Chapter 10
SARS Coronavirus Accessory Gene Expression
and Function

Scott R. Schaecher and Andrew Pekosz

Abstract Coronavirus genomes are single-stranded positive-sense RNA that are
transcribed into a nested set of 3’ coterminal subgenomic RNAs for gene expres-
sion. Members of the Coronaviridae express canonical polymerase genes, as well
as structural genes, including S, E, M, and N, but also express a highly divergent set
of accessory genes whose open reading frames are interspersed among the struc-
tural genes within the 3’ one-third of the viral genome. The accessory genes are
thought to contain “luxury” functions that are often not required for in-vitro virus
replication. The severe acute respiratory syndrome coronavirus (SARS-CoV)
expresses eight such accessory genes (ORF3a, -3b, -6, -7a, -7b, -8a, -8b, and -9b),
the most of any known coronavirus. This chapter will review our current knowledge
of expression, structure, and function of each of the SARS-CoV accessory genes.

10.1 Introduction

Coronaviruses have large, positive-stranded, RNA genomes ranging from 27 to
31 kb in size (Fig. 10.1). The 3’ end of the genome contains open reading frames
(ORFs) encoding for canonical structural proteins including envelope (E), mem-
brane (M), spike (S), and the nucleocapsid protein (N). Interspersed among the
structural genes are novel ORFs that encode additional virus-specific proteins. The
novel ORFs have been aptly renamed “accessory genes.” Coronavirus genomes
differ greatly in number, location, and size of the accessory genes; as detailed in
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Fig. 10.1 Genomic diversity among coronaviruses. Genomic organization of representative virus
strains from groups I, II, and III coronaviruses are detailed. Relative locations of each replicase,
structural, and accessory ORF are highlighted for each virus, with primary ORFs on respective
subgenomic RNAs in black boxes and downstream ORFs in multicistronic genes shaded in gray.
The Genbank accession ID and genome size for each annotated strain is displayed and nucleotide
length of each ORF is shown
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Fig. 10.1, viruses such as hCoV-NL63 can express as few as one, or in the case of
SARS-CoV and the recently identified whale coronavirus (Mihindukulasuriya et al.
2008), as many as eight accessory proteins.

Three independent reports simultaneously detailed the SARS-CoV genomic
sequence and annotations (Marra et al. 2003; Rota et al. 2003; Thiel et al. 2003),
which led to some confusion regarding the nomenclature of the accessory genes.
Annotations by Thiel et al. were the least stringent and identified the eight currently
accepted accessory genes; additionally, nomenclature consistent with other coro-
naviruses was given to them which will be used throughout this chapter. Numerous
studies have reported on the expression of all eight SARS-CoV accessory genes.
Few polymorphisms have been identified in the more than 100 sequenced SARS-
CoV isolates, suggesting a selective pressure to maintain their expression. This
chapter will review current data regarding the expression, structure, function, and

molecular biology of the SARS-CoV accessory genes (Table 10.1).

Table 10.1 Expression and subcellular localization of SARS-CoV accessory proteins

Viral Size Subcellular Structure Coding
gene localization strategy
ORF3a 37 kDa?, Golgi, plasma C-endo, triple membrane-  Direct
31 kDa membrane spanning protein translation
274aa
ORF3b 18 kDa Nucleolusb, Unknown Unknown
154aa mitochondria
ORF6 7.5 kDa ER, Golgi N-endo:C-endo, Direct
63aa amphipathic N-terminus translation
membrane associated
ORF7a  17.5 kDa", Golgi Type I integral membrane  Direct
15 kDa protein, seven-stranded translation
122aa beta sandwich
ectodomain
ORF7b 5.5 kDa Golgi C-endo, single Leaky
44aa transmembrane domain scanning
ORF8ab® 14.0 kDa® ER N-terminal signal sequence, Direct
122aa membrane associated translation
ORF8a 5.3 kDa Cytoplasm, N-terminal signal sequence, Direct
39aa mitochondria unknown translation
ORF8b 9.6 kDa Cytoplasm Unknown Unknown
84aa or not
translated
ORF9b 11 kDa ER Dimeric tent-like beta Unknown
98aa structure with central

hydrophobic cavity

40-Glycosylated molecular weight
®Predominant subcellular localized site

“Prior to cleavage of N-terminal signal sequence

4ORF8ab exists as a single open reading frame in animal and early human SARS-CoV isolates
°ORF8ab is N-glycosylated. This is the predicted native, nonglycosylated molecular weight
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10.2 SARS-CoV Accessory Gene Expression and Function

10.2.1 ORF3a and ORF3b

ORF3a is the largest of the SARS-CoV accessory proteins at 274 amino acids in
length with a native molecular weight of 31 kDa (Tan et al. 2004c). ORF3a is
expressed from the 5’-most ORF present in sgRNA3, which contains a minimal
transcriptional regulatory sequence (TRS, 5-ACGAAC-3') (Snijder et al. 2003)
immediately upstream of the translation initiation codon. Expression has been
confirmed in virus-infected cells (Tan et al. 2004c; Yu et al. 2004; Zeng et al.
2004) and antibodies recognizing ORF3a have been detected in SARS-CoV patient
convalescent sera (Guo et al. 2004; Tan et al. 2004b; Yu et al. 2004; Zeng et al.
2004; Qiu et al. 2005; Yount et al. 2005; Zhong et al. 2005).

ORF3a is a hydrophobic, triple membrane-spanning protein with an N-terminal
ectodomain and a C-terminal intracellular domain (Tan et al. 2004c; Lu et al. 2006)
and is predicted to contain an amino-terminal signal sequence spanning residues
1-16 (Law et al. 2005). ORF3a is O-glycosylated (Oostra et al. 2006) and localizes
predominantly to the Golgi and plasma membrane (Tan et al. 2004c; Yu et al. 2004;
Ito et al. 2005; Yuan et al. 2005a; Lu et al. 2006; von Brunn et al. 2007). Plasma
membrane trafficking and endocytosis is mediated by a Yxx® motif and a diacidic
motif in the cytoplasmic tail that are juxtaposed to one another within a 14 amino
acid region (Tan et al. 2004c). This region of the cytoplasmic tail has also been
shown to mediate G1 phase cell cycle arrest in HEK-293T cells transfected with
ORF3a cDNA (Yuan et al. 2007). No evidence has been presented regarding
control of cell cycle progression in SARS-CoV infected cells, so the functional
significance of this observation is unknown.

Analysis of virus-like particles and purified virions demonstrated that ORF3a is
packaged into virions (Zeng et al. 2004; Ito et al. 2005; Shen et al. 2005). Potential
interactions between ORF3a and the viral proteins S, E, M, and ORF7a have been
demonstrated (Tan et al. 2004c; Zeng et al. 2004). Antibodies specific to ORF3a have
shown the surprising ability to neutralize virus infection in multiple ways. Because
some ORF3a is trafficked to the cell surface, antibodies recognizing the amino-
terminal extracellular domain initiate complement-mediated lysis in the presence of
functional complement proteins (Zhong et al. 2006). ORF3a N-terminus-specific
antibodies are also capable of neutralizing infectious virus in microneutralization
assays (Akerstrom et al. 2006). Although the precise mechanism of virus neutraliza-
tion is unknown, these studies suggest that ORF3a may be a potential vaccine target.

ORF3a forms homodimers and homotetramers via disulfide linkages and the
oligomeric complexes have been proposed to function as potassium-permeable ion
channels in Xenopus oocytes (Lu et al. 2006). The authors propose a role for ORF3a
in virus release; however, an ORF3a deletion virus is not defective in virus entry,
replication, assembly, or budding (Yount et al. 2005). Additional evidence for
ORF3a involvement in the virus lifecycle stems from the observation that ORF3a
directly binds the 5’ untranslated region (UTR) of the viral genome, mediated by
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residues 125-200 of the cytoplasmic tail (Sharma et al. 2007). ORF3a is not
required for virus replication in vitro or in a small animal model, as a recombinant
SARS-CoV strain deleted of ORF3a replicates to wild-type levels in numerous cell
lines and in BALB/c mice (Yount et al. 2005). Like many other SARS-CoV viral
proteins, transient expression of ORF3a has been shown to induce apoptosis in Vero
cells (Law et al. 2005). Expression of ORF3a in 293T cells can also augment NF-«
B activity (Kanzawa et al. 2006; Narayanan et al. 2007) and expression in A549
cells upregulates the expression and secretion of fibrinogen (Tan et al. 2005).

ORF3b is also expressed from sgRNA3 with a coding sequence overlapping both
the ORF3a and E sequences. Although present in the genomes of human and civet
SARS-CoV isolates, the ORF3b open reading frame is not present in bat SARS-CoV
isolates due to a stop codon early in the ORF3b sequence (Ren et al. 2006). The
ORF3b protein is 154 amino acids in length and the translation initiation AUG codon
lies 418 nucleotides downstream of the ORF3a AUG. No transcriptional regulatory
sequence exists upstream of the ORF3b sequence and there are 11 AUG sequences
between the ORF3a and ORF3b initiation codons which likely precludes leaky
scanning as the mechanism of ORF3b translation. Although the ORF3b coding
sequence lies in a translationally unfavorable context, the protein has been observed
in virus-infected Vero cells (Chan et al. 2005) and antibodies recognizing ORF3b have
also been found in patient convalescent sera (Guo et al. 2004; Chow et al. 2006).

Bioinformatics analysis predicted two nuclear localization signals (NLS) within
the ORF3b protein and subsequent analysis has confirmed the nuclear and nucleolar
localization of ORF3b (Pewe et al. 2005; Yuan et al. 2005¢; Kopecky-Bromberg
et al. 2007; von Brunn et al. 2007). A separate report has also suggested ORF3b
localizes to mitochondria (Yuan et al. 2006a). No signal peptides or transmembrane
domains (TMD) are predicted, suggesting ORF3b is an 18 kDa soluble protein.

ORF3b induces both apoptosis and necrosis in multiple cell lines (Yuan et al.
2005b; Khan et al. 2006) and prevents cell cycle transition from GO/G1 to S phase
(Yuan et al. 2005b). Again, cell cycle regulation has not been identified in SARS-
CoV infected cells, so the biological relevance of this finding is unknown. ORF3b
has been shown to be an interferon antagonist (Kopecky-Bromberg et al. 2007).
SARS-CoV has the ability to prevent interferon-f (IFN-f) production in infected
cells (Spiegel et al. 2005) and ORF3b may be one of several viral proteins whose
function is to prevent IFN-f induction. Like ORF6, the ORF3b protein prevents
IFN-f expression by inhibiting the function of interferon regulatory factor 3 (IRF-
3) and also prevents transcription from interferon stimulated response element
(ISRE)-containing promoters.

10.2.2 ORF6

ORF6 is a 7.5 kDa protein of 63 amino acids and the only ORF translated from
sgRNA6. ORF6 expression has been confirmed in lung and enteric tissue from
infected patients (Chan et al. 2005; Geng et al. 2005). No signal peptide is predicted
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within ORF6 and the N-terminal 40 amino acids are predominantly hydrophobic,
with the exception of six charged residues spaced approximately seven amino acids
apart, suggesting an amphipathic alpha-helical structure (Netland et al. 2007). The
C-terminal 23 amino acids are largely composed of hydrophilic, charged residues.
The hydrophobic N-terminus of ORF6 mediates membrane association (Pewe et al.
2005); however, the evenly spaced charged residues suggest that the hydrophobic
region may not form a genuine transmembrane domain. In agreement with this,
Netland et al. identified that both the N- and C-termini are cytoplasmic (Netland
et al. 2007).

OREF6 is packaged into virus particles and incorporated into virus-like particles;
the protein was also released from HEK-293T cells into the supernatant when
expressed independently of other viral proteins (Huang et al. 2007). The packaging
of ORF6 into virions is likely due to specific interactions with other structural
protein(s), as ORF6 is not present in purified mouse hepatitis virus (MHV) particles
collected from cells coexpressing SARS-CoV ORF6 (Pewe et al. 2005; Tangudu
et al. 2007). Direct interaction between ORF6 and the nonstructural protein nsp8
has been observed, suggesting that ORF6 may play a role in virus assembly or
replication processes (Kumar et al. 2007). Given the subcellular localization of
ORF6 to the approximate area of viral RNA replication and virus assembly, further
studies analyzing contributions of ORF6 to virus replication are warranted.

Heterologous expression of ORF6 by an attenuated MHV variant resulted in
increased virulence and higher viral titers in C57BL/6 mice (Pewe et al. 2005).
Subsequently, Kopecky-Bromberg et al. (2007) identified that ORF6 antagonizes
IFN-B production from cells infected with Sendai virus by inhibiting IRF-3 activa-
tion. ORF6 was also able to inhibit the nuclear translocation of STAT 1 within IFN-f
treated cells. Frieman et al. (2007) demonstrated that ORF6 interacts with the
nuclear import factor karyopherin-a2 (KPNA2) at ER/Golgi membranes, sequester-
ing KPNA?2 and karyopherin-B1 complexes resulting in loss of STAT1 translocation
into the nucleus and subsequent inhibition of STAT1-activated antiviral genes.

Deletion of ORF6 in a recombinant SARS-CoV was initially described as having
little to no effect on virus replication in vitro or in the BALB/c mouse model of
virus replication (Yount et al. 2005). In contrast, the deletion of ORF6 did result in
subtle changes to SARS-CoV replication after low multiplicity of infection (MOI)
infection of Vero cells (Zhao et al. 2009) and in virus virulence and replication in
the human ACE2-transgenic C57BL/6 mouse model (Zhao et al. 2009).

10.2.3 ORF7a and ORF7b

Gene 7 contains two ORFs, ORF7a and ORF7b. The ORF7a translation initiation
sequence lies immediately juxtaposed to the 5 TRS and translation results in a
122 amino acid protein approximately 17.5 kDa in size prior to cleavage of an
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N-terminal signal sequence (Fielding et al. 2004; Nelson et al. 2005). ORF7a is
highly conserved among all sequenced human and animal SARS-CoV isolates
including bat SARS-CoV and its expression has been detected in lung and enteric
tissues from infected patients (Chan et al. 2005; Chen et al. 2005).

ORF7a is a type-I integral membrane protein containing a 15 amino acid
N-terminal signal sequence, 81 residue luminal domain, 21 residue TMD, and a 5
amino acid cytoplasmic tail. The crystal structure of the luminal domain has been
solved, revealing a seven-stranded beta sandwich that adopts a compact Ig-like fold
(Nelson et al. 2005). The amino acid sequence contains little homology to any other
known protein but the luminal domain structure does have some similarity to the D1
domain of human ICAM-1 (Nelson et al. 2005; Hanel and Willbold 2007).

ORF7a localizes predominantly to the Golgi region of transfected and infected
cells (Nelson et al. 2005; Kopecky-Bromberg et al. 2006; Pekosz et al. 2006;
Schaecher et al. 2007a,b). The short cytoplasmic tail contains a dibasic ER export
motif (RK) x (RK) that mediates export from the ER through interactions with
COPII machinery (Nelson et al. (2005) and our unpublished data) and the Golgi
retention motif resides within the TMD and cytoplasmic tail (Nelson et al. 2005).
ORF7a has also been observed in purified virus particles and virus-like particles
(VLPs) (Huang et al. 2006).

The precise function of ORF7a in virus infected cells remains unclear. Numer-
ous studies have reported proapoptotic effects of ORF7a when expressed via cDNA
transfection (Tan et al. 2004a, 2007; Kopecky-Bromberg et al. 2006; Yuan et al.
2006b; Schaecher et al. 2007b). In-vitro expression of ORF7a results in apoptosis
through a caspase-dependent pathway, inhibition of cellular protein synthesis,
blockage of cell cycle progression at GO/G1 phase, activation of NF-kB, increased
IL-8 promoter activity, and activation of p38 MAP kinase (Tan et al. 2004a, 2007,
Kanzawa et al. 2006; Kopecky-Bromberg et al. 2006; Yuan et al. 2006b; Schaecher
et al. 2007b). These varied results all suggest a role for ORF7a in altering the host
cellular environment. A recombinant SARS-CoV lacking gene 7 induces early-
stage apoptosis and cell death similar to wild-type virus, but latter stages of the
apoptotic cascade are altered as oligonucleosomal DNA fragmentation is signifi-
cantly reduced compared to cells infected with wild-type virus (Schaecher et al.
2007b); however, gene 7 deletion viruses have no discernable defect in virus
replication, pathogenesis, or lethality in wild-type or immunodeficient Syrian
golden hamsters (Schaecher et al. 2007b; Schaecher et al. 2008b) or in Balb/c
mice (Yount et al. 2005).

Several studies have identified potential interactions between cellular proteins
and ORF7a. Tan et al. have reported that the ORF7a transmembrane domain
mediates interaction with the antiapoptotic cellular protein BCL-X; (Tan et al.
2007). Although ORF7a does not localize to mitochondria, it is possible that direct
interaction with BCL-X; occurs at the ER membranes. This could tilt the balance of
pro- and antiapoptotic regulators at the mitochondria resulting in activation of a cell
death cascade. Our preliminary data has not revealed any detectable colocalization
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between ORF7a and BCL-X| at any subcellular site (data not shown), so further
studies are necessary to analyze the potential interactions of ORF7a with BCL-X .

Potential interactions between ORF7a and the small glutamine-rich tetraicopep-
tide repeat-containing protein hSGT were identified using a two-hybrid screen
(Fielding et al. 2006); residues 1-96 of ORF7a were determined to be the interact-
ing region. These residues include the signal peptide (which is not present in the
mature protein), and the ORF7a ectodomain domain which is in the Golgi lumen
(Nelson et al. 2005). Since hSGT is a cytosolic protein, it is unclear how this
interaction can occur in mammalian cells.

Interactions between ORF7a and a third cellular protein, lymphocyte function-
associated antigen 1 (LFA-1), have been identified (Hanel and Willbold 2007).
LFA-1 is expressed exclusively on leukocytes and is involved in lymphocyte
homing and intercellular interactions during inflammatory immune responses.
Recombinant ORF7a binds to the extracellular domain of LFA-1; however, the
significance of this is unknown as ORF7a is not secreted from expressing cells, nor
is it present on the plasma membrane of infected cells (Nelson et al. 2005; Huang
et al. 2006).

The ORF7b protein is encoded by an ORF beginning 365 nucleotides from the
sgRNA7 TRS. The start codon for ORF7b overlaps but is out of frame with the stop
codon for ORF7a and translation occurs via ribosome leaky scanning (Schaecher
et al. 2007a). ORF7b localizes to the Golgi region of cDNA transfected and SARS-
CoV infected cells (Pekosz et al. 2006; Schaecher et al. 2007a,b). The ORF7b
protein is a highly hydrophobic protein of 44 amino acids and a molecular weight of
5.5 kDa. ORF7b has no predicted signal sequence and is an integral membrane
protein containing a 22 amino acid transmembrane domain and a cytoplasmic
C-terminus (Schaecher et al. 2007b), suggesting it is a type-III integral membrane
protein. The Golgi localization motif is present within the ORF7b TMD and can
confer Golgi localization to a protein that is normally found on the plasma mem-
brane (Schaecher et al. 2008a).

The ORF7b protein is associated with intracellular virus particles and is present
in purified virions (Schaecher et al. 2007a). Expression of ORF7b induces apoptosis
in transfected cells, but to a lesser extent than ORF7a (Kopecky-Bromberg et al.
2006; Schaecher et al. 2007b). Like the other SARS-CoV accessory proteins,
however, it is not required for replication in vitro, in mice, or in Syrian golden
hamsters (Sims et al. 2005; Yount et al. 2005; Schaecher et al. 2007b; Schaecher
et al. 2008b).

10.2.4 ORF8a and ORF8b

SARS-CoV strains isolated from civet cats, raccoon dogs, and bats in China as well
as early human isolates contain a single, continuous ORF8 sequence referred to as
ORF8ab. Virus isolated from middle and late stages of the human outbreak,
comprising the majority of human isolates, was found to have a 29-nucleotide
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deletion within the ORF creating two overlapping reading frames designated
ORF8a and ORF8b (Fig. 10.1) (Guan et al. 2003; Chinese 2004; Lau et al. 2005).
The ORF8a/8ab translation initiation codon lies proximal to the strong sgRNAS
TRS, and translation of full length ORF8ab results in a 122 amino acid protein with
an N-terminus identical to that of ORF8a, and C-terminus identical to that of
ORF8b. Translation of ORF8a and ORF8b, however, results in products of 39
and 84 residues, respectively. It has been suggested that the ORF8ab protein is a
functional protein that was lost upon transmission to humans, and the resultant
ORF8a and/or ORF8Db proteins are likely nonfunctional (Snijder et al. 2003; Oostra
et al. 2007).

The N-terminus of both the large ORF8ab protein and truncated ORF8a
contains a predicted hydrophobic signal sequence. ORF8ab colocalizes with ER
markers and is membrane-associated; it is presumed that ORF8ab is not an
integral membrane protein and exists either as a soluble protein in the lumen ER
lumen or is peripherally associated with the luminal face of ER membranes (Oostra
et al. 2007).

The ORF8a translation product is a small protein of 5.3 kDa and antibodies
recognizing ORF8a have been detected in patient convalescent sera (Chen et al.
2007). An ORF8a—GFP fusion protein colocalizes with the ER marker calnexin
(Oostra et al. 2007); however, the 39 amino acid ORF8a is too small to cotran-
slationally interact with the signal recognition particle (SRP) and is likely released
into the cytosol prior to translocation. The cytosolic accumulation of ORF8a in
SARS-CoV infected Vero cells supports this theory (Keng et al. 2006), although
ORF8a localization to mitochondria has also been described where it may impart a
proapoptotic effect (Chen et al. 2007). Little is known regarding ORF8a function
in the virus lifecycle; however, a dose-dependent increase in virus replication has
been observed in stable cell lines expressing varying levels of ORF8a (Keng et al.
2006).

No TRS exists upstream of ORF8b and translation initiation most likely does not
involve a conventional ribosomal scanning mechanism, as scanning ribosomes
would have to pass two AUG sequences prior to reaching the predicted ORF8b
initiation codon. Contradictory evidence regarding the expression of ORF8b exists.
Keng et al. (2006) have demonstrated that ORF8b is expressed in SARS-CoV
infected Vero cells. However, two independent reports have suggested that
ORFS8b is not expressed from the ORF8a/b message either in SARS-CoV infected
cells or ORF8a/b cDNA-transfected cells (Le et al. 2007; Oostra et al. 2007).
When expressed independently, ORF8b localization is distributed evenly through-
out the cytoplasm (Keng et al. 2006; Le et al. 2007).

Little is known regarding the function of ORFS8b in virus-infected cells. Cotrans-
fection of ORF8b and SARS-CoV E protein results in a posttranslational down-
regulation of E, a phenomenon not observed in cells coexpressing E and ORF8ab
(Keng et al. 2006). Direct interactions between ORF8b and E were detected
suggesting a potential role for ORF8b in modulating degradation or stability of E.
Further analysis of ORF8b expression and function is required to confirm whether
ORFS8b is in fact translated and functional in SARS-CoV infected cells.
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10.2.5 ORFY9b

Some group 2 coronaviruses encode a protein in an alternative reading frame
contained entirely within the N gene, termed I or “internal” (Fig. 10.1). SARS-
CoV also encodes an internal ORF, termed ORF9b. The predicted initiation codon
lies ten nucleotides from the nucleocapsid initiation AUG codon with no interven-
ing AUG sequences, providing a prime opportunity for ribosomal leaky scanning
mediated translation initiation. Antibodies specific to ORF9b have been detected in
patient sera (Guo et al. 2004; Qiu et al. 2005; Zhong et al. 2005) and protein was
detected in tissues from SARS-CoV infected patients (Chan et al. 2005), suggesting
that ORF9b is expressed during virus infection.

The ORF9b protein is 98 amino acids in length and has a molecular weight of
approximately 11 kDa. The crystal structure of the protein reveals an intertwined
symmetrical dimer whose B-sheets form a tent-like structure (Meier et al. 2006).
Mass spectroscopy analysis revealed a long fatty acid or fatty acid ester molecule
present in the structure’s hydrophobic tunnel; it has been speculated that the ORF9b
protein may anchor to intracellular membranes by internalizing one or more lipidic
tails from membrane lipids (Meier et al. 2006). ORF9b localizes to the ER region of
transfected cells, suggesting that the protein may interact with intracellular mem-
branes although no transmembrane regions are predicted within ORF9b. Yeast-two-
hybrid experiments have suggested that ORF9b interacts with viral proteins nsp8,
nspl4, and ORF7b, and provide further evidence of homotypic interactions (von
Brunn et al. 2007); however, no functional analysis has been described to date
regarding the role of ORF9b in the context of the virus replication cycle.

10.3 Conclusions

The large genetic diversity among coronaviruses raises questions regarding the
origins of the accessory genes. Have they been acquired through horizontal transfer
from host cellular genetic material or heterologous viruses? Have they been
acquired through gene duplication and subsequent mutation within the virus’s
own genome? Evidence has been presented pointing to both possibilities. For
example, the group 2 coronavirus hemagglutinin esterase (HE) genes have approx-
imately 30% amino acid identity with the influenza C virus (ICV) HE-1 subunit of
the HEF gene; it has been suggested that an early group 2 coronavirus captured HE
from ICV during a mixed infection (Luytjes et al. 1988). For the latter theory,
several of the SARS-CoV accessory genes may have originated from internal
duplication, fusion, or shifting events (Inberg and Linial 2004). ORF3a may have
arisen through gene duplication and mutation of the M ORF (Inberg and Linial
2004; Masters 2006; Oostra et al. 2006). Furthermore, ORF7b and ORF8a have
some amino acid sequence similarity to ORF3a, suggesting that the larger ORF3a
may have given rise to ORF7b and ORFS8 (Inberg and Linial 2004). Regardless of



10 SARS Coronavirus Accessory Gene Expression and Function 163

the origins of the SARS-CoV accessory genes, the severe disease caused by the
virus highlights the need to study the functions of its eight accessory genes.

The observation that the SARS-CoV accessory proteins are dispensable for virus
replication in vitro is not uncommon among coronaviruses (Yount et al. 2005). It is
striking that a virus lacking each of the accessory proteins, either individually or in
combination, replicates efficiently in BALB/c mice. This finding may indicate that
other animal models for the in-vivo analysis of accessory gene function are
required. It is also possible that some or all of the accessory genes play a more
important role during infection of humans, bats or other animal reservoirs of the
virus. Identifying the functions of these accessory proteins may prove beneficial not
only for further understanding of SARS-CoV pathogenesis, but also for better
understanding and preparedness for future viral infectious diseases.
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