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ARTICLE INFO ABSTRACT

Keywords: The accessory protein ORF3a, from SARS-CoV-2, plays a critical role in viral infection and
Stoichiometry pathogenesis. Here, we characterized ORF3a assembly, ion channel activity, subcellular locali-
Viroporin

zation, and interactome. At the plasma membrane, ORF3a exists mostly as monomers and dimers,
which do not alter the native cell membrane conductance, suggesting that ORF3a does not
function as a viroporin at the cell surface. As a membrane protein, ORF3a is synthesized at the ER
and sorted via a canonical route. ORF3a overexpression induced an approximately 25% increase
in cell death. By developing an APEX2-based proximity labeling assay, we uncovered proteins
proximal to ORF3a, suggesting that ORF3a recruits some host proteins to weaken the cell. In
addition, it exposed a set of mitochondria related proteins that triggered mitochondrial fission.
Overall, this work can be an important instrument in understanding the role of ORF3a in the virus
pathogenicity and searching for potential therapeutic treatments for COVID-19.
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1. Introduction

The COVID-19 pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) constituted a serious threat to
global human health and underscored the need of detailed research into this virus. SARS-CoV-2 has high sequence similarity to SARS-
CoV and bat-borne coronaviruses, encoding four structural proteins, sixteen non-structural proteins and nine accessory proteins for
viral replication and release [1,2]. Among the accessory proteins in SARS-CoV-2, ORF3a is the largest. It is an integral membrane
protein with a unique structure, present exclusively in SARS-like coronaviruses. SARS-CoV-2 ORF3a exhibits a high sequence identity
(73%) with its SARS-CoV homolog, particularly in functional domains, such as the three transmembrane (TM) regions, implying
functional similarity among the homologous ORF3a proteins [3].

In this study, we have focused on four aspects of the biology of ORF3a: 1) its oligomerization state in mammalian cells, 2) its
functional properties as an ion channel, 3) its localization within the infected cells, and 4) its proteomic vicinity, which unexpectedly
led us to assess mitochondria dynamics.
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Cryo-electron microscopy studies have shown that ORF3a assembles as dimers or tetramers when over expressed in insect cells [4].
Biochemically, SARS-CoV ORF3a also appears to form dimers and tetramers [5]. It is thought that multiple intermolecular disulfide
bridges in the cysteine-rich regions facilitate the formation of dimers and multiple non-covalent interactions between dimers form
tetrameric complexes [5]. Nevertheless, the stoichiometry of SARS-CoV-2 ORF3a complexes in the mammalian host cells remains
poorly understood. In this study, we assessed the native multimeric composition of ORF3a proteins by employing the
perfluoro-octanoic acid (PFO)-PAGE method, which allows the analysis of multimeric complexes in a non-denaturing environment,
thereby preserving protein-protein interactions [6]. Combining this approach with cell surface biotinylation strategies, we determined
that the majority of ORF3a protein at the surface of cells are monomers and dimers.

Both SARS-CoV and SARS-CoV-2 ORF3a have been considered as putative viroporins. Potassium currents carried by SARS-CoV
ORF3a have been reported in HEK293 cells and in Xenopus oocytes [5,7,8]. In addition, in the recent cryo-EM study, purified
SARS-CoV-2 ORF3a dimers were incorporated into liposomes for electrophysiological characterization [4]. Clearly, these proteoli-
posomes exhibited robust ionic currents carried by non-selective cation channels [4]. We were unsuccessful in obtaining electro-
physiological recording consistent with the cell surface expression of SARS-CoV-2 ORF3a in both HEK293 cells and Xenopus oocytes
expression systems. Similar results were obtained with the N-terminus deletion mutant (ORF3AN), even though this construct had a
robust cell surface expression.

In host cells, ORF3a protein is found in various organelles, including ER, Golgi, endosomes, lysosomes, and perinuclear regions [9,
10]. The subcellular distribution of ORF3a is influenced by specific motifs, such as the tyrosine-based sorting YXX® motif and the
diacidic (S/EGD) motif [11,12]. Consequently, ORF3a is involved in diverse biological processes in host cells. For instance, ORF3a
residing on lysosomes inhibits the fusion between lysosomes and autophagosomes, protecting virus particles from degradation [13].
Lysosomal ORF3a may potentially deacidify lysosomes and inactivate lysosomal proteolytic enzymes, thereby promoting viral release
through lysosomal exocytosis [14]. In this study, we focused on whether the expression pathway of ORF3a protein follows a similar
expression pathway than a canonical pathway of membrane proteins. To track ORF3a expression in the cell, we co-transfected a
fluorescently labeled version of SARS-CoV-2 ORF3a with different organelle markers. In general, we found that ORF3a protein is
distributed among the ER, Golgi apparatus, lysosomes, and occasionally at the cell surface.

To further elucidate the molecular mechanisms underlying the biological roles of ORF3a, various approaches have been developed
to determine which host proteins interact with ORF3a. Several studies have used the co-immunoprecipitation (Co-IP) method coupled
with mass spectrometry analysis to examine the interactions between the SARS-CoV-2 ORF3a and host proteins in HEK293 cells and
HeLa cells [13,15,16]. This traditional method tends to identify high affinity interactions. Thereby, transient or weak host pro-
teins/ORF3a interactions are difficult to detect. An alternative approach, named proximity labeling, relies on the proximity of the bait
protein fused to a biotinylation enzyme with the subcellular proteome or interactome at the time proteins are labeled [17]. The added
advantage of this approach is that it can be performed in living cells. The proximity-dependent biotin identification method has been
implemented in recent studies to profile the viral-host interactomes for SARS-CoV-2 [18-20]. Here we employed a proximity labeling
method that incorporates a chemical inducible dimerization system consisting of FKBP and FRB proteins to conditionally anchor the
biotinylation enzyme, ascorbate peroxidase derivative APEX2, to ORF3a proteins [17,21-23]. This method improves specificity in the
detection of ORF3a-host protein interactions, high spatial labeling resolution, and fast-labeling kinetics (less than 1 min) [17,23].
Combining this method with label-free quantitative mass spectrometry, we mapped ORF3a-host interactomes in HEK293 cells,
providing biochemical insights into how SARS-CoV-2 ORF3a hijacks cellular functions, including mitochondria biology.

2. Materials and methods
2.1. Cell lines

HEK293 and COS7 cells were obtained from American Type Culture Collection (ATTC) and kept in our lab. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with 10% heat-inactivated fetal bovine serum (Gibco) at 37 °C with 5% COs.
Cells for electrophysiological recording and immunostaining were cultured with 1% penicillin-streptomycin.

2.2. Plasmids and transfection

Mammalian expression vectors pCMV and pBacMam were generous gifts from Ms. Raymond Fields (Viral Production Core Facility,
NINDS, NIH) and Dr. Eric Gouaux (Oregon Health & Science University), respectively. cDNA encoding SARS-CoV-2 ORF3a (Gene ID:
43740569) was synthesized by Epoch, and then cloned with a C-terminal tag of eGFP or mCherry or a N-terminal 6xHis tag into the
pCMV vector through restriction sites BamHI and Sall. The N-terminal truncated ORF3a (41 N-terminal amino acids deleted) was
generated by PCR using the full-length ORF3a as a template. cDNAs encoding Shaker potassium channel (Shaker) and mouse Kv1.1
potassium channel (mKv) were cloned into pCMV vector. cDNA encoding human BK channel subunit p2 (hBK-f) was cloned into
pBacMam vector. cDNA encoding human BK channel alpha subunit was cloned into pcDNA3 vector. ER marker, mCitrine-ER-5 was a
gift from Michael Davison (Addgene plasmid #56557), Golgi marker mApple-Sit-N-15 was a gift from Michael Davison (Addgene
plasmid #54948) and lysosome marker Lampl-mTurquoise2 was a gift from Dorus Gabella (Addgene plasmid #98828) [24]. Plasmid
mito-DsRed2 was a kind gift from Dr. Richard Youle, NINDS, NIH. Plasmid For proximity labeling, cDNAs encoding
APEX2-FRB-mCherry, ORF3a-2xFKBP-eGFP and ORF3aAN-2xFKBP-eGFP were cloned into pBacMam vector. Lipofectamine 3000
reagent was used for transfection on cultured cells.
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2.3. Evaluation of ORF3a localization among subcellular fractions

A previously established method [25] was modified and utilized to isolate cytosolic fraction and membrane fraction of HEK293
cells. Briefly, HEK293 cells were rinsed and harvested with ice-cold PBS buffer, and then centrifuged at 3,000 x g for 10 min at 4 °C.
Cell pellets were resuspended and incubated with Digitonin lysis buffer (PBS containing 45 pg/mL Digitonin and Roche cOmplete™
protease inhibitor cocktail) for 10 min at 4 °C under agitation, and then centrifuged at 15,000 x g for 10 min at 4 °C. The supernatant
was collected as the cytosolic fraction, containing cytosolic proteins. The pellet was further lysed in NP-40 lysis buffer (PBS containing
1% NP-40 and protease inhibitor cocktail) for 20 min at 4 °C under agitation. Pellet lysate was centrifuged at 10,000 x g for 5 min at 4
°C and the resulting supernatant was collected as the membrane fraction, contains proteins from plasma membrane and
membrane-bound organelles. Proteins in each fraction from different samples were analyzed and quantitated by SDS-PAGE for
detecting the expression of target proteins. Membrane fraction lysates were subjected to PFO-PAGE to study the stoichiometry of
ORF3a complex.

2.4. Assessment of surface ORF3a expression and stoichiometry

The plasma membrane of transfected HEK293 cells were biotinylated. Briefly, cells were rinsed with ice-cold DPBS buffer (PBS
containing 2.5 mM CaCly and 1 mM MgCly) three times and then incubated with 0.5 mg/mL Sulfo-NHS-biotin (Thermo Fisher) in DPBS
buffer for 30 min at 4 °C. HEK293 cells were further washed three times with the quenching solution (50 mM Glycine in DPBS buffer) to
stop the biotinylation, followed by another wash with PBS solution. Cells were subsequently harvested and pelleted by centrifugation
(3,000 x g for 10 min at 4 °C). Cell pellets were lysed in NP-40 lysis buffer (PBS containing 1% NP-40 and protease inhibitor cocktail)
for 20 min at 4 °C under agitation, and then centrifugated at 10,000 x g for 5 min at 4 °C to collect the supernatant.

To isolate biotinylated surface proteins from the supernatant, the supernatant was incubated with the monomeric avidin resin
(CAT#20228, Thermo Fisher) prepared as per the instruction from the manufacturer. The permeant was collected as the Unbound
sample, which contained proteins not biotinylated. A mild competitive elution with free biotin was implemented to dissociate bio-
tinylated surface proteins from the avidin resin, to preserve the native structure of ORF3a oligomers. Briefly, resin was rinsed six times
with NP-40 lysis buffer and incubated with biotin elution buffer (PBS containing 2 mM Biotin and 1% NP-40) for 10 min at 4 °C. The
permeant was collected as the E1 sample, which contained biotinylated surface proteins. To assess the remaining biotinylated proteins
bound to the resin after first elution, the resin was further incubated with a buffer containing 100 mM Glycine in H,O at pH 2.5 for 10
min at 4 °C. The resulting permeant was collected as E2 sample. These proteins are likely denatured by the strong acidic environment.

The expression of ORF3a variants and Shaker-eGFP in the Unbound, E1 and E2 samples were analyzed and quantitated by SDS-
PAGE. The elution sample E1 was also analyzed by PFO-PAGE to examine the stoichiometry of ORF3a at the cell surface.

2.5. PFO-PAGE for subunit stoichiometry analysis

The perfluoro-octanoic acid (PFO)-polyacrylamide gel electrophoresis (PAGE) is a validated method for assessing protein stoi-
chiometry [6]. Briefly, membrane fraction lysates or purified protein samples were mixed 1:1 with PFO sample buffer (1-8% (wt/vol)
NaPFO, 100 mM Tris, 20% (vol/vol) glycerol, and 0.005% (wt/vol) bromphenol blue, pH 8.0) and incubated under room temperature
for 25 min. The samples were analyzed via gel electrophoresis using a PFO running buffer (25 mM Tris, 192 mM glycine, 0.5% NaPFO,
pH 8.5, adjusted with NaOH) precooled to 4 °C. Once the running was complete, gels were soaked in 25 mM Tris buffer (pH 8.0)
containing 0.05% (wt/vol) SDS for 5 min under room temperature, and then were subjected to electrophoretic transfer with a transfer
buffer containing 25 mM Tris, 192 mM glycine and 20% (v/v) methanol. Immunoblotting was done using a standard protocol.

2.6. Electrophysiology

ORF3a and ORF3aAN mRNAs were synthesized using T7 transcription kit (Thermo Fisher). 5 to 50 ng of mRNA was microinjected
in Xenopus laevis oocytes (Ecocyte). Control oocytes were injected with water. Ionic currents were measured after 24 to 72 hours after
injection using the two electrodes voltage clamp technique with an Oocyte Clamp OC-725C (Warner Instruments). For the recording,
oocytes were kept in ND96 solution as the external solution (in mM: 96 NaCl, 2 KCl, 1.8 CaCly, 5 HEPES, pH 7.4) and 100 ms pulses
were applied in 10 mV steps from -160 to 100 mV at a holding potential of 0 mV. High potassium solution (in mM: 98 KCl, 1.8 CaCly, 5
HEPES, pH 7.4) or NMDG solution (in mM: 100 NMDG, 5 HEPES, pH 7.6) were used instead of ND96 in some experiments.

Transfection of HEK293 cells with pCMV-ORF3a-GFP or pCMV-ORF3aAN-GFP DNA was done using Lipofectamine 3000 (Thermo
Fisher). Fluorescence expression was visually checked 24 hours after transfection, and fluorescence positive cells were used for patch
clamp in ‘whole cell’ or ‘inside out’ excised patch configuration with an Axopatch 200B amplifier and Clampex software (pCLAMP 10,
Molecular Devices). In ‘whole cell’ configuration, cells were maintained in physiological external solution (in mM: 140 NaCl, 4 KCl, 2
CaCly, 1 MgCly, 10 HEPES, pH 7.4), and the seal was made with Borosilicate glass pipettes (Harvard apparatus) with a resistance of 4-5
MQ and an internal pipette solution (in mM: 140 KCl, 2 NaCl, 10 EGTA, 10 HEPES, pH7.4). In ‘inside-out’ configuration, a symmetric
potassium solution was used inside and outside of the pipette (in mM: 130 KMES, 10 KCl, 10 EGTA, 10 HEPES, pH 7.4).

For single channel recording, borosilicate pipettes with a resistance of 5-8 MQ were used. Membrane patches were excised, and a
gap free protocol at a holding potential of 100 mV was recorded for 5 min. For the events quantification, random 25-second regions
were selected, and a histogram of the events was obtained after adjustment of the baseline in Clampfit software (pCLAMP 10, Mo-
lecular devices).
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2.7. Cell death assessment using flow cytometry

24 hours or 48 hours after transfection, HEK293 cells were incubated with 50 nM SYTOX Green nucleic acid stain (CAT#S7020,
Thermo Fisher) and 1 pg/mL Hoechst 33342 (CAT#62249, Thermo Fisher) for 30 min at 37 °C, to mark the nuclei of dead cells and the
nuclei of all cells, respectively. Cells were next washed in PBS solution and harvested by trypsinization. After washing, cells were
resuspended in PBS solution and subjected to flow cytometry analysis for forward scatter area (FSC-A) as a reliable proxy for cell size,
and fluorescence intensities, including mCherry, SYTOX staining, and Hoechst staining, for characterizing cells.

2.8. Immunoblot analysis

Immunoblotting was done using standard protocol. Mouse anti GFP antibody (CAT#MA5-15256, Thermo Fisher) was used to
detect eGFP tagged Shaker proteins and ORF3a variant proteins in all the western blot assays. Donkey-anti-mouse HRP-conjugated
secondary antibodies (CAT#711-035-151, Jackson ImmunoResearch) and ECL reagents (CAT#32109, Thermo Fisher) were used for
protein detection by chemiluminescence.

2.9. APEX2-based proximity labeling in live cells

Plasmid encoding APEX2-FRB-mCherry was co-transfected with plasmid encoding ORF3a-2xFKBP-eGFP or ORF3aAN-2xFKBP-
eGFP at a molar ratio of 1:4 into HEK293 cells. To induce the heterodimerization between FRB and FKBP, 24 hours after transfection,
HEK293 cells were incubated with 250 nM Rapalog (A/C Heterodimerizer, CAT#635056, TaKaRa) for 10 hours in a 37 °C incubator.

Next, APEX2 mediated proximity labeling was induced using the method modified from a previous protocol [17]. In brief, cells
were incubated with 500 pM Biotin-phenol (CAT#SML2135, Sigma-Aldrich) for 30 min in 37 °C incubator, followed by 1 min HyO4
treatment (1 mM, CAT#H1009, Sigma-Aldrich) under room temperature. Cells were washed twice with quencher solution (DPBS
containing 10 mM sodium ascorbate, 5 mM Trolox and 10 mM sodium azide), twice with DPBS and once with quencher solution. Cells
were pipetted off with quencher solution and pelleted by centrifugation at 3,000 x g for 10 min at 4 °C. Cell pellet was resuspended and
incubated with Digitonin lysis buffer, which was comprised of 150 mM sodium chloride, 20 mM Tris (pH 7.5), 45 pg/mL Digitonin, 10
mM sodium ascorbate, 5 mM Trolox, 10 mM sodium azide, 1 mM PMSF and protease inhibitor cocktail, for 10 min at 4 °C under
agitation. Cell lysate was centrifuged at 15,000 x g for 10 min at 4 °C, and the supernatant was collected as the cytosolic fraction. Next,
the pellet was washed twice with Digitonin lysis buffer and subsequently lysed in Urea lysis buffer which contained 150 mM sodium
chloride, 20 mM Tris (pH 7.5), 6.5 M Urea, 10 mM sodium ascorbate, 5 mM Trolox, 10 mM sodium azide, 1 mM PMSF and protease
inhibitor cocktail, for 1 hour at 4 °C under agitation, to solubilize the membrane proteins. Pellet lysate was centrifugated at 12,000 x g
for 5 min at 4 °C, and the resulting supernatant was collected as the membrane fraction.

The samples for cytosolic fractions and membrane fractions were mixed with Pierce™ streptavidin magnetic beads (CAT#88816,
Thermo Fisher) and incubated for 1 hour at room temperature on a rotator. The magnetic beads were pelleted using a magnetic rack
and subsequently washed twice with the corresponding lysis buffer, once with 1 M KCl, once with 0.1 M sodium carbonate, once with 2
M urea in 10 mM Tris-HCI solution (pH 7.5), and twice with corresponding lysis buffer. All buffers were kept on ice during the
procedure. The beads were further boiled in 2X SDS sample buffer to elute biotinylated proteins. The eluates were loaded onto the
precast Novex Tris-Glycine gels and run for 0.5 cm. Gels were stained with EZBlue™ gel staining reagent and analyzed by liquid
chromatography with tandem MS (LC/MS/MS).

2.10. Mass Spectrometry Analysis

In-gel samples (~5 ug per sample) were reduced using 10 mM Tris(2-carboxyethyl) phosphine hydrochloride at room temperature
for 1hr and alkylated with 10 mM N-Ethylmaleimide for 10 min. Samples were digested with trypsin (Promega) at 37 °C overnight. The
trypsin:sample ratio is 1:20 (w/w). After the extraction, peptides were cleaned with an Oasis HLB pElution plate (Waters). For LC-MS/
MS experiment, an ES902 column (Thermo Fisher) was used to separate the peptides at a flowrate of 300nl/min. Mobile phase B (0.1%
formic acid in ACN) amount was increased from 3% to 24% in 66 min, from 24% to 36% in 8 min, then followed by wash steps. Mobile
phase A composition is 0.1% formic acid in H2O. The MS1 scans were performed in orbitrap with a resolution of 120K. The mass range
is 400-1500 m/z, and the AGC target is 4 x 105. The quadrupole isolation window is 1.6 m/z. The precursor ion intensity threshold to
trigger the MS/MS scan was set at 1 x 104. The MS2 scans were acquired in ion trap in data-dependent mode. CID fragmentation
method was used, and the collision energy was fixed at 30%. MS1 scan was performed every 3 sec. As many MS2 scans were acquired
within the MS1 scan cycle.

Proteome Discoverer software version 2.4 was used for protein identification and quantitation. Raw data were searched against
Sprot Human database. Maximum missed cleavage site was set to 1. Oxi(M) and NEM(C) was set as dynamic and fixed modification,
respectively. Mass tolerances for MS1 and MS2 scans were set to 5 ppm and 0.6 Da, respectively. Percolator was used for PSM vali-
dation. The search results were filtered by a false discovery rate of 1% at the protein level. For each sample, protein abundance values
were calculated for all proteins identified by summing the abundance of unique peptides matched to that protein. Each sample group
contains 6 replicates. The normalization was performed against the total peptide amount. Protein ratios were calculated by comparing
the median protein abundances between 2 conditions. ANOVA method was used for hypothesis test.
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2.11. Gene ontology analysis

Gene ontology (GO) term analyses were produced using ShinyGo software package v0.76 (available from http://bioinformatics.
sdstate.edu/go/ [26], PANTHER software version 17.0 (available from http://www.pantherdb.org/ [27], and ClueGO/CluePedia
plugin [28,29] in Cytoscape software version 3.9.1 [30]. When comparing protein abundance in ORF3a or ORF3aAN samples to those
in the Control, proteins with p values less than 0.05 and positive log2 (fold-change) values were classified as the most significant
interactors proximal to ORF3a (or ORF3aAN).

The symbol lists of proximal proteins were analyzed using ShinyGo and PANTHER to identify cellular components enriched with
ORF3a or ORF3aAN interactomes. In ShinyGo software package v0.76, the p-value cutoff for gene clusters was set at FDR < 0.05 by
default. Hierarchical clustering trees for significant biological processes were conducted by the software, in accordance with the
enrichment FDR values of protein sets. Smaller FDR values indicated the higher confidence levels of the biological processes repre-
sented by the proximal proteins. The overrepresentation test using PANTHER software was conducted, using Fisher’s exact test and the
false discovery rate (FDR) for the calculation of the statistical significance and the correction of multiple tests, respectively. Homo
sapiens data was used as the reference list using official gene symbol.

Functional enrichment analysis was performed in Cytoscape software with the ClueGO (version 2.5.9, [28]) and (CluePedia version
1.5.9 [29]) plugins, generating GO annotation networks for biological process and pathway terms. The P-value for enrichment sig-
nificance was calculated by two-sided hypergeometric tests and adjusted with Bonferroni step-down method for multiple test
correction. GO terms with a P-value less than 0.05 were considered significant. Kappa scores were further calculated to define the
strength of connections between selected GO terms. The network was generated using yFiles Layout Algorithms [31] in Cytoscape app.

2.12. Immunostaining and imaging

Cells for imaging were grown on coverslips in 6-well plates. Transfected HEK293 cells were fixed and stained using a standard
procedure. Cy5-conjugated streptavidin (1:4,000, CAT#016-170-084, Jackson ImmunoResearch) was utilized to detect biotinylated
proteins. Cells were additionally stained by DAPI to visualize nuclei. Images were obtained using a Zeiss LSM 510 microscope system.

2.13. Live imaging

Live imaging was performed in COS?7 cells grown in glass bottom 35mm dishes (MatTek). Cells were transfected with Lipofectamine
3000 to express fluorescent proteins, either in combination or alone. Endoplasmic reticulum was marked with mCitrine-ER-5. Golgi
apparatus was marked with mApple-Sit-N-15. Lysosomes were marked with Lampl-mTurquoise2. Mitochondria were labelled with
mito-DsRed2, a gift from Dr. Richard Youle, NINDS, NIH. The marker plasmid and the fluorescently labeled ORF3a variants were
transfected with Lipofectamine 3000 following manufacturer’s instructions. A range of 100 ng to 1 ug of each plasmid was used. The
amount of DNA transfected and excitation settings were adjusted to obtain a similar intensity for each fluorophore.

For image acquisition and linear unmixing, images were acquired on a Zeiss LSM 880 Spectral Confocal microscope equipped with
a 32-channel GaASP spectral detector using a 63x/1.4 NA objective lens. The microscope was equipped with a heating stage and
incubation system to maintain the cells at 37°C and 5% CO. All fluorophores were excited simultaneously using 405, 488 and 594 (or
405, 488 and 564) and the spectra was collected for each pixel in lambda mode at 9 nm bins from 415 to 690 nm. Spectra were defined
for each fluorophore using images from cells transfected only with that fluorophore. Images from cells expressing all the fluorophores
in similar intensity were used for linear unmixing with Zen Software (Zeiss). Images were obtained at 4, 12, 16 and 24 h after
transfection, while maintaining the cells at 37°C and 5% CO2. For the experiments on mitochondrial fragmentation, the images were
obtained at 24, 48 and 72 hours after transfection.

2.14. Mitochondrial size quantification

In cells co-expressing mito-DsRed2 and ORF3a variants labelled with GFP, images were obtained in the LSM 880 spectral mi-
croscope. Emission channel after excitation at 561 nm was used to determine mitochondrial expression. The images with DsRed2
fluorescence were used to analysis with custom-made codes for Matlab/Octave software to determine the size of the mitochondria.
Briefly, the image was converted in a binary image, and the bwareaopen and bwconncomp functions were used to define the different
mitochondria fragments. Using the regionprops function the area in pixels of each mitochondria fragment was measured. For each
analyzed condition, at least 1500 individual mitochondria fragments were measured from different images obtained from the same
plate. Histograms of the area distribution were created to compare between conditions.

2.15. Quantification and statistical analysis

Western blotting

Four biological replicates per sample were assayed.

Electrophysiology

Data were analyzed offline using Clampfit software (pCLAMP 10, Molecular devices). The single current events were counted
within randomly selected 25-second regions from single channel recordings after the baseline adjustment. Sample size (n represents
the number of Xenopus oocytes or HEK293 cells) was indicated in the corresponding figures. Error bars represent the SEM from
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independent experiments.

Cell death assessment using flow cytometry

Eight biological replicates per sample were assayed. The p-values were calculated by a paired t test.

Mass spectrometry analysis

Six biological replicates per sample were assayed. The p-values were calculated by the ANOVA (Individual Proteins) method in the
Proteome Discoverer software. Proteins were considered proximal to the bait protein (ORF3a or ORF3aAN) if they had p values less
than 0.05 and positive log2 (fold change) values.

GO terms

Determination of the enriched Gene Ontology (GO) terms was done in Cytoscape software with the ClueGO (version 2.5.9) and

(CluePedia version 1.5.9) plugins. The calculation of p values was described in the Method section. P values less than 0.05 were used as
a cutoff for significantly enriched GO terms.

Mitochondrial size quantification

The mitochondrial sizes were measured using custom-made codes for Matlab/Octave software for at least 1500 individual mito-
chondria fragments from different images per condition.
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Fig. 1. Characterization of ORF3a variants in the HEK293 host cells. (A) Representative images of HEK293 cells transfected with different ORF3a
variant constructs and stained with DAPI. Scale bar = 20 pm. (B) A representative blot for stoichiometry analysis of ORF3a variants in membrane
fraction lysates using PFO-PAGE. The lysates were incubated with 2%, 0.8% and 0.4% NaPFO sample buffers. The original blot image can be found
in the supplementary material, labeled as “Fig. 1B raw.png” (Fig. S1). (C) A representative blot for stoichiometry analysis of ORF3a variants on cell
surface membrane using PFO-PAGE. The lysates were incubated with 1% NaPFO sample buffer. The original blot image can be found in the
supplementary materia, labeled as “Fig. 1C raw.png” (Fig. S2).
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3. Results
3.1. Stoichiometry and assembly of SARS-CoV-2 ORF3a in HEK293 cells

To examine the subunit stoichiometry of SARS-CoV-2 ORF3a, three different C-terminus eGFP fusion ORF3a variants were
developed: full length (ORF3a-eGFP), N-terminus truncated (ORF3aAN-eGFP) and N-terminus polyhistidine tagged (6xHis-ORF3a-
eGFP), along with an eGFP-fused Shaker potassium channel protein, as control for assembling. First, we asked whether ORF3a variants
are exclusively present in the membrane fraction of cell lysates. One day after transfection, HEK293 cells were lysed with digitonin to
collect the cytosol fraction and then treated with NP-40 to obtain the membrane fraction. Not surprisingly, proteins from all the
constructs were exclusively detected in the membrane fraction of cell lysates (Figure S1A), suggesting that their transmembrane
segments were translated correctly by the ER.

Fig. 1A shows examples of HEK293 cells overexpressing ORF3a variants. In all three variants, the majority of ORF3a were observed
within the subcellular membrane compartments. Only a small fraction of ORF3a were detected at the plasma membrane, more
noticeable in the ORF3aAN-eGFP variant, which is consistent with previous findings [4,5].

SARS-CoV-2 ORF3a appears to assemble as dimers and tetramers in heterologous expression systems [4,5]. To study the stoichi-
ometry of ORF3a in a more native state, we implemented the PFO-PAGE method using the membrane fraction of HEK293 cells. To
assess the effect of NaPFO on the assembly of our constructs, we tested three concentrations of NaPFO: 0.4, 1 and 2%. Shaker K™
channels display a similar pattern of subunit assembling across all NaPFO concentrations (Fig. 1B), with a very small amount of
monomers (~100 kDa band), a more prominent presence of dimers (~200 kDa band) and two large bands that represent tetrameric
complexes of different stages of glycosylation, as described previously [32]. ORF3a-eGFP and ORF3aAN-eGFP variants appear to be
more abundant as monomers (Fig. 1B). On the contrary, Shaker complexes were not influenced by the NaPFO concentration, sug-
gesting that the protein-protein interactions within ORF3a multimers were less stable than those of Shaker K™ channels (Fig. 1B).

Next, we assessed which forms of ORF3a variants exist at the cell surface. We implemented a cell surface biotinylation approach,
followed by the NaPFO-PAGE method (See Methods). Because ORF3a variants are mostly localized in intracellular organelles (Fig. 1A),
they were predominantly detected in the Unbound samples (Fig. S1B), which contain the unbiotinylated proteins. Less amounts of
ORF3a variants, particularly ORF3a and 6xHis-ORF3a, were detected in the E1 and E2 eluates, which contain the biotinylated proteins
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Fig. 2. Expression of ORF3a or ORF3aAN in Xenopus oocytes or HEK293 cells does not produce detectable ionic currents. (A) 1/V curves of whole
cell currents recorded from HEK293 control cells (black, n = 5), cells expressing ORF3a (red, n = 5) and cells expressing ORF3aAN (blue, n = 5). (B)
1/V curves of inside-out patch currents recorded in symmetric K™ from HEK293 control cells (black, n = 5), cells expressing ORF3a (red, n = 7) and
cells expressing ORF3aAN (blue, n = 4). (C) I/V curves of currents recorded using two-electrode voltage clamp in Xenopus oocytes injected with
water (black, n = 5), oocytes injected with ORF3a cRNA (red, n = 7) and oocytes injected with ORF3aAN cRNA (blue, n = 9). Error bars represent
the S.E.M.
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(Fig. S1B). Surprisingly, in all ORF3a variants, the prevalent form at the cell surface is the monomeric (Fig. 1C), followed by dimers. In
the case of ORF3aAN-eGFP variant, trimers and tetramers were also detected, yet at much lower levels (Fig. 1C). These results suggest
that the multimeric assembling of ORF3a variants might not be a prerequisite for trafficking to the cell surface.

To further evaluate the assembling of ORF3a multimers in living cells, we co-transfected ORF3a variants with distinct fluorescence
tags into HEK293 cells, and one day later inspected their subcellular localization based on fluorescence signals (Fig. S1C). When the
same ORF3a variant fused with eGFP or mCherry were co-expressing in the same cell, eGFP and mCherry overlapped in all regions
where the ORF3a variant was detected. In addition, the presence of both fluorescent tags in a cell did not change the subcellular
location patterns observed when only one tag was transfected. Interestingly, when two constructs of ORF3a variants with distinct

& B

Fig. 3. Subcellular localization of ORF3a variants in mammalian cells. (A) A representative COS7 cell transfected with ORF3a-mCherry (top middle
panel), ER marker (top left panel) and lysosome marker (top right panel). (B) A representative COS7 cell transfected with ORF3aAN (top middle panel),
ER marker (top left panel) and lysosome marker (top right panel). (C) A representative COS7 cell transfected with ORF3a (top middle panel), Golgi
marker (top left panel) and lysosome marker (top right panel). (D) A representative COS7 cell transfected with ORF3aAN (top middle panel), Golgi
marker (top left panel) and lysosome marker. Middle-row panels show a magnification of the white square from top panels. Bottom row panels show
the same magnified area with the combination of two channels for colocalization. Scale bars correspond to 20 pm in the full images or 5 pm in
the inserts.
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Fig. 4. Assessment of cell death induced by the expression of ORF3a variants. HEK293 cells were transfected with mCherry or mCherry tagged
constructs and subsequently stained with Hoechst 33342 and SYTOX Green for flow cytometry analysis. (A) Representative density plots from flow
cytometry analysis on HEK293 cells expressing mCherry or ORF3a-mCherry for 48 h. The x axis, FSC1-Area, represents relative cell size. Based on
mCherry intensity, three cell populations were selected and labeled as (1), (2) and (3) for mCherry (—), mCherry (dim) and mCherry (bright) cells,
respectively. The manual thresholds were placed at the top edge of the cell population for mCherry (—) cells and the bottom edge of the cell
population for mCherry (bright) cells. These thresholds were kept constant in all samples. (B) Representative density plots of Hoechst vs SYTOX
intensities for all three cell populations. The threshold separating vital and dead cells was manually selected above the edge the SYTOX Green
negative cell population. It was kept constant for all samples. Dot colors in A and B reflect the density of local dots, and thereby yellow spots indicate
a large number of detected cells. (C, D) Scatter plots for cell death rates of mCherry (bright) cells vs the cell death rates of mCherry (—) cells 48 h or
24 h after transfection, respectively. Each dot represents a single data point, while dot colors refer to the different constructs. Eight biological
replicas from three independent experiments were obtained for each construct.

fluorescence labels were co-transfected into the same cells, the overlapping between eGFP and mCherry signals was incomplete,
especially at the plasma membrane. As shown in Fig. S1C, the co-localization of 6xHis-ORF3a-mCherry and the co-expressed ORF3a-
eGFP or ORF3aAN-eGFP occurred in various subcellular regions, but not at the plasma membrane, where more ORF3a-eGFP or
ORF3aAN-eGFP than 6xHis-ORF3a-mCherry were detected. These results indicate that heterodimers, if formed at all, are not
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efficiently targeted to the cell surface.

Can SARS-CoV-2 ORF3a or ORF3aAN exhibit ion channel activity at the cell surface? Considering that we can detect expression at
the cell membrane of fluorescent constructs of ORF3a and ORF3aAN, we transfected their DNA into HEK293 cells. The expression of
these variants was verified visually under the microscope and cells showing fluorescence were used in the whole cell or the inside-out
excised patch clamp configurations to record macroscopic currents and single channel events. The whole cell recordings were made in
presence of physiological external solution (in mM: 140 NacCl, 4 KCl, 2 CaCl,, 10 HEPES, pH 7.4), with the expectation that cells
expressing an ORF3a variant would show larger ionic currents than mock transfected cells. Fig. 2A illustrates the I/V curves obtained
from cells expressing ORF3a, ORF3aAN and control cells. No differences between the total membrane currents were observed at any of
the voltages tested. We also performed experiments with excised patches from cells expressing ORF3a variants and control, recording
the membrane currents in symmetric K* solutions. As shown in Fig. 2B, the I/V curves recorded in those conditions were not different.
Additionally, single channel events were observed at voltages above 80 or below —80 mV in cells expressing ORF3a variants and
controls, likely from native HEK293 ion channels (Fig. S2).

We proceeded to assess channel activity using the Xenopus oocyte expression system, in which viroporin activity by SARS-CoV had
been previously reported [5]. We injected the cRNA encoding for ORF3a or ORF3aAN and recorded the total membrane currents using
the two electrodes voltage clamp technique. As control we used oocytes injected with water. Using standard ND96 media (in mM, 96
NaCL, 2 KCl, 1.8 CaCl,, 5 HEPES), we were unable to reproduce the previously reported K" currents (Fig. 2C). Moreover, we tried
external media with high potassium or replacing external monovalent cations with NMDG, finding no changes in ionic currents
detected between the ORF3a constructs and the control (Fig. S3).

3.2. ORF3a trafficking across different subcellular compartments

Do SARS-CoV-2 ORF3a and ORF3aAN variants follow canonical membrane protein trafficking paths? To approach this question,
we monitored the trafficking of these proteins within subcellular organelles after transfection, using COS7 cells, instead of HEK293
cells, to have better spatial resolution. Cells were co-transfected with a combination of DNAs encoding for a specific ORF3a fluorescent
variant and two additional constructs encoding for fluorescent markers of subcellular organelles. Fluorescence from ORF3a was
observed in the ER, the Golgi, and, within 16 h, it could also be detected in lysosomes. As shown in Fig. S3, a small percentage of cells
exhibited fluorescence at the plasma membrane as well. Fig. 3A shows representative images of a cell co-transfected with ER-citrine
(Top left panel), ORF3a-mCherry (Top middle panel) and LAMP1-turquoise (Top right panel). The middle row panels correspond to
magnifications indicated by a white square in the top panels, while the bottom row shows simultaneously the fluorescence of two of the
imaging channels. From these images, it is evident that the ORF3a-mCherry colocalizes with the lysosome marker LAMP1-turquoise
and the ER marker ER-citrine (Fig. 3A). Fig. 3C shows a representative cell co-transfected with the Golgi marker mApple-Sit-N-15,
ORF3a-eGFP and LAMP1. Clearly, ORF3a colocalizes with both the Golgi and lysosome markers. Fig. 3B and D show representative
images of cells co-transfected with ORF3aAN, LAMP 1 and either the ER or the Golgi marker. Similarly, ORF3aAN colocalize with
LAMP1, ER and Golgi marker. In addition, ORF3aAN was detected at the cell surface more frequently than ORF3a. Another noticeable
difference is the presence of ORF3aAN associated with large structures labeled with LAMP1 as we can see in Fig. 3D bottom row. These
might represent the presence of ORF3aAN in endosomes after internalization from the plasma membrane. Altogether, these results are
consistent with these variants following a canonical membrane protein expression pathway, from ER to Golgi and plasma membrane.
The strong presence of ORF3a in lysosomes agrees with previous reports on its function in lysosomal exocytosis as a way for viral
release from the cell [33].

3.3. Time-dependent cell death of HEK293 cells induced by ORF3a

To investigate cell death induced by SARS-CoV-2 ORF3a protein, we transfected HEK293 cells with plasmids encoding mCherry
alone or C-terminal mCherry fusion proteins including human BK channel 2 subunit (hBK-$2-mCherry), mouse Kv1.1 protein (mKv-
mCherry), full length ORF3a (ORF3a-mCherry), ORF3aAN-mCherry and 6xHis-ORF3a-mCherry. The mCherry, human BK channel p2
subunit and mouse Kv1.1 proteins were implemented as controls for cytosolic protein, transmembrane protein, and ion channel
protein, respectively.

At 24 or 48 h after transfection, the expressions of transfected proteins were evaluated using fluorescence microscopy. We then
harvested the cells and assessed cell death rates by flow cytometry using SYTOX Green, which labels dead cells and Hoechst 33342 to
label all cells. Fig. 4 shows flow cytometry data from cells transfected with mCherry and ORF3a-mCherry. After the flow cytometry
assay, cells were categorized into three groups based on the intracellular mCherry intensity: mCherry (—), mCherry (dim) and mCherry
(bright) (Fig. 4A). Within each group, vital and dead cells were selected depending on the SYTOX Green intensity (Fig. 4B). The
accompanying flow cytometry data for 48 h from the other constructs are shown in Figure S4A. Fig. 4C represents the percentage of cell
death in the mCherry (—) group vs the percentage of cell death in the mCherry (bright) group for all constructs from 8 samples
incubated for 48 h. Because overexpression of cytosolic mCherry alone did not induce cell death, the cell death percentage in both
groups are similar (Fig. 4C, blue dots). Even though the overexpression of control membrane proteins led to higher cell death per-
centage than cytosolic mCherry, ORF3a-mCherry robustly induced cell death to values between 20% and almost 35% (p = 7.60e-7, for
the comparison between ORF3a-mCherry (bright) cells and ORF3a-mCherry (dim) cells) (Fig. 4C, yellow dots). The flow cytometry
data from one example incubated for 24 h after transfection is shown in Figure S4B. At 24 h, the changes in cell death percentages for
all membrane proteins were smaller (Fig. 4D). The corresponding plots for the mCherry (dim) group reveal that the lower over-
expression of any of the membrane protein constructs was not sufficient to induce cell death (Fig. S5 A & B).
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Fig. 6. ORF3a-host interactome. (A) Volcano plots showing changes in the abundance of biotinylated proteins between control and ORF3a in the
cytosolic fractions (top) and the membrane fractions (bottom). The x axis represents the log2 (fold change), while the y axis represents the -log10 (P
value). Proteins with positive log2 (fold change) values and p values less than 0.05 are highlighted in green. (B) Dendrogram illustrating the top ten
over-represented GO cellular component terms in the proteins significantly interacting with ORF3a in the membrane fraction. The sizes of the blue
dots correspond to the Enrichment FDR values (indicated next to each individual dot) for the GO cellular components obtained from ShinyGo
software. (C) ClueGO networks depicting biological processes and pathways identified from ORF3a proximal proteins in both the cytosol and the
membrane fractions. Circles (nodes) reflect GO terms for biological processes and pathways. Clustering is based on proteins shared between GO
terms (nodes). The node sizes are proportional to the significance (adjusted P value) of each GO term. Numbers in nodes represent the row numbers
from Table S3. Bold term labels represent the leading group terms (Table S3, v). The thickness of lines connecting GO terms represents the strength
(:f the interaction.

Interestingly, the distribution of the cell sizes for the ORF3a-mCherry (bright) group at 48 h after transfection (Fig. 4A; bottom plot)
is notoriously skewed towards the smaller end of the cells size axis. Cell shrinkage is a morphological outcome of cell death [34].

3.4. Interactome identification of ORF3a and ORF3aAN variants using proximity labeling

To identify the proteins that interact with ORF3a when expressed in mammalian cells, we developed a proximity-based labeling
method that exploited the APEX2-mediated biotinylation combined with a chemically inducible dimerization system. We utilized
Rapalog-induced heterodimerization of FKBP and FRB proteins [22] to recruit APEX2 [23] to ORF3a or ORF3aAN. In principle, APEX2
would biotinylate the proteins in the heterodimer vicinity upon supplementation with biotin-phenol and the oxidizing agent hydrogen
peroxide (Fig. 5A).

Since N-terminus modifications affect the localization of ORF3a variants, we developed constructs that add two FKBP domains
followed by eGFP at the C-termini of ORF3a and ORF3aAN (Fig. 5A). FRB and mCherry were added to the C-terminus of APEX2
(Fig. 5A). APEX2-FRB-mCherry (4 pg) and ORF3a-2xFKBP-eGFP (16 pg) or ORF3aAN-2xFKBP-eGFP (16 pg) were co-transfected in a
T75 cm? flask in which HEK293 cells were cultured. The excess of DNA encoding the ORF3a variants ensured that most cells containing
APEX2-FRB-mCherry also contain the bait. To promote the formation of FKBP-FRB heterodimers, we incubated the transfected cells
with Rapalog for 10 h, which allowed an almost complete convergence of red and green fluorescence emitted from the APEX2 and
ORF3a (or ORF3aAN) fusion proteins, respectively (Fig. 5B). HEK293 cells expressing fluorescent APEX2 and ORF3a fusion proteins
that were not treated with rapalog served as controls (Fig. 5B). Once proteins were biotinylated, they could be detected by immu-
nostaining (Fig. 5B) or used for proteomic analysis. Biotinylation by APEX2 was clearly robust (Fig. 5B). In contrast, no biotinylated
proteins were detected in the HEK293 cells that were treated only with biotin phenol, without hydrogen peroxide (Fig. S6A). Trace
amount of biotinylation was observed in a few HEK293 cells when the treatment was made with hydrogen peroxide without sup-
plementing biotin phenol (Fig. S6B), as previously reported [17]. The biotinylation caused by these traces of biotin is expected to have
a negligible influence on the search for ORF3a interactors.

For mass spectrometry proteomic analysis, the biotinylated proteins were extracted from the membrane and cytosolic fractions
using streptavidin magnetic beads (see Methods). HEK293 cells transfected with APEX2 and ORF3a fusion proteins that were not
treated with Rapalog are referred as control, while those treated with Rapalog are denoted as ORF3a and ORF3aAN. Six replicates were
performed for both variants and the control. Here we will focus on the results for ORF3a, while an equivalent analysis for ORF3aAN is
displayed and discussed in Fig. S7. From the cytosolic fractions, 3251 biotinylated proteins were identified in the control and ORF3a
samples (Table S1). From the membrane fractions, which included biotinylated proteins from both the plasma membrane and the
subcellular organelles, 3096 biotinylated proteins were detected in the control and ORF3a samples (Table S1). Biotinylated proteins
exhibited high variability in their abundances between the control and ORF3a samples, as depicted by the volcano plots (Fig. 6A). To
identify the proteins proximal to ORF3a, representing those that have been concentrated in the ORF3a samples relative to the control
samples, we implemented the criterium that the p-value between the test and control should be lower than 0.05. We identified 26 and
166 proteins proximal to ORF3a in the cytosolic and membrane fractions, respectively, highlighted in green (Fig. 6A, Table S1).

Because ORF3a is a membrane protein, the proximal proteins in the membrane fraction should reflect where ORF3a was located
and its interactions with the organelles. We performed gene ontology (GO) enrichment analysis using ShinyGo software package to
identify the organelles and protein ensembles associated with these proximal proteins. The top 10 over-represented GO terms are
displayed in Fig. 6B. Consistent with our cell imaging study, many identified proximal proteins were from the endoplasmic reticulum
(72 proteins) and the nuclear outer membrane-endoplasmic reticulum membrane network (60 proteins). We also identified 25 and 15
proteins associated with the Golgi apparatus and lysosomes, respectively, yet these organelles were not among the top ten GO terms.

Next, we conducted a GO enrichment analysis to determine the significant biological processes and pathways associated with the
proximal proteins to ORF3a. This analysis was performed with ClueGO plugin [28] in Cytoscape [30]. We used the 192 proteins that
were identified as proximal to ORF3a, with the human genome serving as the background reference. GO biological process and
pathway terms were queried for enrichment. After implementing GO Term Fusion and discarding GO terms with Term P values larger
than 0.05, we identified 45 GO terms that were associated with proximal proteins to ORF3a, which were represented by 17 leading GO
Terms (Fig. 6C, Table S3). Interestingly, several of these biological processes are potentially relevant for viral infection and consistent
with our previous observations. For example, the regulation of intrinsic apoptotic signaling pathway (G0:2001242) is directly
involved in cell death. Further, the positive regulation of endoplasmic reticulum unfolded protein response (GO:1900103) and ERAD
pathway (GO:0036503) are events associated with ER stress response, which is also implicated in viral virulence and pathogenesis
[35]. In addition, the involvement of neutrophil degranulation pathway (R-HAS-6798695) suggests the activation of the inflammatory
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Fig. 7. Mitochondria fragmentation induced by ORF3a expression. (A) A representative COS7 cell transfected with ORF3a-eGFP and mito-DsRed2
(left) or BK-eGFP and mito-DsRed2 (right) showing how BK colocalizes with mitochondria marker while ORF3a does not colocalize. (B) Mitochondria
morphology 24 h after transfection of mito-DsRed2 (left), co-transfection of ORF3a-eGFP and mito-DsRed2 (middle), or 72 h after co-transfection of
ORF3a-eGFP and mito-DsRed2 (right). Scale bar = 20 pm. (C) Histograms representing the distribution of the mitochondria entities area (in pixels) at
24, 48 and 72 h after transfection of mito-DsRed2 (red), mito-DsRed2 and ORF3a-eGFP (green), mito-DsRed2 and ORF3aAN-eGFP (blue), and mito-
]33Red2 and BK-eGFP (orange).

response, a common occurrence during viral infection, including SARS-CoV-2 [36].

It is quite remarkable that 55 out of 192 proteins proximal to ORF3a and 4 out of 10 most enriched GO terms were associated with
mitochondria (Fig. 6B, Table S1), suggesting that expression of ORF3a might influence mitochondria biology in infected cells. This
unexpected result prompted us to explore the potential influence of ORF3a on mitochondria using live imaging approaches.

3.5. Mitochondrial fragmentation mediated by ORF3a variants

To study how mitochondria respond to ORF3a, we co-transfected the ORF3a-eGFP construct with mito-DsRed2, a marker of
mitochondria that contains a DsRed2 fluorescent protein with a mitochondrial targeting sequence, known to preserve normal mito-
chondria physiology [37]. Fig. 7A shows the fluorescence detected in a cell transfected with mito-DsRed2 and ORF3a-eGFP, 24 h after
transfection (left panel). The red and green fluorescence signals represent mitochondria and ORF3a, respectively. We did not detect
colocalization between the ORF3a-eGFP with the mito-DsRed2, showing that the ORF3a protein does not traffic to the mitochondria.
As a control of colocalization with the mito-DsRed2, we used the BK-eGFP ion channel (Fig. 7A, right panel). In this case, colocalization
between the mito-DsRed2 and the BK channel was detected in many mitochondria.

Even though there was no colocalization of ORF3a with mitochondria, over time we did observe changes in the morphology of the
mitochondria in cells expressing ORF3a. Fig. 7B compares the mito-DsRed2 fluorescence of cells expressing only the mitochondria
marker 24 h after transfection (left), cells expressing the ORF3a-eGFP and the mito-DsRed2 marker 24 h after transfection (middle) and
cells expressing the ORF3a-eGFP and the mito-DsRed2 marker 72 h after transfection (right). Clearly, ORF3a induces robust mito-
chondrial fragmentation, even after 24 h from the transfection. Mitochondria are dynamic structures that undergo fusion and fission
cycles in response to the cell energy demands and the cellular environment [38,39]. Extensive mitochondrial fragmentation is also
observed during apoptosis, preceding caspase activation [40,41]. To assess mitochondria fragmentation, we quantified the mito-
chondria area in cells transfected with the mito-DsRed2 marker with or without ORF3a. For the quantification, we used a custom
Matlab/Octave software to isolate the mitochondria entities and measured their area as the number of pixels contained. For each
condition, we collected images from multiple fields to collect more than 1500 mitochondria entities for analysis. Fig. 7C shows the
histograms displaying the relative frequency of the number of pixels per entity collected 24, 48 or 72 h after transfection. In cells
transfected only with mito-DsRed2, the distributions remained similar over time. This indicates that transfection of the marker did not
induce mitochondria fragmentation. However, when the cells were transfected with the ORF3a-eGFP variant, we observed two
noticeable differences. First, the overall distributions at the three time points are shifted towards the smaller areas, and second, over
time the relative frequency of the smallest area increased from ~50% to ~75% over the three-day period, indicating progressive
mitochondrial fragmentation. Similar results were observed when cells were transfected with the ORF3aAN-eGFP variant (Fig. 7C). To
rule out the possibility that overexpression of a membrane protein induces mitochondrial fragmentation, we used the BK channel
construct as a control. In cells expressing BK-eGFP, the overall distributions of areas remained stable over the 72-h period (Fig. 7C). In
addition, the relative frequencies of the smallest mitochondria entities were lower than those from ORF3a variants, and comparable to
those from the cells transfected with mito-DsRed2 alone (Fig. 7C). These results demonstrate that overexpression of membrane pro-
teins is not the cause of mitochondria fragmentation.

4. Discussion

SARS-CoV-2 ORF3a has been proposed to function as a viroporin, involved in the replication and release of the virus. It has also
been related to apoptosis, necrosis and pyroptosis, contributing to tissue damage and thereby affecting the severity of COVID-19. A
comprehension review of these functions and consequences has been recently published [42]. Here we study the stoichiometry, the ion
channel activity, the trafficking and the interactome of SARS-CoV-2 ORF3a in human cells.

Our observations indicate that at the cell surface of HEK293 cells, SARS-CoV-2 ORF3a is most abundant as monomers and dimers.
This differs from experiments done in insect cells, where the dimers and tetramers were the main types of complexes of ORF3a [4,5,
43]. Because the ORF3aAN-eGFP variant expressed more robustly at the cell surface, we found not only dimers and tetramers but also
trimers and pentamers, which have not been reported previously. The dimeric structure [4] is remarkably stable by virtue of the ~140
methyl-methyl interactions between the two monomers [44]. Thereby, it is possible that the presence of monomers aroused by
destabilization forces originated by the presence of the fluorescent protein tags used in this study. Irrespectively, these monomers are
somehow stable in the lipid bilayer, which raises the question concerning the nature of the interactions between a dimeric interface
and the lipids it is facing. For ORF3a, this is an interesting question because the so-called upper tunnel has a hydrophilic surface
connecting the dimer interface with the lipid bilayer [4]. Yet, lacking a structure of a monomer form in a lipid environment, makes it
difficult to have reasonable hypotheses.

The ORF3a protein was initially thought to be a viroporin based on electrophysiological experiments using Xenopus oocytes
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overexpressing SARS-CoV ORF3a showing the presence of ionic currents [5] that were absent in control oocytes. However, using the
homolog SARS-CoV-2 ORF3a, we were unable to reproduce those observations under similar experimental conditions. Further, we did
not detect ionic currents in mammalian HEK293 cells expressing fluorescently tagged ORF3a protein at the cell surface that differ from
the ionic currents detected in mock transfected cells, either in whole-cell and excised inside-out patch configurations. Similar ob-
servations were obtained in cells overexpressing ORF3aAN protein, which was more efficiently targeted to the cell membrane.
Furthermore, comparable results were reported by Miller et al. [43], a group with vast electrophysiological expertise. Miller and his
colleagues also solved a series of cryo-EM structures of ORF3a dimers that unlikely represent membrane proteins permeable to K* or
other cations. It has been suggested that the small ionic currents previously detected in Xenopus oocytes injected with ORF3a [5,8]
could be attributed to endogenous calcium activated chloride channel [43,45,46]. Thereby, we propose, as [43] also do, that ORF3a at
the cell surface is not an ion channel. Nonetheless, it is still possible that the protein functions as a viroporin within intracellular
organelles and the ion channel activity detected in protoliposomes [4] might reflect those conditions. Interestingly, the SARS-CoV-2
ORF3a dimeric structure [4] is remarkably similar to the newly solved SARS-CoV-2 membrane protein M [47], as it was previously
predicted [48,49]. Both proteins have similarities that suggest a common origin [50], with Protein M being conserved while ORF3a
represents a variable form of the protein. Unlike ORF3a, protein M is not classified as a viroporin; instead, it is a structural protein that
produce effects similar to those reported for ORF3a, such as apoptosis induction [51], alterations in the endomembranes, and mito-
chondrial fragmentation [19]. These results support the idea that viroporin activity is not necessary for ORF3a to increase of cell death
in HEK293 cells. Here, we observed that 20-35% of HEK293 cells overexpressing the ORF3a-mCherry variant are prompt to dye after
48 h from transfection, substantially larger than the 3-7% of cell death observed in HEK293 cells overexpressing cytosolic mCherry
alone. Presumably, none of the cells overexpressing ORF3a-mCherry exhibited viroporin activity at their cell surface.

SARS-CoV-2 ORF3a is expressed in several intracellular organelles of mammalian cells, including the ER, the Golgi, and the ly-
sosomes. Our observations indicate that SARS-CoV-2 ORF3a follows a canonical membrane protein expression pathway. Its presence in
the plasma membrane and endosomes is rare, except in the case of the ORF3aAN variant. The high colocalization of the ORF3a protein
with the lysosome marker is consistent with its involvement in lysosomal exocytosis for virus release [33] and autophagy inhibition
[13,52].

Our work shows that combining a conditional proximity labeling method with the sensitive ascorbate peroxidase APEX2 enables a
biotin tagging approach that effectively label proteins within the ORF3a vicinity. Many of the proteins identified by mass spectrometry
are known to be related to functional observations associated with ORF3a. Our bioinformatic analysis unveiled that ORF3a may
interact with various pathways and thereby participate into multiple biological processes within host cells. Consistent with our
findings that ORF3a induced a robust increase in cell death (Fig. 4), several proteins associated with the regulation of intrinsic
apoptotic signaling pathway (G0O:2001242) were found to be proximal to ORF3a (Fig. 6C, Table S3). For instance, BAG5 (Bcl-2-
Associated Athanogene 5), PPIA (Peptidyl-prolyl cis-trans isomerase A), PTPMT1 (Protein tyrosine phosphatase, mitochondrial 1),
PTPN2 (Tyrosine-protein phosphatase non-receptor type 2) and ZNF385A (Zinc finger protein 385A) have been reported to suppress
apoptotic process or prompt cell survival in various cells [53-57]. Even though the mechanistic interactions between these proximal
proteins and ORF3a are unknown, their recruitment to the vicinity of ORF3a suggests a potential role for ORF3a as recruiter, akin to
protein M. Hence, by recruiting these apoptosis suppressors, ORF3a might contribute to the weakening of host cells.

Viruses, including SARS-CoV-2, can hijack host lipid metabolic pathways to create an optimal environment for viral assembly and
replication [58,59]. Consistent with this notion, our proximity assay identified three groups of biological processes related to lipid
metabolism: Fatty acid metabolism (R-HSA:8978868), regulation of lipase activity (GO:0060191) and phospholipid biosynthetic
process (GO:0008654) (Fig. 6C, Table S3).

An additional host cell metabolic process detected was the citric acid cycle, also known as the Krebs or tricarboxylic acid (TCA)
cycle (GO:0006099), which is part of cellular respiration (GO:0045333) (Fig. 6C, Table S3). Not surprisingly, ATP synthesis is a major
process targeted by viruses [60], including SARS-CoV-2 [61,62]. In the host cells, SARS-CoV-2 infection upregulates the expression of
TCA cycle related proteins, such as isocitrate dehydrogenase 3 alpha IDH3A and gamma IDH3G [62], both of which were identified as
proteins proximal to ORF3a based on our stringent criteria (Table S3). These results suggest that ORF3a may directly participate in
regulating TCA cycle within the infected cells.

Another biological process detected was translation, including mitochondrial translation (R-HSA:5368287), mitochondrial
translation elongation (R-HSA:5389840) and mitochondrial gene expression (GO:0140053), which are important for mitochondrial
biogenesis (Fig. 6C, Table S3). These observations are in accordance with previous studies demonstrating that SARS-CoV-2 impairs
mitochondrial biogenesis [63]. We identified 52 proximal mitochondria related proteins from the membrane fraction and 4 from the
cytosolic fraction (Table S1). Interestingly, not even one is encoded by the mtDNA. These results suggest that ORF3a likely recruited
these proteins while they were on their way to the mitochondria or after their release from the mitochondria. The fact that most of
these proteins were pulled down from the membrane fraction indicates that they were effectively recruited either by ORF3a itself or
other host proteins interacting with ORF3a. These results prompted us to study the status of mitochondria in cells overexpressing
ORF3a. Clearly, ORF3a induced mitochondrial fission (Fig. 7), consistent with the detection of the PDZ domain-containing protein
PDZDS8 and the thioredoxin-related transmembrane protein TMX2 in the proximity of ORF3a (Table S1). Both PDZD8 and TMX2 are
located at the mitochondria-ER contact sites (MERCS) [64,65]. PDZD8 functions as a critical tethering protein for the formation of
MERCS sites [64], which are key regulators of the mitochondria fission—fusion balance [66,67]. TMX2 deficiency leads to a reduction
in mitochondrial spare respiratory capacity [65]. In addition to PDZD8 and TMX2, other MERCS related proteins were detected to be
proximal to ORF3aAN. Such as VAMP associated protein (VAPB), thioredoxin-related transmembrane protein (TMX1), long-chain
acyl-coA synthetase (ACSL4) and BCR-associated protein (BCAP31) (Table S2). VAPB and TMX1 influence the number and size of
MERCS [68,69], while ACSL4 plays a key role in MERCS sites during steroidogenesis [70]. BCAP31 is involved in the assembly of the
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mitochondrial membrane respiratory chain, and the loss of BCAP31 results in mitochondrial fragmentation [71]. Even though these
proteins were not identified as proximal proteins of ORF3a, they did show a tendency to be recruited by ORF3a, yet they did not meet
the stringent p-value threshold (Table S1).

Using immunoprecipitation assays, ORF3a has been proposed to interact with the HOPS complex and consequently disrupt the
fusion of autophagosomes with lysosomes [13,52]. Surprisingly, our data shows that none of the six components of HOPS complex
(VPS41, VPS16, VPS39, VPS11, VPS33A, VPS18) was found in the proximity of ORF3a (Table S1). One difference between proximity
labeling and traditional pulldown assays is that the former is performed in live cells while the latter is conducted with cell lysates.
Additionally, the biotinylation reaction in proximity labeling is completed in 1 min whereas binding reactions in pulldown assays
normally extend for half an hour or longer. These factors might have increased the chance of capturing the ORF3a-HOPS interactions
using immunoprecipitation approaches. Another potential factor that may have affected our capability to detect any proximal protein
from the HOPS complex is the presence of hydrogen peroxide, particularly when it disrupts protein-protein interactions. Indeed, it has
been reported that HyoO, treatment impaired the fusion between autophagosomes and lysosomes [72], albeit their experimental
conditions are drastically different from ours. Giving all the information discussed above, it is reasonable to hypothesize that the
binding between ORF3a and the HOPS complex involves relatively weak interactions, which cannot be identified by the APEX2
proximity ligation method.

The APEX based proximity labeling approach used in our study offers several advantages. First, it enables high-throughput
screening of viral-host interactions using live cells, minimizing the likelihood of false-positive detections resulting from artificial in-
teractions that may occur due to cellular disruption. Second, the conditional proximity labeling method provides precise spatiotem-
poral control over labeling, thereby avoiding potential contamination arising from proteomic differences between ORF3a-expressing
cells and controls. Third, it offers a snapshot of protein-protein interactions at a specific time point. However, the temporal specificity
of the method means that interactions occurring at distinct time points may not be captured. Additionally, the use of hydrogen
peroxide, even with a short incubation time of 1 min, may have its own effect on biological processes. These factors could affect the
ability of the method to detect certain proteins reported to interact with ORF3a, such as the HOPS complex [15,43,73]. Moreover, it is
worth noting that when the bait is a membrane protein and the APEX2 domain is cytosolic, like in our case, the method is limited to
assessing interacting integral membrane proteins that share the location of the bait or interacting cytosolic proteins. Thereby proteins
that interact with ORF3a in the lumen of the intracellular organelles in which it was present or proteins from the extracellular
environment would fail to be detected. This limitation is because the reactant produced by APEX2 is impermeable to lipid bilayers.
Thorough discussions of the scope of proximity labeling methods can be found elsewhere [74,75].

It is important to acknowledge that most of the ORF3a proteins detected in our study were in intracellular organelles, inaccessible
to our electrophysiology experiments. Therefore, not detecting ionic currents mediated by ORF3a do not exclude the possibility that
ORF3a exhibits viroporin-like activity in intracellular organelles but loses it before reaching the plasma membrane, possibly due to
alterations in protein conformation or function. This could potentially explain the detection of ionic currents mediated by ORF3a in
reconstituted proteoliposomes [4], albeit similar approaches with similar results showed that these single channel currents are likely
originated by leak and/or channel contamination [43].

In summary, we have described the stoichiometry and expression pattern of the SARS-Cov-2 ORF3a in mammalian cells, showing
an increase in cell death through apoptosis activation accompanied by mitochondrial fragmentation. We found no indication of ion
channel activity by any of the tested ORF3a constructs in the cell membrane. Finally, we have elucidated the proteomic vicinity of
ORF3a uncovering multiple pathways relevant to viral infection and mitochondrial dynamics. These results combined suggest that
ORF3a exerts a broad influence on the biology of the host mammalian cells.
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