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Virus infection involves the manipulation of key host cell functions by specialized
virulence proteins. The Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) small accessory proteins ORF3a and ORF7a have been implicated in
favoring virus replication and spreading by inhibiting the autophagic flux within
the host cell. Here, we apply yeast models to gain insights into the physiological
functions of both SARS-CoV-2 small open reading frames (ORFs). ORF3a and
ORF7a can be stably overexpressed in yeast cells, producing a decrease in cellular
fitness. Both proteins show a distinguishable intracellular localization. ORF3a
localizes to the vacuolar membrane, whereas ORF7a targets the endoplasmic
reticulum. Overexpression of ORF3a and ORF7a leads to the accumulation of Atg8
specific autophagosomes. However, the underlying mechanism is different for
each viral protein as assessed by the quantification of the autophagic degradation
of Atg8-GFP fusion proteins, which is inhibited by ORF3a and stimulated by
ORF7a. Overexpression of both SARS-CoV-2 ORFs decreases cellular fitness
upon starvation conditions, where autophagic processes become essential. These
data confirm previous findings on SARS-CoV-2 ORF3a and ORF7a manipulating
autophagic flux in mammalian cell models and are in agreement with a model
where both small ORFs have synergistic functions in stimulating intracellular
autophagosome accumulation, ORF3a by inhibiting autophagosome processing
at the vacuole and ORF7a by promoting autophagosome formation at the ER.
ORF3a has an additional function in Ca?t homeostasis. The overexpression
of ORF3a confers calcineurin-dependent Ca* tolerance and activates a Ca?+
sensitive FKS2-luciferase reporter, suggesting a possible ORF3a-mediated Ca?t
efflux from the vacuole. Taken together, we show that viral accessory proteins
can be functionally investigated in yeast cells and that SARS-CoV-2 ORF3a and
ORF7a proteins interfere with autophagosome formation and processing as well
as with Ca2t homeostasis from distinct cellular targets.

SARS-CoV-2, Saccharomyces cerevisiae, autophagy, Ca?* homeostasis, ORF3a, ORF7a
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Introduction

The severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) is causing worldwide the ongoing epidemic of coronavirus
disease 2019 (COVID-19), posing a strong threat to public
health and economic performance globally (Huang et al., 2020;
Wu et al,, 2020). Despite the expanding knowledge, which has
accumulated in the past years about SARS-CoV-2 virology and
epidemiology, we still lack an antiviral drug for efficient COVID-19
treatment (Sanders et al., 2020). With the pandemic still unfolding,
continued investigation into the characteristically high infectivity
and pathogenicity of SARS-CoV-2 is required.

SARS-CoV-2 is a member of the B-coronavirus genus of the
Coronaviridae family and contains a large, continuous genome
encoded in almost 30 kb of single-stranded RNA including the
information for 14 potential open reading frames (ORFs) (Gordon
et al,, 2020; Zhang and Holmes, 2020; Zmasek et al., 2022). The
major part of the 5-terminal region of the genome contains two
overlapping ORFs, orflab and orfla, encoding 16 non-structural
proteins (NSPs). The smaller 3’-terminus of the SARS-CoV-2
genome contains the information for the spike (S), membrane
(M), envelope (E), and nucleocapsid (N) structural proteins and a
relatively high number of small accessory proteins (ORF3a, ORF3b,
ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c, and ORF10), which
are specific for the viral genus. The non-structural proteins form
the replicase necessary for genome replication and mRNA synthesis
of the virus, while the structural proteins form the virus particle.
Importantly, the accessory proteins have distinct functions in
modulating the host cell response to maximize the infection process
and pathogenesis (McBride and Fielding, 2012; Liu et al, 2014;
Zandi et al., 2022).

Macroautophagy is one important function, which is generally
targeted during viral infection in the host cell (Jordan and
Randall, 2012; Abdoli et al, 2018; Mao et al., 2019), and
specifically by some SARS-CoV-2 accessory proteins (Zhao
et al., 2021). Macroautophagy is an evolutionarily conserved
homeostatic mechanism of eukaryotic cells, which selectively
removes superfluous or damaged organelles and proteins, as well
as invasive microbes (Levine and Kroemer, 2008). This process
is essential for maintaining cellular homeostasis and starts with
the formation of enclosed double membrane vesicles known
as autophagosomes in the cytosol. Autophagosomes fuse with
lysosomes in metazoan organisms or vacuoles in fungi in order
to digest the transported cargo material by lysosomal/vacuolar
enzymes. The autophagic flux from autophagosome formation to
degradation is a highly regulated and dynamic process, which
can be modulated by both the vesicle production and fusion
(Nakatogawa, 2020; Lei et al, 2022). In general, the autophagic
vesicle transport can have either pro- or anti-viral functions. As
an intrinsic defense mechanism of host cells, it can inhibit viral
replication by lysosomal degradation of virus particles (Richetta
and Faure, 2013; Kobayashi et al., 2014). However, some viruses
have developed strategies to hijack the host autophagic system
in order to favor their own replication and spreading (Pradel
et al.,, 2020). In fact, it has been shown that B-coronaviruses use
the lysosomal trafficking for egression from the host cell (Ghosh
et al., 2020), which implies that normal autophagosome-lysosome
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function has to be interrupted by the virus for efficient spreading
(Miller et al., 2020; Koepke et al., 2021; Shroff and Nazarko,
2021). Indeed, SARS-CoV-2 infection causes an accumulation of
autophagosomes by specific accessory proteins such as ORF3a
or ORF7a (Hayn et al, 2021; Miao et al,, 2021). The molecular
function of SARS-CoV-2 ORF3a interrupting the autophagic
flux has been recently elucidated. ORF3a blocks the fusion
of autophagosomes with lysosomes through the evolutionarily
conserved homotypic fusion and protein sorting (HOPS) complex
(Miao et al,, 2021; Qu et al, 2021; Zhang et al., 2021), which
seems to favor the lysosomal egression of the virus from the
host cell (Chen et al, 2021). Additionally, the determination
of the ORF3a structure and its reconstitution in liposomes
revealed a potential Ca>* permeable non-selective cation channel
activity (Kern et al,, 2021), whose relevance in vivo is still to be
confirmed. The autophagy related function of SARS-CoV-2 ORF7a
is much less known, although a very recent study showed that
this accessory protein is able to both stimulate autophagosome
formation and to inhibit autophagosome fusion with lysosomes
(Hou et al., 2022).

Given that SARS-CoV-2 ORF3a and ORF7a exert at least
part of their function via macroautophagy, a homeostatic process
conserved from fungi to humans, we aimed in this work to
functionally study the overexpression of both accessory viral
proteins in the yeast (Saccharomyces cerevisiae) model. We find
that both proteins are stably overexpressed in yeast causing a
moderate growth inhibition. ORF3a specifically localizes to the
vacuolar membrane and causes accumulation of Atg8 specific
autophagosomes, while inhibiting Atg8 vacuolar degradation.
ORF7a specifically localizes to the endoplasmic reticulum, where it
seems to stimulate autophagosome formation. ORF3a additionally
interferes with intracellular calcium homeostasis, conferring
calcineurin dependent Ca’* tolerance and overactivation of
calcineurin signaling. Our data suggest that both accessory proteins
cooperate in the simultaneous stimulation of autophagosome
formation and interruption of vacuolar fusion with the possible
participation of vacuolar Ca®™ release.

Materials and methods

Yeast strains and growth conditions

Saccharomyces cerevisiae strains used in this study are shown
in Table 1. Yeast cultures were grown at 28°C in Synthetic
Dextrose (SD) or Galactose (SGal) media containing 0.67%
yeast nitrogen base with ammonium sulfate and without amino
acids, 50mM succinic acid (pH 5.5) and 2% of the respective
sugar. According to the auxotrophies of each strain, methionine
(10 mg/1), histidine (10 mg/1), leucine (10 mg/1), or uracil (25 mg/l)
were supplemented. Starvation conditions were induced by SD-
N medium containing 0.17% yeast nitrogen base without amino
acids or ammonium sulfate and 2% glucose. Yeast cells were
transformed by the lithium acetate/PEG method described by Gietz
and Schiestl (2007). Yeast strains expressing chromosomally Pdil-
mCherry (CY6010) or BiP-mCherry (CY6008) are described in
(Young et al., 2013).
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TABLE 1 Yeast strains used in this study.
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Strain Genotype Source
BY4741 MATa; his3A1; leu2 AO; met15A0; ura3A0 EUROSCARF
Orf3a-3xFlag (GAL, CEN, HIS3) BY4741 with plasmid pAG413-GAL1-ORF3a-3xFlag (HIS3) This study
Orf3a-3xFlag (GAL, 2 p, HIS3) BY4741 with plasmid pAG423-GAL1-ORF3a-3xFlag (HIS3) This study
Orf3a-GFP (GAL, CEN, HIS3) BY4741 with plasmid pAG413-GAL1-ORF3a-eGFP (HIS3) This study
Orf3a-GFP (GAL, 2 p, HIS3) BY4741 with plasmid pAG423-GAL1-ORF3a-eGFP (HIS3) This study
Orf7a-3xFlag (GAL, CEN, HIS3) BY4741 with plasmid pAG413-GAL1-ORF7a-3xFlag (HIS3) This study
Orf7a-3xFlag (GAL, 2 p, HIS3) BY4741 with plasmid pAG423-GAL1-ORF7a-3xFlag (HIS3) This study
Orf7a-GFP (GAL, CEN, HIS3) BY4741 with plasmid pAG413-GAL1-ORF7a-eGFP (HIS3) This study
Orf7a-GFP (GAL, 2 p, HIS3) BY4741 with plasmid pAG423-GAL1-ORF7a-eGFP (HIS3) This study
Orf7a-3xFlag (GAL, 2 p, URA3) BY4741 with plasmid pGBW-m4046465 GAL1-ORF7a-3xFlag This study
Orf3a-3xFlag (GAL, 2 p, URA3) BY4741 with plasmid pGBW-m4046526 GAL1-ORF3a-3xFlag This study
Orf7a-GFP, mtRFP BY4741 with plasmid pAG423-GAL1-ORF7a-eGFP (HIS3) and pVT100-mtRFP (URA3) This study
Orf3a-GFP (GPD, 2 |1, URA3) BY4741 with plasmid pAG426-GPD-ORF3a-eGFP (URA3) This study
Orf3a-GFP (GPD, 2 ., HIS3) BY4741 with plasmid pAG423-GPD-ORF3a-eGFP (HIS3) This study
Orf3a-3xFlag (GPD, 2 ., HIS3) BY4741 with plasmid pAG423-GPD-ORF3a-3xFlag (HIS3) This study
BY4741-mtRosella BY4741 with plasmid pAG413-GAL1-ccdB (HIS3) and pVT100-mtRosella (URA3) This study
BY4741-Orf3a-3xFlag, mtRosella BY4741 with plasmid pAG423-GAL1-ORF3a-3xFlag (HIS3) and pVT100-mtRosella (URA3) This study
Orf7a-3xFlag (GPD, 2 i, HIS3) BY4741 with plasmid pAG423-GPD-ORF7a-3xFlag (HIS3) This study
Orf7a-GFP (GPD, 2 ., HIS3) BY4741 with plasmid pAG423-GPD-ORF7a-eGFP This study
BY4741-Atg5-mCherry BY4741 with plasmid pRS316-ATG5-mCherry (LEU2) This study
BY4741-Atgl6-mCherry BY4741 with plasmid pRS315-ATG16-mCherry (LEU2) This study
BY4741-Atg5-mCherry, Orf3a-GFP BY4741 with plasmid pRS316-ATG5-mCherry (LEU2) and pAG423-GPD-ORF3a-eGFP (HIS3) This study
BY4741-Atgl6-mCherry, Orf3a-GFP BY4741 with plasmid pRS316-ATG16-mCherry (LEU2) and pAG423-GPD-ORF3a-eGFP (HIS3) This study
BY4741 (LEU2) BY4741 with plasmid pAG425-GPD-ccdB (LEU2) This study
BY4741-Atg8-eGFP (GPD, 2 p, LEU2) BY4741 with plasmid pAG425-GPD-ATG8-eGFP (LEU2) This study
BY4741-Atg8-eGFP (GPD, CEN, LEU2) BY4741 with plasmid pAG415-GPD-ATG8-eGFP (LEU2) This study
BY4741-Atg8-eGFP, HA BY4741 with plasmids pAG415-GPD-ATG8-eGFP (LEU2) and pAG423-GPD-HA (HIS3) This study
BY4741-Atg8-eGFP, TAP BY4741 with plasmids pAG415-GPD-ATG8-eGFP (LEU2) and pAG423-GPD-TAP (HIS3) This study
BY4741-Atg8-eGFP, Orf3a-Flag BY4741 with plasmids pAG425-GPD-ATG8-eGFP (LEU2), pAG423-GPD-ORF3a-3xFlag (HIS3) This study
BY4741-Atg8-eGFP, Orf7a-Flag BY4741 with plasmids pAG425-GPD-ATG8-eGFP (LEU2), pAG423-GPD-ORF7a-3xFlag (HIS3) This study
BY4741-Ubc6-eGFP (GPD, 2 ., LEU2) BY4741 with plasmid pAG425-GPD-UBC6-eGFP (LEU2) This study
BY4741-Ubc6-eGFP (GPD, CEN, LEU2) BY4741 with plasmid pAG415-GPD-UBC6-eGFP (LEU2) This study
Orf3a-3xFlag (GPD, 2 i, HIS3) BY4741 with plasmid pAG423-GPD-ORF3a-3xFlag (HIS3) This study
BY4741- DsRed BY4741with plasmid pAG423-GPD-DsRed (HIS3) This study
BY4741-DsRed-Orf3a BY4741with plasmid pAG423-GPD-DsRed-ORF3a (HIS3) This study
BY4741-DsRed-Orf7a BY4741with plasmid pAG423-GPD-DsRed-ORF7a (HIS3) This study
BY4742 BiP-mCherry (CY6008) BY4742 MATo his3A1 leu2 A0 lys2A0 ura3 A0 KAR2-mCherry-HDEL:hphMX4 Anne S. Robinson lab
BY4742 Pdil-mCherry (CY6010) BY4742 MATo his3A1 leu2 A0 lys2A0 ura3 A0 PDI1-mCherry-HDEL:hphMX4 Anne S. Robinson lab
BY4742 BiP-mCherry, Orf7a-GFP CY6008 with plasmid pAG423-GPD-ORF7a-eGFP (HIS3) This study
BY4742 Pdil-mCherry, Orf7a-GFP CY6010 with plasmid pAG423-GPD-ORF7a-eGFP (HIS3) This study
BY4741-Atg8-GFP, DsRed BY4741 with plasmid pAG425-GPD-ATG8-eGFP- pAG423-GPD-ccdB-DsRed This study
BY4741-Atg8-GFP, Orf3a-3xFlag BY4741 with plasmid pAG425-GPD-ATG8-eGFP- pAG423-GPD-ORF3a-3xFlag This study
BY4741 MATa; his3A1; leu2 AO; met15A0; ura3A0 EUROSCARF
BY4741-Atg8-GFP, Orf3a-DsRed BY4741 with plasmid pAG425-GPD-ATG8-eGFP- pAG423-GPD-ORF3a-DsRed This study
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TABLE1 (Continued)
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BY4741-Atg8-GFP, Orf7a-3xFlag
BY4741-Atg8-GFP, Orf7a-DsRed
BY4741 Ubc6-GFP, DsRed
BY4741 Ubc6-GFP, Orf7a-DsRed
BY4741 cnbl1 A (HIS3)

BY4741 cnbl A—Orf3a-3xFlag
BY4741 cnbl A—Orf7a-3xFlag
BY4741 FKS2-luciferase

BY4741 FKS2-luciferase ORF3a

Plasmid constructions

For the galactose inducible overexpression of SARS-CoV-2
ORF3a-3xflag and ORF7a-3xflag, Addgene plasmids pGBW-
m4046526 and pGBW-m4046465 were used. All other constitutive
or galactose inducible ORF3a and ORF7a fusion plasmids were
generated by subcloning the complete coding regions into
pDONR221 and subsequent insertion by Gateway technology into
the yeast destination vectors pAG413-GAL1-ccdB, pAG423-GAL1-
ccdB, pAG413-GALl-ccdB-eGFP, pAG423-GALl-ccdB-eGFP,
PAG423-GPD-ccdB-eGFP, pAG426-GPD-ccdB-eGFP, pAG423-
GPD-dsRed-ccdB (Alberti et al.,, 2007). ATG8 and UBC6 were
N-terminally tagged with eGFP by Gateway cloning of the entire
ATG8 OREF or the C-terminal ER transmembrane anchor of Ubc6
into the yeast destination vectors pAG415-GPD-eGFP-ccdB or
pAG425-GPD-eGFP-ccdB  (Alberti et al, 2007). The live cell
FKS2p-luciferase reporter was constructed by subcloning the FKS2
promoter region Sacl/Smal into the destabilized luciferase plasmid
pAG413-lucCP™ (Rienzo et al, 2012). All plasmids were verified
by DNA sequencing. Oligonucleotide primers are summarized in
Table 2.

Yeast quantitative growth assays

Continuous growth curves for different yeast cultures were
obtained on a Tecan Spark microplate reader. Fresh overnight SD
cultures were diluted in triplicate in multiwell plates to the same
starting OD. The ODggp was then continuously monitored for the
indicated times. The time needed to reach 50% cell density (tsq)
was compared between control condition/strain and experimental
condition and then expressed as a percentage as indicated in the
Figures. For example: (tso control)/(tsp ORF3a OE) x 100 would
calculate the loss of growth efficiency after ORF3a overexpression
relative to control.

Immunological methods

Yeast whole cell protein extracts were prepared by the alkaline
pretreatment and boiling procedure described in Kushnirov (2000).
A total of 2.5 ODggp of yeast cells were harvested and incubated
with 0.1 M NaOH for 5 min at room temperature. Cells were
pelleted and resuspended in 50 pl of Laemmli SDS sample

Frontiers in Microbiology

BY4741 with plasmid pAG425-GPD-ATG8-eGFP- pAG423-GPD-ORF7a-3xFlag
BY4741 with plasmid pAG425-GPD-ATG8-eGFP- pAG423-GPD-ORF7a-DsRed
BY4741 with plasmid pAG425-GPD-UBC6-eGFP- pAG423-GPD-ccdB-DsRed
BY4741 with plasmid pAG425-GPD-UBC6-eGFP- pAG423-GPD-Orf7a-DsRed
BY4741 cnb1:Kan MX with plasmid pAG423-GPD-ccdB (HIS3)

BY4741 cnb1:Kan MX with plasmid pAG423-GPD-ORF3a-3xFlag (HIS3)
BY4741 cnbl:Kan MX with plasmid pAG423-GPD-ORF7a-3xFlag (HIS3)
BY4741 with plasmid pAG413-FKS2p-lucCP ™", pAG426-GPD-eGFP

BY4741 with plasmid pAG413-FKS2p-lucCP*, pAG426-GPD-ORF3a-¢GFP

This study
This study
This study
This study
This study
This study
This study
This study

This study

buffer. The samples were then boiled for 5 min at 95°C and
centrifuged. 10-20 pl of the supernatant was resolved on 10-15%
polyacrylamide gels, transferred to PVDF membranes and probed
with different antibodies. The following primary antibodies were
used in this work: Rabbit anti-GFP (TP401, Amsbio, Abingdon,
UK), mouse anti-flag (M2, Sigma, St. Louis, MO, USA). Secondary
antibodies were anti-rabbit or anti-mouse conjugated to peroxidase
(Amersham Biosciences, GE Healthcare, Chicago, IL, USA). The
bands were visualized with ECL Plus and quantified with an
ImageQuant LAS4000 system.

Fluorescence microscopy

Exponentially growing yeast cells were visualized on a Leica
SP8 confocal microscope with a HCXPL APO CS2 63x objective.
Vacuoles were stained for 30 min with 100 M CellTracker Blue
CMAC (Life Technologies, Carlsbad, CA, USA) in living cells. GFP
was visualized with 488 nm excitation and 509 nm emission, dsRed
with 545 nm excitation and 572 nm emission, CMAC with 353 nm
excitation and 466 nm emission.

Live cell luciferase assay

Yeast strains harboring the indicated destabilized luciferase
reporters were grown to exponential phase in SD supplemented
with the appropriate amino acids and adjusted to pH 3.0 with
50 mM succinic acid. Cells were incubated on a roller for 60 min
at 28°C with 0.5 mM luciferin (free acid, Synchem, Altenburg,
Germany). Cell aliquots were then transferred to white 96-well
plates, which contained the indicated Ca®* concentrations. The
light emission was immediately measured in a GloMax microplate
luminometer (Promega, Madison, WI, USA) in triplicate and
continuously recorded over the indicated time. For the ORF3a
overexpressing cells, we recorded the initial 10 readings after
luciferin loading of the cells.

GFP-Atg8 autophagy assay
Yeast cells constitutively expressing GFP-Atg8 from the

PAG425-GPD-eGFP-ATG8 plasmid and expressing or not ORF3a-
3flag or ORF7a-3flag were grown to exponential phase. Uninduced
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TABLE 2 Oligonucleotide primers used in this study.

Name 5'-3’ sequence

ORF3a-Gw-Fw

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGATTTGTTTATGAGAATCTTC

10.3389/fmicb.2023.1152249

Application

Subclone ORF3a into pPDONR221

ORF3a-Gw-Rev

GGGGACCACTTTGTACAAGAAAGCTGGGTTCAAAGGCACGCTAGTAGTCGT

Subclone ORF3a into pPDONR221

ORF3a-Gw-RevFlag

GGGGACCACTTTGTACAAGAAAGCTGGGTAGAATTCTCGACTATTTATCG

Subclone ORF3a-3xflag into pPDONR221

ORF7a-Gw-Fw

GGGGACAAGTTTGTACAAAAAAGCAGGCTATAATGAAAATTATTCTTTTCTTG

Subclone ORF7a into pDONR221

ORF7a-Gw-Rev

GGGGACCACTTTGTACAAGAAAGCTGGGTGTTCTGTCTTTCTTTTGAGTGTG

Subclone ORF7a into pDONR221

ORF7a-Gw-RevFlag

GGGGACCACTTTGTACAAGAAAGCTGGGTTTATTTATCATCATCATCTTTAT

Subclone ORF7a-3xflag into pPDONR221

FKS2-Sacl

CGATCCCGGGAACTATGACAGTTTAATAATTATTTATTG

Subclone FKS2 promoter into pAG413-lucCP*

FKS2-Smal CCGGCTAAAAATAAGATATCATACTAAAAATAAT

Subclone FKS2 promoter into pAG413-lucCP™

ATG8-Gw-NT-Fw

GGGGACAAGTTTGTACAAAAAAGCAGGCTTGAAGTCTACATTTAAGTCTGAATATC | Subclone ATGS8 into pDONR221

ATG8-Gw-NT-Rev

GGGGACCACTTTGTACAAGAAAGCTGGGTCTACCTGCCAAATGTATTTTCTCC

Subclone ATG8 into pDONR221

UBC6-Gw-NT-Fw

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGACCCTGAAGACAGAATACGC

Subclone UBC6 C-terminal TM domain into pPDONR221

UBC6-Gw-NT-Rev

CAAGCAGAAGACGGCATACGAGATACGAAAACGAACGGGATAAATAC

Subclone UBC6 C-terminal TM domain into pPDONR221

samples were taken at time point 0, the rest of the cells were washed
once with water and finally resuspended in starvation medium
(SD-N) for induction of autophagy. Samples were taken at the
indicated times and whole cell protein extracts prepared according
to (Kushnirov, 2000). GFP-Atg8 and free GFP were visualized
by western blotting and the bands quantified using the Image]
software. The relative amount of GFP-Atg8 cleavage was quantified
by determining the ratio (free GFP)/(GFP-Atg8 + free GFP).

Results

Overexpression of SARS-CoV-2 ORF3a
and ORF7a in yeast

The small proteins encoded by the SARS-CoV-2 ORF3a (275aa;
31kD) and ORF7a (12laa; 14kD) genes are important for an
efficient virus multiplication and egression from the host cell. When
overexpressed separately in human cells, they decrease viability by
20-30% (Lee et al,, 2021). The predicted topology indicates that
both accessory proteins can insert into biological membranes via
1 (ORF7a) or 3 (ORF3a) hydrophobic transmembrane domains
(Lee et al, 2021). Additionally, both proteins contain N- and
C-terminal soluble domains of variable length (Figure 1A). In
order to overexpress the ORF3a and ORF7a proteins in yeast,
we constructed a set of centromeric or high copy expression
plasmids containing C-terminal Flag- or GFP-fusion genes under
the control of the inducible GALI or the constitutive TDH3
promoters (Figure 1B). We used the galactose inducible plasmids
to verify the protein expression in transgenic yeast cell lines. As
shown in Figure 1C, both ORF3a and ORF7a were correctly and
stably overexpressed in yeast. Interestingly, while ORF7a protein
content was increased by the use of high copy vectors, the maximal
abundance of ORF3a was already achieved from single copy
expression vectors. In any case, for the functional analysis of both
small ORFs, we applied high copy constructs throughout the work.
We next tested how ORF3a and ORF7a overexpression affected cell
fitness in the yeast system by quantitative growth assays. We found
that the induced overexpression of both, ORF3a or ORF7a inhibited
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cell proliferation by about 20% (Figure 1D). These results indicated
that SARS-CoV-2 ORF3a and ORF7a proteins are significantly
interfering with proliferation when overexpressed in yeast cells.

Intracellular localization of SARS-CoV-2
ORF3a and ORF7a in yeast

We visualized the intracellular distribution of constitutively
overexpressed ORF3a-GFP and ORF7a-GFP fusion proteins by
confocal fluorescence microscopy. We found that both SARS-
CoV-2 small ORF proteins were targeted to distinct cellular
sub-compartments. ORF3a localized in all cells to the vacuolar
membrane (Figure 2). Additionally, ORF3a was detected in
intracellular deposits, whose number varied considerably from
cell to cell. We did not find ORF3a-GFP inside vacuoles,
which indicated that ORF3a specifically inserted in the vacuolar
membrane to exert its biological function.

ORF7a-GFP was visualized in yeast cells in an intracellular
diffuse/punctate structure, which resembled the endoplasmic
reticulum (ER). Therefore we created two-colored reporter yeast
strains, which combined the overexpression of ORF7a fused to
GFP or dsRed with red and green ER-marker proteins. To this end
we applied an N-terminal GFP-fusion with the Ubc6 ER-specific
membrane anchor and a C-terminal mCherry fusion of the ER
resident Kar2 (BiP) chaperone. In both combinations, we found
that the ORF7a and ER-marker signals largely coincided (Figure 3).
These results indicated that ORF7a targets predominantly the ER
in yeast cells, most likely by insertion into the ER membrane via its
C-terminal TM domain. We next addressed the question whether
overexpressed SARS-CoV-2 ORF7a caused ER damage. We used
different doses of the ER inhibitor tunicamycin in control and
constitutively ORF7a expressing yeast cells (Figure 3B). In this
assay, an increased susceptibility to tunicamycin in the presence
of ORF7a could identify an interference of this small ORF with
general ER functions. However, we only noticed a moderate
growth inhibition caused by ORF7a expression already upon
control conditions. The inhibitory effect of tunicamycin was not
further exacerbated in the overexpressor cell lines (Figure 3B). We
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FIGURE 1
Overexpression of the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) small accessory proteins ORF3a and ORF7a in yeast.
(A) Predicted topolgy of membrane inserted SARS-CoV-2 ORF3a and ORF7a. NT, N-terminal soluble domain; TM, trans membrane hydrophobic
domain; CT, C-terminal soluble domain. Numbers indicate the amino acids comprising each predicted domain. (B) Heterologous yeast expression
systems for the overexpression of differentially C-terminally tagged ORF3a and ORF7a proteins created in this work. CEN, centromeric plasmid; 2 .,
high copy plasmid; GAL1, galactose inducible GAL1 promoter; TDH3, constitutively active TDH3 promoter. (C) Immunological detection of
constitutively (left panel) and galactose-induced (right panel) expression of SARS-CoV-2 ORF3a-flag and ORF7a-flag fusion proteins in yeast whole
cell extracts. (D) Growth inhibition of SARS-CoV-2 ORF3a and ORF7a overexpression in yeast wild type cells. High copy, galactose-inducible
expression plasmids were used. Left panel: Continuous growth curve determination; right panel: Representation of the relative growth efficiency.
Growth of the empty plasmid control cells was set to 100% for glucose and galactose. Three independent biological samples were analyzed. Data
are mean + SD. *p < 0.05; **p < 0.01 (unpaired Student's t-test).
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) ORF3a localizes to the vacuolar membrane in yeast cells. ORF3a-GFP was
constitutively overexpressed in yeast wild type cells from high copy plasmids and visualized by confocal fluorescence microscopy. (A) Representative
examples of ORF3a-GFP intracellular distribution. Different z-stacks are represented as indicated. Red arrows mark an apparent vacuolar envelope
localization, yellow arrows mark a localization to round deposits for ORF3a. (B) ORF3a-GFP colocalization with the vacuolar membrane.

conclude that SARS-CoV-2 ORF7a inserts specifically into the yeast
ER membrane system without causing a detectable malfunction at
this organelle.

SARS-CoV-2 ORF3a and ORF7a interfere
with the autophagic flux via different
mechanisms

Autophagy is a major host cell function, which is often

modulated by viral accessory proteins. Having localized

Frontiers in Microbiology

SARS-CoV-2 ORF7a at the ER network, which is a principal
localization of emerging autophagosomes (Hollenstein and Kraft,
2020), and ORF3a at the vacuolar membrane, which is the final
destination of mature autophagosomes in yeast, we investigated,
whether the overexpression of both virus factors influenced the
process of autophagy in yeast cells. We first looked at the steady
state appearance of pre-autophagosomal and/or autophagosomal
structures by the visualization of GFP-Atg8 containing dots in
live yeast cells. Favorable growth conditions in the presence of
abundant fermentable sugars repress autophagy in yeast (Adachi
et al,, 2017). Therefore, in proliferating yeast populations, cells
normally do not contain detectable autophagosomal structures
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FIGURE 3

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) ORF7a localizes to the endoplasmic reticulum (ER) in yeast cells. (A) ORF7a-GFP or
ORF-7a-dsRed was constitutively overexpressed in yeast wild type cells from high copy plasmids and visualized by confocal fluorescence
microscopy. GFP-Ubc6 or BiP-mCherry were co-expressed as green or red ER markers. (B) ER localization of SARS-CoV-2 ORF7a does not confer a
general ER dysfunction. Constitutively ORF7a overexpressing yeast cells were treated or not with the indicated concentrations of ER inhibitor
tunicamycin. Upper panel: Continuous growth curves derived from three biological replicates. Lower panel: Representation of the relative growth
efficiency. Growth of the empty plasmid control cells was set to 100% for SD medium without tunicamycin. Three independent biological samples
were analyzed. Data are mean + SD.
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(Figure 4A). However, when SARS-CoV-2 small ORFs 3a or
7a were overexpressed, in the majority of the cells one or two
GFP-Atg8 associated dots could be visualized. Thus, both SARS-
CoV-2 accessory proteins increased the number of cytosolic
autophagosomal structures in yeast, which in principal could be
the consequence of either an enhanced formation or a reduced
processing of autophagosomes.

Autophagic clearance of cellular components and waste
becomes essential in yeast upon starvation conditions. We
therefore tested whether the overexpression of ORF3a or ORF7a
limited the survival of yeast cells during nutrient starvation
conditions by quantifying the growth efficiency after a prolonged
incubation upon nitrogen starvation. As shown in Figure 4B, both
the accumulation of ORF3a and ORF7a, had a significant negative
effect on the fitness of yeast during nitrogen starvation. These
results suggested that both viral accessory proteins manipulated
the autophagic process in a physiological manner. In order to
quantify the effect of ORF3a and ORF7a on autophagic processing,
we immunologically measured the quantity of digested GFP-Atg8
protein in the vacuole by the appearance of free GFP (Araki
et al,, 2017). As shown in Figure 5, induction of autophagic GFP-
Atg8 cleavage by starvation is readily quantified in yeast control
cells. The overexpression of ORF3a significantly decreased the
GFP-Atg8 autophagic processing, indicating that ORF3a, once
localized at the yeast vacuolar membrane, impairs here the fusion
and final processing of autophagosomes. In the case of ORF7a
overexpression, we observed a significant stimulation of basal and
induced autophagic GFP-Atg8 cleavage (Figure 5). These findings
suggest that both SARS-CoV-2 small ORFs efficiently interfere
with yeast autophagic flux, ORF7a by stimulating autophagosomal
formation at the ER and ORF3a by decreasing vacuolar processing
of autophagosomes.

SARS-CoV-2 ORF3a alters Cat
homeostasis in yeast

The purification and functional reconstitution of the SARS-
CoV-2 ORF3a protein has recently suggested that this viral protein
could act as a non-specific, Ca?t permeable, ion channel in host
cells (Kern et al.,, 2021). Our results localize ORF3a at the vacuolar
membrane in transfected yeast cells. Since the vacuoles accumulate
>90% of the cellular calcium and thus are the major Ca** storage
compounds in yeast (Cunningham and Fink, 1994), we set out to
investigate whether SARS-CoV-2 ORF3a modulated the Ca?* flux
at vacuoles in vivo. First, we determined the tolerance of yeast cells
to different externally added Ca?* doses in the presence or absence
of overexpressed ORF3a by quantitative growth assays. As depicted
in Figure 6A, the constitutive overexpression of SARS-CoV-2
ORF3a in yeast wild type cells caused a mild growth delay upon
normal growth conditions. Interestingly, we observed a significant
improvement of growth upon high Ca’?* concentrations in the
presence of overexpressed ORF3a. The evolutionarily conserved
calmodulin-calcineurin signaling pathway is responsible in yeast to
adjust intracellular Ca?T homeostasis (Thewes, 2014; Park et al.,
2019). Its central protein phosphatase calcineurin is activated by
elevated cytosolic Ca?* concentrations and orchestrates cellular
stress responses, which include stimulated Ca?* transport in order
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to adapt to Ca>* overload. We hypothesized that Ca>* tolerance in
the ORF3a overexpressing yeast cells could be caused by activation
of the calmodulin-calcineurin signal transduction pathway. To test
this hypothesis, we overexpressed SARS-CoV-2 ORF3a in a cnbl
mutant lacking the function of the calcineurin B subunit of the
calcineurin complex. We found that in the absence of calcineurin
signaling the overexpression of ORF3a inhibited proliferation more
strongly already upon normal Ca* conditions, which was further
exacerbated by increasing external Ca?t addition (Figure 6B).
These data suggested that SARS-CoV-2 ORF3a caused Ca’™
leakage from yeast vacuoles, which stimulated an adaptive response
via the calmodulin-calcineurin pathway (Figure 6C). To further
test this model, we sought to measure the expression levels of Ca®*-
calmodulin-calcineurin regulated target genes in the presence or
absence of ORF3a. One of the most sensitively Ca>* up-regulated
target genes is the FKS2 gene encoding a catalytic subunit of
1,3-beta-glucan synthase at the cell membrane (Stathopoulos and
Cyert, 1997). In order to create a Ca®* sensitive live cell reporter,
we fused the FKS2 upstream control region with a destabilized
version of firefly luciferase. The resulting FKS2-luciferase reporter
was indeed efficient to detect Ca?T stimulated gene expression in
live yeast cells (Figure 6D). We finally overexpressed SARS-CoV-
2 ORF3a in yeast wild type cells harboring the FKS2-luciferase
reporter. As shown in Figures 6, a significantly elevated luciferase
activity was consistently found in different ORF3a overexpressing
yeast cell lines, indicating that SARS-CoV-2 ORF3a activated Ca®*
dependent gene expression most likely by promoting Ca>* leakage
from the vacuole.

Discussion

Budding yeast is an attractive model system to study virus
host cell interactions by the heterologous expression of virulence
factors (Zhao, 2017). This approach, however, can only discover
meaningful insights in cases where the viral proteins target
cellular processes, which are evolutionarily conserved enough
to simulate the virus-host interaction in a simple yeast cell.
For example, several viruses manipulate the host cell cycle or
programmed cell death pathways in a way to maximize cellular
resources for their own reproduction (Swanton and Jones, 2001;
Hay and Kannourakis, 2002). Both cell cycle and apoptosis,
are important targets for virulence factors, which have been
successfully studied in budding and fission yeast models for human
viruses such as HIV-1, human papilloma virus or Zika virus
(Macreadie et al., 1995; Zhao et al., 1996; Fournier et al., 1999; Li
et al,, 2017). Here we show that SARS-CoV-2 accessory proteins
ORF3a and ORF7a, when expressed in budding yeast cells, are
stable, correctly localized to discrete membrane compartments
and display defined biological functions in autophagy and calcium
homeostasis. Autophagy is evolutionarily highly conserved from
fungi to humans, and provides virus-infected cells with an innate
defense mechanism by selectively clearing virions or individual
viral proteins or genomes via lysosomal degradation (Deretic
et al, 2013). Furthermore, in the specific case of B-coronavirus
propagation, the virus hijacks and exploits the lysosomal exocytosis
pathway for its own egression and spreading from the host cell
(Ghosh et al,, 2020). Thus, efficient SARS-CoV-2 propagation
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Overexpression of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) ORF3a and ORF7a leads to accumulation of Atg8-positive
autophagosomes and sensitivity to starvation. (A) The formation of autophagosomal structures was visualized by the expression of GFP-tagged Atg8
in yeast wild type cells in the absence (empty vector control) or the presence of constitutively overexpressed Orf3a-flag or Orf7a-flag as indicated.
Cells were grown to exponential phase in SD medium or incubated over night in SD-N medium for starvation induction. Representative micrographs
are shown for each genetic background and treatment. (B) SARS-CoV-2 ORF3a (upper panel) and ORF7a (lower panel) were constitutively
overexpressed as flag fusion proteins in yeast wild type cells and the growth continuously monitored in SD medium. Cells were either directly diluted
from SD medium (-starvation) or after 3 days in SD-N medium (+starvation). Control cells contain the empty plasmid. Right panels: Representation
of the relative growth efficiency. Growth of the non-starved cells was set to 100%. Three independent biological samples were analyzed. Data are
mean + SD. P-values indicate significant differences between control and overexpressor cells according to the unpaired Student's t-test.

depends on the simultaneous stimulation of autophagosome
formation and inhibition of autophagosome maturation and
lysosomal degradation (Chen and Zhang, 2022). We show that
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the SARS-CoV-2 accessory proteins ORF3a and ORF7a play
complementary roles to achieve this dysfunction of the autophagy
process. ORF3a targets specifically the vacuolar membrane in
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GFP-Atg8. GFP-tagged Atg8 was constitutively expressed in yeast cells in the presence or absence (control) of ORF3a or ORF7a. (A) Immunological
detection of full length GFP-Atg8 or proteolytically cleaved GFP before and during starvation in SD-N medium. (B) Representation of the relative
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significant differences between control and overexpressor cell lines.

yeast, from where it causes the accumulation of autophagosomal
structures by impairing their final degradation at vacuoles. This
function is analogous to what has been found in human cells,
where ORF3a localizes to the late endosome/lysosomes, the
functional homolog of yeast vacuoles, and increases the number
of cytosolic autophagosomal vesicles (Miao et al., 2021). This
is due to the capacity of SARS-CoV-2 ORF3a to interact with
the HOPS component Vps39 and thereby block the fusion of
lysosomes with autophagosomes via the Stx17/Snap29/Vamp8
SNARE complex (Miao et al, 2021; Zhang et al, 2021). We
assume that this specific function also occurs in yeast cells
because the vacuolar HOPS complex is highly conserved in
fungi (Balderhaar and Ungermann, 2013). Interestingly, the
interaction of ORF3a with the HOPS Vps39 subunit seems to
represent a recent gain of function of this accessory protein,
because it is absent in the SARS-CoV-1 counterpart (Chen
et al, 2021; Miao et al, 2021) and thus might not be the
ancestral function of Coronavirus ORF3a proteins. Additionally,
SARS-CoV ORF3a proteins form a sophisticated structure at
membranes, where a homodimeric complex with a total of six
transmembrane domains has a predicted non-selective Ca®*
permeable cation channel activity (Kern et al, 2021). This is
a complexity that would probably not be necessary if the sole
function of ORF3a was to present an interfering domain for
Vps39 interaction at lysosomes/vacuoles. Here we present several
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evidences that SARS-CoV-2 ORF3a disturbs Ca?™ homeostasis in
yeast, because its overexpression causes Ca’* resistance dependent
on calcineurin/calmodulin signaling and activates a cytosolic Ca**
sensitive reporter. Given the selective localization of ORF3a at
the vacuolar membrane, this suggests that SARS-CoV-2 ORF3a
causes Ca2t leakage from the vacuole, which stimulates Ca?t
homeostatic adaptation through calcineurin. Therefore, SARS-
CoV-2 ORF3a might indeed be a bona fide viroporin with Ca?*
channel activity in vivo, which yet has to be confirmed in human
cells. Several viroporins from other viruses have been shown
to manipulate Ca?" homeostasis for the benefit of their own
multiplication (Nieva et al., 2012). Specifically, it is well-known for
some viroporins that their Ca?T release function is aimed at the
stimulation of autophagy via activation of Ca?*/calmodulin and
the AMP-activated protein kinase AMPK (Crawford et al., 2012;
Crawford and Estes, 2013; Tokumitsu and Sakagami, 2022). An
exciting hypothesis could be that SARS-CoV-2 ORF3a might have
evolved as a dual function autophagy modulator, (i) stimulating
autophagy indirectly via Ca?* release from vacuoles/lysosomes
and (ii) inhibiting directly the processing of autophagosomes at
vacuoles/lysosomes by interfering with SNARE complex binding.
Additionally, the release of lysosomal calcium might be the
trigger SARS-CoV-2 ORF3a uses to induce the previously reported
entry into apoptotic cell death programs (La Rovere et al., 20165
Ren et al., 2020).
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FIGURE 6

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) ORF3a modulates intracellular Ca?* homeostasis in yeast. (A) ORF3a confers Ca2*
tolerance in yeast wild type cells. Upper panel: Growth of constitutively ORF3a overexpressing or control cells in SD medium with the indicated
Ca®* concentrations. Lower panel: Representation of the relative growth efficiency. Growth of the control cells without addition of Ca?* was set to
100%. (B) ORF3a confers Ca2* sensitivity in yeast cnbl mutants defective for calcineurin signaling. Experimental procedure same as in (A). Three
independent biological samples were analyzed. Data are mean + SD. (C) Experimental model connecting ORF3a mediated Ca?™ efflux and its
detection by the FKS2-luciferase live cell reporter. (D) The FKS2-lucCP* reporter is activated by Ca?* in a dose-dependent manner. Yeast wild type
cells harboring the FKS2-luciferase reporter plasmid were grown in SD medium and the indicated Ca2*t doses added at time point 0. The luciferase
activity was determined continuously by the light emission from live cell populations. Data are mean values from three biological replicates.

(E) Constitutively overexpressed ORF3a activates the Ca®™" sensitive FKS2-luciferase reporter. Three different ORF3a overexpressing yeast cell lines
were compared to control cells. Three biological replicates were analyzed. Data are mean =+ SD. (A,B,E) p-values indicate significant differences
between control and overexpressor cells according to the unpaired Student's t-test; ***p < 0.001; ****p < 0.0001.
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Severe acute respiratory syndrome coronavirus-2 ORF7a
contributes yet other pro-autophagic functions, which in
combination with the ORF3a functions might lead to a multi-
functional and optimized induction of incomplete autophagy in the
host cell. SARS-CoV-2 ORF7a is targeted to yeast ER membranes
by just one transmembrane domain. Specificity of SARS-CoV-2
ORF7a localization might be conferred by an N-terminal 15aa
cleavable signal peptide and a C-terminal ER retention sequence
KRKTE originally identified in SARS-CoV-1 (Fielding et al., 2004).
The ORF7a localization reported here in yeast host cells is in
agreement with the finding that SARS-CoV-2 ORF7a is directed
to the ER and Golgi apparatus in human cells (Zhang et al,
2020; Lee et al, 2021). Here we report a stimulating function
of SARS-CoV-2 ORF7a on the formation of Atg8 containing
autophagosomes, which are probably derived from the ER. On
the other hand, we find that ORF7a overexpression leads to
sensitivity upon starvation conditions, probably indicating that
autophagy is not efficient in the presence of ORF7a, although the
mechanisms leading to this deficiency are yet to be determined. The
induction of several internal vesicles in the host cell is crucial for
SARS-CoV-2 replication and egression. The induction of double
membrane-coated vesicles (DMVs) from the ER is an important
mechanism for coronaviruses to provide host cell vehicles for
their genome replication and protection from immune defenses
(Reggiori et al, 2010; Wolff et al,, 2020). Additionally, primary
lysosomes originating at the Golgi apparatus and receiving enzyme
precursors from the ER, are inhibited and hijacked for the proper
egression of the virus (Ghosh et al, 2020). Thus, SARS-CoV-2
ORF7a might play a role in the latter process together with ORF3a,
whose inhibition of vesicle fusion with vacuoles/lysosomes would
further enhance the possibilities of the virus to egress and spread
via the induction of lysosomal exocytosis (Chen et al., 2021; Solvik
et al., 2022). Our work shows that SARS-CoV-2 accessory proteins
can be functionally studied in yeast cells to gain insights into their
biological functions, in the case reported here, by manipulating
autophagic processes between different membrane compartments
with the participation of Ca>* homeostasis.
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