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Abstract

Severe Acute Respiratory Syndrome (SARS) emerged in November 2002 as a case of
atypical pneumonia in China and the causative agent of SARS was identified as a
novel coronavirus, severe acute respiratory syndrome coronavirus (SARS-CoV).
Bone marrow stromal antigen 2 (BST-2; also known as CD317 or tetherin) was
initially identified as a pre-B-cell growth promoter but also inhibits the release of
the retrovirus human immunodeficiency virus type 1 (HIV-1) virions by tethering
budding virions to the host cell membrane. Further work has shown that BST-2
restricts the release of many other viruses, including the human coronavirus hCoV-
229E, and many of these viruses encode BST-2 antagonists to overcome BST-2
restriction. Given the previous studies on BST-2, we aimed to determine if BST-2 has
the ability to restrict SARS-CoV and if SARS-CoV encodes any proteins that modulate
BST-2’s anti-viral function. Through an in vitro screen we identified four potential
BST-2 modulators encoded by SARS-CoV: PLpr, nspl, ORF6, and ORF7a. As the
function of ORF7a in SARS-CoV replication was previously unknown, we focused our
study on ORF7a. We found that BST-2 does restrict SARS-CoV, but the loss of ORF7a
leads to a much greater restriction, confirming the role of ORF7a as an inhibitor of
BST-2. We further characterized the mechanism of BST-2 inhibition by ORF7a and
found that ORF7a localization changes when BST-2 is overexpressed and ORF7a
binds directly to BST-2. Finally, we also show that SARS-CoV ORF7a blocks the

restriction activity of BST-2 by blocking with the glycosylation of BST-2.
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Importance

The severe acute respiratory syndrome coronavirus (SARS-CoV) emerged from
zoonotic sources in 2002 and caused over 8000 infections and 800 deaths in 32
countries around the world. Identifying host factors that regulate SARS-CoV
pathogenesis is critical to understanding how this lethal virus causes disease. We
have found that BST-2 is capable of restricting SARS-CoV release from cells,
however we also identified a SARS-CoV protein that inhibits BST-2 function. We
show that the SARS-CoV protein, ORF7a, inhibits BST-2 glycosylation leading to loss

of BST-2’s anti-viral function.

Introduction

Severe acute respiratory syndrome coronavirus (SARS-CoV) was identified as the
causative agent of a 2003 outbreak of severe respiratory disease in the Guangdong
province of China resulting in 8096 cases, with 774 deaths, across 29 countries(1, 2).
SARS-CoV is an enveloped virus with a positive-sense, single stranded RNA genome
of roughly 30,000 nucleotides, encoding four structural proteins: spike (S), envelope
(E), membrane (M), and nucleocapsid (N)(3). N protein forms the nucleocapsid,
while E and M are minor virion membrane proteins. SARS-CoV entry into the cell is
mediated by S protein binding to angiotensin-converting enzyme 2 (ACE2) on the
cell surface(4). In addition to the structural proteins, SARS-CoV encodes several
non-structural and accessory proteins that promote SARS-CoV replication and
virulence(5). Some of the non-structural and accessory proteins function as outside

of replication as type-I interferon antagonists(6-8).
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ORF7a is a SARS-CoV encoded accessory protein that is composed of a type I
transmembrane protein that localizes primarily to the Golgi but can be found on the
cell surface (9, 10). SARS-CoV ORF7a overlaps ORF7b in the viral genome where
they share a transcriptional regulatory sequence (TRS). ORF7a has a 15 amino acid
(aa) N-terminal signal peptide, an 81 aa luminal domain, a 21 aa transmembrane
domain and a 5 aa cytoplasmic tail (9, 10). To investigate the role of ORF7a in SARS-
CoV replication, an ORF7ab deletion virus was produced that replicated to similar
titer as wildtype SARS-CoV in vitro and in vivo(10-12). Characterization of ORF7a in
vitro demonstrated ORF7a-dependent induction of apoptosis in a caspase-
dependent pathway(13-15). Analysis of ORF7a evolution during the SARS-CoV
outbreak identified several residues in ORF7a that were under positive selection as
SARS-CoV evolved during transmission from bat to palm civet to humans(16). These
data suggest that ORF7a is vital for SARS-CoV biology and has a yet unidentified role
in pathogenesis and disease.

Bone marrow stromal antigen 2 (BST-2; also known as CD317 or tetherin)
was initially identified as a pre-B-cell growth promoter(17, 18). However, BST-2 is
also a marker of type-I interferon producing cells (IPC) and is broadly expressed in
many cell types when treated with type-I interferon(19). BST-2 has an unusual
structure, with an N-terminal transmembrane domain and a C-terminal
glycosylphosphatidylinositol (GPI) anchor and two N-linked glycosylation sites in its
extracellular domain and exists as a disulfide-linked homodimer(20, 21). BST-2
traffics through the endoplasmic reticulum (ER) and Golgi, eventually localizing to

the surface and trans-Golgi network(20). Studies have shown evolutionary
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conservation in three major surface patches of BST-2, near each of the two N-linked
glycosylation sites and in the C-terminal region(22).

The anti-viral effect of BST-2 was first identified when it was shown that
BST-2 inhibits the release of the retrovirus human immunodeficiency virus type 1
(HIV-1) virions by directly tethering budding virions to the host cell. BST-2 also
restricts the release of many other viruses, including alphaviruses, arenaviruses,
herpesviruses, paramyxoviruses and other retroviruses(23-26). BST-2 is thought to
restrict virus release by physically tethering the budding enveloped virion to the
plasma membrane(27) and a number of mechanism models have been proposed (28,
29). All of the BST-2 restriction models predict that BST-2 functions as a dimer,
interfacing through ectodomains that incorporate into both the viral envelope and
plasma membrane, however models vary in regards to the orientation of the GPI
anchor and transmembrane domain. BST-2 has not been shown to interact with any
specific viral surface protein, but rather functions as an embedded inter-membrane
physical tether. Therefore, BST-2 is thought to be able to restrict any membrane-
budding enveloped virus(28, 29). Previous studies have shown that the ability to
form cysteine-linked dimers is necessary for BST-2 function, while conflicting
results concerning the importance of the N-linked glycosylation have been
reported(29, 30). More recently, it has been suggested that BST-2 is a virus sensor
during HIV-1 infection and induces a proinflammatory response through NFkB(31).

Given the lack of virus specificity in BST-2 restriction, numerous viruses
encode BST-2 antagonists to allow release of virions. The first such antagonist was

identified as HIV-1 accessory protein Vpu (27). HIV-1 Vpu binds BST-2 and causes f3-
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TrCP2-dependent degradation of BST-2 and efficient release of HIV-1 virions,
although it is not clear whether degradation occurs in the lysosome or
proteasome(32-34). Other viral antagonists of BST-2 include Chikungunya virus
nspl, ebolavirus GP1,2, herpes simplex virus GP M, HIV-2 envelope glycoprotein,
Sendai virus glycoproteins, and simian immunodeficiency virus (SIV) nef and
envelope glycoproteins(23-26, 35-38). HIV-2 and SIV are closely related to HIV-1,
however, the envelope glycoproteins from HIV-2 and SIV antagonize BST-2 by
sequestration within the trans-Golgi network rather than degradation, suggesting
that different mechanisms of BST-2 antagonism exist for different viruses, even
within the same virus genus(35, 36). Another example is Ebolavirus GP1,2 which
antagonizes BST-2 through an unknown mechanism that does not involve surface
removal but still leads to BST-2 functional inhibition(39).

Unlike many enveloped viruses, which bud from the cell plasma membrane,
coronaviruses bud in the ER-Golgi intermediate compartment (ERGIC) and are
transported to the plasma membrane inside vesicles(40). However, it has recently
been shown that BST-2 restricts release to human coronavirus (hCoV)-229E,
suggesting that BST-2 can also restrict viruses that bud in the ERGIC and then are

released from the cell via vesicle fusion(37).

In this study we found that BST-2 restricts SARS-CoV virion egress by
tethering virions to the plasma membrane. We also identified several SARS-CoV
proteins that are putative modulators of BST-2 function. Focusing on ORF7a, we

found that ORF7a directly binds BST-2 and when co-expressed with BST-2, ORF7a
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localizes to the plasma membrane, rather than the ER and Golgi. Additionally, we
demonstrate that the interaction of ORF7a and BST-2 results in inhibition of BST-2
glycosylation leading to a reduced tethering function in cells and subsequent loss of
BST-2 anti-viral function. Together, these data indicate a novel role for SARS-CoV
ORF7a as an inhibitor of BST-2, as well as reveal a novel mechanism for altering the

function of BST-2.

Materials and Methods

Viruses and cells. icSARS-CoV and icSARS-ORF7abA-CoV were constructed as
previously described(41, 42). All virus stocks were stored at -80°C until ready to use.
Vero E6 cells were purchased from ATCC (catalog number CRL-1586; Manassas, VA)
and were grown in minimal essential medium (MEM) (Invitrogen, Carlsbad, CA)
with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA), 2mM L-
Glutamine (Life Technologies, Grand Island, NY), and 1% penicillin/streptomycin
(Gemini Bioproducts, West Sacramento, CA). HEK293T cells were grown in
Dulbecco’s minimal essential medium (DMEM) (Invitrogen, Carlsbad, CA) with 10%
fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA), 2mM L-Glutamine
(Life Technologies, Grand Island, NY), and 1% penicillin/streptomycin (Gemini
Bioproducts, West Sacramento, CA). HEK293T ACE2 cells were a gift from David
Wentworth (] Craig Venter Institute) and were grown in HEK293T media

supplemented with 1mg/mL G418 (Corning, Manassas, VA).
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Plasmids. We received BST-2/Flag in pCAGGS as a gift from Sina Bavari(24). We
received ORF7a-Fc as a gift from Andrew Pekosz. The ORF3a, ORF3b, ORF6, ORF7a,
ORF8a, S, E, Membrane, N, and PLp, SARS-CoV plasmids were produced from
previous work(6, 7). The nonstructural proteins were cloned into the CAGGS/GFP
(green fluorescent protein) or CAGGS/HA (Hemagglutinin) vector for expression in
HEK293T cells as previously described(7). Amplicons were produced using the
primers shown in (Table 1). For each construct, an ATG start codon was added as
the first codon but no stop codon was included at the 3’ terminus of each ORF.
Rather, an HA or GFP tag was fused in frame to each ORF. The amplicons and vector
were digested with EcoRI/Xmal fragments for cloning, and all constructs were

verified by sequence analysis.

SARS-CoV growth curve. HEK293T/hACE2 cells were plated in a 24 well plate and
grown overnight at 37°C. Cells were transfected with 2 ul of Lipofectamine LTX
(Invitrogen, Carlsbad, CA) and 700 ng of BST-2 Flag in pCAGGS, ORF7a-HA or
MISSION pLKO.1-puro non-mammalian shRNA control plasmid (Sigma-Aldrich, St.
Louis, MO) according to the manufacturers’ instructions. For the glycosylation
mutant  experiments, = pCR3.1-EXN-tetherin-HA(463) and  pCR3.1-EXN-
tetherin(N65A/N92A)-HA(463) were kindly provided by Dr Paul Bieniasz(29). 24
hours post-transfection, HEK293T ACE2 cells were infected with icSARS-CoV or
icSARS-GFP-CoV at a multiplicity of infection (MOI) of 0.1. Supernatant was taken at

12, 24, and 36 hours post-infection to measure SARS-CoV titer by plaque assay on
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Vero E6 cells. Supernatant and cell lysate was also analyzed by Western blot. The
growth curve experiments were repeated twice with an n of 6 for each sample.
SARS-CoV RNA products of replication were assessed by RT-PCR. RNA from
cells infected with SARS-CoV for 24 hours was isolated using Trizol® reagent
(Ambion) according to the manufacturers’ instructions. RNA was converted to cDNA
using RevertAid RT-PCR (Thermo Scientific) according to the manufacturers’
instructions and treated with RNase H (New England Biolabs) according to the
manufacturers’ instructions. Levels of SARS-CoV ppla (forward primer:
GCCGTAGTGTCAGTATCATCACCG; reverse primer:
AATAGGACCAATCTCTGTAAGAGCC) and N protein mRNA (forward primer:
CTCTTGTAGATCTGTTCTCTAAACGAAC; reverse primer:
TTACTGTACTAGCAAAGCAATATTGTCG) were quantified using Sybr® green PCR
master mix (Applied Biosystems) according to the manufacturers’ instructions and a
7500 fast Dx real-time PCR instrument (Applied Biosystems). Levels of SARS-CoV
RNA were quantified using the AACt method. Means and standard deviations were

calculated from 3 independent infections.

Electron Microscopy. Vero E6 cells were plated in a 24 well plate and grown
overnight at 37°C. Cells were transfected using Lipofectamine LTX (Invitrogen,
Carlsbad, CA) with BST-2 Flag in pCAGGS or MISSION pLKO.1-puro non-mammalian
shRNA control plasmid (Sigma-Aldrich, St. Louis, MO) according to the
manufacturers’ instructions. 24 hours post-transfection, Vero cells were infected

with icSARS-CoV or icSARS-GFP-CoV at an MOI of 10. At 24 hours post-infection cells
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were fixed and analyzed by electron microscopy. For conventional ultrastructural
investigations, infected VERO E6 cells were fixed with 2.5% Glutaraldehyde (E.M.
Sciences, Warrington, PA) at 24 hours post-infection. After fixation for 72 hours, the
preserved cells were post-fixed in 1.0% Osmium Tetroxide (E.M. Sciences), en bloc
stained with 2.0% Uranyl Acetate, dehydrated in a series of graded ethanol, and
infiltrated and embedded in Spurr plastic resin (Tousimis Research, Rockville, MD).
Embedded blocks were sectioned using a Leica UC7 Ultramicrotome, collected thin-
sections were mounted on 200 mesh copper grids, contrasted with Lead Citrate, and
subsequently viewed at 80 kV with a FEI Tecnai Twin Transmission Electron

Microscope. The scale bar shown on Figure 2 is 500nm.

BST-2:SARS-CoV accessory protein co-transfections. HEK293T cells were
transfected with 500 ng total DNA using Lipofectamine LTX (Invitrogen, Carlsbad,
CA) according to the manufacturers’ instructions. 100 ng of BST-2 Flag in pCAGGS,
200 ng or 400 ng of GFP- or HA-tagged SARS-CoV proteins, and MISSION pLKO.1-
puro non-mammalian shRNA control plasmid (Sigma-Aldrich, St. Louis, MO) were
co-transfected into HEK293T cells. After 18 hours of expression, cells were lysed in
lysis buffer (20 mM Tris-HCL [pH 7.6], 150 mM NacCl, 1% NP-40, 0.5% SDS, 5 mM
EDTA, 1 protease inhibitor tablet). Lysate was combined with 2X Laemmli Sample
Buffer (Bio-Rad, Hercules, CA) before boiling and electrophoresis using Mini-
PROTEAN TGX Gels (Bio-Rad, Hercules, CA). Protein expression was assessed using
rabbit anti-HA antibody (Sigma-Aldrich, St. Louis, MO), rabbit anti-GFP antibody

(Sigma-Aldrich, St. Louis, MO), mouse anti-Flag M2 antibody (Sigma-Aldrich, St.
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Louis, M0), and mouse anti-B-tubulin antibody (Sigma-Aldrich, St. Louis, MO). For
inhibition experiments cells were transfected as above and four hours post-
transfection, media was removed and replaced with 20 nM Concanamycin A (Sigma-
Aldrich, St. Louis, MO) or 500 nM MG-132 (Sigma-Aldrich, St. Louis, MO). Cell lysate
was collected after 18 hours of drug treatment. For time course experiments HEK-
293T were transfected with 500 ng of ORF7a or control plasmid using
Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to the manufacturers’
instruction. After 6 hours of expression, media was replaced with fresh HEK293T
media. 22 hours post-transfection, cells were transfected with 500 ng of DNA, 100
ng of BST-2 plasmid and 400 ng control plasmid, using Lipofectamine LTX
(Invitrogen, Carlsbad, CA) according to the manufacturers’ instruction. Cell lysate
was collected as described above at 4, 8, 12, and 16 hours after the second
transfection. Expression was analyzed as described above. Deglyosylation was
performed using Glycopeptidase F (Takara, Mountain View, CA) according to the
manufacturer’s instructions for deglycosylating denatured proteins. The ratio of
glycosylated to unglycosylated was calculated by measuring density of the bands
with Image] (National Institute of Mental Health, Bethesda, MD). All of the

transfection experiments were repeated at least two times.

Anti-Flag immunoprecipitations. HEK293T cells were transfected with 1000 ng
total DNA using Lipofectamine LTX (Invitrogen, Carlsbad, CA). 500 ng of Flag-tagged
BST-2 and 500 ng of SARS PLpr-GFP, nsp1-GFP, ORF6-GFP, or ORF7a-HA or

MISSION pLKO.1-puro non-mammalian shRNA control plasmid (Sigma-Aldrich, St.

11
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Louis, MO) was co-transfected into HEK293T cells. After 18 h of expression, cells
were lysed in lysis buffer (20 mM Tris-HCL [pH 7.6], 150 mM NacCl, 1% NP-40, 0.5%
SDS, 5 mM EDTA, 1 protease inhibitor tablet), the extract was centrifuged for 10 min
at 4°C, and the supernatant was removed. EZ View Red Anti-Flag M2 Affinity Gel
beads (catalog number F2426; Sigma, St. Louis, MO) was added to each extract and
rotated overnight at 4°C. The extract was then washed twice with lysis buffer and
eluted using 0.1 M Glycine (pH 3.5). The elution was combined with 2X Laemmli
Sample Buffer (Bio-Rad, Hercules, CA) before boiling and electrophoresis using
Mini-PROTEAN TGX Gels (Bio-Rad, Hercules, CA). Protein levels were assessed using
rabbit anti-HA antibody (Sigma-Aldrich, St. Louis, MO) and mouse anti-Flag M2
antibody (Sigma-Aldrich, St. Louis, MO). Co-immunoprecipitation experiments were

performed twice.

Confocal microscopy. HEK293T cells were seeded onto microscope cover glass
(Fisher Scientific, Pittsburg, PA) pre-treated with fibronectin (Sigma-Aldrich, St.
Louis, MO) for 30 minutes. HEK293T cells were transfected with 500 ng total DNA
using Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to the manufacturers’
instructions. 250 ng of BST-2 Flag in pCAGGS, ORF7a-HA, and/or MISSION pLKO.1-
puro Non-Mammalian shRNA Control Plasmid (Sigma-Aldrich, St. Louis, MO) were
transfected. At 24 hours posttransfection, cells were fixed with 4% formaldehyde
overnight at 4°C, then incubated in cold PBS for 10 minutes at room temperature
(RT). Each sample was permeabilized with permeabilization buffer (phosphate-

buffered saline [PBS], 0.1% Triton X-100, 0.5% bovine serum albumin (BSA)) for 15

12
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minutes at RT and then blocked for 5 minutes using blocking buffer (PBS, 5% BSA).
The cells were washed using wash buffer (PBS, 1% BSA, 0.05% NP40) and then
stained for protein expression. Primary antibodies used were rabbit anti-HA
antibody (Sigma-Aldrich, St. Louis, MO) and mouse anti-Flag M2 antibody (Sigma-
Aldrich, St. Louis, MO). Cells were incubated with primary antibodies diluted in
antibody dilution buffer (PBS, 1% BSA, 0.05% NP40, 2% normal goat serum) for 45
minutes at RT. Cells were washed three times with wash buffer and then incubated
while rocking for 30 minutes at room temperature with goat anti-rabbit IgG
conjugated with AMCA (Vector Laboratories, Burlingame, CA) and/or horse anti-
mouse conjugated with Texas Red (Vector Laboratories, Burlingame, CA). Cells were
then washed with wash buffer 3 times and a final time with PBS for 30 minutes at
RT. For the ORF7a localization experiments the endoplasmic reticulum (ER) was
stained with Concanavalin A, Alexa Fluor® 594 Conjugate (Invitrogen, Carlsbad, CA)
and the Golgi was stained with BODIPY TR Ceramide complexed to BSA (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. The coverslips were
then mounted on slides using VECTASHIELD Hard Set Mounting Medium with DAPI
(Vector Laboratories, Burlingame, CA). Slides were analyzed by confocal microscopy
using a Zeiss LSM 510 microscope. Images were collated and adjusted using Image]

(National Institute of Mental Health, Bethesda, MD).

Flow Cytometry.

13
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For experiments to determine BST-2 surface expression, HEK293T cells were
transfected as above with BST-2 and ORF7a. After 18 hours of expression cells were
washed with PBS and dissociated with 0.05% Trypsin-EDTA (1X), phenol red
(Invitrogen, Carlsbad, CA). Cells were washed in HEK293T media to inactivate the
Trypsin and were resuspended in FACS buffer (PBS with 1% fetal bovine serum)
and stained for 20 minutes with APC anti-human CD317 Clone RS38E (Biolegend,
San Diego, CA) or control Mouse IgG; APC (Becton Dickinson, Franklin Lakes, NJ).
Cells were then washed, resuspended in FACS buffer, and analyzed on a LSRII flow
cytometer (Becton Dickinson, Franklin Lakes, NJ). Data was analyzed using Flowjo
(Tree Star, Ashland, OR).

For experiments to determine mutant BST-2 surface expression, 293T cells
were plated 250,000 per well in 6-well plates, grown overnight at 37°C with 5% CO>
and then transfected with 1 ug of each DNA (empty vector, empty vector + WT BST2,
empty vector + mt BST2, empty vector + ORF 7a, WT BST2 + ORF 7a, mt BST2 + ORF
7a). All following steps were performed at room temperature. At twenty-four hours
after transfection, cells were harvested using Cell Dissociation Buffer (Invitrogen).
Duplicate transfected wells were pooled and samples transferred to a 96-well plate.
Cells were pelleted at 2000 rpm for 2 minutes, fixed in 4% paraformaldehyde for 5
minutes, then washed with 10%FBS/PBS and pelleted as above. Samples were
divided into 2 aliquots then blocked with 10%FBS/PBS, or blocked/permeabilized
with 10% saponin in 10%FBS/PBS for 30 minutes. Cells were pelleted as above and
incubated in primary antibodies for 1 hour (HA antibody, Sigma H6908 and FLAG

antibody, Sigma F3165, 1:1000). Cells were washed 2 times with 10%FBS/PBS and
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pelleted as above. Secondary antibodies (FITC anti-rabbit, Vector Labs and Alexa
405 anti-mouse, ThermoFisher, 1:1000) were added to cells and incubation was 1
hour, followed by washing and pelleting as above. Cells were resuspended in PBS
and cell surface localization as well as total cell expression of BST2 and ORF 7a were
determined using an LSRII flow cytometer. Control (no DNA), BST2 or ORF 7a
transfected alone were used as compensation controls. Data was analyzed using
Flow]o and statistical analysis was generated from a t test generated using standard

errors based on results from three individual experiments.

Circular Dichroism (CD) of BST2 and ORF7a-Fc.

CD spectra ranging from 200-260nm were recorded in 10mM Sodium
phosphate buffer pH7.5 of 10uM BST2 expressed in HEK293T cells, 12uM BST2
expressed in E.coli cells and 8uM ORF7a-Fc expressed in HEK239T cells using a
JASCO ]-810 instrument. CD melting curves were analyzed at 222nm by increasing

the temperature 1°C/min starting at 20°C.

Surface Plasmon Resonance. 21 ug of pCAGGS-T7/0RF7a-Fc was transfected into
HEK293T cells seeded in 100 mm dishes using Lipofectamine LTX (Invitrogen,
Carlsbad, CA) according to the manufacturers’ instructions. After 48 hours of
expression, supernatant was collected and purified using a HiTrap Protein A column
(GE Healthcare, Little Chalfont, Buckinghamshire, UK) according to the
manufacturer’s instructions. Purified ORF7a-Fc was subsequently dialyzed into PBS.

The codon-optimized sequence of the extracellular domain (residues 47-161) of

15
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BST-2 was cloned with a N-terminal Hise- and a C-terminal Flag-tag into pET28b.
The protein was expressed at 19°C overnight in BL21(DE3)pLysS cells induced at an
ODegoo of 0.6 with 0.4mM IPTG. The fusion protein was purified by nickel affinity
(Thermo Scientific, Pittsburg, PA), using a Mono Q™ 5/50GL anion exchange column
(GE Healthcare, Little Chalfont, Buckinghamshire, UK) and finally separated on a
Superdex™ 200 10/300 GL gel filtration column (GE Healthcare, Little Chalfont,
Buckinghamshire, UK). The extracellular domain (residues 47-161) of BST-2 was
also cloned into the plGplus Vector (R&D Systems, Minneapolis, MN). The resulting
BST-2 protein includes a C-terminal His¢-Flag-tag and due to the encoded stop
codon did not express as an Fc fusion protein. HEK293T cells in suspension culture
were transfected with this construct using polyethylenimine (Polysciences, Inc.,
Warrington, PA). The cell culture supernatant was harvested 96 hours post-
transfection and purified using nickel affinity (Thermo Scientific, Pittsburg, PA)
followed by gel filtration on a Superdex™ 200 10/300 GL column (GE Healthcare,
Little Chalfont, Buckinghamshire, UK). Direct binding of the extracellular domain of
ORF7a-Fc expressed in HEK293T cells to the extracellular domain of BST-2
expressed in E. coli or HEK293T cells was measured by surface plasmon resonance
(SPR) analysis using a Biacore T100 instrument (GE Healthcare, Little Chalfont,
Buckinghamshire, UK). 1000 RU of protein A was immobilized by amine coupling on
the surface of a CM5 sensor chip. Approximately 170 RU of human IgG (Sigma-
Aldrich, St. Louis, MO) as negative control and also of ORF7a-Fc was captured on
flow cells 1 and 2, respectively. In single-cycle kinetics experiments, two-fold

dilutions from 80 to 5 uM of BST-2 were injected over the surfaces and the control-
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subtracted response was recorded. HBS-EP was used as a running buffer and the
surfaces were regenerated with 20 mM HCI after each cycle. Steady-state analysis of
the data was performed using the Biacore T100 Evaluation Software 2.0.3. All of the

SPR experiments were repeated at least three times.

Statistical analysis. Growth curve titers were analyzed by t-test using the
Holm_Sidak method with alpha=5.0%. Prism (GraphPad Software Inc., La Jolla, CA)

was used to perform the analysis.

Results

SARS-CoV proteins antagonize BST-2 expression in vitro. Many enveloped
viruses, including the coronavirus hCoV-229E, encode proteins that counteract BST-
2 (24, 27, 37). We hypothesized that the highly pathogenic SARS-CoV may also
inhibit BST-2 function. To investigate this hypothesis, HA- and GFP-tagged SARS-
CoV proteins and BST-2 were co-transfected into HEK293T cells and BST-2
expression levels were assessed by Western blot. Four SARS-CoV proteins, non-
structural protein 1 (nsp1), the papain-like protease domain of nsp3 (PLpro), ORF6,
and ORF7a altered BST-2 protein expression or molecular weight. Several proteins
encoded in the SARS-CoV genome have been shown to alter other anti-viral
response pathways during infection(43-53). Three of the proteins, papain-like
protease (PLpro), ORF6, and nspl, have been previously shown to be interferon

antagonists(7, 8, 54). PLpy, inhibits IRF3 and NFkB activation(54), ORF6 blocks
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STAT1 nuclear import, and nsp1 blocks interferon beta induction by degrading host
mRNAs(6, 7, 54, 55). Because the function of ORF7a is unclear, we decided to further

study interactions between BST-2 and ORF7a.

icSARS-ORF7abA-CoV shows defects in replication compared to icSARS-CoV
when BST-2 is overexpressed. Since ORF7a affects BST-2 protein, we
hypothesized that an ORF7ab deletion SARS-CoV (icSARS-ORF7abA-CoV) would
show a greater defect in replication compared to WT SARS-CoV when BST-2 is
overexpressed. Since ORF7a and ORF7b have overlapping open reading frames, an
ORF7ab double deletion virus will be used for the infection experiments. No effect
on BST-2 was found when ORF7b was expressed alone in the assays in transfection
screens. We transfected HEK293T/hACE2 cells with BST-2 or a control plasmid
and 24 hours post-transfection we infected the cells with either icSARS-CoV or
icSARS-ORF7abA-CoV at an MOI of 0.1. HEK293T cells do not express endogenous
BST-2(27), so we were able to ensure that any effect was from the transfected BST-
2 and not endogenous BST-2 expression. icSARS-CoV replicated to 1.10 x 105
PFU/mL, while in BST-2 expressing cells icSARS-CoV replicated to significantly
lower titers at 3.43 x 104 PFU/mL (Figure 1a, p<0.01). icSARS-ORF7abA-CoV was
also significantly restricted by BST-2 expression at 24 and 36 hours. In control
transfected cells icSARS-ORF7abA-CoV replicated to 7.37 x 104 PFU/mL and 4.80 x
104 PFU/mL at 24 and 36 hours respectively, while in BST-2 transfected cells
icSARS-ORF7abA-CoV replicated to significantly lower titers of 4.00 x 103 PFU/mL

(p<0.05) and 1.10 x 10* PFU/mL (p<0.001) at 24 and 36 hours, respectively (Figure
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1b). While BST-2 restricts SARS-CoV by a small, but significant amount, BST-2
restricts icSARS-ORF7abA-CoV by a much greater amount, suggesting that ORF7a
antagonizes BST-2.

We confirmed that BST-2 is not affecting another step in the SARS-CoV
replication cycle by assessing the accumulation of SARS-CoV RNA products of
replication in the presence of BST-2 at 24 hours post infection. There is no
significant effect of BST-2 expression on SARS-CoV pp1la (Figure 1c) or SARS-CoV N
mRNA (Figure 1d), regardless of ORF7a expression. These data suggest that BST-2
does not effect SARS-CoV RNA accumulation, even in the absence of ORF7a

expression.

icSARS-ORF7abA-CoV defect in replication is due to direct tethering of SARS-
CoV virions to the plasma membrane. Since BST-2 has been shown to restrict
virus replication by directly tethering HIV-1 virions to the plasma membrane(27,
56), we sought to determine if overexpression of BST-2 was preventing release of
SARS-CoV and if icSARS-ORF7abA-CoV was more susceptible to BST-2 restriction.
To determine if BST-2 was affecting release, we transfected either BST-2 or a
control plasmid into VeroE6 cells and subsequently infected with either icSARS-CoV
or icSARS-ORF7abA-CoV at a MOI of 10. At 24 hours post-infection cells were fixed
and imaged using electron microscopy. When VeroE6 cells were transfected with
the control plasmid, both icSARS-CoV and icSARS-ORF7abA-CoV showed minimal
accumulation of virions at the plasma membrane (Figure 2). Transfection of BST-2

leads to a small accumulation of icSARS-CoV on plasma membrane (Figure 2, top
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left). BST-2 transfection shows a much greater effect on icSARS-ORF7abA-CoV,
which shows a large accumulation of virions at the plasma membrane (Figure 2, top
right). These results confirm that similar to many other viruses, BST-2 is restricting
SARS-CoV by preventing virus release. The increased effect of BST-2 on icSARS-
ORF7abA-CoV further suggests that ORF7a acts as an inhibitor BST-2-mediated

restriction of SARS-CoV.

ORF7a expression leads to lower molecular weight BST-2 within the cells, but
not reduced BST-2 surface expression. Since ORF7a appears to be a BST-2
antagonist, we aimed to determine if SARS-CoV ORF7a causes BST-2 surface
removal and subsequent degradation, as seen in HIV-1 Vpu protein antagonism(33,
56). SARS-CoV ORF7a was co-transfected with increasing amounts of BST-2 to assay
the effect of ORF7a on BST-2 expression. Increasing the amount of ORF7a co-
transfected with BST-2 leads to decreased levels of BST-2 expression and lower
molecular weight products, suggesting that BST-2 protein is affected by ORF7a
expression (Figure 3a). Next, we sought to determine if, similarly to HIV-1 Vpu,
expression of ORF7a leads to a reduction in BST-2 surface expression(56). To assay
the effect of ORF7a on BST-2 surface expression, we transfected BST-2 either alone
or in combination with an ORF7a expression plasmid to compare BST-2 surface
expression by flow cytometry. Untransfected cells exhibited little to no expression of
surface BST-2. Cells transfected with BST-2 alone were 88.2% positive with the
majority of cells in a highly expressing population and a smaller percentage in a

lower expressing population (Figure 3b). Interestingly, increasing amounts of
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ORF7a had no effect on surface expression of BST-2 (Figure 3b). These data
demonstrate that ORF7a co-expression leads to lower molecular weight BST-2
within cells, but does not lead to surface removal of BST-2, suggesting that ORF7a

may antagonize BST-2 through a mechanism other than surface removal.

Lysosomal and proteasomal inhibitors do not affect BST-2 antagonism by
ORF7a. While we did not observe ORF7a dependent removal of surface BST-2, we
did observe the appearance of lower molecular weight bands of BST-2, suggesting
degradation of intracellular BST-2. Many other viruses, such as HIV-1, antagonize
BST-2 by degradation through either the lysosome or proteasome and, thus, we
assessed whether lysosomal or proteasomal inhibitors could block BST-2
antagonism by ORF7a(32-34). First, to demonstrate that the concentration of
Concanamycin A (Con A) and MG-132 inhibit proteasome and lysosomal
degradation, respectively, in HEK293T cells, we treated cells and assayed for
Ubiquitin and LC3B levels by western blot (Figure 4A and B). As expected, MG-132
treatment increases total ubiquitin levels in the cell (Figure 4A) and Con-A
treatment blocks lysosomal degradation, as shown with an increase in the lower
weight LC3B product. To test for the effect of proteosomal or lysosomal effects on
BST-2 antagonism, we transfected HEK293T cells with BST-2 and ORF7a or a
control plasmid and at four hours post-transfection, replaced the media with media
containing either 20 nM Concanamycin A (to inhibit lysosomal degradation) or 500
nM MG-132 (to inhibit proteasome function). At 18 hours post-transfection, cells

were lysed and analyzed by Western blot to determine if BST-2 was degraded. After
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treatment, lower molecular weight bands were still observed. Treatment with
neither Concanamycin A nor MG-132 blocked the ability of ORF7a to antagonize
BST-2 (Figure 4C). The far right 2 lanes contain a background band at a similar
molecular weight as HA-tagged ORF7a that does not affect the experiment. These
data demonstrate that the appearance of lower molecular weight bands of BST-2 is
not due to lysosomal or proteasomal degradation and suggests that ORF7a

antagonizes BST-2 through an alternative mechanism.

BST-2 colocalizes with and alters localization of SARS-CoV ORF7.. Since icSARS-
ORF7abA-CoV is more susceptible to BST-2 restriction and ORF7a appears to cause
the appearance of a low molecular weight BST-2 band, we hypothesized that BST-2
may alter ORF7a localization within the cell. ORF7a was transfected into HEK293T
cells and the cells were stained for ORF7a, as well as ER and Golgi markers(9, 10).
ORF7a normally localizes to the Golgi and was also detectable in the ER, as would be
expected for a protein that passes through the ER to the Golgi (Figure 5a). To
determine if BST-2 and ORF7a co-localize, we performed confocal microscopy.
When transfected alone, ORF7a localizes primarily to the Golgi, whereas BST-2
localizes to the plasma membrane (Figure 5b). When BST-2 and ORF7a were co-
transfected, ORF7a now appears to localize to the plasma membrane, coincident
with BST-2 (Figure 5b). These data suggest that BST-2 and ORF7a may be

interacting in cells.
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SARS-CoV ORF7a co-immunoprecipitates with BST-2. Having shown that ORF7a
both alters protein mobility and localizes to the plasma membrane when co-
expressed with BST-2, we sought to determine if there is a molecular interaction
between the two proteins. We co-transfected BST-2 and ORF7a into HEK293T cells
and 18 hours post-transfection cells were lysed. We immunoprecipitated proteins
from transfected cells and immunoblotted for both BST-2 and ORF7a. We found
BST-2 and ORF7a present in both the input and the co-immunoprecipitation (Figure
6) suggesting an interaction between BST-2 and ORF7a, either directly or within a

larger multi-component complex.

Direct interaction between ORF7a and BST-2 is regulated by BST-2
glycosylation. To assess whether the extracellular domain of ORF7a interacts
directly with the extracellular domain of BST-2, we performed surface plasmon
resonance (SPR) analysis of ORF7a-BST-2 binding. SPR allows direct quantitation of
protein-protein interaction by measuring the affinity between two proteins. One
protein is immobilized on a sensor chip and the other is flowed over the sensor chip
in increasing concentrations. Binding of proteins causes changes in refraction, which
is detected and recorded as resonance units (RU). Affinity can then be calculated
from changes in RU(57). ORF7a with an Fc fusion tag (ORF7a-Fc) was expressed and
purified from HEK293T cells and BST-2 was expressed and purified from both E. coli
and HEK293T cells (Figure 7A). CD spectra of BST2 expressed in HEK239T and
E.coli cells both reveal the expected pattern for a protein containing primarily o-

helical folds (Figure 7B). ORF7a-Fc, in contrast, shows the typical spectrum of
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proteins formed dominantly by 3-sheets (Figure 7B). Melting temperatures were
deduced from the melting curves (Figure 7C) and tetrameric BST2 expressed in
E.coli cells has a slightly lower melting temperature of 61.95°C than dimeric BST2
expressed in HEK293T cells, 65.3°C (Figure 7C). These data suggests that both BST-
2 and ORF-7a-Fc are folded correctly and were, therefore, used for the SPR analysis.
By SPR, we observed that unglycosylated BST-2 expressed in E. coli was able
to bind to ORF7a-Fc with an affinity (Kp) of 10 uM (Figure 7D). Binding of
glycosylated BST-2 expressed in HEK293T cells, though, exhibited markedly weaker
responses in identical SPR experiments, which did not reach equilibrium and,
therefore, did not allow us to quantify an accurate Kp for this interaction (Figure 7E).
We did attempt to fit the data to estimate the Kp for this interaction and the binding
of ORF7a to glycosylated BST-2 is at least 4 times weaker than to unglycosylated
BST-2. These data indicate that ORF7a binds directly to unglycosylated BST-2 with
uM affinity and that the presence of N-linked glycosylation at positions 65 and 92 of

BST-2 significantly weakens this interaction.

ORF7a expression interferes with BST-2 glycosylation. Given that ORF7a-
dependent BST-2 antagonism is unaffected by lysosomal or proteasomal inhibitors
and that ORF7a binds unglycosylated BST-2 with substantially higher affinity than
glycosylated BST-2, we hypothesized that ORF7a may bind to BST-2 before it is
glycosylated in the ER and interfere with glycosylation of BST-2. To determine if
ORF7a interferes with glycosylation, we transfected HEK293T cells with increasing

amounts of ORF7a. Co-transfection of increasing amounts of ORF7a leads to lower
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molecular weight bands of BST-2 in a dose-dependent manner (Figure 8). To
confirm that the lower molecular weight bands were unglycosylated, we treated
lysate from cells expressing BST-2 with glycopeptidase F. Previous studies have
shown that treatment with glycopeptidase F removes all the glycosylation from
BST-2(30). The BST-2 lysate treated with glycopeptidase F showed a shift to a lower
molecular weight with an identical size as the lower molecular weight band present
when BST-2 is co-transfected with ORF7a (Figure 8a). To further confirm that co-
transfection of ORF7a leads to decreased levels of unglycosylated BST-2, we
measured the density of each band and calculated the ratio of glycosylated to
unglycosylated BST-2. As the levels of ORF7a increase, the levels of glycosylated
BST-2 decrease (Figure 8b). These data suggests that ORF7a interferes with

glycosylation of BST-2.

Unglycosylated BST-2 no longer restricts icSARS-ORF7abA-CoV release.

To confirm that glycosylation of BST-2 is necessary for restriction of icSARS-
ORF7abA-CoV, we transfected 293T/ACE2 cells with a mutant of BST-2 that does
not undergo N-linked glycosylation (called N65A/N92A) (29). We confirmed
expression of the N65A/N92A mutant BST-2 by western blot, where we observed
only expression of the expected 19kDa unglycosylated form of BST-2 (Figure 9A).
We then confirmed that the N65A/N92A mutant was still able to localize to the cell
surface by quantifying the amount of WT and mutant BST-2 by flow cytometry on
non-permeabilized cells. Surface labeling shows that mutant BST-2 localization to

the plasma membrane is not significantly different from WT BST-2 surface
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expression (Figure 9B). We transfected cells with plasmids encoding WT and
N65A/N92A mutant BST-2 and then infected those cells with WT icSARS-Urbani or

icSARS-ORF7ab A -CoV. The BST-2 plasmid used in these experiments has a HA tag

inserted at amino acid 463, so we first confirmed that HA/BST-2 is still able to
significantly (10-fold, p =.0046) restrict icSARS-ORF7abA-CoV compared to icSARS-
Urbani (Figure 9C). However, there was no significant difference between
supernatant icSARS-Urbani and icSARS-ORF7abA-CoV in cells transfected with
N65A/N92A mutant BST-2 (Figure 9C, p =0.274), suggesting that N-linked

glycosylation is required for the BST-2 mediated restriction of icSARS-ORF7abA-CoV.

Discussion

Our studies further expand the role of BST-2 in restriction of enveloped viruses. We
screened selected genes from the SARS-CoV genome and identified four potential
BST-2 modulators, of which one was SARS-CoV ORF7a. While ORF7a has been
shown to induce apoptosis, a definitive role has not been established for ORF7a
during infection(13-15). Through overexpression, infection and transfection studies
we demonstrate that BST-2 blocks the release of SARS-CoV virions, that ORF7a
overcomes this inhibition and that ORF7ab deleted viruses display increased
sensitivity to BST-2. Importantly, the inhibition of BST-2 is not by protein
degradation, but by inhibiting its activity through inhibiting glycosylation at two key
sites on the protein that are required for its anti-viral function. We demonstrate that
a BST-2 mutant protein with the two glycosylation sites removed, still traffics to the

plasma membrane, but is unable to inhibit SARS-CoV release. Our data also
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demonstrate that, unlike HIV-1 Vpu, which removes BST-2 protein from the surface
and induces degradation(32, 33, 56), SARS-CoV ORF7a does not remove BST-2 from

the plasma membrane

We have confirmed the interaction of ORF7a and BST-2 using multiple assays
including immunoprecipitation, co-localization and surface plasmon resonance,
which show that ORF7a directly binds to unglycosylated BST-2, but not glycosylated
BST-2. Previous studies have suggested that glycosylation of BST-2 is required for
BST-2 anti-viral activity(29) and the amino acid residues surrounding the N-linked
glycosylation sites are evolutionarily conserved in BST-2 suggesting that these
amino acids may be important for BST-2 function(22). We further demonstrated
that N-linked glycosylation is required for the restriction of SARS-CoV lacking
ORF7a, suggesting that the blocking of glycosylation by ORF7a is directly
responsible for the antagonism of BST-2. BST-2 N-linked glycosylation has been
proposed to effect the HIV-1 restriction activity of BST-2(27, 29, 33, 56, 58),
however, we have demonstrated for the first time that a virus encodes a BST-2
antagonist that inhibits BST-2 glycosylation, providing a potential mechanism for

other viral putative BST-2 antagonists.

Taken together, the data suggests that ORF7a may function by binding to and
preventing N-linked glycosylation of BST-2, preventing the tethering of SARS-CoV
virions to the cytoplasmic membrane after they are released from the cell. We

hypothesize that while BST-2 is trafficking through the ER and Golgi to the surface,

27



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Virology

Journal of Virology

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

ORF7a and BST-2 interact in the Golgi, where the extracellular domain of ORF7a
binds the unglycosylated extracellular domain of BST-2 and either directly prevents
glycosylation of BST-2 or binds to the evolutionarily conserved sites and as a side-
effect blocks N-linked glycosylation. SARS-CoV virions form in the ERGIC during
virion maturation and it is yet to be determined if ORF7a or BST-2 are present in
those compartments. Potentially BST-2 is binding newly released SARS-CoV
virions at the plasma membrane, however, most models of BST-2 function predict
that BST-2 is inserted into the membrane the virion as it forms(20), so we would

predict that BST-2 will first interact with SARS-CoV virions in the ERGIC.

While a variety of enveloped viruses encode BST-2 antagonists, those antagonists
function by different mechanisms. HIV-1 Vpu and Kaposi-Sarcoma Herpesvirus K5
both ubiquitinate BST-2, leading to surface removal and subsequent lysosomal
degradation(27, 56, 59). HIV-2 Env also removes BST-2 from the surface, but rather
than being degraded, BST-2 is relocated to the trans-Golgi network and cannot
function as a cytoplasmic membrane tether(36). SIV Env removes BST-2 from the
surface through BST-2 internalization by endocytosis(38, 60). Ebolavirus GP1,2
does not remove BST-2 from the surface, but antagonizes BST-2 through an as yet
unknown mechanism(39). The diverse mechanisms of known BST-2 antagonists
demonstrate that viruses have independently evolved many different ways of
antagonizing BST-2, an important restriction factor for any enveloped virus. It is
possible that all enveloped viruses encode, in most cases undiscovered, BST-2

antagonists that act by a variety of mechanisms.
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In this study we have identified BST-2 as a potential inhibitor of SARS-CoV release.
Our studies suggest that SARS-CoV ORF7a antagonizes the function of BST-2 by
interfering with its N-linked glycosylation while binding it in the Golgi and then
trafficking with it from the Golgi to the plasma membrane. From this we predict that
therapeutics designed to inhibit the interaction between BST-2 and ORF7a may

inhibit virus growth in vitro and in vivo.
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SARS-CoV Gene

Forward Primer/EcoR1 Site

nsp1

5'-GATCGAATTCACCATGGAGAGCCTTGTTCTTGGTGTCA-3'

nsp4 5'-GATCGAATTCACCATGAAGATTGTTAGTACTTGTTTTA-3'
nsp5 5'-GATCGAATTCACCATGAGTGGTTTTAGGAAAATGGCAT-3'
nsp6 5'-GATCGAATTCACCATGGGTAAGTTCAAGAAAATTGTTA-3'
nsp7 5'-GATCGAATTCACCATGTCTAAAATGTCTGACGTAAAGT-3'
nsp8 5'-GATCGAATTCACCATGGCTATTGCTTCAGAATTTAGTT-3'
nsp9 5'-GATCGAATTCACCATGAATAATGAACTGAGTCCAGTAG-3'
nsp10 5'-GATCGAATTCACCATGGCTGGAAATGCTACAGAAGTAC-3'
nsp13 5'-GATCGAATTCACCATGAGGCTGTAGGTGCTTGTGTATTGT-3'
nsp14 5'-GATCGAATTCACCATGGCAGAAAATGTAACTGGACTTTTT-3'
nsp15 5'-GATCGAATTCACCATGAGTTTAGAAAATGTGGCTTATAAT-3'
nsp16 5'-GATCGAATTCACCATGGCAAGTCAAGCGTGGCAACCAG-3'

SARS-CoV Gene

Reverse Primer/Xmal Site

nsp1

5'-GATCCCCGGGACCTCCATTGAGCTCACGAGTGAGT-3'

nsp4 5'-GATCCCCGGGCTGCAGAACAGCAGAAGTGATTGAT-3'

nsp5 5-GATCCCCGGGTTGGAAGGTAACACCAGAGCATTGT-3'

nsp6 5'-GATCCCCGGGCTGTACAGTAGCAACCTTGATACAT-3'

nsp7 5'-GATCCCCGGGCTGAAGAGTAGCACGGTTATCGAGC-3'

nsp8 5'-GATCCCCGGGCTGTAGTTTAACAGCTGAGTTGGCT-3'

nsp9 5'-GATCCCCGGGCTGAAGACGTACTGTAGCAGCTAAA-3'

nsp10 5'-GATCCCCGGGCTGCATCAAGGGTTCGCGGAGTTGG-3'
nsp13 5'-GATCCCCGGGTTGTAATGTAGCCACATTGCGACGTGGTAT-3'
nsp14 5'-GATCCCCGGGCTGTAACCTGGTAAATGTATTCCACAGGTT-3'
nsp15 5'-GATCCCCGGGTTGTAGTTTTGGGTAGAAGGTTTCAACATG-3'
nsp16 5'-GATCCCCGGGGTTGTTAACAAGAATATCACTTGAA-3'

Table 1: SARS-CoV non-structural protein cloning primers. Cloning primers

used in this study
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Figure Legends

Figure 1: icSARS-CoV and icSARS-ORF7abA-CoV infection of cells with and
without BST-2 expression. (A and B) HEK293T ACE2 cells were transfected with
BST-2 Flag in pCAGGS or a control plasmid. 24 hours post-transfection, HEK293T
ACE2 cells were infected with icSARS-CoV (A) or icSARS-ORF7abA-CoV (B) at an
MOI of 0.1. Supernatant and cell lysate was taken at 12, 24, and 36 hours post-
infection. Virus was titered from supernatant taken at 12, 24, and 36 hours. (B) RNA
extracted from icSARS and icSARS-ORF7abA-CoV infected HEK293T ACE2 cells was
analyzed by realtime PCR for genomic RNA levels (C) or leader containing N mRNA
(D) as a signature of replicating virus. * significant at p < 0.05, ** significant at P <
0.01, *** significant at P < 0.001. Data shown is representative of two independent

experiments.

Figure 2: BST-2 tethers SARS-CoV to plasma membrane

BST-2 or control plasmid was transfected into VeroE6 cells and infected with either
icSARS-CoV or icSARS-ORF7abA-CoV at an MOI of 10. At 24 hours post-infection
cells were fixed and imaged by electron microscopy. Transfection of BST-2 results in
alarge increase in icSARS-ORF7abA-CoV virions retained at the surface compared to

control transfected cells. Scale bars equal 500nm.

Figure 3: ORF7a expression leads to lower molecular weight BST-2 within the

cells, but not reduced BST-2 surface expression.
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BST-2 was transfected into HEK293T cells with increasing amounts of ORF7a. 18
hours post-transfection cells were either lysed and analyzed by western blot or
stained with an anti-BST-2 antibody conjugated to APC and analyzed using flow
cytometry. Untransfected cells did not express BST-2. BST-2 transfected cells
showed high BST-2 expression and co-transfection of ORF7a and BST-2 lead to
decreased levels of the high molecular weight BST-2 band and increasing levels of a
lower molecular weight BST-2 band in a dose-dependent manner (A), but did not
lead to reduced surface expression of BST-2 (B). Data shown is representative of

two independent experiments.

Figure 4: Proteasomal and Lysosomal inhibitors effect on ORF7a antagonism
of BST-2. (A and B) HEK293T cells were treated with either Concanamycin A
(ConA) or MG-132 to demonstrate the concentrations used are inhibitory or
proteasome or lysosomal degradation, respectively. Lysate was analyzed by
western blot for with antibodies against Ubiquitin (A) and LC3B (B) to demonstrate
efficacy of compounds. (C) Increasing amounts of ORF7a was transfected into
HEK293T cells. Cells were subsequently treated with the lysosome inhibitor,
Concanamycin A, or proteasome inhibitor, MG132. Neither inhibitor prevented BST-
2 antagonism by ORF7a. Data shown is representative of three independent

experiments.

Figure 5: ORF7a Co-localizes with BST-2. HEK293T cells were transfected with

BST-2, ORF7a, or both. (A) BST-2 was stained with mouse anti-Flag primary and
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goat anti-mouse Texas Red secondary. ORF7a was stained with rabbit anti-HA
primary and horse anti-rabbit AMCA secondary. Localization was analyzed with
confocal microscopy (merged images shown as yellow). (B) When BST-2 and ORF7a
are co-transfected, the two proteins display overlapping signal as seen in the

merged image (shown as yellow).

Figure 6: ORF7a Co-Immunoprecipiates with BST-2. HEK293T cells were
transfected with sham, ORF7a/HA and BST-2/Flag separately or together. After
expressing for 18 hours, cells were lysed and analyzed by western blot for
expression (A). BST-2 was immunoprecipitated with anti-Flag beads. Bound protein
was eluted and analyzed by Western Blot (B). BST-2 was detected with a mouse
anti-Flag M2 antibody. ORF7a was detected with rabbit anti-HA antibodies. ORF7a
was detected in the elution from the co-immunoprecipitation suggesting an
interaction between ORF7a and BST-2. Data shown is representative of two

independent experiments. Asterisk denotes a non-specific band.

Figure 7: Binding of ORF7a to BST-2. (A) Purified BST-2 expressed in E. coli and
HEK293T cells was stained with Coomassie. BST-2 expressed in E. coli has a lower
molecular weight than BST-2 expressed in HEK293T cells due to lack of
glycosylation. (B) CD spectra and melting curves (C) of BST2 and ORF7a-Fc. CD
spectra of 10uM BST2 expressed in HEK293T cells, 12uM BST2 expressed in E.coli
cells and 8uM ORF7a-Fc expressed in HEK239T cells. (D) Shown are representative

sensograms obtained in SPR experiments analyzing direct interaction of ORF7a-Fc
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with unglycosylated BST-2 expressed in E. coli (D) and glycosylated BST-2
expressed in HEK293T cells (E). For SPR experiments, ORF7a-Fc was captured via
immobilized protein A on a CM5 chip. Single-cycle kinetics were performed by
injection of 5pM, 10pM, 20pM, 40uM and 80pM of BST-2. Data shown is

representative of three independent experiments.

Figure 8: ORF7a interferes with glycosylation of BST-2

BST-2 was transfected into HEK293T cells with increasing amounts of ORF7a. 18
hours post-transfection cells were lysed and analyzed by western blot. (A)
Increasing levels ORF7a lead to increased levels of a lower molecular weight band of
BST-2, which we hypothesized to be unglycosylated BST-2. To confirm that the
lower molecular weight band was unglycosylated BST-2, we treated lysate from
BST-2 transfected cells with Glycopeptidase F, which deglycosylates proteins. When
treated with Glycopeptidase F, BST-2 shifts down to the same molecular weight as
the lower band of BST-2 co-transfected with ORF7 suggesting ORF7a leads to
increased levels of unglycosylated BST-2. (B) Density of each band was measured
and the ratio of glycosylated to unglycosylated BST-2 was calculated and graphed.

Data shown is representative of three independent experiments.

Figure 9: Unglycosylated BST-2 fails to inhibit SARS-CoV egress.
HEK293T/ACE2 cells were transfected with either control plasmid, wildtype HA-
tagged BST-2 or a mutant HA-tagged BST-2 containing N65A and N92A mutations.

(A) Expression levels of wildtype BST-2 and N65A/N92A BST-2 were analyzed by
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western blot with anti-HA antibody and anti-Tubulin as a loading control.
N65A/N92A BST-2 runs noticeably slower due to its loss of glycosylation. (B)
HEK293T/ACE2 cells were transfected with each plasmid and levels of BST-2
protein on the surface of cells was analyzed by flow cytometry with an anti-HA
antibody. The percent of surface expression of BST-2(WT) transfected cells is
graphed displaying surface localization of the B65A/N92A mutant BST-2 (C)
HEK293T/ACE2 cells were transfected with each plasmid and infected with either
icSARS-CoV or icSARS-ORF7abA-CoV. Cell supernatants were analyzed by plaque
assay and graphed as the % of wildtype icSARS-CoV released. Notice the loss of
inhibition of icSARS-ORF7abA-CoV release in the mutant BST-2 transfected cells

compared to wildtype BST-2 transfected cells. *** equals a P value <0.005
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Figure 7
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