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Coronaviruses are enveloped positive-strand RNA viruses with genomes ranging 

from 27.6 to 31.6 kb, the largest among all known RNA viruses. They belong to the order 

of the Nidovirales, together with the families Arteriviridae and Roniviridae. The family of 

Coronaviridae contains the genera coronavirus and torovirus. Despite clear differences in 

virion architecture and genetic complexity, coronaviruses, toroviruses and arteriviruses are 

very similar in genome organization and replication strategy. The name Nidovirales (from 

the Latin word nidus, which means nest) refers to the 3’ coterminal nested set of 

subgenomic mRNAs that is produced during infection. Coronaviruses were named after 

their corona(crown)-like appearance in electron microscopic analysis caused by the petal-

shaped spikes protruding from the coronavirus envelope (Fig. 1A).  

Coronaviral particles are roughly spherical and measure 80-120 nm in diameter. The 

viral RNA genome is packaged by the nucleocapsid (N) protein to form a helical capsid. 

This capsid is enveloped by a lipid bilayer in which at least three membrane proteins reside. 

These are the 180-220 kDa spike (S) protein, a type I glycoprotein that forms the petal-

shaped peplomers on the virion surface; the 25-30 kDa membrane (M) protein, a triple-

spanning membrane protein that is the major component of the viral envelope; and the 10 

kDa envelope (E) protein, a highly hydrophobic protein that is a minor constituent of the 

viral membrane (Fig. 1B). Furthermore, several coronaviruses possess a fourth envelope 

protein, the hemagglutinin-esterase (HE) protein. 

 

 

Figure 1. Electron micrograph (A) and schematic representation (B) of a coronavirus. The viral genomic 
RNA is packaged by the nucleocapsid (N) protein to form a helical capsid, which is surrounded by a lipid bilayer 
containing the membrane (M), envelope (E) and spike (S) proteins. 
 

More than two-thirds of the coronavirus genome is taken up by two overlapping 

open reading frames (ORFs), designated ORF1a and ORF1b, which are translated into two 

large polyproteins, pp1a and pp1ab. The more downstream ORF1b is only expressed after 

translational read-through via a -1 frameshift mediated by a pseudoknot structure (13). The 

polyproteins are proteolytically processed by virus-encoded proteinases to yield the mature 

proteins that carry out viral RNA replication and transcription. Downstream of ORF1b are 

the genes coding for the structural proteins, in the conserved order S-E-M-N, and a number 

of accessory proteins. These genes are expressed from a 3’ coterminal nested set of 

subgenomic mRNAs (24, 73, 132, 137). Although these mRNAs are structurally 

A B 
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polycistronic, in general only the most 5’ gene, which is not present in the next smaller 

mRNA, is translated. 

Based on genetic and antigenic properties coronaviruses can be divided into 3 

groups (1 to 3). Group 1 coronaviruses include animal pathogens, such as transmissible 

gastroenteritis virus (TGEV) of the pig, porcine epidemic diarrhea virus (PEDV), feline 

infectious peritonitis virus (FIPV), and canine coronavirus (CCoV), as well as the human 

coronaviruses (HCoV) 229E and NL63. Group 2 also includes pathogens of veterinary 

relevance, such as bovine coronavirus (BCoV), porcine hemagglutinating 

encephalomyelitis virus (HEV), and equine coronavirus (ECoV), as well as human 

coronaviruses OC43 and HKU1. Group 2 additionally includes viruses that infect mice or 

rats, like murine hepatitis virus (MHV), which is often studied as a prototype coronavirus. 

The SARS-CoV is considered a distant member of group 2, and is therefore placed in a 

subgroup, 2b (40). Group 3 thus far only includes avian coronaviruses, such as infectious 

bronchitis virus (IBV). Most coronaviruses cause respiratory and/or enteric infections, but 

some may spread systemically (Table 1). 

 
Table 1. Coronavirus division into groups. 
 

Group Virus Host Disease 
    
1 feline infectious peritonitis virus (FIPV) cat enteritis/peritonitis 
 transmissible gastroenteritis virus (TGEV) pig enteritis 
 porcine epidemic diarrhea virus (PEDV) pig enteritis 
 canine coronavirus (CCoV) dog enteritis 
 human coronavirus (HCoV)-229E human respiratory infection 
 human coronavirus (HCoV)-NL63 human respiratory infection 
    
2a mouse hepatitis virus (MHV) mouse hepatitis/encephalitis/enteritis 
 bovine coronavirus (BCoV) cow enteritis 
 hemagglutinating encephalomyelitis virus (HEV) pig respiratory infection 
 equine coronavirus (ECoV) horse enteritis 
 human coronavirus (HCoV)-OC43 human respiratory infection 
 human coronavirus (HCoV)-HKU1 human respiratory infection 
    
2b severe acute respiratory syndrome coronavirus 

(SARS-CoV) 
human respiratory infection 

    
3 infectious bronchitis virus (IBV) chicken respiratory infection 
    

The main representatives of each group and their host range and associated diseases are shown. 
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SARS(-CoV) 
 

Until recently only two human coronaviruses were known, 229E and OC43, both 

causing common colds. In 2003 a new infectious human disease emerged, called Severe 

Acute Respiratory Syndrome (SARS). It originated in southern China at the end of 2002 

and spread to various areas all over the world, affecting more than 8,000 people worldwide 

and killing over 800. The causative agent of this disease was rapidly identified as a novel 

coronavirus, termed SARS coronavirus (SARS-CoV). Proof that this virus is the etiological 

agent for SARS was provided by results of infections in nonhuman primates, showing that 

Koch’s postulates were fulfilled (33). The discovery of this new virus causing severe 

pathology in humans gave an enormous boost to coronaviral research and since then two 

other new human coronaviruses have been identified, HCoV-NL63 (32, 146) and HCoV-

HKU1 (158), both causing recurrent potentially severe lower respiratory tract infections. 

 

Origin 

The SARS-CoV is supposed to have arisen from an animal reservoir, crossing the 

host-species barrier to infect humans. Serological and genetic evidence from various studies 

supports a zoonotic origin of the SARS-CoV (52, 151). This hypothesis was first based on 

epidemiological reports demonstrating that early patients with SARS in the Guangdong 

Province had been exposed to live wild animals in animal markets (167). To identify 

animals carrying the SARS-CoV, a range of animals from animal markets in Guangdong 

Province were examined. SARS-CoV-like viruses were detected in palm civet cats and a 

raccoon dog. Serological evidence of infection was found in these species and also in a 

Chinese ferret-badger (44). Interestingly, animal traders working with live animals in these 

markets had high seroprevalence for both the human and animal SARS-CoV, although they 

did not have a history of SARS-like disease (44). 

The seroprevalence for the SARS-CoV was very high in civets from animal markets, 

but no virus or antibodies could be detected in wild-life or farmed palm civets (62, 145). 

This observation makes it unlikely that the palm civet is the natural reservoir for the virus. 

In further investigations for a SARS-CoV reservoir in wild-life animals, SARS-CoV-like 

viruses were isolated from horseshoe bats (74). The seroprevalence for this virus was high 

in these bats and seropositive bats were widely distributed. Furthermore, the coronaviruses 

isolated from bats presented a much greater genetic diversity than SARS-CoVs in civets or 

humans (81, 151). These observations are consistent with the horseshoe bats being the 

natural reservoir for the SARS-CoV. However, the close relation of virus sequences 

between human and civet isolates from each outbreak (44, 136, 152) strongly suggests that 

civets are the direct source of human infection. These animals might have been an 

intermediate host needed for the transmission to humans.  
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SARS-CoV-like viruses isolated from animals had more than 99% homology with 

human SARS-CoV. However, compared to these animal viruses, most human SARS-CoV 

contained deletions in ORF8 that differed in length, from 29 to 82 nucleotides at the early 

phase to a 415-nucleotide deletion resulting in the loss of the entire ORF8 region at the late 

phase of the outbreak (167). It is unknown whether these deletions in ORF8 represent 

adaptation to humans or whether ORF8 is nonessential in humans but essential in animals.  

 

Receptor 

In general, the host range of coronaviruses is extremely narrow. The ability of a 

coronavirus to replicate in a particular cell type depends solely on the ability to interact 

with its receptors. The adaptation of the SARS-CoV from animals to humans likely 

involved changes within the receptor-binding domain (RBD) of the S protein. Comparison 

of the S proteins from civet and human SARS-CoV isolates showed six amino acid 

differences within the RBD. The S protein of civet SARS-CoV has low affinity for the 

human receptor. However, when two residues within the civet S protein are substituted with 

the human amino acids, this allows the animal virus to infect cells expressing the human 

receptor. Thus, it is likely that these amino acids are important for receptor interaction and 

thus for species specificity and that selection of viruses with substitutions of these residues 

has enabled the adaptation of the SARS-CoV to humans (82, 114). 

The main receptor used by the SARS-CoV is angiotensin-converting enzyme 2 

(ACE2) (80, 153), which is a protector of lung damage. ACE2 is a metalloprotease that is 

present in human heart, kidney, testis, gastrointestinal tract and lungs (69). Enzymatic 

activity of ACE2 was shown not to be required for the receptor to be functional (92), nor 

does binding of the SARS-CoV spike (S) protein to ACE2 alter its enzymatic activity (69). 

S protein binding does, however, result in down regulation of ACE2 cell surface expression 

(68). This down regulation of ACE2 may contribute to the severity of lung pathology 

observed upon SARS-CoV infection (59). 

Other co-factors or co-receptors might also be required for productive infection. 

Several C-type lectins (DC-SIGN, DC-SIGNR/L-SIGN/CD209L and LSECtin) have been 

demonstrated to support S protein binding (15, 42, 61, 89, 161). Although it was found that 

the presence of L-SIGN allows, very inefficient, entry (61), expression of the lectins in the 

absence of ACE2 does generally not lead to infection, but in the presence of ACE2 entry is 

increased (42, 89). DC-SIGN and L-SIGN expressing cells, as well as dendritic cells, which 

can not be infected themselves, might however be able to promote distribution of the virus 

to susceptible target cells (15, 51, 75, 89, 161). 

 

Disease 

SARS-CoV infection exhibits a wide clinical course, characterized mainly by fever, 

dyspnea, lymphopenia, and lower respiratory tract infection (144). A SARS disease model 
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has been proposed, consisting of three phases: viral replication, immune hyperactivity and 

pulmonary destruction (144). The severe acute respiratory syndrome usually begins with a 

fever (>38.0°C) sometimes associated with other flu-like symptoms, including headache, 

general feeling of discomfort, and body aches. Some people already have mild respiratory 

symptoms at onset and diarrhea is often observed. After 2 to 7 days, SARS patients may 

develop a dry, non-productive cough. In about two-thirds of infected patients, the disease 

progresses to an atypical pneumonia, with shortness of breath and poor oxygen exchange in 

the alveoli. 

SARS pathology of the lung has been associated with diffuse alveolar damage, 

epithelial cell proliferation, and an increase of macrophages. Although the majority of 

patients recovered after 1-2 weeks, a substantial proportion developed severe lung 

inflammation, requiring ventilator support and intensive care (85). Many patients in this 

group deteriorated into acute respiratory distress syndrome (ARDS), with a high mortality 

rate (58). The most common cause of death was respiratory insufficiency, eventually 

leading to respiratory failure (107).  

Also in other organs symptoms are often seen, such as gastrointestinal symptoms 

and diarrhea, with active SARS-CoV replication in both the small and large intestines (8, 

77, 78, 106), but also lymphopenia, decreased platelet counts and impaired liver or renal 

function (14, 17, 78, 143, 155, 157). The viral spread to these organs corresponds with the 

distribution of the ACE2 protein (46, 80), that is used as the entry receptor for the virus and 

is therefore the main determinant of tissue tropism. 

Proinflammatory cytokines released by stimulated macrophages in alveoli may have 

a role in the pathogenesis of SARS. Haemophagocytosis, which is indicative of cytokine 

dysregulation, is detected in some patients with severe disease (101, 150). Immune evasion 

by the SARS-CoV has been suggested based on the increasing viral load in the first 10 days 

of SARS and the observed lymphopenia. It has been reported that SARS-CoV replicates in 

peripheral blood mononuclear cells (PBMCs) from SARS patients (43, 79). However, the 

SARS-CoV induced lymphopenia has been suggested to be caused by apoptosis more than 

by direct viral infection (110). In this view, various SARS-CoV proteins have been 

suggested to induce apoptosis in vitro. 

 
 
CORONAVIRUS LIFE CYCLE  

 

Coronaviruses attach to their cellular receptor via the S protein. This interaction 

triggers a conformational change in the S protein, which mediates fusion between the viral 

and cell membranes and results in the release of the nucleocapsid into the cell cytoplasm. 

Upon entry into the cell, the 5’ end of the genomic RNA, ORFs 1a and 1b, are translated 

into polyproteins, pp1a and pp1ab, the latter one being translated via a frameshift 
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mechanism. ORF 1a encodes a papain-like and a 3C-like proteinase, which cleave pp1a and 

pp1ab into 16 mature replicase proteins (168). These proteins form a replication-

transcription complex where the replication of the genome and the production of the 

overlapping 3’-coterminal subgenomic mRNAs takes place. 

The remaining viral proteins are translated from the subgenomic mRNAs, generally 

from the most 5’ ORF only. In some cases there are two (occasionally three) ORFs 

translated from one mRNA. After translation the M and E proteins localize to the budding 

site, which is the endoplasmic reticulum to Golgi intermediate compartment (ERGIC) (65). 

The spike protein is distributed on intracellular membranes as well as the plasma membrane 

and is assembled into virions via interactions with the transmembrane region of the M 

protein (22). The cytoplasmic nucleocapsid protein complexes with genomic RNA, forming 

helical structures, and via interaction of the N protein with the M protein (70) budding into 

the lumen of the budding compartment occurs. The virus is then transported via the 

exocytotic pathway to the cell surface, where it is released (Fig. 2). 

 

 
Figure 2. SARS-CoV life cylce. The virus binds to the receptor and enters the cell, where it releases its genome 
into the cytoplasm. Translation start on ORF1 thereby producing the proteins that form the replication-
transcription complex. The structural proteins accumulate at the ERGIC where budding of new virions occurs. The 
virions are released from the cell via exocytosis. 
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Entry 

The entry pathway of coronaviruses has not been clearly established. While some 

coronaviruses appear to use an endosomal route of infection (47, 98, 102), others seem to 

enter cells at the plasma membrane (98). The route of entry is determined by properties of 

the coronavirus (strain) and by the nature of the host cell. For the SARS-CoV, lysomotropic 

agents were demonstrated to block entry of the virus (57, 129, 161), indicating that 

acidification of endosomes is required for entry. However, activation of the S protein by 

proteases could bypass the entry inhibition caused by lysomotropic agents (90, 128) and 

can induce S-mediated cell-cell fusion (90, 129). Apparently, low pH per se is not required 

for fusion.  

Coronavirus entry is driven by the S glycoprotein, which is a class I fusion protein 

(10). Trimers of the S protein form the peplomers that protrude from the virion envelope, 

giving it its characteristic corona-like appearance. While the S proteins of some 

coronaviruses, mainly those of group 2, are cleaved by furin-like enzymes during their 

maturation (23), this does not appear to be the case for the SARS-CoV S protein (6, 128, 

135, 159). Infection mediated by the SARS-CoV S protein can be inhibited by specific 

inhibitors of the endosomal protease cathepsin L (56, 128). It is feasible that cathepsin L 

cleaves this protein thereby activating it for membrane fusion. 

In the S protein an amino-terminal S1 and a carboxy-terminal S2 domain can be 

distinguished, which are physically separate in those S proteins that are furin-cleaved. 

These domains are responsible for receptor binding and membrane fusion, respectively. The 

S1 subunit is believed to form the globular head of the mature protein and contains the 

receptor binding domain (RBD), which for the SARS-CoV S protein has been mapped to 

residues 318-510 (1, 156). The S2 subunit is believed to form a stalk-like structure 

anchored in the membrane. The ectodomain of the S2 subunit contains two heptad repeat 

(HR) regions and a fusion peptide, which is predicted to be located immediately upstream 

of the HR regions (9). Binding of the S1 subunit to the receptor is thought to trigger a series 

of conformational changes that brings, via the formation of an antiparallel heterotrimeric 

six-helix bundle by the two HR regions, the putative fusion peptide and the transmembrane 

domain in close proximity. These structural rearrangements in the S protein generate the 

energy that drives the fusion of the viral and cellular lipid membrane. This fusion event 

releases the nucleocapsid into the host cell’s cytoplasm. 
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Replication, transcription and nonstructural proteins 

After entry the plus strand RNA genome becomes accessible to host ribosomes, 

which initiate the translation of the first gene that is actually comprised of two large open 

reading frames, ORF1a and ORF1b. Translation begins at the start codon of ORF1a, 

leading to the production of polyprotein (pp) 1a. However, in a fraction of cases the 

ORF1a-encoded polyprotein is extended with the ORF1b-encoded polyprotein, through 

translational readthrough via a –1 ribosomal frame shift induced by a ‘slippery’ sequence 

and pseudoknot structure (94, 142), producing pp1ab. The two large polyproteins, 4382 and 

7073 amino acids in size for the SARS-CoV, are co- and post-translationally processed by 

viral proteinases into 16 mature subunits (nonstructural proteins or nsp’s) (131, 169, 171). 

Nsp1 to nsp11 are encoded in ORF1a and nsp12 to nsp16 are encoded in ORF1b (Fig. 3). 

 

 

Figure 3. Schematic representation of the coronavirus pp1ab polyprotein. The cleavage products (nsp’s) are 
indicated by numbers. The transistion between ORF1a and ORF1b is indicated as RFS (ribosomal frameshift), 
while arrowheads represent sites cleaved by the papain-like proteinase (PLpro) (grey), or the main proteinase 
(Mpro) (black). Within the nsp’s, key replicase domains are highlighted, including putative transmembrane 
domains (TM), the RNA dependent RNA polymerase (RdRp), Helicase (Hel), Exonuclease (ExoN), 
endoribonuclease (N) and methyltransferase (MT). 

 

The ORF1b-encoded part of the polyprotein comprises the most conserved 

enzymatic functions including the RNA dependent RNA polymerase (RdRp) activity 

contained within nsp12 and the helicase activity provided by nsp13, but also exonuclease 

(nsp14), endoribonuclease (nsp15) and methyltransferase (nsp16) activities. The ORF1a-

encoded part provides the viral proteinases, the papain-like proteinase (PLpro), contained 

within nsp3, and the 3C-like main proteinase (Mpro), contributed by nsp5. Pp1a also 

contains three hydrophobic domains (TM 1-3), two of which flank the Mpro at either side 

(48, 168, 169). In addition to the proteinase activity nsp3 also has ADP-ribose 1’-

phosphatase (ADRP) activity that might influence the levels of ADP-ribose, which is a key 

regulatory molecule in the cell. Furthermore nsp3 is a deubiquitinating enzyme, capable of 

reversing the conjugation of proteins with interferon-stimulated gene 15 (ISG15), which 

might subvert cellular processes to facilitate viral replication (3, 84).  

 

The papain-like proteinase in nsp3 is responsible for the release of nsp1, nsp2 and 

nsp3 and is believed to cleave co-translationally (142). Whereas most coronaviruses encode 

2 papain-like proteinases within nsp3, of which PL1 cleaves between nsp1 and nsp2 and 

between nsp2 and nsp3 and PL2 cleaves between nsp3 and nsp4 (2, 7, 49, 63, 172), the 

SARS-CoV only contains one papain-like proteinase, which is responsible for cleavage of 
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all three sites (142). The 3C-like main proteinase encoded by nsp5 is believed to cleave 

mostly post-translational and is responsible for the cleavage between all nsp’s downstream 

of nsp4 (30, 171). Nsp10 is believed to be involved in at least some of the cleavage 

reactions of the this proteinase, although its exact role and function are not known (27, 28).  

The nonstructural proteins collectively constitute the replication-transcription 

complex that mediates the genome replication and the transcription of the nested set of 

subgenomic mRNAs from which the remainder of the genome is expressed. The replication 

complex recognizes RNA signals at the 3’ end of the viral genome initiating the synthesis 

of full-length minus-strand RNA, which forms the template for the synthesis of new 

genomic RNA (118). The genomic RNA is used to boost the production of nonstructural 

proteins and its own amplification, but is also the template for synthesis of subgenome-

length minus strands which are in turn used as templates for transcription (120).  

The subgenome-length minus strands are produced by a process called 

‘discontinuous extension’, which is regulated by transcription regulating sequences (TRSs) 

located upstream of most ORFs (72). The TRSs upstream of the ORFs in the 3’ end of the 

genome are believed to attenuate the minus-strand RNA synthesis, which is, by base-

pairing interactions between complementary sequences, resumed at the TRS upstream of 

ORF1a (118, 119). These minus-strand RNAs are subsequently used as templates for the 

synthesis of complementary subgenomic mRNAs. Therefore, besides being 3’ co-terminal, 

these subgenomic mRNAs also share the same 5’ end with each other and with the genomic 

RNA. In general only the most 5’ gene on a subgenomic mRNA is translated, but 

sometimes a second downstream gene can be translated as well. 

 

Replication and transcription of most positive-strand RNA viruses takes place at 

intracellular membranes that can be derived from various cellular organelles including, for 

example, the endoplasmic reticulum (ER), lysosomes and endosomes, intermediate 

compartment and Golgi network (19, 34, 87, 91, 108, 109, 115-117, 121, 148). The viral 

replication complex, which consists of multiple viral and likely also cellular components, 

associates with these membranes and probably directs their synthesis and modification into 

vesicles or invaginations on cellular organelles (16, 29, 108, 123, 134, 141). In this way, 

replication can take place in a membrane-protected microenvironment where all required 

components are recruited and activation of the host defence induced by double-strand RNA 

intermediates is repressed (124).  

Also the coronavirus replication/transcription complex has been shown to associate 

with intracellular membranes (125). The different coronavirus replicase subunits, but also 

the nucleocapsid protein, colocalize at perinuclear membrane compartments, which 

appeared to be the site of viral RNA synthesis (5, 11, 26, 50, 100, 127, 147, 160, 170). 

Coronaviruses induce double-membrane vesicles (DMVs) where replication and 

transcription takes place (37, 41). However, the subcellular origin of the membranes 
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employed in these DMVs has not been unambiguously established yet. Several cellular 

pathways and organelles, such as the ER (127, 133), Golgi complex (127), 

endosomal/lysosomal system (147) and the autophagic pathway (112, 113), have been 

implicated in the formation of the replication complexes. It has been described for MHV 

that at later times post infection part of the replication complex proteins, including the N 

protein and the helicase, redistribute from the site of replication to the virion assembly site, 

where they colocalize with the M protein (12). However, for the SARS-CoV this 

redistribution has not been detected (133).  

Although the mechanism by which the DMVs are formed and how the replication 

complex associates with the intracellular membranes is not known, it seems likely that the 

hydrophobic domains in nsp3, nsp4 and nsp6, encoded by ORF1a, have a crucial role in 

this process. This idea is also supported by observations for the arterivirus equine arteritis 

virus (EAV) which show that nsp2 and nsp3 (the equivalents of coronavirus nsp3 and nsp4) 

are necessary and sufficient for the formation of DMVs (105, 134). The position of the 

hydrophobic domains is well conserved among all members within the order of the 

Nidovirales; all have hydrophobic domains in the proteins surrounding the main proteinase 

and in the protein immediately upstream of these proteins, which also contains the PL 

proteinase (39). For the nsp3 of SARS-CoV (48) and MHV (64) membrane association has 

been demonstrated, while the modification of the infectious bronchitis virus (IBV) nsp4 by 

N-linked sugars (83) is also indicative of its membrane anchoring. 

 

Virus assembly and structural proteins 

While newly synthesized genomic RNA and viral structural proteins translated from 

the subgenomic mRNAs start to accumulate, the assembly of virions begins. Coronavirus 

particles are assembled via budding into membranes of the ERGIC. The coronavirus 

membrane proteins, E and M, localize at the budding site, whereas the S protein is 

distributed on intracellular membranes as well as the plasma membrane. The N proteins 

interact with the genomic RNA, forming a helical nucleocapsid, which is directed to the 

ERGIC and buds into the membranes containing the other structural proteins.  

The M protein is a ~25 kDa triple-spanning membrane protein with a short N-

terminal lumenal domain and a C-terminal cytoplasmic tail. The M protein is the most 

abundant protein in the virion and has a leading role in particle assembly. The M protein 

interacts with all other structural proteins, thereby mediating the incorporation of the S 

protein into the virion envelope and the uptake of the genomic RNA into the particle 

through interactions with the nucleocapsid protein. Aside from its role in viral assembly, 

the coronavirus M protein is believed to have functions in host interactions. The protein can 

be O-glycosylated (group 1 and 3) or N-glycosylated (group 2). While glycosylation is not 

essential for viral assembly or infectivity, the glycosylation state of the M protein is likely 

to play a role in virus-host interactions (20). 



Monique Oostra      General introduction 
 

 18 

For several coronaviruses it has been shown that the M protein together with the E 

protein has the capacity to form particles that resemble the normal virions, but do not 

contain any viral RNA, and are therefore termed virus-like particles (VLPs) (4, 18, 36, 

149). This illustrates the importance of the E protein in virion assembly. The E protein is a 

small integral membrane protein of approximately 10 kDa that functions as a viroporin, 

forming ion channels and altering the membrane permeability of cells (88, 154). It has been 

demonstrated that the E protein of the SARS-CoV has cation-selective ion channel activity 

and might modify the plasma membrane of infected cells, facilitating the release of virus 

progeny (154). Viroporins of other enveloped viruses were also shown to enhance 

membrane permeability and promote virus budding and release (38).  

The role of the E protein in virus-like particle formation is still unclear for the 

SARS-CoV. Whereas some groups have reported that the E and M proteins are necessary 

and sufficient for VLP formation (53, 93), others claim that the E protein is not essential 

but that the N protein is (57). Furthermore, the exact role of the E protein in the coronavirus 

life cycle is uncertain since, surprisingly, it appeared possible to select a recombinant MHV 

lacking the E gene, although this virus had low infectivity and replicated poorly (71). The E 

protein was also shown not to be essential for the formation of infectious SARS-CoV (25). 

In contrast, it is essential for the production of infectious porcine transmissible 

gastroenteritis virus (103). 

The S protein is incorporated into virions via interactions with the M protein. It is an 

approximately 200 kDa type I glycoprotein that is responsible for virus-cell attachment, 

virus-cell and cell-cell fusion and is the major determinant of host-range, pathogenesis and 

virulence. The interaction with the M protein is arranged via the transmembrane domain 

and cytoplasmic tail of the S protein, since the ectodomain can be replaced by that of an 

other coronavirus without loss of the ability to be incorporated into the virion (36).  

The M protein also mediates assembly of the nucleocapsid in the virion via 

interactions with the N protein (70, 96) and the genomic RNA (95, 97). The nucleocapsid is 

formed upon packaging of the genome by the N protein into a helical structure, which is 

incorporated into virions by budding into the ERGIC. In addition to its role as a structural 

protein, the N protein also plays a role in replication and/or transcription. This is illustrated 

by the fact that early in infection the N protein colocalizes with the replication complex and 

is redistributed only at later times to colocalize with the M protein near the site of budding 

(12). 

 

 



Monique Oostra      General introduction 
 

 19 

Group-specific proteins 

Like other RNA viruses, all coronaviruses encode, in addition to structural proteins 

and replicase proteins, also proteins with unknown functions. The genes encoding these 

proteins are referred to as ‘group-specific’ genes, since they are (more or less) conserved 

within the groups of coronaviruses, but differ between the groups. Studies on naturally 

occurring (deletion) mutants and using targeted mutagenesis have shown that most of these 

genes are dispensable for virus growth in cell culture, and these genes are therefore also 

called "accessory". For several coronaviruses they were, however, found to be of key 

importance for virus-host interactions, contributing critically to viral virulence and 

pathogenesis. Deletion of some or all of the group-specific genes was shown to be 

attenuating in the natural host for the murine hepatitis virus (21), transmissible 

gastroenteritis virus (104) and feline infectious peritonitis virus (45). 

The human SARS-CoV genome contains eight group-specific ORFs, two between 

the S and E genes (3a and 3b), five between the M and N genes (6, 7a, 7b, 8a and 8b) and 

one (9b) that is entirely contained within the N gene, but in an alternative reading frame 

(Fig. 4). The encoded proteins have no homology with any known cellular or (corona)viral 

proteins. Characterization of SARS-CoV mutants, generated by reverse genetics, lacking 

one or more group-specific genes showed that these genes are not essential for virus 

replication in cell culture and have no effect on infections in mice (136, 162). However, as 

these animals did not shown any signs of clinical disease or pathological lesions after a 

wild-type SARS-CoV infection either, it cannot be excluded yet that deletion of some of 

these genes might have an effect on viral pathology in humans.  

 

 

Figure 4. Schematic representation of the SARS-CoV genome. ORF1ab, encoding the replicase proteins, is 
presented in white, the genes coding for the structural proteins, S, E, M and N, in grey and the group-specific 
genes, 3a/b, 6, 7a/b, 8a/b and 9b, are shown in black. 

 

In SARS-CoV field isolates deletions of 29, 82 or 415 nucleotides have been 

observed in the ORF8a/b genomic region, leading to the disruption of the full-size ORF8 

(44). The deletion of 29 nucleotides is present in most of the human isolates, creating two 

ORFs (8a and 8b) in this region, while the full-size ORF8 sequence is found in SARS-CoV-

like viruses isolated from civet cats and bats (74, 81). Therefore the mutations might have 

been the result of adaptation of the SARS-CoV to the human host, after the virus was 

transmitted from its natural animal reservoir. However, no specific functions have been 

assigned to the putative proteins encoded by the ORF8 variants yet.  
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Four of the group-specific genes have been shown to encode proteins that are 

expressed during infection and are incorporated into virus particles, namely ORF3a (60, 

126, 163), ORF6 (35, 55), ORF7a (54) and ORF7b (122). The ORF3a-encoded protein is 

274 residues long and is predicted to contain three transmembrane domains. It localizes to 

perinuclear regions in the cell, but also to the plasma membrane from which it can be 

endocytosed (60, 139, 164). The ORF3a protein interacts with the M, E, and S structural 

proteins, as well as with the ORF7a protein (60, 139), and was shown to form potassium 

sensitive ion channels which might promote virus release (86). Furthermore, the ORF3a 

protein was found to upregulate the expression of fibrinogen in lung epithelial cells and 

might thus also directly contribute to the SARS-CoV induced pathology (140). 

The proteins encoded by ORF3b and ORF6 were demonstrated to antagonize 

interferon, a key component of the innate immune response (66). In addition, the ORF6 

protein also appeared to enhance the virulence of an attenuated MHV (111). There are 

reports that ORF3a (76), ORF3b (165) and ORF7a (67, 138, 166) induce apoptosis, 

however, all these studies involve overexpression of the individual proteins and it is 

therefore difficult to judge whether this is also the case during viral infection. The ORF7a 

encodes a protein of 122 amino acids that is predicted to be a type I membrane protein with 

a cleavable signal sequence and a C-terminal transmembrane anchor (31). The protein 

localizes to the perinuclear region of cells, which is consistent with the ER retrieval signal 

that occurs within its C-terminus (31). Analysis of the crystal structure of the N-terminal 

ectodomain of the ORF7a protein demonstrates a compact seven-stranded beta sandwich 

structure similar to that of members of the IgG superfamily (99). The last group-specific 

ORF, 9b, is located within the nucleocapsid gene at a similar position as the group 2 

coronavirus I protein (131), which is a minor virion protein. However, there is no homology 

of the putative ORF9b protein with the I protein and it is unknown whether it is also a 

structural protein.  
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SCOPE OF THIS THESIS 
 

As outlined in this introduction, membrane proteins play an essential role in the 

coronavirus life cycle. The scope of this thesis was to obtain further insight into membrane-

associated processes during SARS-CoV infection by studying various features of different 

viral membrane proteins. Targets were selected from each of the three different classes of 

membrane associated proteins, i.e. structural proteins, replicase proteins and accessory (or 

group-specific) proteins. 

 

In chapters 2 and 3 the characterization of the three hydrophobic nonstructural 

proteins (nsp’s) is described. As these proteins - nsp3, nsp4 and nsp6 - are likely to 

represent the key components that direct the formation of the viral replication complexes, 

the processing and membrane topology of each one of them were studied. The analysis of 

nsp4 zooms further in on the localization of this protein to replication sites and on the 

involvement of the early secretory pathway in the formation of these structures (chapter 2). 

The study of nsp3 and nsp6 concentrates particularly on the membrane integration of these 

complex proteins and on the contribution of each of the hydrophobic domains to this 

process (chapter 3). 

 

In chapter 4 and 5 we shift our attention toward the SARS-CoV accessory proteins. 

Chapter 4 describes the characterization of the accessory protein encoded by ORF3a, a 

protein that had just been shown to be incorporated into virions. In view of its remarkable 

structural similarity to the membrane protein M, we comparatively analyzed the co- and 

post-translational modifications of these two proteins. Chapter 5 involves the examination 

of the functional expression of the ORF8 related protein products. This genomic region is 

of particular interest in the evolution of the SARS-CoV, since a deletion occurred early 

during the SARS epidemic, which was found in all later human virus isolates. 

 

Finally, in the last chapter we discuss the obtained results in the context of a more 

general view on the involvement of host membranes during the life cycle of RNA viruses. 
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ABSTRACT 
 

The coronavirus nonstructural proteins (nsp’s) derived from the replicase 

polyproteins collectively constitute the viral replication complexes, which are anchored to 

double-membrane vesicles. Little is known about the biogenesis of these complexes, the 

membrane anchoring of which is probably mediated by nsp3, nsp4 and nsp6 as they contain 

several putative transmembrane domains. As a first step to getting more insight in the 

formation of the coronavirus replication complex, the membrane topology, processing and 

subcellular localization of nsp4 of the mouse hepatitis virus (MHV) and severe acute 

respiratory syndrome-associated coronavirus (SARS-CoV) were elucidated in this study. 

Both nsp4 proteins became N-glycosylated, while their amino and carboxy termini were 

localized to the cytoplasm. These observations imply nsp4 to assemble in the membrane as 

a tetraspanning transmembrane protein with a Nendo/Cendo topology. The amino terminus 

of SARS-CoV nsp4, but not that of MHV nsp4, was shown to be (partially) processed by 

signal peptidase. Nsp4 localized to the endoplasmic reticulum (ER) when expressed alone, 

but was recruited to the replication complexes in infected cells. Nsp4 present in these 

complexes did not colocalize with markers of the ER or Golgi apparatus, while the 

susceptibility of its sugars to endoglycosidase H indicated that the protein had also not 

traveled trough this latter compartment. The important role of the early secretory pathway 

in formation of the replication complexes was also demonstrated by the inhibition of 

coronaviral replication when the ER export machinery was blocked by use of the kinase 

inhibitor H89 or by expression of a mutant, Sar1[H79G].  
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INTRODUCTION  

 

Positive-strand RNA viruses assemble their replication complexes in association 

with cellular membranes, which can be recruited from different host cell compartments. 

This membrane association is probably advantageous in providing a suitable 

microenvironment for viral RNA synthesis, facilitating the recruitment of membrane-

associated host-proteins having a role in virus replication/transcription, or in interfering 

somehow with the activation of host defense mechanisms that can be triggered by double-

stranded RNA (dsRNA) intermediates of RNA virus replication (60). 

Coronaviruses are enveloped positive-strand RNA viruses that contain exceptionally 

large genomes, the largest among all known RNA viruses. The most notorious member of 

the coronavirus family is the severe acute respiratory syndrome-associated coronavirus 

(SARS-CoV), which caused a widespread outbreak of severe pulmonary infections and 

many deaths during 2003. The 5' two-thirds of the coronavirus genome is occupied by a 

very large gene, specifying the replicase complex; the remaining one-third codes for 

structural and accessory (‘group-specific’) proteins, which are translated from a nested set 

of subgenomic mRNAs, a characteristic feature of coronaviruses. The subgenomic mRNAs 

contain identical 3’ and 5’ ends, the latter of which corresponds to the 5’ end of the 

genomic RNA, and are produced via a process of discontinuous transcription (53).  

The replicase gene is composed of two open reading frames (ORFs), ORF1a and 

ORF1b, which encode two precursor polyproteins, pp1a and pp1ab. The latter is produced 

by a ribosomal frame shift at the end of ORF1a (10). The polyproteins are extensively 

processed by virus-encoded proteinases giving rise to 16 mature nonstructural proteins 

(nsp’s) (20, 73). The proteinase domains are located within the ORF1a-encoded nsp3 and 

nsp5. The papain-like proteinase (PLpro) encoded by nsp3 cleaves downstream of nsp1, 

nsp2, and nsp3, while the 3C-like main proteinase (Mpro) encoded by nsp5 is responsible 

for the release of all other nsp’s (2, 18, 65). The nsp’s encoded by ORF1b (nsp 12-16) are 

directly involved in the replication and transcription of the genome. Several enzymatic 

functions of these nsp’s have been characterized, like the RNA-dependent RNA polymerase 

(nsp12), RNA helicase (nsp13), exonuclease (nsp14), endoribonuclease (nsp15) and 

methyltransferase (nsp16) (4, 6, 13, 27-29, 40, 48, 56, 59, 74) (Fig. 1). Recently a second 

RNA-dependent RNA polymerase activity was discovered residing in nsp8 (26). 

Furthermore, crystallographic structures of SARS-CoV nsp5, nsp7, nsp8, nsp9, nsp10 and 

nsp15 have been determined (12, 30, 49, 63, 70, 72). 

The nsp’s assemble collectively into a membrane-bound replication complex, which 

is the site of de novo viral RNA synthesis (58, 67). Also the virus-encoded structural 

nucleocapsid (N) protein (8, 66) and possibly several cellular proteins (57) are recruited to 

this complex, which accumulates at perinuclear regions and is associated with double-

membrane vesicles (DMVs) (11, 21, 60). The origin of the DMVs has not unambiguously 
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been established. Several cellular pathways and organelles, such as the endoplasmic 

reticulum (ER), Golgi complex, endosomal/lysosomal system and the autophagic pathway, 

have been implicated in the formation of the replication complexes (46, 58, 60, 66). In 

addition, despite the functional characterization and structure determination of several 

nsp’s, hardly anything is known about how the replication complexes are assembled and 

anchored to the DMVs.   

The primary structures of three nsp’s, nsp3, nsp4 and nsp6, contain hydrophobic 

stretches and these proteins are predicted to be integral membrane proteins. Hence, they are 

likely to function in anchoring the replication complexes to the lipid bilayer. Indeed, for 

nsp3 of SARS-CoV (24) and mouse hepatitis virus (MHV) (32) membrane association has 

been demonstrated, while the modification of infectious bronchitis virus (IBV) nsp4 (37) by 

N-linked sugars is also indicative of membrane anchoring. However, detailed information 

on the membrane topology, processing and subcellular localization of nsp4 is lacking. 

These features were elucidated in this study for MHV and SARS-CoV nsp4, resulting in 

more insight into the formation of the replication complex and its anchoring to the 

membrane. 

 

 
Figure 1. Schematic representation of the coronavirus pp1ab polyprotein and of the nsp4 constructs used in 
this study. The coronavirus pp1ab precursor is shown at the top. The mature cleavage products (nsp’s) are 
indicated by numbers. The transition between ORF1a and ORF1b is indicated as RFS (ribosomal frameshift), 
while arrowheads represent sites that are cleaved by the nsp3-encoded PLpro (grey), of which there are two in 
MHV and only one in the SARS-CoV, or by the nsp5-encoded Mpro (black). Within the nsp’s, key replicase 
domains have been highlighted. These include putative transmembrane domains (TM) and the ORF1b-encoded 
domains; RNA dependent RNA polymerase (RdRp), helicase (Hel), exonuclease (ExoN), endoribonuclease (N) 
and methyltransferase (MT). The different nsp4 fusion proteins used in this study are schematically depicted 
below. Nsp4 is shown in gray, with the hydrophobic domains in white, while the asterixes (*) indicate the 
approximate location of the potential N-glycosylation sites (NXS/T) in MHV nsp4 and the triangle (▲) indicates 
the approximate location of the atypical glycosylation motif (NXC) in SARS-CoV nsp4. The N- (MN) and C-
terminal tags (EGFP and HA) are also indicated. 
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MATERIALS AND METHODS 
 

Cells, viruses and antibodies 

Murine LR7 cells (35), felis catus whole fetus (FCWF) cells (American Type 

Culture Collection) and OST7-1 cells (obtained from B. Moss) (17) were maintained as 

monolayer cultures in Dulbecco’s modified Eagle’s medium (DMEM) (Cambrex Bio 

Science Verviers, Belgium) containing 10% fetal calf serum (FCS) (Bodinco .V.), 100 IU 

of penicillin and 100 µg of streptomycin per ml (referred to as culture medium). 

Recombinant vaccinia virus encoding the bacteriophage T7 RNA polymerase (vTF7-3) was 

obtained from B. Moss (19). The recombinant MHV virus carrying the feline infectious 

peritonitis virus spike ectodomain (fMHV), or a firefly luciferase expression cassette 

(MHV-EFLM) have been described previously (16, 35). 

Rabbit polyclonal antisera directed against the influenza virus hemagglutinin (HA) 

tag or the enhanced green fluorescent protein (EGFP) were obtained from ICL. In addition, 

a rabbit polyclonal antiserum against EGFP was kindly provided by D. Duijsings and F. 

van Kuppeveld (Radboud University, Nijmegen, The Netherlands). The polyclonal 

antiserum against nsp8 (anti-p22) was kindly provided by M. Denison (39). The antibodies 

against calreticulin, GM130 and dsRNA were obtained from Sigma, Becton Dickinson and 

English & Scientific Consulting Bt (K1) (55), respectively. The rabbit antiserum 

recognizing the C-terminal domain of the MHV membrane (M) protein (αMC) has been 

described previously (38), while the monoclonal antibody J1.3 against the amino terminus 

of MHV M (αMN) was provided by J. Fleming (64). 

 
Plasmid constructions 

The SARS-CoV nsp4 gene fragment was obtained by reverse transcriptase PCR 

(RT-PCR) amplification of viral RNA isolated from SARS-CoV isolate 5688 (34) using 

primer 2982 (5’-CGATATCACCATGAAGATTGTTAGTATTGTTTT, corresponding to 

nucleotides 8485 to 8505 of the viral genome) and primer 2983 (5’-TTAGGATCCCTGCA-

GAACAGCAGAAGT, corresponding to nucleotides 9984 to 9971). Both primers contain a 

5’ extension introducing either an EcoRV or a BamHI restriction enzyme recognition site 

(underlined), while additionally a start codon is introduced in front of the nsp4-coding 

sequence (shown in bold). The PCR product was cloned into the pGEM-T Easy vector 

(Promega), resulting in construct pGem4s, the sequence of which was confirmed by 

sequence analysis.  

Subsequently, the nsp4 gene fragment was cloned in fusion with the EGFP gene into 

the pTUG31 (69) expression vector, which contains a bacteriophage T7 transcription 

regulatory element. To this end, the nsp4 fragment was obtained by restriction with EcoRI 

and BamHI from pGem4s, while the EGFP fragment was excised from the pEGFP-N3 

vector (Clontech) using BamHI and NotI, of which the latter restriction site was filled in 
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with Klenow polymerase (Invitrogen). The two fragments were cloned into the EcoRI-

SmaI-digested pTUG31 vector, creating pTug4s-EGFP, which encodes SARS-CoV nsp4-

EGFP. 

In pTug4s’-EGFP, a MHV M (MN) tag-encoding sequence was inserted in front of 

the nsp4 gene by cloning a primer-dimer of primers 3019 (5’-TCGAGATTATGAGTAGT-

TACGCAAGCCCCAGAGCCAGAT) and 3020 (5’-ATCTGGCTCTGGGGCTTGCGAT-

ACTCATAATC), coding for the 10-residue amino-terminal sequence of the MHV M 

protein (MSSTTQAPEP), in the XhoI-EcoRV restricted pTug4s-EGFP vector, resulting in a 

construct which codes for SARS-CoV nsp4’-EGFP. The sequence encoding the EGFP tag 

in pTug4s’-EGFP was replaced by an HA tag-encoding sequence by inserting a primer-

dimer of primers 3050 (5’-GATCCTACCCATACGACGTGCCCGACTATGCCTAG) and 

3051 (5’-GATCCTAGGCATAGTCGGGCACGTCGTATGGGTAG) into the BamHI 

restriction sites flanking the EGFP-coding sequence, resulting in pTug4s’-HA, which 

encodes SARS-CoV nsp4’-HA (see Fig. 1 for a schematic representation of the fusion 

proteins). 

The putative N-glycosylation site in SARS-CoV nsp4 (asparagine at amino acid 

position 131) was disrupted by site-directed mutagenesis (Quick change II kit from 

Stratagene) using primers 3114 (5’-TTAGTGCTGTTGGCGCCATTTGCTACACAC) and 

3115 (5’-GTGTGTAGCAAATGGCGCCAACAGCACTAA) with the mutations shown in 

bold, resulting in a construct that codes for SARS-CoV nsp4-glyc-EGFP. 

The MHV nsp4 gene fragment was obtained by RT-PCR amplification of viral 

genomic RNA isolated from MHV strain A59 using primer 2890 (5’-CCGATATC-

ATGCTGTTTTTAGTAGAATGTTAC, corresponding to nucleotides 8721 to 8742 of the 

viral genome) and primer 2981 (5’-TTGGATCCCTGTAAAAATGATGTAGTAACAGA, 

corresponding to nucleotides 10208 to 10183). Both primers contain a 5’ extension 

introducing either an EcoRV or a BamHI restriction enzyme recognition site (underlined), 

while additionally a start codon is introduced in front of the nsp4 coding sequence (shown 

in bold). The PCR product was digested with EcoRV and BamHI and ligated into the 

HindIII-BamHI-digested pEGFP-N3 vector (Clontech), the first restriction site of which 

was filled in with Klenow polymerase (Invitrogen), creating p4m-EGFP-N3, which encodes 

MHV nsp4-EGFP. The nucleotide sequence of the PCR product was confirmed by 

sequence analysis. 

The nsp4 gene fragment, in fusion with the EGFP gene, was cloned into the 

pTUG31 expression vector, creating pTug4m-EGFP, also coding for MHV nsp4-EGFP. To 

this end, the nsp4-EGFP fragment was obtained from p4m-EGFP-N3 by digestion with 

XhoI and NotI, of which the latter restriction site was filled in with Klenow polymerase 

(Invitrogen), and cloned into the XhoI-SmaI-digested pTUG31 vector. 

The MN tag-encoding sequence was added to the 5’ end of the MHV nsp4-EGFP 

fragment by excising the nsp4 and EGFP fragments from the pTug4m-EGFP construct with 
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EcoRV and BamHI and cloning them into the EcoRV-BamHI-digested pTug4s’-EGFP 

construct, thereby creating pTug4m’-EGFP, which encodes MHV nsp4’-EGFP. 

Subsequently, the sequence encoding the EGFP tag in this construct was replaced by the 

HA tag-encoding sequence by insertion of the primer-dimer of primers 3050 and 3051 

similar as described above, resulting in construct pTug4m’-HA, which codes for MHV 

nsp4’-HA. p4m’-EGFP-N3, containing the N-terminally tagged MHV nsp4-EGFP fusion 

protein behind a cytomegalovirus promoter, was created by excising the nsp4m’ fragment 

from pTug4m’-EGFP with XhoI and BamHI and cloning it into the XhoI-BamHI-digested 

pEGFP-N3 vector (Clontech). 

The RNA transcription vector pMH54-nsp4-EGFP, which was used to create a 

MHV virus containing the gene encoding the MHV nsp4-EGFP fusion protein at the 

position of the hemagglutinin esterase (HE) gene, was based on the previously described 

pMH54 vector (35). Two intermediate constructs were used to create this vector. First, an 

EGFP-encoding fragment obtained by digestion of the pEGFP-N3 vector (Clontech) with 

XbaI and NheI was cloned into the XbaI-NheI-digested pXH2509A plasmid, which has 

been described previously (16), resulting in pXH161202. The nsp4 gene fragment obtained 

from p4m-EGFP-N3 by digestion with NheI and BamHI was cloned into pXH161202 

digested with the same enzymes. From the construct thus obtained an AvrII-RsrII fragment 

was cloned into the AvrII-RsrII-digested pMH54 construct, resulting in pMH54-nsp4-

EGFP. The transcription vector pERFPM, which was used for the generation of a 

recombinant MHV expressing a red fluorescent protein (RFP), was constructed essentially 

as described previously for pXHEFLM (16) with the exception that instead of the firefly 

luciferase gene, the gene encoding DsRed2 (Clontech) was used. 

The construction of the vector encoding the equine arterivirus (EAV) membrane 

protein N-terminally extended with the MN tag (M+9A) has been described previously (15). 

 
Generation of recombinant MHV virus 

Incorporation of the nsp4-EGFP or the RFP expression cassette into the MHV 

genome by targeted RNA recombination was carried out as described previously (14, 25). 

Briefly, donor RNA transcribed from the linearized transcription vector was electroporated 

into FCWF cells that had been infected earlier with fMHV. These cells were plated onto a 

monolayer of murine LR7 cells. After 24 h of incubation at 37°C, progeny viruses released 

into the culture media were harvested and plaque purified twice on LR7 cells before a 

passage 1 stock was grown. After confirmation of the recombinant genotypes by RT-PCR 

on purified viral genomic RNA, a passage 2 stock was grown that was subsequently used in 

the experiments.  
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Infection and transfection 

Subconfluent monolayers of LR-7 cells grown in 2-cm2 tissue culture dishes were 

transfected by overlaying the cells with a mixture of 0.2 ml of DMEM without FCS but 

containing 1 µl of Lipofectamine2000 (Invitrogen) and 1 µg of each selected construct 

followed by incubation at 37°C. Three hours after transfection, the medium was replaced 

by culture medium. Where indicated 24 h post transfection the cells were inoculated with 

MHV A59 or MHV-RFP at a multiplicity of infection (moi) of 1 to 10 plaque forming units 

(pfu) per cell for 1 h, after which the inoculum was replaced by culture medium. 

For expressions using the vTF7-3 system subconfluent monolayers of OST7-1 cells 

grown in 10-cm2 tissue culture dishes were inoculated with vTF7-3 at a moi of 10 for 1 h, 

after which the medium was replaced by a transfection mixture, consisting of 0.5 ml of 

DMEM without FCS but containing 10 µl of Lipofectin (Invitrogen) and 5 µg of each 

selected construct. After a 5-min incubation at room temperature, 0.5 ml of DMEM was 

added and incubation was continued at 37°C. Three hours post infection (p.i.), the medium 

was replaced by culture medium and, where indicated, tunicamycin (5 µg/ml) or brefeldin 

A (6 µg/ml) was added to the medium. 

For experiments with (recombinant) MHV, subconfluent monolayers of LR-7 cells 

grown in 2- or 10-cm2 tissue culture dishes were inoculated with the recombinant virus at a 

moi of 1 to 10 for 1 h, after which the inoculum was replaced by culture medium. 

 
Metabolic labeling and immunoprecipitation 

Prior to labeling, the cells were starved for 30 min in cysteine- and methionine-free 

modified Eagle’s medium containing 10 mM HEPES (pH 7.2) and 5% dialyzed FCS. This 

medium was replaced by 1 ml of similar medium containing 100 µCi of 35S in vitro cell-

labeling mixture (Amersham), after which the cells were further incubated for the indicated 

time periods. After pulse labeling, the radioactivity was chased from the cells where 

indicated, using culture medium containing 2 mM each of unlabeled methionine and 

cysteine. After pulse labeling or chase, the cells were washed once with phosphate-buffered 

saline (PBS) containing 50 mM Ca2+ and 50 mM Mg2+ and then lysed on ice in 1 ml of lysis 

buffer (0.5 mM Tris [pH 7.3], 1 mM EDTA, 0.1 M NaCl, 1% Triton X-100) per 10-cm2 

dish. The lysates were cleared by centrifugation for 5 min at 15,000 rpm and 4°C. 

In vitro transcription and translation reactions were performed using the TNT 

coupled reticulocyte lysate system from Promega, according to the manufacturer’s 

instructions, in the presence of 35S in vitro cell-labeling mixture (Amersham) with or 

without the use of microsomal membranes.  

Radioimmunoprecipitations were essentially performed as described previously 

(44); 200 µl aliquots of the cell lysates or 5 µl of in vitro translation reactions were diluted 

in 1 ml detergent buffer (50 mM Tris [pH 8.0], 62.5 mM EDTA, 1% NP40, 0.4% sodium 

deoxycholate [NaDoc], 0.1% sodium dodecyl sulfate [SDS]) containing antibodies (3 µl 
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rabbit anti-EGFP serum or rabbit anti-HA serum or 25 µl of the J1.3 monoclonal anti-

MHV-M serum). The immunoprecipitation mixtures were incubated overnight at 4°C. The 

immune complexes were adsorbed to Pansorbin cells (Calbiochem) for 60 min at 4°C and 

were subsequently collected by centrifugation. The pellets were washed three times by 

resuspension and centrifugation using RIPA buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 

0.1% SDS, 1% NP40, 1% NaDoc). The final pellets were suspended in Laemmli sample 

buffer (LSB) and heated at 95°C for 1 min before analysis by SDS-polyacrylamide gel 

electrophoresis (PAGE) using 10-15% polyacrylamide gels. 

Where indicated, immunoprecipitates were treated with peptide-N-glycosidase F 

(PNGaseF) or endoglycosidase H (endoH) (both from New England Biolabs). To this end, 

the final immunoprecipitation pellets were suspended in PBS instead of LSB, 2 µl 

PNGaseF or endoH was added and the samples were incubated at 37°C for 1 h. Before 

analysis by SDS-PAGE, a 0.5 volume of a three-times-concentrated solution of LSB was 

added to the samples which were then heated at 95°C for 1 min. 

 
Immunofluorescence microscopy 

OST7-1 or LR7 cells grown on glass coverslips were fixed at the indicated times 

post infection or transfection with 3% paraformaldehyde for 1 h at room temperature. The 

fixed cells were washed with PBS and permeabilized using either 0.1% Triton X-100 for 10 

min at room temperature or 0.5 µg/ml digitonin (diluted in 0.3 M sucrose, 25 mM MgCl2, 

0.1 M KCl, 1 mM EDTA, 10 mM PIPES [pH 6.8]) for 5 min at 4°C. Next, the 

permeabilized cells were washed with PBS and incubated for 15 min in blocking buffer 

(PBS-10% normal goat serum), followed by a 45-min incubation with antibodies directed 

against nsp8, MHV M, EGFP, HA, dsRNA, calreticulin or GM130. After four washes with 

PBS, the cells were incubated for 45 min with either Cy3-conjugated donkey anti-rabbit or 

anti-mouse immunoglobin G antibodies (Jackson Laboratories) or fluorescein 

isothiocyanate-conjugated goat anti-rabbit immunoglobulin G antibodies (ICN). After four 

washes with PBS, the samples were mounted on glass slides in FluorSave (Calbiochem). 

The samples were examined with a confocal fluorescence microscope (Leica TCS SP2). 

 
FACS analysis of coronavirus replication 

LR7 cells were transfected as described above, with plasmids, encoding either Sar1 

or Sar1[H79G] fused to yellow fluorescent protein (YFP), which were kindly provided by 

R. Pepperkok (62). At 24 h post transfection, the cells were infected with a recombinant 

MHV expressing RFP. Two h p.i., the HR2 fusion inhibitor (1µM) (7) was added to the 

culture media to prevent cell-cell fusion. The cells were harvested at 16 h p.i., fixed in 3% 

paraformaldehyde for 30 min and after two washes with PBS analyzed by flow cytometric 

analysis. 
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RESULTS 
 
Bioinformatics analysis 

The MHV and SARS-CoV nsp4 are 496 and 500 amino acids long, respectively, and 

have calculated molecular masses of approximately 56 kDa. Both proteins are predicted to 

contain four transmembrane domains (http://www.cbs.dtu.dk/services/TMHMM), with both 

termini being projected at the cytoplasmic side of the membrane. The first transmembrane 

domain might function as a cleavable signal sequence in both proteins, with cleavage 

predicted to occur after amino acid 29 for the MHV protein and after amino acid 32 for the 

SARS-CoV protein (http://www.cbs.dtu.dk/services/SignalP). The three other predicted 

transmembrane domains are located between residues 280 and 400, leaving a cytoplasmic 

C-terminal tail of approximately 100 amino acids. The predicted positions of the 

transmembrane domains are indicated in Fig. 1. MHV nsp4 contains two N-glycosylation 

consensus sequences (NXS/T) at positions 176 and 237, both between the first and second 

transmembrane domain. Such sequences are not present in SARS-CoV nsp4 

(http://www.cbs.dtu.dk/services/ etNGlyc), although an atypical glycosylation motif (NXC) 

occurs at position 131, again between the first and second putative transmembrane domain 

(Fig. 1).  

 
Localization of nsp4 in presence or absence of infection 

In virus-infected cells the mature nsp4 is released from pp1a and pp1ab upon 

cleavage by viral proteinases. In this study the membrane topology and post-translational 

processing of MHV and SARS-CoV nsp4 were studied by expression of ORF1a gene 

fragments coding for nsp4 rather than by expression of the complete ORF1a. Thus, nsp4 

was studied by itself rather than in the context of the pp1a or pp1ab precursor proteins. To 

justify this strategy, the subcellular localization of MHV nsp4 was studied by expression in 

trans in the context of an MHV infection. When the protein would be correctly folded and 

inserted into membranes, it would be expected to localize to the MHV replication sites (47), 

for which the nsp8, a cytoplasmic protein lacking transmembrane domains, served as a 

marker (9). As a control, the localization of expressed EGFP was studied as well.  

LR-7 cells transfected with plasmids pEGFP-N3, p4m-EGFP-N3 or p4m’-EGFP-N3 

which carry the EGFP, the MHV nsp4-EGFP or the N-terminally tagged MHV nsp4-EGFP 

gene, respectively, under the control of a cytomegalovirus promoter, were infected with 

MHV-A59 at 24 h post transfection. At 6 h p.i., the cells were fixed and processed for 

immunofluorescence microscopy. The expressed EGFP exhibited a diffuse fluorescence 

throughout the cytoplasm and the nucleus, both in infected (Fig. 2, first row) and in non-

infected cells (data not shown), consistent with the known localization of GFP. In contrast, 

the nsp4-EGFP fusion proteins were restricted to a reticular pattern, reminiscent of the ER, 

in uninfected cells (Fig. 2, second row; note that neighboring cells, but not the nsp4-EGFP 
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expressing cell, were infected). The localization of these fusion proteins in infected cells 

was clearly different. Here the proteins localized, not only to the reticular pattern, but also 

to dots, which colocalized with the nsp8 marker for the replication sites (Fig. 2, third till 

fifth row). These results indicate that nsp4 expressed in trans, is correctly folded and 

inserted into membranes, as the protein is drawn to the replication complexes, likely 

through bona fide interactions with other viral proteins. It thus appears that individually 

expressed nsp4, containing amino- and/or carboxy-terminal tags, is properly assembled into 

membranes, providing a valid system for studying the membrane topology and processing 

of this protein. 

 

 
Figure 2. Localization of transiently expressed nsp4. LR7 cells, transfected with EGFP, MHV nsp4-EGFP (4m-
EGFP) or MHV nsp4’-EGFP (4m’-EGFP) encoding constructs, were infected with MHV-A59. Cells were fixed at 
6 h p.i. and processed for immunofluorescence microscopy using the α-nsp8 serum and a Cy3-onjugated antiserum 
to detect the MHV replication sites, as described in the Materials and Methods. The second row shows a cell that 
is transfected (EGFP positive) but not infected (nsp8 negative) between cells that are infected (nsp8 positive), but 
not transfected (EGFP negative), whereas the lower rows show cells that are both transfected and infected (EGFP 
and nsp8 positive). At the right a merged image of the α-nsp8 and the EGFP signal is shown. The bottom pictures 
are enlargements of the pictures in the row just above them. (For colour figure see page 180.) 
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Biogenesis of MHV and SARS-CoV nsp4 

The co- and post-translational processing of MHV and SARS-CoV nsp4 were 

studied by in vitro translation and by using the recombinant vaccinia virus bacteriophage 

T7 RNA polymerase (vTF7-3) expression system. To investigate the N-linked 

glycosylation of MHV and SARS-CoV nsp4, the EGFP or HA fusion proteins were 

expressed in the presence and absence of tunicamycin, which is an inhibitor of N-linked 

glycosylation, and/or the N-linked glycans were removed using PNGaseF. OST7-1 cells 

were infected with vTF7-3, transfected with plasmids containing the nsp4-EGFP or nsp4-

HA gene and labeled with [35S]-labeled amino acids for 1 h starting at 5 h p.i.. Cells were 

lysed and processed for immunoprecipitation with a rabbit polyclonal antiserum directed to 

the EGFP or HA tag. In parallel, in vitro translations were performed using the TNT 

coupled reticulocyte lysate system from Promega in the absence of membranes to analyze 

the electrophoretic mobility of the full-length non-processed proteins.  

As shown in Fig. 3A the in vitro translations resulted in a single band of about 60 

kDa for both proteins. This is lower than the calculated molecular masses of both fusion 

proteins (84 kDa), which is, however, not exceptional for hydrophobic proteins and results 

from increased binding of SDS. Previously, the native nsp4 protein was also found to 

migrate faster than expected in SDS-polyacrylamide gels (21, 47). Expression of the SARS-

CoV nsp4-EGFP fusion protein consistently resulted in the appearance of fuzzy bands in 

gels. Though this has been reported more often for proteins containing multiple 

transmembrane domains, the reason for it and why it is not seen for the MHV analogue is 

unknown.  

vTF7-3 mediated expression of the MHV nsp4-EGFP fusion protein in the absence 

and presence of tunicamycin resulted in proteins migrating with an electrophoretic mobility 

that was slower than or the same as that of the in vitro translation product, respectively 

(Fig. 3A). This observation indicates that the nsp4-EGFP fusion protein is N-glycosylated. 

These results were confirmed by removal of the N-linked sugars using PNGaseF (data not 

shown). Indeed, MHV nsp4 contains two potential N-glycan acceptor sites between the first 

and the second transmembrane domain. In addition, the results indicate that the first 

transmembrane domain, which probably functions as a signal sequence, is not cleaved by 

signal peptidases, contrary to the prediction.  

Processing of SARS-CoV nsp4 appeared to be somewhat more complex. When the 

nsp4-EGFP fusion protein was expressed using the vTF7-3 system three protein species 

were detected. The slowest migrating one (#1 in Fig. 3A) disappeared in the presence of 

tunicamycin, indicating that this species contained N-linked sugars. The other two species, 

which were not affected by tunicamycin, migrated in the gel with mobilities equal to (#2 in 

Fig. 3A) or slightly faster than (#3 in Fig. 3A) that of the in vitro translation product. The 

faster migrating species might result from signal peptide cleavage of nsp4, which is indeed 

predicted for this protein.  
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To confirm the results on the processing of SARS-CoV nsp4 the experiment was 

repeated with the HA-tagged protein (4s-HA), the different protein species of which became 

better separated during SDS-PAGE. The addition of N-linked sugars to SARS-CoV nsp4 

was further studied by treating the immunoprecipitates with PNGaseF (Fig. 3B). Upon 

expression of SARS-CoV nsp4-HA by use of the vTF7-3 expression sytem, four rather than 

three protein species were detected. The lower two species (#2 and #3) migrated in the gel 

with mobilities equal to (#2) or slightly faster than (#3) that of the in vitro translation 

product and probably differ in the presence of the signal peptide. These species were not 

glycosylated as they were still detected after tunicamycin treatment of the cells (data not 

shown) or PNGaseF treatment of the samples (Fig. 3B), whereas the upper two protein 

species (#1a and #1b), which probably also differ in signal peptide cleavage, disappeared 

after treatment with tunicamycin (data not shown) or PNGaseF (Fig. 3B), confirming that 

these species contain N-linked sugars. Thus, SARS-CoV nsp4 is (incompletely) N-

glycosylated, even though this protein does not contain a classical N-glycosylation 

consensus sequence (NXS/T). However, SARS-CoV nsp4 does contain an alternative 

glycosylation motif (NXC) between the first and second transmembrane domain. Upon 

substitution of the asparagine residue in this sequence by an alanine residue (nsp4-glyc-HA), 

the slowest migrating species were no longer detected (Fig. 3B), confirming that this 

asparagine residue can indeed function as a N-glycan attachment site. The two glycosylated 

nsp4 species are likely to differ in their electrophoretic mobility as a result of the 

incomplete cleavage of the signal peptide. 

The putative (incomplete) signal peptide cleavage was studied further. To this end, a 

SARS-CoV nsp4 fusion protein was expressed, which contained a MN tag, consisting of the 

first 10 amino acid sequence of the MHV M protein, at its amino terminus and a HA tag at 

its carboxy terminus (nsp4’-HA). Again several protein species were detected after SDS-

PAGE (Fig. 3B). While the upper two species (#1’ and #2’) migrated slightly slower than 

their nsp4 counterparts lacking the MN tag, the fastest migrating form (#3) ran at exactly the 

same position in the gel as the fastest migrating species of nsp4 without the amino-terminal 

tag. This is indeed expected when this protein species results from signal peptidase 

cleavage of the amino terminus. Next, this construct was expressed by in vitro translation in 

the absence or presence of membranes. In the absence of membranes, two protein species 

were detected (Fig. 3C), representing translation initiating either at the start codon of the N-

terminal tag (#2’) or at the next methionine residue directly in front of nsp4 (#2), as they 

ran slightly slower than or with the same mobility as the untagged, unprocessed nsp4-HA 

protein, respectively (data not shown). In the presence of membranes, however, an even 

faster migrating protein species was detected as expected when this protein is processed by 

signal peptidases.  
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Figure 3. Processing of MHV and SARS-CoV nsp4. vTF7-3 infected OST7-1 cells were transfected with the 
indicated constructs. The cells were labeled with [35S]-labeled amino acids from 5-6 h p.i., lysed and processed for 
immunoprecipitation with specific antibodies followed by SDS-10% PAGE. (A) Cells were transfected with MHV 
or SARS-CoV nsp4-EGFP encoding constructs (4m-EGFP and 4s-EGFP, respectively) in the presence (+) or 
absence (-) of tunicamycin (TM). The same constructs were also in vitro transcribed and translated using the TNT 
coupled reticulocyte lysate system from Promega (ivt). Immunoprecipitations were performed with rabbit 
antiserum against the EGFP tag. (B) Cells were transfected with constructs encoding SARS-CoV nsp4-HA (4s-
HA), a SARS-CoV nsp4-HA fusion protein containing a mutation of the NIC glycosylation motif (4s

-glyc-HA) or a 
N-terminally tagged SARS-CoV nsp4-HA fusion protein (4s’-HA). The construct encoding SARS-CoV nsp4-HA 
(4s-HA) was also in vitro transcribed and translated using the TNT coupled reticulocyte lysate system from 
Promega (ivt). Immunoprecipiations were performed with rabbit serum against the HA tag after which the samples 
were mock (-) or PNGaseF (+) treated. (C) The N-terminally tagged SARS-CoV nsp4-HA fusion protein was in 
vitro translated using the TNT coupled reticulocyte lysate system from Promega in the absence (-) or presence (+) 
of microsomal membranes (mm). (D) Cells were transfected with SARS-CoV nsp4 containing a N-terminal MN 
tag and a C-terminal HA tag (4s’-HA). Immunoprecipitation with rabbit antiserum against the HA tag was 
followed, after boiling of the sample, by a second immunoprecipitation with either J1.3 antiserum against the N-
terminal tag (J1.3; left lane) or with the antiserum against the C-terminal HA tag (α-HA; right lane). The positions 
and masses (in kDa) of the molecular-mass protein markers are indicated, while the numbers 1, 2 and 3 indicate 
different SARS-CoV nsp4 species of which the number 1 species are modified by N-linked sugars. The two 
arrows in panel D point to species 1’ and 2’, which are protein species containing the amino-terminal tag. Only the 
relevant portion of the gels is shown. 

 

Antibodies directed against the amino-terminal MN tag are expected not to 

precipitate the nsp4 fusion protein after removal of the signal peptide. To demonstrate this 

point, a sequential immunoprecipitation assay was performed. After immunoprecipitation 

of all three SARS-CoV nsp4 species using antibodies directed against the HA tag (Fig. 3D), 

A 

B C D 
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the immunoprecipitates were dissolved in a buffer containing β-mercaptoethanol and SDS 

and heated for 1 min at 95°C. Subsequently, the samples were processed for a second round 

of immunoprecipitation using the J1.3 antibody against the N-terminal tag. While the J1.3 

antibody was able to precipitate the larger two nsp4 species, this was no longer the case for 

the fastest migrating form, demonstrating that the MN tag was no longer present on this 

protein species (Fig. 3D).  

All together, the results demonstrate that both MHV and SARS-CoV nsp4 become 

inserted into the ER membrane, which results in the addition of N-linked sugars to their 

lumenal domain. While their first transmembrane domain functions as a signal sequence, 

only the amino terminus of SARS-CoV nsp4 is subject to (partial) signal peptidase 

cleavage.  

 
Topology of MHV and SARS-CoV nsp4 

The observed N-glycosylation of both nsp4 proteins shows that the region between 

the first and second transmembrane domain is exposed on the lumenal side of the ER 

membrane. To determine the topology of MHV and SARS-CoV nsp4 in more detail, nsp4 

proteins were used that were N-terminally extended with the MN tag. This tag, which 

contains a well-defined O-glycosylation site, has previously been appended onto the equine 

arterivirus (EAV) type III membrane (M) protein, resulting in EAV M+9A (15). Although 

this protein was retained in the ER, it became O-glycosylated upon the addition of brefeldin 

A, a drug which causes redistribution of Golgi enzymes, including the ones involved in O-

glycosylation, to the ER.  

Using a similar approach, the location of the amino terminus of nsp4 was assessed. 

The EAV M+9A protein served as a positive control, while nsp4 proteins lacking N-

terminal MN tags were used as negative controls. The nsp4 fusion proteins were expressed 

using the vTF7-3 expression system in OST7-1 cells. Since the SARS-CoV nsp4-EGFP 

fusion protein appeared as rather fuzzy bands in the gel, the assay was also performed using 

HA-tagged nsp4. The proteins were labeled with [35S]-labeled amino acids from 5 to 6 h 

p.i., after which the cells were lysed and processed for immunoprecipitation using 

polyclonal antisera directed to the EGFP or HA tag. The expressions were performed in the 

presence or absence of brefeldin A and/or tunicamycin. Tunicamycin was added to prevent 

N-glycosylation, which could obscure the detection of O-glycosylation. As expected, the 

electrophoretic mobility of nsp4 lacking the N-terminal tag was unaffected by the addition 

of brefeldin A (shown for MHV nsp4 only), while, as shown before, the presence of 

tunicamycin prevented the addition of N-linked sugars. In addition, nsp4 containing the MN 

tag did not show an altered mobility upon the addition of brefeldin A (4m’-EGFP and 4s’-

HA), in contrast to the tagged EAV M (EAV M+9A) protein (Fig. 4).  
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Figure 4. O-glycosylation of N-terminally tagged MHV and SARS-CoV nsp4. vTF7-3 infected OST7-1 cells 
were transfected with constructs encoding MHV nsp4-EGFP with or without N-terminal tag (4m’-EGFP and 4m-
EGFP, respectively), N-terminally tagged SARS-CoV nsp4-HA (4s’-HA) or N-terminally tagged EAV M (EAV 
M+9A), in the presence (+) or absence (-) of tunicamycin (TM) and/or brefeldin A (BFA). The cells were labeled 
with [35S]-labeled amino acids from 5-6 h p.i. and cell lysates were processed for immunoprecipitation with rabbit 
antiserum against EGFP or HA or, for EAV M, with J1.3, followed by SDS-10% PAGE. The positions of the 
molecular-mass protein markers are indicated on the left or right side of the gels. Only the relevant portion of the 
gels is shown. 

 

These results indicate that the amino termini of the MHV and SARS-CoV nsp4 are 

not accessible to enzymes that initiate the addition of O-linked sugars. While this is most 

likely caused by the lack of translocation of the amino-terminal end, one can not rule out 

the possibility that the putative glycosylation sites are located too close to the membrane or 

that the amino terminus is folded such that the glycosylation sites are not accessible. We 

consider the latter options less likely, however, since the distance between the MN tag and 

the predicted transmembrane domains is similar or even somewhat larger for the nsp4 

fusion proteins as for the EAV M protein, while we have in addition previously 

demonstrated that the presence of the two proline residues in the tag induce a glycosylation-

favorable conformation (15). Our interpretation of the amino terminus of nsp4 being 

exposed on the cytoplasmic face of the ER is also in agreement with observed N-

glycosylation of the region between the first and second transmembrane domain.  

The localization of the carboxy terminus of both nsp4 proteins was determined by 

immunofluorescence assays in which antibodies directed against C-terminal tags (EGFP 

and HA) were used. To this end, OST7-1 cells were infected with vTF7-3, transfected with 

the nsp4-encoding plasmids and fixed at 6 h p.i. using a 3% paraformaldehyde solution. 

Next, the cells were permeabilized using either Triton X-100, which permeabilizes all 

cellular membranes, or digitonin, which selectively permeabilizes the plasmamembrane. 

The type III MHV M protein with its known topology (Nexo/Cendo) was used as a control. 

A rabbit polyclonal antibody directed to the C-terminus (αMC) and the J1.3 mouse 

monoclonal antibody directed to the N-terminus of the MHV M protein were used to detect 

this protein after either Triton X-100 or digitonin permeabilization. As expected the 

antibody directed to the C-terminus detected the protein after Triton X-100 as well as after 

digitonin treatment, whereas the J1.3 antibody detected the protein only after 

permeabilization with Triton X-100 and not after treatment with digitonin, thereby 

validating the assay conditions (Fig. 5). 
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When similar studies were done with the MHV and the SARS-CoV nsp4-EGFP 

fusion protein, in both cases all cells exhibiting GFP fluorescence stained positive with the 

antibody against the EGFP tag not only after permeabilization with Triton X-100 but also 

after treatment with digitonin, indicating that the carboxy terminus of nsp4 is on the 

cytoplasmic face of the membrane (Fig. 5). This result was confirmed by using an HA-

tagged nsp4. In addition to the HA tag, this nsp4 also contained the MN tag at its amino 

terminus. After permeabilization with either Triton X-100 or digitonin the cells could be 

stained with the J1.3 monoclonal antibody and with the polyclonal HA antibody. The 

staining with the J1.3 antibody was weak but sufficient to detect the tagged MHV nsp4. 

Clearly, both antibodies could detect the protein after permeabilization not only with Triton 

X-100 but also with digitonin (Fig. 5). In summary, the results demonstrate that both the 

amino and the carboxy termini of MHV and SARS-CoV nsp4 are exposed on the 

cytoplasmic face of the membrane. 

 

 
Figure 5. Topology of MHV and SARS-CoV nsp4. vTF7-3 infected OST7-1 cells were transfected with 
constructs encoding the proteins indicated at the left. The cells were fixed at 6 h p.i. and permeabilized with Triton 
X-100 (left 2 columns) or digitonin (right 2 columns). Immunofluorescence analysis was performed with the 
antibodies indicated above the pictures, while EGFP indicates the EGFP fluorescence itself. 
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Localization and processing of nsp4-EGFP expressed by recombinant MHV  

To facilitate the study of the transport, localization and processing of nsp4 in the 

context of a coronavirus infection, a recombinant MHV was constructed in which the gene 

encoding the nsp4-EGFP fusion protein was incorporated into the viral genome using the 

targeted RNA recombination system previously described (14, 25). The nsp4-EGFP gene 

was placed at the position of the non-functional HE gene behind a transcription regulatory 

sequence (Fig. 6A). The generated recombinant virus, which exhibited green fluorescent 

plaques, grew to similar titers as the wild-type virus, while the correct insertion of the nsp4-

EGFP gene was confirmed by RT-PCR and sequence analysis.  

The subcellular localization of the nsp4-EGFP fusion protein was studied in more 

detail using the newly generated recombinant virus. To this end, LR-7 cells were infected 

and fixed at the indicated time p.i., after which the cells were processed for 

immunofluorescence microscopy. In all cells examined, the nsp4-EGFP fusion protein 

exhibited a reticular staining pattern and was additionally localized in dots (Fig. 6B and C), 

although some variability was observed in the intensity and number of dots between cells. 

Nsp4-EGFP present in the dots colocalized with the nsp8 protein. To determine whether the 

nsp4-EGFP/nsp8 positive dots also contained dsRNA intermediates produced during viral 

replication (53), cells were also labeled with monoclonal antibodies raised against dsRNA 

(55). Figure 6B shows that significant colocalization was observed between nsp4-EGFP 

present in the dots, nsp8 and dsRNA, demonstrating that nsp4-EGFP localizes to the 

replication sites. As expected, the reticular staining of nsp4-EGFP colocalized with the ER 

marker calreticulin (Fig. 6C), but this was not the case for the nsp4-EGFP protein present at 

the replication sites (indicated by arrows in Fig. 6C). Rather, the ER marker appeared to be 

excluded from these sites. Furthermore, nsp4-EGFP did not colocalize with the Golgi 

marker GM130. Essentially identical results were obtained when the colocalization of nsp4-

EGFP with the ER and Golgi markers was analyzed in HeLa cells (data not shown). The 

results show that nsp4, when expressed in trans, is localized to the ER and to the replication 

sites, but not to the Golgi complex.  
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Figure 6. Recombinant MHV containing 
nsp4-EGFP. (A) A recombinant MHV was 
generated containing the MHV nsp4-EGFP 
fusion gene at the position of the HE gene. 
The wild-type (wt) and recombinant (rec) 
MHV genomes are schematically represented. 
Genes are indicated by numbers or letters. 
AAA indicates the poly-A tail at the 3’end.
(B, C) LR7 cells were infected with the 
recombinant virus, fixed at 6 h (B) or 8 h (C) 
p.i. and stained with antibodies against marker 
proteins; α-nsp8, α-dsRNA, α-calreticulin 
(ER) or α-GM130 (Golgi). Merged images of 
the EGFP signal with the staining of the 
different markers are shown at the right. In 
each set the lower pictures are enlargements of 
the images above. The white arrows in the 
upper part of panel C indicate nsp4-EGFP 
located at the replication sites. (For colour 
figure see page 181.) 

A 
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The intracellular fate of the nsp4 fusion protein was further investigated by 

analyzing the maturation of the N-linked sugars of the nsp4-EGFP protein (Fig. 7). LR7 

cells were infected with the recombinant MHV expressing the nsp4-EGFP fusion protein, 

metabolically labeled for 1 h at 5 h p.i. and, where indicated, the radioactivity was chased 

for 90 min. Subsequently, the cells were lysed and processed for immunoprecipitation using 

the rabbit anti-EGFP serum. The precipitated proteins were treated with glycosidases to 

determine the maturation state of the N-linked glycans. While PNGaseF removes all N-

linked carbohydrates, endoH is only able to remove N-linked glycans of the high-mannose 

type that have not been further modified by enzymes present in the medial or trans Golgi 

compartment. Hence, resistance to endoH is indicative of transport of the protein through 

the medial and trans Golgi cisternae. In Fig. 7 it is shown that the N-glycans attached to the 

nsp4 protein could be completely removed by both PNGaseF and endoH after the pulse as 

well as after the chase, demonstrating that the nsp4 protein did not travel through the 

medial and trans cisternae of the Golgi complex to reach its destination.  

 

 
Figure 7. Maturation of the glycosylation of nsp4. LR7 cells were infected with the recombinant MHV 
containing the nsp4-EGFP fusion gene (4m-EGFP). The cells were labeled from 5-6 h p.i. (pulse), followed by a 90 
min chase (chase) after which cell lysates were prepared and subjected to immunoprecipitation using the anti-
EGFP antiserum. The immunoprecipitated material was treated with either PNGaseF (P) or EndoH (E) or was 
mock (m) treated. The numbers at the left indicate the positions in the same gel of a molecular-mass protein 
marker. Only the relevant portion of the gel is shown. 

 

The role of the early secretory pathway in viral replication 

The above described results indicate an important role for the early secretory 

pathway in the assembly of the coronavirus replication complexes. In order to corroborate 

this conclusion the replication of MHV was analyzed in the presence of the kinase inhibitor 

H89. H89 is a specific inhibitor of protein kinase A at nanomolar concentrations, while it 

inhibits Sar1 recruitment to ER membranes in the micromolar range (3). Activation of the 

small GTPase Sar1 is required for export of proteins out of the ER. MHV replication was 

monitored by analyzing the luciferase expression level after infection of cells with a 
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recombinant MHV expressing firefly luciferase (MHV-EFLM) (16). The infected cells 

were treated with different concentrations of H89 from 1 to 6 h p.i.. At 6 h p.i. the cells 

were lysed and the luciferase expression levels were determined. Clearly, treatment of cells 

with H89 at 50 µM and higher concentrations resulted in a dramatic reduction of the 

luciferase expression level (Fig. 8A). The viability of the cells was not significantly 

affected by the H89 treatment, as determined by a WST-1 cell viability assay. We also 

studied whether coronavirus replication was affected early and/or late in the infection cycle. 

Cells infected with MHV-EFLM were treated with 50 µM H89 from 1 to 4 or from 4 to 7 h 

p.i.. As is shown in Fig. 8B, coronavirus replication was severely inhibited by H89 during 

both time frames.  

Next, the assembly of the coronavirus replication sites in the presence of H89 was 

analyzed using an immunofluorescence assay. To this end, LR7 cells were infected with 

MHV and at 4 h p.i. either fixed or subjected to further incubation at 37°C for 3 h in the 

absence or presence of H89. After fixation, the cells were processed for 

immunofluorescence analysis using antibodies directed against dsRNA or nsp8. As is 

shown in Fig. 8C, at 4 h p.i. only very little dsRNA and nsp8 staining could be observed, 

while at 7 hours p.i., the amount of dsRNA and nsp8 had increased considerably. However, 

in the presence of H89, this increase was not observed. As a control, cells were treated with 

the protein synthesis inhibitor cycloheximide during the same time period. While, as 

expected, the amount of nsp8 did not change appreciably, a small increase in the dsRNA 

staining was observed. Indeed, as has been shown previously, at 4 h p.i. the addition of 

cycloheximide inhibits viral RNA synthesis, since the synthesis of both viral positive and 

minus strands requires continued protein synthesis (52). The results demonstrate that H89 

inhibits coronavirus replication and the formation of replication sites.  

To confirm the importance of Sar1, coronavirus replication was subsequently 

monitored in cells expressing a dominant mutant of Sar1 (Sar1[H79G]) in which ER exit is 

inhibited (1, 45). To this end, cells were transfected with plasmids expressing fusion 

proteins of YFP with either wild type Sar1 or Sar1[H79G]. At 24 h post transfection, the 

cells were infected with a recombinant MHV expressing RFP. When the RFP expression 

level was sufficiently high to allow efficient detection using FACS analysis, the percentage 

of transfected cells (YFP positive) that were productively infected (RFP positive) was 

determined. The results show that expression of the dominant mutant of Sar1 significantly 

inhibited coronavirus replication (Fig. 8D). Very similar results were obtained when the 

number of transfected and infected cells at 9 h p.i. was counted using fluorescence 

microscopy (data not shown). These data provide additional evidence for an important role 

of the early secretory pathway in coronavirus replication.  
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Figure 8. Role of the early secretory pathway in virus replication. (A, B) LR-7 cells were infected with a 
recombinant MHV virus expressing firefly luciferase (MHV-EFLM) in the presence of H89 and the viral 
replication was determined by measuring luciferase expression. (A) The cells were incubated with different 
concentrations of H89 from 1-6 h p.i. after which luciferase activity was determined (left Y-axis). The cell 
viability was determined by WST-1 assay (right Y-axis). (B) MHV-EFLM infected cells were lysed at 4 (first two 
bars) or 7 h p.i. (last two bars) either with (second and fourth bar) or without (first and third bar) 3 h incubation 
with 50 µM H89. (C) LR-7 cells were infected with MHV and fixed at 4 h p.i. (most left panels) or incubation at 
37° C was continued for 3 h (7 h) in the absence or presence of H89 (H89) or cycloheximide (CHX). After 
fixation, the cells were processed for immunofluoresence analysis using antibodies directed against dsRNA or 
nsp8. (D) LR-7 cells were transfected with plasmids expressing fusion proteins of YFP with either wild type Sar1 
or Sar1[H79G] and 24 h later infected with a recombinant MHV virus expressing RFP. At 16 h p.i. the number of 
RFP positive cells in the YFP-positive population was determined by flow cytometric analysis. 
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DISCUSSION 
 

Coronaviruses replicate and transcribe their RNA by using intricate 

replication/transcription complexes, which are made up of at least 16 nsp’s and are 

associated with DMVs. The proteolytic processing of the polyprotein precursors of the 

nsp’s has been extensively studied and several enzymatic functions have been identified in 

the nsp’s. However, relatively little is known about the formation of the replication 

complexes and their membrane association. Three nsp’s (3, 4 and 6) are predicted to 

contain transmembrane domains and are likely to be involved in membrane-anchoring of 

the replication complex. Recently, the membrane association and topology of MHV nsp3 

were reported (32). In this study, we focused on MHV and SARS-CoV nsp4, information 

on the membrane topology, processing and subcellular localization of which was lacking 

untill now. 

The nsp4 sequence was cloned and expressed independently, i.e. not in the context 

of pp1a and pp1ab. This strategy allows the convenient addition of protein tags, without the 

need to worry about the proteolytic processing of pp1a and pp1ab, which could 

considerably complicate the interpretation of results. To verify the strategy, nsp4 was 

expressed in trans in the context of a viral infection. The protein was recruited to 

replication sites, probably via protein-protein interaction, indicating that it was correctly 

folded and inserted into membranes. Similar strategies have previously also been used to 

study the membrane topology of nsp’s derived from large precursor polyproteins of other 

viruses, such as the dengue virus 4B protein (42). In addition, other coronaviral nsp’s, 

lacking transmembrane domains, were also shown to be recruited to the replications sites 

when expressed in trans (11, 22).  

While the processing of pp1a and pp1ab by the Mpro enzyme is relatively slow, 

cleavage by the PLpro, which liberates the amino-terminal end of nsp4, is much faster. 

Indeed, in MHV infected cells, proteolysis between nsp3 and 4 is the first cleavage event to 

be detected (21). Hence, the amino-terminal transmembrane domain of nsp4 is likely to 

function as a signal sequence. While for both MHV and SARS-CoV nsp4 a cleavable signal 

sequence is predicted, (partial) cleavage was observed only for SARS-CoV nsp4. Cleavage 

of viral precursor polyproteins by signal peptidases is not uncommon, as it has been 

described, among others, for alphavirus membrane proteins (36) and for the generation of 

the amino termini of the flavivirus structural proteins prM and E as well as of their nsp’s 1 

and 4B (42). The limited cleavage of the SARS-CoV nsp4 by signal peptidase is, however, 

the first indication that the coronavirus pp1a and pp1ab can be processed by other than 

virus-encoded proteinases.  

Upon integration into the ER membrane, the MHV and SARS-CoV nsp4 become N-

glycosylated between the first and second transmembrane domain implying that this 

domain is lumenally exposed (Fig. 9A). While two conventional consensus sequences 
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(NXS/T) are present in MHV nsp4, glycosylation of SARS-CoV nsp4 was demonstrated to 

occur at an asparagine residue present in an atypical glycosylation motif (NXC). The 

addition of N-linked sugars to the unconventional glycosylation site NXC was first 

described in 1982 for the bovine protein C (61), and has since been demonstrated for a few 

more proteins, like the human CD69 (68). The IBV nsp4 protein has also been shown to be 

modified by the addition of N-linked carbohydrates (37); however, the presence of N-

glycosylation sites (NXS/T or NXC) does not appear to be strictly conserved among the 

coronavirus nsp4 lumenal domains. This is in agreement with the notion that tunicamycin 

does not affect viral RNA synthesis appreciably (50). 

Consistent with the region between the first and second transmembrane domain 

being located on the lumenal side of intracellular membranes, MHV and SARS-CoV nsp4 

were found to have a membrane topology in which both the N- and C-termini are facing the 

cytosol (Fig. 9A). This is in agreement with nsp4 being a tetraspanning membrane protein. 

Although for some coronavirus nsp4 proteins one (IBV and human coronavirus NL63) or 

two (FIPV and human coronavirus 229E) additional transmembrane domains are predicted 

(http://www.cbs.dtu.dk/services/TMHMM/), invariably four transmembrane domains are 

predicted for the nsp4 protein equivalents of other nidoviruses such as EAV, Berne 

torovirus, gill-associated okavirus and white bream virus. It seems thus likely that, besides 

MHV and SARS-CoV, the other coronavirus nsp4 proteins, as well as their nidovirus 

homologues, are tetraspanning transmembrane proteins with a Nendo/Cendo topology. 

The topology of nsp4 implies that the enzymatic Mpro activity present in nsp5, 

which is located directly downstream of nsp4 in the polyprotein precursor and which does 

not contain any transmembrane domains itself, remains localized to the cytoplasm. Since all 

Mpro cleavage sites should be accessible to the proteinase, all nsp’s located downstream of 

the membrane-anchored nsp6, including the RNA dependent RNA polymerase (nsp12) and 

RNA helicase (nsp13), which are directly involved in the replication of the viral RNA, must 

be in the cytoplasm as well. For the same reason, the amino-terminal half of nsp3, which 

contains the proteinase responsible for the proteolytic processing between nsp3 and nsp4, 

should also be located in the cytoplasm. Indeed, this is consistent with the proposed 

topology of MHV nsp3 (32). However, membrane topology predictions 

(http://www.cbs.dtu.dk/services/TMHMM) of the complete coronavirus pp1a and pp1ab 

depict a topology model in which the Mpro enzyme is separated from most of its cleavage 

sites by the lipid bilayer. Clearly, more experimental data are needed, particularly regarding 

the membrane topology of nsp6, for a better understanding of the polyprotein processing 

and generation of the replication complex.   

Our results strongly suggest that the ER is the lipid donor compartment for the 

replication sites. The nsp4-EGFP fusion protein was localized to the ER when expressed 

alone, but was additionally detected in the replication complexes, colocalizing with nsp8 

and dsRNA, in the context of viral infection. Apparently, the fusion protein is recruited to 
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the replication sites via interactions with other viral proteins. Strikingly, a previous study by 

Sawicki and coworkers (54) showed that a temperature-sensitive (ts) mutant of MHV in 

nsp4 failed to be complemented by ts mutants in nsp5 or nsp10, which suggested that nsp4-

10 either functions as a polyprotein or that cleavage occurred in cis after association of 

nsp4-10 to the replication sites. The nsp4-EGFP fusion protein localized in a reticular 

pattern as well as in dotted structures representing the replication sites. Overexpression of 

the nsp4-EGFP protein probably does not allow it to be completely recruited to replication 

sites. The reticular nsp4-EGFP pattern colocalized with the ER marker calreticulin, while 

the fusion protein present in the replication sites did not colocalize with markers for the ER 

or Golgi complex (in both LR7 and HeLa cells), nor had it traveled trough the Golgi 

complex. Consequently, the replication complexes either correspond with a specialized 

domain of the ER that lacks calreticulin or constitute a post-ER compartment, which is 

formed without the involvement of the medial and trans cisternae of the Golgi complex 

(Fig. 9B).  

 

 

 
Figure 9. Schematic representation of the proposed MHV and SARS-CoV nsp4 topology and intracellular 
transport. (A) The topology of MHV and SARS-CoV nsp4 is presented, with both the N- and C-terminus at the 
cytoplasmic side of the membrane. The four predicted transmembrane domains are shown as white boxes, the N-
glycosylation sites are presented as asterisks and the (partial) signal sequence cleavage of the SARS-CoV nsp4 is 
indicated by the dotted arrow. (B) The intracellular localization and cellular transport are shown for nsp4 and for 
the coronavirus M protein. The M protein is transported from the ER to the Golgi compartment via the 
intermediate compartment (IC), whereas nsp4 is transported to the double-membrane vesicles (DMVs), without 
passing through the medial or trans cisternae of the Golgi compartment. The inhibitory effect of H89 treatment or 
expression of Sar1[H79G] on coronavirus replication is indicated. 

A 

B 
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The importance of the early secretory pathway in the assembly of the replication 

sites was further confirmed by the inhibition of replication under conditions in which export 

out of the ER was inhibited by the kinase inhibitor H89 or by overexpression of a mutant 

Sar1. Sar1 is a small GTPase that plays an essential role in the formation of ER export 

domains and recruitment of COPII subunits (1, 23). The kinase inhibitor H89 inhibits the 

ER membrane association of Sar1 (3), thereby preventing export of cargo from the ER. 

Overexpression of the mutant Sar1[H79G], which is significantly reduced in its ability to 

hydrolyse GTP also blocks productive ER-to-Golgi transport (62). While functional ER 

export machinery is clearly required for MHV replication, it remains to be determined 

whether Sar1 is directly or indirectly involved in the assembly of the replication complexes.    

The involvement of the early secretory pathway in coronavirus replication is in 

agreement with previous reports, which suggest that the DMVs, with which the replication 

complexes are associated, are derived from the ER compartment (58, 60). Other studies 

have implicated the involvement of the autophagic pathway in the formation of the 

replication complexes (46, 47). MHV-infected cells that lack a component of the autophagy 

machinery (Atg5) and in which virus replication is severely impaired, fail to induce DMVs. 

Rather they exhibit dramatic effects on the structure of their ER, with hyper-swollen 

membranes throughout the majority of the extremely altered cells (46). Coronaviruses 

might be able to exploit the protective mechanism of autophagy that is triggered by the 

accumulation of protein aggregates in the ER to generate the membrane structures that 

scaffold the replication complexes (31, 33, 71). However, while some studies demonstrated 

colocalization of the autophagy protein LC3/Atg8 with the replication sites (46, 47), this 

could not be confirmed by others (60).  

All plus-strand RNA viruses replicate in association with intracellular membranes 

(5, 41, 43, 51). In many cases, nonstructural proteins induce membrane invaginations or 

vesicles, which are thought to function as protective environments for RNA replication. 

The membranes not only provide an anchor for the replication complex, but also appear 

essential for multiple steps during virus replication, as inhibitors of lipid synthesis also 

inhibit RNA replication by a number of viruses (5, 41, 43, 51), including coronaviruses (de 

Haan, unpublished results). However, untill now only few mechanistic details explaining 

the transformation of the cellular membranes into the viral replication sites are understood. 

In the case of poliovirus the dynamic association of several constituents of the early 

secretory pathway, including COPI and COPII components, has been implicated in the 

formation of the replication sites (5, 41, 51). A similar role for the early secretory pathway 

in coronavirus replication seems plausible.  
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ABSTRACT  

 

Coronaviruses encode two very large replicase polyproteins that are processed by 

viral proteinases, resulting in 16 mature nonstructural proteins (nsp’s). These proteins 

collectively constitute the viral replication complexes, which are anchored to double-

membrane vesicles. How these complexes are formed is largely unknown, but it is likely 

that membrane-spanning nonstructural proteins are not only responsible for the anchoring 

of the replication complex in these membranes but also for the induction of the 

membranous structures. Coronaviruses encode three nonstructural proteins, nsp3, nsp4 and 

nsp6, that contain several putative transmembrane domains. This study focuses on nsp3 and 

nsp6 of the severe acute respiratory syndrome coronavirus (SARS-CoV) and the murine 

hepatitis virus (MHV) and describes their membrane topology and integration. Both 

proteins of SARS-CoV and MHV were shown to adopt a membrane topology in which 

their amino and carboxy termini are located in the cytoplasm. Strikingly, however, both for 

nsp3 and nsp6 an uneven number of transmembrane domains was predicted. While nsp3 

was predicted to contain at least three membrane spanning domains, deletion mutant protein 

analyses indicated that only two of these domains actually span the lipid bilayer. Similarly, 

also for nsp6 only six out of the seven putative transmembrane domains appear to function 

as such in the full-length protein. The conservation of hydrophobic sequences that do not 

act as membrane spanning domains suggests an essential role for these sequences in the 

functioning of the nsp’s. 
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INTRODUCTION 
 

Positive-strand RNA viruses induce the formation of cytoplasmic membrane 

structures in their host cells to ensure the efficient replication of their genomes in a 

protected environment. These structures not only shield the replication intermediates from 

recognition by host cell defense mechanisms, but probably also facilitate the recruitment of 

the components required for RNA synthesis. The membranes of these structures can be 

acquired from different cellular compartments. In many virus families, such as picorna-, 

flavi-, and bromoviruses, the RNA replication complex is associated with membranes 

derived from the endoplasmic reticulum (ER). However, also endosomes and lysosomes 

(togaviruses), peroxisomes and chloroplasts (tombusviruses) and mitochondria 

(nodaviruses) are used as membrane donors (39). In general, viral nonstructural proteins are 

responsible for the assembly of the replication complex at these specific cellular organelles 

and for the observed membrane rearrangements.  

Coronaviruses are enveloped, plus-strand RNA viruses that belong, together with the 

arteri- and roniviruses, to the order of the Nidovirales. Coronaviruses possess the largest 

genome among all known RNA viruses, varying between 26 and 32 kb in size. Two-thirds 

of the coronaviral genome is occupied by open reading frames (ORFs) encoding the viral 

replicase. The remaining part of the genome encodes the structural proteins, which 

invariably comprise at least the spike (S), envelope (E), membrane (M), and nucleocapsid 

(N) protein, and a variable number of accessory proteins. Except for the replicase ORFs, all 

genes are translated from subgenomic mRNAs, which are generated by a process of 

discontinuous transcription (40). The viral replicase is encoded by the most 5’ ORFs on the 

genomic RNA, ORF1a and ORF1b, which are translated into two very large precursor 

polyproteins (pp), pp1a and pp1ab, comprising approximately 4000 and 7000 amino acids, 

respectively. Polyprotein 1ab is produced after a translational readthrough via a -1 

frameshift mechanism induced by a slippery sequence at the end of ORF1a, which only 

occurs in a fraction of translational events (5). 

The polyproteins are processed by viral encoded proteinases to produce 16 mature 

nonstructural proteins (nsp’s) (17, 56). Nsp 1, 2 and 3 are released through cleavage by a 

papain-like proteinase, one or two functional copies of which are contained within nsp3, 

whereas all other cleavages are performed by the 3C-like main proteinase located in nsp5 

(2, 9, 15, 48, 57). ORF1a encodes the first 11 nsp’s, including the proteinases, whereas 

nsp12 to 16 are encoded by ORF1b and are therefore produced approximately 3-5 times 

less abundantly (11). Functions involving the actual replication and transcription of the 

viral genome have been assigned to several of the ORF1b-encoded nsp’s, like RNA-

dependent RNA polymerase (RdRp) activity in nsp12, helicase activity in nsp13, 

exonuclease activity in nsp14, endoribonuclease activity in nsp15 and methyltransferase 

activity in nsp16 (3, 7, 22, 23, 38, 56).  
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Except for the proteinases the functions of the ORF1a-encoded nsp’s are less clearly 

established. ADP-ribose-1’’-monophosphatase activity has been identified in nsp3 whereas 

in nsp8 a second RdRp was discovered (21, 37). Nsp8 was shown to form, together with 

nsp7, a hexadecameric complex, which is able to bind nucleic acids and was suggested to 

function as a processivity factor for the RdRp (55). Both nsp9 and nsp10 were also found to 

bind nucleic acids, while nsp10, which contains two zinc-finger domains, might 

additionally be somehow involved in the processing of the polyprotein (10, 27, 45). 

The nsp’s collectively assemble into membrane associated complexes, which are the 

sites of de novo viral RNA synthesis (42, 51). The viral encoded N protein and possibly 

several cellular proteins are also recruited to these sites (4, 41). The replication complexes 

are found in the perinuclear region of the host cell anchored to double-membrane vesicles 

(DMVs) (6, 18, 43). The origin of the membranes in these structures has not 

unambiguously been established. Several cellular pathways and organelles, such as the ER, 

Golgi complex, endosomal/lysosomal system and the autophagic pathway, have been 

implicated in the formation of the replication complexes (35, 42, 43, 50). However, recent 

studies indicate the ER to be the most likely lipid donor compartment (33, 43). 

Essentially nothing is known about how the membrane-anchored replication 

complexes are induced and assembled, and how the individual nsp’s and other necessary 

components are recruited to these sites. The coronavirus ORF1a encodes three nsp’s that 

are predicted to contain transmembrane domains. It is likely that these proteins, being nsp3, 

nsp4 and nsp6, not only function in the membrane anchoring of the multi-subunit 

replication complex, but also induce the formation of the membrane structures. The 

membrane association of MHV and SARS-CoV nsp3 has been demonstrated previously 

(19, 24). In addition, the membrane association as well as the topology of nsp4 of these two 

viruses has been resolved (33). The involvement of these nsp’s in the formation of 

replication complexes is also supported by the fact that for the related arterivirus, equine 

arteritis virus (EAV), co-expression of the counterparts of nsp3 and nsp4, i.e. nsp2 and 

nsp3, is sufficient for the induction of DMVs (44).  

In this study we focused mainly on the topology and membrane integration of the 

SARS-CoV and MHV nsp3 and nsp6. When transmembrane predictions were performed on 

the entire ORF1a region based on multiple alignment of 27 coronavirus sequences, from 

each of the different coronavirus groups (present as reference sequences [RefSeq] in the 

NCBI CoreNucleotide database), some discrepancies were observed (Fig. 1). For nsp4 four 

transmembrane domains were predicted with both termini being located at the cytoplasmic 

face of the membrane, which is in agreement with our previous experimental data (33). 

However, for both nsp3 and nsp6 an uneven number of transmembrane domains was 

predicted, three and seven respectively, resulting in a model in which the proteinases, 

present in nsp3 and nsp5, are separated from some of their target sequences by the lipid 

bilayer. In this study we show that for nsp3 only two and for nsp6 only six of the predicted 
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transmembrane domains actually span the lipid bilayer. These results raise the question why 

coronaviruses have conserved the presence of hydrophobic domains in their nsp’s that are 

not being used as transmembrane domains.  

 

 
Figure 1. Transmembrane domain prediction based on multiple alignment. The presence of transmembrane 
domains was predicted on the basis of a multiple alignment of 27 different coronavirus pp1a sequences with 
representatives from each of the different groups (RefSeq in the NCBI CoreNucleotide database). The black line in 
the middle panel represents the protein and shows its localization at the lumenal or cytoplasmic side of the 
membrane, which is symbolized by the grey bar. At the bottom a schematic representation of pp1a is shown with 
the putative transmembrane domains (TM), the papain-like protease (PLpro; 2 in MHV and 1 in SARS-CoV) and 
the main protease (Mpro) highlighted. The protease cleavage sites are indicated by arrowheads, with the nsp3-
encoded PLpro cleavage sites in grey and the nsp5-encoded Mpro cleavage sites in black. 

 

 

MATERIALS AND METHODS 
 

Cells, viruses and antibodies  

OST7-1 cells, obtained from B. Moss (14), were maintained as monolayer cultures 

in Dulbecco’s modified Eagle’s medium (DMEM) (Cambrex Bio Science Verviers) 

containing 10% fetal calf serum (FCS) (Bodinco.V.), 100 IU of penicillin and 100 µg of 

streptomycin per ml (referred to as culture medium). Recombinant vaccinia virus encoding 

the bacteriophage T7 RNA polymerase (vTF7-3) was also obtained from B. Moss (16). 

Rabbit polyclonal antisera directed against the enhanced green fluorescent protein 

(EGFP) or the influenza virus hemagglutinin (HA) tag were obtained from ICL. The rabbit 

antiserum recognizing the C-terminal domain of the MHV membrane (M) protein (αMC) 

has been described previously (26), while the mouse monoclonal antibody against the 

amino terminus of MHV M (J1.3 or αMN) was provided by J. Fleming (46). 
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Plasmid constructions 

First, a plasmid was created in which all gene fragments could be cloned behind a 

T7 promoter in frame with the sequence encoding the EGFP tag. To this end the pEGFP-N3 

vector (Clontech) was digested with EcoRI and NotI, of which the latter restriction site was 

filled in with Klenow polymerase (Invitrogen) and this fragment was cloned into the EcoRI 

and BamHI digested pTUG31 vector (52), of which the BamHI restriction site was also 

filled in with Klenow polymerase (Invitrogen), thereby creating pTug-EGFP. An N-

glycosylation site was created in the EGFP gene by performing site directed mutagenesis, 

using the QuikChange site directed mutagenesis kit (Stratagene) according to 

manufacturer’s instructions, on pEGFP-N3 using primers 3212 and 3213 (Table 1). This 

mutated EGFP gene was cloned into the pTUG31 vector similar as the wild-type EGFP 

gene, thereby creating pTug-EGFPglyc. 

The SARS-CoV nsp gene fragments were obtained by reverse transcriptase-PCR 

(RT-PCR) amplification of viral RNA isolated from SARS-CoV isolate 5688 (25) using 

primers 3072 and 3073 for nsp3 (nsp3s) and primers 3070 and 3071 for nsp6 (nsp6s). The 

MHV nsp gene fragments were obtained by RT-PCR amplification of viral genomic RNA 

isolated from MHV strain A59 using primers 3632 and 2933 for nsp3 (nsp3m) and primers 

2974 and 2975 for nsp6 (nsp6m). See Table 1 for the primer sequences and corresponding 

locations on the viral genome. The PCR products were cloned into the pGEM-T Easy 

vector (Promega) and their sequences were confirmed by sequence analysis. Site directed 

mutagenesis to mutate the N-glycosylation sites was performed on the pGem-T Easy 

constructs containing the nsp3 gene fragments with primers 3354 and 3355 for the SARS-

CoV nsp3 and primers 3630 and 3631 for the MHV nsp3. 

The nsp gene-fragments were cloned into the pTug-EGFP or pTug-EGFPglyc vector 

by digesting the pGem-T Easy constructs with EcoRI and BamHI and cloning the obtained 

fragments into the EcoRI-BamHI digested pTug-EGFP and pTug-EGFPglyc vectors. The 

created plasmids encode the different nsp’s fused C-terminally to the wild-type or mutant 

EGFP tags. The same EcoRI-BamHI nsp3 and nsp6 fragments were also cloned into the 

EcoRI-BamHI digested pTUG31 vector together with a primer-dimer of primers 3050 and 

3051 (see Table 1), resulting in plasmids encoding the nsp’s C-terminally fused to a HA 

tag. In these latter constructs as well as in the pTug construct encoding MHV nsp6 fused to 

EGFPglyc (pTug-nsp6m-EGFPglyc), a MHV M tag-encoding sequence (MN) was inserted in 

front of the nsp’s by cloning a primer-dimer of primers 3019 and 3020 (see Table 1), 

coding for the 10-residue amino terminal sequence of the MHV M protein 

(MSSTTQAPEP), into the XhoI-EcoRV restricted plasmids, thereby creating constructs 

that encode nsp’s tagged at both termini. 

Progressive C-terminal deletion mutants, lacking one or more hydrophobic domains 

(HD), were made for SARS-CoV and MHV nsp 3 and MHV nsp6. PCR reactions were 

performed with the same forward primers as described before and with the reverse primers 
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indicated in Table 1. For nsp3 the PCR reactions were performed on the constructs with the 

mutated N-glycosylation sites. The PCR products were cloned into the pGEM-T Easy 

vector (Promega) and the sequences were confirmed by sequence analysis. Fragments were 

obtained by digestion with EcoRI and BamHI and cloned into the EcoRI-BamHI digested 

pTug-EGFPglyc vector.  

 
Table 1. Sequence, polarity, position and purpose of primers used in this study. 
 

Primer Sequence (5’ to 3’)* Polarity 
Position on 

viral genome 
Purpose 

     
3212 GCGACGTAAACGGCacCAAGTTCAGCGTG + - EGFP +Nglyc 
3213 CACGCTGAACTTGgtGCCGTTTACGTCGC - - EGFP +Nglyc 
3050 gatccTACCCATACGACGTGCCCGACTATGCCtag + - HA tag 
3051 gatcctaGGCATAGTCGGGCACGTCGTATGGGTAg - - HA tag 
3019 tcgagattATGAGTAGTACTACGCAAGCCCCAGAGCCAgat + - MN tag 
3020 atcTGGCTCTGGGGCTTGCGTAGTACTACTCATaatc - - MN tag 
     
3072 gaattc gatatcaccatgGCTGCTTATGTGGAAA + 6482-6500 nsp3s C-2kb. 
3073 ttaggatccACCACCCTTGAGTGAGATT - 8484-8466 nsp3s C-2kb. 
3354 GCGTTAGAGAATTGTATCTTAATTCGTaTcACGTTACTA

CTATGGATTTCTG 
+ 6989-7040 nsp3s ∆N-glyc 

3355 CAGAAATCCATACTAGTAACGTgAtACGAATTAAGATA
CAATTCTCTAACGC 

- 7040-6989 nsp3s ∆N-glyc 

3460 ggatccATGAACATAGCTCTTCCATA - 7392-7373 nsp3s ∆C-term 
3461 ggatccCCAAGAATTGCTGATGAAATG - 7284-7264 nsp3s ∆HD3 
3576 ggatccCAATTCTCTAACGCCATTAC - 7002-6983 nsp3s ∆HD2-3 
     
3632 gaattc gatatcatgAAGTATGTGGTTTGGACTG + 6717-6735 nsp3m C-2kb. 
2933 ggatccTCCTTTAAGAGAGAACGGTG - 8717-8698 nsp3m C-2kb. 
3630 GAAGTTCGTTTTGTgcTGGAAGTATGGTATG + 7255-7285 nsp3m ∆N-glyc 
3631 CATACCATACTTCCAgcACAAAACGAACTTC - 7285-7255 nsp3m ∆N-glyc 
3633 ggatccAGTCTCCAGCATAAAGAA - 7514-7497 nsp3m ∆HD5 
3634 ggatccAAATAGGCTAATATAGTCAA - 7391-7372 nsp3m ∆HD4-5 
3635 ggatccAGGCAAATAGAAGTCACTC - 7145-7127 nsp3m ∆HD3-5 
3636 ggatccATTAAACGTCTGTAAGGCA - 7043-7025 nsp3m ∆HD2-5 
     
3070 gaattc gatatcaccatgGGTAAGTTCAAGAAAATTGT + 10903-10922 nsp6s 

3071 ttaggatccCTGTACAGTAGCAACCTTGA - 11772-11753 nsp6s 
     
2974 gatatcatgAGCAAGCGCACAAGAGTTATAAAAGG + 11118-11143 nsp6m 
2975 ggatccTTGGATCTGAGATACTTCAATGACTG - 11978-11953 nsp6m 
3350 ggatccCTGCGGTACGTCTGTGAAG - 11726-11708 nsp6m ∆HD7 
3351 ggatccGGATGTGAGGAACAATAG - 11621-11604 nsp6m ∆HD6-7 
3572 ggatccGTCGTGGTTTATGCTACGC - 11519-11501 nsp6m ∆HD5-7 
 3573 ggatccTACAGCAGGGACAAAGTGTG - 11432-11413 nsp6m ∆HD4-7 
3574 ggatccATGCTTATGCTTGATCAACA - 11306-11287 nsp6m ∆HD3-7 
3575 ggatccGGTAGTAACATACATAAACATA - 11234-11213 nsp6m ∆HD2-7 
3566 gatatcatgagcaagcgcacaagaTATGTTACTACCCATATGTT + 11223-11242 nsp6m ∆HD1 
3567 gatatcatgagcaagcgcacaagaAAGCATAAGCATTTGTATT + 11295-11313 nsp6m ∆HD1-2 
3568 gatatcatgAAACAGAGTTTTAGAGGTC + 11376-11394 nsp6m ∆HD1-3 
3569 gatatcatgagcaagcgcacaagaCGTAGCATAAACCACGAC + 11502-11519 nsp6m ∆HD1-4 
3570 gatatcatgAATTTAGAGGAAGAGGTACT + 11586-11605 nsp6m ∆HD1-5 
3571 gatatcatgAATGTCTTGTACTTCACAGA + 11697-11716 nsp6m ∆HD1-6 
     

*Coding sequences are shown in uppercase, lowercases indicate nucleotides added for cloning purposes with 
restriction enzyme recognition sites underlined. 
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For MHV nsp6 also progressive N-terminal deletion mutants were generated with 

the same reverse primer as used for the full-length nsp6 and with the forward primers 

indicated in Table 1. By using combinations of the primers used to create the C- and N-

terminal deletion mutants, the sequences encoding each of the hydrophobic domains of 

MHV nsp6 were also amplified separately. The N-terminal deletion mutants and the 

sequences encoding the separate hydrophobic domains were cloned into the pGEM-T Easy 

vector (Promega) and the sequences were confirmed by sequence analysis. Fragments were 

obtained by digestion with EcoRV and BamHI and cloned into the EcoRV-BamHI digested 

pTugMN-nsp6m-EGFPglyc plasmid, thereby creating constructs encoding the MHV nsp6 

fragments fused N-terminally to the MHV M tag and C-terminally to the EGFP tag 

containing the N-glycosylation site. 

The constructs encoding the equine arterivirus membrane protein N-terminally 

extended with the MN tag (EAV M+9A) (8) and the 8a protein C-terminally tagged with the 

EGFP tag with or without the N-glycosylation site (32) have been described previously. 

 

Infection and transfection 

Subconfluent monolayers of OST7-1 cells grown in 10-cm2 tissue culture dishes 

were inoculated with vTF7-3 at a multiplicity of infection (moi) of 10 for 1 h, after which 

the medium was replaced by transfection mixture, consisting of 0.5 ml of DMEM without 

FCS but containing 10 µl Lipofectin (Invitrogen) and 5 µg of each selected construct. After 

a 5-min incubation at room temperature, 0.5 ml of DMEM was added and incubation was 

continued at 37°C. Three hours post infection (p.i.), the medium was replaced by culture 

medium and, where indicated, tunicamycin (5 µg/ml) or brefeldin A (6 µg/ml) was added to 

the medium. 

 

Metabolic labeling and immunoprecipitation 
Prior to labeling, the cells were starved for 30 min in cysteine- and methionine-free 

modified Eagle’s medium containing 10 mM HEPES (pH 7.2) and 5% dialyzed FCS. This 

medium was replaced by 1 ml of similar medium containing 100 µCi of 35S in vitro cell-

labeling mixture (Amersham), after which the cells were further incubated for the indicated 

time periods. After the labeling, the cells were washed once with phosphate-buffered saline 

(PBS) containing 50 mM Ca2+ and 50 mM Mg2+ and then lysed on ice in 1 ml of lysis 

buffer (0.5 mM Tris [pH 7.3], 1 mM EDTA, 0.1 M NaCl, 1% TritonX-100) per 10-cm2 

dish. The lysates were cleared by centrifugation for 5 min at 15,000 rpm and 4°C. 

Coupled in vitro transcription and translation reactions were performed using the 

TNT coupled reticulocyte lysate system from Promega, according to manufacturer’s 

instructions, in the presence of 35S in vitro labeling mixture (Amersham) but without the 

use of microsomal membranes. 
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Radioimmunoprecipitations were essentially performed as described previously 

(31); 200 µl aliquots of the cell lysates or 5 µl of in vitro translation reactions were diluted 

in 1 ml detergent buffer (50 mM Tris [pH 8.0], 62.5 mM EDTA, 1% NP40, 0.4% sodium 

deoxycholate [NaDoc], 0.1% sodium dodecyl sulfate [SDS]) containing antibodies (2 µl 

rabbit anti-EGFP or rabbit anti-HA serum or 25 µl of the J1.3 monoclonal anti-MHV-M 

serum). The immunoprecipitation mixtures were incubated overnight at 4°C. The immune 

complexes were adsorbed to Pansorbin cells (Calbiochem) for 60 min at 4°C and were 

subsequently collected by centrifugation. The pellets were washed three times by 

resuspension and centrifugation using RIPA buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 

0.1% SDS, 1% NP40, 1% NaDoc). The final pellets were suspended in Laemmli sample 

buffer (LSB) and heated at 95°C for 1 min before analysis by SDS-polyacrylamide gel 

electrophoresis (PAGE) using 10-15% polyacrylamide gels. 

Where indicated, immunoprecipitates were treated with peptide-N-glycosidase F 

(PNGaseF) (New England Biolabs). To this end, the final immunoprecipitation pellets were 

suspended in PBS instead of LSB, 2 µl PNGaseF was added and the samples were 

incubated at 37°C for 2 h. Before analysis by SDS-PAGE, a 0.5 volume of a three-times-

concentrated solution of LSB was added to the samples which were then heated at 95°C for 

1 min. 

 

Immunofluorescence microscopy 

OST7-1 cells grown on glass coverslips were fixed at the indicated times post-

infection with 3% paraformaldehyde for 1 h at room temperature. The fixed cells were 

washed with PBS and permeabilized using either 0.1% Triton X-100 for 10 min at room 

temperature or 0.5 µg/ml digitonin (diluted in 0.3 M sucrose, 25 mM MgCl2, 0.1 M KCl, 1 

mM EDTA, 10 mM PIPES [pH 6.8]) for 5 min at 4°C. Next, the permeabilized cells were 

washed with PBS and incubated for 15 min in blocking buffer (PBS-10% normal goat 

serum), followed by 45-min incubation with antibodies directed against HA or the C- or N-

terminal domains of MHV M. After four washes with PBS, the cells were incubated for 45 

min with either fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobin G 

antibodies (ICN) or Cy5-conjugated donkey anti-mouse immunoglobulin G antibodies 

(Jackson Laboratories). After four washes with PBS, the samples were mounted on glass 

slides in FluorSave (Calbiochem). The samples were examined with a confocal 

fluorescence microscope (Leica TCS SP2). 
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RESULTS 
 

Processing of nsp3 and nsp6 

The study was started by analyzing the co- and post-translational modifications of 

both nsp3 and nsp6 of SARS-CoV and MHV. To this end, gene fragments encoding nsp3 

and nsp6 of both viruses were cloned into the pTUG31 vector behind a T7 promoter and 

fused to an EGFP tag, since no antibodies were available to the proteins themselves. As the 

full-length nsp3 gene fragments are very large (approximately 6 kb) and difficult to clone, 

only the 3’-terminal 2 kb sequences, which encode all the hydrophobic domains were 

cloned for nsp3. For both the SARS-CoV and the MHV nsp3 potential N-glycosylation 

sites (NXS/T) are present in front of the first hydrophobic domain, between the first and 

second hydrophobic domain and behind the third hydrophobic domain (see Fig. 1 for the 

localization of the hydrophobic domains). The glycosylation sites between the first and 

second hydrophobic domain, two for the SARS-CoV and one for MHV, have previously 

been shown to be used (19, 24). No potential N-glycosylation sites were identified in MHV 

nsp6, while for the SARS-CoV nsp6 a N-glycosylation site was predicted between the fifth 

and sixth hydrophobic domain. 

We studied the expression and processing of the nsp’s by in vitro translation and by 

using the recombinant vaccinia virus bacteriophage T7 RNA polymerase (vTF7-3) 

expression system. OST7-1 cells were infected with vTF7-3, transfected with plasmids 

containing the nsp3-EGFP or nsp6-EGFP gene and labeled with [35S]-methionine from 5 

till 6 h p.i.. The cells were lysed and processed for immunoprecipitation with a rabbit 

polyclonal antiserum directed to the EGFP tag. In parallel, in vitro translations were 

performed using the TNT coupled reticulocyte lysate system from Promega in the absence 

of membranes to analyze the electrophoretic mobility of the non-processed proteins. To 

demonstrate the presence of the N-linked sugars on the nsp’s, the proteins were expressed 

in the presence and absence of tunicamycin, which is an inhibitor of N-linked 

glycosylation, and/or the N-linked glycans were enzymatically removed using Peptide N-

glycosidase F (PNGaseF).  

As shown in Figure 2A the electrophoretic mobility of nsp3 expressed in OST7-1 

cells in the presence of tunicamycin was similar to that of the in vitro translated product, 

whereas the protein expressed in the absence of tunicamycin migrated slower. Treatment of 

this latter protein with PNGaseF shifted its electrophoretic mobility to that of the in vitro 

translated product and of the protein expressed in the presence of tunicamycin. This result 

confirms the addition of N-linked glycans to nsp3 as has been demonstrated previously (19, 

24). Next the N-glycosylation sites between the first and second hydrophobic domain were 

mutated and these proteins (nsp3-glyc) were also expressed in the presence and absence of 

tunicamycin and/or treated with PNGaseF. For these mutant proteins the presence of 

tunicamycin, or treatment with PNGaseF, did not influence their electrophoretic mobility 
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(Fig. 2A). This clearly demonstrates that the N-glycosylation sites between the first and 

second hydrophobic domain are the only N-glycan attachment sites. The other potential 

sites are likely inaccessible, probably because they are located at the cytoplasmic side of the 

membrane.  

The vTF7-3 expressed nsp6 of both viruses co-migrated in the gel with their 

corresponding in vitro translated product, both in the presence and absence of tunicamycin 

(Fig. 2B). Also some lower molecular weight products were observed after in vitro 

translation of MHV nsp6, which probably resulted from translation initiation at more 

downstream start codons. Apparently, the nsp6 of SARS-CoV and MHV are not N-

glycosylated, indicating that the putative glycosylation site in the region between the fifth 

and sixth hydrophobic domain of SARS-CoV nsp6 is either located at the cytoplasmic side 

of the membrane or is not accessible for glycosylation for other reasons. Furthermore, the 

results also demonstrated that nsp6 migrated with lower mobility in the gel than predicted 

on the basis of the amino acid sequences. Similar results have been obtained before for 

proteins with a highly hydrophobic nature (33, 36). 

 

 

Figure 2. Processing of SARS-CoV and MHV nsp3 and nsp6. vTF7-3 infected OST7-1 cells were transfected 
with the indicated constructs. The cells were labeled with [35S]-methionine from 5-6 h p.i., lysed and processed for 
immunoprecipitation with antiserum directed to the EGFP tag followed by SDS-PAGE. (A) Cells were transfected 
with SARS-CoV or MHV nsp3-EGFP encoding constructs without or with mutation (-glyc) of the N-glycosylation 
sites in the presence (TM) or absence (-, P) of tunicamycin. The constructs with intact glycosylation sites were 
also in vitro transcribed and translated using the TNT coupled reticulocyte lystate system from Promega (ivt.). 
After immunoprecipitations the samples were mock (-) or PNGaseF (P) treated. (B) Cells were transfected with 
SARS-CoV or MHV nsp6-EGFP encoding constructs in the presence (+) or absence (-) of tunicamycin (TM). The 
same constructs were also in vitro transcribed and translated using the TNT coupled reticulocyte lystate system 
from Promega (ivt.). The positions and masses (in kDa) of molecular-mass protein markers are indicated at the 
left. Only the relevant portion of the gels is shown. 

A 

B 
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Membrane topology of nsp3 and nsp6 

In order to elucidate the topology of the SARS-CoV and MHV nsp3 and nsp6 we 

studied the localization of their amino and carboxy termini. Therefore the proteins were C- 

or N-terminally extended with tags containing potential glycosylation sites. The C-terminus 

of the proteins was fused to an EGFP tag in which a N-glycosylation site was introduced 

(EGFPglyc). As a control, a fusion protein was used, which essentially consists of a signal 

sequence fused to the same tag (8a-EGFP) (32). For nsp3 the tag was fused to the gene 

fragments in which the N-glycosylation sites between the first and second hydrophobic 

domains were mutated (nsp3-glyc), in order to be able to discriminate glycosylation of the tag 

from that of nsp3 itself. The fusion proteins were expressed using the vTF7-3 expression 

system in the presence and absence of tunicamycin. N-glycosylation of the C-terminal 

EGFP tag would demonstrate that the carboxy terminus of the protein is located at the 

lumenal side of the membrane. 

For each of the proteins (nsp3 and nsp6) a similar electrophoretic mobility was 

observed regardless of the EGFP tag used (i.e. with or without the N-glycosylation site) or 

the presence of tunicamycin (Fig. 3A). The control protein, 8a, behaved as expected. In the 

presence of tunicamycin the protein with the EGFPglyc tag migrated with the same mobility 

as the protein with the wild-type tag. In the absence of tunicamycin the protein with the 

EGFPglyc tag clearly migrated slower in the gel (Fig. 3A). The results demonstrate that the 

carboxy termini of nsp3 and nsp6, of both SARS-CoV and MHV, are located at the 

cytoplasmic side of the membrane. 

Next, the location of the amino terminus of nsp3 and nsp6 was examined. To this 

end, the N-terminal 10-residue sequence of the MHV membrane (M) protein (MN), which 

contains a well defined O-glycosylation site, was fused to the amino terminus of each of the 

nsp’s. The functionality of this tag was previously demonstrated when it was fused to the 

equine arterivirus (EAV) type III M protein, which has a Nexo/Cendo topology, resulting in 

EAV M+9A (8). Although this protein is retained in the ER, it became O-glycosylated upon 

the addition of brefeldin A, a drug which causes redistribution of Golgi enzymes, including 

the ones involved in O-glycosylation, to the ER. Using a similar approach the location of 

the N-terminus of nsp3 and nsp6 was assessed. The nsp fusion proteins, containing the N-

terminal MN and a C-terminal HA tag, were expressed using the vTF7-3 expression system 

in OST7-1 cells in the presence or absence of brefeldin A and/or tunicamycin. Tunicamycin 

was added to the cells expressing the nsp3 fusion protein to prevent N-glycosylation, as this 

could obscure the detection of its O-glycosylation.   

As shown in Fig. 3B the EAV M+9A protein showed a shift in electrophoretic 

mobility when it was expressed in the presence of brefeldin A. However, the 

electrophoretic mobility of the nsp3 and nsp6 fusion proteins was unaffected by the 

addition of brefeldin A. As expected, the presence of tunicamycin did prevent the addition 

of N-linked sugars to nsp3. These results indicate that the amino termini of the SARS-CoV 
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and MHV nsp3 and nsp6 are not accessible to enzymes that initiate the addition of O-linked 

sugars, which can most likely be explained by the cytoplasmic localization of these termini, 

although we can not rule out that it might be due to misfolding of the amino-terminal tag. 

However, we do not think this latter explanation is very likely since the presence of two 

proline residues in the tag have previously been demonstrated to induce a glycosylation-

favorable conformation (8).  

 

 

Figure 3. Glycosylation of tagged SARS-CoV and MHV nsp3 and nsp6. vTF7-3 infected OST7-1 cells were 
transfected with the indicated constructs. The cells were labeled with [35S]-methionine from 5-6 h p.i., lysed and 
processed for immunoprecipitation followed by SDS-PAGE. (A) Cells were transfected with constructs encoding 
SARS-CoV or MHV nsp3 or nsp6 or SARS-CoV ORF8a (8a) fused to a wild-type EGFP tag (wt) or to an EGFP 
tag with a N-glycosylation site (+glyc). The proteins were expressed in the presence (+) or absence (-) of 
tunicamycin (TM). Immunoprecipitations were performed with rabbit antiserum directed to the EGFP tag. (B) 
Cells were transfected with constructs encoding SARS-CoV or MHV nsp3 or nsp6 with a C-terminal HA tag and a 
N-terminal MN tag (’) or the EAV M protein with the same MN tag (EAV M+9A) in the presence (+) or absence (-) 
of brefeldinA (bref A) and/or tunicamycin (TM). Immunoprecipitations were performed with rabbit antiserum 
directed to the HA tag or, for EAV M, with the monoclonal antibody J1.3 (directed against the MN tag). Only the 
relevant portion of the gels is shown. 

 

The localization of the amino and carboxy termini from each of the nsp’s was also 

determined by immunofluorescence assays. In these experiments nsp’s were used that were 

both N-terminally and C-terminally tagged, containing the N-terminal MN tag and a C-

terminal HA tag. OST7-1 cells were infected with vTF7-3 and transfected with plasmids 

encoding the fusion proteins. The cells were fixed at 6 h p.i. using 3% paraformaldehyde 

and permeabilized under strictly controlled conditions using either Triton X-100, which 

permeabilizes all cellular membranes, or digitonin, which selectively permeabilizes the 

plasma membrane. The type III MHV M protein with its known Nexo/Cendo topology was 

A 

B 
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used as a control. A rabbit polyclonal antibody directed to the C-terminus and a mouse 

monoclonal antibody directed to the N-terminus were used to detect this protein after each 

of the permeabilization methods. As expected the antibody directed to the C-terminus 

detected the protein after Triton X-100 as well as after digitonin permeabilization, whereas 

the antibody directed to the N-terminus only detected the protein after permeabilization 

with Triton X-100 and not after treatment with digitonin, thereby validating the assay 

conditions (Fig. 4).  

 

 

Figure 4. Topology of SARS-CoV and MHV nsp3 and nsp6. vTF7-3 infected OST7-1 cells were transfected 
with constructs encoding the proteins indicated at the left. The cells were fixed at 6 h p.i. and permeabilized with 
Triton X-100 (left 2 columns) or digitonin (right 2 columns). Immunofluorescence analysis was performed with 
antibodies against the C-terminal tag, α-Mc for Mm and α-HA for the nsp proteins (first and third column), or 
against the N-terminal tag, J1.3 (α-MN; second and fourth column).  

 

Similar experiments were performed for the SARS-CoV and MHV nsp3 and nsp6, 

with the exception that a different rabbit antiserum, directed against the C-terminal HA-tag, 

was used. At higher magnifications both nsp3 and nsp6 localized in a reticular pattern 
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reminiscent of the ER (data not shown). After permeabilization with Triton X-100 or 

digitonin cells were stained with both the rabbit antibody directed to the C-terminus and the 

mouse antibody directed to the N-terminus (Fig. 4). These results demonstrated that the 

amino and carboxy termini of both nsp3 and nsp6 are located at the cytoplasmic face of the 

membrane and confirm the results obtained with the biochemical experiments shown in Fig. 

3. Furthermore, the localization of the nsp3 amino terminus on the cytoplasmic face of the 

membrane is in agreement with the observed N-glycosylation in the region between the first 

and second transmembrane domains.  

 

Membrane integration of nsp3 

The above described experiments show that both nsp3 and nsp6 have a 

Nendo/Cendo membrane topology, indicating that both nsp’s have an even number of 

transmembrane domains. This is not in agreement with the 3 and 7 transmembrane domains 

that are predicted for nsp3 and nsp6, respectively. Therefore it was next examined which of 

the predicted transmembrane domains are indeed used as such. To this end, constructs were 

made that encode progressive C-terminal deletion mutants of the nsp’s, lacking one or more 

hydrophobic domains, fused to the EGFPglyc tag.  

For the SARS-CoV nsp3, three transmembrane domains are predicted similar to the 

prediction based on the multiple alignment of 27 coronavirus ORF1a sequences (Fig. 1). As 

this protein was demonstrated to be N-glycosylated between its first and second predicted 

transmembrane domain, it seems most likely that either the second or the third hydrophobic 

domain does not function as a transmembrane domain. Therefore mutants were made in 

which the C-terminal hydrophilic tail was deleted or in which the C-terminal deletion was 

extended to include either the third or both the third and the second hydrophobic domain 

(Fig. 5A). The deletion mutants, which were fused to the EGFPglyc tag, additionally 

contained the mutations that disrupt the N-glycosylation sites between the first and second 

transmembrane domains. 

vTF7-3 infected OST7-1 cells were transfected with constructs encoding the fusion 

proteins with the different deletions and labeled from 5 till 6 h p.i. in the presence or 

absence of tunicamycin. The cells were lysed and processed for immunoprecipitation with 

the anti-EGFP antiserum. As shown in figure 5B, the complete removal of the hydrophilic 

C-terminus of nsp3 (∆C-tail) does not change the glycosylation state of the fusion protein. 

When the third hydrophobic domain was additionally deleted the electrophoretic mobility 

of the protein was also not affected by the presence of tunicamycin indicating that this third 

hydrophobic domain did not function as a transmembrane domain (Fig. 5B). However, 

when the second hydrophobic domain was deleted as well, an extra protein species 

appeared with a lower electrophoretic mobility in the gel when expressed in the absence of 

tunicamycin compared to expression in the presence of tunicamycin (Fig. 5B). Although 

the glycosylation is only partial, this result demonstrates that the carboxy terminal EGFP 
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tag fused to this nsp3 deletion mutant is located at the lumenal side of the membrane. 

Therefore we concluded that the SARS-CoV nsp3 spans the lipid bilayer only twice and 

that the third hydrophobic domain does not function as a transmembrane domain (Fig. 5C).  

The transmembrane domain predictions for MHV nsp3 are somewhat different 

compared to the predictions for SARS-CoV nsp3 and the predictions based on the multiple 

alignment of ORF1a sequences. For MHV nsp3, several programs predict the presence of 5 

in stead of 3 transmembrane domains. Three of the domains are at similar position in the 

protein as the hydrophobic domains in the SARS-CoV nsp3, but extra hydrophobic 

domains are located immediately up- and downstream of the first domain (Fig. 5D). 

However, these predictions are not consistent in all prediction programs (24). Previously it 

has been suggested by Baker and coworkers, using a combination of in vitro translations, 

carbonate extraction assays and proteinase K treatments, that 4 of the 5 predicted 

transmembrane domains functioned as such with only the fourth hydrophobic domain 

(corresponding with the second hydrophobic domain in SARS-CoV nsp3) not spanning the 

lipid bilayer (24). These results do not correspond with the results we obtained for the 

SARS-CoV nsp3 and therefore additionally a set of progressive C-terminal deletion 

mutants were constructed for MHV nsp3, lacking either 1, 2, 3 or 4 of the putative 

transmembrane domains, and fused to the EGFPglyc tag (Fig. 5D). 

Again, the different constructs were expressed using the vTF7-3 system in the 

presence or absence of tunicamycin. The EGFP tag was not glycosylated when it was fused 

to the extreme carboxy terminus of nsp3 or when the last hydrophobic domain (HD5) was 

deleted, in agreement with the result obtained for SARS-CoV nsp3 (Fig. 5E). However 

when the fourth hydrophobic domains was additionally deleted, an additional protein 

species could be detected when the protein was expressed in the absence of tunicamycin, 

which was not present after expression in the presence of tunicamycin (Fig. 5E). This result 

indicates that the EGFP tag becomes glycosylated, although not very efficiently, and is thus 

present at the lumenal side of the membrane, which corresponds with the observed N-

glycosylation in this region of the non-mutated MHV nsp3. Further deletion of the third 

hydrophobic domain also resulted in an extra band in the absence, but not in the presence, 

of tunicamycin, indicating that also the C-terminus of this protein is located at the lumenal 

face of the membrane. This result is in agreement with the model for the SARS-CoV nsp3, 

but clearly not with the model proposed for MHV nsp3 by Baker and coworkers (Fig. 5C 

and F). Additional deletion of the second hydrohopbic domain (corresponding with the first 

hydrophobic domain of SARS-CoV nsp3) resulted in an unglycosylated protein as its 

electrophoretic mobility was not influenced by the addition of tunicamycin (Fig. 5E). These 

results indicate that the MHV nsp3 has a similar membrane integration as the SARS-CoV 

nsp3, with only two membrane spanning domains at approximately the same positions in 

the protein (Fig. 5F). However, deglycosylation experiments should be performed in order 

to confirm the presence of N-linked glycans. 
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Figure 5. Membrane integration of SARS-CoV and MHV nsp3. (A, D) Schematic representations of the 
SARS-CoV (A) and MHV (B) nsp3 C-terminal deletion mutants, with the hydrophobic domains presented as 
black rectangles and the EGFPglyc tag in gray. The corresponding hydrophobic domains in the two proteins are 
indicated by numbers. (B, E) vTF7-3 infected OST7-1 cells were transfected with the indicated constructs and 
expressed in the presence (+) or absence (-) of tunicamycin (TM). The cells were labeled with [35S]-methionine 
from 5-6 h p.i., lysed and processed for immunoprecipitation with anti-EGFP antiserum followed by SDS-PAGE. 
The positions and masses (in kDa) of the molecular-mass protein marker are indicated at the left. Only the relevant 
portion of the gel is shown. (C, F) Models of the membrane integration of the SARS-CoV (C) and MHV (F) nsp3, 
with the hydrophobic domains presented as black rectangles. For MHV nsp3 the membrane integration model as 
proposed by Baker and coworkers is shown in grey below our own model. 

 

Membrane integration of nsp6 

In case of nsp6 similar predictions were obtained for the separate MHV and SARS-

CoV proteins as for the multiple alignment of the ORF1a sequence. Since SARS-CoV nsp6 

consistently appeared as fuzzy bands after SDS-PAGE, which might complicate the 

interpretation of results, we decided to focus on MHV nsp6. The cytoplasmic localization 

of both the amino and carboxy termini of nsp6 implies the presence of an even number of 

transmembrane domains, although invariably 7 transmembrane domains are predicted. 

Thus, like for nsp3, probably one of the predicted transmembrane domains is not used as 

such. To determine which of the hydrophobic domains does not cross the membrane 

progressive C-terminal deletion mutants were made, lacking 1 to 6 of the potential 

transmembrane domains, and fused to the EGFPglyc tag (Fig. 6A). These mutants were 

expressed using the vTF7-3 expression system in the presence or absence of tunicamycin.  

 A  

E D F 

B C 
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As shown in Fig. 6B, when only the first hydrophobic domain was present (∆HD2-

7), there was a clear elctrophoretic mobility difference between the protein expressed in the 

absence or presence of tunicamycin, indicating that the EGFP tag was glycosylated and 

thus present at the lumenal side of the membrane, and that the first hydrophobic domain 

functions as a transmembrane domain. For the mutants containing deletions of the third till 

seventh (∆HD3-7) and fifth till seventh (∆HD5-7) hydrophobic domains the presence of 

tunicamycin made no difference, so in these proteins the EGFP tag is not glycosylated and 

the C-terminus of these proteins is located in the cytoplasm. For the mutants lacking the 

fourth till seventh (∆HD4-7), the sixth and seventh (∆HD6-7) or only the seventh (∆HD7) 

hydrophobic domain, an additional band, migrating higher in the gel, could be observed in 

the absence of tunicamycin but not in its presence. Apparently, these proteins become N-

glycosylated although the efficiency decreased with increasing protein length. For the 

protein lacking only the seventh hydrophobic domain (∆HD7) only a faint additional band 

could be reproducibly observed in the absence but not in the presence of tunicamycin.  

It is unclear why the different nsp6 constructs exhibit such different glycosylation 

efficiencies. Perhaps the accessibility of the glycosylation site differs between the 

constructs, though this does not seem very likely since the glycosylation site is always 

present in the same EGFP tag. Another explanation might be that the longer proteins adopt 

multiple membrane topologies, although such behavior is not observed for the ∆HD3-7 and 

∆HD5-7 nsp6 proteins, which show no glycosylation at all and therefore must have adopted 

just one membrane topology. Alternatively, the longer nsp6 mutants might be less 

efficiently integrated into the membrane. The results seem to fit best with a model in which 

only six hydrophobic domains in MHV nsp6 are actually used as transmembrane domains, 

with the sixth hydrophobic domain probably not spanning the membrane (Fig. 6C). 

To obtain further evidence for this model, additionally a series of progressive N-

terminal deletion mutants was generated for MHV nsp6, lacking 1 to 6 of the hydrophobic 

domains. In addition to the C-terminal EGFP-tag, also a N-terminal MN tag containing an 

O-glycosylation site was added to these constructs (Fig. 6D). The mutants were expressed 

using the vTF7-3 system in the presence or absence of brefeldin A. For none of these 

mutants the addition of N-linked sugars could be detected (data not shown), indicating that 

in all cases the EGFP tag was located in the cytoplasm. For the mutant containing only the 

seventh hydrophobic domain (∆HD1-6) or lacking the first till third domain (∆HD1-3) or 

only the first hydrophobic domain (∆HD1) a clear additional band could be detected due to 

the presence of brefeldin A (Fig. 6E). Apparently, these proteins become modified by the 

addition of O-linked sugars, indicating that their amino terminus is positioned lumenally. 

Also when hydrophobic domains 1 till 4 (∆HD1-4) were deleted, a faint additional band 

was reproducibly observed. The mutant containing only the last two hydrophobic domains 

(∆HD1-5) or lacking the first 2 hydrophobic domains (∆HD1-2) showed no O-

glycosylation at all (Fig. 6E).  
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Figure 6. Membrane integration of MHV nsp6. (A, D) Schematic representation of the MHV nsp6 C-terminal 
deletion mutants, with the hydrophobic domains presented in black and the EGFPglyc tag in gray and of the N-
terminal deletion mutants, with the hydrophobic domains presented in black, the N-terminal MN tag in dark gray 
and the C-terminal EGFPglyc tag in light gray. (B, E) vTF7-3 infected OST7-1 cells were transfected with the 
construct presented in A and D and expressed in the presence (+) or absence (-) of tunicamycin (TM) (B) or 
brefeldin A (brefA) (E). The cells were labeled with [35S]-methionine from 5-6 h p.i., lysed and processed for 
immunoprecipitation with anti-EGFP antiserum followed by SDS-PAGE. The positions and masses (in kDa) of 
the molecular-mass protein markers are indicated at the left. Only the relevant portion of the gel is shown. (C) 
Membrane integration of the MHV nsp6 C-terminal deletion mutants with the hydrophobic domains presented as 
black rectangles and the EGFP tag as a gray rectangle in dark gray when glycosylated and light gray when 
unglycosylated. Two models are presented for the full-length protein and for ∆HD7. (F) Membrane integration of 
the MHV nsp6 N-terminal deletion mutants with the hydrophobic domains presented as black rectangles, the 
EGFP tag as a light gray rectangle and the MN tag as a circle in dark gray when glycosylated and light gray when 
unglycosylated. For the ∆HD1-4 and ∆HD1-3 two alternative models are presented. 

 

B A 

C 

E D 

F 



Monique Oostra      Topology and membrane integration of coronavirus nsp 3 and 6 
 

 82 

The results obtained with the deletion mutants lacking the first hydrophobic domain 

or the first two or three hydrophobic domains are consistent with the model based on the C-

terminal deletion mutants (Fig. 6C). However, the fact that the mutant that also lacks the 

fourth hydrophobic domain (∆HD1-4) is still O-glycosylated to some extent, as is the 

∆HD1-3 mutant, appears to indicate that this fourth hydrophobic domain might not span the 

lipid bilayer or that this mutant adopts an alternative topology, in which the sixth 

hydrophobic domain might be able to span the bilayer (Fig. 6F). The capacity of the sixth 

hydrophobic domain to span the bilayer in short nsp6 mutants would also explain the 

results obtained for the two smallest proteins (∆HD1-5) and (∆HD1-6) that otherwise also 

do not correspond with the model presented in Fig. 6C. 

 

 

 

 

Figure 7. Membrane integration of MHV nsp6. (A) Schematic representation of the MHV nsp6 constructs, with 
the hydrophobic domains presented in black, the N-terminal MN tag in dark gray and the C-terminal EGFPglyc tag 
in light gray. (B) vTF7-3 infected OST7-1 cells were transfected with the constructs presented in A and expressed 
in the presence (+) or absence (-) of tunicamycin (TM) or brefeldin A (brefA). The cells were labeled with [35S]-
methionine from 5-6 h p.i., lysed and processed for immunoprecipitation with anti-EGFP antiserum followed by 
SDS-PAGE. The positions and masses (in kDa) of the molecular-mass protein markers are indicated at the left. 
Only the relevant portion of the gel is shown. (C) Model of the membrane topologies of the nsp6 hydrophobic 
domains, with the hydrophobic domains presented as black rectangles, the EGFPglyc tag as a gray rectangle and the 
MN tag as a gray circle. Dark gray represents a glycosylated and light gray an unglycosylated tag. 

B 
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To study the ability of the hydrophobic domains of nsp6 to function as 

transmembrane domains in more detail, we next constructed a set of mutants which 

contained only one of the MHV nsp6 hydrophobic domains. These domains were fused C-

terminally to EGFPglyc and N-terminally to the MN-tag (Fig. 7A) and expressed using the 

vTF7-3 system in the presence and absence of brefeldin A or tunicamycin (Fig. 7B). Fusion 

proteins containing either hydrophobic domain 1, 2, 3, 4 or 5 were present in two molecular 

weight forms when expressed in the absence of tunicamycin, the higher form of which 

disappeared when expressed in the presence of tunicamycin, indicating that these proteins 

became N-glycosylated. The proteins that contained either hydrophobic domain 2, 4, 6 or 7 

demonstrated a partial shift in molecular weight upon expression in the presence of 

brefeldin A, indicating that these proteins were modified by O-linked sugars. The addition 

of O-linked sugars was least efficient for the protein containing hydrophobic domain 6. 

Strikingly, the proteins that contained hydrophobic domain 2 or 4 were apparently able to 

adopt two alternative topologies as both types of glycosylation were detected. These results 

indicate that in principle all hydrophobic domains are able to be individually inserted into 

the membrane and function as transmembrane domains although with different efficiencies 

(Fig. 7C). All together, the results correspond best to a model in which both termini of nsp6 

are located on the cytoplasmic face of the membrane while spanning the lipid bilayer six 

times. The sixth hydrophobic domain seems the least likely to function as a transmembrane 

domain in the full-length protein, although alternative models can not be ruled out. 

 

 

DISCUSSION 
 

Coronaviruses have exceptionally large RNA genomes with complex replication and 

transcription strategies. These processes have been shown to take place at double-

membrane vesicles located in the perinuclear region of the host cell. Although the 

membranes of these structures are most likely derived from the ER, the way these 

membranes are directed to function as the scaffolds of the replication complexes is still 

largely unknown. Presumably, as has been demonstrated for other RNA viruses, the 

hydrophobic nonstructural proteins are involved in the observed membrane rearrangements. 

All known members of the coronavirus and arterivirus families encode 3 nsp’s containing 

hydrophobic domains. Invariably, hydrophobic domains are present in the 2 nsp’s 

surrounding the 3C-like main proteinase, which is located in nsp5 in coronaviruses and in 

nsp4 in arteriviruses, while additional hydrophobic domains are found in the large nsp 

immediately upstream of this cluster, which also contains the papain like proteinase 

domains (17). For the equine arterivirus (EAV) expression of the coronavirus nsp3 and 

nsp4 homologues, i.e. nsp2 and nsp3, is sufficient for the formation of DMVs (44). Similar 

results, however, have so far not been reported for coronaviruses. In order to get more 
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insight into the function of the coronavirus hydrophobic nsp’s, we studied the topology and 

membrane integration of nsp3 and nsp6. The results demonstrate that both nsp’s have a 

Nendo/Cendo topology with an even number of transmembrane domains, although for both 

proteins an uneven number of transmembrane domains was predicted based on a multiple 

alignment of 27 coronavirus ORF1a sequences. The conservation of hydrophobic domains, 

which are not actually being used as transmembrane domains, suggests that these domains 

play an important role in the formation of the replication complexes. 

We studied the topology and membrane integration of SARS-CoV and MHV nsp3 

and nsp6 by expressing the proteins independently, out of the context of the polyprotein. 

This strategy has been proven applicable for the MHV nsp4 since, when expressed in trans, 

this protein was recruited to replication sites in MHV infected cells (33). Similar strategies 

have also been employed for other viruses to study membrane integration of nsp’s derived 

from large precursor proteins, such as the dengue virus 4A and 4B proteins (29, 30). The 

complete nsp6 was expressed, but for nsp3 only the C-terminal approximately 700 amino 

acids, containing all putative transmembrane domains, were expressed. We were not able to 

express the complete nsp3, which contains approximately 2000 amino acids, as we were not 

able to clone the complete nsp3 gene fragment behind a promoter. Previously, others have 

reported the presence of toxic fragments in approximately the same region of other 

coronavirus genomes (1, 53, 54). As the nsp3 region lacking in our expression constructs 

does not contain any appreciable hydrophobic domains and prediction programs do not 

identify any transmembrane domains in this region, we believe that the models obtained for 

the partial proteins are also applicable for the complete MHV and SARS-CoV nsp3. 

By using biochemical and immunofluorescence assays, we demonstrated that both 

the SARS-CoV and MHV nsp3 have a Nendo/Cendo topology. While this is inconsistent 

with the predicted number of transmembrane domains (Fig. 1), it is in agreement with a 

previous study on the topology of MHV nsp3 (24). In addition, a Nendo/Cendo topology 

makes more sense with respect to the localization of the PLpro domain and its substrates 

(Fig. 8). However, whereas previously four transmembrane domains were identified for 

MHV nsp3 (24), we found evidence for the presence of only two transmembrane domains. 

We could not confirm the presence of additional transmembrane domains located 

immediately up- and downstream of the first transmembrane domain, and these additional 

domains were also not predicted on the basis of the multiple alignment. Our study does 

confirm however the use of the previously identified N-linked glycosylation sites between 

the first and second transmembrane domain (19, 24). Our results further demonstrate that 

both in SARS-CoV and MHV nsp3 the second, but not the third predicted transmembrane 

domain is used. This result is not in agreement with the results obtained by Baker and 

coworkers, who identified the third rather than the second predicted transmembrane domain 

of MHV nsp3 as lipid bilayer spanning. These conclusions were based on the 

electrophoretic mobility of hydrophobic nsp3 fragments after proteinase K digestions. 
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However, hydrophobic proteins, including coronavirus nsp4 and 6, are known for their 

anomalous migration when applied to SDS-PAGE. Regardless of the number of 

transmembrane domains, it is striking that the first transmembrane domain in the 

coronavirus pp1a and pp1ab is found only after more than 2000 amino acids, while the 

polyproteins as well as the mature nsp3 lack an identifiable signal sequence at their amino-

terminal ends. Apparently, the first hydrophobic domain of nsp3 is able to function as an 

internal signal sequence for membrane insertion. 

Similar to nsp4 and nsp3, nsp6 of SARS-CoV and MHV was shown to have a 

Nendo/Cendo membrane topology. This is again inconsistent with the prediction, which 

identified 7 transmembrane domains, resulting in a Nendo/Cexo topology. However, the 

experimentally deduced topology makes more sense as it positions all main proteinase 

cleavage sites at the same side of the membrane as the proteinase itself (Fig. 8). 

Determining which of the putative transmembrane domains was actually used as such was 

not as straightforward for nsp6 as for nsp3. It appears that in principle all 7 hydrophobic 

domains have the capacity to function as membrane anchors, even though this is not the 

case in the full length protein. Taken all experiments together, our data fit best with a model 

in which the protein contains six transmembrane domains, with the sixth or seventh 

hydrophobic domain not spanning the lipid bilayer. The prediction program SOSUI 

(http://bp.nuap.nagoya-u.ac.jp/sosui/sosuimenu0.html) also predicts 7 transmembrane 

spanning helices, but additionally calculates that the hydrophobicity of the sixth domain, 

but not of the others, is similar to the hydrophobicity of helices found in soluble proteins 

(20). This prediction appears to support the model in which the sixth putative 

transmembrane domain does not span the lipid bilayer. 

 

 

Figure 8. Model of the membrane integration of polyprotein 1a. The thick black line represents the protein and 
shows its localization at the lumenal or cytoplasmic side of the membrane, which is symbolized by the grey bar. 
The proteinases, papain-like proteinase (PLpro) and main proteinase (Mpro), and their cleavage sites (arrowheads) 
are indicated, with the PLpro cleavage sites in grey and the Mpro cleavage sites in black. 

 

While for nsp3 and nsp6 an uneven number of transmembrane domains was 

predicted based on a multiple alignment of 27 coronavirus sequences, which did not 

correspond with the actual number of transmembrane domains found in this study, it 

appears that the prediction for nsp4 is correct. However, at this point we can not exclude 

that for nsp4, similar to nsp3 and nsp6, some predicted transmembrane domains do not span 

the lipid bilayer, which might be the case for two of the three carboxy-terminal 

transmembrane domains. This issue is currently under investigation. Considering the results 
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from the present study together with results previously obtained for nsp4, we can conclude 

that all three nsp’s containing putative transmembrane domains (nsp3, 4 and 6) are inserted 

into the ER membrane with a Nendo/Cendo topology, positioning the large majority of 

pp1a and pp1ab, including all known functional domains, at the cytoplasmic face of the 

membrane. This makes sense as RNA replication and transcription is known to occur in the 

cytoplasm. The membrane integration of nsp3, nsp4 and nsp6 probably functions to induce 

the membranous structures on which RNA replication takes place, while in addition these 

nsp’s are expected to interact with other nsp’s so that they are collectively positioned into a 

functional replication complex.  

The conservation of hydrophobic domains in nsp3 and nsp6, while they are not 

actually being used as transmembrane domains, suggests that these domains play an 

important role in the coronvirus life cycle, likely in the formation of the replication 

complexes. Possibly, the hydrophobic domains of nsp3 and nsp6, and perhaps nsp4, that do 

not span the membrane, interact with each other. Alternatively, although these domains do 

not span the lipid bilayer they might bind to the membrane surface with their hydrophobic 

residues dipping into the hydrophobic phase of the membrane. This property is often found 

for proteins containing amphipathic helices, which can act like a wedge in the membrane 

and thereby induce curvature (28, 58).  

The ability to induce membrane rearrangements in infected cells, which form the 

sites of RNA replication and transcription, is not unique to coronaviruses but is common in 

all plus strand RNA viruses. In general, the nsp’s of the different viruses appear to be the 

components that induce these membrane rearrangements. While not all viruses encode 

nonstructural integral membrane proteins, it appears that the presence of 

hydrophobic/amphipatic regions, that do not span the bilayer, but are peripherally 

associated to membranes is a common theme. Interestingly, dengue virus, which also 

replicates on double-membrane vesicles (49), encodes two nonstructural membrane 

proteins that contain, in addition to transmembrane domains, also hydrophobic domains that 

do not span the lipid bilayer (29, 30). Dengue virus NS4A and NS4B contain one and two 

hydrophobic domains, respectively, that do not function as transmembrane domains in the 

full-length protein. However, the non-membrane spanning hydrophobic domain of NS4A is 

integrated into the membrane when expressed individually (29, 30), comparable to the 

results obtained for the sixth hydrophobic domain of MHV nsp6. In the case of hepatitis C 

virus, which like dengue virus also belongs to the flavivirus family, the amphipatic helix 

contained in NS4B was shown to be required for the formation of replication sites (13). 

Likewise the poliovirus 2C protein, which is able to induce the membrane rearrangements 

associated with RNA replication, also contains an essential amphipatic domain (12, 34, 47). 

In view of these results it is tempting to speculate that these similarities in the virus 

nonstructural membrane associated proteins are related to their common ability to induce 

membrane rearrangements. 
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ABSTRACT 
 

The severe acute respiratory syndrome coronavirus (SARS-CoV) ORF3a protein has 

recently been shown to be a structural protein. The protein is encoded by one of the so-

called group-specific genes and has no sequence homology with any of the known 

structural or group-specific proteins of coronaviruses. It does, however, have several 

similarities to the coronavirus M proteins; (i) both are triple membrane spanning with the 

same topology, (ii) both have a similar intracellular localization (predominantly Golgi), (iii) 

both are viral structural proteins and (iv) appear to interact with the E and S proteins, as 

well as with each other. The M protein plays a crucial role in coronavirus assembly and is 

glycosylated in all coronaviruses, either by N-linked or by O-linked oligosaccharides. The 

conserved glycosylation of the coronavirus M proteins and the resemblance of the 3a 

protein to this protein led us to investigate the glycosylation of these two SARS-CoV 

membrane proteins. The proteins were expressed separately using the vaccinia virus T7 

expression system followed by metabolic labeling. Pulse-chase analysis showed that both 

proteins were modified, although in different ways. While the M protein acquired co-

translationally oligosaccharides that could be removed by PNGaseF, the 3a protein acquired 

its modifications post-translationally and these were not sensitive to the N-glycosidase 

enzyme. The SARS-CoV 3a protein, however, was demonstrated to contain sialic acids, 

indicating the presence of oligosaccharides. O-glycosylation of the 3a protein was indeed 

confirmed using an in situ O-glycosylation assay of ER-retained mutants. In addition, we 

showed that substitution of serine and threonine residues in the ectodomain of the 3a 

protein abolished the addition of the O-linked sugars. Thus, the SARS-CoV 3a protein is an 

O-glycosylated glycoprotein, like the group 2 coronavirus M proteins, but unlike the 

SARS-CoV M protein, which is N-glycosylated. 
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INTRODUCTION 
 

Severe acute respiratory syndrome (SARS) recently emerged as a new human 

disease. It originated in southern China at the end of 2002 and spread to various areas all 

over the world, affecting more than 8000 people worldwide and killing more than 800. The 

causative agent of the disease was rapidly identified and found to be a novel coronavirus, 

called SARS coronavirus (SARS-CoV) (13, 28, 39). Until then only two human 

coronaviruses (HCoV) were known, 229E and OC43, both causing common colds. Since 

the SARS outbreak two new human coronaviruses have been identified, HCoV-NL63 (16, 

58) and HCoV-HKU1 (64), both causing potentially severe respiratory infections.  

The approximately 30 kb positive-strand RNA of the SARS-CoV, fully sequenced 

within months after the outbreak (34, 40), appeared to have a genomic composition 

somewhat different from that of all known coronaviruses. All the typical coronaviral genes 

were readily identified among the 14 potential open reading frames (ORFs). The 5’ two-

thirds of the genome is occupied by the ORFs 1a and b, which encode the proteins involved 

in RNA replication and transcription. Downstream thereof are the ORFs that encode the 

four structural proteins: the spike (S) glycoprotein, the membrane (M) protein, the envelope 

(E) protein and the nucleocapsid (N) protein. However, an unusually high number (eight) of 

so-called group-specific genes were found interspersed between the genes in the 3’ part of 

the genome. By their number, nature and location the group-specific genes differ greatly 

from those of other coronaviruses, placing the SARS-CoV in a distinct taxonomic position 

(34, 40, 50). 

The group-specific genes have so far appeared not to be essential for the replication 

of coronaviruses, at least in cell culture. They are, however, of key importance for virus-

host interactions, contributing critically to viral virulence and pathogenesis. Deletion of 

some or all of the group-specific genes was shown to be attenuating in the natural host for 

the murine hepatitis virus (MHV) (8), transmissible gastroenteritis virus (TGEV) (38) and 

feline infectious peritonitis virus (FIPV) (20). The SARS-CoV contains eight group-

specific genes, two occurring between the S and E gene (ORFs 3a and 3b), five between the 

M and N gene (ORFs 6, 7a, 7b, 8a and 8b) and one within the N gene (ORF9b). For two of 

these, ORFs 3a and 7a, expression during SARS-CoV infection has been demonstrated (53, 

65, 66).  

With 274 amino acids the 3a protein is the largest of the group-specific gene 

products. Antibodies against this protein were found in sera from convalescent SARS 

patients and experimentally infected animals (19, 52, 65). Hydrophobicity analysis predicts 

the occurrence of three transmembrane domains within the 3a protein 

(www.cbs.dtu.dk/services/TMHMM). The protein was shown to have a N-terminal 

ectodomain and a C-terminal endodomain (53) suggesting a membrane structure quite 

similar to that of the coronaviral M protein. This similarity holds also in part for the 



Monique Oostra      Glycosylation of the SARS-CoV 3a and M proteins 
 

 94 

intracellular localization, as the 3a protein was found to localize in the Golgi compartment 

and at the cell surface from which it is endocytosed (53, 65). The M proteins of different 

coronaviruses are also primarily localized in the Golgi compartment (23, 33, 45), close to 

the site where the coronavirus assembly takes place, i.e. in the endoplasmic reticulum (ER) 

to Golgi intermediate compartment (27, 54-56). Considering all these similarities to the M 

protein the SARS-CoV 3a protein appeared to be a potential structural protein, which it was 

in fact recently demonstrated to be (26, 49). 

The M proteins of all known coronaviruses are glycosylated, both N-linked and O-

linked glycosylation occurs. The M proteins of group 1 and 3 coronaviruses, represented by 

TGEV and infectious bronchitis virus (IBV), respectively, are only N-glycosylated, i.e. they 

carry their oligosaccharide side chains through N-linkage to asparagine residues. In 

contrast, M proteins of the group 2 coronaviruses, with MHV as the prototype, are only O-

glycosylated, thus having their side chains attached by O-linkage to hydroxyl groups of 

serine and threonine residues (9, 24, 37, 43, 44). Many different functions have been 

assigned to oligosaccharide side chains. The carbohydrates have been shown to be 

important for folding, structure, stability and intracellular sorting of proteins and to play a 

role in the generation of immune responses (12, 21, 48, 57). Glycosylation of viral 

glycoproteins in particular has been shown to be important for the generation of their 

bioactive conformation and can have effects on receptor binding, fusion activity and 

antigenic properties of the virus (1, 4, 6, 62).  

In the present study the glycosylation status of the SARS-CoV M and 3a proteins 

was examined. The SARS-CoV M protein is predicted to be N-glycosylated. For the 3a 

protein the glycosylation state is of particular interest due to the protein’s structural nature, 

its structural similarities to the M protein and its apparent but unidentified modification(s) 

as observed in published work (26, 49, 53, 65, 66). The protein contains a N-glycosylation 

consensus sequence in its amino-terminal ectodomain. By using a number of approaches it 

was established that the two proteins are indeed both glycosylated, but differently.  

 
 
MATERIALS AND METHODS 
 

Cells, viruses and antibodies 

Ost7-1 cells obtained from Dr. B. Moss (14) were maintained as monolayer cultures 

in Dulbecco’s modified Eagle’s medium (Cambrex Bio Science Verviers, Belgium) 

containing 10% fetal calf serum (FCS; Bodinco B.V.) and 100 IU of penicillin and 100 µg 

of streptomycin per ml. Recombinant vaccinia virus encoding the bacteriophage T7 RNA 

polymerase (vTF7-3) was obtained from Dr. B. Moss (17). The polyclonal rabbit antisera 

directed against the SARS-CoV M and 3a proteins were obtained from Dr. Y.-J. Tan (53) 

and the polyclonal rabbit MHV-A59 antiserum (K134) has been described earlier (44). 
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Plasmid constructions 

All expression vectors contained the genes under control of bacteriophage T7 

transcription regulatory elements and all SARS-CoV sequences were from isolate 5688 

(29). Expression construct pTugMs contains the SARS-CoV M gene cloned in plasmid 

pTUG31. The SARS-CoV M gene was amplified by PCR from a construct containing the 

3’ end genomic cDNA of the SARS-CoV, with primers 2054 (5’-CGAATTCGCCGCCAT-

GGCAGACAACGGTACTA, corresponding to nucleotides 26398 to 26416 of the SARS-

CoV) and 2057 (5’-CGGGATCCTTACTGTACTAGCAAAGC, corresponding to 

nucleotides 27063 to 27046). Both primers contain a 5’ extension introducing EcoRI and 

BamHI restriction enzyme recognition sites (underlined). The PCR product was digested 

with EcoRI and BamHI and ligated into the EcoRI-BamHI-digested pTUG31 vector. The 

nucleotide sequence of the PCR product was confirmed by sequencing. 

Expression construct pTug3a contains the SARS-CoV strain 5688 3a gene cloned in 

pTUG31. The SARS-CoV 3a gene was amplified by PCR with primers 2161 (5’-CGAGA-

TCTACCATGGATTTGTTTATGAGA-3’, corresponding to nucleotides 25268 to 25286 

of the SARS-CoV) and 2162 (5’-CGAGATCTGAATTCTTACAAGGCACGCTAGT, 

corresponding to nucleotides 26092 to 26074 of the SARS-CoV). Both primers contain a 5’ 

extension introducing a BglII restriction enzyme recognition site (underlined). The PCR 

product was digested with BglII and ligated into the BamHI-digested pTUG31 vector. The 

nucleotide sequence of the PCR product was confirmed by sequencing. 

A mutant SARS-CoV 3a gene encoding a 3a protein with an ER retention signal in 

its carboxyl terminus was made by PCR mutagenesis using primers 2161 and 2416 (5’-

AGATTTAGGCTGTCTTCTTCAAAGGCACGCTAGTAGT, corresponding to nucleotides 

26089 to 26072 of the SARS-CoV), containing a BglII site (underlined) and the desired 

mutation (italics). The resulting mutant 3a gene (3aKK) was transferred as a BglII fragment 

into the BamHI site of expression vector pTUG31 and designated pTug3aKK.  

The pTugMm and pTugMmKK expression vectors have been described previously (9, 

45) and were used for the generation of the SARS-CoV 3a/MHV M hybrid expression 

vectors. The region encoding the SARS-CoV 3a ectodomain was amplified by PCR with 

primer 2454 (5’-CGCTCGAGACCATGGATTTGTTTATGAGA, corresponding to 

nucleotides 25268 to 25286 of the SARS-CoV) containing an XhoI site (underlined) and 

primer 2455 (5’-TGCTTAAGGAAAGGGAGTGAGGCT, corresponding to nucleotides 

25397 to 25382 of the SARS-CoV) containing an AflII site. The PCR fragment was 

digested with XhoI and AflII and cloned into the pTugMm and pTugMmKK vectors that had 

been treated with the same enzymes, creating pTug3aMm and pTug3aMmKK, respectively. 

The generation of the expression vectors for the ER-retained GalNAc-transferases and 

sialyltransferase have been described previously (9, 41). 
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Mutations of the potential glycosylation sites in the SARS-CoV 3a ectodomain were 

introduced by PCR-based site directed mutagenesis. Fragment 1 was amplified by PCR 

with primers 2454 and 2574 (5’-GCGGCCGCATGAACAGCACCTG, corresponding to 

nucleotides 25365 to 25344 of the SARS-CoV) containing a NotI site (underlined) created 

by the mutations (shown in bold), while fragment 2 was amplified by PCR with primer 

2573 (5’-TTCATGCGGCCGCAGCGATA, corresponding to nucleotides 25353 to 25372 

of the SARS-CoV), containing a NotI site (underlined) created by the mutation (shown in 

bold), and primer 2162 containing an EcoRI site. The PCR fragments were digested with 

NotI and either XhoI or EcoRI and cloned by three-point ligation into the XhoI and EcoRI 

digested pTUG31 vector, creating pTug3aGAAA. The sequences of mutated PCR products 

were confirmed by sequencing. 

 

Infection and transfection 

Subconfluent monolayers of Ost7-1 cells grown in 10-cm2 tissue culture dishes were 

inoculated with vTF7-3 at a multiplicity of infection (moi) of 10 for 1 h after which the 

medium was replaced by transfection mixture, consisting of 0.5 ml of DMEM without FCS 

but containing 10 µl of Lipofectin (Life Technologies) and 5 µg of each selected construct. 

After a 5-min incubation at room temperature, 0.5 ml of DMEM  was added and incubation 

was continued at 37°C. Three hours after infection the medium was replaced by culture 

medium and, where indicated, tunicamycin (5 µg/ml) or brefeldin A (6 µg/ml) were added 

to the medium. 

 

Metabolic labeling and immunoprecipitation 

At 4.5 h post infection (p.i.) the cells were starved for 30 min in cysteine- and 

methionine-free modified Eagle’s medium containing 10 mM HEPES (pH 7.2) and 5% 

dialyzed fetal calf serum. The medium was then replaced by 1 ml of similar medium 

containing 100 µCi of 35S in vitro cell labeling mixture (Amersham) after which the cells 

were further incubated for the indicated time periods. When carrying out pulse-chase 

experiments, after the labeling period the cells were washed once with culture medium 

containing 2 mM each of unlabeled methionine and cysteine and incubated further in the 

same medium. After the labeling or the chase, the cells were washed once with PBS 

containing 50 mM Ca2+ and 50 mM Mg2+ (PBS++) and then lysed on ice in 1 ml of lysis 

buffer (0.5 mM Tris [pH 7.3], 1 mM EDTA, 0.1 M NaCl, 1% Triton X-100) per 10-cm2 

dish. The lysates were cleared by centrifugation for 5 min at 15,000 rpm and 4°C.  
Radioimmunoprecipitation was performed on 150- or 200-µl aliquots of lysates 

diluted to 1 ml with detergent buffer (50 mM Tris [pH 8.0], 62.5 mM EDTA, 1% NP-40, 

0.4% sodium deoxycholate [NaDoc], 0.1% SDS) and antibodies (2 µl of rabbit anti-MHV 

serum K134 or rabbit anti-SARS-CoV M serum or 1 µl of rabbit anti-SARS-CoV 3a 

serum). The precipitation reactions were incubated overnight at 4°C. The immune 
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complexes were adsorbed to Pansorbin cells (Calbiochem) for 60 min at 4°C and were 

subsequently collected by centrifugation. Pellets were washed three times by resuspension 

and centrifugation using RIPA buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 0.1% SDS, 1% 

NP40, 1% NaDoc). The final pellets were suspended in Laemmli sample buffer (LSB) and 

heated at 95°C for 5 min for the SARS-CoV 3a proteins and 1 min for the M and hybrid 

proteins, before analysis by SDS-polyacrylamide gel electrophoresis (PAGE) using a 15% 

polyacrylamide gel. 

Some immunoprecipitates were treated with peptide-N-glycosidase F (PNGaseF, 

New England Biolabs), neuraminidase (arthrobacter, Roche Applied Science) or O-

glycosidase (Roche Applied Science). In those cases the final precipitation pellets were 

suspended in PBS instead of LSB, heated at 95°C after which 2 µl PNGaseF, 2 µl 

neuraminidase or 4 µl O-glycosidase were added and the samples were incubated overnight 

at 37°C; or 2 µl neuraminidase was added and the samples were incubated at 37°C for 3 h, 

after which 4 µl O-glycosidase was added and the mixture was further incubated overnight 

at 37°C. Before analysis by SDS-PAGE, a 0.5 volume of a three-times-concentrated 

solution of LSB was added to these samples. 

 

Immunofluorescence microscopy 

Ost7-1 cells grown on 10-mm glass coverslips were infected with vTF7-3 at a moi 

of 10 and transfected with the different constructs. Then 5 mM hydroxyurea (Sigma-

Aldrich) was added to the medium to limit the cytopathic effect of the vaccinia virus 

infection. At 6 h p.i. the cells were either fixed or 5 mM cylcoheximide (Sigma-Aldrich) 

was added to the medium and the cells were fixed 1 h later. Fixation was carried out by first 

washing the cells once with PBS++ and then incubating them with ice-cold methanol at        

-20°C for 10 min. The fixed cells were washed twice with PBS and incubated for 15 min in 

blocking buffer (PBS-10% normal goat serum), followed by a 45-min incubation with 

SARS-CoV 3a antiserum diluted 1/500 in blocking buffer, MHV antiserum (K134) diluted 

1/400 in blocking buffer or mouse monoclonal anti-p58 antibody (Sigma-Aldrich) diluted 

1/50 in blocking buffer. After three washes with PBS-0.05% Tween-20, the cells were 

stained for 45 min with fluorescein isothiocyanate-conjugated goat anti-rabbit 

immunoglobulin G antibodies (ICN) diluted 1/150 in blocking buffer or with Cy5-

conjugated donkey anti-mouse immunoglobulin G antibodies (Jackson laboratories) diluted 

1/200 in blocking buffer. Following three washes with PBS-0.05% Tween-20 and one with 

PBS, the samples were mounted on glass slides in FluorSave (Calbiochem). The samples 

were examined with a confocal fluorescence microscope (Leica TCS SP2). 
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RESULTS 
 

Co- and post-translational modifications of the SARS-CoV M and 3a proteins 

To investigate whether the SARS-CoV 3a protein undergoes a post-translational 

modification a classical pulse-chase analysis was performed after the gene was expressed 

using the vaccinia virus vTF7-3 expression system. Ost7-1 cells were infected with vTF7-3, 

transfected with the 3a gene-containing plasmid, pulse-labeled with [35S] methionine and 

[35S] cysteine for 15 min starting at 4.5 h p.i. and chased for 0, 1 or 3 h followed by lysis of 

the cells and immunoprecipitation with a rabbit peptide antiserum directed to the 

endodomain (residues 134-274) of the 3a protein. As shown in Fig. 1A (left panel), the 

pulse-labeled product appeared as an approximately 31 kDa protein, which corresponds to 

the predicted size of the unmodified 3a protein. After 1 h of chase the protein had been 

converted almost completely into a slower migrating form, which had become even more 

prominent after 3 h of chase, during which time no additional forms had appeared. This 

slower migrating form has an apparent molecular mass about 2 kDa larger than that of the 

unmodified 3a protein. The results indicate that the SARS-CoV 3a protein is modified post-

translationally. 

To study the nature of the observed modification further, the 3a protein was 

expressed similarly but in the presence of tunicamycin, a drug known to prevent N-

glycosylation. The SARS-CoV M protein, predicted to be N-glycosylated, was also 

included in the experiment. After the labeling the proteins were analyzed as before, except 

that the immunoprecipitation of the M protein was performed with a rabbit antiserum 

against the endodomain of this protein. As the autoradiograph in Fig. 1A (right panel) 

shows, the M protein synthesized in the absence of tunicamycin appeared as two species 

after pulse-labeling, the slowest migrating of which had disappeared during the chase, 

probably resulting from the extensive post-translational modifications of the N-glycans in 

the Golgi compartment which make the protein appear as a smear higher in the gel rather 

than a clear band. In the presence of the drug the slowest migrating species had not been 

formed, either during the pulse or after the chase. These observations indicate that the 

SARS-CoV M protein is co-translationally modified, though incompletely, while the 

sensitivity to tunicamycin indicates that the modification indeed involves N-glycosylation. 

Tunicamycin, however, did not affect the modification of the SARS-CoV 3a protein. The 

same protein patterns appeared as in the absence of the compound (Fig. 1A, left panel). 

Apparently, the SARS-CoV 3a protein is not modified by N-glycosylation. 

Further support for these conclusions was sought by studying the sensitivity of the 

modifications to peptide-N-glycosidase F (PNGaseF), an enzyme able to specifically 

remove N-linked oligosaccharides from proteins. The two proteins were again expressed, 

radiolabeled for 1 h and subjected to immunoprecipitation using the appropriate antibodies. 

The MHV M protein, known to be O-glycosylated, was taken along as a control. The 
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immunoprecipitates were split in two, one part of which was treated with PNGaseF while 

the other was mock treated. The results, shown in Fig. 1B, revealed that the enzyme was 

able to remove the modification of the SARS-CoV M protein, thereby generating a protein 

that co-migrated with the unmodified M species, consistent with N-glycosylation. The 

relatively high intensity of this deglycosylated polypeptide compared to that of the mock-

treated forms suggests that glycosylation of the M protein under the conditions tested gives 

rise to a heterogeneous collection of glycoproteins differing in their extent of 

oligosaccharide maturation. Hence, this diffusely migrating material becomes visible only 

after removal of the sugars. Unlike the M protein, the SARS-CoV 3a protein was 

unaffected by the PNGaseF treatment; both the primary product and its modified form 

appeared to be insensitive to the enzyme, as are the different forms of the control protein 

MHV M. These results further support the conclusion, drawn from the observed 

indifference to tunicamycin, that the SARS-CoV 3a protein is not N-glycosylated. 

 

 

 

Figure 1. Post-translational modification of the SARS-CoV 3a protein. Recombinant vaccinia virus vTF7-3 
infected Ost7-1 cells were transfected with a plasmid containing the SARS-CoV 3a or M gene or the MHV M 
gene. Cells were labeled for 15 (A) or 60 (B) min with 35S-labeled methionine and cysteine and lysed directly (A 
[0] and B) or chased for 1 or 3 h (A [1 and 3]). Cell lysates were processed for immunoprecipitation with rabbit 
antisera against the SARS-CoV 3a or M protein or against MHV followed by SDS-15% PAGE. (A) Genes were 
expressed in the absence (-) or presence (+) of tunicamycin (TM). (B) Half of the precipitated protein was treated 
with PNGaseF (+), the other half remained untreated (-). Numbers at the left indicate the position in the same gel 
of a low molecular weight protein marker. Only the relevant portion of the gels is shown. 

 

A 

B 
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The electrophoretic mobility difference between the two forms of the SARS-CoV 3a 

protein resembles that of the unmodified and O-glycosylated MHV M protein. Therefore 

the nature of the modification was further investigated by studying the effect of 

neuraminidase and O-glycosidase treatments on the modified proteins. O-glycosidase 

releases the Gal β (1-3) GalNAc unit from O-glycans but only after sialic acids have been 

removed first. The SARS-CoV 3a and MHV M protein were expressed, radiolabeled for 1 h 

and chased for 1 h to allow oligosaccharide maturation. In parallel, the SARS-CoV M 

protein was expressed and labeled for 1 h without chase, to limit the heterogeneous 

maturation. The labeled proteins were immunoprecipitated with the appropriate antibodies 

and treated (i) with neuraminidase only, (ii) with neuraminidase followed by O-glycosidase, 

(iii) with O-glycosidase only or (iv) they were mock treated. As expected, the immature N-

glycosylated form of the SARS-CoV M protein was not affected by any of the treatments 

(Fig. 2). In contrast, the modified forms both of the SARS-CoV 3a protein and of the MHV 

M protein appeared to be sensitive to neuraminidase, giving rise to species with increased 

mobility but still migrating slightly slower than the unmodified forms. While O-glycosidase 

treatment alone had no effect on either of the two proteins, when preceded by 

neuraminidase treatment it did release - though not very efficiently - the O-glycans from the 

MHV M protein, resulting in a species that migrated with the same mobility as the 

unmodified MHV M protein obtained after the pulse-labeling (Fig. 1B). This combination 

of enzymes, however, did not seem to affect the SARS-CoV 3a protein any more than did 

neuraminidase alone. These results indicate that the SARS-CoV 3a protein is O-

glycosylated, since it is sensitive to neuraminidase but not to tunicamycin or PNGaseF. 

However, O-glycosylation of the 3a protein is subtly different from that of the MHV M 

protein. 

 

 

Figure 2. Effect of neuraminidase and O-glycosidase on processing of the SARS-CoV 3a protein. Genes were 
expressed as described in the legend to Fig. 1. except that the labeling was for 60 min without chase for the SARS-
CoV M protein but with 60 min of chase for the SARS-CoV 3a and MHV M proteins. The precipitated proteins 
were either not treated, treated with neuraminidase, treated with neuraminidase followed by treatment with O-
glycosidase or treated with O-glycosidase only. At the right a similar analysis of the 3a protein is shown, but after 
electrophoresis in a longer gel. Numbers at the left and right indicate the position in the same gel of a low 
molecular weight protein marker. Only the relevant portion of the gels is shown. 
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Expression of a mutant SARS-CoV 3a protein with a C-terminal ER-retention signal 

O-glycosylation of the MHV M protein has been shown to occur in a post-ER 

compartment (9, 32). To try to shed light on the observed differences in the modification of 

the MHV M protein and the SARS-CoV 3a protein, we investigated whether the post-

translational modification of the 3a protein also occurs after the protein has left the 

endoplasmic reticulum (ER). To this end a 3a mutant was constructed in which the gene 

was extended 3’ terminally with a sequence encoding the KKTA ER-retention signal that 

proved to be effective in retaining the MHV M protein (9). 

The mutant protein, named 3aKK, was expressed in parallel with the wild-type 

SARS-CoV 3a protein, pulse-labeled for 15 min and chased for 15, 30, 60 or 120 min, 

followed by immunoprecipitation with the 3a antiserum. The analysis by SDS-PAGE (Fig. 

3A) shows that the modified form of the wild-type 3a protein appeared rather rapidly, 

already visible as a faint band after the pulse. The conversion continued swiftly thereafter 

and was nearly complete after 1 h. Despite its extension the mutant 3a protein was also 

post-translationally modified though with slower kinetics. The modified form was not 

observed in the pulse sample and only faintly after 15 min of chase. After 1 h, when the 

modification of the wild-type 3a protein was nearly complete, only about half of the 3aKK 

protein had been converted and after 2 h the process was still incomplete.  

The poor effect of the retention signal on the post-translational modification of the 

3a protein could have two explanations. Either the modification already occurs in the ER or 

the signal does not work properly in the context of this protein. The latter appeared to be 

the case as was shown using immunofluorescence. Wild-type and mutant SARS-CoV 3a 

proteins were expressed in duplicate cultures of Ost7-1 cells. At 6 h p.i. one culture was 

fixed while incubation of the other was continued for an additional hour in the presence of 

cycloheximide, to allow the synthesized proteins to reach their destination. The cells fixed 

at 6 h p.i. showed a typical Golgi staining for both the wild-type 3a protein and the mutant 

(Fig. 3B, first and third row). Differences were observed when the cells were fixed after an 

additional hour in the presence of cycloheximide (second and fourth row). While the 3aKK 

mutant protein apparently still had the typical Golgi localization, the wild-type 3a protein 

additionally showed staining of the cell surface, consistent with the fluorescence patterns 

observed by others (53, 65). The same results were obtained when the cells were fixed 2 

hours after the addition of cycloheximide (data not shown). Clearly, the ER-retention signal 

added to the 3a protein did not retain the protein in the ER, but did restrict its localization, 

keeping it at an intracellular location. As a consequence, these observations still left the 

possibility that the post-translational modification seen in the immunoprecipitation of the 

3aKK protein is a post-ER event. 
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Figure 3. Expression of a mutant SARS-CoV 3a protein with a C-terminal ER-retention signal. Genes 
encoding wild-type SARS-CoV 3a and 3aKK were expressed in Ost7-1 cells using the vTF7-3 expression system. 
(A) Cells were labeled for 15 min with 35S-labeled methionine and cysteine and lysed directly (p15) or chased for 
15, 30, 60 or 120 min. Cell lysates were processed for immunoprecipitation with an antiserum against the SARS-
CoV 3a protein followed by SDS-15% PAGE. Numbers at the left indicate the position in the same gel of a low 
molecular weight protein marker. Only the relevant portion of the gel is shown. (B) Cells were fixed at 6 h p.i.     
(-CH) or cycloheximide was added at 6 h p.i. and cells were fixed one hour later (+CH). Cells were processed for 
immunofluorescence microscopy using the 3a antiserum and a monoclonal antibody against the Golgi marker p58. 
(For colour figure see page 182.) 

 

Expression of a hybrid SARS-CoV 3a/MHV M protein 

The SARS-CoV 3a protein resembles coronavirus M proteins in its (putative) 

topology as well as in its intracellular localization, with particular similarity to the group 2 

coronavirus M proteins regarding its glycosylation. Because of this resemblance and the 

availability of a mutant with an effective ER-retention signal (9), the MHV M protein was 

used to study the modification of the SARS-CoV 3a protein ectodomain. Therefore, the 

ectodomain of the MHV M protein was exchanged by that of the SARS-CoV 3a protein, 

both on the wild-type MHV M protein and on its ER-retained mutant, giving rise to two 

A 
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SARS-CoV 3a/MHV M hybrid proteins, one without and one carrying the ER retention 

signal, which were designated 3aMm and 3aMmKK, respectively (see Fig. 4A). 

The localization of the hybrid proteins was studied by immunofluorescence and 

compared to that of the wild-type and ER-retained MHV M proteins (Fig. 4B). The 3aMm 

hybrid protein showed a typical Golgi staining that was quite similar to the staining seen for 

the wild-type MHV M protein, which has been demonstrated to be localized in the Golgi-

compartment (45). The staining seen for the hybrid protein carrying the ER-retention 

signal, 3aMmKK, strongly resembled the pattern of the MHV M protein with the ER-

retention signal, MmKK. Both mutant proteins showed a reticular staining typical for 

proteins localized in the ER compartment. For the mutant MHV M protein this result is 

consistent with previous findings (9), for the hybrid protein it shows that the localization of 

the protein is not affected by the ectodomain replacement. 

 

 
Figure 4. Expression of a hybrid SARS-CoV 3a/MHV M protein. (A) Schematic representation of the 
composition of the SARS-CoV 3a/MHV M hybrid proteins. (B,C) Genes encoding the hybrid and MHV M 
proteins were expressed in Ost7-1 cells using the vTF7-3 expression system. (B) Cycloheximide was added at 6 h 
p.i. and cells were fixed one hour later and processed for immunofluorescence microscopy using the MHV 
antiserum. (C) Cells were labeled for 1 h with 35S-labeled methionine and cysteine and lysed directly (0) or chased 
for 1 hour (1). Cell lysates were processed for immunoprecipitation with polyclonal anti-MHV serum followed by 
SDS-15% PAGE. The genes were expressed in the absence (-) or presence (+) of brefeldin A. Numbers at the left 
indicate the position in the same gel of a low molecular weight protein marker. Only the relevant portion of the 
gels is shown. 

 

Next, the post-translational modification of the hybrid proteins was examined. The 

two hybrid proteins and the two MHV M proteins were again expressed, radiolabeled for 1 

h, chased for 0 or 1 h and immunoprecipitated with a polyclonal antiserum raised against 

purified MHV. Similar expressions and labelings were carried out in parallel in the 

presence of brefeldin A, a drug that recruits normally Golgi-associated proteins, including 

Golgi enzymes, to the ER compartment. As is clear from Fig. 4C, the 3aMm hybrid protein 
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was modified, the decrease in mobility being similar to that seen earlier for the wild-type 3a 

protein. However, the progression of the 3aMm hybrid protein to the mature form was 

reduced compared to both the wild-type SARS-CoV 3a protein and the wild-type MHV M 

protein (Fig. 4C). It is also clear that both the ER-retained MHV M protein and the hybrid 

protein with the ER retention signal showed no post-translational modification at all, even 

when the chase was prolonged to 3 hours (data not shown). However, when brefeldin A 

was present during the incubations, both ER-retained proteins did obtain the post-

translational modifications (Fig. 4C). The modification of the 3aMmKK protein acquired in 

the presence of brefeldin A was comparable to that of the 3aMm protein, but it was obtained 

somewhat faster in the presence than in the absence of brefeldin A, as was the case for the 

MHV M protein. 

 

In situ glycosylation by GalNAc-Transferases 

To provide final proof that the post-translational modification of the SARS-CoV 3a 

protein is O-glycosylation, an in situ O-glycosylation assay was used (9, 41). This assay is 

based on the co-expression of ER-resident forms of GalNAc transferases with substrates 

retained in the same compartment. There is no endogenous GalNAc transferase activity 

present in the ER, but the enzymes do function when retained (41). The ER-retained 

mutants of the MHV M protein and the hybrid SARS-CoV 3a/MHV M protein were 

expressed alone or together with the ER-retained forms of GalNAc-T1, T2 and T3 or with 

an ER-retained form of sialyltransferase used as a negative control. The proteins were pulse 

labeled for 1 h and chased for 3 h followed by immunoprecipitation with the MHV 

antiserum.  

 

 

Figure 5. Glycosylation of 3aMmKK and M mKK by GalNAc-transferases in situ. The ER-retained hybrid or 
MHV M proteins were expressed in Ost7-1 cells using the vTF7-3 expression system, alone or in combination 
with ER-retained GalNAc-T1, -T2 or –T3. Cells were pulse-labeled for 1 h followed by a 3 h chase. Cell lysates 
were processed for immunoprecipitation using the anti-MHV serum followed by SDS-15% PAGE. Numbers at the 
left indicate the position in the same gel of a low molecular weight protein marker. Only the relevant portion of the 
gel is shown. 

 

When co-expressed with the ER-retained sialyltransferase, both the 3aMmKK and 

the MmKK protein remained unmodified as expected (data not shown). However, when co-

expressed with any of the GalNAc transferases both proteins were converted into slower 

migrating forms, indicative of GalNAc addition (Fig. 5). These modifications were most 
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obvious with GalNAc-T1 and -T3, consistent with the slower kinetics of the GalNAc-T2 

enzyme observed earlier (9). While the conversion of the MmKK protein was complete with 

all three enzymes, that of 3aMmKK apparently occurred less efficiently, the protein serving 

as a substrate mainly for the GalNAc-T1 enzyme, poorly for GalNAc-T3 and hardly for 

GalNAc-T2. The patterns obtained with the MHV M protein in the presence of GalNAc-T1 

or -T3 actually showed two bands. This may reflect the addition of two GalNAc subunits, 

perhaps related to the in situ conditions as there are no indications of double glycosylation 

of this protein from previous work (9, 32). 

 

Mapping of the O-glycosylation site in the SARS-CoV 3a protein  

The above described results demonstrated that the SARS-CoV 3a protein is 

modified by O-glycosylation in its amino-terminal ectodomain. To try to localize the O-

glycosylation site the protein was analyzed using the NetOglyc3.1 software 

(www.cbs.dtu/services/netoglyc). The ectodomain of the 3a protein contains nine serine and 

threonine residues, two of which appeared to have high O-glycosylation propensity scores 

(Fig. 6A). As is known from studies with the MHV M protein, mutation of one 

glycosylation site easily leads to an alternative, not normally used acceptor site being 

modified instead. Therefore it was decided to change both threonines that were predicted as 

likely to be glycosylated, as well as the two surrounding residues, though there are no 

indications of multiple glycosylation of the 3a protein. The mutations were created using 

PCR-based site-directed mutagenesis, the serine residue at position 27 being changed to a 

glycine and the threonines at positions 28, 32 and 34 to alanines (Fig. 6B).  

The mutated and wild-type SARS-CoV 3a proteins were expressed, pulse-labeled 

for 30 min and chased for 0, 1 or 3 h followed by immunoprecipitation with the 3a-specific 

antiserum. As Fig. 6C reveals, the wild-type 3a protein was already partially glycosylated 

during the pulse-labeling and had become fully modified after the 1 h chase. In contrast, the 

mutated 3a protein had remained unmodified even after a chase of 3 hours. These 

observations indicated that the mutations had indeed affected the O-glycosylation site 

unless they interfered with the intracellular transport of the protein, for instance by 

inhibiting its ER exit. Therefore the localization of the wild-type and mutated 3a proteins 

was compared by immunofluorescence microscopy. The wild-type 3a protein showed again 

the typical Golgi staining seen before (Fig. 6D and 3B). This typical Golgi staining pattern 

was also observed for the mutated 3a protein (Fig. 6D) demonstrating that the lack of 

glycosylation was not caused by a change in its transport behavior. The normal transport 

additionally indicates that the mutations do not have a dramatic effect on the conformation 

of the protein and that the lack of glycosylation was probably not due to non-specific 

effects of the mutations per se. It can thus be concluded that O-glycosylation of the 3a 

protein maps to the domain including threonines 28 and 32. 
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Figure 6. Identification of the glycosylation site in the SARS-CoV 3a protein. (A) Prediction of the potential 
O-glycosylation site in the ectodomain of the SARS-CoV 3a protein using the NetOglyc3.1 software; the G-score 
is the score from the general predictor and the I-score is the score from the isolated site predictor. Scores above 0.5 
predict the residue as being glycosylated. (B) Schematic representation of the mutations made in the ectodomain 
of the SARS-CoV 3a protein; changed amino acids are shown in bold italic. (C, D) Genes encoding the wild-type 
and mutated SARS-CoV 3a proteins were expressed in Ost7-1 cells using the vTF7-3 expression system. (C) Cells 
were labeled for 1 h with 35S-labeled methionine and cysteine and lysed directly (0) or chased for 1 or 3 h. Cell 
lysates were processed for immunoprecipitation with polyclonal anti-3a serum followed by SDS-15% PAGE. 
Numbers at the left indicate the position in the same gel of a low molecular weight protein marker. Only the 
relevant portion of the gel is shown. (D) Cells were fixed 6 h p.i. and processed for immunofluorescence 
microscopy using the polyclonal anti-3a serum and a monoclonal antibody against the Golgi marker p58. (For 
colour figure see page 183.) 

 

 

DISCUSSION 
 

The SARS coronavirus has numerous features that set it apart from all other 

coronaviruses and that complicate the straightforward assignment of its taxonomic position 

within the coronavirus genus. One of these features is the occurrence of a second triple-

spanning structural membrane protein in addition to the M protein. M proteins from the 

established groups of coronaviruses are known to be invariably glycosylated, either by N- 

or by O-linkage (47). The present study demonstrates the glycosylation of the SARS-CoV 

M and 3a proteins and allows us to conclude that generally triple-spanning coronaviral 

membrane proteins are glycosylated.  
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Though both proteins carry a N-glycosylation motif in their ectodomain, only the 

SARS-CoV M protein appeared to be N-glycosylated. This protein thus resembles its 

counterparts in the group 1 and 3 coronaviruses. This is remarkable considering the 

provisional grouping of the SARS-CoV among the group 2 coronaviruses (50), for which 

the M proteins’ O-glycosylation is actually a distinguishing phenotype. The function of the 

glycosylation of the coronavirus M proteins is not really known. What is known is that the 

modification is not required for virus assembly (7, 31) nor is it critical for the interaction of 

the M and S proteins (10). Glycosylation is probably important for the virus in context with 

the host. Consistently, a study using genetically modified MHV recombinant viruses 

carrying M proteins that were either O-glycosylated, N-glycosylated or not glycosylated at 

all, revealed that the glycosylation state does influence the ability of the recombinant virus 

to replicate in the liver, but not in the brain (6). Our identification of N-glycosylation as the 

SARS-CoV M protein’s modification is in agreement with recent observations reported by 

Nal et al. (36). These investigators studied the biogenesis and intracellular transport of C-

terminally tagged forms of the SARS-CoV S, M and E proteins showing that the major part 

of the M protein acquires complex N-linked sugars while localizing to the Golgi apparatus. 

In contrast to the M protein, the SARS-CoV 3a protein appeared to be glycosylated 

in its ectodomain solely through O-linkage, and the observed electrophoretic mobility 

changes are consistent with the addition of only one oligosaccharide side chain per 

molecule. The primary sequence of the 3a ectodomain has in fact two hydroxyl amino acids 

with a high theoretical propensity for O-glycosylation. Though the acceptor site actually 

being used was not identified, the O-glycosylation site was mapped to the region containing 

the predicted threonines by mutating these residues as well as one flanking hydroxyl amino 

acid on either side. This region is strictly conserverd in the 3a protein of the recently 

discovered SARS-CoV-like virus in Chinese horseshoe bats (30). 

Some clear differences in the O-glycosylation of the 3a protein were noticed 

compared to that of the MHV M protein. It appeared that the side chain added to the 3a 

protein in Ost7-1 cells is neuraminidase sensitive but not O-glycosidase sensitive, in 

contrast to the side chain of the MHV M protein, which is both neuraminidase and O-

glycosidase sensitive. The composition of the M protein oligosaccharide has been 

determined to consist of N-acetylgalactosamine, galactose and sialic acids (32, 37). While 

the side chain of the 3a protein does contain sialic acids, as judged by its neuraminidase 

sensitivity, and while the protein did acquire N-acetylgalactosamine in the in situ 

glycosylation assay, it may perhaps not acquire the galactose, thereby rendering it O-

glycosidase insensitive. Another difference from the MHV M protein was the relatively 

poor efficiency of modification by the different GalNAc transferases. This may have been 

caused by the foreign context in which the 3a ectodomain was being examined or it may be 

due to the specific substrate requirements of the enzymes. More study will be required to 

sort out these details. 
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The SARS-CoV 3a protein and the coronavirus M proteins have a number of 

striking similarities. First of all, bioinformatic analysis predicts the SARS-CoV 3a protein 

to be a triple-spanning membrane protein as has been established for coronavirus M 

proteins. Coronavirus M proteins have been shown to have a relatively small N-terminal 

ectodomain and a quite large C-terminal endodomain (2, 42, 46). This seems to hold as well 

for the SARS-CoV 3a protein, which was also shown to have a N-terminal ectodomain and 

C-terminal endodomain (53). In fact, comparison of the hydrophobicity plots of the SARS-

CoV 3a and M proteins reveals that these are markedly similar (Fig. 7) 

(http://bioinformatics.weizmann.ac.il/hydroph/cmp_hydph.html). Secondly the intracellular 

localization of the SARS-CoV 3a protein coincides largely with that of coronavirus M 

proteins. Both are mainly found in the Golgi compartment, near the site of virus assembly 

(23, 27, 45, 53, 65). Thirdly, the SARS-CoV 3a protein has recently been shown to be a 

structural protein (26, 49), as is the coronavirus M protein. Whether the 3a protein is 

essential for virus assembly, as the M protein is (3, 59), remains to be established, though 

its dispensability for virus-like particle (VLP) formation (49) suggests this not to be the 

case. Finally, as this study shows, the SARS-CoV 3a protein is glycosylated, which is also 

a well-conserved feature of all coronavirus M proteins. 

The SARS-CoV 3a protein has been shown to interact with the SARS-CoV S, E, M 

and 7a proteins when co-expressed (53). Whether the glycosylation of the 3a protein is of 

importance in any of these interactions is not known. As mentioned, this modification was 

of no relevance for interaction of the coronavirus M proteins with other structural proteins 

(7, 10). While the SARS-CoV 3a protein was found to be incorporated in virions (26, 49) 

its role in the formation of VLPs is unclear due to the inconsistent reports about the 

assembly requirements for these particles. Using different systems, several groups 

independently showed that the expression of the SARS-CoV E and M proteins is sufficient 

for the formation of the VLPs (22, 35, 49), as was shown earlier for several other 

coronaviruses (3, 5, 18, 59). In contrast, assembly of VLPs was found by another group not 

to require the E protein but, rather, to be dependent on the N protein (25). In none of the 

studies was VLP formation observed to rely on the presence of the 3a protein. The protein 

appeared, however, to be incorporated in M/E-based particles when present, just like the S 

protein (49). 

It is still unknown whether the 3a protein is essential for SARS-CoV replication or 

virion assembly and what the function(s) of the protein is. The presence of a second triple-

spanning membrane protein is, so far, certainly unique among the Coronaviridae. This 

feature is, however, not unique among the Nidovirales as it is common for the 

Arteriviridae, another family within this order. These viruses typically have two triple-

spanning membrane proteins, M and GP5, of which the latter is N-glycosylated while the M 

protein remains unglycosylated. The two proteins occur in virions as heterodimers formed 
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by disulfide bonds between conserved cysteine residues in their ectodomains (11, 15, 51, 

60). The proteins are both essential for the production of viral particles (51, 61, 63).  

The question might be raised as to whether the occurrence of a second triple-

spanning membrane protein in the SARS-CoV is really all that unique for coronaviruses. 

There is a high degree of sequence variation between the coronavirus M proteins, especially 

between M proteins of the different coronavirus groups, but their hydropathy profiles are 

remarkably similar (47). This is also the case for the SARS-CoV 3a protein and the M 

protein. Intriguingly, when prediction programs are applied to the proteomes of other 

coronaviruses it appears that all group 1 viruses express group-specific proteins predicted to 

be triple-spanning membrane proteins. Examples are the feline coronavirus (FCoV) ORF3c 

protein and the HCoV-NL63 ORF3 protein, the hydropathy profiles of which are depicted 

in Fig. 7 together with those of the corresponding M proteins of these viruses, in 

comparison with the SARS-CoV 3a and M proteins. Despite the little sequence homology 

among these proteins, the similarities in their hydropathy profiles are quite remarkable, 

both to each other and to the corresponding M proteins, as well as to the SARS-CoV 3a 

protein. Nothing is actually known about these proteins, but it is clear that it will be 

interesting to learn more about their biological features. In particular it will be important to 

address questions concerning the structural nature of the proteins and their interaction with 

other structural proteins. In fact, such questions might be studied more conveniently with 

these group 1 coronaviruses than with the SARS coronavirus.  

 

 
Figure 7. Hydropathic profiles of group-specific and membrane proteins of SARS-CoV, HCoV-NL63 and 
FCoV. The hydropathy profiles were generated with the hydrophilicity method of Kyte-Doolittle with a window 
size of 17 (http://bioinformatics.weizmann.ac.il/hydroph/cmp_hydph.html). FCoV: feline coronavirus. 
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ABSTRACT   
 

One of the most striking and dramatic genomic changes observed in the severe acute 

respiratory syndrome coronavirus (SARS-CoV) isolated from humans soon after its 

zoonotic transmission from palm civets was the acquisition of a characteristic 29-nucleotide 

deletion. This occurred in open reading frame 8 (ORF8), one of the accessory genes unique 

to the SARS-CoV. The function of ORF8 and the significance of the deletion are unknown. 

The intact ORF8 present in animal and some early human isolates encodes a 122-amino 

acid polypeptide (8ab+), which we expressed in cells using the vaccinia virus T7 expression 

system. It was found to contain a cleavable signal sequence, which directs the precursor to 

the endoplasmic reticulum (ER) and mediates its translocation into the lumen. The cleaved 

protein became N-glycosylated, assembled into disulfide-linked homomultimeric 

complexes and remained stably in the ER. The 29-nucleotide deletion splits ORF8 in two 

ORFs, 8a and 8b, encoding 39- and 84-residue polypeptides. The 8a polypeptide is likely to 

remain in the cytoplasm, as it is too small for its signal sequence to function and will 

therefore be directly released from the ribosome. However, we could not confirm this 

experimentally due to the lack of proper antibodies. ORF8b appeared not to be expressed in 

SARS-CoV infected cells or when expressed from mRNAs mimicking mRNA8. This was 

due to the context of the internal AUG initiation codon, as we demonstrated after placing 

the ORF8b immediately behind the T7 promoter. A soluble, unmodified and monomeric 8b 

protein was now expressed in the cytoplasm, which was highly unstable and rapidly 

degraded. Clearly, the 29-deletion disrupts the proper expression of the SARS-CoV ORF8, 

the implications of which are discussed. 
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INTRODUCTION  

 

Viruses generally encode three types of gene functions. One type involves proteins 

functioning in the replication and transcription of the viral genome. Another comprises the 

genes coding for the structural proteins of the virion. The third category involves functions 

not directly required for these two processes but which enable, facilitate or modulate the 

infection otherwise. Proteins in this category usually act by interfering with cellular 

processes or by modulating the virus-host interaction at the level of the organism. Often, 

though not always, these functions are dispensable for virus propagation in cell culture but 

important during infection in the natural host. Viruses have developed numerous ways to 

manipulate or evade the anti-viral immune response. Well-known examples are the herpes 

viruses, which - amongst others - use various mechanisms to frustrate antigen presentation 

(2, 25), and the poxviruses, which encode cytokine (receptor) mimics to trick the immune 

system (11, 38). Similarly, many RNA viruses have developed ways to inhibit the 

interferon response, as is illustrated by the VP35 of Ebola virus (1), the V proteins of 

several paramyxoviruses (31), the NS1 protein of influenza virus (9, 19, 35), and the NS1 

and NS2 proteins of human and bovine respiratory syncytial viruses (37, 43). 

Coronaviruses also contain such accessory genes in addition to the ones encoding 

the essential replication and structural functions. While the latter are common to all 

coronaviruses, the accessory genes differ in number, nature and genomic locations between 

the different coronavirus groups and are also called group-specific genes. Coronaviruses are 

enveloped, positive-stranded RNA viruses with genomes of approximately 30 kb. The 5’ 

two-thirds of the genome is occupied by open reading frames (ORFs) 1a and 1b, which 

encode proteins involved in RNA replication and transcription. Downstream thereof are the 

ORFs that encode the structural proteins: the spike (S) glycoprotein, the membrane (M) 

protein, the envelope (E) protein, and the nucleocapsid (N) protein. Interspersed between 

these genes are the group-specific ORFs. The functions of these ORFs are indeed 

dispensable, as became clear by showing that viruses from which these ORFs had been 

deleted remained capable of growth in cell culture (6, 12). These viruses were, however, 

strongly attenuated in their host, as was most strikingly observed with the feline infectious 

peritonitis virus (FIPV), where the deletions turned a highly lethal pathogen into a harmless 

virus (12). It is clear that the accessory proteins are of key importance for virus-host 

interactions, contributing critically to viral virulence and pathogenesis.  

The severe acute respiratory syndrome coronavirus (SARS-CoV) was discovered in 

2003 as the cause of a major worldwide outbreak of SARS. This virus contains eight group-

specific genes, an unusual high number compared to other coronavirus family members that 

generally contain only one to five of these genes. Deletion of the group-specific ORFs, 

individually or in combinations, had no or minimal impact on SARS-CoV replication in 

cell culture or in a mouse model, though the effect in mice was hard to evaluate as the wild-
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type virus infection did not elicit clear signs of disease or pathology (47).  

Despite their apparent importance in virus-host interactions, the functions encoded 

by the coronaviral group-specific genes are still largely unknown. For the SARS-CoV, 

however, some of the group-specific proteins, which show no sequence homology to other 

(corona)viral or cellular proteins, have been studied quite extensively and several functions 

have been assigned to these proteins. Three of the SARS-CoV group-specific proteins - i.e. 

the 3a (14, 36), 7a (13) and 7b protein (34) – appeared to be structural proteins as they were 

incorporated into SARS-CoV virions. Furthermore, overexpression of the 7a and the 3b 

protein was found to induce apoptosis and cell cycle arrest at the G0/G1 phase (39, 48, 49). 

The 3b protein and protein 6 appeared to function as interferon antagonists (16). 

Interestingly, when incorporated into the genome of an attenuated mouse hepatitis 

coronavirus (MHV) the gene encoding protein 6 significantly enhanced the virulence of the 

recombinant virus in mice (33). 

One of the most intriguing and still unresolved questions regarding the SARS 

epidemic is the origin of the virus. While there is no doubt that it has been transmitted as a 

zoonosis, its immediate animal source has not been firmly established. SARS-CoV-like 

viruses have been isolated from both civet cats, raccoon dogs and wildlife bats (10, 21) 

living in the area where the SARS epidemic started and these animals probably form the 

reservoir from which the virus crossed the host-species barrier and spread into the human 

population. As soon as the first comparative sequence data became available, particular 

attention was drawn to observations in the group-specific ORF8a/b region (10). Viruses 

isolated from animals as well as some early-stage human isolates were found to possess a 

single continuous ORF8, while in the middle or late-phase of the epidemic the isolated 

human strains contained a 29-nucleotide (nt) deletion that creates two ORFs, designated 

ORF8a and ORF8b (5, 10, 21) (Fig. 1A). Mutations were also found in the S protein, which 

is responsible for receptor binding and entry, and these mutations were probably important 

for the species transmission or the result of adaptation to the human host. However, only 

the viruses containing the deletion in the ORF8 region were isolated later during the 

epidemic, suggesting that only these viruses were able to spread efficiently from human to 

human. 

In view of its potential importance in the epidemiology and pathogenicity of SARS-

CoV, the ORF8 genomic region is the focus of the present study. By analyzing the 

expression, cellular localization and membrane association of the various ORF8-related 

products, we elucidated the basic features of the proteins as they are expressed from this 

region in the context of the different SARS-CoVs. Our results indicate that the full-length 

protein, designated 8ab+, encoded by ORF8 in the animal virus isolates is a functional 

protein that is lost upon transmission to the human population, leaving two probably non-

functional proteins 8a and 8b. Our conclusions appear to be inconsistent with observations 

by others on the biological functions of the 8a and 8b proteins (3, 15, 22).  
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Figure 1. Schematic representation of the animal and human SARS-CoV ORF8 genome region and of 
expression constructs used. (A) A schematic representation of the genetic organization of the animal and human 
SARS-CoV in the region of ORF8 is shown. A deletion of 29 nucleotides occurred in the human virus isolates 
compared to the animal isolates, splitting the full-length ORF8 (8ab+) into ORF8a and ORF8b. (B) The protein 
sequences of the different ORF8 products are depicted, with the amino acids change due to the deletion shown in 
italic and the N-glycosylation site shown in bold. (C) Overview of the different ORF8-related constructs used in 
this study. 

 
 
MATERIALS AND METHODS  

 

Cells, viruses and antibodies 

OST7-1 cells (obtained from B. Moss) (7) and Vero E6 cells (obtained from E. 

Snijder) were maintained as monolayer cultures in Dulbecco’s modified Eagle’s medium 

(DMEM) (Cambrex Bio Science) containing 10% fetal calf serum (FCS) (Bodinco .V.), 

100 IU of penicillin and 100 µg of streptomycin per ml.  

A 

B 

C 
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Recombinant vaccinia virus encoding the bacteriophage T7 RNA polymerase 

(vTF7-3) was obtained from B. Moss (8). The SARS-CoV (strain 5688) was kindly 

provided by B. Haagmans and A. Osterhaus (20). 

The rabbit polyclonal antisera against enhanced green fluorescent protein (EGFP) 

and calreticulin were obtained from ICL and Sigma, respectively. The rabbit antiserum 

recognizing the SARS-CoV membrane (Ms) protein was kindly provided by Y.-J. Tan (40), 

whereas the ferret antiserum against the complete SARS-CoV was kindly provided by B. 

Haagmans (26). Antibodies against the 8b and 8ab+ proteins were prepared in rabbits 

immunized with purified GST-8b (full-length) or GST-8ab+,-ss (amino acids 16-122) 

expressed in E. coli. 

 

Plasmid constructions 

The SARS-CoV 8a, 8b and 8ab∆ (which contains a 29-nt. deletion) cDNA sequences 

were obtained by reverse transcriptase-PCR (RT-PCR) amplification of viral RNA isolated 

from SARS-CoV isolate 5688 (20) using primers 2985 and 3191 (8a), 2267 and 2986 (8b) 

or 2985 and 2986 (8ab∆), respectively (Fig. 1 and Table 1). All these primers contain 

extensions introducing a 5’ EcoRI and a 3’ BamHI restriction enzyme recognition site 

(Table 1, underlined) in the PCR-fragment, while additionally the stop codons are deleted 

from the coding sequence. The 8ab+ sequence was generated by splicing overlap extension 

(SOE) PCR. First, two fragments were obtained by RT-PCR amplification of viral RNA 

isolated from SARS-CoV isolate 5688 using primers 2985 and 2220 (fragment 1) and 2221 

and 2268 (fragment 2) (Table 1). The two fragments were annealed and amplified by PCR 

using primers 2985 and 2268 or 2986 (with and without the stop codon, respectively). The 

primers contain a 5’ extension introducing either an EcoRI or a BamHI restriction enzyme 

recognition site (Table 1, underlined). All PCR products were cloned into the pGEM-T 

Easy vector (Promega) and the sequences were confirmed by sequence analysis.  

Subsequently, the 8ab+ gene including the stop codon was cloned into the pTUG31 

(45) expression vector, which contains a bacteriophage T7 transcription regulatory element. 

To this end the 8ab+ gene was obtained by restriction with EcoRI and BamHI from the 

pGEM-T Easy vector and cloned into the pTUG31 vector digested with the same enzymes, 

resulting in construct pTug8ab+. The ORF8 fragments without the stop codons were cloned 

into the pTUG31 vector in fusion with the EGFP gene. The ORF8 fragments were obtained 

by restriction with EcoRI and BamHI from the pGEM-T Easy vectors, while the EGFP 

fragment was excised from the pEGFP-N3 vector (Clontech) using BamHI and NotI, with 

the latter restriction site was filled in with Klenow polymerase (Invitrogen). These 

fragments were cloned together into the EcoRI-SmaI-digested pTUG31 vector, creating 

pTug8a-EGFP, pTug8b-EGFP, pTug8ab∆-EGFP and pTug8ab+-EGFP, which encode 

fusion proteins of the different ORF8 products with EGFP. 
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For the 8ab∆-EGFP construct containing the leader and transcription regulatory 

sequence (TRS) in front of the start codon a SOE-PCR was performed. The leader-TRS 

fragment was obtained by RT-PCR on the 5’ end of the isolated viral RNA using primers 

3207 and 3208 (Table 1) and the TRS-ORF8ab∆ fragment was obtained by RT-PCR using 

primers 3209 and 2986. The two fragments were annealed and amplified by PCR using 

primers 3207 and 2986. The primers contain 5’ extensions introducing either an EcoRI or a 

BamHI restriction enzyme recognition site (Table 1, underlined), while additionally the 

stop codon is deleted from the coding sequence. The PCR product was cloned into the 

pGEM-T Easy vector (Promega) and the sequence was confirmed by sequence analysis. 

The leader-TRS-ORF8ab∆ fragment was cloned into the pTUG31 vector in fusion with the 

EGFP gene. The leader-TRS-ORF8ab∆ fragment was obtained by restriction with EcoRI 

and BamHI from the pGEM-T Easy vector, while the EGFP fragment was excised from the 

pEGFP-N3 vector (Clontech) using BamHI and NotI, with the latter restriction site was 

filled in with Klenow polymerase (Invitrogen). The two fragments were cloned into the 

EcoRI-SmaI-digested pTUG31 vector, creating pTugL-8ab∆-EGFP, which encodes the 

8ab∆-EGFP fusion protein behind the viral leader and TRS. The construct pTugL-8ab+-

EGFP, encoding the 8ab+-EGFP fusion protein behind the viral leader and TRS, was 

obtained by replacing a NdeI-NdeI fragment from the pTug8ab+-EGFP construct with that 

of the pTugL-8ab∆-EGFP construct.  

The coding sequence for the first 15 amino acids of the 8ab+ sequence were deleted 

by performing PCR amplification on pTug8ab+ using primers 3043 and 2268 (Table 1). 

Both primers contain a 5’ extension introducing either an EcoRI or a BamHI restriction 

enzyme recognition site (Table 1, underlined), while additionally a new start codon is 

introduced. The PCR product was cloned into the pGEM-T Easy vector (Promega) and the 

sequence was confirmed by sequence analysis. The 8ab+,-ss fragment (8ab+ lacking signal 

sequence) was obtained from the pGEM-T Easy vector by restriction with EcoRI and 

BamHI and cloned into the pTUG31 vector digested with the same enzymes, resulting in 

construct pTug8ab+,-ss. A EcoRI-KpnI fragment was obtained from this construct and used 

to replace the EcoRI-KpnI fragment in the pTug8ab+-EGFP construct, thereby creating 

pTug8ab+,-ss-EGFP, which encodes the 8ab+-EGFP fusion protein without the signal 

sequence. An overview of all ORF8-related constructs is shown in Fig. 1C. 

The EGFP tag containing a N-glycosylation consensus sequence (EGFPglcy) was 

created by performing site-directed mutagenesis on pEGFP-N3 (Clontech) with primers 

3212 and 3213 to mutate the histidine at position 26 to a threonine. The modified tag was 

obtained by digestion with BamHI and NotI, with the latter restriction site was filled in with 

Klenow polymerase (Invitrogen) and cloned together with the EcoRI-BamHI ORF8a 

fragment into the EcoRI-SmaI-digested pTUG31 vector, creating pTug8a-EGFPglyc. 

The construction of the pTUG31 vector encoding the SARS-CoV membrane protein 

(pTugMs) has been described previously (29). 
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Table 1. Sequence, polarity and purpose of primers used in this study 
 

Primer Sequence (5’ to 3’)* Polarity   Purpose 
    
2220, 8a SOE ccattcaggttggtaaccagtaggACAAGGATCTTCAAGCACAT -   8ab+  
2221, 8b SOE ctggttaccaacctgaatggaatatAAGGTACAACACTAGGGGTAA +   8ab+ 
    
2267, 8b  gaattcaccATGTGCTTGAAGATCCT +   8b-EGFP 
2985, 8a  gaattcaccATGAAACTTCTCATTGTTTT +   8a-EGFP, 8ab∆-EGFP, 

  8ab+, 8ab+-EGFP 
     
2268, 8b  ggatccTTAATTTGTTCGTTTATTT -   8ab+ 
3191, 8a -stop ggatccGTGTTGTACCTTACAAGGA -   8a-EGFP 
2986, 8b -stop ggatccATTTGTTCGTTTATTTAAAAC  -   8b-EGFP, 8ab∆-EGFP,    

  8ab+-EGFP 
    
3207, leader ctcgagaccATATTAGGTTTTTACCTACC +   L-8ab+-EGFP, L-8ab∆-EGFP 
3208, leader gaagtttcatGTTCGTTTAGAGAACAGATCT -   L-8ab+-EGFP, L-8ab∆-EGFP 
3209, TRS8a  TCTAAACGAACATGAAACTTCT +   L-8ab+-EGFP, L-8ab∆-EGFP 
    
3043, 8a -ss gaattcaccATGATATGCACTGTAGTACAGCG +   8ab+,-ss, 8ab+,-ss-EGFP 
    
3212, EGFPglyc GCGACGTAAACGGCacCAAGTTCAGCGTG +   N-glyc. site in EGFP 
3213, EGFPglyc CACGCTGAACTTGgtGCCGTTTACGTCGC -   N-glyc. site in EGFP 
    

*Coding sequences are shown in uppercase, lowercase indicates nucleotides added for cloning purposes with 
restriction enzyme recognition sites underlined. 

 
SARS-CoV infection 

Subconfluent monolayers of Vero E6 cells were infected with SARS-CoV strain 

5688 (20) at a multiplicity of infection (moi) of 1, after an initial wash with phosphate-

buffered saline (PBS)-DEAE. The inoculum was removed after 1 h and replaced with 

culture medium. All work with live SARS-CoV was performed inside biosafety cabinets in 

a certified biosafety level 3 facility. 

 
vTF7-3 infection and transfection 

For expressions using the vTF7-3 system, subconfluent monolayers of OST7-1 cells 

grown in 10-cm2 tissue culture dishes were inoculated with vTF7-3 at a moi of 10 for 1 h, 

after which the medium was replaced by a transfection mixture, consisting of 0.5 ml of 

DMEM without FCS but containing 10 µl of Lipofectin (Invitrogen) and 5 µg of each 

selected construct. After a 5-min incubation at room temperature, 0.5 ml of DMEM was 

added and incubation was continued at 37°C. Three hours post infection (p.i.), the medium 

was replaced by culture medium and, where indicated, tunicamycin (5 µg/ml) was added to 

the medium. 

 
Immunofluorescence microscopy 

Vero E6 or OST7-1 cells grown on glass coverslips were fixed at the indicated times 

post infection or transfection with 3% paraformaldehyde for 1 h at room temperature. The 
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fixed cells were washed with PBS and permeabilized using 0.1% Triton X-100 for 10 min 

at room temperature. The permeabilized cells were washed with PBS and incubated for 15 

min in blocking buffer (PBS-10% normal goat serum), followed by a 45-min incubation 

with antibodies directed against SARS-CoV, 8b, Ms or calreticulin. After three washes with 

PBS-0.05% Tween-20, the cells were incubated for 45 min with either fluorescein 

isothiocyanate-conjugated goat anti-ferret immunoglobulin G antibodies (KPL) or Cy5-

conjugated donkey anti-rabbit immunoglobin G antibodies (Jackson Laboratories). After 

three washes with PBS-0.05% Tween-20 and one with PBS, the samples were mounted on 

glass slides in FluorSave (Calbiochem). The samples were examined with a confocal 

fluorescence microscope (Leica TCS SP2). 

 

Metabolic labeling and immunoprecipitation 

Prior to labeling, the cells were starved for 30 min in cysteine- and methionine-free 

modified Eagle’s medium containing 10 mM HEPES (pH 7.2) and 5% dialyzed FCS. This 

medium was replaced by 1 ml of similar medium containing 100 µCi of 35S in vitro cell-

labeling mixture or 35S-labeled cysteine (Amersham), after which the cells were further 

incubated for the indicated time periods. After pulse-labeling, where indicated, the 

radioactivity was chased using culture medium containing 2 mM each of unlabeled 

methionine and cysteine. After pulse-labeling or chase, the cells were washed once with 

PBS containing 50 mM Ca2+ and 50 mM Mg2+ and then lysed on ice in 1 ml of lysis buffer 

(0.5 mM Tris [pH 7.3], 1 mM EDTA, 0.1 M NaCl, 1% Triton X-100) per 10-cm2 dish. The 

lysates were cleared by centrifugation for 5 min at 15,000 rpm and 4°C. 

In vitro transcription and translation reactions were performed using the TNT 

coupled reticulocyte lysate system from Promega, according to manufacturer’s instructions 

in the presence of 35S in vitro cell-labeling mixture or 35S labeled cysteine (Amersham), 

either with or without the use of canine microsomal membranes (Promega). 

Radioimmunoprecipitations were essentially performed as described previously 

(29); 200 µl aliquots of the cell lysates or 5 µl of in vitro translation reactions were diluted 

in 1 ml detergent buffer (50 mM Tris [pH 8.0], 62.5 mM EDTA, 1% NP40, 0.4% sodium 

deoxycholate [NaDoc], 0.1% sodium dodecyl sulfate [SDS]) containing antibodies (3 µl 

rabbit anti-EGFP serum or rabbit anti-Ms serum or 25 µl rabbit anti-8ab+ serum). The 

immunoprecipitation mixtures were incubated overnight at 4°C. The immune complexes 

were adsorbed to Pansorbin cells (Calbiochem) for 60 min at 4°C and were subsequently 

collected by centrifugation. The pellets were washed three times by resuspension and 

centrifugation using RIPA buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 0.1% SDS, 1% 

NP40, 1% NaDoc). The final pellets were suspended in Laemmli sample buffer (LSB), 

where indicated without β-mercaptoethanol, and heated at 95°C for 1 min before analysis 

by SDS-polyacrylamide gel electrophoresis (PAGE) using 15% polyacrylamide gels. 
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Where indicated, immunoprecipitates were treated with peptide-N-glycosidase F 

(PNGaseF) or endoglycosidase H (EndoH). To this end, the final immunoprecipitation 

pellets were suspended in PBS instead of LSB, 2 µl PNGaseF or EndoH (New England 

Biolabs) was added and the samples were incubated at 37°C for 2 h. Before analysis by 

SDS-PAGE, a 0.5 volume of a three-times-concentrated solution of LSB was added to the 

samples, which were then heated at 95°C for 1 min. 

 

Sodium-carbonate extraction 

The sodium-carbonate membrane fractionation method was adapted from 

procedures described previously (44). The proteins were expressed using the TNT coupled 

reticulocyte lysate system from Promega in the presence of canine microsomal membranes 

(Promega), after which the samples were mixed 1:1 with either 0.1x Tris-buffered saline 

(TBS; 25 mM TrisHCl [pH 7.5], 137 mM NaCl, 5 mM KCl, 0.7 mM CaCl2, 0.5 mM MgCl2 

and 0.6 mM Na2HPO4) or 200 mM Na2CO3 (pH 11). The samples were laid on top of a 

sucrose gradient consisting of 2 M and 0.2 M sucrose. Microsomal membranes were 

pelleted by centrifugation in a Beckman TLA100 rotor at 65,000 rpm for 30 min at 4°C. 

The pellet fractions were lysed using 5x lysis buffer (2.5 mM Tris [pH 7.3], 5 mM EDTA, 

0.5 M NaCl, 5% Triton X-100) for 15 min. at 4°C, after which both the supernatant and 

pellet fractions were subjected to immunoprecipitation as described above.  

 

 

RESULTS 

 

Expression of the ORF8 products 

In most human SARS-CoV isolates the subgenomic mRNA 8 contains two ORFs at 

its 5’ end. The first one, ORF8a, is very small, coding for only 39 amino acids. The second 

ORF, 8b, encodes a protein of 84 amino acids, but does not contain a transcriptional 

regulatory sequence (TRS) for the production of an own mRNA (41). Its expression from 

mRNA 8 would require translation initiation from an internal AUG. To examine the 

synthesis and properties of the ORF8 products, constructs were made for expression using 

the recombinant vaccinia virus bacteriophage T7 RNA polymerase (vTF7-3) expression 

system. These constructs contained either the ORF8 sequence as it is found in viruses 

isolated from civet cats, designated 8ab+ and containing one continuous ORF, or the 

sequence as it is found in human virus isolates, designated 8ab∆ and having a 29-nt deletion 

giving rise to two ORFs. Also constructs were made that contain only the ORF8a sequence 

or the ORF8b sequence placed directly behind the T7 promoter. All gene sequences were 3’ 

terminally fused to the EGFP gene for easy detection. Expressions using this vaccinia virus 

system are highly efficient. A potential internal ribosomal entry site (IRES) present in front 
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of the ORF8b sequence in human virus isolates, would be expected to lead to the 

expression of the 8b protein from the 8ab∆ construct in this system.  

OST7-1 cells were infected with vTF7-3, transfected with each of the above-

described constructs and labeled with [35S]-labeled methionine for 1 h starting at 5 h p.i. 

The cells were lysed and processed for immunoprecipitation with a rabbit polyclonal 

antiserum directed to the EGFP tag and the samples were analysed by SDS-PAGE. The 

8ab+-EGFP, 8a-EGFP and 8b-EGFP products derived from the constructs where these 

genes were located directly behind the T7 promoter could be readily detected in the gel. 

They appeared to migrate slightly slower than, or according to their predicted molecular 

masses, which are 41, 37 and 31 kDa for the 8ab+, 8b and 8a proteins, respectively (Fig. 2A 

and data not shown). However, no expression of the 8b-EGFP fusion protein was observed 

from the construct containing ORF8a in front of ORF8b (8ab∆). Also, when the SARS-CoV 

leader and TRS had been cloned in front of the ORFs in this construct, to make the 5’ end 

of the produced RNA resemble that of subgenomic mRNA 8, no expression of 8b-EGFP 

could be detected (Fig. 2A). The expression of 8ab+-EGFP was not affected by cloning of 

the leader and TRS in front of this gene (Fig. 2A). It thus appears that the 8ab∆ sequence as 

it is found in human virus isolates does not contain an IRES for the expression of the 

second open reading frame, ORF8b. 

Next, the expression of the ORF8b product was examined in virus infected cells. 

Vero E6 cells were infected with SARS-CoV strain 5688, a human isolate having the 29-nt 

ORF8 deletion. The cells were fixed at 8 h p.i. and processed for immunofluorescence 

microscopy using a polyclonal serum from a SARS-CoV infected ferret and rabbit 

polyclonal antisera against either the 8b or the M protein. A large number of SARS-CoV 

positive cells could be detected at this time point after infection (Fig. 2B). In all infected 

cells the M protein was also detected and this staining co-localized with that of the ferret 

serum. However, no positive signal could be detected using the antiserum against the 8b 

protein in any of the infected cells. As a positive control the 8b gene product was expressed 

in parallel from the construct with the ORF8b-EGFP fusion product directly behind the T7 

promoter, using the vaccinia virus T7 expression system. The infected and transfected 

OST7-1 cells were fixed at 6 h p.i. and processed for immunofluorescence microscopy 

using the rabbit polyclonal antiserum against the 8b protein. Here all the EGFP positive 

cells also stained positive with the 8b antiserum (Fig. 2B), confirming that the antiserum 

does recognize the protein in this type of assay. Therefore it can be concluded that the 8b 

protein is not, or only very inefficiently, expressed in virus infected cells. This result is 

consistent with that of the immunoprecipation carried out on cell lysates after vTF7-3 

mediated expression of the 8ab∆ construct. 

The 8b gene product could be expressed in the vaccinia virus system only when 

cloned directly behind the T7 promoter, i.e. without ORF8a in front of it. The expression 

and stability of this protein was compared to that of the full-length 8ab+ protein that is 
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encoded by the animal ORF8 sequence. OST7-1 cells were infected with vTF7-3, 

transfected with the construct containing either the 8b-EGFP or the 8ab+-EGFP sequence 

and labeled with [35S]-methionine for 1 h starting at 5 h p.i. Subsequently, the cells were 

either lysed directly or the radioactivity was chased for 2 h before the cells were lysed. The 

cell lysates were processed for immunoprecipitation with an antiserum directed to the 

EGFP tag and the samples were analysed by SDS-PAGE. Both proteins were expressed at 

similar levels during the pulse-labeling. After the chase the 8ab+-EGFP protein was still 

detected with similar intensity, whereas the 8b-EGFP protein could hardly be detected 

anymore (Fig. 2C). It thus appears that the 8b protein is hardly expressed in the normal 

context in which it is present in the human SARS-CoV isolates and that it is highly unstable 

when expressed in cells out of this context. 

 

 

Figure 2. Expression of ORF8 products. (A) vTF7-3 infected OST7-1 cells were transfected with constructs 
containing 8a-EGFP or 8b-EGFP directly behind the T7 promoter (8a-EGFP and 8b-EGFP) or containing the 
8ab+-EGFP (L-8ab+-EGFP) or 8ab∆-EGFP (L-8ab∆-EGFP) sequences with the viral leader and TRS sequence 
behind the T7 promoter. The cells were labeled with [35S]-labeled amino acids from 5 to 6 h p.i., lysed and 
processed for immunoprecipitation with α-EGFP antiserum followed by SDS-15% PAGE. (B) Vero E6 cells 
infected with SARS-CoV were fixed at 8 h p.i. and processed for immunofluorescence with serum of a SARS-
CoV infected ferret or with rabbit serum against the 8b or M protein. vTF7-3 infected OST7-1 cells were 
transfected with a construct containing the 8b-EGFP. The cells were fixed at 6 h p.i. and processed for 
immunofluoresence with rabbit serum against the 8b protein. (C) vTF7-3 infected OST7-1 cells were transfected 
with constructs containing 8b-EGFP or 8ab+-EGFP genes directly behind the T7 promoter. The cells were labeled 
with [35S]-labeled amino acids from 5 to 6 h p.i., lysed directly (p) or chased for 2 h and then lysed (c) and 
processed for immunoprecipitation with EGFP antiserum followed by SDS-15% PAGE. The positions and masses 
(in kDa) of the molecular mass protein markers are indicated. Only the relevant portions of the gels are shown. 

 

Localization of the ORF8 products  

The 8ab+ protein is 122 amino acids long and contains a hydrophobic domain at its 

N-terminus, which likely functions as a signal sequence. This hydrophobic domain is also 

present in the 8a protein. The 8b protein, however, does not contain any hydrophobic 

domains and is therefore predicted to be a cytoplasmic protein. We examined whether these 

predictions could be visualized by a difference in localization between these proteins. The 
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intracellular localization of the different ORF8 proteins was studied by making use of 

EGFP fusion proteins, which are expressed in OST7-1 cells using the vTF7-3 expression 

system. The cells were fixed at 6 h p.i. and processed for immunofluorescence microscopy. 

The 8ab+-EGFP and 8a-EGFP fusion proteins showed a quite reticular pattern, reminiscent 

of the endoplasmic reticulum (ER), whereas for the 8b-EGFP fusion protein the 

fluorescence was found distributed throughout the entire cells, more indicative of a 

cytoplasmic localization (Fig. 3). To obtain more information on the localization of the 

proteins, the cells were stained with an antiserum directed to calreticulin, a protein used as a 

marker for the ER. The calreticulin staining largely colocalized with the fluorescence of 

8ab+-EGFP and 8a-EGFP, but showed no colocalization with the fluorescence of 8b-EGFP 

(Fig. 3). These results indicate that the 8b protein resides in the cytoplasm, whereas the 

8ab+ and 8a proteins localize to the ER and are probably membrane associated. 

 

 
Figure 3. Intracellular localization of ORF8 products. vTF7-3 infected OST7-1 cells were transfected with 
constructs encoding the 8a-EGFP, 8b-EGFP or 8ab+-EGFP proteins. The cells were fixed at 6 h p.i. and processed 
for immunofluorescence microscopy using the α-calreticulin serum and a Cy5-conjugated antiserum. At the right a 
merged image of the EGFP and the α-calreticulin signal is shown. (For colour figure see page 184.) 

 

Processing of the ORF8 products 

The 8b protein appears to localize cytoplasmically without membrane association, 

whereas the 8a and 8ab+ proteins seem to be membrane associated. Therefore, the proteins 

were next studied for their co- and post-translational processing. The 8ab+ protein contains 

a N-terminal hydrophobic domain, apparently functioning as a signal sequence, and one 

predicted N-glycosylation site at position 81 in the amino acid sequence 

(http://www.cbs.dtu.dk/services/NetNGlyc/). The 8ab+-EGFP fusion protein was expressed 

by in vitro translation and by using the vTF7-3 expression system. To investigate the N-

linked glycosylation, the fusion protein was expressed in the presence and absence of 

tunicamycin, which is an inhibitor of N-linked glycosylation. OST7-1 cells were infected 
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with vTF7-3, transfected with the 8ab+-EGFP containing plasmid and labeled with [35S]-

methionine for 1 h starting at 5 h p.i. Cells were lysed and processed for 

immunoprecipitation with a rabbit polyclonal antiserum directed to the EGFP tag. In 

parallel, in vitro translation was performed on the same construct using the TNT coupled 

reticulocyte lysates system of Promega in the absence of membranes to analyze the 

electrophoretic mobility of the full-length non-processed protein. 

vTF7-3 mediated expression of the 8ab+ fusion protein in the presence of 

tunicamycin resulted in a product with an electrophoretic mobility that corresponds to the 

predicted molecular mass of this protein, which is 41 kDa (Fig. 4A). In the absence of 

tunicamycin the protein migrated slower, indicating that the 8ab+ protein was indeed being 

glycosylated. This was confirmed by treating the protein expressed in the absence of 

tunicamycin with either peptide-N-glycosidase F (PNGaseF) or endoglycosidase H 

(endoH), which both remove N-linked sugars. Treatment with the glycosidases increased 

the electrophoretic mobility of the protein; the slight mobility difference between the 

different treatments is explained by PNGaseF cleaving off all sugar residues whereas 

endoH leaves one GlcNAc residue attached to the polypeptide (Fig. 4B). These results 

together lead to the conclusion that the 8ab+ protein is N-glycosylated, most likely at 

Asn81, the only predicted N-glycosylation site in the protein sequence. 

The 8ab+-EGFP fusion protein expressed using the vTF7-3 system in the presence of 

tunicamycin migrated slightly slower in the gel than the in vitro translated fusion protein 

(Fig. 4A). This was suspected to be caused by cleavage of a signal sequence from the 

vTF7-3 expressed product. Cleavage of a signal sequence usually increases the 

electrophoretic mobility of a protein, but the release of a hydrophobic domain can also 

result in a decreased binding of SDS and hence a lower electrophoretic mobility. To further 

study its processing, the 8ab+ protein was expressed without the EGFP tag, using both the 

vTF7-3 system and in vitro translation. In both cases the proteins were labeled with [35S]-

cysteines instead of [35S]-methionines, because the untagged protein contains only two 

methionine residues. The radiolabeled proteins were immunoprecipitated with a rabbit 

antiserum directed to the 8ab+ protein, which is not very sensitive but the more sensitive 

antiserum raised against the 8b protein appeared not to recognize the glycosylated form of 

the 8ab+ protein. The results of the vTF7-3 mediated protein expression of the 8ab+ protein 

in the presence and absence of tunicamycin were similar to what was seen for the tagged 

protein (Fig. 4C). The electrophoretic mobility of the protein expressed in the presence of 

tunicamycin was higher than that of the protein expressed in the absence of tunicamycin, 

indicating the N-glycosylation of the 8ab+ protein. However, comparion of the protein 

expressed using the vTF7-3 system in the presence of tunicamycin with the in vitro 

translated protein gave a different the result as the same comparison for the tagged protein. 

In this case the vTF7-3 expressed protein migrated faster in the gel than the in vitro 

translated protein (Fig. 4C). The increase in electrophoretic mobility is consistent with 
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cleavage of the signal sequence. Apparently, the effect of this cleavage is different for the 

untagged and tagged proteins. 

To clarify this discrepancy, the sequence predicted to be cleaved (the first 15 amino 

acids) was deleted from the nucleotide sequence in both the 8ab+ and the 8ab+-EGFP 

construct. These constructs were expressed using the vTF7-3 system in the presence and 

absence of tunicamycin and the products were compared to the full-length proteins 

expressed either in vitro or using the vTF7-3 system. In the presence of tunicamycin there 

was no difference in electrophoretic mobility between the protein obtained from the full-

length construct and from the construct in which the signal sequence had been deleted (Fig. 

4D). For the 8ab+ proteins the migration was faster than that of the in vitro translated 

product of the full-length construct whereas for 8ab+-EGFP it was somewhat slower. This 

indeed confirmed our interpretation that the signal sequence of the 8ab+
 protein is being 

cleaved and that this influences the electrophoretic mobility of the 8ab+ en 8ab+-EGFP 

proteins differently. The electrophoretic mobility of the proteins synthesized without a 

signal sequence was the same in the presence and absence of tunicamycin. No N-

glycosylation occurred since these proteins could not be translocated to the lumen of the ER 

due to the absence of the signal sequence.  

The 8a protein contains a N-terminal hydrophobic domain that functions as a signal 

sequence in the context of the 8ab+ protein. Yet, in the 8a protein this signal will not be able 

to function due to the small (39 amino acids) size of the 8a polypeptide. This is too short to 

span the large ribosomal subunit and expose the signal peptide for efficient binding by the 

signal recognition particle (SRP) since this requires a minimal protein length of 50 amino 

acids (28). In the EGFP-tagged 8a protein, however, the hydrophobic sequence should be 

recognized by the SRP and the polypeptide should be translocated across the ER 

membrane. To verify this supposition, the 8a-EGFP protein was expressed by in vitro 

translation and by using the vTF7-3 expression system. vTF7-3 infected OST7-1 cells were 

transfected with the 8a-EGFP plasmid construct and labeled with [35S]-methionine from 5 

to 6 h p.i. Cells were lysed and processed for immunoprecipitation with a rabbit polyclonal 

antiserum directed to the EGFP tag. In parallel, in vitro translation was performed on the 

same construct using the TNT coupled reticulocyte lysates system (Promega) in the absence 

of membranes to analyze the electrophoretic mobility of the full-length non-processed 

protein. As shown in Fig. 4E the in vitro translation resulted in two protein species, of 

which the slower migrating one represents the 8a-EGFP fusion protein while the faster 

migrating species represents the EGFP protein, which is efficiently translated from the 

internal start codon in this system (but not in the vTF7-3 expression system). The vTF7-3 

expressed 8a-EGFP protein migrated slightly faster in the gel than the in vitro translated 

product, indicating that the signal sequence is indeed cleaved and the protein is translocated 

to the lumen of the ER. 
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Figure 4. Processing of the 8ab+ protein. vTF7-3 infected OST7-1 cells were transfected with the indicated 
constructs, in the presence (+) or absence (-) of tunicamycin (TM). The cells were labeled with [35S]-labeled amino 
acids from 5 to 6 h p.i., lysed and processed for immunoprecipitation with specific antibodies followed by SDS-
15% PAGE. (A) Cells were transfected with a construct encoding 8ab+-EGFP. The same construct was also in 
vitro transcribed and translated using the TNT coupled reticulocyte lysate system from Promega (ivt). 
Immunoprecipitations were performed with rabbit antiserum against the EGFP tag. (B) 8ab+-EGFP expressed in 
the absence of tunicamycin was, after immunoprecipitation with rabbit serum against the EGFP tag, treated with 
PNGaseF or endoH. (C) Cells were transfected with a construct encoding 8ab+. The same construct was also in 
vitro transcribed and translated using the TNT coupled reticulocyte lysate system from Promega (ivt). 
Immunoprecipitations were performed with rabbit antiserum against 8ab+. (D) Cells were transfected with 
constructs expressing 8ab+ or 8ab+-EGFP, either full-length or after deletion of the predicted signal sequence (sig. 
seq.). The full-length constructs were also in vitro transcribed and translated using the TNT coupled reticulocyte 
lysate system from Promega (ivt). Immunoprecipitations were performed with rabbit antisera against EGFP or 
8ab+. (E) Cells were transfected with a construct encoding 8a carrying a wild-type EGFP tag (8a-EGFP) or with an 
EGFP tag containing a N-glycosylation site (8a-EGFPglyc). The same constructs were also transcribed and 
translated in vitro using the TNT coupled reticulocyte lysate system from Promega (ivt). Immunoprecipitations 
were performed with rabbit antiserum against the EGFP tag. The positions and masses (in kDa) of the molecular-
mass protein markers are indicated. Only the relevant portions of the gels are shown. 
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To confirm the translocation we introduced a N-glycosylation site within the EGFP 

tag and expressed this protein using the vTF7-3 expression system in the presence or 

absence of tunicamycin and by in vitro translation. The expression of the protein in the 

absence of tunicamycin resulted in a product with a lower electrophoretic mobility than the 

product expressed in the presence of tunicamycin, which again migrated faster in the gel 

than the in vitro translated product (Fig. 4E). This result clearly shows that the protein is 

translocated to the lumen were the tag is being glycosylated. As expected, the expression of 

the 8a protein carrying the unmodified EGFP tag was not affected by the presence of 

tunicamycin. These data demonstrate that also for the 8a protein the N-terminal 

hydrophobic domain can function as a signal sequence to translocated the protein to the 

lumen of the ER. We similarly tested the 8b protein and observed that, as predicted, this 

protein was not co- or post-translationally processed (data not shown). 

 
Membrane association of the 8ab+ and 8b proteins 

The signal sequence is the only hydrophobic domain in the 8ab+ protein and since it 

is cleaved off, the protein is probably not an integral membrane protein. The 8b protein 

does not contain any predicted hydrophobic domains and is thus unlikely to be membrane 

associated, consistent with its cytoplasmic localization in the immunofluorescence assay. 

The membrane association of both the 8ab+ and 8b protein was investigated by performing 

a sodium-carbonate extraction. The proteins were expressed using the TNT coupled 

transcription/translation system (Promega) in the presence of canine microsomal 

membranes. The in vitro reaction mixtures were treated with either a sodium-carbonate 

buffer of pH 11 or a TBS buffer of pH 7.5 and were separated by centrifugation into soluble 

and pellet fractions. In the pH 7.5 buffer the membranes of the microsomes will remain 

intact and therefore membrane associated proteins will end up in the pellet fraction. 

However, in the pH 11 buffer proteins present in the lumen of the microsomes or attached 

peripherally to the membranes will be released, since the sodium carbonate treatment opens 

the membrane sheets while leaving integral membrane proteins anchored in the lipid 

bilayer. As a control the SARS-CoV M protein, which is an integral membrane protein, was 

expressed and treated similarly. 

As can be seen in Fig. 5, the 8b protein was found in the soluble fraction both after 

treatment with the pH7.5 buffer and after treatment with the sodium-carbonate buffer of pH 

11. This confirmed that it is indeed a soluble, cytoplasmic protein. When treated with the 

pH 7.5 buffer the glycosylated forms of the M and 8ab+ proteins were solely found in the 

pellet fractions. This indicates that these proteins are indeed membrane associated. Neither 

of the proteins were fully glycosylated, which is probably caused at least to some extent by 

an incomplete incorporation of the proteins into the microsomal membranes. Hence these 

unglycosylated forms were found in the soluble as well as in the pellet fractions. After 

treatment with the pH 11 buffer the glycosylated M protein was still largely found in the 
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pellet fraction, confirming its identity as an integral membrane protein. In contrast, after 

this same carbonate treatment the 8ab+ protein was no longer found in the pellet fraction but 

had become fully solubilized. Thus, the 8ab+ protein is not an integral membrane protein 

but exists either as a soluble protein in the lumen of the microsomes or is peripherally 

associated with the inside of the membranes. These results together with the 

immunofluorescence data lead to the conclusion that the 8ab+ protein localizes to the lumen 

of the ER, most likely as a soluble protein. 

 

 
Figure 5. Membrane association of the 8ab+ and 8b proteins. The 8ab+-EGFP, 8b-EGFP and M constructs were 
in vitro transcribed and translated using the TNT coupled reticulocyte lysate system from Promega in the presence 
of canine microsomal membranes and labeled with [35S]methionine. Membranes were pelleted after treatment at 
pH 7.5 or 11, as indicated. Membrane pellets (p) and supernatants (s) were processed for immunoprecipitation and 
analysed by SDS-15% PAGE. The positions and masses (in kDa) of the molecular mass protein markers are 
indicated. (A) Autoradiographic image of the gel. The glycosylated 8ab+-EGFP and M proteins are indicated by 
the arrows at the right. Only the relevant portion of the gel is shown. (B) Graph of the quantification of the protein 
bands. For each treatment the percentage of each protein present in the soluble and pellet fraction was determined 
by phosphor imager analysis.  
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Secretion of the 8ab+ protein 

Having established that the 8ab+ protein is translocated into the ER we wanted to 

determine its subsequent fate. Since the only hydrophobic domain on the 8ab+ protein 

appears to be cleaved by signal peptidases and the protein locates in the lumen of 

microsomes without an integral membrane association, it is possible that the protein is 

secreted from the cells as a soluble protein. Therefore its secretion was examined. To this 

end vTF7-3 infected OST7-1 cells were transfected with constructs expressing either the 

8ab+-EGFP fusion protein or the untagged 8ab+ protein. The fusion protein is more 

efficiently labeled and precipitated, due to a higher abundance of methionines and cysteines 

and a better antiserum, but to exclude the possibility that secretion might somehow be 

hindered by the EGFP tag the untagged protein was also expressed. The proteins were 

pulse-labeled from 5 to 6 h p.i. and chased for 2 h. Immunoprecipitations were performed 

both on the cell lysate and on the culture medium. Both proteins were clearly detected in 

the cell lysates, but neither could be detected in the medium after the pulse or after the 

chase (data not shown). It thus appeared that the 8ab+ protein is not being secreted by cells. 

To get more information on the intracellular trafficking of the 8ab+ protein, the 

maturation of the N-linked glycans was studied. The 8ab+ and 8ab+-EGFP proteins were 

expressed using the vTF7-3 system, pulse-labeled from 5 to 6 h p.i. followed by a 2 h 

chase. The cells and media were collected together and processed for immunoprecipitation, 

after which the proteins were treated with PNGaseF or endoH or mock treated. While 

PNGaseF removes all the N-linked carbohydrates, endoH is only able to remove N-linked 

glycans of the high mannose type that have not been further modified by enzymes present 

in the medial or trans Golgi comparmtent. Hence, resistance to endoH is indicative of 

transport of the protein through the medial and trans Golgi cisternae. The 8ab+ proteins both 

remained sensitive to endoH even after the 2 h chase (Fig. 6). The M protein, which 

localizes in the Golgi compartment and was therefore taken along as a control, was already 

partially resistant to endoH after the pulse-labeling and its resistance had increased after the 

chase (data not shown). These results confirm that the 8ab+ does not travel along the 

secretory pathway through the Golgi compartment for secretion out of the cells, but appears 

to remain in the ER. 
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Figure 6. Maturation of the oligosaccharides N-linked to the 8ab+ protein. vTF7-3 infected OST7-1 cells were 
transfected with constructs encoding 8ab+ or 8ab+-EGFP. The cells were labeled with [35S]-labeled amino acids 
from 5 to 6 h p.i., lysed directly (pulse) or chased for 2 h before lysis (chase) and processed for 
immunoprecipitation with antiserum against 8ab+ or the EGFP tag. Precipitated immunocomplexes were treated 
with PNGaseF (F), endoH (H) or mock treated (-) followed by SDS-15% PAGE analysis. The positions and 
masses (in kDa) of molecular mass protein markers are indicated. Only the relevant portions of the gels are shown. 

 

Multimerization of the 8ab+ protein 

Having established that the 8ab+ protein resides in the lumen of the ER as a soluble 

protein we wanted to further investigate the protein’s fate. As the 8ab+ protein contains as 

many as 10 cysteine residues, we examined whether it engages in homologous protein-

protein interactions by comparing its electrophoretic mobility under reducing and non-

reducing conditions. The 8ab+-EGFP and the 8b-EGFP protein were expressed in parallel 

using the vTF7-3 expression system and labeled from 5 to 6 h p.i. with 35S-labeled 

methionine. Cell lysates were processed for immunoprecipitation using the EGFP anti-

serum. The immunoprecipitated material was suspended in sample buffer either with or 

without β-mercaptoethanol and after heating for 1 min analysed by SDS-PAGE. In the 

presence of β-mercaptoethanol both proteins appeared mainly as single bands (Fig. 7A). 

These same bands were still observed in its absence but some slower migrating forms were 

additionally detected in the case of the 8ab+-EGFP protein. Apparently, this protein has a 

tendency to associate into covalently linked multimeric complexes, which seem to occur as 

dimers and higher-order assemblies. 

To support these multimerization data, a co-immunoprecipitation experiment was 

performed using the EGFP-tagged and untagged 8ab+ proteins. OST7-1 cells were infected 

with vTF7-3 and co-transfected with constructs encoding the 8ab+ or the 8ab+-EGFP 

proteins. The cells were labeled with 35S-labeled methionine from 5 to 6 h p.i. after which 

they were lysed and processed for immunoprecipitation using the EGFP or the 8ab+ 

antiserum. The EGFP antiserum did not precipitate the 8ab+ protein when it was expressed 

alone (Fig. 7B). However, when the tagged and untagged 8ab+ proteins were expressed 

together, the 8ab+-EGFP protein was precipitated but also a protein with the same 

molecular mass as the 8ab+ protein that was not detected when 8ab+-EGFP was expressed 

alone. This indicates that there is an interaction between the 8ab+-EGFP protein and the 

untagged 8ab+ protein and confirms the earlier observations on the multimerization of the 

8ab+ protein. 



Monique Oostra       The 29-nt deletion in human SARS-CoV ORF8 
 

 135 

 

Figure 7. Multimerization of the 8ab+ protein. (A) vTF7-3 infected OST7-1 cells were transfected with 
constructs encoding 8b-EGFP or 8ab+-EGFP. The cells were labeled with [35S]methionine from 5 to 6 h p.i., lysed 
and processed for immunoprecipitation with the rabbit antiserum against the EGFP tag. The precipitated proteins 
were analysed by SDS-12,5% PAGE under reducing (+β-ME) or non-reducing (-β-ME) conditions. (B) vTF7-3 
infected OST7-1 cells were transfected with constructs encoding 8ab+ and/or 8ab+-EGFP. The cells were labeled 
with 35S-labeled amino acids form 5 to 6 h p.i., lysed and processed for immunoprecipitation with rabbit antiserum 
against the EGFP-tag (upper gel) or against 8ab+ (bottom gel). The precipitated proteins were analysed by SDS-
15% PAGE. The bottom gel only shows the expression of the 8ab+ protein. The positions and masses (in kDa) of 
the molecular mass protein markers are indicated. Only the relevant portions of the gels are shown. 

 
 
DISCUSSION 
 

SARS-CoV is the genetically most complex coronavirus presently known. In this 

respect its position among the Coronaviridae is somewhat comparable with that of the 

lentiviruses within the retrovirus family. SARS-CoVs encode an extended range of 

accessory proteins shown to be dispensable for replication in cell culture (47) but for which 

the significance in the animal or human host has not yet been established. However, as 

became already clear from work with other coronaviruses (6, 12, 30), these proteins 
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contribute critically to the clinical outcome of host infection. Intriguingly, when a virus 

changes its host species, as was the case for the zoonotic transmission of the SARS-CoV, 

the role of accessory proteins under the new conditions may change as well. This notion 

arises in particular in relation to ORF8. SARS-CoVs isolated from masked palm civets, 

which are considered to have been the immediate animal source for transmission to 

humans, and from humans during the earliest phases of the SARS outbreak contained an 

intact ORF8. As we showed here, a glycoprotein is expressed from this ORF that is 

delivered to the lumen of the ER with the aid of a N-terminal signal sequence, where it 

remains and supposedly has its function. However, the 29-nt deletion in ORF8 acquired 

very soon after the zoonotic transmission and observed in all subsequent human isolates 

entirely disrupts the expression of a functional protein. Whether and how this remarkable 

evolutionary event in the adaptation of SARS-CoV from masked palm civets to humans has 

contributed to the course and severity of the epidemic by affecting viral pathogenicity and 

spread are the key questions yet to be addressed. 

The 29-nt deletion gives rise to two ORFs, both of which encode non-functional 

protein products. The 5’-terminal ORF8a specifies a 39-amino acid long polypeptide of 

which the first 35 are identical to the N-terminal part of the ORF8 primary product; the 

remaining 4 residues are acquired by translation from another reading frame that is engaged 

due to the deletion. We have been unable to study the fate of this polypeptide due to the 

lack of a proper antiserum. It is quite unlikely, however, that it undergoes the same 

targeting and processing as the full-length 8ab+ protein. Given its small size the polypeptide 

is probably already released from the ribosome before the N-terminal signal sequence has 

been recognized by the SRP (28). Due to the strict co-translational nature of the eukaryotic 

SRP action, the polypeptide will thus not be delivered to the ER and the protein will remain 

in its precursor form in the cytosol. Alternatively, if the precursor would somehow succeed 

to become inserted post-translationally into the ER membrane, cleavage of its signal 

sequence would release a probably non-functional 24-residue fragment of the 107-residue 

mature 8ab+ protein. It has been demonstrated that antibodies to the 8a protein can be 

detected in sera from a small fraction of SARS patients (3), indicating that ORF8a is indeed 

expressed in the human host. Using expression of a N-terminally HA-tagged form of the 8a 

protein these authors additionally reported that the polypeptide localizes in mitochondria, 

induces apoptosis and enhances SARS-CoV replication. It is, however, unclear to what 

extent these observations were influenced by the presence of the hydrophilic extension 

preceding the signal sequence. 

In contrast to previous reports to the contrary (15), we were unable to detect an 

ORF8b protein in SARS-CoV infected cells. This was also the case when we used the 

vaccinia virus T7 expression system to express a construct containing the ORF8b in its viral 

context, i.e. behind the ORF8a. It was even the case when we mimicked the ORF8 mRNA, 

known to be transcribed in SARS-CoV infected cells using the TRS occurring directly 
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upstream of ORF8 (41), by providing the construct with the 5’ viral leader sequence. The 

lack of ORF8b expression did not come as a surprise. Its expression would require 

translation initiation at an internal AUG codon on the mRNA by one of two possible 

mechanisms. The first, translation via leaky ribosomal scanning, is mainly seen when the 

upstream AUG is in a very poor translational context (18). Though the sequence around the 

start codon of ORF8a may not be in the most optimal Kozak context, it does fulfill the most 

important requirement of a purine at the -3 position (17). Moreover, the context of the 

ORF8b start codon is considerably less optimal and, this is the fourth AUG codon that 

would be encountered. Leaky ribosomal scanning is, however, the manner by which the 

SARS-CoV ORF7b (34) and the infectious bronchitis virus ORF3b (24) are translated. The 

second mechanism involves direct ribosomal initiation at the internal AUG, a process also 

not uncommon in coronavirus replication. Proteins like the MHV and IBV E protein (24, 

42) and the transmissible gastroenteritis virus accessory protein 3b (27) are expressed this 

way. The process is critically dependent on the mRNA secondary structure preceding the 

AUG. It is extremely unlikely that the 29-nt deletion in ORF8 would have accidentally 

created such an IRES for which there was no need in the parental virus. Consistent with all 

these considerations the occurrence of antibodies against the 8b protein in SARS patients 

has not been reported. Though this might be due to the protein’s poor immunogenicity, our 

ability to induce 8b antibodies in rabbits argues against this explanation.  

The 8b protein tagged at its C-terminus with EGFP appeared to be highly unstable. 

Expressed using the vaccinia virus system, it was degraded almost completely within 2 

hours. It is apparently targeted to the proteasome, because due to the lack of a signal 

sequence it is mislocalized to the cytoplasm, where it occurs as a soluble protein that does 

not properly oligomerize and mature. These characteristics are very different from those of 

the 8ab+ protein as it is encoded by the ORF8 of animal and early epidemic human SARS-

CoV isolates. For this protein no obvious degradation was observed after 2 h. We 

demonstrated that the 8ab+ protein is translocated via a cleavable signal sequence to the 

lumen of the ER, where it becomes N-glycosylated and forms homomultimeric complexes. 

The most likely fate of such a soluble, lumenal ER protein is secretion, as was found, for 

instance, for the FIPV 7b protein (previously called 6b), another soluble glycoprotein with a 

cleavable signal sequence (44). This protein appeared to be secreted significantly faster 

from FIPV-infected cells than when expressed individually (44), indicating that the 

infection conditions somehow affected the protein’s transport. We could not, however, find 

any evidence for secretion of the expressed SARS-CoV 8ab+ protein. Based also on the 

maturation state of its N-glycans we conclude that the protein is retained and accumulates 

in the ER. It is unclear what causes this retention; the protein appears not to exhibit a 

known ER-retention signal in its sequence (32). It remains to be established whether the 

protein is also retained in the ER in virus-infected cells or whether under these 

circumstances the protein is secreted. The 8ab+ protein has been shown to interact with 
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several other viral proteins, such as the S, M, 3a and 7a proteins (15), and these interactions 

are likely to affect the fate of the protein in virus-infected cells. 

We can only speculate about the function of the 8ab+ protein. While the interactions 

with the structural proteins just mentioned are probably advantageous in the animal hosts as 

judged from the conservation of ORF8, the acquired deletion indicates that these 

interactions are not essential in the human host. But whether this disruption of ORF8 was 

beneficial for the virus and contributed to the selection and predominance of mutants 

carrying this deletion will probably be hard to establish. In civet cats the clinical signs of 

SARS-CoV infection did not appear to be affected by the absence or presence of the ORF8 

deletion (46). What might be still learned from sequence analyses of human cases is 

whether the 29-nt deletion really occurred just once and gave rise to the viruses that 

subsequently spread across the globe, or whether there were multiple, independent identical 

events. It is of note that, later during the SARS epidemic, some human virus isolates have 

been described carrying additional deletions, i.e. a cluster of viruses with a 82-nt deletion in 

the same region of ORF8 (5), and at least two viruses with a 415-nt deletion entirely 

removing ORF8 (4, 5). The observations are consistent with the conclusion that, if there is 

any effect of the 29-nt deletion, it is more likely caused by the loss of the 8ab+ protein than 

by the gain of a new open reading frame. 

 

 

NOTE ADDED IN PROOF 

After the completion of this work another study appeared about the properties of the 

proteins expressed from SAR-CoV ORF8 (23). The results of this study are largely 

consistent with the data presented here. 
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Viruses use cellular membranes and membrane-mediated intracellular transport 

pathways for many steps of their life cycle. This starts already when the virus has to make 

contact with the host cell in order to cross the plasma membrane and release its genome 

into the cell. Many viruses subsequently use cytoplasmic membrane structures for the 

replication and transcription of their genomes. Once proteins are translated they are often 

processed in cellular compartments and transported to their predestined location. New 

viruses are then assembled during which enveloped viruses acquire a lipid membrane that 

they capture from the infected cell. Finally the viruses are released by processes involving 

cellular transport pathways and cellular vesicular carriers. 

The work described in this thesis involves the characterization of a number of 

SARS-CoV membrane proteins, representing different functional categories. The replicase 

proteins, nsp3, nsp4 and nsp6, were characterized as a first step in the elucidation of their 

role in the membrane anchoring of the replication complex. Furthermore, the accessory 

proteins, 3a and 8ab+ were studied. The 3a protein is an integral membrane protein that is 

incorporated into virus particles. It displays several similarities to the coronavirus M protein 

and characterization of this protein was therefore included in order to be able to make 

comparisons between these proteins. The 8ab+ protein is associated with membranes but is 

not an integral membrane protein. The proteins in the ORF8 region were mainly studied 

because of their possible evolutionary role in the transmission of the SARS-CoV to 

humans. 

In this final chapter the results of the described work will be integrated in a more 

general discussion on the role of membrane proteins during the different phases of a viral 

infection. Emphasis will be on the role of membranes in the replication/transcription 

complex and on the functions of accessory proteins since these are also the main themes in 

the previous chapters. To apply the necessary focus the discussion will be limited to RNA 

viruses and will concentrate mainly on positive-stranded and enveloped viruses. 

 

 

MEMBRANE-BOUND REPLICATION COMPLEXES 
 

Following or during virus entry the viral genome is released into the cytoplasm of 

the cell. For most RNA viruses the replication and transcription of the genome takes place 

in the cytoplasm in association with specific structures. These can be the nucleocapsids of 

negative-strand RNA viruses, subviral particles of double-stranded RNA viruses or 

membrane-bound replication complexes for positive-strand RNA viruses. Here only the 

latter will be discussed. The virus induced membrane structures facilitate the recruitment of 

all the necessary components to the replication complex and probably shield double-

stranded replication intermediates, formed during replication of the positive-strand RNA 

genomes, from recognition by host cell defense mechanisms. The membrane-bound 
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replication complexes of different viruses are morphologically diverse and the membranes 

originate from different cellular compartments. Here, comparisons will be made between 

coronaviruses and other viruses of which the replication complexes have been well 

characterized; picornaviruses (poliovirus), togaviruses (alphaviruses), and flaviviruses. In 

general, membrane anchoring of the replication complex is established by membrane-bound 

nonstructural proteins (nsp’s) and therefore these proteins will be discussed in more detail. 

 

Membranous replication structures 

Replication of viruses belonging to the coronaviridae and arteriviridae, two 

different families within the order of Nidovirales, takes place on virus induced double-

membrane vesicles (DMVs) (49, 90, 107, 123). The presence of double membranes in 

replication complexes seems to be very common. Infection of mammalian cells with 

members of the picornaviridae family results in a dramatic vesiculation and disintegration 

of intracellular membrane structures (12, 43, 48, 66, 86), giving rise to membranous 

vesicles, which assemble into specific higher-order structures (9, 10, 12) and are the sites of 

picornavirus replication. Togaviruses carry out their RNA replication in association with 

spherical invaginations, known as cytophathic vacuoles (CPVs), lined with membrane 

spherules, thereby creating regions with double membranes (7, 67). Flavivirus infection is 

associated with the induction and proliferation of complex cytoplasmic membrane 

structures termed convoluted membranes (CM) and clusters of small vesicles called vesicle 

packets (VP) (79, 130). The CM are presumed to be the site for proteolytic cleavage of the 

viral precursor polyprotein (130), whereas the VP are the site of viral replication (78, 79, 

129-131).  

Flavivirus double-stranded RNA replication intermediates are located inside the 

double-membraned vesicles in the VP whereas newly formed single-stranded viral RNA 

protrudes into the intermembrane space of these vesicles (121). This organization likely 

provides the shielding of replication intermediates from the host cell defense mechanisms 

against double-stranded RNA, although it is not obvious why double membranes would be 

required for this. The role of the conserved double membranes likely involves more than 

just protection of replication intermediates. For flaviviruses it has been shown that the inner 

and outer membranes of the vesicles differ in composition, which might reflect their 

derivation from different host organelles or a difference in association of viral or host 

proteins (121). Possibly the separate membranes are brought together in double-membrane 

structures via interactions of proteins inserted in or connected to the individual membranes.  

The interior of the alphavirus spherules is in direct contact with the cytoplasm. Also 

for coronaviruses and for poliovirus some EM images reveal gaps in the double membrane 

of the vesicles, where the inner and outer membranes are continuous and the inner vesicle 

content is connected with the cytoplasm (90, 103, 108). Replication of coronaviruses and 

picornaviruses was shown to take place at the cytoplasmic surface of the membranous 
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vesicles (36, 106). The interaction of two membranes with different protein compositions 

would make it possible to organize all replication components that are associated with the 

cytoplasmic face of the membrane on one membrane, thereby localizing them inside the 

spherules or vesicles, where they are protected from the host cell defense mechanisms. The 

open connection with the cytoplasm would then allow easy import of essential components 

such as ribonucleotides and export of the genomic and subgenomic RNAs for translation or 

packaging.  

 

Membrane origin of replication structures 

Whereas the replication structures for arteriviruses seem to be derived from the 

endoplasmic reticulum (ER) (90), the membrane origin of the coronavirus structures is still 

under debate. Several cellular pathways and organelles, such as the ER, Golgi complex, 

endosomal/lysosomal system and the autophagic pathway, have been implicated in their 

formation (93, 107, 108, 122). For picornaviruses the replication vesicles were shown to be 

derived from the ER, whereas for togaviruses the structures originate from endosomes and 

lysosomes (40). The VP and CM of flaviviruses represent distinct cellular compartments, 

but appear to be connected via an association with the rough ER (78). The CM of kunjin 

virus were found to be derived from the intermediate compartment (130), whereas its VP 

originate from membranes of the trans-Golgi network (78, 79, 129-131). However, for 

dengue virus the replication structures were shown to be derived from the ER (83, 84).  

The determination of the origin of membranes in the replication structures appears to 

be quite difficult. There are several examples of studies with contradicting results for 

identical viruses or viruses from the same family, such as for the coronaviruses and 

flaviviruses. However, although the origin of the membranes appears to differ between 

viruses, the actual composition of the replication structures might be less diverse. Despite 

their ER origin, poliovirus replication structures were shown to contain proteins from the 

ER as well as from the Golgi complex and lysosomes. Therefore the protein composition of 

replication structures might be just as dependent on recruitment of proteins from other 

compartments, either via protein-protein interactions or through fusion events, as on the 

presence of proteins in the compartment that provides the membranes. This might also 

reflect the difficulty of characterizing the membrane origin, which could also be related to 

the fact that viruses appear to be quite effective in modifying cellular membranes and 

pathways. These modifications might lead to the exclusion of marker proteins for cellular 

compartments in the replication structures, making it hard to determine the origin of the 

membranes.  

 

Cellular pathways involved in the generation of replication structures 

The poliovirus replication vesicles are formed at the ER via the cellular COPII 

budding mechanism and are thus homologous to the vesicles of the anterograde membrane 
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transport pathway (97). However, poliovirus-induced vesicles do not fuse with downstream 

compartments, but accumulate in the cytoplasm and retain the COPII coat components at 

the surface (97). Also activated Arf proteins appear to play a role in the formation of 

poliovirus replication complexes. In activated state Arf is stably associated with membranes 

and can initiate vesicle formation by deforming membrane curvature and attracting other 

effectors, such as coat and adaptor proteins, that promote formation of secretory vesicles. 

The proteins that activate Arf (GEFs) are recruited by poliovirus proteins (9).  

In the formation of the coronavirus replication structures the cellular pathways, more 

specifically the early secretory pathway, seems to be involved as well, as we demonstrated 

in chapter 2. We show the importance of Sar1, a GTPase required for export of proteins out 

of the ER and recruitment of COPII subunits (5, 52), for coronaviral replication. The use an 

inhibitor (H89) or a dominant negative mutant of Sar1 gave rise to a severe decrease in 

replication of MHV. Together with unpublished results showing that siRNAs against Arf1 

or its activator GBF-1 also severely inhibit MHV replication (H. Verheije and X. de Haan, 

personal communication), this clearly demonstrates the involvement of the early secretory 

pathway in coronavirus replication. 

Also the potential role of the autophagy pathway in the formation of positive-strand 

RNA virus replication structures is an interesting aspect. The double-membrane vesicles 

used by many viruses as the site of replication very much resemble autophagosomes that 

are usually induced by cells to clean up protein aggregates or cytoplasmic organelles via 

fusion with lysosomes (71, 135). There is evidence that the autophagy pathway is necessary 

for the replication of both MHV and poliovirus (60, 93), although this has recently been 

contradicted for MHV (140). Still, the resemblance of the structures is striking and 

involvement of at least part of this pathway seems plausible. However, the question remains 

whether the virus uses this machinery for the induction of replication structures or whether 

autophagy is induced by the cell as a defense mechanism against the virus but the 

completion of this process is prevented by the virus. The latter interpretation could possibly 

explain why the virus replicates in a specialized compartment rather than in direct 

association with the ER itself. 

 

Nonstructural proteins 

Not much is known about how the coronavirus replication complexes are induced 

and sustained. All coronavirus nsp’s involved in viral replication as well as the 

nucleocapsid protein localize to the DMVs (17, 49, 94, 107, 122). There is evidence that the 

nucleocapsid protein and some of the nsp’s only localize to the replication sites early in 

infection but might be redistributed to the assembly sites later in infection, however this 

does not appear to be the case for all coronaviruses (15, 108). Also for picornaviruses and 

togaviruses all nsp’s localize to the replication structures where they, and their processing 

intermediates, assemble together with some cellular proteins and the viral RNA into a 
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replication complex (11, 67). In flavivirus infections two of the nsp’s were found to 

colocalize with the CM, which is in agreement with their function in proteolytic processing. 

One of these and all other nsp’s have been shown to localize to the VP, reflecting their 

function in viral replication (80, 128, 130). Some of the viral nsp’s might associate with the 

replication complex via their own membrane binding domains, while others are recruited to 

the complex by protein/protein or protein/RNA interactions. Recently, several interactions 

between coronaviral nsp’s have been described. Especially nsp8 and nsp2 were found to 

interact with several of the other nsp’s (125). The interaction of many different nsp’s with 

nsp2 was quite surprising since this protein has been shown to be dispensable for 

coronavirus replication (51).  

All positive-strand RNA virus nonstructural proteins are produced from polyprotein 

precursors. For many viruses also the structural proteins are produced by this same 

mechanism, however for coronaviruses only the nsp’s are derived from a polyprotein. The 

proteolytic cleavages giving rise to the mature proteins are well-regulated time-dependent 

processes, some cleavages occurring co-translationally whereas others take place at 

different times post translation. During the processing, intermediates are thus generated that 

are made up of several nsp’s and only exist for a limited time span until further processing 

takes place. In many cases these proteolytic intermediates also play a role in the viral 

replication. Even though coronaviruses express as many as 16 mature nsp’s, which is a lot 

more than most other positive-strand RNA viruses, also here some of the intermediate 

products appear to have specific functions (33, 99). Although the coronavirus transcription 

mechanism, including the production of negative- and positive-strand subgenomic mRNAs, 

might be somewhat more complex than that of other positive-strand RNA viruses, it is 

remarkable that coronaviruses possess so much more replicase proteins and additionally 

also contain functional proteolytic intermediates. Possibly this diminishes the requirement 

of cellular proteins in their replication process or alternatively other functions might be 

comprised within these nonstructural proteins that are not directly involved in the 

replication or transcription. 

Generally two types of nonstructural proteins can be distinguished, proteins with 

structural functions in the formation of the replication complexes and proteins with 

enzymatic functions directly involved in the replication and/or transcription, such as the 

polymerases and helicases. The fact that initially these different proteins are often still part 

of the same polyprotein guarantees the targeting of the ‘enzymatic’ proteins and proper 

assembly of the membrane-associated RNA replication complex. In general the ‘structural’ 

nsp’s are located upstream of the ‘enzymatic’ nsp’s and in coronaviruses and alphaviruses 

they are produced in excess to the ‘enzymatic’ nsp’s, since the latter are produced only after 

read-through of a stop codon. This illustrates the importance of the ‘structural’ nsp’s for the 

functioning of the replication complex. In coronaviruses the first three nsp’s are released 

co-translationally whereas the remaining nsp’s are cleaved post-translationally. The latter 
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are therefore likely targeted to membranes as a polyprotein and might be processed only 

after the replication structures have been formed, which would circumvent the recruitment 

of each of the individual components. This is also in agreement with a study on 

temperature-sensitive mutants, which demonstrated that variants containing mutations in 

the 3’ part of ORF1a were unable to complement each other (99). However, the co-

translational cleavage of the first three nsp’s allows different, independent targeting of these 

proteins and this might contribute to the different protein composition of the inner and outer 

membranes of the DMVs. 

 

Induction of replication structures 

The induction of membranous replication structures and the membrane anchoring of 

the replication complex are most likely arranged by the hydrophobic ‘structural’ nsp’s. For 

several viruses the separate expression of some of these nsp’s, either individually or in 

combinations, leads to the formation of membranous structures that closely resemble the 

replication structures. The arterivirus replication complex appears to be membrane-

anchored by the joint action of nsp2 and nsp3. Coexpression of these two proteins is 

necessary and sufficient for the development of double-membrane vesicles, that resemble 

the DMVs induced in infected cells (109). Whether this also holds true for the homologous 

proteins in coronaviruses remains to be determined.  

Individually expressed poliovirus proteins derived from the P2 region (2BC and 2C) 

appear to target to the ER and induce major membrane alterations that resemble replication 

vesicles formed during infection (13, 22, 118). However, co-expression of 2BC and 3A 

resulted in the formation of vesicles whose properties and morphology were most similar to 

those of poliovirus induced vesicles (114). Also in togaviruses two proteins appear to be 

necessary for the formation of replication complex like structures (92). Intracellular 

vesicles that resemble CPVs were detected when a polyprotein was expressed that 

contained both nsP1 and nsP3, in which nsP1 is responsible for the membrane association 

of the replication complex, but nsP3 is required for correct targeting and formation of CPVs 

(98). However, for dengue virus the individual expression of NS4A resulted in the 

induction of cytoplasmic membrane alterations resembling virus induced structures (83, 

96). This suggests that NS4A might on its own be responsible for the induction of the 

replication structures and for the membrane anchoring of the complex.  

It is remarkable that, except for flaviviruses, in all cases 2 proteins appear to be 

required for the formation of the membrane structures resembling replication structures. 

This might somehow be related to the two membranes that surround the replication 

complexes. The two proteins might be targeted to different membranes of the DMV. The 

fact that one of the involved alphavirus nsp’s is not itself membrane associated appears to 

contradict the idea that the proteins are each associated with one of these membranes, 

although this protein might interact with a cellular membrane protein and thereby recruit a 
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second membrane. However, it seems a plausible option for the arteriviruses and 

coronaviruses, especially since the involved nsp’s for arteriviruses (nsp2 and nsp3) and 

their homologues (nsp3 and nsp4) in coronaviruses are co-translationally cleaved and could 

thus be targeted to independent membranes. The subsequent assembly of the double-

membrane vesicles could be established via interaction between the two proteins, which 

have been demonstrated to interact firmly (110) (our unpublished data). 

 

Membrane-association of nonstructural proteins 

The virally encoded hydrophobic nsp’s are not all integral membrane proteins, some 

are only peripherally associated with membranes. In fact, the presence of hydrophobic or 

amphipathic regions that are associated with membranes, but do not actually span the lipid 

bilayer, appears to be a common theme in nonstructural proteins. In coronaviruses 

hydrophobic regions are located within nsp3, nsp4 and nsp6. In chapters 2 and 3 of this 

thesis we described the characterization of these proteins as a first step in the elucidation of 

their role in the membrane anchoring of the replication complex. All three nsp’s were 

shown to be integral membrane proteins. Since nsp4 of MHV and SARS-CoV is N-

glycosylated and both the amino and carboxy termini are located in the cytoplasm, it 

contains at least two transmembrane domains, although the first one is partially cleaved off 

by signal peptidases in the case of the SARS-CoV protein (chapter 2). Whether all four 

predicted transmembrane domains actually span the bilayer is currently under investigation. 

Nsp3 and nsp6 also have a Nendo/Cendo membrane topology and contain 2 and 6 

transmembrane domains, respectively. Both of these proteins contain, in addition to the 

transmembrane domains, also a hydrophobic domain that does not span the lipid bilayer 

(chapter 3).  

Picornaviruses also contain three hydrophobic nsp’s, 2B, 2C and 3A. The 2B protein 

has a predicted alpha-helix and a potential transmembrane domain (31). The major 

membrane targeting determinant of 2C has been attributed to the amino terminal region, 

which is predicted to form an amphipathic helix (34, 35, 84, 117, 118). Mutations that 

disrupt this helix were shown to impair viral RNA synthesis (88). The 3A protein contains a 

membrane binding region near its C-terminus, part of which is predicted to form an 

amphipathic helix (119). Mutations in this domain were shown to be either lethal to the 

virus or to result in impaired RNA replication (44). The hydrophobic anchor in the 3AB 

protein was shown to assume a non-transmembrane configuration, whereas in the 3A 

protein it adopts a combination of transmembrane and non-transmembrane conformations 

(41).  

Also the togavirus hydrophobic nsp, nsP1, is not a genuine integral membrane 

protein, rather palmitoylation and the presence of an amphipathic helix seem to play a role 

in its membrane association (2, 68, 92). The palmitoylation of nsP1 is not necessary for the 

formation of replication sites, although mutations preventing palmitoylation do attenuate 
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the virus (1, 142). The amphipathic helix was shown to be crucial for membrane association 

of nsP1 and of the replication complex and disruption of this structure was lethal to the 

virus (113). Flaviviruses contain three hydrophobic nsp’s, NS2A, NS4A and NS4B, (19, 

80). The dengue virus nsp’s 4A and 4B are integral membrane proteins. NS4A associates 

with membranes via 4 internal hydrophobic regions, three of which function as 

transmembrane domains (83), whereas NS4B, the largest of the flavivirus hydrophobic 

nsp’s, contains five hydrophobic domains, of which only the most C-terminal three appear 

to be membrane-spanning (84).  

The non-membrane spanning hydrophobic domains in the nonstructural proteins, 

which appears to be a common theme, might be involved in the induction of curvature for 

the formation of the replication structures. This property is often found for proteins 

containing amphipathic helices, which can act like a wedge in the membrane and thereby 

induce curvature (82, 141). Alternatively, the hydrophobic domains might interact with 

each other in homotypic or heterotypic interactions. However, further research is required 

to resolve the role of these domains. 

 

 

ACCESSORY PROTEINS 
 

In addition to the replicase and the structural proteins, viruses often also encode 

proteins that are not directly required for the virus life cycle, but which do enable, facilitate 

or modulate the infection. These proteins usually act by interfering with cellular processes 

or by modulating virus-host interactions at the level of the organism. Often these proteins 

are important during infection in the natural host, but dispensable for virus propagation in 

cell culture and they are therefore referred to as accessory proteins. In many cases the exact 

functions of the accessory proteins are not known yet.  

 

Coronavirus accessory proteins 

All coronaviruses contain accessory genes located in the 3’ region of the genome 

between the genes encoding the structural proteins. For many of the animal coronaviruses it 

is possible to study mutant viruses in their natural host. Yet, not much is known about the 

functions of the accessory proteins in these coronaviruses. It has been shown for several 

viruses that they are dispensable for virus propagation in cell culture and that their deletion 

often attenuates the viruses in their hosts (18, 30, 54, 55, 87). Besides the accessory genes 

located in the 3’ end of the genome, it was recently demonstrated that one of the replicase 

proteins, nsp2, is also dispensable for viral replication in vitro, although its necessity in 

vivo remains to be established (51). 

Functions have been assigned to several of the SARS-CoV accessory proteins. Quite 

surprisingly some proteins were found to be incorporated into the virus particle and might 
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have some structural role (57-59, 100). Especially the ORF3a protein is interesting in this 

aspect, since this protein exhibits several similarities to the coronavirus M protein, 

particularly regarding its membrane integration, intracellular localization, protein 

interactions and processing. In chapter 4 we describe the characterization of this protein and 

we elucidate its O-glycosylation, which is a common modification for the M proteins of all 

group 2 coronaviruses, except for that of the SARS-CoV, since this M protein is N-

glycosylated.  

Interferon antagonizing activity has also been ascribed to some SARS-CoV 

accessory proteins and a number of proteins were shown to induce apoptosis (65, 69, 116, 

137). The latter functions were, however, determined for proteins that were expressed 

separately and it is not known whether these properties also hold true in the context of a 

viral infection. To study the functions of the accessory proteins in virus infections a system 

to generate mutant viruses and a good animal model are required. Reverse genetics systems 

to mutate the SARS-CoV genome have been established based on molecular cDNA clones 

(4, 136). However, an adequate animal model for the SARS-CoV infection is still lacking.  

Such a model would be of particular importance to study the effect(s) on host 

infection of the deletion found to have occurred naturally in the ORF8 region. We have 

characterized the proteins expressed from this region and found that without the deletion an 

N-glycosylated soluble protein is produced that resides in the lumen of the ER (chapter 5). 

However, the presence of the deletion disrupts this ORF and leaves two ORFs of which the 

first one encodes a protein that is too small to be translocated to the ER. The second one is 

not or only very inefficiently translated and when the encoded protein is expressed by 

placing its ORF behind a suitable promoter it is highly unstable. The disruption of 

functional protein expression from this region might be of evolutionary relevance. 

 

Accessory proteins in RNA viruses 

Although several of the accessory protein functions are likely to be virus specific, 

there may also be some common themes. Hence, it would be interesting to find out if 

similar functions are contained within accessory proteins of otherwise quite different 

viruses. The SARS-CoV possesses more accessory proteins than any other coronavirus 

known, a characteristic shared by lentiviruses, which belong to the family of retroviridae 

but contain larger genomes and more genes than other retroviruses. The extra genes encode 

two regulatory proteins, Tat (transcriptional transactivator) and Rev (regulator of virion 

gene expression) that perform regulatory functions essential for viral replication, and four 

accessory proteins, Nef (negative effector), Vif (viral infectivity factor), Vpr (viral protein 

r) and Vpu (viral protein u), that are not essential for viral reproduction in cell lines, but do 

modulate virus replication and are essential for efficient virus production in vivo (21, 37, 

38). Unlike the coronavirus accessory proteins, the lentivirus accessory protein functions 

are quite well characterized (105). 



Monique Oostra      General discussion 
 

 153 

One of the functions of accessory proteins appears be the escape from the host 

immune system. Whereas the lentivirus accessory proteins Nef and Vpu do this at this level 

of preventing recognition by cytotoxic T-cells via downregulation of MHC class I cell 

surface expression (14, 16, 63, 89, 104), the SARS-CoV accessory proteins seem to inhibit 

the immune system at the level of the innate immune response by acting as interferon 

antagonists (65). Evasion of the interferon system is also seen in many other viruses, such 

as paramyxoviruses, ebolavirus and hepatitis C virus (8, 42, 50). Infection with different 

coronaviruses in cell culture also does not elicit an induction of the interferon response (70, 

111, 124). Yet, exogenously added IFN-β, and to some extent IFN-α, inhibits SARS-CoV 

growth in tissue culture (25, 112) and treatment with IFN-α can protect experimentally 

infected macaques and may alleviate symptoms in SARS patients (53, 76). This clearly 

demonstrates that the SARS-CoV is susceptible to interferon and that evasion of this 

system is an effective way to enhance viral infectivity and hence pathogenesis. It is 

remarkable that the SARS-CoV encodes at least four proteins that interfere with the 

interferon response; the ORF3b and ORF6 proteins, the N protein and nsp1 (39, 61, 65). 

Although the exact mode of action of each of these proteins has not been established yet, it 

seems likely that the proteins use different strategies to evade the interferon response and 

therefore the joint action of all of these proteins might be highly effective. This could 

possibly have contributed to the severe pathogenesis of this virus. 

Promotion of apoptosis is also a function that has been assigned to several lentivirus 

and SARS-CoV accessory proteins as well as to influenza virus and reovirus proteins (3, 

26, 29, 120). Presumably, this process plays a role in the pathogenicity of the viral 

infections. The lentivirus Vpr protein contains both pro- and anti-apoptotic activities, which 

are strictly regulated during the course of infection (29). No anti-apoptotic activities have 

been described for any of the SARS-CoV proteins, but there are several proteins that 

contain pro-apoptotic activity, including the accessory proteins encoded by ORF3a, ORF3b, 

ORF7a and ORF7b (69, 101, 116, 137). Although this function was assigned to these 

proteins after experiments with separately expressed proteins, the induction of apoptosis 

has also been observed after SARS-CoV infection in tissue culture (24, 85, 95, 133) and in 

various infected tissues from SARS patients (20, 32, 91, 126). Apoptosis is also observed 

after infections with other coronaviruses (27, 28, 74, 75). Besides the accessory proteins 

also all SARS-CoV structural proteins and one of the replicase protein were claimed to be 

capable of inducing apoptosis (23, 73, 115, 134, 139), although it remains to be established 

which of these proteins also has this function in the context of the virus. Again, the 

different proteins may use different mechanisms for the induction of apoptosis. Although 

these mechanisms are largely unknown they might be related to these proteins’ abilities to 

interfere with cellular functions such as blocking cell cycle progression, altering membrane 

permeability, activating signal transduction pathways or upregulating transcription factors 

or other regulatory genes. 
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The induction of cell-cycle arrest is another analogy between accessory proteins, 

although the phase of arrest appears to differ; arrest following the S phase in rubella virus, 

G0/G1 arrest in SARS-CoV, G1 and G2/M arrest in reoviruses, and G2 arrest in lentiviruses 

(6, 56, 120, 137, 138). The induction of cell-cycle arrest appears to enhance virus 

production, although the exact mode of action is often unclear. Again, for the SARS-CoV 

two of the accessory proteins appear to be able to perform a similar function in blocking the 

cell cycle progression, i.e. the ORF3b and ORF7a proteins (137, 138). 

Both the SARS-CoV and the lentiviruses encode accessory proteins that are 

incorporated into virions (62, 64, 102). Whereas the incorporation of the lentivirus Nef 

protein was shown to facilitate the fusion of the viral envelope with the host membrane, the 

functions of the other incorporated proteins are still largely unclear. Several accessory 

proteins where shown to be either peripherally membrane-associated or integral membrane 

proteins (45, 127). A striking similarity is the formation of ion channels by some of the 

integral membrane proteins, termed viroporins, which has been demonstrated for poliovirus 

(2B), alphaviruses (6K), lentiviruses (Vpu) and influenza viruses (M2). Viroporin activity 

has also been postulated for the SARS-CoV ORF3a protein (46, 47, 77) and demonstrated 

for the E proteins of several coronaviruses (72, 81, 132). These ion channels are likely to be 

involved in stimulating or modulating virus release. 

 

The SARS-CoV encodes a large number of accessory proteins that generally 

interfere with cellular pathways also exploited by other viruses. Many of these proteins 

appear to have overlapping functions and some of these functions are even also contained 

within the structural proteins. The different proteins are likely to use different mechanisms 

to induce the same effect. This might lead to a more effective establishment of the desired 

effect and could thus contribute to the more severe pathogenicity of this virus. 

Alternatively, the different proteins may perform these functions in different cell types, 

which would allow the virus to achieve similar effect in different infected cells such as, for 

example, the induction of apoptosis, which has been demonstrated in hepatocytes, 

lymphocytes and lung cells. Furthermore, the involvement of different proteins and 

mechanisms would also make it more difficult for the host to evade the viral strategies. 

Clearly, there must be a reason why this virus retains all these proteins with similar 

functions at the cost of a larger genome and this might very well be related to its 

pathogenicity. However, the deletion found in the ORF8 region might be an example of the 

virus loosing a protein which no longer has a function in its new host. 
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CONCLUDING REMARKS 
 

The SARS epidemic that threatened the world in 2003 has given an enormous boost 

to the study of coronaviruses. Actually, the project described in this thesis was also initiated 

immediately following the outbreak of the SARS-CoV. Yet, despite the great burst of 

publications about coronaviruses over these last years, it is quite perplexing how 

rudimentary our insight in their infection still is. This is most easily illustrated here by 

considering the state of our knowledge regarding the process of coronavirus replication and 

with respect to the functions and functioning of the accessory proteins. 

Coronavirus infection induces typical membranous replication structures in cells. 

While this was reported already several years ago, we still know essentially nothing about 

how these structures are generated, which of the viral proteins induce these structures, how 

the replication complexes are assembled and anchored to the membranes and how they 

carry out the regulated processes of RNA replication and transcription. Placed against this 

background our studies of the hydrophobic components of the replication machinery are 

just an initial, yet fundamental, contribution to an understanding of the building of the 

replication complexes, which we did by analyzing the pillars on which the structures are 

formed and the way these pillars are anchored in the membrane. Further studies should 

systematically follow up on this groundwork and establish how the other components of the 

machinery are assembled on this platform and what the cellular contributions are that 

eventually give rise to the functional complexes. Clearly, this will involve difficult and 

tedious work, that will be rewarding as it will certainly reveal interesting and unique 

mechanisms and principles of viral biology.  

The other area of further research will involve the coronavirus encoded functions 

that are not required for viral replication per se, but which are supposedly critical for 

infection at the level of the host or, possibly, the population. At the moment these accessory 

functions appear to be the most intriguing aspect in the biology of coronavirus infections. 

The fact that the SARS-CoV contains several more of these proteins than any of the other 

coronaviruses known to date is really puzzling but it might have contributed to its severe 

pathogenicity. Understanding more about the contributors to pathogenicity is almost 

certainly required to be able to develop rational strategies for the battle against viruses. 

Hence, it will be a particular challenge for the future to find out how these accessory 

proteins function in the interaction of the SARS-CoV with its different hosts. 
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Virussen zijn microscopisch kleine ziekteverwekkers die een gastheer (mens, dier of 

plant) nodig hebben om te overleven, dit in tegenstelling tot veel bacteriën en parasieten. 

Virusdeeltjes bestaan uit genetisch materiaal omgeven door een eiwitkapsel en, in veel 

gevallen, door een membraan (envelop), dat ze verkrijgen van hun gastheercel. Het 

genetisch materiaal (genoom) van virussen kan bestaan uit DNA of RNA. Alle levende 

organismen hebben DNA als genetisch materiaal, hiervan worden de genen overgeschreven 

in RNA kopieën die vervolgens vertaald worden in de vorm van eiwitten.  

De eerste stap in een virusinfectie is het herkennen en binnendringen van de 

gastheercel door het virus. Het virus bindt met één van zijn eiwitten aan een specifiek eiwit 

(receptor) op het oppervlak van de gastheercel. Vervolgens wordt het virusgenoom in de cel 

gebracht. Eenmaal in de cel wordt het genoom gebruikt als code voor de productie van 

virale eiwitten. Tevens worden er vele kopieën gemaakt van het genoom, die ingepakt 

worden om samen met de virale eiwitten weer nieuwe virusdeeltjes te vormen. Deze 

nieuwe virusdeeltjes verlaten de geïnfecteerde cel om weer andere cellen te kunnen 

infecteren en aan een nieuwe cyclus te kunnen beginnen. 

 

Coronavirussen zijn al langer bekend als de veroorzakers van luchtweg- en 

darminfecties bij verschillende diersoorten, zoals o.a. varkens, kippen, katten en muizen. 

Tot voor kort werden coronavirussen niet beschouwd als belangrijke ziekteverwekkers bij 

mensen, waar ze slechts voor verkoudheid zorgden. De wereldwijde uitbraak van SARS in 

2003 heeft hierin verandering gebracht. De uitbraak begon met een aantal gevallen van zeer 

ernstige longontsteking in China. De ziekte verspreidde zich snel in Azië en daarbuiten. 

Niet lang daarna werd ontdekt dat deze ziekte werd veroorzaakt door een coronavirus, het 

SARS-coronavirus (SARS-CoV).  

De eerste ziekteverschijnselen van een SARS-CoV infectie treden op 2 tot 7 dagen 

nadat iemand in contact is gekomen met het virus en komen overeen met die van een zware 

griep. Vervolgens kan de ziekte zich ontwikkelen tot een ernstige longontsteking, die kan 

resulteren in het overlijden van de patiënt. In totaal zijn er in 2003 meer dan 8000 mensen 

besmet geraakt met het virus en hiervan zijn er ruim 800 gestorven. Uiteindelijk is de 

verspreiding van het virus gestopt door uitgebreide quarantaine maatregelen. 

Er wordt gedacht dat het SARS-CoV al langere tijd infecties veroorzaakte bij dieren 

en dat deze dieren het virus hebben overgebracht op mensen. Waarschijnlijk heeft het virus 

in 2002/2003 een bepaalde verandering ondergaan waardoor het ook heel efficiënt mensen 

kon infecteren en overdraagbaar was tussen mensen. Na 2003 heeft het SARS-CoV niet 

meer geleid tot nieuwe uitbraken in mensen. Er is echter nog altijd een dierlijk reservoir 

aanwezig waarin het virus circuleert en dus blijft een nieuwe uitbraak een mogelijkheid 

waar rekening mee gehouden zal moeten worden. Daarom is kennis van dit virus en de 

bestrijding ervan noodzakelijk om hierop voorbereid te zijn. 
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Het SARS-CoV heeft een RNA genoom dat de code bevat voor de productie van 

drie types eiwitten. Het eerste type betreft eiwitten die de bouwstenen van het virusdeeltje 

vormen. Het membraan eiwit (M) is de voornaamste component in de envelop, maar voor 

de vorming van de virus envelop is ook het envelop eiwit (E) nodig. Het spike eiwit (S) is 

noodzakelijk voor infectie, bevindt zich ook in de virale envelop en zorgt voor herkenning 

en binding aan de receptor van de juiste gastheercel. Het laatste structurele eiwit is het 

nucleocapside eiwit (N), dit bindt aan zowel het virusgenoom als aan het M eiwit en zorgt 

er daarmee voor dat het virale genoom ingepakt wordt in een nieuw virusdeeltje. 

Het tweede type eiwitten, de niet-structurele eiwitten (nsp’s), zijn de enige eiwitten 

die meteen geproduceerd worden zodra het genoom in de gastheercel komt. Voor productie 

van de andere eiwitten moeten eerst kortere RNA kopieën gemaakt worden via een proces 

dat ‘transcriptie’ genoemd wordt. De nsp’s zijn zowel betrokken bij dit transcriptieproces 

als bij maken van kopieën van het virale genoom (replicatie). De nsp’s worden 

geproduceerd als 2 grote multi-eiwitten, die geknipt worden in 16 functionele eiwitten. De 

16 nsp’s vormen samen een complex, maar hebben elk een eigen functie in de replicatie en 

transcriptie processen. Hoofdstuk 2 en 3 in dit proefschrift richten zich op een specifieke 

groep nsp’s. 

Het derde type eiwitten is over het algemeen niet strikt noodzakelijk in de 

levenscyclus van het virus en deze eiwitten worden daarom ook wel accessoire eiwitten 

genoemd. Over het algemeen is er weinig bekend over de exacte functie van deze eiwitten, 

waarvan het SARS-CoV er acht bevat. Hoofdstuk 4 en 5 in dit proefschrift hebben vooral 

betrekking op enkele van de accessoire eiwitten van het SARS-CoV. 

 

Voor de replicatie en transcriptie creëert het SARS-CoV speciale structuren in de 

gastheercel. In deze structuren worden alle benodigdheden voor deze processen verzameld 

en is het virale genoom beschermd tegen verdedigingsmechanismen van de gastheercel. 

Deze structuren worden gecreëerd door gebruik te maken van membranen van bestaande 

compartimenten in de gastheercel. Hoe deze structuren precies gecreëerd worden is 

grotendeels onbekend. Alle 16 nsp’s lokaliseren naar deze speciale structuren. Drie van 

deze nsp’s zijn eiwitten die zich potentieel in het membraan zouden kunnen vestigen en 

daarom wordt gedacht dat deze eiwitten betrokken zijn bij de vorming van de replicatie 

structuren. 

Op basis van de samenstelling van een eiwit kunnen voorspellingen gedaan worden 

over de aanwezigheid van domeinen die een membraan kunnen doorkruizen. Wij hebben 

van elk potentieel niet-structureel coronavirus membraan eiwit (nsp3, nsp4 en nsp6) 

onderzocht of ze dergelijke transmembraan domeinen bezitten en of ze inderdaad in het 

membraan gevestigd zijn (hoofdstuk 2 en 3). Dit bleek voor alle drie het geval te zijn en 

daarmee wordt onderstreept dat deze eiwitten inderdaad betrokken zouden kunnen zijn bij 

het in het membraan verankeren van het complex van replicatie-eiwitten. 



Monique Oostra  Nederlandse samenvatting 
 

 166 

Vervolgens hebben we onderzocht hoeveel van de voorspelde transmembraan 

domeinen het membraan ook daadwerkelijk doorkruisen. Alle drie de eiwitten bleken een 

even aantal transmembraan domeinen te gebruiken (hoofdstuk 2 en 3). Voor nsp4 komt dit 

overeen met de voorspelling. Voor zowel nsp3 als nsp6 werd echter een oneven aantal 

transmembraan domeinen voorspeld. Beide eiwitten bleken één domein te bevatten dat wel 

aan de voorwaarden van een transmembraan domein voldoet, maar het in de praktijk niet 

bleek te zijn (hoofdstuk 3). Deze domeinen zouden betrokken kunnen zijn bij binding aan 

andere eiwitten of kunnen zorgen voor een buiging van het membraan, wat van belang zou 

kunnen zijn voor de vorming van de replicatiestructuren. 

Tot slot hebben we onderzocht welk gastheercel compartiment de leverancier is van 

de membranen van de replicatie structuren en welke cellulaire processen betrokken zijn bij 

de vorming van deze structuren (hoofdstuk 2). We hebben ontdekt dat wanneer alleen nsp4 

in een gastheercel gemaakt wordt, dit eiwit zich bevindt in het endoplasmatisch reticulum 

(ER), het compartiment van de cel waar de primaire membraan eiwit productie plaatsvindt. 

Door de cel vervolgens te infecteren met virus verplaatst het eiwit zich naar de replicatie 

structuren. Wanneer daarbij het proces dat normaal gesproken zorgt voor transport van 

eiwitten vanuit het ER naar een volgend compartiment geremd wordt, dan wordt ook de 

vorming van de replicatie structuren geremd. Waarschijnlijk zijn de membranen van de 

replicatie structuren dus afkomstig van het ER en zijn de cellulaire processen voor transport 

vanuit het ER ook betrokken bij de vorming van deze structuren. 

 

De accessoire eiwitten van coronavirussen zijn niet noodzakelijk voor de 

levenscyclus van het virus. Deze eiwitten spelen wel een belangrijke rol in het verloop en 

de ernst van een infectie (pathogeniciteit) in de gastheer. Voor een aantal dierlijke 

coronavirussen is aangetoond dat, wanneer de genetische informatie voor deze eiwitten 

verwijderd wordt uit het virale genoom, dieren geïnfecteerd met deze virussen niet of veel 

minder ziek werden dan bij infectie met het oorspronkelijke virus. Hoe deze eiwitten hun 

ziektemodulerend effect realiseren is nog grotendeels onbekend. 

In hoofdstuk 4 wordt het onderzoek beschreven aan één van de SARS-CoV 

accessoire eiwitten, het 3a eiwit. Dit eiwit vertoont veel overeenkomsten met het 

coronavirus M eiwit. Beiden bevatten ze drie transmembraan domeinen, waarmee ze op 

dezelfde manier in het membraan verankerd zitten. Verder lokaliseren beide eiwitten naar 

dezelfde plek in de gastheercel en kunnen ze binden aan de structurele eiwitten E en S en 

aan elkaar. 

Wij hebben vooral gekeken naar de glycosylering van het M en 3a eiwit; dit is een 

modificatie waarbij er een suikergroep aan het eiwit wordt gezet. Glycosylering kan op 

twee manieren plaatsvinden, N- of O-gebonden. Coronavirussen worden op basis van hun 

genetische karakteristieken ingedeeld in drie groepen. De M eiwitten van de virussen van 

groep 1 en 3 worden geglycosyleerd d.m.v. N-gebonden suikergroepen en die van groep 2 
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d.m.v. O-gebonden suikergroepen. Het SARS-CoV is op basis van zijn genoom ingedeeld 

bij de groep 2 virussen, maar wij hebben aangetoond dat de glycosylering van het SARS-

CoV M eiwit N-gebonden is, in tegenstelling tot alle andere tot nu toe bekende groep 2 

virussen.  

Ook het SARS-CoV 3a eiwit bleek geglycosyleerd te worden, maar dan O-

gebonden. Dit eiwit heeft wat dit aspect betreft dus meer overeenkomst met M eiwitten van 

virussen uit dezelfde groep dan het SARS-CoV M eiwit. Ten tijde van ons onderzoek aan 

dit eiwit werd ook ontdekt dat het 3a eiwit ingebouwd wordt in het virusdeeltje, als een 

structureel eiwit, een eigenschap die tot dan toe voor geen van de coronavirus accessoire 

eiwitten was aangetoond. Hoewel de exacte functie van het 3a eiwit nog niet achterhaald is, 

zijn deze overeenkomsten met het M eiwit wel opvallend en mogelijk kunnen deze 

bevindingen bijdragen aan het ophelderen van de functie van dit eiwit. 

 

Een intrigerende waarneming in de vroege fase van de SARS epidemie was dat er in 

een van de virale genen een stuk ontbrak dat wél voorkwam in virussen geïsoleerd uit 

dieren. Er werd gespeculeerd dat het virus door deze deletie naar de mens had kunnen 

overspringen en dat de verandering mogelijk ook bijdroeg aan de hoge pathogeniciteit in 

deze gastheer. Het betrof gen 8 waarvan later werd vastgesteld dat het een accessoir gen is.  

In hoofdstuk 5 wordt het onderzoek beschreven aan het effect van de deletie op de 

expressie van dit gen. De resultaten laten zien dat, in tegenstelling tot wat andere groepen 

hebben gepubliceerd, door de deletie er van het oorspronkelijke eiwit, het zgn. 8ab+ eiwit, 

nog slechts een klein fragment (8a) wordt gemaakt, dat bovendien op een heel andere plaats 

in de cel terecht komt. Het resterende, theoretisch voorspelde, 8b eiwit bleek in SARS-CoV 

geïnfecteerde cellen in het geheel niet te worden geproduceerd.  

Of het kleine 8a eiwitje überhaupt een functie heeft is nog de vraag. Van het 8ab+ 

eiwit, zoals dat door dierlijk SARS-CoV wordt geproduceerd, hebben we aangetoond dat 

het terecht komt en ophoopt in het ER, dat het geglycosyleerd wordt d.m.v. N-gebonden 

suikergroepen, en dat meerdere 8ab+ eiwitten aan elkaar binden en een complex vormen. 

Duidelijk is dat de deletie in gen 8 een zeer ingrijpend effect heeft gehad op de functionele 

betekenis van het gen. Welke rol deze verandering heeft gespeeld in de overdracht van het 

virus naar de mens en in de pathogeniciteit van het virus zal nog moeten worden 

vastgesteld.  

 

Al met al heeft het onderzoek beschreven in dit proefschrift bijgedragen aan het 

begrip van het SARS-CoV. Het heeft de ontrafeling van het ontstaan van de replicatie 

structuren een stukje dichterbij gebracht en het heeft bijgedragen aan de kennis van de 

accessoire eiwitten van het SARS-CoV. 
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Dan ben ik nu aangekomen bij het laatste stukje van mijn proefschrift, maar voor de 

meeste lezers zal dit wel het eerste stukje zijn. De afgelopen jaren hebben vele mensen mij, 

elk op hun eigen manier, gesteund bij het tot stand komen van dit proefschrift. Nu is het 

eindelijk af en is het moment gekomen om iedereen te bedanken voor hun hulp en steun. 

Laten we maar beginnen bij de twee mensen die het meest direct betrokken zijn 

geweest bij het onderzoek beschreven in dit proefschrift, Peter en Xander. Peter, bedankt 

voor de tweede kans die je mij hebt gegeven en voor jouw uitingen van vertrouwen in mij. 

Dit is voor mij heel belangrijk geweest. Eén van de beste beslissing die wij de afgelopen 

jaren samen hebben genomen is volgens mij wel het betrekken van Xander bij mijn 

promotietraject geweest. Xander, ik denk dat ik wel kan zeggen dat dit proefschrift er 

zonder jou niet zou zijn geweest. Bedankt voor jouw inzet en de mogelijkheden die jij mij 

hebt geboden. Ik ben blij dat ik de eerste kan zijn die jou aan de andere kant van de tafel 

zet, er zullen er zeker nog velen volgen na mij.  

 

Toen ik net begon op de afdeling virologie heb ik mij wel eens afgevraagd hoe het 

voor de vaste mensen moest zijn om steeds mensen te zien komen en gaan. Inmiddels heb 

ik zelf al zolang op de afdeling rondgelopen dat ik ook het nodige aan mensen heb zien 

vertrekken en weet ik dat dit toch altijd een beetje jammer is. Gelukkig komen er echter ook 

telkens weer nieuwe mensen bij. Al met al is ondanks de voordurend veranderende 

samenstelling van de afdeling de sfeer altijd goed geweest, dus alle (ex-)virologen die hier 

aan hebben bijgedragen hiervoor alvast bedankt. Toch wil ik een aantal mensen ook even 

wat persoonlijker bedanken.  

Allereerst de mensen die zijn vertrokken. Gert-Jan, we hebben samen aan de basis 

gestaan van wat mijn proefschrift had moeten worden. Hoewel het uiteindelijk heel anders 

is uitgepakt, heb ik de meeste technieken voor het hier beschreven onderzoek wel van jou 

geleerd. Jouw vertrek, inmiddels al lang geleden, is bij mij denk ik wel het hardst 

aangekomen. Ik ben blij dat we later nog weer in de gelegenheid zijn geweest om samen te 

werken. Jammer dat het nooit tot een gezamenlijke publicatie heeft geleid, maar dat lag niet 

aan ons. Ik vond ons een topteam! Bedankt voor je hulp en de prettige samenwerking. 

Mijn ex-kamergenoten, Haukeline, Saskia en Pepijn, het was altijd gezellig in 506. 

Haukeline, we moesten even aan elkaar wennen, maar daarna konden we het samen prima 

vinden. Leuk dat we nog altijd af en toe contact hebben. Saskia, jij was in mijn ogen een 

goed voorbeeld van hoe je ook redelijk relaxed naar je promotie toe kunt werken. Pepijn, 

we hebben vele goede gesprekken gevoerd, waarin je ook veel van mijn frustraties hebt 

aangehoord. Ook privé hebben we ervaringen gedeeld doordat we rond dezelfde tijd een 

huis kochten en vlak na elkaar trouwden. Toch wel een beetje jammer dat we jouw laatste 

periode bij de afdeling niet als kamergenoten hebben afgesloten. Je bent een fantastische 

gozer en ik hoop dat we contact zullen houden. 
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De ex-collega-AIO’s, Marèl, Arjen, Roeland, Fermin, Berend-Jan, Sascha, Saskia, 

Lutz, Tom en Frank. Jullie zijn allemaal een voorbeeld geweest voor mijn eigen promotie, 

voor hoe het wel moest en soms ook voor hoe het niet helemaal moest. Frank, bedankt voor 

de vele festiviteiten die je georganiseerd hebt en de gezelligheid die jij op de afdeling 

bracht. Dat zullen we zeker missen, nu moeten we wel erg ver reizen voor een goede bbq. 

Twee mensen met wie ik vlak voor hun vertrek nog direct mee heb samengewerkt, 

Jessica en Cornelis. Jessica, we zijn rond dezelfde tijd begonnen op de afdeling en konden 

het al vrij snel goed met elkaar vinden. We hebben veel samen gestreden tegen de rommel 

op het lab (kansloos!), maar ook veel gezellig gekletst. Verder heb ik dankzij jou het Trojan 

horse project kunnen afsluiten, bedankt voor je hulp hierbij. Cornelis, bedankt voor je 

bijdrage en inzet tijdens de laatste fase van mijn promotie onderzoek. Zonder jou zou 

hoofdstuk 3 er heel anders hebben uitgezien. 

Dan zijn er nog een paar ex-collega’s over waar ik toch wat woorden aan wil wijden. 

Bert-Jan, bedankt voor je interesse, betrokkenheid en hulp. Annette, wat een aanwinst was 

jij voor de afdeling. Bedankt voor al je hulp bij de MLIII/GGO-rompslomp en voor alle 

andere klusjes die jij uit handen nam. Kim, jij hebt altijd een wat bijzondere positie gehad 

op de afdeling, maar toch wist je je er goed tussen te passen en hielp je iedereen er af en toe 

even aan herinneren bij welke faculteit we horen. Ook de andere ex-collega’s, Jeroen, 

Harry, Tamara, Jolanda, Leontine, Mariken en Liesbeth nog bedankt voor de gezelligheid. 

The past years also several foreigners past by in the lab, Konrad, Kazuya, Nicola, Li, 

Allessio and Wen, thank you for your contributions to the lab. 

Ook zijn er de afgelopen jaren vele studenten de revue gepasseerd. Hoewel ik jullie 

niet allemaal bij naam zal noemen, wil ik jullie wel bedanken voor het meedraaien in het 

lab en voor jullie bijdrage aan de goede sfeer. Natuurlijk wil ik mijn eigen stagiaires, 

Martijn, Hanneke, Marne en Michiel nog wel even in het bijzonder noemen. Ik heb van 

jullie allemaal veel geleerd en hopelijk was dat wederzijds. Martijn, hoewel het er toen niet 

op leek is jouw werk toch de basis geweest voor twee hoofdstukken (4 en 5) in dit 

proefschrift, nog bedankt hiervoor. Marne, dat je die publicatie uiteindelijk niet voor mij bij 

elkaar gepipetteerd hebt, heb ik je allang vergeven. Jouw bijdrage als mijn stagiair was 

meer van een andere aard, maar minstens zo belangrijk. Michiel, jij was werkelijk een 

topper om als stagiair te hebben in het laatste jaar voor mijn promotie. Zonder jou was 

hoofdstuk 3 van dit proefschrift er misschien wel niet geweest en het co-auteurschap op dit 

artikel (dat er zeker nog gaat komen) heb je dan ook meer dan verdiend. 

 

Nu ik alle ex-virologen wel zo’n beetje gehad heb, kom ik aan bij de harde kern van 

de afdeling. De mensen die er al waren toen ik kwam, die er nog steeds zijn en er 

waarschijnlijk (en hopelijk) ook nog wel even zullen blijven. De stabiele factoren op het 

lab, Nancy, Arno en Eddie. Nancy, in mijn ogen ben jij toch een beetje de drijvende kracht 

in het lab. Het is nog een wonder dat alles overeind is gebleven tijdens jouw 
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zwangerschapsverlof. We zullen zien of dat de volgende keer ook weer het geval is. Arno, 

Ar, we hebben dat bestellen samen toch mooi op rolletjes lopen. Eddie, behalve stabiele 

factor ben jij ook zo ongeveer de meest stabiele persoon die ik ken, volgens mij ben jij echt 

nooit chagrijnig. Bedankt voor de vele goede gesprekken. We hebben heel wat afgeklaagd 

tegen elkaar, maar gelukkig ook veel samen gelachen. Pas later ben je naast een 

persoonlijke steun ook een praktische steun geworden toen wij samen aan het nsp4 artikel 

hebben gewerkt. Het was niet eenvoudig, maar het is ons gelukt. Bedankt voor je steun op 

alle fronten. Ook aan de andere kant van de gang zijn er nog wat stabiele factoren. Peter, 

Herman, Raoul, Xander en Berend bedankt voor jullie interesse, adviezen en hulp.  

Zoals ik al zei zijn er in de afgelopen jaren ook vele collega’s bijgekomen. Hélène, 

eigenlijk ook al bijna een stabiele factor aan het worden, je bent een fijne collega. Bedankt 

dat ik altijd bij je terecht kon voor vragen en voor het kritisch lezen van hoofdstuk 1 en 6 

van dit proefschrift. Inge-Marie bedankt voor je hulp en persoonlijke interesse. Esther, goed 

plan die skate-dates, nou alleen de uitvoering nog wat optimaliseren. Willem, regio-genoot, 

bedankt voor je gezelligheid, de geweldige pannenkoeken en alle moeite die je hebt 

gestoken in het ontwerp van mijn cover, hij is super geworden!  

Matthijs, Mijke, Martijn en Marne, mede-AIO’s, M-en, jullie heb ik voor het laatst 

bewaard. Matthijs en Mijke, sinds jullie komst voelde ik een echte AIO-band ontstaan en de 

3M bijeenkomsten waren altijd erg gezellig (jammer dat er van de 4M en 5M nooit zoveel 

is terecht gekomen). Matthijs, onze interactie is enorm bevorderd toen we kamergenoten 

werden. Behalve voor je steun op werkgebied, ook bedankt voor de geweldige maaltijden 

(behalve dan de pannenkoeken), de fantastische Hans Teeuwen imitaties en bijzondere 

muzikale uitingen. Soms was het natuurlijk ook gewoon allemaal K.., maar dat was vooral 

omdat dat gewoon zo lekker bekt. Mijke, medetheeleut, jij bent ook zo iemand met wie ik 

altijd goed kon kletsen. Vakantie, euh, ik bedoel congres, met jou in Corsica was dan ook 

echt supergezellig. Bedankt ook voor al je pseudonimf activiteiten. Martijn, bedankt dat ik 

dankzij jou niet als enige workaholic overkwam. Het was altijd fijn om nog iemand anders 

tegen te komen in het weekend op het lab. En dan Marne, je dacht toch niet dat het bleef bij 

die twee regels tussen mijn andere ex-stagiaires hè? Ik vind het super dat je na je stage op 

de afdeling bent gebleven als collega. Onze gesprekken zijn eindeloos en wij kunnen echt 

alles tegen elkaar zeggen (toch?). Ik durf dus inmiddels wel te zeggen dat je behalve ex-

stagiair, collega en squashpartner ook een vriend bent geworden en ik ben dan ook heel blij 

dat jij mijn paranimf wilt zijn. Ik zou echt niemand liever achter mij hebben staan die dag. 

En wat de avond erna betreft, denk eraan, ik vertrouw je! 

 

Dan zijn er nog een paar virologen van buiten Utrecht die ik toch ook even wil 

bedanken, de mensen van het labo in Leuven. Marc van Ranst, Leen Vijgen en Els Keyaerts 

bedankt voor de mogelijkheid om in jullie MLIII lab experimenten te doen en voor jullie 

hulp bij de werkzaamheden daar. 



Monique Oostra  Dankwoord 
 

 173 

Behalve collega’s waren er natuurlijk al die jaren ook trouwe vrienden. Judith, 

Fränzel, Marieke, Armando, Marielle, Lisette en Miriam bedankt voor de vele gezellige 

weekendjes, sinterklaasvieringen, kerstdiners en andere samenkomsten. Lisette, Marieke, 

Fränzel, Armando en Marielle, jullie gingen mij uiteindelijk allemaal voor, dus voorbeelden 

genoeg om het nu zelf ook maar eens af te ronden dacht ik zo. Judith, jij hield ons altijd 

allemaal met beide benen aan de grond door ons voor te houden dat er meer is in het leven 

dan wetenschap alleen. Ik vind het ook echt fantastisch om jouw gezinnetje van dichtbij 

mee te kunnen maken. Wie weet werkt het ooit nog eens aanstekelijk. Fränzel, bedankt 

voor onze vele therapeutische squashsessies. Ik vond het een eer om jouw paranimf te 

mogen zijn, in ieder geval heb ik de route dus al een keer gelopen. Bedankt ook dat je mijn 

keus (en het was een moeilijke) van paranimfen begrijpt en dat je mij toch met allerlei 

vragen wou helpen. Ook Marielle bedankt voor al je hulp bij promotie vragen en je 

persoonlijke interesse. Marieke en Armando, het is erg leuk om via jullie weblogs op de 

hoogte te blijven van jullie leven in het buitenland. Jammer dat het er niet van is gekomen, 

of gaat komen vrees ik, om jullie daar op te zoeken. Ik vind het wel echt super dat jullie er 

beiden bij zullen zijn op mijn promotiefeest, dan zijn we toch weer even compleet.  

 

Tot slot natuurlijk nog mijn familie. Pap en mam, dankzij jullie ben ik gekomen 

waar ik nu ben. Jullie hebben mij gesteund tijdens mijn opleiding en mij geleerd door te 

zetten en altijd dingen af te maken waar je aan begonnen bent. Dit heb ik wel nodig gehad 

tijdens mijn promotie onderzoek. Bedankt voor de stabiele basis en steun die jullie mij 

altijd gegeven hebben. Gerrit, Jennie, Mascha, Remco en Lotte, ik kom inmiddels al zolang 

bij jullie over de vloer dat jullie dit hele traject ook hebben meegemaakt. Bedankt dat jullie 

mij zo makkelijk hebben opgenomen in de familie en voor alle interesse die jullie altijd 

voor mij hebben gehad. Edwin, grote broer van me, we zijn samen opgegroeid en daarna 

ieder onze eigen weg gegaan, maar gelukkig zijn we wel altijd close gebleven. Je hebt 

inmiddels met Gonnie een fantastisch gezinnetje. Bram en Kim zijn echt een geweldige 

aanwinst in onze familie, heerlijk om ze te zien opgroeien. Ik vond het ook een hele eer om 

getuige te mogen zijn bij jullie huwelijk en ben heel blij dat jij nu bij deze gelegenheid mijn 

paranimf wilt zijn. Wat is nou meer vertrouwenswekkend dan je grote broer aan je zijde te 

hebben. 

En als laatste, maar zeker niet minste, Gerco. Ik heb het enorm getroffen met jou als 

man. Zonder jouw hoge tolerantie had ik dit niet kunnen doen. Je begrijpt misschien niet 

veel van de inhoud van dit proefschrift, maar je begrijpt wel wat het inhoud voor mij en dat 

is veel belangrijker. Bedankt voor alle maaltijden die altijd klaar stonden als ik weer eens 

veel te laat naar huis kwam, maar vooral bedankt voor al je begrip, geduld en liefde. Ik zal 

het in de toekomst minder op de proef stellen.  
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Chapter 2, Figure 2. Localization of transiently expressed nsp4. LR7 cells, transfected with EGFP, MHV nsp4-
EGFP (4m-EGFP) or MHV nsp4’-EGFP (4m’-EGFP) encoding constructs, were infected with MHV-A59. Cells 
were fixed at 6 h p.i. and processed for immunofluorescence microscopy using the α-nsp8 serum and a Cy3-
conjugated antiserum to detect the MHV replication sites, as described in the Materials and Methods. The second 
row shows a cell that is transfected (EGFP positive) but not infected (nsp8 negative) between cells that are 
infected (nsp8 positive), but not transfected (EGFP negative), whereas the lower rows show cells that are both 
transfected and infected (EGFP and nsp8 positive). At the right a merged image of the α-nsp8 and the EGFP signal 
is shown. The bottom pictures are enlargements of the pictures in the row just above them. 
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Chapter 2, Figure 6. Recombinant MHV 
containing nsp4-EGFP. (A) A recombinant 
MHV was generated containing the MHV 
nsp4-EGFP fusion gene at the position of the 
HE gene. The wild-type (wt) and recombinant 
(rec) MHV genomes are schematically 
represented. Genes are indicated by numbers 
or letters. AAA indicates the poly-A tail at the 
3’end. (B, C) LR7 cells were infected with the 
recombinant virus, fixed at 6 h (B) or 8 h (C) 
p.i. and stained with antibodies against marker 
proteins; α-nsp8, α-dsRNA, α-calreticulin 
(ER) or α-GM130 (Golgi). Merged images of 
the EGFP signal with the staining of the 
different markers are shown at the right. In 
each set the lower pictures are enlargements of 
the images above. The white arrows in the 
upper part of panel C indicate nsp4-EGFP 
located at the replication sites.  
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Chapter 4, Figure 3. Expression of a mutant SARS-CoV 3a protein with a C-terminal ER-retention signal. 
Genes encoding wild-type SARS-CoV 3a and 3aKK were expressed in Ost7-1 cells using the vTF7-3 expression 
system. (A) Cells were labeled for 15 min with 35S-labeled methionine and cysteine and lysed directly (p15) or 
chased for 15, 30, 60 or 120 min. Cell lysates were processed for immunoprecipitation with an antiserum against 
the SARS-CoV 3a protein followed by SDS-15% PAGE. Numbers at the left indicate the position in the same gel 
of a low molecular weight protein marker. Only the relevant portion of the gel is shown. (B) Cells were fixed at 6 
h p.i. (-CH) or cycloheximide was added at 6 h p.i. and cells were fixed one hour later (+CH). Cells were 
processed for immunofluorescence microscopy using the 3a antiserum and a monoclonal antibody against the 
Golgi marker p58. 
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Chapter 4, Figure 6. Identification of the glycosylation site in the SARS-CoV 3a protein. (A) Prediction of the 
potential O-glycosylation site in the ectodomain of the SARS-CoV 3a protein using the NetOglyc3.1 software; the 
G-score is the score from the general predictor and the I-score is the score from the isolated site predictor. Scores 
above 0.5 predict the residue as being glycosylated. (B) Schematic representation of the mutations made in the 
ectodomain of the SARS-CoV 3a protein; changed amino acids are shown in bold italic. (C, D) Genes encoding 
the wild-type and mutated SARS-CoV 3a proteins were expressed in Ost7-1 cells using the vTF7-3 expression 
system. (C) Cells were labeled for 1 h with 35S-labeled methionine and cysteine and lysed directly (0) or chased for 
1 or 3 h. Cell lysates were processed for immunoprecipitation with polyclonal anti-3a serum followed by SDS-
15% PAGE. Numbers at the left indicate the position in the same gel of a low molecular weight protein marker. 
Only the relevant portion of the gel is shown. (D) Cells were fixed 6 h p.i. and processed for immunofluorescence 
microscopy using the polyclonal anti-3a serum and a monoclonal antibody against the Golgi marker p58. 
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Chapter 5, Figure 3. Intracellular localization of ORF8 products. vTF7-3 infected OST7-1 cells were 
transfected with constructs encoding the 8a-EGFP, 8b-EGFP or 8ab+-EGFP proteins. The cells were fixed at 6 h 
p.i. and processed for immunofluorescence microscopy using the α-calreticulin serum and a Cy5-conjugated 
antiserum. At the right a merged image of the EGFP and the α-calreticulin signal is shown. 

 

 

 


