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To analyze the proteins interacting with the severe acute respiratory syndrome coronavirus (SARS-CoV)
envelope (E) protein, a SARS-CoV was engineered including two tags associated to the E protein. Using this
virus, complexes of SARS-CoV E and other proteins were purified using a tandem affinity purification system.
Several viral and cell proteins including spike, membrane, non-structural protein 3 (nsp3), dynein heavy
chain, fatty acid synthase and transmembrane protein 43 bound E protein. In the present work, we focused

on the binding of E protein to nsp3 in infected cells and cell-free systems. This interaction was mediated by
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the N-terminal acidic domain of nsp3. Moreover, nsp3 and E protein colocalized during the infection. It was
shown that E protein was ubiquitinated in vitro and in cell culture, suggesting that the interaction between
nsp3 and E protein may play a role in the E protein ubiquitination status and therefore on its turnover.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Severe acute respiratory syndrome coronavirus (SARS-CoV) was
identified as the etiological agent of a respiratory disease that emerged in
Guangdong Province, China, in late 2002, and rapidly spread to 32
countries (Drosten et al., 2003; Fouchier et al., 2003; Ksiazek et al., 2003;
Kuiken et al,, 2003; Marra et al., 2003; Peiris et al., 2003; Rota et al,, 2003).
After July 2003, only a few community-acquired and laboratory-acquired
SARS cases were reported (http://www.who.int/csr/sars/en/). The
disease causes an atypical pneumonia with an average mortality of 10%.
No clearly defined efficacious treatment is available to prevent or treat
SARS.

SARS-CoV is an enveloped, single-stranded positive-sense RNA virus
with a genome of 29.7 kb that belongs to genus 3 of the Coronavirinae
subfamily (de Groot et al., 2008; Enjuanes et al., 2008; Gorbalenya, 2008).
The replicase gene is encoded within the 5’ two-thirds of the SARS-CoV
genome, including two overlapping open reading frames (ORF) named
ORFs 1a and 1b, the latter being translated by a ribosomal frameshift
upstream of the ORF 1a stop codon (Brierley et al., 1989; Thiel et al., 2003;
Ziebuhr, 2005). Translation of both ORFs in the cytoplasm of infected cells,
results in the synthesis of two polyproteins, ppla and pp1lab, that are
processed by two viral proteinases to yield 16 functional non-structural
proteins (nsps) (Ziebuhr, 2005; Ziebuhr et al., 2000). These non-structural
proteins are the components of the membrane-anchored replication-
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transcription complex (Stertz et al, 2007). The largest non-structural
protein of SARS-CoV is the multifunctional nsp3 protein that comprises
1922 amino acid residues. It has been proposed that nsp3 could act as a
replication/transcription scaffolding protein (Imbert et al., 2008). At least
seven domains have been identified in nsp3 based on amino acid
secondary structure prediction, phylogenetic conservation, structure and
functional analysis (Snijder et al., 2003; Thiel et al., 2003 ). These domains
are: (i) the N-terminal acidic domain, called nsp3a, that adopts a
ubiquitin-like globular fold (Serrano et al., 2007); (ii) the ADP-ribose-
1”-phosphatase (ADRP), named nsp3b (Saikatendu et al,, 2005); (iii) the
SARS unique domain (SUD), also called nsp3c, that binds RNA G
quadruplexes (Tan et al, 2009); (iv) the nsp3d domain that contains
two subdomains involved in the papain-like proteinase (PL2P™) activity
(Harcourt et al,, 2004), and another one with a ubiquitin-like fold; and (v)
the additional domains (nsp3e-g) that include a RNA binding domain, a
transmembrane (TM) region and a zinc finger motif. In a recent report
nsp3 has been shown to be an interferon antagonist (Devaraj et al., 2007).
In this sense, the papain-like protease domain has a deubiquitinating
activity that shows a delSGylation activity that could be involved in the
inhibition of interferon responses (Barretto et al., 2005; Devaraj et al,,
2007; Frieman et al., 2009; Lindner et al., 2005, 2007). Posttranslational
modification of proteins by ubiquitin and ubiquitin-like ligands is a
multistep process, carried out by a well-defined enzymatic pathway,
which is required to maintain physiological levels and functional activities
of several cellular proteins. In addition, the reversal pathway, named
deubiquitination, has been recognized as an important process in the
regulation of protein degradation by the proteasome. Many viruses have
evolved mechanisms to modify host ubiquitination and deubiquitination
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machinery to modulate cell cycle, to interfere with innate and adaptative
immune responses and to enhance virus replication and egress (Isaacson
and Ploegh, 2009). In this sense, it has been shown that several viral
proteins are directly modified by ubiquitin or ubiquitin-like proteins
during the virus cycle. Moreover, some viruses encode their own
ubiquitinating or deubiquitinating enzymes that may alter the ubiquitina-
tion level of cellular and viral targets (Isaacson and Ploegh, 2009).

The CoV replicase complex is involved in genome replication and
transcription of a nested set of subgenomic mRNAs (sgmRNAs)
encoding structural proteins, such as the spike (S), envelope (E),
membrane (M), and nucleocapsid (N). In addition, SARS-CoV sgmRNAs
encode a set of group specific proteins, whose sequence and number
differ from other coronavirus species (Enjuanes et al., 2008). In the case
of SARS-CoV, some of these proteins (3a, 6, 7a,and 7b) also are structural
proteins (Huang et al., 2006, 2007; Ito et al., 2005; Schaecher et al., 2007;
Shen et al., 2005). The function of most group specific proteins is still
unclear. However, these proteins may influence the virus-host
interaction and viral pathogenesis.

SARS-CoV E protein is a small integral membrane protein that is 76
amino acids in length and contains a short hydrophilic amino terminus
followed by a hydrophobic region and a hydrophilic carboxy terminus
(Torres et al., 2007; Wilson et al., 2004). It has been shown that SARS-
CoV E protein plays an important, but not well-defined role in virus
assembly and budding. The SARS-CoV E gene has previously been
shown to be a non-essential gene, although deletion of this gene from
the viral genome reduces virus titers in cultured cells by 20- to 200-fold
in relation to the wild-type virus (SARS-CoV-wt), depending on the cell
type infected (DeDiego et al., 2007). SARS-CoV lacking the E gene is
attenuated in the highly sensitive hACE-2 transgenic mouse model and
in hamsters, and it has been proposed that the E gene is a virulence
factor (DeDiego et al., 2007, 2008).

The identification of proteins interacting with SARS-CoV E protein is
relevant to understand the mechanisms of action of this protein during
the viral cycle. In this article, we report the construction of a
recombinant SARS-CoV expressing E protein linked to two tandem
affinity tags [influenza haemmaglutinning (HA) and a FLAG epitope]
spaced by a tobacco etch virus (TEV) cleavage site throughout the C
terminus of E protein. This system allowed the rapid purification of E
and associated proteins from SARS-CoV-infected cells. Using this
system, the interaction of SARS-CoV envelope protein with structural
proteins S and M, and with the multifunctional protein nsp3 was
identified. In addition, the binding of E protein to cellular proteins
including dynein heavy chain, fatty acid synthase, aminopeptidase
puromycin sensitive, transmembrane protein 43 and lactate dehydro-
genase A is shown. In this paper, we focused on E-nsp3 binding that was
mediated through the N-terminal ubiquitin-like domain-1 of nsp3 in the
absence of other viral proteins. Moreover, these two proteins colocalized
in the cytoplasm of SARS-CoV infected cells. In this report, evidence
showing that E protein is ubiquitinated in cells is also provided. Taken
together these data showed an interaction of SARS-CoV structural E
protein with a replicase component (nsp3), that could be implicated in
the virus life cycle influencing E protein ubiquitination and turnover.

Results
Generation of a recombinant SARS-CoV expressing a tagged E protein

To identify the proteins that interact with SARS-CoV E protein, a
recombinant SARS-CoV expressing the E protein fused to a tag on its
carboxy terminus was engineered as a BAC (pBAC-SARS-CoV-EtagCt)
(Fig. 1A). The tag contains the FLAG epitope followed by a TEV
protease site, and the HA epitope. Vero E6 cells were transfected with
this plasmid or with a parental plasmid encoding the wt SARS-CoV
(pBAC-SARS-CoV'™) that lacks E protein associated tags. Recombinant
viruses rSARS-CoV-EtagCt and rSARS-CoV-wt were recovered from
both plasmids with high titers and showed the characteristic

cytopathic effect induced by SARS-CoV infection (data not shown).
The recombinant virus expressing tagged E protein was amplified,
cloned by three rounds of plaque isolation, and passaged twice to
generate a virus stock.

To study the stability of the rSARS-CoV-EtagCt virus, the synthesis
of sgmRNAs by the recombinant viruses after being passaged 8 times,
was characterized by RT-PCR (Fig. 1B). Total RNA from mock-infected
cells or cells infected with the SARS-CoV-wt, the virus lacking the E
gene (rSARS-CoV-AE), or the SARS-CoV-EtagCt virus were isolated
and amplified by RT-PCR. E, M and N gene sgmRNAs were amplified
using a forward primer complementary to the leader sequence and
reverse primers specific for each gene. A band corresponding to wild-
type E mRNA was detected in cells infected with the parental SARS-
CoV while no band was detected in SARS-CoV-AE-infected cells, as
expected. In the case of cells infected with SARS-CoV-EtagCt, a PCR
product of 340 bp corresponding to mRNA encoding the tagged E
protein was identified (Fig. 1B). The sequence of this PCR product
maintained the sequence introduced in the SARS-CoV-EtagCt virus.
No differences in the PCR products derived from the mRNA encoding
M and N proteins were detected (Fig. 1B). To study tagged E protein
expression, extracts from mock-infected cells, or cells infected with
SARS-CoV-wt, SARS-CoV-AE or SARS-CoV-EtagCt were analyzed by
Western blot (Fig. 1C). A SARS-CoV E protein-specific monoclonal
antibody generated in our laboratory was used to detect the
expression of this protein (J. L. Nieto-Torres, M. L. DeDiego, E.
Alvarez, and L. Enjuanes, CNB-CSIC, Madrid, Spain). A band
corresponding to E protein was detected in SARS-CoV-wt-infected
cells while no band was observed in cells infected with SARS-CoV-AE.
As expected, a band of lower electrophoretic mobility, corresponding
to tagged E protein, was detected in cells infected with SARS-CoV-
EtagCt. The densitrometric scanning of those bands showed only ~5%
difference between E-wt and E-tag, indicating that the expression of
tagged E protein is unaffected by the extra sequence added to E. In
addition, using FLAG or HA epitope specific monoclonal antibodies, a
band corresponding to tagged E protein was observed in cells
infected with SARS-CoV-EtagCt, whereas no bands were detected in
both SARS-CoV-wt or SARS-CoV-AE-infected cells (Fig. 1C), indicat-
ing that the E-tagged protein maintained both epitopes. As a control
of infection, SARS-CoV N protein was detected in all the viruses
(Fig. 1C). No differences in N protein expression levels were detected
between cells infected with SARS-CoV-wt, SARS-CoV-AE and SARS-
CoV-EtagCt.

To analyze whether the expression of viral mRNAs downstream
of E gene is unaffected by the tag sequence added to this gene,
synthesis of genomic and sgmRNAs was quantified by Q-RT-PCR
(Fig. 2). The quantifications showed that the amount of viral
mRNAs in cells infected with SARS-CoV-EtagCt were within a
twofold range relative to the corresponding control cells
infected with SARS-CoV-wt or SARS-CoV-AE, indicating that the E
protein tag does not affect significantly the expression of viral
mRNAs.

Growth kinetics of SARS-CoV-EtagCt virus was analyzed both in
Vero E6 and Huh-7 cells in comparison with the parental virus and
SARS-CoV-AE (Fig. 3). SARS-CoV-EtagCt and wt viruses showed
similar growth kinetics and virus titers in both cell lines. In contrast,
the titer of the rSARS-CoV-AE virus was ~20- and ~200-fold lower
than those of the recombinant wild-type and SARS-CoV-EtagCt
viruses in Vero E6 and Huh-7 cells, respectively. This result suggested
that the E protein fused to a tag is as functional as the wild-type one
since a virus containing a tagged E protein grew to the same extent as
the wild-type virus.

Purification and identification of SARS-CoV E protein ligands

Vero E6 cells were infected with SARS-CoV-EtagCt virus, and the E-
tag protein complexes were purified by two affinity chromatography
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Fig. 1. Generation of a recombinant SARS-CoV expressing a tagged E protein. (A) Scheme of recombinant virus expressing tagged E protein. L, leader sequence; REP, replicase gene; S,
spike protein, E, envelope protein; M, membrane protein; N, nucleocapsid protein; pA, poly(A) tail; FLAG, FLAG epitope; TEV, tobacco etch virus protease site; and HA, influenza
haemmaglutinin epitope. (B) Vero E6 cells were mock infected (Mock) or infected with the recombinant wild-type (WT), the rSARS-CoV-AE (AE) or rSARS-CoV-EtagCt (E-tag)
viruses. Viral mRNA expression was analyzed by RT-PCR using the oligonucleotides specific for sgmRNAs of E, M and N genes. (C) Western blot analysis of infected cell lysates using E,
FLAG, HA and N protein-specific antibodies followed by peroxidase-labelled goat anti-rabbit or anti-mouse antibodies.

steps as described in the Materials and methods section. As control,
the same purification was performed with mock- or SARS-CoV-wt-
infected cell extracts. Cell lysates were applied to an anti-HA resin and
bound proteins were eluted by proteolytic cleavage of the tag at the
TEV protease site. Eluates from the proteolytic cleavage on the anti-
HA resin were incubated with an anti-FLAG agarose and proteins
bound to matrix were eluted by specific competition with FLAG
peptide. To identify proteins that copurified with E-tag, the eluted
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Fig. 2. Virus RNA synthesis in infected Vero E6 cells. Vero E6 cells were infected with
rSARS-CoV-wt (black boxes), rSARS-CoV-AE (grey boxes) or rSARS-CoV-EtagCt (white
boxes) at an moi of 0.5. Total RNA was extracted at 16 h post-infection and the
accumulation of viral genomic or subgenomic messenger RNA (sgmRNA) of genes M, 6
and N was quantified by Q-RT-PCR. Levels of viral RNAs are represented in comparison
to reference levels from cells infected with SARS-CoV-wt. The experiment was
performed three times and the data represent the average of triplicates. Standard
deviation is indicated as error bars.

proteins were separated by SDS-PAGE and visualized by Coomassie
blue staining. In the case of purifications from cells infected with
SARS-CoV-EtagCt, several protein bands were detected, whereas
purifications in parallel using extracts from mock-infected cells or
cells infected with the wild-type virus did not reveal any detectable
protein band (Fig. 4A). These data indicated that the proteins
identified specifically bound to E-tag protein. Some of the bands
were excised, digested with trypsin, and subjected to MALDI TOF/ TOF
mass spectrometry to identify the corresponding proteins by
screening against the available NCBI protein database. A set of 12
proteins was reproducibly identified in at least two out of four
experiments with significant MASCOT scores (p>0.05) (Table 1).
Among the identified proteins binding to E, the viral proteins nsp3, S
and M were identified as E protein interacting partners. In addition,
the proteins dynein heavy chain, fatty acid synthase, aminopeptidase
puromycin sensitive, phosphofructokinase platelet, tubulin alpha and
beta, actin beta, transmembrane protein 43 and lactate dehydroge-
nase A, were identified as cellular proteins interacting with E protein.
This paper is focused on the interaction of E protein with nsp3.

Interaction between E and nps3 proteins

The interaction between nsp3 and E protein detected with the
tandem affinity purification was confirmed by coimmunoprecipita-
tion. To this end, protein complexes formed in Vero E6 cells infected
with SARS-CoV-wt, SARS-CoV-AE, or mock-infected cells were
pulled down using antibodies specific for E and nsp3 proteins.
Immune precipitates were analyzed by Western blot using the anti-
E and anti-nsp3 antibodies (Fig. 4B). Using an E protein-specific
antibody, nsp3 was coimmunoprecipitated in samples derived from
wild-type infected cells but not in extract derived from mock or
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represent standard deviations of the mean of results from three experiments.

SARS-AE-infected cells. Conversely, using anti-nsp3 antibody to pull-
down nsp3, E protein coimmunoprecipitated in extracts from cells
infected with SARS-CoV-wt, but not in those from mock-infected cells,
or cells infected with SARS-CoV-AE. In contrast, no specific bands were
observed in control experiments where the immunoprecipitations were
performed with a monoclonal antibody specific for the N protein of

A

transmissible gastroenteritis virus (TGEV). The amount of E or nsp3
proteins coimmunoprecipitated by antibodies specific for nsp3 or E
proteins respectively was relatively low, suggesting that in the
experimental conditions used, the binding between these two proteins
was relatively weak. Overall, these results indicated that E protein forms
complexes with nsp3 protein.
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Fig. 4. Identification of viral proteins interacting with SARS-CoV E protein. (A) Purification of proteins interacting with E protein using a tandem affinity purification method. Vero E6
extracts from mock-infected cells or cells infected with rSARS-CoV-wt (wt) or rSARS-CoV-EtagCt (E-tag) were used in a double affinity chromatography. Purified proteins were
detected by staining gels with Coomassie blue dye. Bands were excised from gels and were identified by mass spectrometry. (B) Coimmunoprecipitation assays of nsp3 and E protein.
Extracts from Vero E6 cells infected with rSARS-CoV-wt or rSARS-CoV-AE were immunoprecipitated with nsp3, E or TGEV N protein-specific antibodies. Immunoprecipitations were
analyzed by Western blot using E and nsp3 protein-specific antibodies followed by peroxidase-labelled goat anti-rabbit or anti-mouse antibodies.
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Table 1

Proteins isolated with SARS-CoV E-tagged protein.
Accession no. Protein name Mr Function® Masses matched/searched  Score/threshold/database®  N°
gi|34555776 Dynein, heavy chain isoform 1 488,642 Microtubule-based transport 8/16 73/65/nr 3
2i|41584442 Fatty acid synthase 275,900  Lipid metabolism 14/33 99/80/nr 2
gi|34555776 SARS-CoV non-structural protein (nsp3) 216,607  Virus protein 30/49 315/80/nr 3
€i|30027620 SARS-CoV spike glycoprotein (S protein) 141,323 Virus protein 15/26 247/80/nr 3
£i|15451907 Aminopeptidase puromycin sensitive 99,125  Cell cycle 24/75 187/80/nr 3
£i|119606901 Phosphofructokinase platelet 93,725  Glycolysis 17/55 83/65/Hs 2
2i|14389309 Alpha tubulin 50,548  Cytosqueleton 27/94 566/80/nr 4
2i|18088719 Beta tubulin 50,096 Cytosqueleton 35/85 558/70/m 3
2i|4501885 Beta actin 42,052 Cytosqueleton 26/78 516/80/nr 4
2i|13236587 Transmembrane protein 43 44,904 Nuclear membrane 24/77 453/80/nr 3
2i|62897717 Lactate dehydrogenase A 36,951 Metabolism 13/93 131/80/nr 3
£i|30027623 SARS-CoV membrane protein (M protein) 25,070  Virus protein 1/83 42/36/Vs 3
2i]29836499 SARS-CoV E protein 8360  Virus protein 1/80 58/37/Vs 1

@ Biological process according to Gene Ontology.

b Mascot scores are given in boldface. Mascot threshold scores indicate the limit score from which the identification was significant (p<0.05). Searches were performed against the
NCBI database without restrictions (nr). In the indicated cases taxonomy was restricted to humans (Hs), mammals (m) or viruses (Vs).

€ Number of times that the protein was identified.

To further confirm the interaction between nsp3 and E protein, a
coimmunoprecipitation assay was performed using nsp3-derived
fragments expressed in a cell-free coupled transcription-translation
system (Fig. 5A). Biotinylated Lys-tRNA was used in translation
reactions for subsequent detection of the expressed proteins with
streptavidin conjugated to peroxidase (Fig. 5B). Recombinant
purified SARS-CoV E protein was added to translation lysates and
then E protein was pulled down using the specific monoclonal
antibody indicated above. Fragment 1 of nsp3 was coimmunopreci-
pitated together with E protein, while no bands were detected in a
control experiment in which the porcine reproductive and respira-
tory syndrome virus (PRRSV) glycoprotein 5 (Gp5) was added to
translation lysates and pulled down with anti-Gp5 antibody (Fig. 5B).

A

nsp3 [JSI

Overall, these results indicated that the interaction between nsp3
and E protein is independent of the presence of other SARS-CoV
proteins, and that the interaction site in nsp3 is located in the N-
terminal domain of the protein.

Mapping the nsp3 region required to interact with E protein in cell-free
systems

To further delimit the domain of nsp3 involved in the interaction
with E protein, the N-terminal acidic domain (UB1-AC), the ADRP, and
the SUD domains of nsp3 protein were expressed in cell-free systems
as described above (Fig. 6A). Purified E or Gp5 proteins were mixed
with each of the nsp3 N-terminal biotinylated polypeptides and
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Fig. 5. Coimmunoprecipitation assays of nsp3 fragments. (A) Scheme of nsp3-derived fragments synthesized in TNT® coupled reticulocyte lysate systems (F1 to F4). The nsp3
domains are shown in the scheme: UB1, ubiquitin-like domain 1; AC, acidic hypervariable domain; ADRP, ADP-ribose-1"-phosphatase; SUD, SARS unique domain; UB2, ubiquitin-
like domain 2; PLP, papain-like protease; NAB, group II-specific domain; G2M, group II-specific maker; TM, transmembrane motif; ZF, putative metal-binding region; and Y, Y region.
Synthesized fragments were mixed with recombinant E or Gp5 proteins and then were used in immunoprecipitation assays using E or Gp5 protein-specific antibodies.
Immunoprecipitations were analyzed by Western blot using E and Gp5 protein-specific antibodies followed by peroxidase-labelled goat anti-rabbit or anti-mouse antibodies.

Luciferase (Luc) was used as a control.
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binding region; and Y, Y region. Synthesized fragments were mixed with recombinant E or Gp5 proteins and then were used in immunoprecipitation assays using E or Gp5 protein-
specific antibodies. Immunoprecipitations were analyzed by Western blot using E and Gp5 protein-specific antibodies followed by peroxidase-labelled goat anti-rabbit or anti-
mouse antibodies.
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immunoprecipitated using antibodies against E protein or the
unrelated protein Gp5, as a negative control (Fig. 6B). While no
bands were detected in a control experiment when Gp5 was used as
bait, a band corresponding to UB1-AC domain was observed in
samples in which purified E protein was added to the translation
mixtures and subsequently immunoprecipitated with E specific
antibody (Fig. 6B). Moreover, bands corresponding to ADRP and
SUD domains were not coimmunoprecipitated together with E
protein (Fig. 6B). This data indicates that nps3 interacts with E
protein through the ubiquitin-like domain-1 located in the N-
terminus of the protein.

Subcellular localization of E and nsp3

To obtain complementary support for the interaction between nsp3
and E protein, Vero E6 cells infected with SARS-CoV-wt, SARS-CoV-AE
and SARS-CoV-EtagCt were analyzed by confocal immunomicroscopy
using HA (to detect E-tag) or nsp3 specific antibodies. All infected cells
showing the presence of E protein also stained with the nsp3 specific
antibody giving an identical pattern, consistent with a perinuclear
distribution (Fig. 7). The localization of the tagged E protein was the
same as untagged E in infected cells indicating that the tag sequence did
not change the E protein localization (Supplementary Fig. 1). These
results suggest that nsp3 and E protein colocalize in the cytoplasm of
infected cells and that the absence of E protein did not change the
subcellular distribution of nsp3.

Ubiquitination of SARS-CoV E protein

To analyze whether E protein is ubiquitinated, a plasmid
expressing E protein was cotransfected with a plasmid expressing a
modified ubiquitin (Ub-OK) fused to a His tag into VeroE6 cells. The
modified ubiquitin prevents the formation of poly-ubiquitin chains
and the subsequently degradation of poly-ubiquitinated proteins by
the proteasome. The cells were lysed 24 h post transfection, the
proteins were resolved by SDS-PAGE and E protein was detected by
Western blotting using an antibody E protein specific (Fig. 8A). An
additional band corresponding to monoubiquitinated E protein was
detected only when E protein was expressed in presence of Ub-OK
(Fig. 8A, lane 3). By contrast, samples from cells expressing E protein
(Fig. 8A, lane 2) or Ub-OK (Fig. 8A, lane 1) alone did not show the
novel band. The promyelocytic leukemia protein (PML) was
expressed in parallel to serve as a positive control of ubiquitination
(Fig. 8B). In this case, different lower migrating bands corresponding
to different ubiquitination states of the protein were observed. This
result indicates that SARS-CoV E protein was ubiquitinated in
transfected cells.

To further analyze E protein ubiquitination, an in vitro assay was
performed using recombinant purified E protein expressed using
baculoviruses, followed by immunoblotting detection of E protein
with an E specific antibody. A slow migrating E band was detected when
E protein was incubated with presence of mono-ubiquitin or poly-
ubiquitin (Fig. 8C, lanes 2 and 3), whereas no additional band was
detected when E protein was incubated in the absence of ubiquitin
(Fig. 8, lane 1), indicating that SARS-CoV E protein is also ubiquitinated
in a cell-free system.

Discussion

Coronavirus E protein is present in a high copy number in the
cytoplasm of infected cells but is a minor component of the virions
(Godet et al, 1992; Liu and Inglis, 1991; Yu et al, 1994). It plays
important roles in coronavirus assembly and morphogenesis (Fischer et
al.,, 1998; Ortego et al., 2007, 2002), alteration of the cellular membrane
permeability (Liao et al., 2004, 2006) and virus-host interaction (Liu et
al.,, 2007). In this study, we used a TAP approach coupled to mass
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Fig. 8. Ubiquitination of SARS-CoV E protein. Ubiquitin conjugation to E protein. Vero E6
cells were transiently transfected with the plasmid mixtures shown in the figure. The
control plasmid pcDNA was used to equalize the total amount of transfected plasmid in
all cases. 24 h after transfection, the cells were lysed by Laemmli lysis buffer followed by
boiling for 5 min. The denatured lysates were analyzed by SDS-PAGE and Western blot
with an antibody against E protein (A) or HA epitope (B). (C) In vitro ubiquitination of
SARS-CoV E protein. Baculovirus purified E protein was incubated with mono-ubiquitin
(mUb) or poly-ubiquitin (pUb) in the presence of the all the enzymes of the
ubiquitination process. The reactions were resolved by SDS-PAGE and transferred to
nitrocellulose. The ubiquitinated (Ub-E) and non-ubiquitinated E protein was detected
by Western blot using a specific antibody against E protein.

spectrometry to identify viral proteins interacting with SARS-CoV E
protein that could be important to regulate its functions. This led to the
observation of interactions between the E and other viral structural
proteins such as S and M. Cellular proteins significantly binding to E
protein were also identified, as dynein heavy chain, fatty acid synthase,
aminopeptidase puromycin sensitive, phosphofructokinase platelet,
tubulin alpha and beta, actin beta, transmembrane protein 43 and
lactate dehydrogenase A. The interaction between E and M coronavirus
proteins has already been reported in other CoV species, such as
infectious bronchitis virus (IBV) and mouse hepatitis virus (MHV), by
coimmunoprecipitation in virus-infected or transfected cells (Corse and
Machamer, 2003; Lim and Liu, 2001; Maeda et al., 1999). The role of
SARS-CoV E protein in virus assembly has been analyzed studying the
formation of VLPs both in mammalian and insect cells (Ho et al., 2004;
Huang et al,, 2004; Mortola and Roy, 2004; Siu et al., 2008), and by
reverse genetics (DeDiego et al., 2007, 2008). Although there are
conflicting reports on the proteins necessary for the formation of VLPs in
SARS-CoV (Ho et al., 2004; Huang et al., 2004; Mortola and Roy, 2004), it
has been clearly shown that a recombinant virus lacking E gene
produced virions with the same morphology as the wt virus, indicating
that E protein is not necessary to obtain infectious SARS-CoV (DeDiego
et al,, 2007, 2008).

In addition to the interaction of E protein with S and M, a novel
interaction between E protein and the non-structural protein nsp3
was identified. The nsp3-E interaction was detected by reciprocal
coimmunoprecipitation of lysates from SARS-CoV-infected cells.
Furthermore, nsp3 and E protein colocalized in the perinuclear
region of the cytoplasm of SARS-CoV-infected cells. Taken together,
these data suggest that nsp3 and E protein may form a protein
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complex in SARS-CoV-infected cells. The interaction among SARS-
CoV proteins has been studied using different approaches (yeast
two-hybrid assay, mammalian two-hybrid assay and coimmuno-
precipitation) (Pan et al., 2008; von Brunn et al., 2007). Studies using
a two-hybrid system have shown the interaction of E protein with
nsp1, nsp8, nsp11, 3b, 7b and 9b proteins (von Brunn et al., 2007).
Some of these interactions were confirmed by coimmunoprecipita-
tion of proteins expressed in human HEK 293-transfected cells. In
addition, interaction between E and 7a proteins was detected using a
mammalian two-hybrid assay, although this interaction was not
confirmed by coimmunoprecipitation nor pull-down approaches
(Pan et al., 2008). Nevertheless, these articles did not describe the
interaction between E protein and the structural proteins M and S, or
the non-structural nsp3 protein. This was probably due to the
limitation of two-hybrid systems in detecting proteins with
transmembrane domains that could prevent the transfer of bait-
ligand complexes to the cell nucleus, where these complexes lead to
transcription. The system described here, allowed the identification
of E protein interacting partners in the context of SARS-CoV
infection overcoming potential limitations of two-hybrid assays.
Interestingly, a recent report identifying the SARS-CoV structural
proteins showed that, in addition to the well know structural
proteins S, E, M, and N, nsp3 is a tentative novel minor virion
component (Neuman et al., 2008). A network of protein-protein
interactions within SARS-CoV components has been proposed
(Neuman et al., 2008). In this network, the interaction between
nsp3 and E protein could, in principle, be explained by an indirect
link through the 9b protein in the virion. Nevertheless, we have
demonstrated in an in vitro coimmunoprecipitation assay that nsp3
specifically interacts with E protein in the absence of other viral
proteins. This data suggested that the interaction of nsp3 with E
protein is most likely a direct interaction, although the requirement
of proteins from the reticulocyte lysate assay could not be formally
excluded.

Nsp3 is a multifunctional protein of the replication/transcription
complex. It has recently been proposed that nsp3 may act as a
replication/transcription scaffolding protein (Imbert et al., 2008). In
this report, it has been shown that nsp3, in particular the PLP domain,
interacted with a large number of partners of the replication/
transcription complex. This data in combination with the presence
of a transmembrane domain within nsp3 suggested that this protein
could act bringing several proteins into close proximity, within the
double membrane environment. In the present report, we showed
that E colocalized with nsp3 in the cytoplasm during the infection. In
this sense, nsp3 may bring the E protein into the vicinity of the
replication/transcription complex.

It has been shown that ubiquitination and deubiquitination
processes are important in the viral life cycle (Isaacson and Ploegh,
2009). Several viral proteins possess deubiquitinating activity. One
of them is the PLpro domain of the SARS-CoV nsp3 protein that
belongs to the USP family of deubiquitinases (DUBs) and has
deubiquinatin activity in vitro (Lindner et al., 2005). Moreover, it
has been proposed that the PLpro domain might act protecting the
viral replication complex from proteasomal degradation via deubi-
quitination. However, the viral and cellular targets of the nsp3 DUB
domain remain completely unknown. Here, we describe that SARS-
CoV E protein is ubiquitinated in vitro and in cells, although the
function of this post-translational modification in the course of
infection is not known. Nps3-E interaction could have a role in
controlling the ubiquitination status of E protein during the
infection and, as a consequence, on its turnover and modulation
of the innate and adaptative immune responses or virus replication
and egress, similarly to what has been suggested in other viral
systems (Isaacson and Ploegh, 2009).

In conclusion, our work describes a system to detect interactions
between the E protein with other viral and cellular components in the

infection context. We describe a novel protein-protein interaction
between the structural protein E and the non-structural protein nsp3
and that this interaction was mediated through the N-terminal
ubiquitin-like domain-1 of nsp3 in the absence of other viral proteins.
This work also describes that SARS-CoV E protein is ubiquitinated
both in vitro and in cells. Further investigation will be needed to
clarify the role of E protein ubiquitination in viral cycle and virus-host
interaction, and whether nsp3 plays a role in E protein ubiquitination.

Materials and methods
Cells and culture conditions

African green monkey kidney-derived Vero E6 cells and the Huh-
7.5.1 clone derived from the human hepatome Huh-7 cells were
kindly provided by E. Snijder (University of Leiden, The Netherlands)
and F. V. Chisari (Scripps Research Institute, La Jolla, California, USA),
respectively. In both cases, cells were cultured in Dulbecco's modified
Eagle medium (DMEM, GIBCO, Grand Island, NY, USA) supplemented
with 25 mM HEPES and 10% fetal bovine serum (FBS, Biowhittaker,
Berviers, Belgium). Virus growth and titrations were performed in
Vero E6 cells following standard procedures previously described in
detail (DeDiego et al., 2007). All work with infectious virus was
performed in biosafety level (BSL) 3 facilities by personal wearing
positive-pressure air purifying respirators (3 M HEPA AirMate, Saint
Paul, MN).

Construction of plasmid pBAC-SARS-CoV-EtagCt

The pBAC-SARS-CoV-EtagCt plasmid encoding a rSARS-CoV expres-
sing the E gene fused to a tag consisting on the FLAG and the HA epitopes
separated by TEV cleavage site, was constructed from a previously
generated full-length infectious cDNA clone (plasmid pBAC-SARS-
CoV™h) (Almazan et al., 2006). The tagged E gene was introduced by
overlap extension PCR using the plasmid pBAC-SARS-CoV'.. The
oligonucleotides SARS-E-VS (5’-CTCTTCAGGAGTTGCTAATCCAG-
CAATGG-3’) and SARS-EtagCt-RS (5'-GAGCTCACCCTGAAAATA-
CAAATTCTCCTTATCGTCGTCATCCTTGTAATCGACCAGAAGATCAG-
GAACTCC-3'), which includes the TEV site and the FLAG epitope
followed by a sequence complementary from the nucleotides (nt)
26325 to 26348 of the SARS-CoV genome, were used to generate a PCR
product from nt 26018 to 26348 of the SARS-CoV genome. The
oligonucleotides SARS-EtagCt-VS (5'-GAGAATTTGTATTTTCAGGGT-
GAGCTCTACCCATACGATGTTCCAGATTACGCTTAAGATCTTCTGGTC-
TAAACGAACTAACTATTATTATTATTC-3'), which contains the TEV site
and the HA epitope followed by a sequence from nt 26334 to 26372 of
the SARS-CoV genome, and SARS-29794-RS (5’-CCAGGTCGGACCGC-
GAGGAGGTG-3’) were used to generate a PCR product spanning nt
26334 to 29794 of the pBAC-SARS-CoV™ plasmid. Both overlapping
products were used as templates for PCR amplification using primers
SARS-E-VS and SARS-29794-RS. The final PCR product was digested
with the enzymes BamHI and Rsrll and cloned into pBAC-SARS-CoV™"
digested with the same enzymes to generate the plasmid pBAC-SARS-
CoV-EtagCt.

Transfection and recovery of infectious viruses from cDNA clones

Baby hamster kidney (BHK) cells were grown to 90% confluence in
12.5 cm? flasks and were transfected with 6 ug of pBAC-SARS-CoV-
Etag-Ct or pBAC-SARS-CoV: as a control, using 18 pg of
Lipofectamine 2000 (Invitrogen) according to the manufacturer's
instructions. Recovered viruses were cloned by plaque titration as
described in detail (Almazan et al., 2006; DeDiego et al., 2007).
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Growth kinetics of recombinant viruses

Vero E6 or Huh-7.5.1 cells grown to 90% confluence were
infected at a multiplicity of infection (moi) of 0.05 with the viruses
rSARS-CoV-wt, rSARS-CoV-AE or rSARS-CoV-EtagCt. Culture super-
natants were collected at different times post-infection, and virus
titers were determined as previously described (DeDiego et al.,
2007).

Western blot analysis

Proteins were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to a nitrocellulose
membrane by wet immunotransfer and processed for Western
blotting. The blots were probed with monoclonal antibodies specific
for FLAG tag (dilution 1:1000; Sigma), HA tag (dilution 1:10,000;
Sigma) or PRRSV Gp5 protein (dilution 1:1000; INGENASA, Madrid,
Spain) or polyclonal antibodies against E (dilution 1:6000; kindly
provided by Shen Shuo, Institute of Molecular and Cellular Biology,
Singapore), nsp3 (dilution 1:2000; Rockland, Gilbertsville, PA), or N
proteins (dilution 1:2000; Imgenex). Horseradish peroxidase-conju-
gated antibodies against the different species and the Immobilon
Western chemiluminescent substrate (Millipore) were used to detect
bound antibodies. Chemiluminescence was detected by exposure to
Agfa X-ray film.

Purification of proteins and generation of SARS-CoV E protein
monoclonal antibody

Recombinant histidine-tagged SARS-CoV E and PRRSV Gp5 proteins
were expressed in the baculovirus/insect cell system. Recombinant
proteins were purified to near homogeneity by Ni>"-NTA affinity
chromatography (J. L. Nieto-Torres, M. L. DeDiego, E. Alvarez, and L.
Enjuanes, CNB-CSIC, Madrid, Spain, unpublished results).

Purified E protein was the basis to generate the SARS-CoV E protein
monoclonal antibody by immunizing BALB/c mice. Positive hybrid-
oma clones were selected by ELISA, immunofluorescence and Western
blot (J. L. Nieto-Torres, M. L. DeDiego, E. Alvarez, and L. Enjuanes, CNB-
CSIC, Madrid, Spain, unpublished results).

Analysis of viral RNA synthesis

Viral RNA synthesis was quantified by Q-RT-PCR. cDNAs were
synthesized from 50 ng of total RNA extracted from SARS-CoV-wit,
SARS-CoV-AE or SARS-CoV-EtagCt infected cells using specific reverse
sense oligonucleotides to genomic or subgenomic messenger RNA
(sgmRNA) of genes M, 6 and N (DeDiego et al., 2007). The High Capacity
cDNA Transcription kit (Applied Biosystems) was used in reverse
transcription following the manufacturer's instructions. To analyze viral
RNA synthesis a SYBR green assay (Applied Biosystems) was used. PCRs
were performed using a virus sense primer complementary to the leader
sequence, and specific reverse oligonucleotides to genomic or sgmRNAs
(DeDiego et al., 2007). Data were acquired with an ABI PRISM 7000
sequence detection system (Applied Biosystems) and analyzed with ABI
PRISM 7000 SDS version 1.0 software. Levels of viral RNAs are
represented in comparison to reference levels from cells infected with
SARS-CoV-wt.

Cell extracts

Vero E6 were grown to 90% confluence and infected at an moi of
0.1 with rSARS-CoV-wt or rSARS-Co-EtagCt. After an adsorption
period of 1h the inocula medium was replaced with fresh DMEM
containing 10% FBS. At 40 h post-infection the cells were washed
twice with ice-cold phosphate-buffered saline (PBS), scrapped off the
plates and lysed in a buffer containing 10 mM Tris-HCI pH 8, 150 mM

NaCl, 0.5 mM EDTA, 1% IGEPAL CA-630 (Octylphenyl-polyethylene
glycol, Sigma) and protease inhibitor cocktail (Roche) and incubated
at 4 °C for 20 min. The extracts were clarified by centrifugation at
10,000 x g for 15 min. The supernatant was collected and the total
protein concentration was determined with Coomassie Plus protein
Assay (Pierce) and cell extracts were aliquoted to avoid repeated
freeze/thaw cycles.

Tandem affinity purification

Cell extracts (4 ml) at a protein concentration of ~5 mg/ml were
incubated with 30 pl of Red Anti-HA Affinity Gel (Sigma) overnight at
4 °Cin an orbital shaker. Agarose beads were washed 10 times with 10
volumes of wash buffer containing 10 mM Tris-HCl pH 8, 150 mM
NaCl, 0.5 mM EDTA, and 0.1% IGEPAL CA-630 and then, protein
complexes were eluted from the matrix by incubation with 500 U of
ACTEV protease (Invitrogen) for 3 h at room temperature. Eluted
complexes were incubated with 30 pul anti-FLAG M2 Affinity Gel
(Sigma) overnight at 4 °C and then beads were washed 10 times with
10 volumes of wash buffer. Protein complexes were eluted by
competition with FLAG peptide (Sigma) at a final concentration of
1 mg/ml diluted in a buffer containing 10 mM Tris-HCl pH 8, 300 mM
NaCl, 0.5 mM EDTA, and 0.1% IGEPAL CA-630. Proteins were
precipitated by trichloroacetic acid at a final concentration of 10 %
(v/v) and then were resuspended in 30 pul of NuPage Sample buffer
(Invitrogen) and incubated 10 min at 65 °C. Purified proteins were
loaded into 1.0 mm NuPAGE 4-12% Bis-Tris gels (Invitrogen) and
electrophoresis was performed at 100 V using the MES SDS running
buffer from the same manufacturer. The gels were washed three times
in deionized water, stained with Coomassie blue Simply Blue Safe
Stain (Invitrogen), and the protein bands were excised from the gels
for their identification by mass spectrometry.

Identification of proteins by mass spectrometry

Excised protein bands were in-gel digested with sequencing grade
modified porcine trypsin (Promega). Peptides were extracted from gel
bands in 0.5% trifluoroacetic acid, dried by speed vacuum centrifuga-
tion and resuspended in 4 pl of MALDI solution. A 0.8 pl aliquot of each
digestion was deposited and dried onto a 2386-well OptiTOF™ plate
(Applied Biosystems) and co-crystallized with 0.8 ul of matrix
solution (3 mg/ml CHCA in MALDI solution). Samples were analyzed
by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry in an ABI 4800 MALDI TOF/TOF mass spectrometer
(Applied Biosystems) at the proteomic facility of the National Center
of Biotechnology (CNB-CSIC, Madrid, Spain). Data were analyzed
using the ABI 4000 series explorer Software v3.6 and searches were
performed with the MASCOT software v2.1 (Matrix Science) against
the MSDB from the non-redundant NCBI protein database with mass
tolerance of 100 ppm. No restrictions were imposed for protein
molecular weight, although in some cases taxonomy restrictions for
the viral, human or mammalian databases were included.

Plasmid construction and in vitro transcription/translation

The plasmids used to generate the SARS-CoV nsp3 protein
fragments were engineered by inserting the PCR products digested
with EcoRI/Xhol in the same sites of pcDNA3 (+) plasmid. The
corresponding nucleotides (nt) of each fragment in the SARS-CoV
genome are the following: i) fragment 1 (F1), nt 2719-4896; ii)
fragment 2 (F2), nt 3886-5829 ; iii) fragment 3 (F3), nt 4888-6672;
iv) fragment 4 (F4), nt 6397-8484; v) fragment UB1-AC, nt 2719-
3055; vi) fragment ADRP, nt 3269-3814 ; and vii) fragment SUD, nt
3815-4896. The in vitro transcription/translation reaction was
carried out with the TNT® coupled reticulocyte lysate system
(Promega) according to the manufacturer's instructions. Biotinylated
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Lys-tRNA (Promega) was used in translation reactions for subsequent
detection of the expressed proteins with streptavidin conjugated to
peroxidase (dilution 1:5000).

The pcDNA-E plasmid used to express the SARS-CoV E protein was
engineered by inserting the PCR product digested with EcoRI/Xhol in
the same sites of pcDNA3.1 (+) plasmid.

The pcDNA-UB-OK plasmid that expresses a mutated ubiquitin
fused to His tag, which is unable to form poly-ubiquitin chains, was
kindly provided by Manuel S. Rodriguez (CIC-BIOGUNE, Spain).

The HA-PMLIV plasmid, expressing the PML protein fused to HA
epitope, and used as ubiquitination positive control in culture cells,
was kindly provided by Jin-Hyun Ahn (Sungkyunkwan University
School of Medicine, South Korea).

Immunoprecipitation

For immunoprecipitation assays Protein A/G Plate IP Kit (Pierce)
was used following the manufacturer's instructions. Briefly, coated
plates were incubated with the appropriate antibodies (polyclonal
anti-nsp3 or monoclonal anti-E) diluted in the immunoprecipitation
buffer (PBS, 1% Surfactant-Amps X-100) for 2 h at room temperature.
Then, antigen samples were diluted with 1 volume of immunopre-
cipitation buffer and were incubated in the coated plates overnight at
4 °C. The wells were washed five times with 200 ul of immunopre-
cipitation buffer and then immune complexes were eluted with 50 ul
of elution buffer. Analysis of precipitate complexes was carried out by
SDS-PAGE and Western blotting.

Confocal microscopy

For confocal microscopy, Vero E6 cells grown on glass coverslips
were infected with rSARS-CoV, rSARS-CoV-AE and rSARS-CoV-EtagCt
at an moi of 0.5. At 15 h post-infection the growth medium was
removed and cells were washed twice with PBS and fixed with 8%
paraformaldehyde for 30 min at room temperature. Then, cells were
washed twice in PBS, and permeabilized for 10 min with 0.2% Triton
X-100 in PBS. All antibody incubations were carried out for 1 h in PBS
containing 10% FBS. The immunofluorescence was done with
monoclonal antibodies specific for HA tag (dilution 1:1000; Sigma),
or polyclonal antibodies against E (dilution 1:2000; kindly provided
by Shen Shuo, Institute of Molecular and Cellular Biology, Singapore)
and nsp3 (dilution 1:500; Rockland, Gilbertsville, PA). Coverslips were
washed three times with PBS between primary and secondary
antibody incubations. Alexa 488- or Alexa 594-conjugated antibodies
against the different species (dilution 1:500; Molecular Probes) were
used as secondary antibodies. Coverslips were mounted in ProLong
Gold anti-fade reagent (Invitrogen) and examined on a Leica SP5
confocal microscope (Leica Microsystems).

In vitro ubiquitination assay

For a standard reaction, 1 mg of the baculovirus produced SARS-
CoV E protein was incubated in a 10l reaction including an ATP
regenerating system (50 mM Tris-HCl pH 7.6, 5 mM MgCl,, 2 mM ATP,
10 mM creatine phosphate, 3.5 U/ml of creatine kinase and 0.6 U/ml
of inorganic pyrophosphatase), 10 ng ubiquitin, 50 ng human E1 and
500 ng human E2 (Ubch5). Reactions were incubated at 37 °C for 2 h.
After terminating the reactions with SDS sample buffer containing
mercaptoethanol, reaction products were fractionated by SDS-PAGE.
Detection of ubiquitinated and non-ubiquitinated E protein was done
by Western blot using an antibody specific for E protein.

Acknowledgments

This work was supported by grants from the Ministry of Science
and Innovation of Spain (BI02007-60978), the European Union

(Frame VII, RiViGene, SSPE-CT-2005-022639 and EMPIRE, 223498),
and U.S. National Institutes of Health (ARRA-W000151845). Enrique
Alvarez received a contract from the National Institute of Health
(ISCIII) of Spain. The technical assistance of M. Gonzalez is gratefully
acknowledged.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.virol.2010.03.015.

References

Almazan, F., DeDiego, M.L., Galan, C., Escors, D., Alvarez, E., Ortego, ]., Sola, L, Zuiiiga, S.,
Alonso, S., Moreno, J.L., Nogales, A., Capiscol, C., Enjuanes, L., 2006. Construction of a
SARS-CoV infectious cDNA clone and a replicon to study coronavirus RNA synthesis.
]. Virol. 80, 10900-10906.

Barretto, N., Jukneliene, D., Ratia, K., Chen, Z., Mesecar, A.D., Baker, S.C., 2005. The
papain-like protease of severe acute respiratory syndrome coronavirus has
deubiquitinating activity. J. Virol. 79, 15189-15198.

Brierley, I., Digard, P., Inglis, S.C., 1989. Characterization of an efficient coronavirus
ribosomal frameshifting signal: requirement for an RNA pseudoknot. Cell 57,
537-547.

Corse, E., Machamer, C.E., 2003. The cytoplasmic tails of infectious bronchitis virus E and
M proteins mediate their interaction. Virology 312, 25-34.

de Groot, RJ., Ziebuhr, ]., Poon, LL., Woo, P.C,, Talbot, P., Rottier, P.J.M., Holmes, K.V.,
Baric, R, Perlman, S., Enjuanes, L., Gorbalenya, A.E., 2008. Revision of the family
Coronaviridae. International Committee on Taxonomy of Viruses, 2008.085-126V.

DeDiego, M.L,, Alvarez, E., Almazan, F., Rejas, M.T., Lamirande, E., Roberts, A., Shieh, W ].,
Zaki, S.R., Subbarao, K., Enjuanes, L., 2007. A severe acute respiratory syndrome
coronavirus that lacks the E gene is attenuated in vitro and in vivo. J. Virol. 81,
1701-1713.

DeDiego, M.L.,, Pewe, L., Alvarez, E., Rejas, M.T.,, Perlman, S. Enjuanes, L., 2008.
Pathogenicity of severe acute respiratory coronavirus deletion mutants in hACE-2
transgenic mice. Virology 376, 379-389.

Devaraj, S.G., Wang, N., Chen, Z., Chen, Z, Tseng, M., Barretto, N., Lin, R., Peters, CJ.,
Tseng, C.T., Baker, S.C., Li, K., 2007. Regulation of IRF-3-dependent innate immunity
by the papain-like protease domain of the severe acute respiratory syndrome
coronavirus. J. Biol. Chem. 282, 32208-32221.

Drosten, C., Giinther, S., Preiser, W., van der Werf, S., Brodt, H.-R., Becker, S., Rabenau, H.,
Panning, M., Kolesnikova, L., Fouchier, R.A.M,, Berger, A., Burguiere, A.-M,, Cinatl, J.,
Eickmann, M., Escriou, N., Grywna, K., Kramme, S., Manuguerra, J.-C., Muller, S.,
Rickerts, W., Sturmer, M.V.S,, Klenk, H.-D., Osterhaus, A.D.M.E., 2003. Identification
of a novel coronavirus in patients with severe acute respiratory syndrome. N. Engl.
J- Med. 348, 1967-1976.

Enjuanes, L., Gorbalenya, A.E., de Groot, RJ., Cowley, J.A., Ziebuhr, ]., Snijder, E.J., 2008.
The Nidovirales. In: Mahy, BWJ., Van Regenmortel, M., Walker, P., Majumder-
Russell, D. (Eds.), Encyclopedia of Virology, Third Edition. Elsevier Ltd., Oxford, pp.
419-430. 5 vols.

Fischer, F., Stegen, C.F., Masters, P.S., Samsonoff, W.A., 1998. Analysis of constructed E
gene mutants of mouse hepatitis virus confirms a pivotal role for E protein in
coronavirus assembly. J. Virol. 72, 7885-7894.

Fouchier, R.A.,, Kuiken, T., Schutten, M., van Amerongen, G., van Doornum, G.J., van den
Hoogen, B.G., Peiris, M., Lim, W., Stohr, K., Osterhaus, A.D., 2003. Aetiology: Koch's
postulates fulfilled for SARS virus. Nature 423, 240.

Frieman, M., Ratia, K., Johnston, R.E., Mesecar, A.D., Baric, R.S., 2009. Severe acute
respiratory syndrome coronavirus papain-like protease ubiquitin-like domain and
catalytic domain regulate antagonism of IRF3 and NF-kappaB signaling. J. Virol. 83,
6689-6705.

Godet, M., L'Haridon, R., Vautherot, J.F., Laude, H., 1992. TGEV coronavirus ORF4
encodes a membrane protein that is incorporated into virions. Virology 188,
666-675.

Gorbalenya, A.E., 2008. Genomics and evolution of the Nidovirales. In: Perlman, S.,
Gallagher, T.M., Snijder, E.J. (Eds.), Nidoviruses. ASM Press, Washington, pp. 15-28.

Harcourt, B.H., Jukneliene, D., Kanjanahaluethai, A., Bechill, ]., Severson, K.M., Smith, C.
M., Rota, P.A,, Baker, S.C., 2004. Identification of severe acute respiratory syndrome
coronavirus replicase products and characterization of papain-like protease
activity. J. Virol. 78, 13600-13612.

Ho, Y., Lin, P.H,, Liu, C.Y., Lee, S.P., Chao, Y.C., 2004. Assembly of human severe acute
respiratory syndrome coronavirus-like particles. Biochem. Biophys. Res. Commun.
318, 833-838.

Huang, Y., Yang, Z.Y., Kong, W.P., Nabel, GJ., 2004. Generation of synthetic severe acute
respiratory syndrome coronavirus pseudoparticles: implications for assembly and
vaccine production. ]. Virol. 78, 12557-12565.

Huang, C, Ito, N., Tseng, C.T., Makino, S., 2006. Severe acute respiratory syndrome
coronavirus 7a accessory protein is a viral structural protein. J. Virol. 80, 7287-7294.

Huang, C,, Peters, C.J., Makino, S., 2007. Severe acute respiratory syndrome coronavirus
accessory protein 6 is a virion-associated protein and is released from 6 protein-
expressing cells. J. Virol. 81, 5423-5426.

Imbert, 1., Snijder, E.J., Dimitrova, M., Guillemot, J.C., Lecine, P., Canard, B., 2008. The
SARS-Coronavirus PLnc domain of nsp3 as a replication/transcription scaffolding
protein. Virus Res. 133, 136-148.


http://dx.doi.org/10.1016/j.virol.2010.03.015

E. Alvarez et al. / Virology 402 (2010) 281-291 291

Isaacson, M.K., Ploegh, H.L, 2009. Ubiquitination, ubiquitin-like modifiers, and
deubiquitination in viral infection. Cell Host Microbe 5, 559-570.

Ito, N., Mossel, E.C., Narayanan, K., Popov, V.L,, Huang, C., Inoue, T., Peters, CJ., Makino,
S., 2005. Severe acute respiratory syndrome coronavirus 3a protein is a viral
structural protein. J. Virol. 79, 3182-3186.

Ksiazek, T.G., Erdman, D., Goldsmith, C., Zaki, S., Peret, T., Emery, S., Tong, S., Urbani, C.,
Comer, J.A,, Lim, W, Rollin, P.E., Dowell, S., Ling, A.-E., Humphrey, C., Shieh, W.-].,
Guarner, J., Paddock, C.D., Rota, P., Fields, B., DeRisi, J., Yang, ].-Y., Cox, N., Hughes, J.,
LeDuc, J.W., Bellini, W.J., Anderson, L.J., 2003. A novel coronavirus associated with
severe acute respiratory syndrome. N. Engl. ]. Med. 348, 1953-1966.

Kuiken, T., Fouchier, R.A.M., Schutten, M., Rimmelzwaan, G.F.,, van Amerongen, G., van
Riel, D., Laman, ].D., de Jong, T., van Doornum, G., Lim, W., Ling, A.E., Chan, P.XS.,
Tam, ].S., Zambon, M.C,, Gopal, R, Drosten, C., van der Werf, S., Escriou, N.,
Manuguerra, J.-C., Stohr, K., Peiris, ].S.M., 2003. Newly discovered coronavirus as the
primary cause of severe acute respiratory syndrome. Lancet 362, 263-270.

Liao, Y., Lescar, J., Tam, J.P., Liu, D.X., 2004. Expression of SARS-coronavirus envelope
protein in Escherichia coli cells alters membrane permeability. Biochem. Biophys.
Res. Commun. 325, 374-380.

Liao, Y., Yuan, Q. Torres, ], Tam, J.P., Liu, D.X., 2006. Biochemical and functional
characterization of the membrane association and membrane permeabilizing
activity of the severe acute respiratory syndrome coronavirus envelope protein.
Virology 349, 264-265.

Lim, K.P., Liu, D.X,, 2001. The missing link in coronavirus assembly. Retention of the
avian coronavirus infectious bronchitis virus envelope protein in the pre-Golgi
compartments and physical interaction between the envelope and membrane
proteins. . Biol. Chem. 276, 17515-17523.

Lindner, H.A., Fotouhi-Ardakani, N., Lytvyn, V., Lachance, P., Sulea, T., Menard, R., 2005.
The papain-like protease from the severe acute respiratory syndrome coronavirus
is a deubiquitinating enzyme. ]. Virol. 79, 15199-15208.

Lindner, H.A,, Lytvyn, V., Qi, H., Lachance, P., Ziomek, E., Menard, R., 2007. Selectivity in
ISG15 and ubiquitin recognition by the SARS coronavirus papain-like protease.
Arch. Biochem. Biophys. 466, 8-14.

Liu, D.X,, Inglis, S.C., 1991. Association of the infectious bronchitis virus-3c protein with
the virion envelope. Virology 185, 911-917.

Liu, D.X,, Yuan, Q., Liao, Y., 2007. Coronavirus envelope protein: a small membrane
protein with multiple functions. Cell Mol. Life Sci. 64, 2043-2048.

Maeda, ], Maeda, A., Makino, S., 1999. Release of coronavirus E protein membrane vesicles
form virus-infected cells and E protein-expressing cells. Virology 263, 265-272.
Marra, M.A., Jones, S.J.M., Astell, C.R., Holt, RA., Brooks-Wilson, A., Butterfield, Y.S.N.,
Khattra, J., Asano, ].K,, Barber, S.A., Chan, S.Y., Cloutier, A., Coughlin, S.M., Freeman,
D., Girn, N., Griffith, O.L.,, Leach, S.R., Mayo, M., McDonald, H., Montgomery, S.B.,
Pandoh, P.K,, Petrescu, A.S., Robertson, A.G., Schein, J.E., Siddiqui, A., Smailus, D.E.,
Stott, J.M., Yang, G.S., Plummer, F., Andonov, A., Artsob, H., Bastien, N., Bernard, K.,
Booth, T.F.,, Bowness, D., Czub, M., Drebot, M., Fernando, L., Flick, R., Garbutt, M.,
Gray, M., Grolla, A, Jones, S., Feldmann, H., Meyers, A., Kabani, A., Li, Y., Normand, S.,
Stroher, U., Tipples, G.A., Tyler, S., Vogrig, R., Ward, D., Watson, B., Brunham, R.C,,
Krajden, M., Petric, M., Skowronski, D.M., Upton, C., Roper, R.L., 2003. The genome

sequence of the SARS-associated coronavirus. Science 300, 1399-1404.

Mortola, E., Roy, P., 2004. Efficient assembly and release of SARS coronavirus-like
particles by a heterologous expression system. FEBS Lett. 576, 174-178.

Neuman, B.W., Joseph, J.S., Saikatendu, K.S., Serrano, P., Chatterjee, A., Johnson, M.A.,
Liao, L., Klaus, J.P., Yates III, J.R., Wuthrich, K., Stevens, R.C., Buchmeier, M.]., Kuhn, P.,
2008. Proteomics analysis unravels the functional repertoire of coronavirus
nonstructural protein 3. J. Virol. 82, 5279-52794.

Ortego, J., Escors, D., Laude, H., Enjuanes, L., 2002. Generation of a replication-
competent, propagation-deficient virus vector based on the transmissible gastro-
enteritis coronavirus genome. J. Virol. 76, 11518-11529.

Ortego, J., Ceriani, J.E., Patino, C., Plana, J., Enjuanes, L., 2007. Absence of E protein arrests
transmissible gastroenteritis coronavirus maturation in the secretory pathway.
Virology 368, 296-308.

Pan, J., Peng, X., Gao, Y., Li, Z., Lu, X,, Chen, Y., Ishaq, M., Liu, D., Dediego, M.L., Enjuanes,
L., Guo, D., 2008. Genome-wide analysis of protein-protein interactions and
involvement of viral proteins in SARS-CoV replication. PLoS ONE 3, e3299.

Peiris, ].S.M,, Lai, S.T., Poon, L.L.M,, Guan, Y., Yam, L.Y.C., Lim, W., Nicholls, J., Yee, W.K.S.,
Yan, W.W., Cheung, M.T., 2003. Coronavirus as a possible cause of severe acute
respiratory syndrome. Lancet 361, 1319-1325.

Rota, P.A,, Oberste, M.S., Monroe, S.S., Nix, W.A., Campganoli, R., Icenogle, ].P., Pefiaranda,
S.,Bankamp, B., Maher, K., Chen, M.-H., Tong, S., Tamin, A., Lowe, L., Frace, M., DeRisi,
J.L,, Chen, Q., Wang, D., Erdman, D.D., Peret, T.C.T., Burns, C., Ksiazek, T.G., Rollin, P.E.,
Sanchez, A, Liffick, S., Holloway, B., Limor, J., McCaustland, K., Olsen-Rassmussen,
M., Fouchier, R, Gunther, S., Osterhaus, A.D.M.E., Drosten, C., Pallansch, M.A.,
Anderson, LJ., Bellini, W.]., 2003. Characterization of a novel coronavirus associated
with severe acute respiratory syndrome. Science 300, 1394-1399.

Saikatendu, K.S., Joseph, J.S., Subramanian, V., Clayton, T., Griffith, M., Moy, K., Velasquez,
J., Neuman, B.W., Buchmeier, M.]., Stevens, R.C., Kuhn, P., 2005. Structural basis of
severe acute respiratory syndrome coronavirus ADP-ribose-1"-phosphate dephos-
phorylation by a conserved domain of nsP3. Structure 13, 1665-1675.

Schaecher, S.R., Mackenzie, ].M., Pekosz, A., 2007. The ORF7b protein of SARS-CoV is
expressed in virus-infected cells and incorporated into SARS-CoV particles. J. Virol.
81, 718-731.

Serrano, P., Johnson, M.A., Almeida, M.S., Horst, R., Herrmann, T., Joseph, ].S., Neuman, B.
W., Subramanian, V., Saikatendu, K.S., Buchmeier, MJ., Stevens, R.C., Kuhn, P.,
Wauthrich, K., 2007. Nuclear magnetic resonance structure of the N-terminal
domain of nonstructural protein 3 from the severe acute respiratory syndrome
coronavirus. J. Virol. 81, 12049-12060.

Shen, S,, Lin, P.S., Chao, Y.C,, Zhang, A., Yang, X,, Lim, S.G., Hong, W., Tan, Y.J., 2005. The
severe acute respiratory syndrome coronavirus 3a is a novel structural protein.
Biochem. Biophys. Res. Commun. 330, 286-292.

Siu, Y.L, Teoh, K.T., Lo, J., Chan, C.M,, Kien, F., Escriou, N., Tsao, S.W., Nicholls, ].M.,
Altmeyer, R., Peiris, J.S., Bruzzone, R., Nal, B., 2008. The M, E and N structural
proteins of the SARS coronavirus are required for efficient assembly, trafficking and
release of virus-like particles. J. Virol. 82, 11318-11330.

Snijder, E.J., Bredenbeek, P.J., Dobbe, ].C., Thiel, V., Ziebuhr, ]., Poon, LL.M., Guan, Y.,
Rozanov, M., Spaan, W.J.M., Gorbalenya, A.E., 2003. Unique and conserved features
of genome and proteome of SARS-coronavirus, an early split-off from the
coronavirus group 2 lineage. J. Mol. Biol. 331, 991-1004.

Stertz, S., Reichelt, M., Spiegel, M., Kuri, T., Martinez-Sobrido, L., Garcia-Sastre, A.,
Weber, F., Kochs, G., 2007. The intracellular sites of early replication and budding of
SARS-coronavirus. Virology 361, 304-315.

Tan, J., Vonrhein, C., Smart, O.S., Bricogne, G., Bollati, M., Kusov, Y., Hansen, G., Mesters, ].
R., Schmidt, C.L, Hilgenfeld, R., 2009. The SARS-unique domain (SUD) of SARS
coronavirus contains two macrodomains that bind G-quadruplexes. PLoS Pathog. 5,
€1000428.

Thiel, V., Ivanov, K.A,, Putics, A, Hertzig, T., Schelle, B., Bayer, S., Wessbrich, B., Snijder, E.J.,
Rabenau, H., Doerr, H.W., Gorbalenya, A.E., Ziebuhr, ]., 2003. Mechanisms and enzymes
involved in SARS coronavirus genome expression. J. Gen. Virol. 84, 2305-2315.

Torres, J., Maheswari, U., Parthasarathy, K., Ng, L., Liu, D.X., Gong, X., 2007. Conductance
and amantadine binding of a pore formed by a lysine-flanked transmembrane
domain of SARS coronavirus envelope protein. Protein Sci. 16, 2065-2071.

von Brunn, A, Teepe, C., Simpson, ].C., Pepperkok, R., Friedel, C.C., Zimmer, R., Roberts,
R., Baric, R,, Haas, J., 2007. Analysis of Intraviral Protein-Protein Interactions of the
SARS Coronavirus ORFeome. PLoS ONE 2, 1-11.

Wilson, L., McKinlay, C., Gage, P., 2004. SARS coronavirus E protein forms cation-
selective ion channels. Virology 330, 322-331.

Yu, X., Bi, W., Weiss, S.R., Leibowitz, ].L., 1994. Mouse hepatitis virus gene 5b protein is a
new virion envelope protein. Virology 202, 1018-1023.

Ziebuhr, ], 2005. The coronavirus replicase. In: Enjuanes, L. (Ed.), Coronavirus
Replication and Reverse Genetics, Vol. 287. Springer, pp. 57-94.

Ziebuhr, ]., Snijder, EJ., Gorbalenya, A.E., 2000. Virus-encoded proteinases and
proteolytic processing in the Nidovirales. ]. Gen. Virol. 81, 853-879.



