





Fig. 2. Coronavirus protein localization analysis. (A) Overview of experimental design to
determine localization of Strep-tagged SARS-CoV-2, SARS-CoV-1, and MERS-CoV proteins
in HeLaM cells (left) or of viral proteins upon SARS-CoV-2 infection in Caco-2 cells (right).
(B) Relative localization for all coronavirus proteins across viruses expressed individually
(blue color bar; * indicates viral proteins of high sequence divergence) or in SARS-CoV-2
infected cells (colored box outlines). (C and D) Localization of Nspl and Orf3a expressed
individually (C) or during infection (D); for representative images of all tagged constructs and
viral proteins imaged during infection see figs. S8 to S14 and fig. S15 respectively. (E) Prey
overlap per bait measured as Jaccard index comparing SARS-CoV-2 vs. SARS-CoV-1 (red
dots) and SARS-CoV-2 vs. MERS-CoV (blue dots) for all viral baits (All), viral baits found in
the same cellular compartment (Yes) and viral baits found in different compartments (No).
C-D, Scale bars =10 pm.
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Fig. 3. Comparative analysis of coronavirus-host interactomes. (A) Clustering analysis (k-means) of interactors from
SARS-CoV-2, SARS-CoV-1, and MERS-CoV weighted according to the average between their MIST and Saint scores
(interaction score K) and percentages of total interactions. Included are only viral protein baits represented amongst all three
viruses and interactions that pass the high-confidence scoring threshold for at least one virus. Seven clusters highlight all
possible scenarios of shared versus unique interactions. (B) GO enrichment analysis of each cluster from A, with the top six
most significant terms per cluster. Color indicates -loglO(qg) and number of genes with significant (q<0.05; white) or non-
significant enrichment (g>0.05; grey) is shown. (C) Percentage of interactions for each viral protein belonging to each cluster
identified in A. (D) Correlation between protein sequence identity and PPl overlap (Jaccard index) comparing SARS-CoV-2
and SARS-CoV-1 (blue) or MERS-CoV (red). Interactions for PPl overlap are derived from the final thresholded list of
interactions per virus. (E) GO biological process terms significantly enriched (q<0.05) for all three virus PPIs with Jaccard
index indicating overlap of genes from each term for pairwise comparisons between SARS-CoV-1and SARS-CoV-2 (purple),
SARS-CoV-1 and MERS-CoV (green) and SARS-CoV-2 and MERS-CoV (orange). (F) Fraction of shared preys between
orthologous (blue) versus non-orthologous (red) viral protein baits. (G) Heatmap depicting overlap in PPIs (Jaccard index)
between each bait from SARS-CoV-2 and MERS-CoV. Baits in grey were not assessed, do not exist, or do not have high-
confidence interactors in the compared virus. Non-orthologous bait interactions are highlighted with ared square. GO = Gene
Ontology; PPl = protein-protein interaction; SARS2 = SARS-CoV-2; SARS1 = SARS-CoV-1; MERS = MERS-CoV.
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Fig. 4. Comparative differential interaction analysis reveals shared virus-host interactions. (A) Flowchart
depicting calculation of differential interactions scores (DIS) using the average between the Saint and MIST
scores between every bait (i) and prey (j) to derive interaction score (K). The DIS is the difference between
the interaction scores from each virus. The modified DIS (SARS-MERS) compares the average K from SARS-
CoV-1and SARS-CoV-2 to that of MERS-CoV (see Methods). Only viral bait proteins shared between all three
viruses are included. (B) Density histogram of the DIS for all comparisons. (C) Dot plot depicting the DIS of
interactions from viral bait proteins shared between all three viruses, ordered left-to-right by the mean DIS
per viral bait. (D) Virus-human protein-protein interaction map depicting the SARS-MERS comparison
(purple in Fig. 4, B and C). The network depicts interactions derived from cluster 2 (all 3 viruses), cluster 4
(SARS-CoV-1 and SARS-CoV-2), and cluster 5 (MERS-CoV only). Edge color denotes DIS: red, interactions
specific to SARS-CoV-1 and SARS-CoV-2 but absent in MERS-CoV; blue, interactions specific to MERS-CoV
but absent from both SARS-CoV-1 and SARS-CoV-2; black, interactions shared between all three viruses.
Human-human interactions (thin dark grey line), proteins sharing the same protein complexes or biological
processes (light yellow or light blue highlighting, respectively) are shown. Host-host physical interactions,
protein complex definitions, and biological process groupings are derived from CORUM (39), Gene Ontology
(biological process), and manually curated from literature sources. Thin dashed grey lines are used to
indicate the placement of node labels when adjacent node labels would have otherwise been obscured. DIS
= differential interactions score; SARS2 = SARS-CoV-2; SARS1 = SARS-CoV-1; MERS = MERS-CoV; SARS =
both SARS-CoV-1 and SARS-CoV-2.
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Fig. 5. Functional interrogation of SARS-CoV-2 interactors using genetic perturbations. (A) A549-ACE2 cells
were transfected with siRNA pools targeting each of the human genes from the SARS-CoV-2 interactome, followed
by infection with SARS-CoV-2 and virus quantification using RT-gPCR. Cell viability and knockdown efficiency in
uninfected cells was determined in parallel. (B) Caco-2 cells with CRISPR knockouts of each human gene from the
SARS-CoV-2 interactome were infected with SARS-CoV-2, and supernatants were serially diluted and plated onto
Vero E6 cells for quantification. Viabilities of the uninfected CRISPR knockout cells after infection were determined
in parallel by DAPI staining. (C and D) Plot of results from the infectivity screens in A549-ACE2 knockdown cells
(C) and Caco-2 knockout cells (D) sorted by Z-score (Z <0, decreased infectivity; Z >0 increased infectivity).
Negative controls (non-targeting control for siRNA, non-targeted cells for CRISPR) and positive controls (ACE2
knockdown/knockout) are highlighted. (E) Results from both assays with potential hits (|Z| > 2) highlighted in red
(A549-ACE2), yellow (Caco-2) and orange (both). (F) Pan-coronavirus This work is licensed under a Creative
Commons Attribution 4.0 International (CC BY 4.0) license, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited. To view a copy of this license, visit
https://creativecommons.org/licenses/by/4.0/. This license does not apply to figures/photos/artwork or other
content included in the article that is credited to a third party; obtain authorization from the rights holder before
using such material.interactome reduced to human preys with significant increase (red nodes) or decrease (blue
nodes) in SARS-CoV2 replication upon knockdown/knockout. Viral proteins baits from SARS-CoV-2 (red), SARS-
CoV-1 (orange) and MERS-CoV (yellow) are represented as diamonds. The thickness of the edge indicates the
strength of the PPl in spectral counts. KD = Knockdown; KO = Knockout; PP| = protein-protein interaction.
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Fig. 6. Interaction between OrfO9b and human Tom70. (A) Orf9b-Tom70 interaction is conserved between SARS-
CoV-1 and SARS-CoV-2. (B) Viral titers in Caco-2 cells after CRISPR knockout of TOMM70 or controls. (C) Co-
immunoprecipitation of endogenous Tom70 with Strep-tagged Orf9b from SARS-CoV-1 and SARS-CoV-2, Nsp2
from SARS-CoV-1, SARS-CoV-2 and MERS-CoV, or vector control in HEK293T cells. Representative blots of whole
cell lysates and eluates after IP are shown. (D) Size exclusion chromatography traces (10/300 S200 Increase) of
Orf9b alone, Tom70 alone and co-expressed Orf9b-Tom70 complex purified from recombinant expression in E. coli.
Insert shows SDS-PAGE of the complex peak indicating presence of both proteins. (E) Immunostainings for Tom70
in HeLaM cells transfected with GFP-Strep and Orf9b from SARS-CoV-1 and SARS-CoV-2 (left) and mean
fluorescence intensity £+ SD values of Tom70 in GFP-Strep and Orf9b expressing cells (normalized to non-
transfected cells; right). (F) Flag-Tom70 expression levels in total cell lysates of HEK293T cells upon titration of co-
transfected Strep-Orf9b from SARS-CoV-1 and SARS-CoV-2. (G) Immunostaining for Orf9b and Tom70 in Caco-2
cells infected with SARS-CoV-2 (left) and mean fluorescence intensity £ SD values of Tom70 in uninfected and
SARS-CoV-2 infected cells (right). SARS2 = SARS-CoV-2; SARS1 = SARS-CoV-1; MERS = MERS-CoV; IP =
immunoprecipitation. **p < 0.05. B, E, G, Student's t test. E, scale bar =10 um.

First release: 15 October 2020 www.sciencemag.org  (Page numbers not final at time of first release) 34

0202 ‘82 1800190 U0 /610" Bewasuslos aoualos//:dny wolj papeojumoqd


http://www.sciencemag.org/
http://science.sciencemag.org/

E
1.04 .
40 50 60 70 0 @
PKVYPIILRLGSPLSLNMARKTLNSLEDKAFQLTPIAV 2 0.8 ik \
— o .
Prediction —p———QD— @D ——  § o] L .
2 '
With Tom70 S ———  ; 04 L
[ e s 0 @ .
' =02 ' 1,
As a dimer —ip— ) — I B — Lo oy " tem

(=]

10 20 30 40 50 60
Residues truncated from N terminus

Fig. 7. CryoEM structure of Orf9b-Tom70 complex reveals Orf9b adopting a helical fold and binding at
the substrate recognition site of Tom70. (A) Surface representation of the Orf9b-Tom70 structure. Tom70
is depicted as molecular surface in green, Orf9b is depicted as ribbon in orange. Region in charcoal indicates
Hsp70/Hsp90 binding site on Tom70. (B) Magnified view of Orf9b-Tom70 interactions with interacting
hydrophobic residues on Tom70 indicated and shown in spheres. The two phosphorylation sites on Orf9b,
S50 and S53, are shown in yellow. (C) lonic interactions between Tom70 and Orf9b are depicted as sticks.
Highly conserved residues on Tom70 making hydrophobic interactions with Orf9b are depicted as spheres.
(D) Diagram depicting secondary structure comparison of OrfOb as predicted by JPred server, as visualized
in our structure, or as visualized in the previously-crystallized dimer structure (PDB:6Z4U) (16). Pink tubes
indicate helices, charcoal arrows indicate beta strands, amino acid sequence for the region visualized in the
cryoEM structure is shown on top. (E) Predicted probability of possessing an internal MTS as output by
TargetP server by serially running N-terminally truncated regions of SARS-CoV-2 Orf9b. Region visualized in
the cryoEM structure (amino acids 39-76) overlaps with the highest internal MTS probability region (amino
acids 40-50). MTS = mitochondrial targeting signal.
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Fig. 9. Real-world data analysis of drugs identified through molecular investigation support their antiviral
activity. (A) Schematic of retrospective real-world clinical data analysis of indomethacin use for outpatients
with SARS-CoV-2. Plots show distribution of propensity scores for all included patients (red, indomethacin
users; blue, celecoxib users). For a full list of inclusion, exclusion, and matching criteria see Methods and
table S11. (B) Effectiveness of indomethacin vs. celecoxib in patients with confirmed SARS-CoV-2 infection
treated in an outpatient setting. Average standardized absolute mean difference (ASAMD) is a measure of
balance between indomethacin and celecoxib groups calculated as the mean of the absolute standardized
difference for each propensity score factor (table S11); p-value and odds ratios with 95% CI are estimated
using the Aetion Evidence Platform r4.6. No ASAMD was greater than 0.1. (C) Schematic of retrospective
real-world clinical data analysis of typical antipsychotic use for inpatients with SARS-CoV-2. Plots show
distribution of propensity scores for all included patients (red, typical users; blue, atypical users). For a full
list of inclusion, exclusion, and matching criteria see Methods and table S11. (D) Effectiveness of typical vs.
atypical antipsychotics among hospitalized patients with confirmed SARS-CoV-2 infection treated in-
hospital. Average standardized absolute mean difference (ASAMD) is a measure of balance between typical
and atypical groups calculated as the mean of the absolute standardized difference for each propensity
score factor (table S11); p-value and odds ratios with 95% CI are estimated using the Aetion Evidence
Platform r4.6. No ASAMD was greater than O.1.
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