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ABSTRACT

To promote viral entry, replication, release, and spread to neighboring cells, many
cytolytic animal viruses encode small hydrophobic transmembrane proteins termed
viroporins with potential to form hydrophilic ion channels in host cell membranes and to
modify host cell membrane permeability during virus life cycles. In this study, we
demonstrate that the envelope (E) protein of severe acute respiratory syndrome
coronavirus (SARS-CoV) possessed viroporin activities. Initially, the SARS-CoV E
protein was inducibly expressed in E. coli cells, leading to the arrest of bacterial growth
and cell permeabilization to different compounds, such as a translation inhibitor
hygromycin B, and the substrate of B-galactosidase, ONPG. Mammalian cells were also
readily permeabilized to hygromycin B by the expression of E protein.
Immunofluorescent staining and cell fractionation studies demonstrated that this protein
was an integral membrane protein and mainly located to the perinuclear region. No
obvious positive immunofluorescent staining was observed on the cell surface. Cross-
linking study showed that E protein could self-associate to form dimers, trimers,
tetramers, and pentamers by both disulfide bond formation and hydrophobic interaction.
Systematic mutagenesis studies confirmed that the putative N-terminal transmembrane
domain (9-37 amino acids) was essential for the membrane-permeabilizing activity.
SARS-CoV E protein contains three cysteine residues (C40, C43 and C44) adjacent to the
C-terminal end of the transmembrane domain. In E. coli cells, C40 and C44 residues
were able to form disulfide bond, thus helped E protein to oligomerize and played a
crucial role in membrane-permeabilizing activity. However, in mammalian cells, all three

cysteine residues were modified by palmitates, removal of them rendered no effect on the
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ion channel activity, although they also participated in disulfide bond formation. It
suggested that the cysteine residues could stabilize the E protein oligomers in mammalian
cells. N-linked glycosylation was also found on asparagine 66 at the C-terminal region.
The disulfide bond, the palmitoylation and the N-linked glycosylation didn’t play a role
in the E protein viroporin activity, suggesting the N-terminal transmembrane domain was
sufficient to oligomerize to form ion channels in mammalian cells. This finding endows E
protein a new function in addition to its well known role in virion assembly and
morphogenesis. Further exploration of E protein ion channel activity by introducing
deletion or systematic mutations of E protein into SARS-CoV genome may help

characterize the role of E protein in virus life cycle and screen anti-SARS drugs.
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Chapter 1 Introduction and Literature Review

CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1. The coronaviridae

1.1.1. Coronavirus and disease

Coronaviruses are a group of enveloped, large positive-stranded RNA viruses.
They are classified as a genus, Coronavirus, which, together with the genus Torovirus,

constitutes the family Coronaviridae (Siddell, 1995).

Coronaviruses were first isolated from chickens in 1937. There are now
approximately 28 species in this family, which infect not only human but also a wide
range of animals, including pigs, cows, rats, mice, dogs, cats, chicken, and turkeys.
Some are serious veterinary pathogens and a threat to the farming industry, especially
in chickens. Economically significant coronaviruses of farm animals include
infectious bronchitis coronavirus (IBV), porcine coronavirus (transmissible
gastroenteritis, TGEV) and bovine coronavirus (BCoV). IBV is the first coronavirus
to be discovered in 1937. It causes respiratory disease in young chickens that can
progress to fatal bacterial infection and causes a sudden drop in egg production, which
rarely returns to normal in mature egg-layers. Both TEGV and BCoV cause diarrhea
in young animals. Canine coronavirus (CCoV) causes a highly contagious intestinal
disease worldwide in dog. The murine coronavirus mouse hepatitis virus (MHV) A59
strain causes diseases in mice including diarrhea, hepatitis, splenolysis,
immunological dysfunction, and acute or chronic neurological disorders in mice. It

causes frequent enzootics in colonies of laboratory mice.
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For many years, only two human coronaviruses (HCoV-229E and HCoV-OC43)
were known. They are responsible for upper respiratory tract infections in children,
and more than 30 % of reported common colds in the winter and early spring seasons
(Estola, 1970; Tyrrell et al., 1993; Engel, 1995; Vabret et al., 2003; van Elden et al.,
2004). Recently, 3 novel human coronaviruses have been discovered, which added the
human coronaviruses list to 5. SARS-CoV was identified and characterized as the
etiological agent of severe acute respiratory syndrome (SARS) of human in 2003
(Peiris et al., 2003; Rota et al., 2003), following the worldwide outbreak of SARS
initially in Asia. Compared to other members of the coronavirus family, this
contagious isolate was uniquely dangerous. A fourth human coronavirus named
HCoV-NL63, was discovered in 2004 in a young child with bronchitis in the
Netherlands (Hoek et al., 2004; Pyrc et al., 2004). Recent reports from several
countries including Australia, Belgium, Japan, France, Canada and China indicate that
the virus has spread worldwide (Bastien et al., 2005a, b). This virus uses ACE2 as the
cellular receptor just like SARS-CoV (Hofmann et al., 2005), and is found mainly in
young children, elderly and immunocompromised patients with acute respiratory
illness during the winter season (Arden et al., 2005; Bastien et al., 2005a; Bastien et
al., 2005b; Chiu et al., 2005; Ebihara et al., 2005; Moes et al., 2005; Suzuki et al.,
2005; Vabret et al., 2005; Zhu et al., 2006). Early in 2005, a research team from the
University of Hong Kong reported the finding of the fifth human coronavirus
belonging to group 2 in two pneumonia patients, and subsequently named it HKU1

(Woo et al., 2005a; Woo et al., 2005b).
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1.1.2. Classification of coronavirus

Over the past decades, coronavirus were mainly regarded as veterinary importance
until the emergence of SARS caused by a coronavirus. It alerted people to take the
coronavirus more seriously since the deadly SARS-CoV in human is probably
originated from a wild animal reservoir. The SARS epidemic puts the animal
coronaviruses in the spotlight and stimulates a burst of new research to understand the
basic replication mechanisms of this family. Coronavirology has advanced

significantly in the past few years.

Three groups of coronaviruses have been classified by sequence homology (Table
1-1). Almost all group 1 and group 2 viruses have mammalian hosts. Viruses of group
3, by contrast, have been isolated solely from avian hosts. HCoV-229E and HCoV-
NL63 belong to group 1 (Hoek et al., 2004), whereas HCoV-OC43 and the newly
identified HKU1 belongs to group 2 (Woo et al., 2005b). Group 3 contains all the
avian coronaviruses. On the basis of the analysis of a subset of structural gene
sequences (Eickmann et al., 2003), the regions of gene la and of RNA secondary
structures in the 3’ untranslated regions (3 UTRs) of the genome (Goebel et al.,
2004) supported that SARS-CoV belongs to group 2. As of March 2005, most
virologists who study coronaviruses would classify SARS-CoV as under group 2 or as

closely related to group 2 coronaviruses.

Three distinct bat coronaviruses have also been isolated following SAR outbreak:
two are members of group 1, and the third, in group 2, is a likely precursor of the
human SARS-CoV (Lau et al., 2005; Li et al., 2005; Poon et al., 2004). In addition,

new IBV-like viruses have been found to infect geese, pigeons, and ducks (Jonassen
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et al., 2005). With each group, viruses are identified by their natural hosts and by
nucleotide sequence and serological relationships. Most coronaviruses naturally infect

only one species or several closely related species.
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Table 1-1. Coronavirus groups, their main representatives, hosts, and principal

associated diseases.

Group | Virus Host Disease

1 Feline enteric coronavirus
(FCoV) Cat systemic enteritis
Feline infectious peritonitis
coronavirus (FIPV) Cat peritonitis
Canine coronavirus (CCoV) Dog Enteritis
Transmissible
gastroenteritis virus | Pig Enteritis
(TGEV)
Porcine epidemic diarrhea | . ..
virus (PEDV) Pig Enteritis
Porcine respiratory | . . . .
coronavirus (PRCoV) Pig Respiratory infection
Human coronavirus . . .
(HCoV)-NL63 Human Respiratory infection
Human coronavirus . . .
(HCoV)-229E Human Respiratory infection
Bat-CoV-61 Bat
Bat-CoV-HKU2 Bat

2 . ... . Respiratory
Murine hepatitis  virus Mouse infection/enteritis/hepatitis/enceph
(MHV) .

alitis

Rat coronavirus (RCoV) Rat Respiratory infection
Sialodacryoadenitis Rat
coronavirus (SDAV)
Bovine coronavirus (BCoV) | Cow Respiratory infection/enteritis
Hemagglutinating
encephalomyelitis virus | Pig Enteritis
(HEV)
Human coronavirus . . .
(HCoV)-0C43 Human Respiratory infection
Human coronavirus -HKU1 | Human Respiratory infection




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 1 Introduction and Literature Review

SARS coronavirus (SARS-

CoV) Human Severe acute respiratory syndrome
Bat-SARS-CoV Bat

Puffinosis coronavirus .

(PCoV) Puffin

Equine coronavirus (ECoV) | Horse

Canine respiratory

coronavirus (CRCoV) Dog
3 Infectious bronchitis virus . . . . ..
Chicken Respiratory infection/enteritis
(IBV)
Turkey coronavirus (TCoV) | Turkey Enteritis
Pheasant coronavirus
(PhCov) Pheasant

Goose coronavirus (GCoV) | Goose

Pigeon coronavirus (PCoV) | Pigeon

Duck coronavirus (DCoV) Duck
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1.1.3. Coronavirus genome and virion structure

Coronaviruses contain the largest single-stranded positive-sense RNA genome of
27 to 31 kb. The 5’ end of the coronavirus genome is capped, and the RNA starts
with a leader sequence of 65-98 nucleotides, which is also present at the 5° end of
subgenomic mRNAs, followed by 200-400 nucleotides UTR that harbors several cis-
acting sequences and structural elements functioning in viral replication and
transcription. At the 3’ end of the genome is the 3° UTR of 200-500 nucleotides
followed by a poly (A) tail. Almost two-thirds of the entire RNA genome is occupied
by the polymerase gene, which comprises two overlapping ORFs, 1a and 1b. The
downstream ORF 1b is translated by translational read through, using a ribosomal
frame-shifting mechanism. The result of the ribosomal frame-shifting mediated
translation of the polymerase gene is the synthesis of two large polyproteins, ppla and
pplab. They range from 440 to 500 kDa and from 740 to 810 kDa, respectively, and
they are co-translationally processed by two or three internally contained proteases.
The final products of the autoproteolytic cleavage of ppla and pplab are 16
nonstructural proteins, designated nspl-nspl6. Nspl- nspll are derived from ppla,
whereas nspl-nsp10 and nsp12-nsp16 are derived from pplab. All products processed
from ppla are common to those processed from pplab except for nspl1, which is an
oligopeptide generated when ribosomal frameshifting does not occur. For IBV, which
lacks a counterpart of nspl, there are 15 final cleavage products with numbering
beginning with nsp2. They are responsible for RNA replication and transcription. The
products of ppla appear to function to prepare the cell for infection and to assemble
the machinery for RNA synthesis. Then, the products that are unique to pplab carry

out the actual catalysis of RNA replication and transcription.
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The coronavirus main genes are arranged in the order 5’-pol-S-E-M-N-3’. The
genes located downstream of pollb are expressed from a 3’-coterminal nested set of
subgenomic RNAs. Besides the polymerase gene and the genes encoding structural
proteins, coronavirus have additional genes encoding accessory proteins that are
located among genes encoding S, E, M and N. These accessory genes differ distinctly
in their nature and genomic positions among coronavirus groups, and are group-
specific. In all cases examined, through natural or engineered mutants, accessory
genes have been found to be nonessential for viral replication in tissue culture. This
dispensability has been determined for the 2a and HE genes of MHV (de Hann et al.,
2002; Schwarz et al., 1990), genes 4 and 5a of MHV (de Hann et al., 2002; Weiss et
al., 1993; Yokomori and Lai, 1991), the I gene of MHV (Fisher et al., 1997), gene 7
of TGEV (Ortego et al., 2003), genes 7a and 7b of FIPV (Haijema et al., 2003, 2004),
and genes 5a and 5b of IBV (Casais et al., 2005; Yount et al., 2005). For gene 4
(Ontiveros et al., 2001) and the I gene (Fischer et al., 1997) of MHV, and for gene 7b
of FIPV (Haijema et al., 2003), selective knockout produced no detectable effect on
pathogenesis in mice or cats, respectively. By contrast, disruption of gene 7 of TGEV
greatly reduced viral replication in the lung and gut of infected piglets (Ortego et al.,
2003). In the same manner, viruses with knockouts of either the 3abc gene cluster or
genes 7a and 7b in FIPV produced no clinical symptoms in cats at doses that were
fatal with wild -type virus (Haijema et al., 2004). The deletion of genes 2a and HE, or
of genes 4 and 5a, in MHV completely abrogated the lethality of intracranial infection
in mice (de Hann et al., 2002). Even a single point mutation in MHV ORF 2a, which
had no effect in tissue culture, was found to greatly attenuate virulence in vivo (Sperry

et al., 2005). In a study that took the opposite approach to assessing accessory protein
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function, it was discovered that engineered insertion of gene 6 of SARS-CoV greatly

enhanced the virulence of an attenuated variant of MHV (Pewe ef al., 2005).

Coronavirus particles are enveloped, spherical, 80-120 nm in diameter, with
approximately 20-nm-long spikes protruding from their envelope that contribute to a
corona appearance under the electron microscope. The envelope carries three
structural proteins: S protein, M protein and E protein. In a few species of group 2
coronaviruses, there is an additional structural protein: haemagglutinin (HE) (esterase).
The RNA gen