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FIG 5 ORF7a colocalizes with BST-2. HEK293T cells were transfected with BST-2, ORF7a, or both. (A) BST-2 was stained with mouse anti-Flag primary
antibody and goat anti-mouse Texas Red-conjugated secondary antibody. ORF7a was stained with rabbit anti-HA primary antibody and horse anti-rabbit
AMCA secondary antibody. Localization was analyzed by confocal microscopy (merged images are yellow). (B) When BST-2 and ORF7a are cotransfected, the
two proteins display an overlapping signal, as seen in yellow in the merged image.

ORF7abA-CoV further suggests that ORF7a acts as an inhibitor of
BST-2-mediated restriction of SARS-CoV.

ORF7a expression leads to lower-molecular-mass 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, 51).
SARS-CoV ORF7a was cotransfected with increasing amounts of
BST-2 to assay the effect of ORF7a on BST-2 expression. Increas-
ing the amount of ORF7a cotransfected with BST-2 led to de-
creased levels of BST-2 expression and lower-molecular-mass
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products, suggesting that the BST-2 protein is affected by ORF7a
expression (Fig. 3A). Next, we sought to determine if, like HIV-1
Vpu, the expression of ORF7a leads to a reduction in BST-2 sur-
face expression (51). To assay the effect of ORF7a on BST-2 sur-
face expression, we transfected BST-2 either alone or in combina-
tion 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 for surface BST-2 expression, with the
majority of cells being in a population expressing larger amounts
and a smaller percentage being in a population expressing smaller
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FIG 6 ORF7a coimmunoprecipitates with BST-2. (A) HEK293T cells were sham transfected or transfected with ORF7a-HA and BST-2-Flag separately or
together. After expression for 18 h, cells were lysed and analyzed by Western blotting for expression. (B) BST-2 was immunoprecipitated (IP) with anti-Flag
beads. Bound protein was eluted and analyzed by Western blotting. BST-2 was detected with a mouse anti-Flag M2 antibody. ORF7a was detected with rabbit
anti-HA antibodies. ORF7a was detected in the eluate from the coimmunoprecipitation, suggesting an interaction between ORF7a and BST-2. The data shown
are representative of those from two independent experiments. ¥, a nonspecific band.

amounts (Fig. 3B). Interestingly, increasing amounts of ORF7a
had no effect on the surface expression of BST-2 (Fig. 3B). These
data demonstrate that ORF7a coexpression leads to lower-molec-
ular-mass BST-2 within cells but does not lead to the removal of
BST-2 from the surface, suggesting that ORF7a may antagonize
BST-2 through a mechanism other than removal from the surface.

Lysosomal and proteasomal inhibitors do not affect BST-2
antagonism by ORF7a. While we did not observe the ORF7a-
dependent removal of surface BST-2, we did observe the appear-
ance of lower-molecular-mass bands of BST-2, suggesting degra-
dation of intracellular BST-2. Many other viruses, such as HIV-1,
antagonize BST-2 by degradation through either the lysosome or
the proteasome, and thus, we assessed whether lysosomal or pro-
teasomal inhibitors could block BST-2 antagonism by ORF7a
(32-34). First, to demonstrate that concanamycin A (ConA) and
MG-132 inhibit proteasome and lysosomal degradation, respec-
tively, at the concentrations used in HEK293T cells, we treated
cells and assayed for ubiquitin and LC3B levels by Western blot-
ting (Fig. 4A and B). As expected, MG-132 treatment increased
total ubiquitin levels in the cell (Fig. 4A) and ConA treatment
blocked lysosomal degradation, as shown by an increase in the
lower-molecular-mass LC3B product. To test for the effect of pro-
teosomal or lysosomal effects on BST-2 antagonism, we trans-
fected HEK293T cells with plasmids carrying BST-2 and ORF7a or
a control plasmid and at 4 h posttransfection replaced the medium
with medium containing either 20 nM concanamycin A (to in-
hibit lysosomal degradation) or 500 nM MG-132 (to inhibit pro-
teasome function). At 18 h posttransfection, the cells were lysed
and analyzed by Western blotting to determine if BST-2 was de-
graded. After treatment, lower-molecular-mass bands were still
observed. Treatment with neither concanamycin A nor MG-132
blocked the ability of ORF7a to antagonize BST-2 (Fig. 4C). The 2
lanes on the far right in Fig. 4C contain a background band with a
molecular mass similar to that of HA-tagged ORF7a that did not
affect the experiment. These data demonstrate that the appear-
ance of lower-molecular-mass bands of BST-2 is not due to lyso-
somal or proteasomal degradation and suggest that ORF7a antag-
onizes BST-2 through an alternative mechanism.

BST-2 colocalizes with and alters the 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-mass BST-2 band, we hypothesized that BST-2
may alter the ORF7alocalization within the cell. ORF7a was trans-
fected into HEK293T cells, and the cells were stained for ORF7a as
well as the ER and Golgi apparatus (9, 10). ORF7a normally local-
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izes to the Golgi apparatus and was also detectable in the ER, as
would be expected for a protein that passes through the ER to the
Golgi apparatus (Fig. 5A). To determine if BST-2 and ORF7a co-
localize, we performed confocal microscopy. When transfected
alone, ORF7a localized primarily to the Golgi apparatus, whereas
BST-2 localized to the plasma membrane (Fig. 5B). When BST-2
and ORF7a were cotransfected, ORF7a appeared to localize to the
plasma membrane, coincident with BST-2 (Fig. 5B). These data
suggest that BST-2 and ORF7a may be interacting in cells.

SARS-CoV ORF7a coimmunoprecipitates with BST-2. Hav-
ing shown that ORF7a both alters protein mobility and localizes to
the plasma membrane when coexpressed with BST-2, we sought
to determine if there is a molecular interaction between the two
proteins. We cotransfected BST-2 and ORF7a into HEK293T cells,
and at 18 h posttransfection the cells were lysed. We immunopre-
cipitated proteins from the transfected cells and performed im-
munoblotting for both BST-2 and ORF7a. We found that BST-2
and ORF7a were present in both the input and the coimmunopre-
cipitate (Fig. 6), suggesting an interaction between BST-2 and
ORF7a either directly or within a larger multicomponent com-
plex.

The direct interaction between ORF7a and BST-2 is regu-
lated 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) analy-
sis of ORF7a—BST-2 binding. SPR analysis allows direct quantita-
tion of protein-protein interactions by measuring the affinity be-
tween two proteins. One protein is immobilized on a sensor chip,
and the other is flowed over the sensor chip in increasing concen-
trations. Binding of proteins causes changes in refraction, which is
detected and recorded as the number of resonance units (RU).
Affinity can then be calculated from changes in the numbers of RU
(52). ORF7a with an Fc fusion tag (ORF7a-Fc) was expressed and
purified from HEK293T cells, and BST-2 was expressed and puri-
fied from both E. coli and HEK293T cells (Fig. 7A). The CD spectra
of BST-2 expressed in both HEK239T and E. coli cells revealed the
expected pattern for a protein primarily containing a-helical folds
(Fig. 7B). ORF7a-Fc, in contrast, showed a spectrum typical of
proteins formed dominantly by B sheets (Fig. 7B). Melting tem-
peratures were deduced from the melting curves (Fig. 7C), and
tetrameric BST-2 expressed in E. coli cells had a slightly lower
melting temperature of 61.95°C than dimeric BST-2 expressed in
HEK293T cells, which had a melting temperature of 65.3°C (Fig.
7C). These data suggest that both BST-2 and ORF7a-Fc are folded
correctly, and therefore, they were used for the SPR analysis.
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FIG 7 Binding of ORF7a to BST-2. (A) Purified BST-2 expressed in E. coli and HEK293T cells was stained with Coomassie blue. The BST-2 expressed in E. coli
has a lower molecular mass than the BST-2 expressed in HEK293T cells due to a lack of glycosylation. (B and C) CD spectra (B) and melting curves (C) of BST-2
and ORF7a-Fc. The CD spectra of 10 uM BST-2 expressed in HEK293T cells, 12 uM BST-2 expressed in E. coli cells, and 8 uM ORF7a-Fc expressed in HEK239T
cells are shown. (D and E) Representative sensograms obtained in SPR experiments analyzing the direct interaction of ORF7a-Fc with unglycosylated BST-2
expressed in E. coli (D) and glycosylated BST-2 expressed in HEK293T cells (E) are shown. For SPR experiments, ORF7a-Fc was captured via protein A
immobilized on a CM5 chip. Single-cycle kinetics were performed by injection of 5 pM, 10 pM, 20 uM, 40 uM, and 80 wM BST-2. The data shown are
representative of those from three independent experiments.

By SPR analysis, we observed that unglycosylated BST-2 ex-
pressed in E. coli was able to bind to ORF7a-Fc with an affinity
(equilibrium dissociation constant [Kj]) of 10 uM (Fig. 7D).
Binding of glycosylated BST-2 expressed in HEK293T cells,
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though, exhibited markedly weaker responses in identical SPR
experiments, in which responses did not reach equilibrium and,
therefore, did not allow us to quantify an accurate K, for this
interaction (Fig. 7E). We did attempt to fit the data to estimate the
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K, for this interaction, and the binding of ORF7a to glycosylated
BST-2 was at least 4 times weaker than that to unglycosylated
BST-2. These data indicate that ORF7a binds directly to unglyco-
sylated BST-2 with an affinity at micromolar concentrations 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 ung-
lycosylated BST-2 with a substantially higher affinity than glyco-
sylated BST-2, we hypothesized that ORF7a may bind to BST-2
before it is glycosylated in the ER and interfere with the glycosy-
lation of BST-2. To determine if ORF7a interferes with glycosyla-
tion, we transfected HEK293T cells with increasing amounts of
OREF7a. Cotransfection of increasing amounts of ORF7a led to
lower-molecular-mass bands of BST-2 in a dose-dependent man-
ner (Fig. 8). To confirm that the lower-molecular-mass bands
were unglycosylated, we treated the 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 alower molecular mass, and its size was identical
to that of the lower-molecular-mass band present when BST-2
was cotransfected with ORF7a (Fig. 8A). To further confirm that
cotransfection of ORF7a leads to decreased levels of unglycosy-
lated 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 (Fig.
8B). These data suggest that ORF7a interferes with the glycosyla-
tion of BST-2.

Unglycosylated BST-2 no longer restricts icSARS-ORF7abA-
CoV release. To confirm that the glycosylation of BST-2 is neces-
sary for restriction of icSARS-ORF7abA-CoV, we transfected
HEK293T/ACE2 cells with a mutant of BST-2 (called BST-2
N65A/N92A) that does not undergo N-linked glycosylation (29).
We confirmed the expression of the N65A/N92A mutant BST-2
by Western blotting, where we observed expression only of the
expected 19-kDa unglycosylated form of BST-2 (Fig. 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 on nonpermeabilized cells by flow cytometry. Surface la-
beling showed that mutant BST-2 expression on the plasma mem-
brane was not significantly different from WT BST-2 surface ex-
pression (Fig. 9B). We transfected cells with plasmids carrying WT
and N65A/N92A mutant BST-2 and then infected those cells with
icSARS-CoV or icSARS-ORF7abA-CoV. In these experiments,
the plasmid carrying BST-2 has an HA tag inserted at amino acid
463, so we first confirmed that HA-BST-2 is still able to signifi-
cantly (10-fold, P = 0.0046) restrict icSARS-ORF7abA-CoV com-
pared to its level of restriction of icSARS-CoV Urbani (Fig. 9C).
However, there was no significant difference in the levels of ic-
SARS-CoV Urbani and icSARS-ORF7abA-CoV in the superna-
tants of cells transfected with N65A/N92A mutant BST-2 (Fig. 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 the restriction of
enveloped viruses. We screened selected genes from the SARS-
CoV genome and identified four potential BST-2 modulators, of
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FIG 8 ORF7a interferes with the glycosylation of BST-2. BST-2 was trans-
fected into HEK293T cells with increasing amounts of ORF7a. At 18 h post-
transfection, cells were lysed and analyzed by Western blotting. (A) Increasing
levels of ORF7a lead to increased levels of a lower-molecular-mass band of
BST-2, which we hypothesized to be unglycosylated BST-2. To confirm that
the lower-molecular-mass band was unglycosylated BST-2, we treated the ly-
sate from BST-2-transfected cells with glycopeptidase F, which deglycosylates
proteins. When treated with glycopeptidase F, the molecular mass of BST-2
decreases to that of the lower-molecular-mass band of BST-2 when it is
cotransfected with ORF7, suggesting that ORF7a leads to increased levels of
unglycosylated BST-2. (B) The density of each band was measured, and the
ratio of glycosylated to unglycosylated BST-2 was calculated and graphed. The
data shown are representative of those from three independent experiments.

which one was SARS-CoV ORF7a. While ORF7a has been shown
to induce apoptosis, a definitive role for ORF7a during infection
has not been established (13—15). Through overexpression, infec-
tion, and transfection studies, we demonstrate that BST-2 blocks
the release of SARS-CoV virions, that ORF7a overcomes this in-
hibition, and that viruses in which ORF7ab is deleted display in-
creased sensitivity to BST-2. Importantly, the inhibition of BST-2
is not by protein degradation but is by inhibition of its activity
through the inhibition of glycosylation at two key sites on the
protein that are required for its antiviral function. We demon-
strate that a BST-2 mutant protein in which the two glycosylation
sites are removed still traffics to the plasma membrane but is un-
able to inhibit SARS-CoV release. Our data also demonstrate that,
unlike HIV-1 Vpu, which removes the BST-2 protein from the
surface and induces degradation (32, 33, 51), SARS-CoV ORF7a
does not remove BST-2 from the plasma membrane.
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FIG 9 Unglycosylated BST-2 fails to inhibit SARS-CoV egress. HEK293T ACE2 cells were transfected with either a control plasmid or a plasmid carrying
wild-type HA-tagged BST-2 or a mutant HA-tagged BST-2 containing the N65A and N92A mutations. (A) The expression levels of wild-type BST-2 and
N65A/N92A BST-2 were analyzed by Western blotting with anti-HA antibody and anti-tubulin antibody as a loading control. The BST-2 N65A/N92A mutant
runs noticeably more slowly due to its loss of glycosylation. (B) HEK293T ACE2 cells were transfected with each plasmid, and the levels of the BST-2 protein on
the surface of the cells were analyzed by flow cytometry with an anti-HA antibody. The percentage of surface expression of WT BST-2-transfected cells displaying
surface localization of the B65A/N92A mutant BST-2 is graphed. (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 the amount of icSARS-CoV released is graphed as the percentage
of the wild-type icSARS-CoV released. Notice the loss of inhibition of icSARS-ORF7abA-CoV release in the mutant BST-2-transfected cells compared to the

inhibition of icSARS-ORF7abA-CoV release in wild-type BST-2-transfected cells. *, P < 0.005; ns, not significant.

We have confirmed the interaction of ORF7a and BST-2 using
multiple assays, including immunoprecipitation, colocalization,
and surface plasmon resonance assays, which showed that ORF7a
directly binds to unglycosylated BST-2 but not to glycosylated
BST-2. Previous studies have suggested that the glycosylation of
BST-2 is required for BST-2 antiviral activity (29) and the amino
acid residues surrounding the N-linked glycosylation sites are evo-
lutionarily conserved in BST-2, suggesting that these amino acids
may be important for BST-2 function (22). We further demon-
strated that N-linked glycosylation is required for the restriction
of SARS-CoV lacking ORF7a, suggesting that the blocking of gly-
cosylation 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, 51, 53); how-
ever, we have demonstrated for the first time that a virus encodes

December 2015 Volume 89 Number 23

Journal of Virology

a BST-2 antagonist that inhibits BST-2 glycosylation, providing a
potential mechanism for other putative viral BST-2 antagonists.
Taken together, the data suggest that ORF7a may function by
binding to and preventing N-linked glycosylation of BST-2, pre-
venting 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 apparatus
to the surface, ORF7a and BST-2 interact in the Golgi apparatus,
where the extracellular domain of ORF7a binds the unglycosy-
lated 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 has yet
to be determined whether ORF7a or BST-2 is present in those
compartments. BST-2 is potentially binding newly released SARS-
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CoV virions at the plasma membrane; however, most models of
BST-2 function predict that BST-2 is inserted into the membrane
as the virion forms (20), so we would predict that BST-2 first
interacts with SARS-CoV virions in the ERGIC.

While the genomes of a variety of enveloped viruses encode
BST-2 antagonists, those antagonists function by different mech-
anisms. Both HIV-1 Vpu and Kaposi’s sarcoma-associated her-
pesvirus K5 ubiquitinate BST-2, leading to surface removal and
subsequent lysosomal degradation (27, 51, 54). HIV-2 Env also
removes BST-2 from the surface, but rather than being degraded,
BST-2 isrelocated 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, 55). Ebola virus GP1,2 does not remove BST-2 from the sur-
face but antagonizes BST-2 through an as yet unknown mecha-
nism (39). The diverse mechanisms of known BST-2 antagonists
demonstrate that viruses have independently evolved many differ-
ent ways of antagonizing BST-2, an important restriction factor
for any enveloped virus. It is possible that the genomes of all en-
veloped viruses encode BST-2 antagonists that act by a variety of
mechanisms, but in most viruses these remain undiscovered.

In this study, we have identified BST-2 to be a potential inhib-
itor 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 apparatus and
then trafficking with it from the Golgi apparatus 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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