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SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) replicates in human cells by interacting with
host factors following infection. To understand the virus and host interactome proximity, we introduce a
super-resolution proximity labeling (SR-PL) method with a “plug-and-playable” PL enzyme, TurbolD-GBP
(GFP-binding nanobody protein), and we apply it for interactome mapping of SARS-CoV-2 ORF3a and mem-
brane protein (M), which generates highly perturbed endoplasmic reticulum (ER) structures. Through SR-PL
analysis of the biotinylated interactome, 224 and 272 peptides are robustly identified as ORF3a and M inter-
actomes, respectively. Within the ORF3a interactome, RNF5 co-localizes with ORF3a and generates ubiquitin
modifications of ORF3a that can be involved in protein degradation. We also observe that the SARS-CoV-2
infection rate is efficiently reduced by the overexpression of RNF5 in host cells. The interactome data ob-
tained using the SR-PL method are presented at https://sarscov2.spatiomics.org. We hope that our method

will contribute to revealing virus-host interactions of other viruses in an efficient manner.

INTRODUCTION

In the current coronavirus disease 2019 (COVID-19) pandemic,
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), it is essential to understand the host protein
network for the viral proteins of SARS-CoV-2 to prevent or treat
COVID-19. The viral genome of SARS-CoV-2 encodes 29 pro-
teins: 16 nonstructural proteins (NSP1-16), 4 structural proteins
(spike protein [S], membrane protein [M], envelope protein [E],
and nucleocapsid protein [N]), and 9 accessory proteins (open
reading frame 3a [ORF3a], ORF3b, ORF6, ORF7a, ORF7b,
ORF8, ORF9b, ORF9c, and ORF10). NSPs participate in the for-
mation of the replicase-transcriptase complex,’ and structural
proteins (S, M, E, and N) form a viral particle unit that can mediate
the transfer of viral RNA across cells.” The 9 accessory proteins
(ORFs) are translated from the viral RNA and mediate the assem-
bly of viral components in infected cells. Many ORFs target the
endomembrane system; however, their local molecular func-
tions and interaction networks are not clearly understood.

uuuuu

Currently, a handful of studies have shown that ORFs can turn
off the host innate immune system during viral replication by hi-
jacking autophagosome processes® or by acting as an interferon
antagonist.> Notably, components of the host immune system,
such as the NOD-like receptor protein 3 (NLRP3) inflammasome,
can be activated by ORF3a expression”; however, it is not clearly
understood which host factors can recognize these viral pro-
teins. Since mutations in ORFs can considerably affect viral repli-
cation efficiency in host cells,® a clear elucidation of the interac-
tome of these proteins could lead to the development of anti-viral
or anti-inflammation therapeutics to overcome the pandemic.
To identify viral protein-host protein interactions, affinity-puri-
fication mass spectrometry (AP-MS) analysis was conducted for
SARS-CoV-2."° AP-MS results showed interaction partners with
strong binding affinity to the viral proteins of interest (vPOls);
however, these interactome data may also include artificial pro-
tein-protein interactions that do not occur in live cells because
these experiments were conducted using cell lysates isolated
in artificial lysis buffer conditions. To overcome these limitations,
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proximity labeling (PL) methods are based on an enzymatic bio-
tinylation reaction using in-situ-generated reactive biotin species
by genetically expressed enzymes. Examples of these enzymes
include engineered ascorbate peroxidase (APEX),” promiscuous
biotin ligase (BiolD),® and TurbolD, an engineered biotin ligase
with faster kinetics.® Because the biotinylation reaction induced
by PL enzymes occurs in living cells and the labeling radius of the
reactive biotin species (biotin-phenoxy radical and biotin-AMP)
is less than 50 nm, MS analyses of endogenous proteins bio-
tinylated by PL enzymes can accurately reflect the physiological
interactome of the POI that is genetically expressed alongside
these enzymes.

PL has been used to identify the host interactome of viral
proteins, including coronaviruses'® and SARS-CoV-2.''"1°
Although this method identifies various important host proteins
that support the viral life cycle, results from the conventional
PL workflow may contain false positive findings. Currently,
most current works including viral interactome studies using
PL utilize conventional mass analysis, which detects the “non-
biotinylated peptides” of streptavidin bead-enriched proteins
that usually provide ambiguous and low-resolution results. This
conventional PL method can misidentify artificially interacting
proteins in the lysis buffer as biotinylated proteins (false posi-
tives). To overcome the limitations of conventional PL methods,
scientists have developed a method for the mass detection of
“biotinylated” PTM sites for APEX (e.g., Y+331 Da) and BiolD/
TurbolD (e.g., K+226 Da), which reflect true biotinylation events
at the single-amino acid residue level.’®'® Since this method
can provide clear biotinylation modification information at the
single amino acid residue level, we refer to this method as
super-resolution PL (SR-PL), which is analogous to the super-
resolution imaging method that can detect single-molecule fluo-
rescence, while conventional imaging methods provide blurred
results. Notably, both conventional and SR methods for imaging
and PL utilize the same molecules (e.g., fluorophores or biotin
probes), but the analysis workflow is different (Figure 1A). We
have previously applied SR-PL to reveal the local proteome of in-
terest, such as that in the inner mitochondrial membrane, '® the
mitochondria-endoplasmic reticulum (ER) contact site,’® and
the liver-specific secretome.’® We also applied this technique
to identify novel rapamycin-interacting partners,'® NSUN2 in
the mitochondrial matrix®' and EXD2 in the outer mitochondrial
membrane.*”

Herein, we show that SR-PL is an efficient method for
revealing the virus-host interactome of SARS-CoV-2. We also
confirmed that the “plug-and-play” GFP and GFP-binding nano-
body protein (GBP) system, which was previously utilized for effi-
cient electron microscopy (EM) imaging of POI-GFP with APEX2
in zebrafish.® It is noteworthy that GFP-POI and GBP-TurbolD
have been successfully applied to identify the interactome of
POls in live models, such as zebrafish®* and C. elegans.® This
system can be utilized for the efficient mapping of the host pro-
tein network of viral proteins with SR-PL. Using this devised tool,
we successfully revealed the host interactome of the accessory
protein (ORF3a) and structural protein (M) of SARS-CoV-2.
Among the host factors of these proteins, we confirmed that
RNF5, an E3 ubiquitin ligase, decreased the infectivity of live
SARS-CoV-2 in human cells in vitro. We investigated the RNF5
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interactome with SR-PL to understand its function at the molec-
ular level. We found that unique biotin-labeled sites of SR-PL can
not only reveal the proximal interactome but also suggest
possible structural changes. Overall, we believe that our SR-PL
analysis provides meaningful and unique insights into the viral
protein interactome.

RESULTS

GFP-tagged SARS-CoV-2 structural and accessory
proteins target specific organelles

To confirm the subcellular localization of the SARS-CoV-2 pro-
teins, we prepared 14 constructs of vPOls tagged with GFP us-
ing a 13-amino acid linker (GAPGSAGSAAGSG) (Figures 1B and
S1A). These GFP-tagged constructs were applied to SR-PL us-
ing a GFP/GBP system (Figure 1B). Confocal imaging showed
that the GFP-tagged vPOls were well expressed. Unlike NSPs,
structural and accessory proteins target specific organelles.
NSP7, NSP8, and NSP9 showed whole-cell expression patterns
(Figure S1B), indicating that these proteins were diffused
throughout the cell and did not specifically interact with certain
organelles, possibly because of the lack of viral RNAs. In
contrast, M, N, ORF3a, ORF3b, ORF6, ORF7b, ORF9b, and
ORF9c showed organelle-specific localization patterns (Fig-
ure 1C), indicating that these proteins interact with the host
proteins of specific organelles. Among these constructs, we
observed that the expression patterns of ORF3a and M merged
with those of both an ER marker protein, SEC61B (Figure S1C),
and an ER endogenous protein, calnexin (Figure S1D), which
supports their basal localization in the ER.

In addition, we confirmed that GFP-tagged vPOls (i.e., ORF3a,
ORF6, ORF7b, and M) merged with FLAG-tagged vPOls in co-
expressing cells, indicating that both vPOls were targeted to
the ER by increasing perturbation of its structure (Figure S1E).
Additionally, we confirmed that GFP-tagged vPOls (i.e., ORF3a
and M) were well expressed in A549 cells (Figure S1F), and the
pattern of vPOI expression was similar to that in HEK293-AD
cells (Figure 1C). Consistent with a previous study showing
that the N is associated with stress granules,’ confocal imaging
co-expressing N and G3BP1 (stress granule marker protein)®®%’
showed that the two patterns were clearly merged, representing
a stress granule pattern (Figure S1G). These experiments
confirmed that the established GFP-tagged structural and
accessory protein constructs were suitable for further interac-
tome studies.

The GFP/GBP system can be used to identify the SARS-
CoV-2 interactome in live cells. We utilized the GFP and GBP
“plug-and-play” system”>2° for the interactome analysis of
vPOI-GFP by co-expression of TurbolD-GBP via SR-PL work-
flow (Figures 1A and 1B). To confirm the specific binding be-
tween vPOI-GFP and TurbolD-GBP, M, N, ORF3a, ORF6, and
ORF7b were selected. The confocal image patterns of cells
co-expressing VPOI-GFP and TurbolD-GBP were identical to
those of cells expressing vPOI-GFP alone (Figures 1C, 1D, and
S2A), demonstrating that GFP and GBP bound well and that
the patterns of the biotinylated proteins merged with the GFP
and GBP patterns. Thus, we confirmed that the co-expressed
TurbolD-GBP had a strong and specific binding interaction
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Figure 1. In situ biotinylation of “plug-and-
play” TurbolD-GBP with vPOI-GFP of SARS-
CoV-2

(A) Comparison between super-resolution imaging
and super-resolution proximity labeling (SR-PL).

(B) In situ biotinylation of TurbolD-V5-GBP with viral
protein of interest (vPOI)-GFP. Predicted TM domains
by TMHMM program are shown in light gray.

(C) Confocal microscopy images of vPOI-GFP con-
structs in HEK293-AD cells. vPOlIs are M, N, ORF3a,
ORF3b, ORF6, ORF7b, ORF9b, and ORF9c. Scale
bars: 10 um. BF, bright field.

(D) Confocal microscopy images of vPOI-GFP and
TurbolD-V5-GBP (or TurbolD-V5) in HEK293-AD cells.
Scale bars: 10 pm. BF, bright field. Additional images
are shown in Figure S2A.

(E) Streptavidin-horseradish peroxidase (SA-HRP) and
anti-V5 western blotting results under the co-expres-
sion of vPOI-GFP and TurbolD-V5-GBP in HEK293T
cells.

(F) Anti-GFP western blotting results of the same
samples as (E). Bands of the expected molecular
weight of each vPOI-GFP construct are marked with
green asterisks. Raw images of blot results are shown
in Figures S2B-S2D.

(C—F) Representative data from one of three experi-
ments.
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with vPOI-GFP and did not appear to interrupt the targeting of
vPOI-GFP to specific organelles.

Western blot analysis of proteins biotinylated by TurbolD-
GBP and detected using streptavidin-horseradish peroxidase
(SA-HRP) revealed that the biotinylated protein patterns of
TurbolD-GBP were altered when co-expressed with GFP-
tagged M, N, ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF9b,
ORF9c, or ORF10 (Figures 1E, 1F, and S2B-S2D). The change
in SA-HRP western blot patterns of the proteins biotinylated by
the PL enzyme'® may indicate that the neighboring proteins
around TurbolD-GBP were significantly altered when TurbolD-
GBP was translocated to co-expressed vPOI-GFP in the same
cell. These experiments also showed that the GFP-tagged struc-
tural and accessory proteins of SARS-CoV-2 may be surrounded
by different host proteins in cells and that these proteins may be
readily biotinylated by TurbolD and identified using MS via the
SR-PL workflow (Figure 1A).

ORF3a and M proteins of SARS-CoV-2 destructively
perturb the ER membrane organization

Among the structural and accessory proteins that exhibited an
ER-targeting pattern (Figures S1C and S1D), ORF3a and M con-
tained three transmembrane (TM) domains (Figures 1B and S3A),
and both proteins showed a similar alteration of protein band
patterns in western blot analysis, with a larger molecular weight
than expected (Figure 1F). ORF3aSARS-CV2 shows 85.1%
sequence similarity with ORF3a5ARS-CoV-1 " which exhibits ion
transport activity and induces NLRP3 inflammasome activation.*
ORF3aSARS-CoV2 150 possesses pro-apoptotic activity.?® Simi-
larly, the MSARS-COV-2 ghows 96.4% sequence similarity with
the MSARS-CoV-1 \yhich has been reported to target the ER, the
ER-Golgi intermediate compartment, and the Golgi apparatus
and is associated with apoptosis®® and nuclear factor-«xB
(NF-kB) signaling.®° We hypothesized that these proteins might
perturb the ultrastructure of the endomembrane system, as
many viral proteins have been shown to target the endomem-
brane systems of host cells.®’

To test this hypothesis, we conducted correlative light and
EM (CLEM) experiments using ORF3a-GFP- and M-GFP-
transfected cells (Figure 2A). Similar to ORF3a>ARS-C°V_gxpress-
ing cells®® and the SARS-CoV-infected cells,®®> ORF3a and
M proteins largely disrupted the ER. In CLEM imaging of
ORF3a-GFP, increased cubic membrane (CM, also denoted as
convoluted membrane) structure formation was observed (Fig-
ure 2B). In CLEM imaging of M-GFP (Figure 2C), we observed se-
vere formation of multilamellar bodies (MLBs) at the ER mem-
brane and electron-dense autophagic vesicles (black arrows in
Figure 2C). In addition, we conducted CLEM imaging of ORF3a
and M co-expressing cells, which also showed disrupted ER pat-
terns, including CM and double-membrane vesicle (DMV) struc-
tures (Figure S3B). Additionally, while only the expression of GFP
or mCherry did not largely disrupt the ER pattern, and normal
levels of MLBs were only detected (Figures S3C and S3D), un-
tagged ORF3a or M expression disrupted the ER structure by
the formation of DMVs (Figures S3E and S3F). To confirm that
the endomembrane system was perturbed by ORF3a and M,
we prepared an APEX-mediated diaminobenzidine (DAB)-
stained sample®" using SEC61B-APEX2, which showed that
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the ER structure was largely damaged when ORF3a-GFP was
expressed (Figure S3G).

Additionally, we prepared ORF3a and M constructs with
APEX2 directly tagged to the C terminus of the vPOls
(Figures 2D and 2E) and used them for the EM imaging of trans-
fected cells following APEX-mediated DAB staining.®* DAB
staining of ORF3a-APEX2 clearly showed CM structure forma-
tion (Figures 2F and S3H). Notably, CM structures are also
formed in coronavirus-infected cells®**® and are considered
neo-organelles for the assembly of viral proteins.®” Additionally,
in ORF3a-APEX2-expressing cells, the DMV (red arrows in Fig-
ure 2F) was detected by APEX2-DAB staining near the ER and
mitochondria, which was also observed in untagged ORF3a-ex-
pressing cells (Figure S3E). Because DMV formation is believed
to house the replication complexes of various RNA viruses,**~°
our results imply that ORF3a plays an important role in the forma-
tion of ER-derived compartments (i.e., CM and DMV) that can be
related to viral replication in host cells.

Similarly, the ER was clearly disrupted in M-APEX2-
expressing cells (Figures 2G and S3l) and appeared to curl into
whorl patterns, also termed organized smooth ER (OSER), which
was also reproducibly observed in untagged, M-expressing
cells (Figure S3F). These OSER patterns have also been
observed in SARS-CoV-infected cells,* herpes simplex virus-in-
fected cells,”' and ER stress-induced cells.*>** In our study,
these structures were not detected in untransfected cells
(Figures S3I and S3J). Moreover, we confirmed that the struc-
tures of the ER, Golgi, and mitochondria did not change in
SEC61B-APEX2- or APEX2-expressing cells (Figure S3J). There-
fore, our EM results imply that ORF3a and M may largely
contribute to the generation of ER-derived compartments™*~°
for efficient viral assembly and replication by remodeling the
ER systems. To identify the host proteins involved in this pro-
cess, we conducted an in cellulo interactome analysis of
ORF3a-GFP and M-GFP with TurbolD-GBP via the SR-PL
workflow.

ORF3a and M interactomes showed perturbed
proteomic landscape at the ER membrane

For the mass spectrometric analysis, we used the aforemen-
tioned SR-PL method to obtain an accurate interactome map
of the ORF3a and M proteins. To obtain the biotinylated pepti-
dome, HEK293T cells co-expressing vPOI-GFP and TurbolD-
GBP and control HEK293T cells (Figure 3A) were treated with
biotin (50 puM, 30 min). As control samples, we prepared
HEK293T cells co-expressing vPOI-GFP and TurbolD, which
have no physical interaction between the co-expressed pro-
teins, and all the biotinylated peptides in these control samples
can be regarded as background-labeled proteins of TurbolD,
which are abundantly expressed in the cytosol under ER pertur-
bation conditions by expression of vPOI-GFP. We also prepared
unconjugated GFP + TurbolD-GBP co-expressing cells, which
could provide a possible interactome for GFP and GBP in the
cytosol.

We obtained 3,796 and 3,498 peptides biotinylated at the
lysine residue (K+226) from triplicate ORF3a (ORF3a-GFP +
TurbolD-GBP) and M (M-GFP + TurbolD-GBP) samples,
respectively. We also obtained 2,865, 3,889, and 4,969
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Figure 2. EM results of ORF3a and M protein
of SARS-CoV-2-expressing cells

ORF3a
orM
vPOI

Transfection Imaging

(A) Schematic view of CLEM experiments.

(B) CLEM images of ORF3a-GFP-transfected HeLa
cells. Scale bars: 1 um. Electron-dense autophagic
vesicles are marked with black arrows (B and C).
Distinct membrane structures were observed with
higher magnification, and magnified areas are
marked with box numbers (B and C).

(C) CLEM images of M-GFP-transfected HeLa cells.

B ORF3a-GFP transfected HeLa cell

of exp i
pattern and ultrastructure

Scale bars: 1 um.
(D) Schematic view of ORF3a-APEX2 and
M-APEX2. TM domains are shown in light gray.

BF

GFP

(2) magnified

(E) Proposed membrane topology of ORF3a-APEX2
and M-APEX2 at the ER membrane.

(F) EM images of ORF3a-APEX2-transfected HelLa
cells and A549 cells. Scale bars: 500 nm-2 um.
Additional EM images are shown in Figure S3H.
(G) EM images of M-APEX2-transfected Hela cells
and A549 cells. Scale bars: 1-2 um. Additional EM
images are shown in Figure S3I.

(B, C, F, and G) Cubic membrane, double-mem-
brane vesicle structures, and mitochondria are
indicated as “CM,” red arrows, and “m,” respec-

(1) magnified (3) magnified 1) i @)
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tively. Representative data from one of two
experiments.

the reproducibility of the experiment
(Figures S4A-S4F). From the comparative
analysis of the ORF3a and M samples

e with the control samples, 470 and 520
a0 B | 100 peptides were selected as ORF3a- and
C M-specific biotinylated peptides, respec-

c tively. (Figures 3B and 3C; Data S1 and

S2). Among these, we selected 224 (185

M-APEX2
N

20 |73 78

proteins) and 272 peptides (226 proteins)
that were exclusively identified in ORF3a
and M samples, respectively. These
exclusively biotin-labeled peptides were
reproducibly observed in all triplicate
samples of ORF3a:TurbolD or M:TurbolD,
and none of these labeled peptides were
observed in the control samples (Fig-
ure S4G). The selection of the ORF3a
and M interactome is summarized in a

biotinylated peptides from control samples (ORF3a-GFP +
TurbolD; M-GFP + TurbolD; GFP (control) + TurbolD-GBP-ex-
pressing cells), respectively. The replicate samples showed
high similarity and clustered with each other, confirming

flowchart (Figure 3B).

The MS signal intensities of peptides
224 and 272 are shown as yellow dots in
the volcano plots (Figure 3D; Data Sf
and S2). In particular, the top 20 bio-
tinylated sites based on MS signal inten-
sity are shown as dots in the volcano plots
(Figure 3D). The major population of inter-
actomes for ORF3a and M comprise endo-
membrane system proteins, suggesting
that ORF3a and M are primarily localized in the ER. Because
exclusive proximity biotinylation can occur only in very close
proximity, these exclusively biotinylated proteins should be
very closely situated to ORF3a and M proteins. Each exclusively
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biotin-labeled peptide was sorted as shown in the Venn diagram
and volcano plots. These proteins (e.g., CLCC1 and SLC22A5)
have already been characterized as interaction partners of
ORF3a and/or M (detailed information is provided in Data S1).
Notably, CLCC1 (four sites exclusively labeled by ORF3a:
TurbolD) and SLC12A2 (three sites exclusively labeled by
M:TurbolD) showed multiple exclusively biotin-labeled sites,
strongly indicating that the ORF3a and M proteins interact with
the corresponding ER membrane proteins.

SR-PL reveals topology of TM proteins interacting with
ORF3a and M

Among the 185 filtered proteins for the ORF3a interactome,
23.2% were located in the plasma membrane, and 60% were
located in the endomembrane (Figures 4A and S4H). Among
the 226 filtered proteins of the M interactome, 44.2% were
located in the plasma membrane, and 40.3% were located in
the endomembrane (Figures 4A and S4H). According to Gene
Ontology analysis, proteins associated with SNARE interactions
in vesicular transport were highly enriched among the 185 pro-
teins of the ORF3a interactome and the 226 proteins of the M in-
teractome (Figures 4B and S4l). From these analyses, we can
see that the molecular functions of ORF3a and M are highly
related to the localization and transport of other substances
within the endomembrane of host cells.

To further our understanding of these interactions, we filtered
the top 20 most strongly biotinylated peptides (red or blue dots
in Figure 3D) among the ORF3a and M interactomes. Twenty
filtered peptides of the ORF3a interactome were classified ac-
cording to their localization and function (Figure 4C). Surpris-
ingly, 12 of these 20 peptides (60%) overlapped with the recently
identified mitochondrial-associated membrane (MAM) proteome
as determined using Contact-ID."'® This suggests that ORF3a is
localized in the MAM, which is consistent with a previous host
interactome analysis of SARS-CoV-2 using the co-immunopre-
cipitation (colP) method.*” MAM-enriched ORF3a interactome
proteins were associated with vesicle transport (BET1, USE1,
and SAR1A), lipid synthesis, and steroid binding and processes
(DHCR7 and SCD5). We postulated that ORF3a might be
involved in the regulation of vesicle trafficking at the MAM to sup-
port viral assembly and egress processes, similar to other viral
proteins that target the MAM, such as the NS5A and NS5B pro-
teins in the hepatitis C virus.*®> Moreover, several ion transport
proteins that are part of the endomembrane system (CLCC1,
SLC16A1, and SLC22A5) were identified in the ORF3a interac-
tome. Based on previous findings that ORF3a of SARS-CoV reg-
ulates ion channels at the ER membrane*®°° and that ORF3a of
SARS-CoV-2 is related to Ca®* and K* channels®' but does not
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form ion channels,”® we postulated that ORF3a may closely

localize at the subdomain of the ER where ion transport protein
clusters.

Similarly, the top 20 filtered peptides of the M interactome
were classified based on their localization and molecular func-
tions (Figure 4D). Among these, those associated with ion trans-
port (i.e., ATP1A1, SLC3A2, and SLC7A3) were highly enriched in
the M interactome. Several proteins related to membrane integ-
rity (i.e., CCDC8, CDC42BPA, and EPHA2) were highly enriched
in the M interactome. Proteins that form SNARE complexes (i.e.,
BET1, VAMP7, and STX4) have been identified as the M interac-
tome. This may influence ER vacuolization and apoptosis asso-
ciated with M proteins.?®

The identification of membrane protein topologies is crucial
for understanding their domain-wise functions on either side
of the membrane. In our study, the topological information of
the biotin-labeled membrane proteins was easily extracted. Us-
ing our SR-PL method, we obtained MS data that included the
biotinylation sites of each digested peptide. All digested pep-
tides isolated following SA bead enrichment had at least one
biotin-modified site on the lysine (K) residue. Since TurbolD-
GBP biotinylation occurs via the cytosolic regions of the pro-
tein, biotinylated sites on the proximal interacting proteins
of vPOI-GFP logically face the cytosol. We then obtained mem-
brane topological information for proteins harboring a TM
domain using MS data. Using similar approaches, we have
successfully revealed the topologies of the inner mitochondrial
membrane’'® and MAM proteins.'® Using this workflow (Fig-
ure 4E), 15 and 13 TM proteins were identified in the ORF3a
and M interactomes, respectively; the biotinylation sites and to-
pology of these proteins are shown in the figures (Figures 4F,
S4d, and S4K). For example, K152 of PRAF2 and K223 of
TMX1 matched well with previously characterized topologies.
Based on these results, confirming the reliability of the SR-PL
data, we propose hitherto unknown topologies of multiple
ORF3a- or M-interacting membrane proteins (yellow proteins
in Figure 4F).

Ubiquitination activity of RNF5 could suppress SARS-
CoV-2 infection

In the ORF3a interactome, RNF5 exclusively showed biotin-
labeled sites (K75) by ORF3a:TurbolD, which was also shown
in the M interactome (Figure 3D). This finding is interesting
because RNF5 is an ER-anchored E3 ubiquitin protein ligase
involved in the regulation of autophagy during bacterial infec-
tions.>® Interestingly, RNF5 is involved in the inflammatory
response®® and regulates the anti-viral response of the outer
mitochondrial protein MAVS,*>~°® which implies that RNF5 may

Figure 3. Mass analysis of host interactome of ORF3a and M protein of SARS-CoV-2 by SR-PL
(A) Schematic view of five groups of samples for mass analysis: TurbolD-GBP + GFP, TurbolD-GBP + ORF3a-GFP, TurbolD + ORF3a-GFP, TurbolD-GBP +

M-GFP, and TurbolD + M-GFP.

(B) Flowchart showing the classification process of exclusively biotin-labeled ORF3a and M interactome.
(C) Venn diagram of the SR-PL-detected biotinylated peptides of ORF3a, M, and control samples. The number of proteins is presented in parentheses below. See

detailed information in Figure S4G.

(D) Enrichment of the SR-PL-detected biotinylated peptides by TurbolD-GBP in the samples of ORF3a-GFP or M-GFP. x axis: log2 value of fold change of mass
signal intensities; y axis: —log10 value of p value. Gene names of the top 20 biotinylated Lys sites of ORF3a or M sample are shown in the volcano plot. See

detailed information in Data S1 and S2.
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orchestrate the innate defense response against infections.
Because the molecular function of RNF5 in SARS-CoV-2 has
not yet been fully characterized, we conducted further studies
to reveal its functional relationship with SARS-CoV-2 proteins.
Confocal microscopy experiments using cells showed that
RNF5 was embedded in the ER and spread throughout the whole
ER compartment (Figure S5A). However, the pattern of RNF5
was largely altered by ORF3a and M expression and co-localized
with the respective viral proteins (Figures 5A, S5B, and S5C).
Co-localization of ORF3a and RNF5 was identified in the split-
GFP system (Figures 5B and S5D). This implies that RNF5 may
be activated when the ER is destroyed by ORF3a and M protein
expression.

Because RNF5 has been characterized as an E3 ubiquitin
ligase with anti-viral effects, we hypothesized that RNF5 could
ubiquitinate ORF3a during SARS-CoV-2 infection. Treatment
with a proteasome inhibitor (MG132) increased the expression
of ORF3a and M (Figures S5E and S5F). Western blot analysis
after colP showed that overexpression of RNF5 induced further
ubiquitination of the ORF3a protein (Figures 5C, S5G, and S5H).
As a control, overexpression of the inactive mutant RNFSC“ZS,
whose ubiquitin-transferring ring finger domain is not func-
tional,” did not induce ubiquitination of ORF3a (Figures S5I
and S5J), which supports the hypothesis that RNF5 is a ubiquitin
ligase for ORF3a. Additionally, we observed that RNF5 could not
ubiquitinate other ER-anchored proteins such as SEC61B or
other SARS-CoV-2 viral proteins such as ORF7b (Figure S5K).
These results suggest that RNF5 is not a promiscuous ubiquitin
ligase at the ER membrane and that ORF3a is a specific sub-
strate of RNF5.

To verify whether ubiquitin ligase activity of RNF5 could inter-
fere with the infectivity and viral replication of SARS-CoV-2 in-
side the host cell, A549-hACE2 cells®® were transfected with
mCherry-tagged functional RNF5 (mCherry-RNF5) or nonfunc-
tional mutant RNF5°42® (mCherry-RNF5%42%) and mCherry
(control) constructs, respectively, and then infected with
an ancestral strain of live SARS-CoV-2 (Figures 5D, S6A-
S6C). We found that the infection rates of SARS-CoV-2 in
mCherry-RNF5-transfected cells (15.53%; 48 of 309) were
lower than those in mCherry-transfected (24.20%; 38 of 157)
or mCherry-RNF5%4?S-transfected cells (26.10%; 113 of 433)
(Figure 5E; Data S3). To assess whether the decrease in the
SARS-CoV-2 infection rate due to RNF5 overexpression could
be replicated using other constructs, we measured the infec-
tion rates in A549-hACE2 cells transfected with hemagglutinin
(HA)-tagged RNF5 constructs (Figures 5D, 5E, S6D, and S6E).
We also observed that the infection rates of HA-RNF5-trans-
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fected cells (14.63%; 30 of 205) were lower than those of
cells transfected with the inactive HA-RNF5°425 (25%:; 47 of
188), although this difference was not statistically significant
(p = 0.1018; Figure 5E; Data S3). The nuclei counts, total trans-
fection rate, infection rate in nontransfected cells, and total
infection rate in all cells were comparable between the RNF5
and RNF5%42S transfection conditions (Figures 5E and S6F;
Data S3). Therefore, the lower infection rate of RNF5-trans-
fected cells was likely driven by the functional ubiquitin ligase
activity of RNF5. Notably, ORF3a expression was significantly
lowered under mCherry-RNF5 expression than under mCherry
and mCherry-RNF5°425 expression (Figures 5F, 5G, and
S6G). Therefore, RNF5 is responsible for ubiquitination that
can be involved in the degradation pathway of ORF3a derived
from SARS-CoV-2. Taken together, these results suggest that
RNF5 interacts with SARS-CoV-2 proteins and potentially
exerts anti-viral activity in the early phase of SARS-CoV-2
infection and replication inside host cells.

ORF3a expression affects RNF5 interactome

To investigate the RNF5 interactome, we used TurbolD-RNF5
along with ORF3a using the SR-PL method. In the RNF5 inter-
actome under both normal conditions and ORF3a overexpres-
sion, a remarkable proportion of biotin-labeled proteins were
localized to the ER (Data S4 and S5) as RNF5 was localized
at the ER membrane. In the basal state, proteins related to
vesicle trafficking (i.e., ARF3, RAB29, and ACTN4) and protein
degradation units (ZFAND5 and ZFANDG6) were detected in the
RNF5 interactome (Figure 6A). We further analyzed the RNF5
interactome using the SR-PL method under ORF3a expression
(Figures 6B and 6C). Interestingly, we observed that other
vesicle formation factors (i.e., EPS15, SAR1B, and ARLG6IP5)
were labeled with TurbolD-RNF5 upon ORF3a expression
(logs fold change [logoFC] > 1.8, —logiop > 1.5), and it is likely
that these protein factors are related to ORF3a-derived vesicle
formation (Figures 2B, 2F, 5A, and 5B). Additionally, K186 of
UBE2J1 was exclusively labeled with TurbolD-RNF5 under
ORF3a expression (log,FC: 1.26, —log4op = 1.19; Figure 6B;
Data S4 and S5). Because UBE2J1 is characterized as an
ER-anchored E2 ubiquitin-conjugating enzyme,®® UBE2J1
may interact with and transfer ubiquitin to RNF5 at the ER
membrane.

Notably, we exclusively observed biotin-labeled sites of
EPS15 (K648), ANKLE2 (K262), and NDC1 (K416) by
TurbolD-RNF5 under ORF3a expression (Figure S7; Data S4
and S5), which showed other biotin-labeled site(s) by
TurbolD-RNF5 in the basal state: EPS15 (K754), ANKLE2

Figure 4. Identification of the ORF3a interactome and M interactome

(A) Subcellular distribution of the selected interactome of ORF3a (185 proteins) and M (226 proteins). See detailed information in Figure S4H and Data S1 and S2.
(B) Gene Ontology analysis (http://bioinformatics.sdstate.edu/go/) of ORF3a and M interactome. See detailed information in Figure S4l.

(C and D) Subcellular map of top 20 selected interactome of ORF3a (C) and M (D). Among the top 20 interactomes of ORF3a, 12 peptides overlapped with the
mitochondrial-associated membrane (MAM) proteome'® are shown as gray-colored shading.

(E) Flowchart showing the process of coloring principles of proposed membrane topologies and biotinylated sites of ORF3a and M’s transmembrane inter-

actomes.

(F) Proposed membrane topologies of the integral membrane proteins in ORF3a and M’s interactome list, followed by (E). Biotin-labeled sites by TurbolD-GBP
were colored according to their samples (red: ORF3a; blue: M; purple: ORF3a and M). Proposed membrane topologies are shown in yellow. See detailed in-

formation in Figures S4J and S4K and Data S1 and S2.
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(K271, K546, K738, K759, and K883), and NDC1 (K430 and
K437). Since the in situ biotinylation reaction is strictly regu-
lated in a proximity-dependent manner, the exclusively
biotin-labeled sites suggest that these sites are proximal to
RNF5 under ORF3a expression. As the functions of these pro-
teins are related to vesicle formation, it is intriguing to specu-
late whether the vesicles forming the RNF5 interactome exert
the anti-viral function of RNF5 against SARS-CoV-2 infection
inside host cells. However, further investigation is required to
confirm this hypothesis.

Notably, UBE2J1, an E2 ubiquitin-conjugating enzyme, was
found to be part of the RNF5 interactome upon ORF3a expres-
sion (Figure 6B). We hypothesized that UBE2J1 could be brought
closer to RNF5 to increase its ubiquitination activity during
ORF3a expression. We conducted a colP analysis using ubiqui-
tin as a bait protein, and the results showed that more UBE2J1
was eluted by ubiquitin under RNF5 expression, indicating
that UBE2J1 strongly interacted with ubiquitin under RNF5
expression (Figure 6D). Using the AlphaFold multimer algorithm
(AlphaFold v.2.3.0, https://github.com/deepmind/alphafold/
blob/main/docs/technical_note_v2.3.0.md), we generated a
virtual protein complex structure in which RNF5:UBE2J1~UBB
formed an E3:E2~Ub complex with a low predicted
alignment error (PAE) (Figures 6E and 6F). Along with our RNF5
interactome results, this model suggests that formation of the
RNF5:UBE2J1~UBB complex may be further induced by
ORF3a expression, thereby increasing the ubiquitination activity
of RNF5 (Figure 6G).

Construction of web-based search platform of ORF3a
and M interactome

Furthermore, we built a user-accessible, web-based search plat-
form showing detailed information about the ORF3a and M inter-
actome obtained in this study (Figure 7A). This web-based plat-
form is available at https://sarscov2.spatiomics.org. This site
provides information on which protein was biotin labeled and
at which lysine site in the biological triplicate samples of five
cases (Figure 3A). If one entered the protein name or gene
name of our findings, detailed biotin-labeled site information in
each sample is presented (Figure 7B). Biotin-labeled site infor-
mation is also summarized in the “summary” tab (Figure 7C).
In a “heatmap” tab, raw mass signal intensity information
of biotinylated peptides of the ORF3a and M interactome in all
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15 samples are shown per the labeled protein. (Figure 7D). In
the “iCn3D viewer” tab, we visualized the biotin-labeled sites
on the protein structure based on the AlphaFold database using
the iCn3D viewer algorithm (https://www.ncbi.nlm.nih.gov/
Structure/icn3d/, Figure 7E). In this viewer, “red” represents
ORF3a-specific sites, “blue” represents M-specific sites, and
“pink” represents overlapped sites both in ORF3a- and
M-specific sites over the controls. Furthermore, PubMed was
linked to make it easier to access so that one can easily deter-
mine what kinds of studies exist on various topics (e.g., SARS-
CoV-2) (Figure 7F). This web-based platform is continuously
managed and updated to provide convenience of use. We
believe that this user-friendly web database with an AlphaFold
structure and virus-related literature links can be helpful in maxi-
mizing the utilization of our findings in future studies.

DISCUSSION

In our study, RNF5 was identified as part of the ORF3a interac-
tome using SR-PL. The biotin-labeled K75 residue of RNF5
was exclusively and reproducibly shown in all triplicate samples
of ORF3a:TurbolD (Figure 3D; Data S1 and S2), whereas previ-
ously reported interactome mapping approaches, such as the
conventional PL technique'®'* and the AP method,"® could
not identify RNF5 in the ORF3a interactome, although their se-
lections contained comparable or more findings. Our result is
consistent with a previous study showing that several SARS-
CoV-2 proteins, including ORF3a, are ubiquitinated in viral pro-
tein-expressing cells.®' However, a recent study has highlighted
the pro-viral role of RNF5 ubiquitination in a SARS-CoV-2 virion
release assay.®® In our study, we utilized hACE2-A549 cells to
measure the SARS-CoV-2 infection rate, whereas another study
utilized Vero-EB6 cells to check the virion release rate. Thus, there
is a possibility that RNF5 can work differentially in different cell
types or can function as an anti-viral factor in the virus infection
stage, and it can work as a pro-viral factor in the virion release
stage. Additionally, we utilized N terminus-tagged RNF5,
whereas the C terminus HA-tagged RNF5 was utilized in other
studies. Since RNF5 is a tail-anchor TM protein with a C-terminal
TM domain, we believe that the N-terminal RNF5 may interfere
with its function at the ER membrane.

We hope that RNF5 and other interactome findings of this
study will be useful for the development of anti-viral therapeutics

Figure 5. RNF5 ubiquitinates ORF3a of SARS-CoV-2

(A) Confocal microscopy images of FLAG-RNF5 with vPOI-GFP in HEK293-AD cells. BF, bright field. Scale bars: 10 um. Additional results are shown in Fig-
ure S5B.

(B) Confocal microscopic images of ORF3a-V5-GFP_1o or/and GFP44-FLAG-RNF5 in HEK293-AD cells. Protein interaction-induced assembly of split GFP
fragments (GFP4.10 and GFP4,) generates green fluorescence. BF, bright field, Scale bars: 10 um. Additional results are shown in Figure S5D.

(C) Western blot analysis of ORF3a ubiquitination by RNF5 in HEK293T cells. Asterisks at 20 and 63 kDa in the anti-V5 blot result indicate eluted mouse
immunoglobulin proteins. Additional blot results are shown in Figures SSE-S5H.

(D) Microscopy images of A549-hACE2 cells transfected with RNF5 constructs. Yellow-colored arrows showed transfected cells that were infected with SARS-
CoV-2 (D and F). Scale bars: 200 pm. Additional imaging results are shown in Figures S6A-S6E.

(E) SARS-CoV-2 infection rates in A549-hACE2 cells overexpressing RNF5 compared with RNF5°4?%, See additional information in Figure S6F.

(F) Microscopy images of A549-hACE2 cells transfected with mCherry, mCherry-RNF5%425, and mCherry-RNF5. Scale bars: 200 pm.

(G) Western blot analysis of ORF3a expression level under mCherry, mCherry-RNF542S, and mCherry-RNF5 expression followed by SARS-CoV-2 infection in
A549-hACE2 cells. Expected size of ORF3a is presented with a yellow-colored arrow. Additional blot results are shown in Figure S6G.

(A and B) Representative data from one of two experiments. (C) Representative data from one of four experiments. (D and E) Data from five experiments (for
mCherry) and four experiments (for HA). (E) Data are represented as mean + SEM. (F and G) Representative data from one of two experiments.
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against SARS-CoV-2. Notably, many proteins in the ORF3a and
M interactomes are already targeted by approved drug mole-
cules (Tables S2 and S3), which may prove useful in designing
drug-repurposing therapeutic strategies. As observed in other
viruses that utilize the ER for replication,®**® including SARS-
CoV,*” our data showed that ORF3a and M largely affect the pro-
teomic landscape in the ER. Recent reports have shown that the
ectopic expression of ORF3a can hijack the HOPS complex and
RAB7, which is identical in a full viral infection system. This event
blocks the autophagosome-lysosome fusion process necessary
for autolysosome formation.”°® We identified several lysosome-
associated proteins in the ORF3a interactome, consistent with
recent findings. In addition, we observed DMV structures in
ORF3a-expressing cells, similar to those in SARS-CoV-2-in-
fected cells.*®*° As other vesicle formation machinery proteins
were also shown in the RNF5 interactome, it is intriguing that
ORF3a-induced membrane reorganization may activate anti-
viral host factors.

Based on these findings, we confirmed that our SR-PL work-
flow using the GFP/GBP system is an effective tool for interac-
tome mapping of viral proteins in live cells. Since several viral
proteins are initially cloned with GFP for imaging experiments
typically performed in the initial stages of many virus studies,
we expect that our TurbolD-GBP could be an effective “plug-
and-playable” component for rapid host interactome analysis
with various GFP-tagged viral proteins without cloning additional
constructs for PL experiments. This is especially relevant
in situations where time is a constraint, such as during the
COVID-19 pandemic.

Limitations of the study

First, as our experiment was conducted using the ectopic
expression of SARS-CoV-2 viral proteins, it may not completely
reflect the status of SARS-CoV-2 infection. The current recom-
binant SARS-CoV-2 viral RNA only allows genetic tagging
within the ORF7 in the viral genome, implying that a strategy
for genetic tagging of ORF3a or M in the viral genome has
not yet been developed.®® In the current situation, the ectopic
expression of ORF3a and M with PL tags could be the
best practical way to investigate the viral-host protein interac-
tome (Table S4). In comparing our findings with previous
SARS-CoV-2 viral interactome studies (e.g., PL'>'*"° and
AP-MS"5"") we observed a limited overlap in the results (Fig-
ure S8; Data S1). This discrepancy could be attributed to the
variations in cell types, enrichment techniques, and analysis

¢ CellP’ress

OPEN ACCESS

methods utilized across the studies (Table S4). Among these
studies, our interactome analysis showed substantial overlap
with the TurbolD method by Zhang et al.,'? as both studies uti-
lized the same cell type and PL enzyme. Specifically, our study
included 50% of the ORF3a interactome (3 out of 6 proteins)
and 40% of the M interactome (16 out of 40 proteins) reported
by Zhang et al.’® Furthermore, it is worth mentioning that our
current methodology successfully identified physiologically
relevant interactions within the SARS-CoV-2 viral interactome,
including the identification of RNF5. Notably, as RNF5 has
also recently been characterized as an inducer of the degrada-
tion of other SARS-CoV-2 viral proteins, M®? and E,”® further
investigation of the RNF5 recognition mechanism for these viral
proteins might be intriguing.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e EXPERIMENTAL MODEL AND STUDY PARTICIPANT DE-
TAILS
O Cell lines
e METHOD DETAILS
Expression plasmids
Cell culture and transfections
Biotin labeling in live cells
Fluorescence microscope imaging
Co-immunoprecipitation of FLAG
Co-immunoprecipitation of V5
Immunobilotting
EM imaging and CLEM
Proteome digestion & enrichment of biotinylated pep-
tides
Calculation of similarity value
LC-MS/MS analysis of enriched peptide samples
Processing LC-MS/MS dataset and identification of
proteins
O RNF5 plasmid transfection and virus infection
O Immunofluorescence microscopy
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Figure 6. Identification of the RNF5 interactome under ORF3a expression through the SR-PL method

(A) Enrichment by SR-PL-detected biotinylated peptides by TurbolD-RNF5 against TurbolD-GBP/GFP. x axis: log2 value of fold change of mass signal intensities;
cutoff value is 5. y axis: —log10 value of p value; cutoff value is 2. See detailed information in Data S4 and S5 (A and B).

(B) Enrichment by SR-PL-detected biotinylated peptides by TurbolD-RNF5 in samples of ORF3a-FLAG over an empty vector (control). x axis: log2 value of fold
change of mass signal intensities; cutoff value is 1.8. y axis: —log10 value of p value; cutoff value is 1.5. UBE2J1, E2 ubiquitin-conjugating enzyme, is highlighted.
(C) Interaction partners of RNF5 under normal conditions and ORF3a expression. Biotinylated lysine sites are shown with gene names.

(D) Western blot analysis of GFP-UBE2J1 and mCherry-RNF5 by co-immunoprecipitation of V5-UBB co-expressed HEK293T cells. In anti-V5 and anti-GFP blot
results, asterisks near the 25 and 63 kDa indicate eluted mouse immunoglobulin proteins from the mouse anti-V5 (or anti-GFP)-coated Dynabead.

(E) PAE (predicted alignment error) plot of AlphaFold multimer structure; RNF5(25-106)-UBE2J1(1-166)-UBB(1-76). In this plot, the bluer color indicates the lower
PAE value that there is a higher accuracy of interaction between proteins.

(F) AlphaFold multimeric complex structure of RNF5(25-106)-UBE2J1(1-166)-UBB(1-76).

(G) The RNF5-UBE2J1-UBB complex may induce ubiquitination of host or viral proteins during SARS-CoV-2 infection.

(D) Representative data from one of three experiments.
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Institute of Science and Technology (Korea)
HEK293T Gift from Professor Kim H. at the Ulsan National N/A
Institute of Science and Technology (Korea)
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Institute of Science and Technology (Korea)
HelLa Dr. Mun at the Korea Brain Research Institute (Korea) N/A
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A549-hACE2 Gift from Oscar Fernandez-Capetillo at the Science N/A
for Life Lab (Sweden)
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AlphaFold v2.3.0 dockerized software under Linux (Ubuntu 22, AMD N/A
Ryzen 9 5950X, 128 GB RAM, NVidia RTX 4090 with
24GB RAM)
GraphPad Prism 9 GraphPad software N/A
LAS X LAS X software N/A
ImagedJ NIH N/A
PhotoZoom Pro 8 software Benvista Ltd., Houston, TX, USA N/A
Other
Speed-vac HyperCOOL HC3110
Thermomixer Thermofisher N/A
TEM (Tecnai G2) FEI N/A
Confocal microscope (Nikon A1 RSi/Ti-E) Nikon N/A
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RESOURCE AVAILABILITY
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hyun-Woo

Rhee (rheehw@snu.ac.kr).

Materials availability

Plasmids generated in this study are available from the lead contact with a completed materials transfer agreement. This study did

not generate new unique reagents.

Data and code availability

® The raw LC-MS data generated in this study were deposited in the ProteomeXchange Consortium. The ORF3a and M interac-
tome (accession no. PXD041368; username: reviewer pxd041368@ebi.ac.uk; password:0lvSa1PG). The RNF5 interactome
during ORF3a expression (accession no. PXD032032, User name: reviewer_pxd032032@ebi.ac.uk, Password: GoPAnSPK).

® This paper does not report original code.
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® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HEK293, HEK293T, and Cos7 cells were gifts from Professor Kim H. at the Ulsan National Institute of Science and Technology
(Korea). HeLa and A549 cells were acquired from Dr. Mun at the Korea Brain Research Institute (Korea). A549 cells expressing
hACE2 were kindly gifted by Oscar Fernandez-Capetillo at the Science for Life Lab (Sweden). The cell lines were cultured according
to the manufacturer’s instructions.

METHOD DETAILS

Expression plasmids

Genes with epitope tags (V5, FLAG, HA, twin strep) were cloned into pCDNA3, pCDNAS.1, and pCDNAS5 by digestion with enzymatic
restriction sites and ligation with T4 DNA ligase. After simultaneously digesting the PCR products and cutting the vectors, they were
ligated. CMV promoter enables gene expression in mammalian cells. Table S1 summarizes information on these constructs. Tem-
plates for SARS-CoV-2 were obtained from Professors Kim Ho Min (KAIST) and V. Narry Kim (SNU Biology).

Cell culture and transfections

The morphology and confluence of cells were examined under a microscope. The cells were incubated in Dulbecco’s modified Ea-
gle’s medium (Cytiva, cat. No., SH30022.01) supplemented with 10% fetal bovine serum (Atlas Biologicals, cat. No., EF-0500-A) in a
37°C incubator 5% CO, (v/v). Genes were introduced into the cells using PEI at 60-80% confluence. For 12-well-plate scale exper-
iments, we transfected a total of 1000 ng plasmid DNA. For the co-transfection of two or three plasmids, 500 ng or 333 ng of plasmid
DNA was transfected. For large-scale experiments in 6-well plates, T25 flasks, or T75 flasks, we transfected 2000, 5000, or 15000 ng
of plasmid DNA, respectively.

Biotin labeling in live cells

Using a transient transfection reagent, PEI genes including TurbolD were introduced into HEK293-AD, HEK293, or HEK293T cells.
After 16-24 h, the medium was changed to 500 pL (24 well plate) or 1 mL (12 well plate) fresh growth medium containing 50 uM biotin
(Alfa Aesar, cat. No., A14207). These cells were incubated at 37°C and 5% CO, for 30 min for using TurbolD in accordance with the
previously published protocols. The reaction was terminated by two washes with Dulbecco’s phosphate-buffered saline (DPBS).
Lysis was performed for Western blot analysis or mass sampling, and fixation was performed for fluorescence microscopy.

Fluorescence microscope imaging

Cells were split on coverslips (thickness no. 1.5, radius:18 mm) on 12-well plates (0.5 x 10°6 cells) for microscopy imaging.
vPOI-GFP-expressing cells were fixed in 4% paraformaldehyde solution (CHEMBIO, cat. No., CBPF-9004) at room temperature
for 10-15 min. Cells were washed twice with Dulbecco’s phosphate-buffered saline (DPBS). To detect vPOI-GFP expression,
washed cells were maintained in DPBS on 4°C refrigerator for imaging by Leica (NICEM in Seoul National University, Korea) with
objective lens (HC PL APO 100x%/1.40 OIL), White Light Laser (WLL, 470-670 nm, 1 nm tunable laser), HyD detector and controlled
by LAS X software.

Co-expressing or biotin-labeled cells were fixed with a 4% paraformaldehyde solution (CHEMBIO, cat. No., CBPF-9004) in DPBS
at room temperature for 10-15 min. Cells were then washed with DPBS, two times, and permeabilized with cold methanol at —20°C
for 10 min. Cells were washed again, two times, with DPBS and blocked for 30 min with 2% BSA in DPBS at room temperature (25°C).
To detect expression or biotinylation patterns, primary antibodies, such as anti-V5 (Invitrogen, cat. No., R960-25; 1:5,000 dilution) for
1 h at room temperature. After two washes with TBST, the cells were simultaneously incubated with a secondary Alexa Fluor 568 IgG
mouse antibody (Molecular Probes, cat. No., A11004, 1:1,000 dilution) and Streptavidin, Alexa Fluor 647 conjugate (Invitrogen, cat.
No. S21374, 1:1,000 dilution) for 30 min at room temperature. Cells were then washed two times with TBST and maintained in DPBS
at 4°C for imaging using Leica (NICEM in Seoul National University, Korea). Pearson’s correlation was conducted using the ImageJ
software (NIH).

Co-immunoprecipitation of FLAG

The constructs were then transfected with PEI. After 16 h, the samples were lysed using RIPA buffer (ELPISBIO, cat. No., EBA-1149)
containing 1x protease inhibitor cocktail (Invitrogen, cat. No., 78438) for 10 min at room temperature. After transferring the lysates to
e-tubes, the samples were vortexed for 2-3 min at room temperature. After centrifugation at 15,000 x g for 10 min at 4°C, superna-
tant was collected. The samples were incubated with washed anti-FLAG affinity gel beads (Bimaker, cat. No., B23102) for 2 h at 4°C.
Then they were washed more than three times and eluted using 1x SDS-PAGE loading buffer at 95°C for 5 min.
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Co-immunoprecipitation of V5

The constructs were then transfected with PEI. After 16 h, the samples were lysed using RIPA buffer (ELPISBIO, cat. No., EBA-1149)
containing 1x protease inhibitor cocktail (Invitrogen, cat. No., 78438) for 10 min at room temperature. After transferring the lysates to
e-tubes, the samples were vortexed for 2-3 min at room temperature. After centrifugation at 15,000 x g for 10 min at 4°C, the su-
pernatant was collected. Anti-V5 antibody (cat. No. R960-25) was incubated with Dynabeads Protein G (Invitrogen, cat. No.,
10004D) for 1 h at RT. They were then washed more than three times and incubated with supernatants containing proteins for 1 h
at RT. Then they were washed more than three times and eluted using 1x SDS-PAGE loading buffer at 95°C for 5 min.

Immunoblotting

12-well plates (0.5 x 106 cells) and 6-well plates (1.2 x 1076 cells) were used for Western blot analysis. Transfected and biotinylated
cell samples were lysed using RIPA buffer (ELPISBIO; cat. No., EBA-1149) containing 1x protease inhibitor cocktail (Invitrogen,
cat. No., 78438) for 10 min at room temperature. After transferring the lysates to e-tubes, the samples were vortexed for 2-3 min
at room temperature. Using centrifugation at 15,000 x g for 10 min at 4°C, samples were clarified. They were boiled in 1x SDS-
PAGE loading buffer at 95°C for 5 min. After resolving the protein samples by SDS-PAGE and transferring the protein samples to
a membrane, immunoblotting analysis was performed using antibodies. The membranes were blocked for 30 min with a 2% skim
milk solution at room temperature. After washing three times with TBST for 5 min each at room temperature, primary antibodies,
namely anti-V5 (Invitrogen, cat. No., R960-25, 1:10,000 dilution), anti-GFP (Invitrogen, cat. No., MA5-15256, 1:3,000 dilution),
anti-HA (ThermoFisher, cat. No., 71-5500, 1:10,000 dilution), anti-FLAG (Sigma Aldrich, cat. No., F7425, 1:10,000 dilution), anti-
RFP (abcam, cat. No., ab34771), anti-ORF3a (ThermoFisher cat. No., PA5116946) and anti-Strep (IBA, cat. No., 2-1597-001,
1:1,000 dilution), was incubated for 16 h at 4°C. After washing thrice with TBST for 5 min at room temperature, secondary antibodies,
namely mouse-HRP (Bio-Rad, cat. No., 1706516, 1:3,000 dilution), and rabbit-HRP (Cell Signaling, cat. No., 7074S, 1:3,000 dilution)
or SA-HRP (Thermo Fisher, cat. No., 21126, 1:10,000 dilution) was incubated for 1 h at room temperature. After washing three times
with TBST for 5 min at room temperature, the results of the immunoblotting assay were obtained using ECL solution and the
GENESYS program. Line-scan analysis was performed using the Imaged software (NIH). After subtracting the intensity value at
the background, protein bands from top to bottom of each lane were plotted as the x axis, and the intensity of bands from top to
bottom of each lane was plotted as the y axis.

EM imaging and CLEM

To observe the DAB-stained cells, the cells were cultured in 35-mm glass grid-bottomed culture dishes (MatTek Life Sciences, MA,
USA) to 30-40% confluency (5 x 104 cells). The cells were transfected with DNA plasmids using Lipofectamine 2000 (Life Technol-
ogies, Carlsbad, CA, USA). The next day, the cells were fixed with 1% glutaraldehyde (Electron Microscopy Sciences, cat. No.,
16200) and 1% paraformaldehyde (Electron Microscopy Sciences, cat. No., 19210) in 0.1 M cacodylate solution (pH 7.0) for 1 h
at 4°C. After washing, a 20 mM glycine solution was used to quench the unreacted aldehyde. DAB staining (Sigma, cat. No.,
D8001) took approximately 20-40 min until a light-brown stain was visible under an inverted light microscope. DAB-stained cells
were post-fixed with 2% osmium tetroxide in distilled water for 30 min at 4°C and en bloc in 1% uranyl acetate (EMS, USA, cat.
No., 22400) overnight and dehydrated using a graded ethanol series. Samples were embedded using an EMBed-812 embedding
kit (Electron Microscopy Sciences, USA, cat. No., 14120) and polymerized in oven at 60°C. Polymerized samples were sectioned
(60 nm) using an ultramicrotome (UC7; Leica Microsystems, Germany), and mounted on copper slot grids with a specimen support
film. Sections were stained with UranyLess (Electron Microscopy Sciences, cat. No., 22409) and lead citrate (Electron Microscopy
Scieneces, cat. No., 22410) and viewed using a Tecnai G2 transmission electron microscope (Thermo Fisher Scientific, USA).

For CLEM observation, the ORF3a-GFP-, M-mCherry-, and M-GFP-transfected cells were imaged under a confocal light micro-
scope (Ti-RCP, Nikon, Japan) in living cells, and cells were fixed with 1% glutaraldehyde and 1% paraformaldehyde in 0.1 M caco-
dylate solution (pH 7.0). After washing, the cells were dehydrated using a graded ethanol series and infiltrated with the embedding
medium. Following embedment, 60 nm sections were cut horizontally to the plane of the block (UC7; Leica Microsystems, Germany)
and mounted on copper slot grids with a specimen support film. The sections were then stained with uranyl acetate and lead citrate.
Cells were observed at 120 kV using a Tecnai G2 microscope (Thermo Fisher Scientific). Confocal micrographs were produced as
high-quality large images using the PhotoZoom Pro 8 software (Benvista Ltd., Houston, TX, USA). Enlarged fluorescence images
were fitted to the electron micrographs using the Imaged BigWarp program.

Proteome digestion & enrichment of biotinylated peptides

For mass sampling, HEK293T cells were split into three T75 flasks (8.4 x 1076 cells from each T75 flask) for triplicate samples per
condition. For two transiently co-expressed constructs, vPOI-GFP and TurbolD-GBP (or TurbolD-RNF5 and ORF3a-Flag), the cells
were grown to 70-80% confluence and transfected with the desired constructs using PEI. After 16 h (transfection), 50 pM biotin
(Alfa aesar, cat. No., A14207) were treated for 30 min in a 37°C incubator. After biotin labeling, the cells were washed 3-4 times
with cold DPBS and lysed with 1.5 mL 2% SDS in 1x TBS (25 mM Tris, 0.15 M NaCl, pH 7.2, Thermo Scientific, cat. No., 28358)
containing a 1x protease inhibitor cocktail. These lysates underwent ultrasonication (Bioruptor, diagenode) 3-4 times for 15 min
in a cold room. For removing free biotin, 5-6 times the sample volume of cold acetone stored at —20°C (Sigma Aldrich, cat. No.,
650501) was mixed with lysates and stored at —20°C for at least 2 h. The samples were centrifuged at 13,000 x g for 10 min at
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4°C. The supernatant was discarded gently. Cold acetone, 6.3 mL, and 700 pL of 1x TBS were mixed with the pellet. These mixtures
were then vigorously vortexed and stored at —20°C for at least 2 h or overnight. The samples were then centrifuged at 13,000 x g for
an additional 10 min at 4°C. The supernatant was discarded gently. After the pellet had dried naturally for 3-5 min, it was resolubilized
with 1 mL of 8 M urea (Sigma-Aldrich, cat. No., U5378) in 50 mM ammonium bicarbonate (ABC, Sigma Aldrich, cat. No., A16141).
Protein concentrations were calculated using bicinchoninic acid assay. Samples were vortexed at 650 rpm for 1 h at 37°C using ther-
momixer (Eppendorf) for denaturation. The samples were reduced with 10 mM dithiothreitol (Sigma-Aldrich, cat. No., 43816) at
650 rpm for 1 h at 37°C using Thermomixer (Eppendorf), while samples alkylation was accomplished in 40 mM iodoacetoamide
(Sigma-Aldrich, cat. No., 11149) at 650 rpm for 1 h at 37°C using thermomixer (Eppendorf). The samples were diluted eight times
with 50 mM ABC (Sigma-Aldrich, cat. No., A16141). mM of CaCl, (Alfa Aesar; cat. No., 12312) was added to a final concentration
of 1 mM. Samples were digested with trypsin (ThermoFisher, cat. No., 20233) (50:1 w/w) at 650 rpm for 6-18 h at 37°C using ther-
momixer (Eppendorf). The insoluble materials were removed by centrifugation for 3 min at 10,000 x g. Streptavidin beads (300 pL;
Pierce, cat. No. 88817) were washed three to four times using 2 M ureain 1 x TBS for 3-4 times, were then added to the samples, and
then rotated for 1 h at room temperature. The flow-through fraction was not discarded, and the beads were washed 2-3 times with
2 Murea in 50 mM ABC. After removing the supernatant, the beads were washed with pure water and transferred to new tubes. After
adding 500 pL 80% acetonitrile (Sigma Aldrich, cat. No., 900667), and 0.2% TFA (Sigma-Aldrich, cat. No., T6508) and 0.1% formic
acid (FA; Thermo Scientific, cat. No., 28905), heat such biotinylated peptides at 60°C and mixed at 650 rpm. The supernatant without
streptavidin beads was transferred to new tubes. This elution step was repeated at least four times. The total eluted fractions were
dried for 5 h using a Speed-Vac (Eppendorf). Before samples were injected to MS, they were stored at —20°C.

Calculation of similarity value

The similarity value for each mass sample was calculated as described previously. The correlation index Cj; is introduced to calculate
the similarity value. The following Equation shows the calculation of the similarity value.

k71

\/ Z/(k \/ Z/

As a result of Cj ranging from 0 to 1, a larger value indicates more similarity, whereas a smaller value indicates less similarity.

LC-MS/MS analysis of enriched peptide samples

Analytical capillary columns (100 cm X 75 um i.d.) and trap columns were packed in-house with 3 m Jupiter C18 particles (Phenom-
enex, Torrance). The long analytical column was placed in a column heater (Analytical Sales and Services) regulated to a temperature
of 45°C. A NanoAcquity UPLC system (Waters) was operated at a flow rate of 300 nL/min for 2 h with a linear gradient ranging from
95% solvent A (H,O with 0.1% formic acid) to 40% solvent B (acetonitrile with 0.1% formic acid). The enriched samples were
analyzed using an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific) equipped with an in-house customized nanoelec-
trospray ion source. Precursor ions were acquired (m/z 300-1,500) at 120 K resolving power, and isolation of the precursor for MS/
MS analysis was conducted with a 1.4 Th. High-energy collisional dissociation (HCD) with 30% collision energy was used for
sequencing, with an automatic gain control (AGC) target of 1E5. The resolving power for the acquired MS2 spectra was set to
30 k at a maximum injection time of 200 ms.

Processing LC-MS/MS dataset and identification of proteins

All MS/MS data were searched using MaxQuant (version 1.5.3.30) with Andromeda search engine at 10 and 20 ppm mass tolerance
for precursor and fragment ions, respectively, against the SwissProt Homo sapiens proteome database (2020.01 ver., 20,199 entries,
UniProt (http://www.uniprot.org/)). Label-free quantification (LFQ) and matching between runs were performed using the following
search parameters: semi-tryptic digestion, two missed cleavages permitted, fixed carbamidomethylation on cysteine, dynamic
oxidation of methionine, dynamic acetylation on the protein N terminus, and dynamic biotinylation of lysine residues. A false discov-
ery rate of <1% was obtained for the uniquely labeled peptides and proteins. The LFQ intensity values were log-transformed for
further analysis, and missing values were filled with imputed values representing a normal distribution around the detection limit. Pro-
tein intensity was determined using Perseus software.

RNF5 plasmid transfection and virus infection

A549-hACE2 cells were grown in Minimal Essential Medium (MEM) (ThermoFisher, cat. No., 21090022) supplemented with
L-glutamine (2) (Cytiva, cat. No., SH30034.01), HEPES (10mM) (Scientific, cat. No., 15630056), 100U/ml penicillin and 100 g/mL
streptomycin. Transfection of either functional RNF5 or nonfunctional RNF5 (containing the C42S mutation) plasmid constructs
(tagged with mCherry or HA) was performed in A549-hACE2 using Lipofectamine LTX with PLUS reagents according to the
manufacturer’s protocols. Cells were grown in 24-well plates on coverslips in a regular growth medium until they reached
60-80% confluence. The cells were then transfected with 3 g of each plasmid (mCherry-RNF5, HA-RNF5, mCherry-RNF5(C42S)
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and HA-RNF5(C42S)) using transfection reagents in the transfection medium without antibiotics. The medium was replaced with
fresh medium at 5-to-5.5-h post-transfection. The cells were then infected with wild-type SARS-CoV-2 (isolate SARS-CoV-2/hu-
man/SWE/01/2020; GenBank accession: MT093571.1) at an MOI of 1 in complete growth medium. After 1 h incubation at 37°C,
the medium was exchanged to fresh growth medium. Samples were collected 18 h after infection. All studies related to SARS-
CoV-2 live virus infection were performed inside the biosafety level 3 facility of the Karolinska Institute, Stockholm, Sweden.

Immunofluorescence microscopy

The cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature. The cells were then permea-
bilized with 0.1% (v/v) Triton X- in PBS for 15 min and washed thrice with PBS. Blocking was performed by treating cells with 0.5%
(v/v) fetal bovine serum in PBS for 30 min. The samples were then incubated with the primary antibodies diluted in 0.5% (v/v) fetal
bovine serum in PBS: rabbit anti-SARS-CoV-2 nucleoprotein (kindly provided by Dr. Pamela Osterlund, National Institute for Health
and Welfare, Helsinki, Finland)”® (1:200) and mouse anti-HA tag monoclonal antibody (Invitrogen, cat. No., 26183) (1:200). After 1 h of
incubation with the primary antibodies at room temperature, the samples were washed to remove excess antibodies. The samples
were then incubated for 1 h with DAPI and the following secondary antibodies at room temperature: goat anti-mouse Alexa Fluor 546
(Invitrogen, cat. No., A11030) (1:1000) and goat anti-rabbit Alexa Fluor 488 (Invitrogen, cat. No., A11034) (1:500). Imaging was per-
formed using an Olympus AX70 Provis motorized widefield fluorescence microscope, and image processing was performed using
Olympus cellSens Entry 1.18 software. The images were then analyzed using ImageJ software. Specifically, manual quantification of
cells was performed by counting 10-20 microscope frames from each biological replicate, with a total nucleus number of more than
1000 in each replicate. Quantification analysis was performed for 4-5 independent biological replicates of each plasmid construct.
The percentage of transfected cells harboring infections (positive for the SARS-CoV-2 nucleocapsid protein) out of all transfected
cells was calculated.

Running AlphaFold2

AlphaFold v2.3.0 was downloaded from github and installed as a dockerized software under Linux (Ubuntu 22, AMD Ryzen 9 5950X,
128 GB RAM, NVidia RTX 4090 with 24GB RAM). Full databases were used using the flag “db_preset = full_dbs”, and a total of 25
multimer models were generated using the flag “num_multimer_predictions_per_model = 5”.

Data visualization
Protein visualization was done using UCSF ChimeraX(https://www.rbvi.ucsf.edu/chimerax). PAE values were visualized using the
Python library alpha_viewer (https://github.com/Intron7/alpha_viewer, https://zenodo.org/record/7554913]).

Construction of web-based search platform of ORF3a and M interactome
(http://sarscov2.spatiomics.org)

The sarscov2.spatiomics.org web application is based on the JavaScript frameworks React (https://react.dev/) and ExpressJS
(https://expressjs.com/). The experimental data are stored and accessed using a mySQL (https://www.mysql.com/) relational data-
base. The iCn3D viewer was embedded using the npm package (https://www.npmjs.com/package/icn3d) to visualize the labeled
sites on the AlphaFold structure. D3.js (https://d3js.org/) was used for heatmap visualization of MS data. PubMed queries are per-
formed using the Entrez Programming Utilities API (https://www.ncbi.nlm.nih.gov/books/NBK25500/).

Transmembrane domain sources

Uniprot transmembrane domain annotation were downloaded from the website using the UniProtID mapping service(https://www.
uniprot.org/id-mapping). TMbed transmembrane domain annotation were downloaded from the pre-calculated human proteome
data (https://rostlab.org/public/tmbed/predictions/human_210422_tmbed.tar.gz). DeepTMHMM transmembrane domain annota-
tion were calculated by running the biolib application (https://dtu.biolib.com/DeepTMHMMY/) on a local machine (Ubuntu 22, AMD
Ryzen 9 5950X, 128 GB RAM, NVidia RTX 4090 with 24GB RAM) as per given instruction on the website, using the UniProt primary
protein sequence as input.

QUANTIFICATION AND STATISTICAL ANALYSIS

Significance was calculated by Student’s t-test using GraphPad Prism 9 (GraphPad Software, USA). p < 0.05 were considered
significant.
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