.079194 [PREPRINT]

Fislova T, Thomas B, Graef KM, Fodor E (2010) Association of the influenza
virus RNA polymerase subunit PB2 with the host chaperonin CCT. J Virol
84: 86918699

Franken H, Mathieson T, Childs D, Sweetman GMA, Werner T, Togel I, Doce C,
Gade S, Bantscheff M, Drewes G et al (2015) Thermal proteome profiling
for unbiased identification of direct and indirect drug targets using
multiplexed quantitative mass spectrometry. Nat Protoc 10: 1567 —1593

Gao J, Xiao S, Liu X, Wang L, Zhang X, Ji Q, Wang Y, Mo D, Chen Y (2014)
Inhibition of HSP90 attenuates porcine reproductive and respiratory
syndrome virus production in vitro. Virol | 11: 17

Geller R, Taguwa S, Frydman ] (2012) Broad action of Hsp90 as a host
chaperone required for viral replication. Biochim Biophys Acta 1823: 698 — 706

Gordon DE, Hiatt J, Bouhaddou M, Rezelj W, Ulferts S, Braberg H, Jureka AS,
Obernier K, Guo )Z, Batra ] et al (2020a) Comparative host-coronavirus
protein interaction networks reveal pan-viral disease mechanisms. Science
370: eabe9403

Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, O’'Meara M|,
Rezelj W, Guo )Z, Swaney DL et al (2020b) A SARS-CoV-2 protein
interaction map reveals targets for drug repurposing. Nature 583:
459468

Hashimoto Y, Sheng X, Murray-Nerger LA, Cristea IM (2020) Temporal
dynamics of protein complex formation and dissociation during human
cytomegalovirus infection. Nat Commun 11: 806

Hughes D, Guttenplan |B, Marcus CB, Subbaramaiah K, Dannenberg AJ (2008)
Heat shock protein 90 inhibitors suppress aryl hydrocarbon receptor-
mediated activation of CYP1A1 and CYP1B1 transcription and DNA adduct
formation. Cancer Prev Res 1: 485—493

Hughes CS, Foehr S, Garfield DA, Furlong EE, Steinmetz LM, Krijgsveld |
(2014) Ultrasensitive proteome analysis using paramagnetic bead
technology. Mol Syst Biol 10: 757

Huang JX, Lee G, Cavanaugh KE, Chang JW, Gardel ML, Moellering RE (2019)
High throughput discovery of functional protein modifications by Hotspot
Thermal Profiling. Nat Methods 16: 894 —901

Hughes CS, Moggridge S, Miiller T, Sorensen PH, Morin GB, Krijgsveld | (2019)
Single-pot, solid-phase-enhanced sample preparation for proteomics
experiments. Nat Protoc 14: 68 —85

Kasai S, Kikuchi H (2010) The inhibitory mechanisms of the tyrosine kinase
inhibitors herbimycin a, genistein, and tyrphostin B48 with regard to the
function of the aryl hydrocarbon receptor in Caco-2 cells. Biosci Biotechnol
Biochem 74: 3643

Katoh H, Kubota T, Nakatsu Y, Tahara M, Kidokoro M, Takeda M (2017) Heat
shock protein 90 ensures efficient mumps virus replication by assisting
with viral polymerase complex formation. J Virol 91: e02220-16

Lassot |, Latreille D, Rousset E, Sourisseau M, Linares LK, Chable-Bessia C,
Coux O, Benkirane M, Kiernan RE (2007) The proteasome regulates HIV-1
transcription by both proteolytic and nonproteolytic mechanisms. Mol Cell
25: 369383

12 of 13 Molecular Systems Biology 17: 10188 | 2021

Joel Selkrig et al

Liu Y, Lv J, Liu J, Li M, Xie J, Lv Q, Deng W, Zhou N, Zhou Y, Song ] et al
(2020) Mucus production stimulated by IFN-AhR signaling triggers
hypoxia of COVID-19. Cell Res 30: 1078 —1087

Ma C, Sacco MD, Hurst B, Townsend JA, Hu Y, Szeto T, Zhang X, Tarbet B,
Marty MT, Chen Y et al (2020) Boceprevir, GC-376, and calpain inhibitors
II, XIl inhibit SARS-CoV-2 viral replication by targeting the viral main
protease. Cell Res 30: 678 —692

Maranon DG, Anderson JR, Maranon AG, Wilusz ] (2020) The interface
between coronaviruses and host cell RNA biology: Novel potential
insights for future therapeutic intervention. Wiley Interdiscip Rev RNA 11:
el6l4

Mateo M, Generous A, Sinn PL, Cattaneo R (2015) Connections matter—how
viruses use cell-cell adhesion components. J Cell Sci 128: 431—439

Mateus A, Maatta TA, Savitski MM (2016) Thermal proteome profiling:
unbiased assessment of protein state through heat-induced stability
changes. Proteome Sci 15: 13

Mateus A, Bobonis ], Kurzawa N, Stein F, Helm D, Hevler J, Typas A, Savitski
MM (2018) Thermal proteome profiling in bacteria: probing protein state
in vivo. Mol Syst Biol 14: e8242

Mateus A, Hevler |, Bobonis J, Kurzawa N, Shah M, Mitosch K, Goemans CV,
Helm D, Stein F, Typas A et al (2020a) The functional proteome landscape
of Escherichia coli. Nature 588: 473478

Mateus A, Kurzawa N, Becher |, Sridharan S, Helm D, Stein F, Typas A,
Savitski MM (2020b) Thermal proteome profiling for interrogating protein
interactions. Mol Syst Biol 16: 9232

Nakamura M, Basavarajaiah P, Rousset E, Beraud C, Latreille D, Henaoui I-S,
Lassot I, Mari B, Kiernan R (2012) Spt6 levels are modulated by PAAF1 and
proteasome to regulate the HIV-1 LTR. Retrovirology 9: 13

Park Y, Hwang Y-P, Lee J-S, Seo S-H, Yoon SK, Yoon |-B (2005) Proteasomal
ATPase-associated factor 1 negatively regulates proteasome activity by
interacting with proteasomal ATPases. Mol Cell Biol 25: 3842 —3853

Pongratz |, Mason GG, Poellinger L (1992) Dual roles of the 90-kDa heat
shock protein hsp90 in modulating functional activities of the dioxin
receptor. Evidence that the dioxin receptor functionally belongs to a
subclass of nuclear receptors which require hsp90 both for ligand binding
activity and repression of intrinsic DNA binding activity. / Biol Chem 267:
13728 -13734

Potel CM, Kurzawa N, Becher I, Typas A, Mateus A, Savitski MM(2020) Impact
of phosphorylation on thermal stability of proteins. bioRxiv https://doi.org/
10.1101/2020.01.14.903849 [PREPRINT]

Samavarchi-Tehrani P, Abdouni H, Knight JDR, Astori A, Samson R, Lin Z-Y,
Kim D-K, Knapp JJ, St-Germain J, Go CD et al (2020) A SARS-CoV-2 — host
proximity interactome. bioRxiv https://doi.org/10.1101/2020.09.03.282103
[PREPRINT]

Savitski MM, Reinhard FBM, Franken H, Werner T, Savitski MF, Eberhard D,
Martinez Molina D, Jafari R, Dovega RB, Klaeger S et al (2014) Tracking
cancer drugs in living cells by thermal profiling of the proteome. Science
346: 1255784

Smith EC, Denison MR (2013) Coronaviruses as DNA wannabes: a new model
for the regulation of RNA virus replication fidelity. PLoS Pathog 9:
1003760

Smith EC, Case |B, Blanc H, Isakov O, Shomron N, Vignuzzi M, Denison MR
(2015) Mutations in coronavirus nonstructural protein 10 decrease virus
replication fidelity. J Virol 89: 6418 —6426

Sridharan S, Kurzawa N, Werner T, Glnthner |, Helm D, Huber W,
Bantscheff M, Savitski MM (2019) Proteome-wide solubility and thermal
stability profiling reveals distinct regulatory roles for ATP. Nat Commun
10: 1155

© 2021 The Authors


https://doi.org/10.1101/2020.05.05.079194
https://doi.org/10.1101/2020.05.05.079194
https://doi.org/10.1101/2020.01.14.903849
https://doi.org/10.1101/2020.01.14.903849
https://doi.org/10.1101/2020.09.03.282103

Joel Selkrig et al

Stanifer ML, Kee C, Cortese M, Zumaran CM, Triana S, Mukenhirn M,
Kraeusslich H-G, Alexandrov T, Bartenschlager R, Boulant S (2020) Critical
role of type Il interferon in controlling SARS-CoV-2 infection in human
intestinal epithelial cells. Cell Rep 32: 107863

Wang Y, Jin F, Wang R, Li F, Wu Y, Kitazato K, Wang Y (2017) HSP90: a
promising broad-spectrum antiviral drug target. Arch Virol 162: 32693282

Wang R, Simoneau CR, Kulsuptrakul J, Bouhaddou M, Travisano K, Hayashi JM,
Carlson-Stevermer J, Oki J, Holden K, Krogan NJ et al (2020) Functional genomic
screens identify human host factors for SARS-CoV-2 and common cold
coronaviruses. bioRxiv https://doi.org/10.1101/2020.09.24.312298 [PREPRINT]

Wei J, Alfajaro MM, DeWeirdt PC, Hanna RE, Lu-Culligan W], Cai WL, Strine
MS, Zhang S-M, Graziano VR, Schmitz CO et al (2020) Genome-wide

© 2021 The Authors

Molecular Systems Biology

CRISPR screens reveal host factors critical for SARS-CoV-2 infection. Cell
184: 76-91
Zecha ), Lee C-Y, Bayer FP, Meng C, Grass V, Zerweck J, Schnatbaum K,
Michler T, Pichlmair A, Ludwig C et al (2020) Data, reagents, assays and
merits of proteomics for SARS-CoV-2 research and testing. Mol Cell
Proteomics 19: 1503 —1522
@ License: This is an open access article under the
terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in
any medium, provided the original work is properly
cited.

Molecular Systems Biology 17:€10188|2021 13 of 13


https://doi.org/10.1101/2020.09.24.312298

