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Coronaviral ORF6 protein mediates inter-organelle
contacts and modulates host cell lipid flux for virus

production
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Abstract

Lipid droplets (LDs) form inter-organelle contacts with the endo-
plasmic reticulum (ER) that promote their biogenesis, while LD
contacts with mitochondria enhance p-oxidation of contained fatty
acids. Viruses have been shown to take advantage of lipid droplets
to promote viral production, but it remains unclear whether they
also modulate the interactions between LDs and other organelles.
Here, we showed that coronavirus ORF6 protein targets LDs and is
localized to the mitochondria-LD and ER-LD contact sites, where it
regulates LD biogenesis and lipolysis. At the molecular level, we
find that ORF6 inserts into the LD lipid monolayer via its two
amphipathic helices. ORF6 further interacts with ER membrane
proteins BAP31 and USE1l to mediate ER-LDs contact formation.
Additionally, ORF6 interacts with the SAM complex in the mito-
chondrial outer membrane to link mitochondria to LDs. In doing
so, ORF6 promotes cellular lipolysis and LD biogenesis to repro-
gram host cell lipid flux and facilitate viral production.
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Introduction

Lipid droplets (LDs) are surrounded by a phospholipid monolayer
and are responsible for the storage of triacylglycerols (TAGs),
cholesteryl esters, and retinyl esters (Ducharme & Bickel, 2008). LD
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biogenesis starts in the endoplasmic reticulum (ER), where neutral
lipid synthesis enzymes, including diglyceride acyltransferase
(DGAT), deposit TGs between the leaflets of the ER bilayer and bud
out from the ER surface (Olzmann & Carvalho, 2019). LDs can be
broken down by two cellular pathways to release free fatty acids,
one is lipophagy (LD autophagy; Singh et al, 2009); another is lipol-
ysis, catalyzed by LD-localized Adipose Triglyceride Lipase (ATGL),
the first acting and rate-limiting intracellular TG hydrolase, follow-
ing by hormone-sensitive lipase (HSL) and monoglyceride lipase
(MGL; Zechner et al, 2017).

LDs are in contact with many other membrane organelles. Bscl2
(Seipin) helps connect newly formed LDs to the ER and enables lipid
transfer to nascent LDs (Szymanski et al, 2007; Fei et al, 2008; Salo
et al, 2016; Wang et al, 2016). Spastic paraplegia protein M1 Spastin
coordinates fatty acid (FA) trafficking from LDs to peroxisomes for
B-oxidation by forming a tethering complex with peroxisomal
ABCD1 and recruiting the membrane-shaping ESCRT-III proteins to
LDs (Poirier et al, 2006; Chang et al, 2019). LDs can dynamically
associate with subpopulations of mitochondria in different physio-
logical contexts and in several tissues (Tarnopolsky et al, 2007;
Wang et al, 2011, 2013; Herms et al, 2015; Rambold et al, 2015;
Boutant et al, 2017; Benador et al, 2018; Long et al, 2022). In brown
adipocytes, FAs are broken down from LDs and move into mito-
chondria for f-oxidation to maintain body temperature (Cui
et al, 2019). Mitochondria in contact with LD have increased pyru-
vate oxidation, electron transport, and ATP synthesis capacities, but
have reduced B-oxidation capacity, and support LD expansion
(Benador et al, 2018). Starved cells replenish LDs with FAs through
autophagic machinery and use LDs as a conduit for supplying mito-
chondria with FAs for B-oxidation (Herms et al, 2015; Rambold
et al, 2015; Nguyen et al, 2017). However, whether virus infection
modulates the contact between LDs and other organelles remains
largely unknown.
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LDs are associated with multiple cellular anti-infection processes.
Recent studies have highlighted the critical roles of mammalian LDs
in the antibacterial response: LDs act as molecular switches in anti-
infection immune response and regulates immune cell metabolism
(Anand et al, 2012; Bosch et al, 2020). LDs also play important roles
in promoting the early antiviral immune response, particularly by
enhancing IFN production after viral infection (Monson et al, 2021).
Besides, viral proteins link the replication compartments (RCs) of
enteroviruses and LDs to enable the transfer of fatty acids from LDs
for RC biogenesis (Laufman et al, 2019). Poliovirus 3A and 3AB
bind with HSL and ATGL, recruiting the lipolysis machinery to the
LD-RC contact sites, which is important for virus replication
(Laufman et al, 2019). Nucleocapsid core of hepatitis C virus (HCV)
recruits viral replication complexes to LDs and also interacts with
DGAT!1 which is required for its trafficking to LDs and critical for
viral replication (Miyanari et al, 2007; Herker et al, 2010). Dengue
virus (DENV) infection increases the number of LDs per cell, and
LDs sequester the viral capsid protein early during infection (Samsa
et al, 2009). In addition, DENV infection induces lipophagy to
release free fatty acids (FFAs), resulting in an increase in cellular p-
oxidation and ATP production, which is essential for viral replica-
tion (Heaton & Randall, 2010; Zhang et al, 2018). SARS-CoV-2 infec-
tion increases the expression of key proteins involved in the
regulation of lipid metabolism and the number of LDs per cell, as
well as viral components associated with LDs in infected cells (Dias
et al, 2020). Depletion of fatty acid synthase (FASN) or treatment
with fatty acid synthase inhibitors markedly repressed the infection
of the SARS-CoV-2 (Chu et al, 2021). Several viral proteins such as
ORF6 and ORFIC enhance cellular level of TAG, Cer, and polyunsat-
urated PC, and DGAT]1 inhibitors are able to reduce viral production
(Farley et al, 2022). These studies indicate possible and essential
roles of lipid metabolic reprogramming and LD formation in SARS-
CoV-2 replication and pathogenesis. However, the mechanism(s) by
which LDs modulate SARS-CoV-2 production remains poorly
understood.

In this study, we showed that the coronavirus ORF6 protein tar-
gets LDs and modulates the interactions of ER-LDs by binding to
BAP31 and USE1; the interactions of mitochondria-LDs by binding
to SAM complex. Additionally, ORF6 expression enhances LD bio-
genesis and lipolysis to reprogram lipid metabolism, which is impor-
tant for viral production.

Results
Coronavirus ORF6 targets LDs

To investigate the viral proteins of SARS-CoV-2 targeting to LDs, we
first examined the colocalization of boron-dipyrromethene
(BODIPY)-labeled LDs with Strep-tagged viral proteins during LD
biogenesis induced by oleic acid (OA) treatment via confocal
microscopy. Among all SARS-CoV-2 viral proteins, E, N, ORF3a,
ORF6, ORF7b, and ORF8 showed puncta in cultured HeLa cells.
Whereas only ORF6 was remarkably targeted to LDs (Fig EV1A). To
confirm that the localization of ORF6 to LDs was not caused by the
Strep-tag, we also expressed ORF6 with a GFP tag at the N-terminal
(GFP-ORF6) or C-terminal (ORF6-GFP), and found that GFP-ORF6
remained diffused, while ORF6-GFP showed LD localization
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(Fig EV1B), suggesting that the N-terminal GFP-tag affects the locali-
zation of ORF6. It is noted that both ORF6-GFP and GFP-ORF6
expression had no effect on the cell viability (Fig EV1C). We further
expressed ORF6-Flag in HeLa, Vero-E6, Cos7, and Huh?7 cells which
were treated with OA. ORF6 was targeted to LDs in these cells
(Fig 1A). Furthermore, using electron microscopy, we found that
GFP-labeled ORF6 decorated the membrane of LDs, but not GFP
control vector (Fig 1B). We also observed the partly colocalization
of ORF6 with GPAT4!%2208 (Fig 1C), a membrane marker for
nascent LDs (Wilfling et al, 2013). ORF6 colocalized with LDs under
steady-state conditions (Fig 1D) and colocalized with perilipin 2
(Plin2)-labeled LDs under OA treatment (Fig 1E). In addition to
SARS-CoV-2, we also found that ORF6 proteins of bat SARS-CoV
(Rf1/2006), SARS-CoV (BtKY72), and Bat coronavirus (PREDICT)
are targeted to LDs (Fig EV1D), suggesting that the functions of
coronavirus ORF6 proteins are conserved.

To better understand the mechanism responsible for LD-targeting
of ORF6, we identified the LD-targeting determinants of ORF6. Using
the HeliQuest tool (Gautier et al, 2008), two amphipathic helices of
SARS-CoV-2 ORF6 were identified, with the first helix (AH1) ranging
from residues 7 to 27, and the other (AH2) ranging from residues 29
to 44 (Fig 1F). To determine whether these two amphipathic helices
are required for ORF6 binding to LDs, point mutations were intro-
duced into the hydrophobic interfaces of each helix: AH1, L15Q and
118Q (ORF6'9); AH2, 140Q and L44Q (ORF6"-99); and L15Q,
118Q, L40Q and L44Q (ORF6*) to break their structures (Fig 1F).
Mutants ORF6 22 and ORF6““?Q were still localized to LDs,
whereas ORF61Q (disruption of both AH1 and AH2) failed to associ-
ate with LDs (Figs 1G and EVI1E), indicating that the binding of
ORF6 to LDs is mediated by the two amphipathic helices. Together,
these findings suggest that SARS-CoV-2 ORF6 is directly inserted
into the LD lipid monolayer via its two amphipathic helices
(Fig 1H).

ORF6 homodimerization is important for LD binding

We noticed that ORF6 showed self-binding in a co-
immunoprecipitation (co-IP) assay (Fig 2A). In the presence of the
cross-linker disuccinimidyl suberate (DSS), we further confirmed
that ORF6 exists in both monomeric and dimeric states (Fig 2B). OA
treatment had no effect on the self-binding of ORF6 (Fig 2C). Next,
we determined whether the homodimerization of ORF6 could be
important for LD association. We generated several truncations and
analyzed their dimerization. Deletion of AH1 or AH2 significantly
decreased the self-interaction (Fig 2D and E). ORF6**" and
ORF6°*M2 failed to dimerize via the DSS assay (Fig 2F). Intriguingly,
ORF6**M! and ORF6**M? remained diffused and failed to associate
with LDs (Figs 2G and EV1E), suggesting that ORF6 may be targeted
to LDs via amphipathic helices mediated-homodimerization. Fur-
thermore, using AH1-GFP, AH2-GFP and AHI + AH2-GFP, we
examined the ability of individual AHs to interact with LDs and
dimerize. Our data indicate that AH1-GFP and AH2-GFP failed to
dimerize or localize on LDs while AH1 + AH2-GFP can form dimer-
ization and target to LDs (Appendix Fig S1A and B). We have shown
that ORF6? (disruption of both AH1 and AH2) failed to associate
with LDs (Figs 1G and EVIE). Remarkably, ORF6*? showed
less self-interaction in a co-IP assay and failed to dimerize (Fig 2H
and I), while ORF6""2Q and ORF6" 9 still dimerize (Fig EV1F).
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Figure 1. SARS-CoV-2 ORF6 targets to LDs.

Mengzhen Yue et al

A Cells were transfected with ORF6-Flag for 12 h and treated with 200 pM OA for another 12 h, then stained with anti-Flag (red). LDs were labeled with BODIPY-
493/503 (green). Cells were imaged by confocal microscopy. Scale bar represents 10 um.
B Immunogold electron micrograph of GFP or ORF6-GFP expressed Hela cells. Blue arrows mark ORF6-GFP dots are enriched on the surface of LDs. Green arrows

mark GFP dots are distributed in the cytoplasm. Scale bar represents 500 nm.

C-E Hela cells stable expressing ORF6-Flag were treated with or without 200 uM OA for 12 h, then fixed and stained with anti-Flag (red). Initial LDs were labeled with
GFP-GPAT452-298 (green), mature LDs were labeled with BODIPY-493/503 (green) or GFP-Plin2 (green). Cells were imaged by confocal microscopy. Scale bar repre-

sents 10 pm.

F Schematic of the domain structure of ORF6 and truncation mutants used in this study. The two predicted amphipathic helical domains of residues 7-27 (helix-1)
and residues 29-44 (helix-2) of ORF6 were generated via the HeliQuest tool. Point mutations (black arrows) were introduced to the hydrophobic interfaces of these

two helices.

G Hela cells were transfected with ORF6-Flag mutants (L15Q, 118Q in helix-1 or/and L40Q, L44Q in helix-2) and were treated with 200 pM OA for 12 h, then fixed
and stained with anti-Flag (red). LDs were labeled with BODIPY-493/503 (green). Cells were imaged by confocal microscopy. Scale bar represents 10 pum.

H Schematic of the possible mechanism of ORF6 targeting to LDs.

Thus, our data indicate that ORF6 homodimerization is important
for its association with LD.

ORF6 promotes LD biogenesis

Next, we sought to determine the function of ORF6 in LDs. ORF6
interacts with Rael and Nup98 to prevent both nuclear import and
export, blocking STAT nuclear import and antagonizing interferon
signaling (Miorin et al, 2020; Addetia et al, 2021). Unfortunately,
ORF6*Q still inhibited IFN signaling (Fig EV1G), indicating that LD
association is not required for ORF6 caused IFN inhibition. ORF6
transient expression led to an increase in the number of LDs in both
control treated and OA treated wild type cells, whereas ORF6*?
expression had no effect on LD abundance (Figs 3A and B, and
EV2A). Higher TAG levels were also observed in ORF6 expressed-
cells than in the control cells (Fig 3C). ATGL inhibitor Atglistatin
(ATGLI) was used to abolish lipolysis, and ORF6 expression resulted
in dramatic LD expansion even in ATGLi-treated cells (Fig 3D and
E). These data indicated that ORFG6 expression enhances LD
biogenesis.

Consistent with a previous study showing that LDs are necessary
for SARS-CoV-2 production (Dias et al, 2020), we found that LD bio-
genesis induced by OA treatment promoted SARS-CoV-2 production
(Fig 3F). We then sought to determine the mechanism by which
ORF6 increases LD abundance. ORF6 showed strong interactions
with DGAT1 and DGAT2 in an in vitro GST pull-down assay
(Fig 3G). We then investigated whether ORF6 increases LD biogene-
sis dependent on DGAT1 and/or DGAT2. ORF6 overexpression has
no effect on the association of DGAT1 or DGAT2 with LDs (Appen-
dix Fig S2A and B). ORF6**"" still binds DGAT1, but not DGAT2
(Fig EV2B and C). Cells were treated with ATGLI, further treated
with DGAT1 and/or DGAT?2 inhibitors and analyzed for LD biogene-
sis. Interestingly, inhibition of DGAT1 or DGAT2 had minor effects
on ORF6-induced LD abundance, and inhibition of both enzymes
was required to strongly revise ORF6-induced LD biogenesis (Fig 3H
and I). Furthermore, inhibition of both DGAT1 and DGAT2 resulted
in the reduction of SARS-CoV-2 production, whereas inhibition
either DGAT1 or DGAT2 had minor effects (Fig 3J). Consistently,
compared to non-infection, SARS-CoV-2 infection induced higher
protein levels of DGAT1 and DGAT2 (Fig EV2D), while ORF6
expression has no effect on the protein or RNA level of DGAT1 and
DGAT?2 (Fig EV2E and F), suggest that other viral proteins regulate
DGAT1 and DGAT2. Taken together, these data suggest that ORF6
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promotes LD biogenesis dependent on DGAT1 and DGAT2 during
viral production.

ORF6 promotes LD biogenesis by linking the ER to LDs

LD biogenesis is initiated in the ER bilayer, where fatty acids and
cholesterol are converted to TAGs and cholesterol esters. ER-LD
interaction is required for maturation of nascent LDs (Walther
et al, 2017). Previous IP/MS data suggested that ORF6 interacts with
ER membrane proteins (Fig EV2G; Gordon et al, 2020). Next, we
sought to determine whether ORF6 could link the ER to LDs for LD
biogenesis. As expected, significant amounts of ORF6-GFP, but not
GFP, were found in the ER fraction, which was marked by calnexin
(Fig 4A). Consistently, we found that GFP-labeled ORF6 decorated
the contact between the ER and LD, and enhanced the extent of the
ER-LD interactions in an immune-electron microscope assay
(Fig 4B). Compare to mock cells, more ER-LD junctions were
observed in SARS-CoV-2-infected cells (Fig 4C).

We then examined the interaction between ORF6 and ER mem-
brane proteins using the IP/MS list (Gordon et al, 2020). Two posi-
tive candidates were confirmed by in vivo co-IP and in vitro GST
pull-down: B-cell receptor-associated protein 31 (BAP31) and
unconventional SNARE in the ER 1 (USE1; Figs EV3A and 4D). The
colocalization between ORF6 and BAP31 or USE1 was confirmed by
confocal microscopy (Appendix Fig S2C). BAP31 is a transmem-
brane protein found mainly in the ER, including in mitochondria-
associated membranes (MAMs; Quistgaard, 2021). USE1 forms ER-
associated Q-SNARE, including Syntaxin 18, USE1l, and BNIP1,
which bind to LD-associated Rab18 to mediate ER-LD contact (Xu
et al, 2018). Next, we sought to determine whether ORF6 interacts
with BAP31 and/or USE1 to mediate the formation of direct ER-LD
contacts for LD expansion. Depletion of NTD (ORF6*N'P) signifi-
cantly abolished the interactions between ORF6-BAP31 or ORF6-
USEL1 (Fig 4D). Using confocal microcopy, we detected obvious colo-
calization between ER, LDs, and ORF6 (Fig 4E and F). Compare to
vector cells, ORF6 expression promoted the formation of direct ER-
LD contacts, but not deleted mutants ORF6*N'® and ORF6*AH!
(Figs 4E and F, and EV3B), indicating that the interactions between
ORF6-BAP31 and/or ORF6-USE1 were important for the formation
of direct ER-LD contact. We further found that in lipolysis-inhibited
cells, only wild-type ORF6 expression resulted in LD expansion, but
not ORF6*N™P or ORF6**M! (Fig 4G and H). We then investigated
whether BAP31 and/or USE1 were required for ORF6-induced LD

© 2023 The Authors
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Figure 2. ORF6 homodimerization is important for LD targeting.

A ORF6-Flag was co-expressed in HEK293T cells with ORF6-HA. Protein interactions were analyzed by immunoprecipitation with anti-Flag beads and immunoblotting
analysis.

B Analysis of the homodimerization of ORF6 by cross-linking with DSS. HEK293T cells expressing ORF6-Flag were treated with 0, 0.1, 0.2, and 0.3 mM DSS for 30 min.
Cell lysates were analyzed via WB.

C HEK293T cells were transfected with ORF6-Flag and were incubated with 200 uM OA for indicated times and treated or untreated with 0.1 mM DSS for 30 min. Cell
lysates were analyzed via WB.

D The indicated Flag tagged ORF6 or its mutants were co-expressed in HEK293T cells with HA tagged ORF6. Protein interactions were analyzed by immunoprecipitation
with anti-Flag beads and immunoblotting analysis.

E Purified GST-ORF6 or indicated mutants were incubated with purified His tagged ORF6, and analysis of the self-interaction by GST pull-down.

F HEK293T cells were transfected with ORF6-Flag or ANTD-Flag or AAH1-Flag or AAH2-Flag and were treated with 0.1 mM DSS for 30 min. Cell lysates were analyzed
via WB.

G Hela cells were transfected with ORF6-Flag or indicated mutants and were treated with 200 pM OA for 12 h, and then fixed and stained with anti-Flag (red). LDs
were labeled with BODIPY-493/503 (green). Cells were imaged by confocal microscopy. Scale bar represents 10 pm.

H

Purified GST-ORF6 or indicated mutants were incubated with purified His tagged ORF6, and analysis of the self-interaction by GST pull-down.

HEK293T cells were transfected with ORF6-Flag or ORF6*-Flag (L15Q, 118Q, L40Q, L44Q) and were treated with 0.1 mM DSS for 30 min. Cell lysates were analyzed
via WB.

Source data are available online for this figure.

biogenesis. siRNAs were used to knockdown BAP31 and USE1
(Fig 41). Depletion of both BAP31 and USE1 abolished ORF6-
induced ER-LD junctions (Fig EV3C) and LD biogenesis (Fig 4J and
K), whereas knockdown of BAP31 or USEl had a minor effect

(Fig 4J and K). These data indicated that ORF6 directly interacts

© 2023 The Authors
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with BAP31 and USE1 to mediate ER-LD interactions during LD bio-
genesis. Moreover, double knockdown of BAP31 and USE1 resulted
in a reduction of SARS-CoV-2 production while knockdown of
BAP31 or USE1 had a minor effect (Figs 4L and EV3D). Together,
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Figure 3. ORF6 promotes LD biogenesis by binding to DGAT1 and DGAT2.

A Hela cells were transfected with vector or ORF6-Flag for 24 h, and then treated with 200 pM OA for indicated times. Cells were fixed and stained with anti-Flag
(green). LDs were labeled with LipidTox Deep Red (red). The nuclei were stained with DAPI. Cells were imaged by confocal microscopy. Scale bar represents 10 pum.
White ROIs indicate cells expressing ORF6 and yellow ROIs indicate the cells without ORF6 expression.

B Mean number of LDs in each cell in (A) was counted from 25 cells of three independent experiments. Two-tailed Unpaired Student’s t-test, **P < 0.01, ***P < 0.001,
***%p < 0.0001, ns means no significance. Error bars represent the mean + SD.

C Hela cells stable expressing the ORF6-Flag were treated with 200 uM OA for 3 h. The concentration of TAG in cells was analyzed. Error bars, mean + SD of six inde-
pendent experiments. Two-tailed Unpaired Student’s t-test, ***P < 0.001.

D Hela cells stable expressing vector or ORF6-Flag were treated or untreated with 50 uM ATGL inhibitor (ATGLI) for 24 h, and then were fixed and stained with anti-
Flag (red). LDs were labeled with BODIPY-493/503 (green). Cells were imaged by confocal microscopy. Scale bar represents 10 pm.

E Mean number of LDs in each cell in (D) was counted from 25 cells of three independent experiments. Two-tailed Unpaired Student’s t-test, ***P < 0.001,

***%p < 0.0001. Error bars represent the mean =+ SD.

F  SARS-CoV-2-infected Vero-E6 cells were incubated with 200 uM OA for indicated times. Cell viability was analyzed. Cell lysates were analyzed via WB. Supernatants
were determined by plaque assays. Virus titer values represent mean =+ SD for three independent experiments. Two-tailed Unpaired Student’s t-test, *P < 0.05,

**p < 0.01, ns means no significance. Error bars represent as the mean =+ SD.

G Purified GST-ORF6 was incubated with His-DGAT1 or His-DGAT2, and analysis the interactions by GST pull-down.

H Hela cells stable expressing vector or ORF6-Flag were treated or untreated with 50 uM ATGL inhibitor, along with DMSO or 1 uM DGAT1 inhibitor (DGAT1i) or/and

2 puM DGAT2 inhibitor (DGAT2i) for 24 h. LDs were labeled with BODIPY-493/503 (green). Cells were imaged by confocal microscopy. Scale bar represents 10 pum.
Mean number of LDs in each cell in (H) was counted from 35 cells of three independent experiments. Two-tailed Unpaired Student’s t-test, ***P < 0.001,

***%p < 0,0001, ns means no significance. Error bars represent the mean + SD.

SARS-CoV-2-infected Vero-E6 cells were treated with 1 pM DGAT1 inhibitor or/and 2 uM DGAT2 inhibitor for 24 h. Cell viability was analyzed. Cell lysates were ana-
lyzed via WB. Supernatants were determined by plaque assays. Virus titer values represent mean =+ SD for three independent experiments. Two-tailed Unpaired Stu-
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dent’s t-test, ***P < 0.001, ns means no significance. Error bars represent the mean £ SD.

Source data are available online for this figure.

these data suggest that ORFG interacts with BAP31 and USEI to
induce LD biogenesis, which is important for viral production.

ORF6 promotes lipolysis through binding to ATGL

FFAs can be released from LDs through two distinct mechanisms:
lipolysis and lipophagy. To determine which of these two mecha-
nisms is responsible for FA delivery to mitochondria under ORF6
expression, cells were pre-treated with DGAT1 and DGAT2 inhibi-
tors to suppress LD biogenesis, and further treated with an ATGL
inhibitor or chloroquine (CQ, which blocks autophagic degrada-
tion), examining the LD number in ORF6 expressing cells. We found
that with DGAT1 and DGAT2 inhibitor treatment, ORF6 expression
resulted in the reduction of LD number, which can be revised by
ATGL inhibitor treatment but not CQ (Fig SA and B), indicating that
ORF6 expression positively regulates lipolysis. Next, we determined
the mechanism by which ORF6 regulates lipolysis. We first exam-
ined the possibility that ORF6 regulates lipolysis by interacting with
the lipolysis machinery. To this end, ORF6-Flag was expressed in
HEK293T cells and protein interactions were examined by co-IP. We
found that ORF6 specifically interacted with endogenous ATGL, but
not with HSL or CGI58 (Fig 5C). The direct interaction between
ORF6 and ATGL was further confirmed using an in vitro GST pull-
down assay (Fig 5D). ORF6“NTP failed to interact with ATGL in vitro
and in vivo (Fig 5D and E), suggesting that ORF6 binds to ATGL via
its NTD. Next, we determined whether ORF6 regulates lipolysis by
interacting with ATGL. ORF6 expression had no effect on the protein
or mRNA levels of ATGL (Figs EV2E and EV4A). Interestingly, ORF6
expression enhanced the interaction between ATGL and its coacti-
vator, CGI58 (Fig 5F). Previous studies have shown that perilipin
proteins (Plin2, Plin3, and Plin5), Fsp27, UBXDS8, and G0/G1 switch
gene 2 (G0S2) bind to ATGL on LDs and negatively regulate ATGL
activity by inhibiting the ATGL-CGI58 interaction (Fig 5G; Yang
et al, 2010; Olzmann et al, 2013; Cerk et al, 2018). Remarkably,
using co-IP assays, we observed that ORF6 expression, but not

© 2023 The Authors

ORF6°NTP, significantly abrogated the associations of ATGL with
Plin2 and UBXDS8 (Fig SH and I). In addition, ORF6 expression had
minor effects on the interactions between CGI58-Plin1, ATGL-Plin3,
ATGL-Plin5, ATGL-Fsp27, or ATGL-GOS2 (Fig EV4B-F). ORF6
expression had a minor effect on LD targeting of UBXD8 (Fig EV4G)
and ATGL (Appendix Fig S3A). Consistently, compared to vector
cells, wild-type ORF6 expression resulted in an increase of FFAs,
whereas ORF6“NTP expression had no effect on FFAs production
(Fig 5J). Together, these observations demonstrate that ORFG6
directly interacts with ATGL to enhance cellular lipolysis by
disrupting the interactions of ATGL-Plin2 and ATGL-UBXDS, pro-
moting the association of ATGL with CGI58.

Furthermore, compared to non-infection, SARS-CoV-2 infection
subverted the interaction of ATGL with Plin2 and UBXD8 (Fig 5K
and L). Higher protein level of ATGL was also observed in SARS-
CoV-2-infected cells than non-infected cells (Fig EV2D). Moreover,
ATGL inhibitor treatment resulted in a reduction of SARS-CoV-2
production (Fig 5M). These data suggested that SARS-CoV-2 up-
regulates ATGL expression and enhances the association of ATGL
with CGI58 to promote cellular lipolysis, which is important for viral
production.

ORF6 links mitochondria to LDs

ORF6 was also found to interact with mitochondrial membrane pro-
teins (Fig EV2G; Gordon et al, 2020). ORF6 expression had no effect
on mitophagy (Fig EVSA). Intriguingly, we found significant
amounts of ORF6-GFP, but not GFP, floating to the mitochondria
fraction, marked by Tom20, VDAC1, and ATPS5A1 (Fig 6A). More-
over, using immune electron microscopy, we found that GFP-
labeled ORF6 decorated the contact between mitochondria and LD
(Fig 6B). The presence of ORF6 at mitochondria-LD junctions led us
to hypothesize that ORF6 may mediate mitochondria-LD interac-
tions in SARS-CoV-2-infected cells. Therefore, we expressed ORF6-
Flag in HeLa cells, expanded the LDs with OA treatment, and
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Figure 4. ORF6 links LDs to the ER by binding to BAP31 and USE1.

A

Subcellular fractions were isolated from GFP or ORF6-GFP over-expressed cells. Calnexin represent the ER, Plin2 represent LDs, Rab11 represent endosomes, VDAC rep-
resent mitochondria, and Tubulin represents cytoplasm, respectively.

Immunogold electron micrograph of GFP or ORF6-GFP expressed Hela cells. Green arrows mark GFP dots, blue arrows mark ORF6-GFP dots, red arrows mark ER.
Quantification of length of ER-LD contact via ImageJ. 10 ER-LD contacts in GFP expressed cells and 16 ER-LD contacts in ORF6-GFP expressed cells of two indepen-
dent experiments were calculated via Image). Two-tailed Unpaired Student’s t-test, ****P < 0.0001. Error bars represent the mean =+ SD.

Representative transmission electron micrograph of non-infected or SARS-CoV-2 infected Vero-E6 cells. Red arrows mark the ER. LD, lipid droplets. Scale bar represents
1 um. Quantification of number of ER engaged in ER-LD contact per LD. 20 LDs of two independent experiments were counted. Two-tailed Unpaired Student’s t-test,
****p < 0.0001. Error bars represent as the mean =+ SD.

The interactions of GST tagged ORF6 or the mutants with the His tagged BAP31 and His tagged USE1 were analyzed by GST pull-down assay.

ORF6-Flag or the mutants were co-expressed with mCheey-RAMPA4. Cells were treated with 200 uM OA for 12 h, and then fixed and stained with anti-Flag (red). The
ER was visualized with mCheey-RAMP4 (red). LDs were labeled with LipidTOX Deep Red (white). Cells were imaged by confocal microscopy. Scale bar represents

10 pm.

Quantification of average number of LD-ER contacts per LD from (E). 25 cells from three independent experiments were calculated. Two-tailed Unpaired Student’s t-
test, **P < 0.01, ns means no significance. Error bars represent the mean + SD.

Hela cells were transfected with ORF6-Flag or the mutants for 12 h, and were treated with 50 pM ATGL inhibitor for 24 h. Cells were fixed and stained with anti-
Flag (red). LDs were labeled with BODIPY-493/503 (green). The nuclei were stained with DAPI. Cells were imaged by confocal microscopy. Scale bar represents 10 pm.
Mean number of LDs in each cell in (G) was counted from 25 cells of three independent experiments. Two-tailed Unpaired Student’s t-test, **P < 0.01, ***P < 0.001.
Error bars represent the mean =+ SD.

Hela cells were transfected with control, or si-BAP31, or si-USE1 for 48 h. Cell lysates were analyzed via WB.

Hela cells stable expressing ORF6-Flag were transfected with si-BAP31 and/or si-USEL for 24 h, and were further treated with 50 pM ATGL inhibitor for 24 h. Cells
were fixed and stained with anti-Flag (red). LDs were labeled with BODIPY-493/503 (green). The nuclei were stained with DAPI. Cells were imaged by confocal micros-
copy. Scale bar represents 10 um.

Mean number of LDs in each cell in (J) was counted from 25 cells of three independent experiments. Two-tailed Unpaired Student’s t-test, *P < 0.05, **P < 0.01. Error
bars represent the mean + SD.

SARS-CoV-2-infected Vero-E6 cells were transfected with control, or si-BAP31 and/or si-USE1 for 48 h. Cell lysates were analyzed via WB. Supernatants were deter-
mined by plague assays. Virus titer values represent mean =+ SD for three independent replicates. Two-tailed Unpaired Student’s t-test, ****P < 0.0001, ns means no

significance. Error bars represent the mean + SD.

Source data are available online for this figure.

examined the relationship between mitochondria and LDs using
electron microscopy. Consistent with our hypothesis, we found that
untransfected cells showed only minimal contact between the two
organelles, but ORF6-Flag expression increased the extent of
mitochondria-LD interactions (Figs 6C and D, and EVS5B). Similar
results were obtained from ORF6-Flag-expressed HeLa cells without
OA treatment (Figs 6D and EV5C). In addition, native SARS-CoV-2
infection increased the extent of mitochondrial-LD interactions
(Fig 6E-G). We further confirmed the role of ORF6 in the mainte-
nance of mitochondria-LD junctions using confocal microscopy
(Fig 6H and I). ORF6*? or ORF6**M! (failed to associate with LDs)-
expressing cells showed decreased mitochondria-LD contacts
(Figs EV5D and 6I). Together, these findings indicate that SARS-
CoV-2 ORF6 targets LDs and mediates mitochondrial-LD
interactions.

FAs transfer from LDs to mitochondria through mitochondria-LD
contacts. We next explored whether mitochondria-LD interactions
mediated by SARS-CoV-2 ORF6 play a role in the transfer of FAs.
We adopted a pulse-chase assay using the fluorescent FA analog
BODIPY 558/568-C;, (Red C12; Rambold et al, 2015). Red C12 accu-
mulated in LDs (¢t = 0 h) and was gradually transferred to mitochon-
dria when cells were further cultured in nutrient-deleted medium in
the absence of Red C12 for 5h (¢t =5 h). Compared to vector-
transfected cells or ORF6*C-expressed cells, the transfer rate of Red
C12 from LDs to mitochondria was significantly higher in ORF6-Flag
expressing cells (Fig 6J and K). FAs traffic from LDs to mitochondria
for p-oxidation and ATP production. Using seahorse FA oxidation
assays and ATP Kkits, we further found that ORF6-Flag expression,
but not ORF6*2-Flag, resulted in higher B-oxidation and ATP levels
than those in the control (Fig 6L and M). Together, these data sug-
gest that SARS-CoV-2 infection and ORF6 expression enhance f3-

© 2023 The Authors

oxidation level by increasing the mitochondrial-LD interactions for
ATP production.

Plin5 tethers LDs and mitochondria, while truncation lacking the
C-terminal mitochondrial recruiting sequence (Plin5****™%%) failed
to recruit mitochondria to LDs (Benador et al, 2018). Plin5-
overexpressing Vero-E6 cells exhibited higher SARS-CoV-2 produc-
tion, whereas Plin5“4*>*%* overexpression had no effect on viral
production (Fig 6N). In addition, we further used siRNA to knock-
down ORF6 in SARS-CoV-2 infected cells, and rescued wild-type
ORF6 or ORF6*? by using the siRNA resistant constructs (Fig EVSE
and F). Only wild-type could rescue the reduction of viral produc-
tion in ORF6 KD cells, but not ORF6*? (Fig EV5G). Together, these
data indicate that mitochondrial-LD interactions are important for
SARS-CoV-2 production.

ORF6 targets mitochondria by interacting with SAM complex

Next, we sought to determine the mechanism(s) by which ORFG6 tar-
gets mitochondria. ORF6 interacts with mitochondrial membrane
proteins (Gordon et al, 2020). Hence, we sought to determine
whether ORF6 targets mitochondria by interacting with these mem-
brane proteins. First, we examined the interactions between ORFG6
and outer mitochondrial membrane (OMM) proteins from the IP/MS
list (Gordon et al, 2020). Metaxin-2 (MTX2) and SAMMS50 interacted
with ORF6 in the co-IP assay (Fig 7A). Metaxin-1 (MTX1), MTX2,
and SAMMS50 are core subunits of the sorting and assembly machin-
ery (SAM) complex of the outer mitochondrial membrane (Hohr
et al, 2015; Wiedemann & Pfanner, 2017). Using in vitro GST pull-
down assay, we found that ORF6 directly interacted with MTX1,
MTX2, and SAMMS50 (Fig 7B). The colocalizations between ORF6
and the SAM complex were confirmed by confocal microcopy
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(Appendix Fig S3B). ORF6%? still interacts with the SAM complex
(Fig EVSH), suggesting that LD localization is not required for its
interaction with the SAM complex. In addition, deletion of NTD
(ORF6*N™P), AH1 (ORF6**M), AH2 (ORF6*A"%), CTD (ORF6°“™),
and NTD plus CTD (ORF6*NTP*CTD) still interacted with MTX1 and
MTX2 (Fig EV5I), indicating that ORF6 binds to MTX1 and MTX2
via its two amphipathic helices. Deletion of NTD (ORF6*NP) failed
to interact with SAMMS0 (Fig EV5J), suggesting that the NTD of
ORFG6 is required for its interaction with SAMMS50.

Mengzhen Yue et al

We then investigated whether the SAM complex is required for
the mitochondrial localization of ORF6. siRNAs were used to knock-
down MTX1, MTX2, or SAMMS50. Knockdown of MTX1, MTX2,
and/or SAMMS50 caused minor effect on the number or morphology
of LDs and mitochondria (Appendix Fig S3C). ORF6-GFP was
enriched in the mitochondrial fraction, and depletion of all three
SAM proteins resulted in a significant reduction of ORF6 in the mito-
chondrial fraction, whereas suppression of MTX1, MTX2, SAMMSO0,
or MTX1 and MTX2 had a minor effect (Fig 7C-E). Moreover, ORF6
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Figure 5. ORF6 enhances lipolysis by interacting with ATGL.

A Hela cells were transfected with vector or ORF6-Flag for 12 h and treated with 200 pM OA for another 12 h, the medium was removed and replaced with fresh
complete culture containing 1 uM DGAT1 inhibitor and 2 pM DGAT2 inhibitor for 24 h. Meanwhile, 50 pM ATGL inhibitor or 100 uM Chloroquine (CQ) was added
and allowed to incubate for 24 or 4 h to block lipolysis or lipophagy, respectively. Cells were fixed and stained with anti-Flag (red). LDs were labeled with BODIPY-
493/503 (green). Cells were imaged by confocal microscopy. Scale bar represents 10 um. White ROIs indicate cells expressing ORF6 and yellow ROIs indicate the cells
without ORF6 expression.

B Mean number of LDs in each cell in (A) was counted from 25 cells of three independent experiments. Two-tailed Unpaired Student’s t-test, ***P < 0.001,

***%p < 0.0001, ns means no significance. Error bars represent the mean + SD.

C  HEK293T cells were transfected with ORF6-Flag. Protein interactions were detected by immunoprecipitation with anti-Flag beads and immunoblotting analysis with
ATGL, HSL, and CGI58 antibodies.

D  Purified GST-ORF6 or indicated mutants were incubated with purified His tagged ATGL, and analyzed the interactions by GST pull-down.

E The interactions of Flag-ATGL with ORF6-GFP or the ANTD mutant were analyzed by immunoprecipitation.

F  The effect of ORF6-Flag expression on the interaction of HA-CGI58 with ATGL was analyzed by immunoprecipitation.

G Model for the regulation of lipolysis by interacting with ATGL.

H, | The effect of ORF6-Flag or the ANTD mutant on the interactions of Flag-ATGL with GFP-Plin2 or GFP-UBXD8 was analyzed by immunoprecipitation.

Hela cells were transfected with ORF6-Flag or the ANTD mutant for 6 h and were treated with 200 uM OA for 24 h. The medium was removed and replaced with

serum free DMEM for another 4 h. The concentration of FFA in cells was analyzed. Error bars, mean + SD of three independent experiments. Two-tailed Unpaired

Student’s t-test, *P < 0.05, **P < 0.01, ns means no significance.

K, L Vero-E6 cells were transfected with Flag-ATGL and GFP-Plin2 or GFP-UBXDS8 for 24 h and infected or non-infected with SARS-CoV-2 for 24 h. Protein interactions
were analyzed by immunoprecipitation with anti-GFP beads and immunoblotting analysis.

M  SARS-CoV-2-infected Vero-E6 cells were treated with 50 uM ATGL inhibitor for 24 h. Cell viability was analyzed. Cell lysates were analyzed via WB. Supernatants
were determined by plaque assays. Virus titer values represent mean + SD for three independent replicates. Two-tailed Unpaired Student’s t-test, *P < 0.05, ns

means no significance. Error bars represent as the mean + SD.

Source data are available online for this figure.

failed to mediate mitochondrial-LD interactions in SAM complex-
depleted cells (Figs 7F and G, and EVSK). These data indicated that
ORF6 directly interacts with the SAM complex to mediate
mitochondria-LD interactions. Given that SAM complex is required
for ORF6-mediated mitochondria-LDs interaction and that
mitochondria-LD interaction facilitates SARS-CoV-2 production, we
then examined whether the SAM complex could modulate SARS-
CoV-2 production. Knockdown of SAM complex resulted in an obvi-
ous reduction in SARS-CoV-2 production, whereas knockdown of
MTX1, MTX2, or SAMM50 failed to suppress viral production
(Fig 7H). Together, these data suggest that ORF6 targets mitochon-
dria by interacting with the SAM complex to link LDs to mitochon-
dria for viral production.

Discussion

LDs are associated with SARS-CoV-2 production. However, little is
known about the underlying mechanisms. In this study, we uncov-
ered novel mechanisms by which SARS-CoV-2 ORF6 targets LDs to
reprogram cellular metabolism for viral production: (i) ORF6 is
directly inserted into the LD lipid monolayer via its two amphipathic
helices; (ii) ORF6 enhances LD biogenesis, and linking LD to ER by
interacting with USE1 and BAP31; (iii) ORF6 enhances lipolysis by
binding to ATGL and enhancing the interaction of ATGL with its
coactivator CGI58 by disrupting the interactions of ATGL with two
negative regulators UBXD8 and Plin2; and (iv) ORF6 decorates the
contact site between mitochondria and LD and interacts with the
SAM complex to mediate mitochondria-LD junctions, facilitating
FAs transfer to mitochondria for B-oxidation and ATP production
(Fig 71).

The mechanisms by which proteins target LDs are not fully
understood, however, several studies are emerging (Walther &
Farese Jr., 2012). Viral proteins have been identified to target to LDs
through the amphipathic helices, and depletion of the amphipathic

© 2023 The Authors

helices abolished the LD association (Barba et al, 1997; Laufman
et al, 2019). In this study, we also found that ORF6 of SARS-CoV-2
directly inserts into the LD lipid monolayer through its two amphi-
pathic helices. ORF6 was also found to directly interact with ATGL
and DGAT2, two LD-bound proteins. Under steady state, ORF6
showed partial non-LD localization, and it is possible that ORF6
could be recruited to LD from other organelles by interacting with
ATGL and DGAT2 upon OA stimulation. ORF6 exists in both mono-
meric and dimeric states, and we found that the first helix-mediated
homodimerization is essential for LD association. Poliovirus 2C pro-
teins showed self-interaction, which mediated LD clustering
(Laufman et al, 2019). We also observed LD clustering in several
ORF6 expressing cells, but not all ORF6 targeted LDs showed clus-
tering. It will be of interest to determine whether LD clustering play
a role in SARS-CoV-2 production. In addition to SARS-CoV-2, we
also found that ORF6 proteins of bat SARS-CoV (Rf1/2006), SARS-
CoV (BtKY72), and bat coronavirus (PREDICT) are targeted to LDs.
It would be interesting to find out whether these viruses may also
use the same mechanism to reprogram lipid flux. Additionally, we
noted that the N-terminal tagged ORF6 remained diffused
(Fig EV1B), suggesting that the N-terminal tag can affect the locali-
zation of ORF6. To explain this observation, we propose that two
amphipathic helices are localized in the N-terminal region of ORF6,
and that an N-terminal tag may break the amphipathic characteristic
of helices. Furthermore, we only showed that dimerization and LD
binding are correlated but were short of direct evidences to conclude
that homodimerization is required for LD binding. Further in vitro
simplified system using synthetic peptides (AH1 or AH2) and artifi-
cial LDs could help understand the relationship between homodi-
merization and LD localization.

SARS-CoV-2 infection increases the expression of key proteins
involved in the regulation of lipid metabolism and the number of
LDs per cell (Dias et al, 2020). Treatment with fatty acid synthase
inhibitors also markedly suppresses SARS-CoV-2 production (Chu
et al, 2021). Here, we confirmed that the pharmacological inhibition
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Figure 6. ORF6 links LDs to mitochondria.

The EMBO Journal

A Subcellular fractions were isolated from GFP or ORF6-GFP over-expressed cells. Tom20 and VDAC1 represent mitochondria markers, Calnexin represents the ER,
Plin2 represents LDs, Rab11 represents endosomes, and Tubulin represents cytoplasm, respectively.
B Representative immunogold electron micrograph of ORF6-GFP transfected Hela cell showing ORF6-GFP dots (blue arrows) are enriched at mitochondria-LD contact

sites. M, mitochondria. LD, lipid droplets. Scale bar represents 500 nm.

@ Representative transmission electron micrograph of ORF6-Flag stable expressing or vector Hela cells upon OA treatment. Red arrows mark the contact sites
between LDs and mitochondria. M, mitochondria. LD, lipid droplets. Scale bar represents 1 pm.

D  The number of mitochondria-LD contacts per cell in (C and Fig EV5C) was counted from 20 cells. The number of mitochondrial engaged in mitochondrial-LD contact
per LD in (C) was counted from 20 LDs. Two independent experiments. Two-tailed Unpaired Student’s t-test, ****P < 0.0001. Error bars represent the mean + SD.

E Representative transmission electron micrograph of non-infected or SARS-CoV-2 infected Vero-E6 cells. Red arrows mark the mitochondria-LD contact. LD, lipid
droplets. M, mitochondria. Scale bar represents 1 um. Quantification of number of mitochondria engaged in mitochondria-LD contact per LD. 20 LDs of two inde-
pendent experiments were counted. Two-tailed Unpaired Student’s t-test, ****P < 0.0001. Error bars represent the mean =+ SD.

F, G SARS-CoV-2-infected Vero-E6 cells were fixed and stained with anti-Tom20 (cyan). Tom20 represents mitochondria marker. LDs were labeled with LipidTOX Deep
Red (red). Cells were imaged by confocal microscopy. Scale bar represents 10 um. Colocalization of LDs and mitochondria (Pearson’s Coefficient), n = 20 cells, two
independent experiments. Two-tailed Unpaired Student’s t-test, **P < 0.01. Error bars represent the mean + SD.

H Cos7 cells expressing ORF6-Flag and vector were treated with 200 pM OA for 12 h, and then were fixed and stained with anti-Flag (white) and anti-Tom20 (red).
Tom?20 represents mitochondria marker. LDs were labeled with BODIPY-493/503 (green). Cells were imaged by confocal microscopy. Scale bar represents 10 pm.

| Quantification of average number of LD-mitochondria contacts per LD from (H and Fig EV5D). 37 cells (Vector), 50 cells (ORF6), 50 cells (ORF6*Q), and 50 cells
(ORF6“1Y) from three independent experiments were calculated. Two-tailed Unpaired Student’s t-test, **P < 0.01. Error bars represent the mean =+ SD.

] Pulse-chase assays of vector or ORF6-Flag or ORF6*2-Flag stable cells with or without starvation treatment. Hela cells were incubated in complete medium
containing 1 pM BODIPY 558/568 C12 (red) for 16 h. Cells were washed with PBS three times and then chased or non-chased in EBSS for 5 h, and then were fixed
and stained with anti-Flag (blue) and anti-Tom20 (green). Tom20 represents mitochondria marker. Cells were imaged by confocal microscopy. Scale bar represents

10 pm.

K Colocalization of BODIPY-C12 and mitochondria (Pearson’s Coefficient), n = 20 cells, three independent experiments. Two-tailed Unpaired Student’s t-test,

**p < 0,01, ****P < 0.0001. Error bars represent the mean =+ SD.

L Seahorse FAO assays to examine the oxidation of endogenous FAs in vector, or ORF6-Flag or ORF6*2-Flag over-expressed Hela cells. Three biological replicates were

performed with similar results. Error bars represent the mean + SD.

M The concentration of ATP in cells was analyzed according to manufacturer’s instructions. Error bars, mean + SD of four independent experiments. Two-tailed

Unpaired Student’s t-test, ***P < 0.001, ns means no significance.

N Vero-E6 cells stable expressing GFP or GFP-Plin5 or GFP-Plin54*43-4¢3 were infected with SARS-CoV-2 for 24 h. Cell viability was analyzed. Cell lysates were analyzed
via WB. Supernatants were determined by plaque assays. Virus titer values represent mean =+ SD for three independent replicates. Two-tailed Unpaired Student’s t-

test, **P < 0.01, ns means no significance. Error bars represent the mean =+ SD.

Source data are available online for this figure.

of both DGAT1 and DGAT2 blocks SARS-CoV-2 production and
SARS-CoV-2 production enhances the expression of DGAT1 and
DGAT?2. These findings indicated that LDs positively regulate SARS-
CoV-2 production. A previous study showed that DGAT1 interacts
with the nucleocapsid of HCV and is required for trafficking of core
to LDs, which is critical for viral production (Herker et al, 2010).
We found that ORF6 binds to both DGAT1 and DGAT2, and phar-
macological inhibition of DGAT1 and DGAT2 abolishes LD biogene-
sis induced by ORF6 expression, suggesting that ORF6 enhances LD
biogenesis by targeting DGAT1 and DGAT?2. It should be noted that
in contrast to the ER-resident DGAT1, DGAT2 adopts a hairpin
structure and is able to target to the LD surface upon OA treatment
(Wilfling et al, 2013), indicating that ORF6 targets both DGAT1
mediated ER-resident synthesis and DGAT2 mediated local synthe-
sis. Furthermore, although our results demonstrated that ORF6
binds to DGAT1 and DGAT2, and both are required for SARS-CoV-2
production, more direct evidence is required to further confirm that
SARS-CoV-2 and ORF6 expression directly modulate DGAT activity
to promote LD biogenesis.

LDs are formed from the ER, and several cellular proteins have
been identified to generate close contact between the ER and LD to
facilitate lipid incorporation and LD biogenesis. However, whether
viral proteins can tether ER-LD and establish ER-LD contact is
poorly understood. USE1, a component of ER-associated Q-SNAREs
(USE1, Syntaxinl8, and BNIP1), plays a potential role in Golgi-ER
retrograde vesicle trafficking and ER-LD interactions. BAP31 is the
most abundant ER membrane protein, including in mitochondria-
associated membrane, where it contributes to mitochondrial

© 2023 The Authors

tethering by interacting with mitochondrial proteins Fisl and
TOM40 (Iwasawa et al, 2011; Namba, 2019). E5 of human papillo-
maviruses (HPVs) were found to interact and colocalize with Bap31
in perinuclear patterns consistent with localization to the ER, and
this interaction is required for the proliferative capacity of HPV-
positive  keratinocytes  following differentiation (Regan &
Laimins, 2008). Simian virus 40 (SV40) VP2 also binds to BAP31,
which is essential for the dislocation of SV40 from the ER to the
cytosol (Geiger et al, 2011). In this study, we found that ORF6 local-
izes at ER-LD junctions, and ER membrane proteins USEl and
BAP31 interacts with ORF6 and act as receptors on the ER to medi-
ate ER-LD contact in SARS-CoV-2 infected cells. Furthermore, ORF6
failed to bind and colocalize with Seipin (Appendix Fig S4A and B).
Thus, these findings suggest that ORF6 can target DGAT1 mediated
ER-resident LD biogenesis by interacting with USE1 and BAP31 to
enhance the connection between ER and LDs.

Viral proteins were found to physically interact with the lipolysis
machinery, and these interactions mediate the LD-viral production
compartment (RC) contacts, facilitating FAs transfer from LDs to
RCs, thereby providing lipids essential for RC biogenesis (Laufman
et al, 2019). However, whether viral proteins modulate and exploit
host lipolysis pathway for viral production, and the underlying
mechanisms remain unclear. Similar to Poliovirus, we confirmed
that lipolysis is essential for SARS-CoV-2 production. A previous
study has shown that SARS-CoV-2 components are associated with
LDs in infected cells (Dias et al, 2020). It would be interesting to
determine whether the interaction between ORF6 and ATGL could
be responsible for this contact. Alternatively, we propose that ORF6
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Figure 7. ORF6 interacts with SAM complex.

A The Flag tagged mitochondrial outer membrane proteins were co-expressed in HEK293T cells with ORF6-HA. Protein interactions were analyzed by immunoprecipita-
tion with anti-Flag beads and immunoblotting analysis.

B Purified GST protein or GST-ORF6 were incubated with purified His tagged MTX1, MTX2, or SAMM50, and analyzed the interactions by GST pull-down.

C Hela cells were transfected with negative, or si-MTX1, or si-MTX2, or si-SAMM50 for 24 h and further transfected with ORF6-GFP 24 h. Subcellular fractions were iso-
lated from cells. VDAC1 and ATP5A1 represent mitochondria markers, Tubulin represents cytosolic marker.

D Hela cells were transfected with negative or si-MTX1 and si-MTX2 for 24 h and further transfected with ORF6-GFP 24 h. Subcellular fractions were isolated from
cells. VDAC1 and ATP5A1 represent mitochondria markers, Tubulin represents cytosolic marker.

E Hela cells were transfected with negative or si-MTX1/si-MTX2/si-SAMMS0 (Triple KD) for 24 h and further transfected with ORF6-GFP 24 h. Subcellular fractions were
isolated from cells. VDAC1 and ATPSAL represent mitochondria markers, Tubulin represents cytosolic marker.

F Cos7 cells expressing ORF6-Flag were transfected with negative or si-MTX1/si-MTX2/si-SAMMS50 (Triple KD) for 36 h and treated with 200 pM OA for another 12 h.
Cells were fixed and stained with anti-Flag (white) and anti-Tom20 (red). Tom20 represents mitochondria marker. LDs were labeled with BODIPY-493/503 (green).
Cells were imaged by confocal microscopy. Scale bar represents 10 pm.

G Quantification of average number of LD-mitochondria contacts per LD from (F). 25 cells (Negative), 50 cells (Triple KD) from three independent experiments were cal-
culated. Two-tailed Unpaired Student’s t-test, ****P < 0.0001. Error bars represent the mean =+ SD.

H Vero-E6 cells were transfected with indicated siRNAs for 24 h and infected with SARS-CoV-2 for 24 h. Cell viability was analyzed. Cell lysates were analyzed via WB.
Supernatants were determined by plaque assays. Virus titer values represent mean + SD for three independent replicates. Two-tailed Unpaired Student’s t-test,

*P < 0.05, ***P < 0.001, ns means no significance. Error bars represent the mean =+ SD.
| Proposed model for the role of SARS-CoV-2 ORF6 links LDs, the ER, and mitochondria, and modulates lipogenesis and lipolysis to facilitate viral production.

Source data are available online for this figure.
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binds to ATGL and enhances the interaction of ATGL with its coacti-
vator CGIS8 by disrupting the interactions of ATGL with two nega-
tive regulators, UBXD8 and Plin2, thus increasing lipolysis. We
further found that lipolysis-released FAs are sent to mitochondria
and peroxisomes for ATP production via B-oxidation. In addition,
LD can also be degraded by autophagy, DENV infection induce lipo-
phagy for viral production (Heaton & Randall, 2010). We showed
that CQ treatment had a minor effect on LD reduction caused by
ORF6 expression when lipogenesis was inhibited, suggesting that
ORF6 only induces LD degradation via lipolysis. However, it is
unclear whether other viral proteins can induce lipophagy. ORF3a
of SARS-CoV-2 inhibits autophagic degradation by blocking the
fusion of autophagosomes with lysosomes (Miao et al, 2021), indi-
cating that even if lipophagy was induced by SARS-CoV-2, LD can
only be engulfed into autophagosomes but failed to fusion with lyso-
somes for degradation.

FAs transfer to mitochondria through LD-mitochondria junctions.
Several proteins have been identified that mediate such conjunc-
tions (Wang et al, 2011, 2021; Freyre et al, 2019). In virus-infected
cells, the molecular machinery that promotes FA transfer at
mitochondria-LD contact has not yet been identified. We found that
SARS-CoV-2 infection increased the interaction between mitochon-
dria and LDs. ORF6 interacts with many OMM proteins (Gordon
et al, 2020). SAM complex (SAMMS0, MTX1, and MTX2) associates
with the mitochondrial contact site, and are thought to mediate
insertion of P-barrel proteins into the OMM (van der Laan
et al, 2016). In addition, the SAM complex also plays a critical role
in formation of the mitochondrial membrane contact sites to the
inner membrane and the ER membrane (van der Laan et al, 2012).
Pathogens, such as Toxoplasma gondii, target SAMMS50 and TOM70
to remodel the outer mitochondrial membrane and impede the bio-
genesis of mitochondria that function as nutrient competitors or
immune signaling hubs during infection (Li et al, 2022). However, it
is unclear whether the SAM complex is required for viral produc-
tion. The interactions of ORF6 with the SAM complex are required
for the maintenance of mitochondria-LD junctions, indicating that
ORF6 expression hijacks the SAM complex for mitochondria-LD
interactions. The conclusion that ORF6 promotes LD-mitochondrial
contact may be due to increased LD number or increased TAG con-
tent, but not necessarily due to an interaction with the SAM com-
plex. We found that overexpression of DGAT1 or DGAT2 increased
the number of LD-mitochondrial contacts per cell, but have minor
effect on the average number of LD-mitochondrial contacts per LD
(Appendix Fig SSA and B). Additionally, it should be noted that
although our results demonstrate that ORF6 links mitochondria to
LDs and enhances lipolysis to release FAs for mitochondria oxida-
tion, but do not indicate the role of ORF6 in FAs trafficking. More
evidence is required to investigate the mechanism by which FAs
transfer into mitochondria.

This study had several limitations. We failed to prove that during
infection indeed endogenous ORF6 localizes clearly on LD. The viral
titer decreased in KD of BAP31/USE1 and in SAMMS50/MTX1/MTX2
may be due to effects on ER or mitochondrial function, respectively,
rather than loss of binding to ORF6. Further work on constructing
interfering peptides based on ORF6 NTD and AH domains to inhibit
the binding of BAP31/USE1 and SAM complex, and evaluating the
anti-viral effect of these peptides should be performed. Although we
have shown that SARS-CoV-2 infection promotes ER-LD and
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mitochondria-LD interactions, lipogenesis, and lipolysis, which are
required for SARS-CoV-2 production, for obtaining most conclusions
we relied on an overexpression system rather than wild-type
viruses. Further experiments, such as those involving the use of the
real recombinant virus (ORF6*?), should be performed to confirm
that SARS-CoV-2 targets LDs to reprogram cellular metabolism.

Overall, our study proposes an interesting and novel model in
which viral protein modulates LD biogenesis and lipolysis path-
ways, linking LDs to the ER and mitochondria to reprogram cellular
metabolism, and facilitates ATP production for viral production.
These studies indicate the possible and essential roles of lipid meta-
bolic reprogramming in SARS-CoV-2 production and pathogenesis,
suggesting potential strategies for blocking viral production by
targeting LD metabolism.

Materials and Methods

Cell cultures

HEK293T, HeLa, Vero-E6 and COS7 cells were cultured in
Dulbecco’s modified Eagle’s medium (11995065, Gibco) supple-
mented with 10% fetal bovine serum (12303C, Sigma-Aldrich) and
1% penicillin-streptomycin (15140163, Gibco) at 37°C with 5%
CO,. All cells were tested for mycoplasma negative.

Antibodies and reagents

Antibodies against HA (mouse, AE008), Flag (mouse, AE005S), Flag
(rabbit, AE004), GFP (mouse, AE012), GFP (rabbit, AEO11), GST
(mouse, AE001), VDAC1 (rabbit, A19707), MTX1 (rabbit, A7912),
MTX2 (rabbit, A7958), SAMMS50 (rabbit, A3401), ATGL (rabbit,
A51265), HSL (rabbit, A15686), DGAT2 (rabbit, A13891), and
CGIS8 (rabbit, A8673) were purchased from Abclonal. Antibodies
against His (mouse, sc-53073), Tom20 (mouse, sc-17764), Tim23
(mouse, sc-514463), LAMP2 (mouse, sc-18822), Plin2 (mouse, sc-
377429) and DGATI1 (mouse, sc-271934) were obtained from Santa
Cruz Biotechnology. Antibodies against Calnexin (rabbit, #2433),
Myc (mouse, #2276), ATGL (rabbit, #2138), BSCL2 (Rabbit, #23846)
and Rab11 (rabbit, #5589) were purchased from Cell Signaling Tech-
nology. Antibody against SARS-CoV-2 Nucleocapsid (rabbit, 40143-
R001) was purchased from Sino Biological. Antibody against Tubu-
lin (mouse, E7) was purchased from Developmental Studies Hybrid-
oma Bank. Antibody against ATP5A1 (mouse, 43-9800) was
obtained from Invitrogen. Antibodies against Strep (mouse,
ab184224), cox2(mouse, ab110258), PMP70 (rabbit, AB3421), GFP
(rabbit, ab6556) were purchased from Abcam. Antibody against LC3
(rabbit, L7543) was purchased from Sigma-Aldrich. Antibody
against p62 (mouse, H00008878-M01) was obtained from ABnOVA.
HRP-conjugated goat anti-mouse or rabbit IgG were obtained from
Abclonal. Alexa Fluor 488/568/647-conjugated goat anti-mouse or
rabbit IgG were purchased from Life Technologies. Anti-Flag
(B26102) and anti-HA magnetic beads (B26202) were obtained from
Bimake. BODIPY 493/503 (D3922), BODIPY 558/568 C12 (D3835),
LipidTOX Deep Red neutral lipid stain (H34477), disuccinimidyl
suberate (DSS, 21555) were purchased from ThermoFisher Scien-
tific. Oleic acid (01008), DGAT?2 inhibitor (PF-06424439), Chloro-
quine (CQ, C6628) and carbonyl cyanide m-chlorophenyl hydrazone
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(CCCP, C2759) were purchased from Sigma-Aldrich. Glutathione
resin (L00206) was obtained from GeneScript. Anti-GFP affinity
beads 4FF (SA070001) was obtained from Smart-Lifesciences Bio-
technology. DAPI stain solution (G1012) was obtained from Servi-
cebio. ATGL inhibitor (Atglistatin) and DGAT1 inhibitor (PF-
04620110) were purchased from Selleck Chemicals.

Virus infection

Vero-E6 Cells were infected with SARS-CoV-2 (WBP-1) at a multi-
plicity of infection (MOI) of 0.5 for 1 h. Cells were cultured with
fresh medium supplemented with 2% FBS. All experiments with the
SARS-CoV-2 virus were conducted in the BSL-3 laboratory of Hubei
Provincial Center for Disease Control and Prevention.

Plaque assays

Vero-E6 cells were infected with virus preparations that had been
serially diluted. Approximately 2 h post-infection, the infection
medium was removed and replaced with methylcellulose, cells were
cultured at 37°C with 5% CO, for another 3-4 days until visible
viral plaques were detected. Plates were stained with 0.5% crystal
violet for 4 h at room temperature. Stained cells were rinsed with
water, plaques were counted and titers of infectious virus were
calculated.

DNA construction

The plasmids encoding for the C-terminus Strep tagged SARS-CoV-2
proteins were generous gifts from Nevan J. Krogan (UCSF). ORF6-
Strep was used as a template to generate wild-type the C-terminus
tagged ORF6 mammalian expression plasmids pCDNA4-ORF6-Flag,
pCDNA4-ORF6-HA, pCDNA4-ORF6-EGFP; and the N-terminus tagged
expression plasmid pCDNA4-GFP-ORF6. Point and truncation muta-
tions of ORF6 were generated by PCR-based mutagenesis from ORF6-
Flag and ORF6-EGFP. The initial LD marker GFP-GPAT4'**2% was
generated by cloning sequences encoding the hairpin domain of
GPAT4 from pEGFP-N1-GPAT4 (a gift from Peng Li, Tsinghua Univer-
sity) into pCDNA4-EGFP vector. HA tagged ATGL and CGI58 were
provided from Peng Li (Tsinghua University). Flag tagged ATGL was
generated by cloning sequences encoding the ATGL from HA-ATGL
into pCDNA4 vector. GFP tagged Plin2, Plin5, Fsp27, SNAREs, and
NRZ complex were gifts from Peng Li (Tsinghua University). GFP-
DGAT2, Flag-DGATI1 and Flag-DGAT2 were gifts from Qing Zhong
(Shanghai Jiaotong University School of Medicine). Full-length
c¢DNAs encoding various human proteins were amplified by PCR
from cDNAs of 293T cells. cDNAs encoding Plinl, Plin3, SPCS2,
BAP31, UBXDS8, DHCR?7, CKAP4, TECR, UBAC2, HACD3 and ATP2A2
were cloned into pCDNA4 vector with a GFP tagged at its N-
terminus. cDNAs encoding BAP31 was cloned into pCDNA4 vector
with a GFP tagged at its C-terminus. cDNA encoding G0S2 was cloned
into pCDNA4 vector with a GFP tagged at its C-terminus. cDNA
encoding RAMP4 was cloned into pCDNA4 vector with a mCherry
tagged at its N-terminus. cDNAs encoding MTX1, MTX2, VDACI,
VDAC2, VDACS3, Seipin and SAMMS50 were cloned into pCDNA4-Flag
vector. Synonymous mutation of RNAi resistant ORF6(R)-Flag or
ORF6(R)*®Flag were generated by PCR-based mutagenesis from
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pCDNA4-ORF6-Flag. Primers used for the generation of referenced
constructs are listed in Table EV1.

DNA transfection and RNA interference

Plasmid DNAs were transfected into 293T and Cos?7 cells using Poly-
ethylenimine Linear (40815ES03, YEASEN) or HeLa cells using Lipo-
fectamine 2000 (11668019, Invitrogen) according to the
manufacturer’s instructions.

siRNAs were introduced into cells using riboFECT CP Transfec-
tion Kit (C10511-05, RiboBio). Cells were then cultured for 48 h and
harvested. The knockdown efficiency for each protein was evalu-
ated by Western blot analysis. siRNAs targeting for BAP31 (5'-GGU
GAACCUCCAGAACAAU-3'), USEl (5-GGGAAAGUCUGCUUGAGU
A-3"), MTX1 (5-AAGUGGUAUGCAGAGGCUAUG-3'), MTX2 (5'-GG
GAAGUCAAACGUAAGAUGA-3'), SAMMS50 (5-GGACAUUCACUGA
AAUCAUCU-3’) and ORF6 (5-CCGAGAATAAGTATTCTCAGTTGG
A-3') were synthesized by GenePharma.

Establishment of stable cell-line

For generation of stable ORF6-Flag overexpressed HeLa cell line,
pLenti-ORF6-Flag was generated by cloning sequences encoding the
ORF6 into pLenti-Flag vector. Lentivirus were produced by cotrans-
fecting pLenti-ORF6-Flag with packaging plasmids pMD2.G and
psPAX2 (gifts from Weike Ji, HUST) into 293T cells. The superna-
tant from transfected 293T cells were collected 48 h post initial
transfection, followed by filtering through a syringe with 0.45 um
filters. Adding filtered supernatant to HeLa cells, after HeLa cells
were infected with Lentivirus for 24 h, puromycin (5 pg/ml) was
added to select positive cells for 2-3 days. The positive cells were
verified by imaging and Western blot. For generation of stable GFP-
Plin5 or GFP-Plin5244374%3 overexpressed Vero-E6 cell lines, GFP-
Plin5 or GFP-Plin52*43% were subcloned into pLenti-EGFP vector.
Lentivirus were produced by transfecting pLenti-GFP-Plin5 or
pLenti-GFP-Plin5244374%% with packaging plasmids pMD2.G and
psPAX2 into 293T cells. Following procedure of generation of stable
Vero-E6 cell lines was similar to that of stable ORF6-Flag overex-
pressed HeLa cell line except that virus-infected Vero-E6 cells were
grown in medium containing 8 pg/ml puromycin.

Immunofluorescence microscopy

For immunostaining, cells cultured on coverslips were washed twice
with PBS (135 mM NaCl, 4.7 mM KCl, 10 mM Na2HPO4, 2 mM
NaH2PO4), then fixed with 4% paraformaldehyde for 15 min, and
permeabilized with 0.1% Triton X-100 in PBS for 10 min. Cells were
blocked with 1% BSA in PBS for 30 min and incubated with pri-
mary antibodies in 1% BSA overnight at 4°C and then with second-
ary antibodies for 1 h at room temperature. LDs were stained with
BODIPY 493/503, BODIPY 558/568 C12, LipidTOX Deep Red in PBS
for another 30 min at room temperature. After washing with PBS
three times, samples were mounted on slides with antifade mount-
ing medium (BL701A, Biosharp). Cells were imaged with a laser
scanning confocal microscope (LSM780, Zeiss, Germany) equipped
with multiple excitation lasers (405, 458, 488, 514, 561, and
633 nm).
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Image analysis

All image analysis and processing were performed using ImageJ.
Colocalization-based analysis of the contact sites of mitochondria-
LDs and ER-LDs were performed using a plugin named colocaliza-
tion in ImageJ with the following settings: Ratio (0-100%): 50;
Threshold channel 1(0-255): 50; Threshold channel 2 (0-255): 50;
Display value (0-255): 255. Contacts automatically identified by
colocalization plugin with white pixels representing potential con-
tact sites. Average number of LD-ER contacts or LD-mitochondria
contacts per LD were calculated (contact number divided by LD
number). Pearson’s Coefficient of co-localization analysis were
performed using a plugin named JACoP in ImageJ. For the measure-
ment of the length of ER-LD contacts in TEM images, a line encom-
passing the ER-LD contacts was manually selected, and was
measured via ImageJ.

Pulse-chase assay

HeLa cells were incubated in complete medium (DMEM with 10%
fetal bovine serum) containing 1 uM BODIPY 558/568 C12 for 16 h.
Cells were washed with PBS three times and then chased in EBSS
for the time indicated (0 and 5 h).

Transmission electron microscopy

Cells were fixed by a fixative liquid (3% paraformaldehyde, 1.5%
glutaraldehyde, 2.5% [wt/vol] sucrose in 0.1 M sodium phosphate
buffer, pH 7.4) for 2 h at room temperature. Then the cells were col-
lected and centrifuged at 4°C. Post fixed with 1% osmium tetroxide
for 1 h on ice under dark conditions, cells were incubated with 2%
uranyl acetate overnight, dehydrated in increasing concentrations of
ethanol (50, 75, 95, and 100%), and processed for embedding in
epoxy resin. Ultrathin (70-nm) sections were collected on uncoated
200-mesh copper grids, stained with uranyl acetate and lead citrate,
and observed by transmission electron microscopy.

Immunoelectron microscopy

High pressure freezing

The HeLa cells were cultured on 3 mm sapphire discs. Sapphire disc
was placed with cells facing up on flat aluminum planchette and
another aluminum planchette with 25-uym depth inner space was
used as a cover. The spaces between the two aluminum planchettes
were filled with 1-hexadecane. Then the samples were frozen imme-
diately using the EM ICE high pressure freezing machine (Leica)
and rapidly transferred into liquid nitrogen for storage.

Freeze substitution and ultra-thin section

After all of the samples were frozen, the samples were transferred
into the EM ASF2 (Leica) for substitution. Samples were incubated
for 48 h in acetone contained 0.2%UA at —90°C. Then the tempera-
ture was raised to —50°C in 4 h. After incubated in acetone
contained 0.2%UA for another 12 h, the temperature was raised to
—30°C in 4 h. After 2 h incubation at —30°C, the samples were
rinsed three times with pure acetone (15 min each). Then the sam-
ples were gradually infiltrated in HM20 resin with grades of 25,
50,75% and pure resin (2 h each) at —30°C. After infiltrated in pure
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resin overnight, the samples were embedded in gelatin capsules.
The samples were polymerized under UV light for 48 h at —30°C
and 12 h at 25°C. After polymerization the samples were trimmed
and ultra-thin sectioned with a microtome (Leica UC7). Serial thin
sections (100 nm thick) were collected onto formvar-coated nickel
grids.

Immunogold labeling

The formvar-coated nickel grids with sections were incubated in
0.01 M PBS contain 1%BSA, 0.05%Triton X-100 and 0.05%
Tween20 for 5 min. Then the sections were incubated in the GFP
antibody (Abcam, ab6556) diluted in 0.01 M PBS contain 1%BSA
and 0.05% Tween20 at 4°C overnight. After washed six times
(2 min each) with 0.01 M PBS, the sections were incubated in the
secondary antibody (goat anti-rabbit conjugated with 10 nm gold)
diluted in 0.01 M PBS containing 1% BSA and 0.05% Tween20
(1:50) for 2 h at RT. After washed six times (2 min each) with
0.01 M PBS and four times (2 min each) with distill water, the sec-
tioned were dried in the RT and examined in a transmission electron
microscopy (Thermo Fisher/FEI Talos L 120C).

Western blot

The samples were denatured by heating at 100°C for 10 min in the
SDS-PAGE sample loading buffer (PO015L, Beyotime Biotechnol-
ogy). Protein samples were electrophoresed on 10 or 13% gradient
SDS-PAGE gels depending on the molecular weight of the relevant
proteins and transferred to nitrocellulose membranes (HATF00010,
Millipore). Membranes were blocked with 5% skim milk in PBST
(135 mM NaCl, 4.7 mM KCl, 10 mM Na2HPO4, 2 mM NaH2PO4,
0.1% Tween-20) for 30 min at room temperature and then incu-
bated with the relevant primary antibodies in the primary antibody
dilution buffer (ABS954-1L, Absin) overnight at 4°C. Membranes
were washed three times with PBST for 5 min each and incubated
with HRP-conjugated secondary antibodies in blocking solution for
1 h at room temperature. Membranes were washed and signals
were developed using ECL Plus Western blotting substrate (BL520B,
Biosharp).

Immunoprecipitation

293T cells were transfected with the indicated constructs for 36 h
and collected in cold PBS and centrifuged at 16,060 g for 5 min. The
supernatant was removed and cells were re-suspended in TAP lysis
buffer (20 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.5% NP-40, 1 mM
EDTA) supplemented with protease inhibitor cocktail and incubated
for 30 min on ice. Then samples were centrifuged at 16,060 g for
20 min at 4°C, 10% of the supernatant was saved for analysis by
immunoblotting of the input fraction, 5-ul beads were washed with
lysis buffer and added to the remaining protein samples and incu-
bated overnight at 4°C. The beads were washed with lysis buffer
three times before adding 1x loading buffer. Proteins co-IP were
analyzed by Western blot.

GST pull-down

GST or His tagged proteins were constructed into pGEX-4T-1 vector
or pCOLD-6 x His vector. Proteins were purified from Escherichia
coli strain Rosetta (DE3). Bacteria were grown at 37°C to an OD600
of 0.6-0.8, then protein expression was induced with 0.4 mM IPTG
for 20 h at 16°C. Bacteria were harvested, resuspended, and then

The EMBO journal ~ 42: €112542|2023 17 of 21



The EMBO Journal

lysed in lysis buffer (20 mM Tris, pH 7.4, 300 mM NacCl, 0.1% NP-
40, 1 mM PMSF) by sonication. Lysates were centrifuged at
10,000 g for 10 min and collected the supernatant, mixed the indi-
cated protein samples and incubated with Glutathione resins over-
night at 4°C, and then the resins were washed with lysis buffer
three times before adding 1x loading buffer. Samples were analyzed
by Western blot.

Subcellular fractionation

Mitochondrial Isolation and Protein Extraction Kit (PK10016,
Proteintech) was used to extract mitochondria according to manu-
facturer’s instructions. Briefly, cells were collected in cold PBS and
centrifuged at 500 g for 5 min at 4°C, removed the supernatant and
resuspended the cells in 1 ml buffer A (containing 1 mM PMSF) and
homogenized on ice by ultrasonic. The homogenates were laid on
the same volume of buffer B slowly and centrifuged at 600 g for
10 min at 4°C, then collected the supernatant as cytosol. Two-thirds
of the cytosol fraction was further centrifuged at 10,000 g for
10 min at 4°C, the pellet was mitochondria.

For isolation of the ER, cells were washed with cold PBS,
harvested the cells and centrifuged at 600 g for 5 min at 4°C, resus-
pended the cells in 1 ml buffer E (20 mM HEPES, 250 mM sucrose,
1 mM EDTA, pH 7.4, 1 mM PMSF) and homogenized on ice by
ultrasonic. The homogenates were centrifuged at 1,000 g for 10 min
at 4°C, the supernatant was cytosol fraction. Two-thirds of the cyto-
sol fraction was further centrifuged at 8,000 g for 20 min at 4°C,
then the supernatant was transferred to ultracentrifuge tube and
ultracentrifuged at 100,000 g for 1 h at 4°C. The obtained pellet was
collected as the ER fraction.

For isolation of the ER and mitochondria, cells were washed with
cold PBS, harvested the cells and centrifuged at 500 g for 10 min at
4°C, resuspended the cells in 1 ml buffer (10 mM Tris—HCl, 250 mM
sucrose, 2 mM MgCl,, 10 mM KCl, pH 7.4, 1 mM PMSF) and
homogenized on ice by ultrasonic. The homogenates were centri-
fuged at 1,000 g for 10 min at 4°C, the supernatant was cytosol frac-
tion. Two-thirds of the cytosol fraction was further centrifuged at
5,000 g for 10 min at 4°C, the supernatant was collected to a new
tube, the pellet was resuspended in 1 ml buffer and centrifuged at
10,000 g for 2 min at 4°C, and the obtained pellet was collected as
the mitochondria fraction. Then the supernatant in the new tube was
centrifuged at 8,000 g for 10 min at 4°C, the supernatant was trans-
ferred to ultracentrifuge tube and ultracentrifuged at 100,000 g for
1 h at 4°C, the obtained pellet was collected as the ER fraction.

Quantitative RT-PCR

HeLa cells were transfected with the indicated constructs for 24 h,
RNA was isolated with Total RNA Isolation Reagent (BS259A,
Biosharp) according to the instructions from the manufacturer.
cDNA was reverse-transcribed using Reverse Transcription Kit
(BL699A, Biosharp) according to the directions of the manufacturer.
The cDNA was analyzed using quantitative PCR with qPCR Mix
(1725120, Bio-Rad). The relative quantification values were normal-
ized by those of an endogenous control, GAPDH. Sequences of the
primers were as follows: for gapdh 5-GACAAGCTTCCCGTTCTCA
G-3/(forward), 5-GAGTCAACGGATTTGGTCGT-3' (reverse); for
dgatl 5'-CCTACCGCGATCTCTACTACTT-3’' (forward), 5'-GGGTGAA
GAACAGCATCTCAA-3" (reverse); for dgat2 5-GCTGACCACCA
GGAACTATATC-3'(forward), 5-GGGAACTTCTTGCTCACTTCT-3’
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(reverse); for atgl 5-GTGTCAGACGGCGAGAATG-3' (forward), 5'-
TGGAGGGAGGGAGGGATG-3’ (reverse).

Cellular triglyceride assay

Cells were treated with 200 uM OA for 3 h before collecting. Cells
were washed with PBS for three times, collected cells and measured
triglyceride content according to manufacturer’s instructions (Tri-
glyceride Colorimetric Assay Kit, 10010303, Cayman). Briefly, cells
were collected by centrifugation at 1,000 x g for 10 min at 4°C, then
the cells were resuspended in 1 ml diluted Standard Diluent and
homogenized on ice by ultrasonic, the cell suspension was centri-
fuged at 10,000 x g for 10 min at 4°C to obtain the supernatant. For
triglyceride assay, 10 pl standard or sample was added to the 96
well plate, the reaction was initiated by adding 150 pl diluted
Enzyme Mixture solution to each well. The plate was incubated for
30 min at 37°C, the absorbance at 530-550 nm was measured.

ATP assay

Cells were treated with 200 pM OA overnight to enlarge LDs, then
washed the cells and cultured the cells in complete medium for
another 24 h, intracellular ATP content was measured using the
Luminescent ATP Detection Assay Kit (ab113849, Abcam). Briefly,
50 pl detergent was added into each well, the 96 well plate was
shaken for 5 min in an orbital shaker at 600-700 rpm to lyse the
cells and stabilize the ATP. 100 ul ATP standard was added into
the plate, 50 pl Substrate Solution was added to each of the wells,
the plate was shaken for 5 min in an orbital shaker at 600-700 rpm
and covered for 10 min to adapt dark, the luminescence was
measured.

Free fatty acid assay

Cells were treated with 200 uM OA for 24 h, then the medium was
removed and incubated cells with serum free DMEM for another
4 h, cellular free fatty acid was measured using the Free Fatty Acid
Assay Kit (ab65341, Abcam). Briefly, the cells were harvested in the
cold PBS and centrifuged at 600 x g for 10 min at 4°C, then, the
cells were resuspended in 200 pl chloroform/Triton X-100 (1% Tri-
ton X-100 in pure chloroform), homogenized by pipetting up and
down and incubated on ice for 20 min. The extract was centrifuged
for 10 min at top speed in a microcentrifuge, the lower phase was
collected and dried at 50°C in a fume hood and vacuum dryer. The
dried lipids were dissolved in 200 pl Fatty Acid Assay Buffer by
vortexing extensively for 5 min. 50 pl standard or sample was
added into 96 well plate, 2 ul ACS Reagent was added into all stan-
dard and sample wells, the plate was incubated for 30 min at 37°C.
Then, 50 pl Reaction Mix was added to each well, the plate was
protected from light and incubated at 37°C for 30 min, the absor-
bance at 570 nm was measured.

Measurement of cellular energetics by Agilent seahorse
instrument

The experiment was carried out according to Agilent Seahorse pro-
tocol. In detail, HeLa cells were transfected with indicated con-
structs (1 pg/one 12-well plate well using PolyJet DNA Transfection
Reagent (SignaGen, MD)), and seeded to an Agilent Seahorse XF24
cell culture microplate at 30,000 cells per well (Wells Al, B4, C3,
and D6 are used for the background without cells) the second day.
In parallel, an Agilent Seahorse XFe24 extracellular flux assay plate
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with 1 ml Seahorse XF Calibrant Solution was equilibrated over-
night at 37°C. The next day, Mito Stress Test was performed as
described in In vitro Seahorse XF Cell Mito Stress Test Kit with
sequential injection of the following compounds: Port A: Oligo-
mycin, a final concentration of 2 pM; Port B: FCCP, a final concen-
tration of 1 uM; Port C: Rotenone, a final concentration of 10 uM
and Antimycin A, a final concentration of 40 pM.

Luciferase assay

For luciferase assay, Dual Luciferase Reporter Gene Assay Kit
(11402ES60, YEASEN) was used. Briefly, HEK293T cells in 24 well
plates were transfected with IFN-B reporter and TK reporter with
RIG-I-N expressing plasmid, together with vector or plasmids
expressing wild-type ORF6 or ORF6*Q. Cells transfected with only
IFN-B reporter and TK reporter as negative control. For OA treat-
ment groups, 200 pM OA was added for 12 h. At 24 h after transient
transfection, cells were washed with cold PBS and incubated with
200 pl cell lysates on ice for 5 min to fully lyse the cells. 20 pl of
lysate was added to the opaque white 96 well plate and mixed with
100 wl 1x Firefly luciferase reaction solution, the activity of Firefly
luciferase was detected. Then, 100 ul of 1x Renilla luciferase reac-
tion solution was added and mixed well by shaking, the activity of
Renilla luciferase was detected. Firefly luciferase values were nor-
malized to Renilla, and the relative luciferase activity was calculated
as the ratio of experimental group versus negative control.

Cell viability assay

For cell viability assay, Cell Counting Kit-8 (40203ES80, YEASEN)
was used. Briefly, 2,000 cells were seeded into 96 well plate and
grown in medium overnight. Cells were transfected with indicated
plasmids or siRNA or treated with indicated drug. The medium was
removed and changed with fresh complete medium before 10 pl
CCK-8 assay reagent was added into the wells, after the cells were
incubated for another 4 h, the absorbance at 450 nm was measured.

Quantification and statistical analysis

Data are expressed as mean + standard deviation (SD). The signifi-
cance of the variability between different groups was determined by
two-way analyses of variance using GraphPad Prism software. Error
bars, mean + SD of two or three independent experiments. Two-
tailed Unpaired Student’s t-test, a P-value of < 0.05 was considered
statistically significant and a P-value of > 0.05 was considered statis-
tically non-significant (ns).

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. ORF6 targets to LDs.

A Hela cells were transfected with Strep tagged SARS-CoV-2 proteins for 12 h and treated with 200 uM OA for another 12 h, then stained with anti-Flag (red). LDs
were labeled with BODIPY-493/503 (green). Cells were imaged by confocal microscopy. Scale bar represents 10 pm.

B Hela cells were transfected with ORF6-GFP or GFP-ORF6 for 12 h and treated with 200 uM OA for another 12 h. LDs were labeled with LipidTOX Deep Red (red).
Cells were imaged by confocal microscopy. Scale bar represents 10 um.

C Hela cells were transfected with ORF6-GFP or GFP-ORF6 for 12 h and treated or untreated with 200 M OA for another 12 h. Cell viability was analyzed. Eight bio-
logical replicates were performed. Two-tailed Unpaired Student’s t-test, ns means no significance. Error bars represent the mean =+ SD.

D Hela cells were transfected with Flag tagged ORF6 of different coronavirus strains and treated with 200 pM OA for another 12 h, then stained with anti-Flag (red).
LDs were labeled with BODIPY-493/503 (green). Cells were imaged by confocal microscopy. Scale bar represents 10 pm.

E Colocalization of ORF6 and LDs (Pearson’s Coefficient), n = 20 cells, three independent experiments. Two-tailed Unpaired Student’s t-test, *P < 0.05, **P < 0.01, ns
means no significance. Error bars represent the mean =+ SD.

F HEK293T cells were transfected with ORF6-Flag or its mutants and treated or untreated with 0.1 mM DSS for 30 min. Cell lysates were analyzed via WB.
Luciferase assays were performed as described in methods. Three biological replicates were performed. Two-tailed Unpaired Student’s t-test, ****P < 0.0001. Error
bars represent the mean + SD.

Source data are available online for this figure.
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Figure EV2. ORF6 promotes LD biogenesis.

A Cells expressing the ORF6*2-Flag were treated with 200 pM OA for indicated times, then fixed and stained with anti-Flag (green). LDs were labeled with LipidTOX
Deep Red (red). The nuclei of cells were stained with DAPI. Cells were imaged by confocal microscopy. Scale bar represents 10 pum.

B, C The interactions of GST tagged ORF6 or the mutants with the His tagged DGAT1 and His tagged DGAT2 were analyzed by GST pull-down assay.

D  Vero-E6 cells were infected or non-infected with SARS-CoV-2 for 24 h. Cell lysates were analyzed via WB.

E Hela cells were transfected with gradient of ORF6-Flag for 24 h. Protein levels of endogenous DGAT1, DGAT2, and ATGL were analyzed via WB.

F Hela cells were transfected with gradient of ORF6-Flag for 24 h. RNA levels of dgatl and dgat2 were analyzed via QPCR, three independent experiments. Two-
tailed Unpaired Student’s t-test, ns means no significance. Error bars represent the mean + SD.

G Gene Ontology (GO) enrichment analysis was performed on the human interacting proteins of SARS-CoV-2 ORF6 protein, P-values calculated by hypergeometric
test and a false discovery rate was used to account for multiple hypothesis testing. The top GO term was shown in the graph.

Source data are available online for this figure.
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Figure EV3. ORF6 interacts with BAP31 and USE1.

A GFP or GFP tagged ER membrane proteins were co-expressed in HEK293T cells with ORF6-Flag. Protein interactions were analyzed by immunoprecipitation with
anti-GFP beads and immunoblotting analysis.

B Vector were co-expressed with mCheey-RAMP4. Cells were treated with 200 uM OA for 12 h, and then fixed. The ER was visualized with mCheey-RAMP4 (red). LDs
were labeled with LipidTOX Deep Red (white). Cells were imaged by confocal microscopy. Scale bar represents 10 um.

C Cells co-expressing the ORF6-Flag with mCheery tagged RAMP4 were transfected with BAP31 or USE1 siRNA for 36 h and treated with 200 pM OA for 12 h, then
fixed and stained with anti-Flag (green). LDs were labeled with LipidTOX Deep Red (blue). Cells were imaged by confocal microscopy. Scale bar represents 10 pm.
Quantification of average number of LD-ER contacts per LD. 12 cells (Negative) and 25 cells (BAP31/USEL KD) from three independent experiments were calculated.
Two-tailed Unpaired Student’s t-test, ****P < 0.0001, ns means no significance. Error bars represent the mean + SD.

D Cell viability was analyzed in Fig 4L, three independent experiments. Two-tailed Unpaired Student’s t-test, ns means no significance. Error bars represent the
mean =+ SD.

Source data are available online for this figure.
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A QPCR analysis of RNA level of atgl in vector and ORF6-Flag expressed cells, three independent experiments. Two-tailed Unpaired Student’s t-test, ns means no sig-

nificance. Error bars represent the mean + SD.

B-F The effect of ORF6-Flag on the interactions of GFP-Plinl with HA-CGI58, or GFP-Plin3 with Flag-ATGL, or GFP-Plin5 with Flag-ATGL, or GFP-Fsp27 with HA-ATGL, or

GO0S2-GFP with ATGL were analyzed by immunoprecipitation.

G HelLa cells were transfected with GFP-UBXDS8 and vector or ORF6-Flag for 12 h and treated with 200 uM OA for 12 h, then fixed and stained with anti-Flag (red).
LDs were labeled with LipidTOX Deep Red (white). Cells were imaged by confocal microscopy. Scale bar represents 10 um. Blue ROIs indicate cells expressing ORF6
and purple ROIs indicate the cells without ORF6 expression. Colocalization of UBXD8 and LDs (Pearson’s Coefficient), n = 12 cells, two independent experiments.

Two-tailed Unpaired Student’s t-test, ns means no significance. Error bars represent the mean + SD.

Source data are available online for this figure.
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Figure EV5. ORF®6 links LDs to mitochondria.

A Hela-Parkin cells were transfected with vector or ORF6-Flag for 24 h, or treated with 10 M CCCP for 6 h. Cell lysates were analyzed via WB.

B Representative transmission electron micrograph showing the close contact between LD, ER and mitochondria in ORF6 expressed Hela cells treated with 200 pM
OA for 12 h. LD, lipid droplets. ER, endoplasmic reticulum. M, mitochondria. Scale bars 500 nm.

C  Representative transmission electron micrograph of ORF6-Flag stable expressing or wild-type Hela cells. Red arrows mark the contact sites between LDs and mito-
chondria. LD, lipid droplets. M, mitochondria.

D  Cos7 cells expressing ORF6*2-Flag or ORF6*A"'-Flag were treated with 200 uM OA for 12 h, and then were fixed and stained with anti-Flag (white) and anti-
Tom20 (red). Tom20 represents mitochondria marker. LDs were labeled with BODIPY-493/503 (green). Cells were imaged by confocal microscopy. Scale bar repre-
sents 10 pum.

E Cells were transfected with Negative or si-ORF6 for 24 h, and then further transfected with ORF6-Strep, or ORF3a-Strep, or ORF7a-Strep, or ORF7b-Strep, or ORF8-
Strep, or ORF9b-Strep, or ORF9c-Strep, or ORF10-Strep for 24 h. Cell lysates were analyzed via WB.

F Cells were transfected with Negative or si-ORF6 for 24 h, and then further transfected with ORF6-Flag (RNAI resistant), or ORF6*?-Flag (RNAI resistant) for 24 h.
Cell lysates were analyzed via WB.

G Vero-E6 cells were transfected with Negative or si-ORF6 for 24 h, and then further transfected with ORF6-Flag (RNAI resistant), or ORF6*2-Flag (RNAI resistant) for
12 h. Cells were further infected with SARS-CoV-2 for 24 h. Viral RNA level was determined by RT-qPCR, three independent replicates. Two-tailed Unpaired Stu-
dent’s t-test, *P < 0.05. ns means no significance. Error bars represent the mean + SD.

H-J Purified GST protein or GST-ORF6 or its mutants were incubated with purified His tagged MTX1, or MTX2, or SAMMS50, and analyzed the interactions by GST pull-
down.

K Quantification of LD number in (Fig 7F). 25 cells (Negative) and 50 cells (Triple KD) from three independent experiments were calculated. Two-tailed Unpaired Stu-
dent’s t-test, ns means no significance. Error bars represent the mean =+ SD.

Source data are available online for this figure.
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Appendix Figure S1. ORF6 Homodimerization is Important for LD Targeting.

(A) HEK293T cells were transfected with ORF6-GFP or indicated mutants and were treated
with 0.1 mM DSS for 30 min. Cell lysates were analyzed via WB.

(B) HeLa cells were transfected with ORF6-GFP or indicated mutants and were treated
with 200 uM OA for 12 h, and then fixed. LDs were labeled with LipidTOX Red. Cells were

imaged by confocal microscopy. Scar bar represents 10 ym.
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Appendix Figure S2. ORF6 promotes LD biogenesis by linking the ER to LDs.

(A) Cells were transfected with Flag-DGAT1 with or without ORF6-Strep for 24 h and further
were treated with 200 uM OA for 12 h. LDs were labeled with LipidTOX Deep Red (blue).
Cells were fixed and then stained with anti-Strep (red) and anti-Flag (green). Cells were
imaged by confocal microscopy. Scar bar represents 10 um. Colocalization of DGAT1 and
LDs (Pearson's Coefficient), n=11 cells, two independent experiments. Two-tailed Unpaired
Student’s t-test, ns means no significance. Error bars represent as the mean + SD.

(B) Cells were transfected with with GFP-DGAT2 with or without ORF6-Flag for 24 h and
further were treated with 200 yM OA for 12 h. LDs were labeled with LipidTOX Deep Red
(blue). Cells were fixed and then stained with anti-Flag (red). Cells were imaged by confocal
microscopy. Scar bar represents 10 ym. Colocalization of DGAT2 and LDs (Pearson's
Coefficient), n=12 cells (Vec) and n=17 cells (ORF6-Flag), two independent experiments.
Two-tailed Unpaired Student’s t-test, ns means no significance. Error bars represent as the
mean * SD.

(C) HelLa cells were transfected with ORF6-Flag and BAP31-GFP or GFP-USE1 for 12 h
and treated with 200 uM OA for 12 h, then fixed and stained with anti-Flag (red). Cells were

imaged by confocal microscopy. Scar bar represents 10 pm.
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Appendix Figure S3. ORF6 Interacts with SAM complexes.

(A) HeLa cells were transfected with vector or ORF6-Flag and HA-ATGL for 12 h and
treated with 200 yuM OA for 12 h, then fixed and stained with anti-Flag (red) and anti-HA
(green). LDs were labeled with LipidTOX Deep Red (white). Cells were imaged by confocal
microscopy. Scar bar represents 10 ym. Blue ROls indicate cells expressing ORF6 and
purple ROIls indicate the cells without ORF6 expression. Colocalization of ATGL and LDs
(Pearson's Coefficient), n=12 cells, two independent experiments. Two-tailed Unpaired
Student’s t-test, ns means no significance. Error bars represent as the mean + SD.

(B) HeLa cells were transfected with ORF6-Strep and Flag-MTX1, or MTX2-Flag, or
SAMM50-Flag for 12 h and treated with 200 yM OA for 12 h, then fixed and stained with
anti-Strep (green) and anti-Flag (red). Cells were imaged by confocal microscopy. Scar bar
represents 10 ym. Colocalization of ORF6 and MTX1 or MTX2 or SAMM50 (Pearson's
Coefficient), n=10 cells, two independent experiments. Error bars represent as the mean +
SD.

(C) HelLa cells were transfected with negative or indicated siRNAs for 36 h and treated with
200 uM OA for another 12 h. Cells were fixed and stained with anti-Tom20 (red). Tom20
represents mitochondria marker. LDs were labeled with BODIPY-493/503 (green). Cells

were imaged by confocal microscopy. Scar bar represents 10 um.
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Appendix Figure S4. ORF6 failed to bind and colocalize with Seipin.

(A) HEK293T cells were transfected with ORF6-Flag. Protein interactions were detected
by immunoprecipitation with anti-Flag beads and immunoblotting analysis with Seipin
antibody.

(B) HelLa cells were transfected with ORF6-Strep and Seipin-Flag for 22 h and treated
with 200 uM OA for 2 h, then fixed and stained with anti-Flag (red) and anti-Strep

(green). LDs were labeled with LipidTOX Deep Red (blue). Cells were imaged by

confocal microscopy. Scar bar represents 10 um.
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Appendix Figure S5. overexpression of DGAT1 or DGAT2 has no effect on
percentage of LD contact with mitochondria.

(A) HelLa cells were transfected with vector, or Flag-DGAT1, or Flag-DGAT2 for 12 h and
further treated with 200 uM OA for 12 h, and then were fixed and stained with anti-Flag
(blue) and anti-Tom20 (red). LDs were labeled with BODIPY-493/503 (green).

(B) Number of LDs in each cell and average number of LD-mitochondria contacts per LD
in (A) were counted from 20 cells of three independent experiments. Two-tailed Unpaired
Student’s t-test, ***p < 0.001, ns means no significance. Error bars represent as the mean

+ SD.
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