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Chapter 1 

General Introduction 
 

Since the discovery of tobacco mosaic virus in 1898 by Martinus Willem Beijerinck (1), 
about 3600 new viruses have been identified. Viruses were historically characterized by 
their ability to pass through filters that would retain even the smallest bacteria. They all 
contain nucleic acid, DNA or RNA, which is encapsidated by a protein shell and 
sometimes additionally surrounded by a lipid envelope. Viruses are incapable of 
replication on their own; they need to enter cells and act by subverting the cellular 
machinery for their own reproduction. Viruses have been found in organisms from all three 
domains of life, bacteria, archaea and eukaryotes.  

The first coronavirus, avian bronchitus virus (IBV), was isolated from chickens in 1937. 
Since then coronaviruses have been found in many organisms including humans causing 
a variety of diseases (Table 1). To date, new coronaviruses are still being discovered. The 
most well-known among them is the recently discovered SARS-CoV, the causative agent 
of SARS.  

 

Table 1 The three coronavirus groups, classified on the basis of serological and genetic 
properties; their main representatives, host and principal associated diseases. The newly identified 
SARS-CoV has not been formally classified. 

 
Groups Virus Host Disease 

feline coronavirus (FCoV) cat enteritis/peritonitis 

transmissible gastroenteritis virus (TGEV) pig enteritis 

porcine respiratory coronavirus (PRCoV) pig respiratory infection 

canine coronavirus (CCoV) dog enteritis 

1 

human coronavirus (HCoV)-229E man respiratory infection 

mouse hepatitis virus (MHV) mouse respiratory infection/ 

hepatitis/encephalitis/enteritis

bovine coronavirus (BCoV) cow enteritis 

human coronavirus (HCoV)-OC43 man respiratory infection 

hemagglutinating encephalomyelitis  

virus (HEV) 

pig respiratory infection 

2 

turkey coronavirus (TCoV) turkey enteritis 

3 infectious bronchitis virus (IBV) chicken respiratory infection 

? human coronavirus (SARS-CoV) man respiratory infection (SARS) 
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The coronavirion 
Coronaviruses are enveloped viruses of about 80-160 nm in diameter. The virion 

envelope contains at least three structural proteins (Fig. 1C). The most abundant protein 
is the triple spanning membrane protein M of around 25 kDa in size. Together with the 
small hydrophobic membrane protein E (~ 10 kDa), the M protein plays an essential role in 
virus budding. The third, most prominent, structural protein present in all coronaviruses is 
the surface glycoprotein S, which gives the coronavirions their characteristic crown-like 
(Corona in latin) appearance (Fig. 1A). The spike protein is solely responsible for virus cell 
attachment and membrane fusion. A fourth structural membrane protein, the hemaglutinin 
esterase glycoprotein HE (~ 75 kDa), is present in some of the group 2 viruses like BCoV, 
HCoV-OC43, TCoV, HEV and some MHV strains. Virions containing the HE protein show 
an additional shorter fringe of surface projections on the virion envelope (Fig. 1B and C). 
The HE protein was shown to have acetyl esterase activity and to destroy virus 
attachment factors, but the exact function remains to be elucidated. Inside the envelope 
the particles harbour a helical nucleocapsid, consisting of the genomic RNA molecule 
packaged by the nucleocapsid protein N (45 – 60 kDa). 

 
50 nm 50 nmA B C S
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S
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E

N
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Fig. 1 Electron micrograph of MHV virus without (A) and with the HE envelope protein (B) 

(viruses kindly provided by Raoul de Groot, image courtesy made by Dr Jean Lepault, VMS-
CNRS, Gif-sur-Yvette, France). Large, club-shaped protrusions consisting of spike protein trimers 
give the viruses a corona-like appearance, hence their name. (C) Schematic representation of the 
coronavirion. The viral RNA is encapsidated by the nucleocapsid protein (N) forming a helical 
nucleocapsid. The nucleocapsid is surrounded by a lipid bilayer containing the spike protein (S), 
the membrane glycoprotein (M) and the envelope protein (E). Some group 2 coronaviruses contain 
a fourth membrane protein, the hemaglutinin esterase (HE) in their lipid envelope. 

 

Coronavirus genome organization, replication and transcription 
Coronaviruses have a positive stranded RNA genome of about 30 kilobases in size, 

which is the largest non-segmented viral genome known to date. The RNA is capped at 
the 5’ end and polyadenylated at its 3’ end. The untranslated regions (UTR) at the 5’ and 
3’ end harbour cis-acting and structural elements essential for viral replication and 
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transcription. Coronaviruses contain a genome with a remarkably conserved organization 
(Fig 2). 

Starting at the 5’ end, the pol1ab gene accounts for about two third of the viral 
genome. The remaining 3’ third part of the genome encodes the S, E, M and N gene, 
respectively. The pol1ab gene is transcribed directly from the genome and encodes two 
precursors (pp1a and pp1ab). The pol1b gene is only translated after translational read-
through via a -1 ribosomal frameshift mechanism mediated by a pseudoknot structural 
element. The genes downstream of the pol1ab gene are translated via a nested set of 
subgenomic (sg) RNAs, generated by a process of discontinuous transcription. These 
sgRNAs each contain a short leader sequence at their 5’ end, followed by a transcription 
regulatory sequence (TRS). TRS sequences are also present in the genome upstream of 
each gene and are used as signals for the generation of the sgRNAs, most likely during 
discontinuous minus-strand RNA synthesis, during which the 5’ leader is added. The 
negative strand sgRNAs supposedly serve as templates for positive strand sgRNA 
synthesis (44). 

 

 
Fig. 2 Genome organization of coronavirus representatives of group 1 

(human coronavirus 229E, HCoV-229E), group 2 (mouse hepatitis virus, 
MHV), group 3 (avian infectious bronchitis virus, IBV) and the unclassified 
SARS-associated coronavirus (SARS-CoV). Red boxes represent the 
accessory genes. The positions of the leader sequence (L) and poly(A) tract 
are indicated; circles of different colour represent group-specific 
transcription-regulatory sequences (TRS). Reproduced with permission from 
Nature Reviews Microbiology (50) copyright (2003) Macmillan Magazines 
Ltd.  
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In addition to the essential structural genes, the 3’ one-third of the genome harbours 
several non-essential genes, they are called group specific genes (Fig. 2) as their identity 
and position is similar within the coronavirus groups but varies between groups. The 
functions of most of these genes is currently unknown, but were shown to be dispensible 
for viral infectivity (11, 16, 22, 40). The group 2 coronaviruses express the structural HE 
glycoprotein and the membrane-associated I protein, the latter translated from an internal 
open reading from within the N gene (16, 48). 

 

Characteristics of viral structural proteins 
The N protein is the most abundantly expressed viral protein. It ranges from 377-455 

residues in length and has a molecular weight varying between 45 and 60 kDa. 
Coronavirus N proteins are highly basic (pI 10.3 - 10.7) with a high percentage of lysine 
and arginine residues. The nucleocapsid protein is known to be phosphorylated but the 
exact function of this modification remains unknown. The overrepresented serine residues 
(7 - 11 %) are the potential targets for phosphorylation. The primary function of the N 
protein is the formation of the nucleocapsid, but the protein also plays a facilitating role in 
coronavirus replication (for a review on the nucleocapsid protein N see (31)). 

The membrane protein M is the most abundant envelope component. It is a type III 
integral membrane protein of 221-262 amino acids (~ 25 kDa), containing three 
membrane spanning regions in its N-terminal half. The M protein has a short hydrophilic 
N-terminal luminal domain which is either N- (group 1 and 3) or O-glycosylated (group 2). 
The C-terminal half of the M protein has an amphipathic character with the exception of a 
short hydrophilic domain at the C-terminus. The luminal domain and the C-terminal 
hydrophilic domain are susceptible to protease digestion (for a review on the membrane 
protein M see (43).  

The E protein is a small membrane protein (76-109 residues) only present in minor 
amounts in the virion envelope. It contains a relatively large hydrophobic domain in its 
amino terminus, followed by a cysteine rich region and a short hydrophilic tail. The E 
protein has been speculated to induce the membrane curvature during virion budding or to 
facilitate the pinching off of coronaviral particles (17, 55). 

HE proteins range from 424 to 439 amino acids in length. They have a cleavable 
signal peptide at their N-terminus, a C-terminal transmembrane domain and a short (~10 
a.a.) cytoplasmic tail (4).  

The S protein is responsible for virus-cell attachment, virus-cell and cell-cell fusion 
and is the major determinant of host-range, pathogenesis and virulence. The spike protein 
forms the large, petal-shaped projections on the surface of the virion which are 
approximately 20 nm long and 10 nm wide at the bulbous end (5). It is a type I 
glycoprotein of 1160 to 1452 amino acids in length and about 170-220 kDa in size. The 
protein is synthesized as a precursor with an N-terminal signal sequence that is cleaved 
upon translocation and has a transmembrane domain preceding a short hydrophilic 
carboxy-terminal sequence. The latter domain contains a cysteine rich region (Fig. 3) 
which is palmitoylated and has been suggested to play a role in membrane fusion (3, 8). 
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The transmembrane domain contains a very conserved motif (WPW(Y/W)VWL) rich in 
aromatic residues at its 5’ end (Fig. 3), that has a potential role in membrane fusion (3). 

 

FIPV      1391 KWPWYVWLLIGLVVVFCIPLLLFCCFSTGCCGCIG-CLGSC-CHSICSRRQFENYEPIEK---VHVH----- 1439
HCoV-229E 1113 KWPWWVWLCISVVLIFVVSMLLLCCCSTGCCGFFS-CFASS-IRGCCESTKLPYYD-VEK---IHIQ----- 1161
HCoV-OC43 1295 KWPWYVWLLICLAGVAMLVLLFFICCCTGCG--TS-CFKKC-G-GCCDDYTGYQE-LVIK--TSHDD----- 1340
MHV       1263 KWPWYVWLLIGLAGVAVCVLLFFICCCTGCG--SC-CFKKC-G-NCCDEYGGHQDSIVIHNISSHED----- 1308
IBV       1091 KWPWYVWLAIAFATIIFILILGWVFFMTGCCGCCCGCFGIMPLMSKCGKKSSYYTTFDNDVVTEQYRPKKSV 1141
SARS-CoV  1193 KWPWYVWLGFIAGLIAIVMVTILLCCMTSCC--SC-LKGAC-SCGSCCKFDEDDSEPVLKGVKLHYT----- 1239
consensus      ****.***.................. *.*.. .. ... .   ..*...   . . ... .... 

TM domain
cysteine rich region

SS                                                              FP HR1           HR2 TM  

 
Fig. 3 Schematic diagram of the MHV S protein. The locations of the signal sequence (SS), 

cleavage site (arrowhead), predicted fusion peptide (FP), heptad repeat regions 1 and 2 (HR1, 
HR2) and transmembrane domain (TM) are shown. Sequence alignment of the endodomain of 
coronavirus spikes of FIPV (strain 79-1163), HCV-229E, HCV-OC43, MHV (strain-A59), IBV 
(strain Beaudette) and SARS-CoV (strain TOR2). The position of the transmembrane domain and 
the cysteine rich region are indicated. 

 

The spike protein is highly glycosylated containing 21 (MHV) to 35 (FIPV potential N 
glycosylation sites. The protein is only N-glycosylated as the oligosaccharides can be 
removed biochemically using specific glycosidases and because their addition can be fully 
blocked using tunicamycin (5). Inhibition of glycosylation by treating infected cells with 
tunicamycin resulted in intracellular aggregation of the S protein and prevented its 
incorporation into virus particles. Glycosylation was apparently needed for proper folding 
of the spike protein during biosynthesis. The spike protein oligomerizes into trimers (14), 
probably a prerequisite for transport out of the ER. Maturation of the MHV S protein by 
modification of the simple glycans occurs slowly and can be seen as the protein is 
converted from a 150 kDa into a 180 kDa form. A small proportion of the newly 
synthesized S proteins is transported to the plasma membrane (39, 57), where it can 
induce cell-cell fusion. As demonstrated for coronaviruses of group 2 and 3 but not for 
group 1 coronaviruses, the spike protein is cleaved adjacent to a basic amino acid 
sequence predicted to be cleaved by intracellular proteases into a soluble S1 subunit and 
a membrane-anchored S2 subunit, held together by non-covalent interactions (5). The S1 
subunit is known to be the receptor binding subunit (26) whereas the S2 subunit is 
responsible for membrane fusion (53, 60). The S1 subunit represents the globular head 
whereas the S2 subunit forms the stalk-like region of the spike (10). The S2 subunit 
contains two so-called heptad repeat (HR) regions (10) (Fig. 3) which have a strong 
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propensity to form coiled coils and might attribute to the stalk like structure of S2 subunit. 
The HR regions have been implicated in oligomerization and could well play a role in 
membrane fusion as has been observed for other viral membrane fusion proteins (7, 58). 

 

Entry of enveloped viruses 
veloped viruses of different virus families, such as the 

orth

(Cor

he observed similarities in viral fusion proteins of these enveloped viruses have led 
to a

MHV S

Influenza HA

HIV-1 env

SV5 F

Ebola Gp2

Fusion glycoproteins of en
omyxo-, retro-, filo-, and paramyxoviridae, share a number of features (Fig. 4). They 

are type I integral membrane proteins, contain a cleavable signal sequence at the N-
terminus, a large extracellular domain, a transmembrane segment and a C-terminal 
cytoplasmic domain. Typically, these fusion proteins are synthesized as a precursor, 
oligomerize into trimers, and are then cleaved into two subunits that remain closely 
associated with each other. These fusion proteins contain a short region within their 
sequence, rich in hydrophobic and glycine residues, called the fusion peptide. The fusion 
peptide interacts with the host cell membrane at an early stage of the membrane-fusion 
process. The fusion proteins are characterized by the presence of two leucine zipper-like 
motifs, heptad repeat (HR) regions, one (HR1) located downstream of the fusion peptide 
and the other (HR2) usually located upstream of the transmembrane region (Fig. 4). 

 

 
Fig. 4 Viral fusion proteins (approximately to scale) of five different virus families; MHV-A59 S

HR1 region

HR2 region

Cleavage site

Fusion peptide

Signal sequence

Transmembrane
region

 
onaviridae), Influenza HA (Orthomyxoviridae), HIV-1 gp160 (Retroviridae), SV5 F, 

(Paramyxoviridae) and Ebola Gp2 (Filoviridae). All viral fusion proteins contain a signal sequence 
(green bar), proteolytic cleavage site, fusion peptide (predicted location for MHV S), two heptad 
repeat regions (HR1, HR2) and a C-terminal transmembrane region, as indicated. 

 

T
 common membrane fusion model. The fusion proteins proceed through a series of 

conformational changes during the membrane fusion process. Cleavage of the precursor 
leaves the fusion protein in a metastable state. Upon receptor binding or due to 
protonation after endocytosis the fusion proteins undergo conformational changes thereby 
exposing the otherwise hidden fusion peptide towards the target host cell membrane. 
Insertion of the fusion peptide into the target membrane is followed by a structural 
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reorganization of the fusion protein in which the interaction between two heptad repeat 
regions plays an important role. Ultimately, HR1 and HR2 from one trimer assemble into a 
highly stable six-helix bundle structure, with the HR1 and HR2 helices oriented in an anti-
parallel manner. In this conformation the fusion peptide inserted in the target membrane is 
brought into close proximity with the transmembrane region of the protein. The change in 
free energy associated with this structural transition of the fusion protein is thought to be 
sufficient to cause lipid mixing and membrane fusion. Synthetic peptides corresponding to 
the HR regions bind to complementary HR domain blocking this conformational switch, 
and thus inhibiting viral entry (for a review on viral membrane fusion and inhibition see 
(15)). Coronavirus spike proteins share structural features with the fusion proteins of 
orthomyxo-, retro-, filo-, and paramyxoviridae, which will be discussed below. 

Virus infection starts with binding of the virus via its attachment protein to the cellular 
rece

navirus spikes bind to specific cellular receptors for viral entry. Several 
cellu

ptor. Following receptor binding, the viral fusion protein mediates the fusion of the 
viral membrane with either the plasma membrane or the endosomal membrane. For fusion 
at the plasma membrane the binding of the attachment protein to its receptor(s) generates 
sufficient energy to trigger membrane fusion. Viruses fusing with the endosomal 
membrane generally have lower affinity for binding to their receptor and membrane fusion 
is usually triggered upon protonation of the fusion protein during acidification of the 
endosome. For influenza viruses the HA protein mediates the attachment of virions to cells 
through weak interactions with sialic acid-containing receptors. The virus then enters the 
cell via endocytosis. Acidification of endosomes leads to a conformational change in the 
HA protein due to specific protonation which triggers membrane fusion (for references see 
(30)). For retroviruses (e.g. HIV-1) and paramyxoviruses (e.g. measles virus) membrane 
fusion occurs at the plasma membrane. Plasma membrane fusion is pH independent and 
triggered by receptor binding. HIV-1 receptor binding and membrane fusion functions are 
combined in the env fusion glycoprotein. The receptor binding domain (gp120) can bind to 
the primary CD4 receptor and subsequently to its coreceptor. CD4 binding enables 
binding of gp120 to the coreceptor through exposure of the previously hidden coreceptor 
binding site. CD4 binding also induces conformational changes in the env protein which 
lead to dissociation of the gp120 subunit from the membrane fusion subunit gp41, a 
process known as shedding. Alteration in the gp120-gp41 interaction through (co)receptor 
binding induces activation of the membrane fusion subunit gp41, required for membrane 
fusion. In the case of paramyxoviruses, the receptor binding and membrane fusion 
functions are divided over two proteins. The fusion process is triggered when the 
attachment protein (HN, H or G) binds to the host-cell receptor. This interaction leads to 
the putative conformational changes in the F protein that eventually result in membrane 
fusion (30).  

The coro
lar receptors have been reported. The group 1 coronaviruses FIPV, TGEV and HCoV-

229E each use the cell membrane bound metalloprotease, aminopeptidase N (APN) of 
their respective host species. MHV (group 2 coronavirus) uses as a cellular receptor the 
murine biliary glycoprotein which belongs to the carcinoembryonic antigen (CEA) family. 
The S proteins of TGEV, BCoV, HCoV-OC43 and IBV (27, 45-47) have been reported to 
bind to 9-O-acetylated sialic acid-containing glycans and possess a hemaglutinating 
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activity. These viruses might use sialic acids as an additional receptor. Group 2 
coronaviruses have an additional membrane glycoprotein, the hemaglutinin esterase HE. 
The HE glycoprotein has an esterase activity that cleaves 9-O-acetylated sialic acid, and 
possibly functions as a detachment protein, like the neuraminidase activity in the NA 
protein of influenza A and B viruses and the esterase activity in the HEF protein of 
influenza C viruses. However, the HE protein is not required for infectivity but may play a 
role in viral pathogenicity (59).  

Similar to retroviruses and paramyxoviruses, coronavirus spike mediated membrane 
fusi

rsible process in the infectious life 
cycl

sion proteins of enveloped viruses contain fusion peptides with a hydrophobic 
cha

n 
the 

on is thought to be low pH independent. For a number of coronaviruses (e.g. MHV-A59 
and FIPV 79-1146) cell-cell fusion can occur at basic pH suggesting that fusion of the viral 
and cellular envelope during viral entry takes place at the plasma membrane under the 
normal physiological pH of the extracellular environment. Although some viruses use the 
endosomal route of infection (19, 23) coronaviruses generally seem to enter cells at the 
plasma membrane. In addition, conformational changes in the spike protein have been 
reported to occur at alkaline pH (52). MHV-A59 vrions appear to rapidly loose their 
infectivity at alkaline pH but were stable at acidic pH (pH 6.0). Incubation of virions at pH 
8.0 at 37°C resulted in the release of S1 and in aggregation of S2. These observations are 
consistent with an entry process occurring at basic pH. 

Membrane fusion is a critical and sometimes irreve
e. Viral fusion proteins have special characteristics that regulate the event of 

membrane fusion in a timely fashion. Such characteristics include cleavage activation by 
cellular proteases, receptor binding and/or low pH protonation. Proteolytic cleavage of the 
envelope fusion proteins of influenza viruses, retroviruses, filoviruses and 
paramyxoviruses has been shown to be essential for fusion activation rendering the fusion 
protein in a metastable state. In contrast, coronaviruses differ remarkably with respect to 
their cleavage requirement. Cleavage does not occur for group 1 coronavirus S proteins 
such as FIPV (56). Group 2 and 3 coronavirus spikes are cleaved to variable extents 
depending on the viral strain and the cell type used to grow the virus. The data indicate 
that cleavage of MHV spike is important for cell-cell fusion, but is not required for virus-cell 
fusion (5). 

Viral fu
racter. These fusion peptides enter into the target membrane during the initiation of 

membrane fusion. The location of the fusion peptide is N-terminal of the HR1 region and 
adjacent to the cleavage site. Cleavage of the fusion protein places the fusion peptide at 
the distal end of the membrane anchored subunit. Coronaviruses are likely to have an 
internal fusion peptide since spikes that do get cleaved do not contain such a hydrophobic 
sequence adjacent to the cleavage site and since group 1 coronavirus spikes are not 
cleaved at all. Although an internal fusion peptide has been predicted at (6) or in (34) the 
N-terminus of HR1 of the MHV S protein, the exact location still needs to be determined. 

Heptad repeat regions in viral fusion proteins have been shown to play a crucial role i
membrane fusion process of orthomyxoviruses, retroviruses, filoviruses and 

paramyxoviruses (49). For coronaviruses there were also indications that the HR regions 
are involved in the membrane fusion process. Mutant viruses defective in spike 
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oligomerization and in fusion (33) were found to have mutations in the membrane-
proximal HR2 region. Furthermore, mutations located within the HR1 region correlated 
with a low pH requirement for fusion (19). An internal fusion peptide was predicted at (6) 
or within (34) the N-terminus of the HR1 region.  

 

Coronavirus assembly 
 E and S protein resulted in the formation of virus-like particles 

(VL

ayer in coronavirus envelope assembly. It is the most 
abu

 formation but becomes incorporated via specific 
inte

the nucleocapsid incorporation into virions by interaction with 
the nucleocapsid protein (29, 36) and the genomic RNA (18, 35, 37). Nucleocapsid 

Coexpression of the M,
Ps) which were indistinguishable in size and shape from authentic virions (55). VLP 

formation was dependent on the expression of the M and E protein whereas the S and N 
protein were dispensible for particle formation. However, the S protein became 
incorporated in VLPs when coexpressed with the M and E protein, whereas incorporation 
of the N protein was dependent on the presence of (defective) genomic RNA (2). 
Coronaviruses appeared to have a unique budding mechanism which unlike other viruses, 
depends solely on the envelope proteins M and E. Other viruses such as alphaviruses and 
hepadnaviruses are dependent for their budding on the presence of both the spikes and 
the nucleocapsid. In contrast, retrovirus budding is driven by the Gag protein alone, 
whereas for rhabdo-, ortho- and paramyxoviruses the matrix protein is required for 
budding (for a review see (20)).  

The M protein is the key pl
ndant envelope protein with a molar ratio between the M and S proteins in the virion 

envelope of 16:1 (51); the E protein is only present in low amounts. Intracellularly, the M 
protein by itself can assemble into homo-oligomeric protein complexes via lateral 
interactions (9, 32). Coexpression with the E protein allows the formation of VLPs. It has 
been suggested that the E protein might be important for induction of membrane curvature 
or in the pinching off mechanism of the VLPs (55). The M protein is the building block of 
the viral envelope and has been shown to interact with the structural proteins, S, E, HE 
and N as well as with the genomic RNA. It has been suggested that the M protein forms a 
tight geometric protein framework in the virion membrane with vacancies at regular 
positions, allowing the specific incorporation of the S and, in the case of group 2 
coronaviruses, the HE protein (13, 55). 

The S protein is dispensible for VLP
ractions with the M protein (38, 39). S-M complexes are formed most likely in the ER 

compartment (12, 38, 39) and are subsequently transported to the Golgi complex (39). For 
MHV, the transmembrane and amphipatic domains of the M protein are important for 
interaction with the S protein; the exposed amino- and carboxy-terminal parts are not (12). 
The ectodomain of the MHV spike protein could be replaced by that of the FIPV spike 
protein without the loss of interaction with the MHV M protein and incorporation into virus 
(like) particles (21, 22, 28). The HE protein is also incorporated into the virion envelope via 
interactions with the M protein (38). The HE protein domain(s) responsible for 
incorporation is not known.  

The M protein mediates 
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form
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 fundamental questions about the biology of coronaviruses that 
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Chapter 2 

ABSTRACT 

 

Coronavirus entry is mediated by the viral spike (S) glycoprotein. The 180-kDa 
oligomeric S protein of the murine coronavirus mouse hepatitis virus strain A59 is 
posttranslationally cleaved into an S1 receptor binding unit and an S2 membrane fusion 
unit. The latter is thought to contain an internal fusion peptide and has two 4,3 
hydrophobic (heptad) repeat regions designated HR1 and HR2. HR2 is located close to 
the membrane anchor, and HR1 is some 170 amino acids (aa) upstream of it. Heptad 
repeat regions are found in fusion proteins of many different viruses and form an important 
characteristic of class I viral fusion proteins. We investigated the role of these regions in 
coronavirus membrane fusion. Peptides HR1 (96 aa) and HR2 (39 aa), corresponding to 
the HR1 and HR2 regions, were produced in Escherichia coli. When mixed together, the 
two peptides were found to assemble into an extremely stable oligomeric complex. Both 
on their own and within the complex, the peptides were highly alpha helical. Electron 
microscopic analysis of the complex revealed a rod-like structure of ~14.5 nm in length. 
Limited proteolysis in combination with mass spectrometry indicated that HR1 and HR2 
occur in the complex in an antiparallel fashion. In the native protein, such a conformation 
would bring the proposed fusion peptide located in the N-terminal domain of HR1, and the 
transmembrane anchor in close proximity. Using biological assays, the HR2 peptide was 
shown to be a potent inhibitor of virus entry in the cell, as well as of cell-cell fusion. Both 
biochemical and functional data show that the coronavirus spike protein is a class I virus 
fusion protein. 
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INTRODUCTION 

 

To successfully initiate an infection, viruses need to overcome the cell membrane 
barrier. Enveloped viruses achieve this by membrane fusion, a process mediated by 
specialized viral fusion proteins. Most viral fusion proteins are expressed as precursor 
proteins, which are endoproteolytically cleaved by cellular proteases, giving rise to a 
metastable complex of a receptor binding and a membrane fusion subunit. Upon receptor 
binding at the cell membrane or as a result of protonation after endocytosis, the fusion 
proteins undergo a dramatic conformational transition. A hydrophobic fusion peptide 
becomes exposed and inserts into the target membrane. The free energy released upon 
subsequent refolding of the fusion protein to its most stable conformation is believed not 
only to facilitate the close apposition of viral and cellular membranes but also to effect the 
actual membrane merger (1, 48, 58). Knowledge about the molecular and biophysical 
events of this process is required for a thorough understanding of this essential step in the 
virus life cycle as well as for a rational design of methods for intervention. 

With a positive-stranded RNA genome of 28 to 32 kb, the Coronaviridae are the 
largest enveloped RNA viruses. Coronaviruses exhibit a broad host range, infecting 
mammalian and avian species. They are responsible for a variety of acute and chronic 
diseases of the respiratory, hepatic, gastrointestinal and neurological systems (60). The 
spike (S) protein is the sole viral membrane protein responsible for cell entry. It binds to 
the receptor on the target cell and mediates subsequent virus-cell fusion (6). Spikes can 
be seen under the electron microscope as clear, 20-nm-long, bulbous surface projections 
on the virion membrane (14). The spike protein of mouse hepatitis virus strain A59 (MHV-
A59) is a 180 kDa heavily N-glycosylated type I membrane protein which occurs in a 
homodimeric (39, 70) or homotrimeric (16) complex. In most MHV strains, the S protein is 
cleaved intracellularly into an N-terminal subunit (S1) and a membrane-anchored subunit 
(S2) of similar size which are non-covalently linked and have distinct functions. Binding to 
the MHV receptor (MHVR) (78) has been mapped to the N-terminal 330 amino acids (aa) 
of the S1 subunit (66), whereas the membrane fusion function resides in the S2 subunit 
(82). It has been suggested that the S1 subunit forms the globular head while the S2 
subunit constitutes the stalk-like region of the spike (15). Binding of S1 to soluble MHV 
receptor, or exposure to 37°C and an elevated pH (pH 8.0), induces a conformational 
change which is accompanied by the separation of S1 and S2 and which might be 
involved in triggering membrane fusion (22, 28, 64). Cleavage of the S protein into S1 and 
S2 has been shown to enhance fusogenicity (26, 65), but cleavage is not absolutely 
required for fusion (2, 27, 63, 65).  

The ectodomain of the S2 subunit contains two regions with a 4,3 hydrophobic 
(heptad) repeat (15), a sequence motif characteristic of coiled coils. These two heptad 
repeat (HR) regions, designated here as HR1 and HR2, are conserved in position and 
sequence among the members of the three coronavirus antigenic clusters (Fig. 1). A 
number of studies have shown that the HR1 and HR2 regions are involved in viral fusion. 
First, a putative internal fusion peptide has been proposed to occur close to (7) or within 
(42) the HR1 region. Second, viruses with mutations in the membrane-proximal HR2 
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region exhibited defects in spike oligomerization and in fusion ability (41). Third, it has 
been suggested that the MHV-4 (JHM) strain can utilize both endosomal and 
nonendosomal pathways for cell entry but does not require acidification of endosomes for 
fusion activation (50). However, mutations found in murine hepatitis viruses which do 
require a low pH for fusion appeared to map to the HR1 region (24).  

HR regions appear to be a common motif in many viral fusion proteins (61). There are 
usually two of them; one N-terminal HR region (HR1) adjacent to the fusion peptide and a 
C-terminal HR region (HR2) close to the transmembrane anchor. Structural studies on 
viral fusion proteins reveal that the HR regions form a six-helix bundle structure implicated 
in viral entry (reviewed in reference (19)). The structure consists of a homotrimeric coiled 
coil of HR1 domains, in the exposed hydrophobic grooves of which the HR2 regions are 
packed in an anti-parallel manner. This conformation brings the N-terminal fusion peptide 
in close proximity to the transmembrane anchor. Because the fusion peptide inserts into 
the cell membrane during the fusion event, such a conformation facilitates a close 
apposition of the cellular and viral membrane (reviewed in reference (19)). Recent 
evidence suggests that the actual six-helix bundle formation is directly coupled to the 
merging of the membranes (48, 58). The similarities in the structures of the six-helix 
bundle complexes elucidated for influenza virus heamaglutinin HA (4, 11), human and 
simian immunodeficiency virus (HIV-1, SIV) gp41 (5, 8, 43, 67, 73, 80), Moloney murine 
leukaemia virus type 1 gp21 (20), Ebola virus GP2 (44, 72), human T-cell leukemia virus 
type 1 gp21 (33), Visna virus TM, (45), simian parainfluenza virus 5 (SV5) F1 (1), and 
human respiratory syncytial virus (HRSV) F1 (84), all point to a common fusion 
mechanism for these viruses. 

Based on structural similarities, two classes of viral fusion proteins have been 
distinguished (38). Proteins containing HR regions and an N-terminal or N-proximal fusion 
peptide are classified as class I viral fusion proteins. Class II viral fusion proteins (e.g. the 
alphavirus E1 and the flavivirus E fusion protein) lack HR regions and have an internal 
fusion peptide. Their fusion protein is folded in tight association with a second protein as a 
heterodimer. Here, fusion activation takes place upon cleavage of the second protein. 

The coronavirus fusion protein (S) shares several features with class I virus fusion 
proteins. It is a type I membrane protein, synthesized in the endoplasmic reticulum, and is 
transported to the plasma membrane. It contains two HR sequences, one located 
downstream of the fusion peptide and one in close proximity to the transmembrane region. 
Despite its similarity to class I fusion proteins, there are several characteristics that make 
the coronavirus S protein exceptional. One is the absence of an N-terminal or even N-
proximal fusion peptide in the membrane-anchored subunit. Another peculiarity is the 
relatively large sizes of the HR regions (~100 and ~40 aa). Third, cleavage of the S 
protein is not required for membrane fusion; in fact, it does not occur at all in the group 1 
coronaviruses.  

In the present study, we have investigated the biochemical and functional 
characteristics of the HR regions of the MHV-A59 spike protein. We show that peptides 
corresponding to the HR regions assembled into a thermostable, oligomeric, alpha-helical 
rod-like complex, with the HR1 and HR2 helices oriented in an anti-parallel manner. HR2 
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was found to be a strong inhibitor of both virus entry into the cell and cell-cell fusion. Our 
findings show that the coronavirus MHV spike fusion protein belongs to the class I virus 
fusion proteins. 

 

 

MATERIALS AND METHODS 

 

Plasmid constructions. For the production of peptides corresponding to amino acid residues 
953-1048 (HR1), 969-1048 (HR1a), 1003-1048 (HR1b), 969-1010 (HR1c) and 1216-1254 (HR2) of 
the MHV-A59 spike protein, PCR fragments were prepared using as a template the plasmid 
pTUMS, which contains the MHV-A59 spike gene (68). Primers were designed (Table 1) to 
introduce into the amplified fragment an upstream BamHI site and a downstream EcoRI site, as 
well as a stop codon preceding the EcoRI site. The fragments corresponding to aa 953-1048 and 
1216-1254 were additionally provided with sequences specifying a factor Xa cleavage site 
immediately downstream of the BamHI site. Fragments were cloned into the BamHI/EcoRI site of 
the pGEX-2T bacterial expression vector (Amersham Bioscience) in frame with the glutathione S-
transferase (GST) gene just downstream of the thrombin cleavage site.  

To establish a cell-cell fusion inhibition assay, the firefly luciferase gene was cloned under a 
T7 promotor and an encephalomyocarditus virus internal ribosome entry site. The luciferase gene-
containing fragment was excised from the pSP-luc+ vector (Promega) by digestion with NcoI and 
EcoRV, treated with Klenow, and ligated into the BamHI-linearized, Klenow-blunted pTN3 vector 
(69) yielding the pTN3-luc+ reporter plasmid. 

 

TABLE 1  Primers used for PCR of HR regions 

Primer Polarity Sequence (5’- 3’) HR product 

973 + GTGGATCCATCGAAGGTCGTCAATATAGAATTAATGGTTTAG HR1  

974 + GTGGATCCATCGAAGGTCGTAATGCAAATGCTGAAGC HR1b 

975 - GGAATTCAATTAATAAGACGATCTATCTG HR1, HR1a, -b 

976 - CGAATTCATTCCTTGAGGTTGATGTAG HR2 

990 + GCGGATCCATCGAAGGTCGTGATTTATCTCTCGATTTC HR2 

1151 + GTGGATCCAACCAAAAGATGATTGC HR1a, HR1c 

1152 - GGAATTCAATTGAGTGCTTCAGCATTTG HR1c 

 

Bacterial protein expression and purification. Freshly transformed BL21 cells (Novagen) 
were grown in 2x yeast-tryptone medium to log phase (optical density at 600 nm, ~1.0) and 
subsequently induced by adding IPTG (isopropy-β-D-thiogalactopyranoside) (GIBCO BRL) to a 
final concentration of 0.4 mM. Two hours later, the cells were pelleted, resuspended in 1/25 
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volume of 10 mM Tris (pH 8.0) - 10 mM EDTA - 1 mM phenylmethylsulfonyl fluoride, and 
sonicated on ice (five times for 2 min each time). The cell homogenates were centrifuged at 
20,000 x g for 60 min at 4°C. To each 50 ml of supernatant, 2 ml glutathione-Sepharose 4B 
(Amersham Bioscience; 50% [vol/vol] in phosphate-buffered saline [PBS]) was added, and the 
mixtures were incubated overnight at 4°C under rotation. The beads were washed three times with 
50 ml PBS and resuspended in a final volume of 1ml PBS. Peptides were cleaved from the GST 
moiety on the beads using 20 U of thrombin (Amersham Bioscience) by incubation for 4 h at room 
temperature (RT). Peptides in the supernatant were purified by reversed-phase high-pressure 
liquid chromatography (RP HPLC) using a Phenyl-5PW RP column (Tosoh) with a linear gradient 
of acetonitrile containing 0.1% trifluoroacetic acid. The peptide-containing fractions were vacuum 
dried overnight and dissolved in water. The peptide concentration was determined by measuring 
the absorbance at 280 nm (25) and by bicinchoninic acid protein analysis (Micro BCA assay kit; 
Pierce).  

Temperature stability of HR1-HR2 complex. An equimolar mix of peptides HR1 and HR2 
(80 µM each) in H2O was incubated at RT for 1 h. After addition of an equal volume of 2x Tricine 
sample buffer (0.125 M Tris [pH 6.8], 4% sodium dodecyl sulphate [SDS], 5% β-mercaptoethanol, 
10% glycerol, 0.004 g bromophenol blue) (59), the mixtures were either left at RT or heated for 5 
min at different temperatures and subsequently analyzed by SDS-polyacrylamide gel 
electrophoresis (PAGE) in 15% Tricine gel (59). 

CD spectroscopy. Circular dichroism (CD) spectra of peptides (25 µM in H2O) were recorded 
at RT on a Jasco J-810 spectropolarimeter, using a 0.1-mm path length, 1-nm bandwidth, 1-nm 
resolution, 0.5-s response time, and a scan speed of 50 nm/min. The alpha-helix content was 
calculated using the program CDNN (http://bioinformatik.biochemtech.uni-halle.de/cd_spec/). 

Electron Microscopy. A preincubated equimolar mix of the peptides HR1 and HR2 was 
subjected to size exclusion chromatography (Superdex 75 HR 10/30; Amersham Pharmacia 
Biotech). A sample from the HR1-HR2 peptide complex containing fraction was adsorbed onto a 
discharged carbon film, negatively stained with a 2% uranyl acetate solution and examined with a 
Philips CM200 microscope at 100 kV. 

Proteinase K treatment. Stock solutions (1 mM) of the peptides HR1, HR1a, HR1b, HR1c 
and HR2 in water were diluted to 80 µM in PBS. The peptides alone (80 µM) or after preincubation 
for 1 h at 37°C with HR2 (80 µM each) were subsequently subjected to proteinase K digestion (1% 
[wt/wt] proteinase K/peptide) for 2 h at 4°C. Samples were immediately subjected to Tricine SDS-
PAGE analysis. Protease-resistant fragments were also separated and purified by RP HPLC and 
characterized by mass spectrometry.  

Virus-cell entry assay. The potencies of HR peptides in inhibiting viral infection were 
determined using a recombinant MHV-A59, MHV-EFLM, which expresses the firefly luciferase 
gene (C.A.M. de Haan and P.J.M. Rottier, manuscript in preparation). LR7 cells (36) were 
maintained as monolayer cultures in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal calf serum (FCS; GIBCO BRL). LR7 cells grown in 96-wells plates were inoculated 
with MHV-EFLM in DMEM at a multiplicity of infection (MOI) of 5 in the presence of various 
concentrations of peptide ranging from 0.4 – 50 µM. After 1 h, the cells were washed with DMEM 
and the medium was replaced with DMEM containing 10% FCS. At 5 h postinfection (p.i.), cells 
were harvested in 50 µl 1x Passive Lysis buffer (Luciferase Assay System; Promega) according to 
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the manufacturer’s protocol. Upon mixing 10 µl of cell lysate with 40 µl of substrate, luciferase 
activity was measured using a Wallac Betalumino meter. 

Cell-cell fusion assay. LR7 cells (2 x 106), used as target cells, were washed with DMEM 
and overlaid with transfection medium consisting of 0.2 ml of DMEM containing 10 µl of Lipofectin 
(Life Technologies) and 4 µg of the plasmid pTN3-luc+. After 10 min at RT, 0.8 ml of DMEM was 
added and incubation was continued at 37°C.  BSR T7/5 cells - BHK cells constitutively expressing 
T7 RNA polymerase (3); a gift from Dr. K.K. Conzelmann - were grown in BHK-21 medium 
supplemented with 10% FCS, 100 IU of penicillin/ml and 1 mg of Geneticin (GIBCO BRL)/ml. 
1x104 BSR T7/5 cells, designated effector cells, were infected in 96-wells plates with wild-type 
vaccinia virus at an MOI of 1 in DMEM at 37°C. After 1 h, the cells were washed with DMEM and 
incubated for 3 h at 37°C with transfection medium consisting of 50 µl DMEM containing 1 µl of 
Lipofectin and 0.2 µg of the plasmid pTUMS (69), which carries the MHV-A59 spike gene under 
the control of a T7 promoter. Then, 3x104 target cells in 100 µl DMEM were added and the cells 
were incubated for another 4 h in the presence or absence of HR peptide. The cells were lysed, 
and luciferase activity was measured as described above. 

 

 

RESULTS 

 

HR1 and HR2 regions in coronavirus spike proteins. The S2 subunit ectodomain 
of coronaviruses contains two HR domains, HR1 and HR2, which are conserved in 
sequence and position (15) (diagrammed in Fig. 1A). HR2 is located adjacent to the 
transmembrane domain, while HR1 occurs ~ 170 aa upstream of HR2. Figure 1B shows a 
protein sequence alignment of the HR1 and HR2 regions of five coronaviruses from the 
three antigenic groups and the recently identified human coronavirus associated with 
severe acute respiratory syndrome (HCoV-SARS) (17, 35, 53, 54). The sequence 
alignment reveals a remarkable insertion of exactly two HRs (14 aa) in both the HR1 and 
the HR2 domain of the spike protein of the group 1 coronaviruses HCoV strain 229E 
(HCoV-229E) and feline infectious peritonitis virus (FIPV) strain 79-1146. Alignment of all 
known coronavirus spike protein sequences shows these insertions in all group 1 
coronaviruses. Another characteristic feature is that the length of the linker region 
between the HR2 region and the transmembrane region is strictly conserved in all 
coronavirus spike proteins. 

HR1 and HR2 can form a hetero-oligomeric complex. To study the HR regions in 
the S2 subunit of the MHV-A59 spike protein, peptides corresponding to the HR residues 
953 to 1048 (HR1), 969 to 1048 (HR1a), 969 to 1048 (HR1b), 969 to 1003 (HR1c), and 
1216 to 1254 (HR2) (Fig. 1B) were produced in bacteria as GST fusion proteins. The 
peptides were affinity purified using glutathione-Sepharose beads, proteolytically cleaved 
from the resin, and purified to homogeneity by RP HPLC. The masses of the peptides, as 
determined by mass spectrometry, matched their predicted Mws (HR1, 10,873 Da; HR1a, 
8,653 Da; HR1b, 5,631 Da; HR1c, 4,447 Da; and HR2, 5,254 Da). 
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(B) 
 
HR1 region: 
 
          Frame I   d   a  d   a  d   a  d   a  d                                                   
                II                        a  d   a  d   a  d   a  d   a  d   a  d   a  d   a  d   a       

                III                                                                            a  d   a  d   a  d   a  d   a 

MHV        947 PFSLSVQYRINGLGVTMNVLSENQKMIASAFNNALGAIQDGFDATN--------------SALGKIQSVVNANAEALNNLLNQLSNRFGAISASLQEILTRLEAVEAKAQIDRLIN 1048 
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IBV        770 PFATQLQARINHLGITQSLLLKNQEKIAASFNKAIGHMQEGFRSTS--------------LALQQIQDVVSKQSAILTETMASLNKNFGAISSVIQEIYQQFDAIQANAQVDRLIT 871 
HCoV-229E  768 PFSLAIQARLNYVALQTDVLQENQKILAASFNKAMTNIVDAFTGVNDAITQTSQALQTVATALNKIQDVVNQQGNSLNHLTSQLRQNFQAISSSIQAIYDRLDTIQADQQVDRLIT 883 
FIPV      1041 PFAVAVQARLNYVALQTDVLNKNQQILANAFNQAIGNITQAFGKVNDAIHQTSQGLATVAKALAKVQDVVNTQGQALSHLTVQLQNNFQAISSSISDIYNRLDELSADAQVDRLIT 1156 
consensus      **..... *.*..... ..* .**...*..**.*........ ...              .**...*.**. ....*. .. .*...*.***.....* .......*..*.****. 116 
 
peptides: 
HR1      953 (GSIEGR)QYRINGLGVTMNVLSENQKMIASAFNNALGAIQDGFDATN--------------SALGKIQSVVNANAEALNNLLNQLSNRFGAISASLQEILTRLEAVEAKAQIDRLIN 1048 
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                  d   a   d   a  d   a  d   a  d   a  d   a  d   a  d 
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HCoV-SARS  1144 PDVDLGDISGINASVVNIQKEID--------------RLNEVAKNLNESLIDLQE LGKYEQYI 1192  
IBV        1045 PDFDKFN---YTVPILDIDSEID--------------RIQGVIQGLNDSLIDLEK LSILKTYI 1090 
HCoV-229E  1053 PDLVVEQ---YNQTILNLTSEISTLENKSAELNYTVQKLQTLIDNINSTLVDLKW LNRVETYI 1112 
FIPV       1331 PEFTLDI---FNATYLNLTGEIDDLEFRSEKLHNTTVELAILIDNINNTLVNLEW LNRIETYV 1390 
consensus       *.....     ..... .. *..              .........*.... *.. ......*. 
 
peptide: 
HR2 1216 (GSIEGR)DLSLDFEK-LNVTLLDLTYEMN--------------RIQDAIKKLNESYINLKE 1254  
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Fig. 1 (A) Schematic representation of the coronavirus MHV-A59 spike protein structure. The 
glycoprotein has an N-terminal signal sequence (SS) and a transmembrane domain (TM) close to 
the C terminus. The protein is proteolytically cleaved (vertical arrow) into an S1 and an S2 subunit, 
which are noncovalently linked. S2 contains two HR regions (hatched bars), HR1 and HR2, as 
indicated. (B) Sequence alignment of HR1 and HR2 domains of MHV-A59 with those of HCoV-
OC43, HCoV-229E, FIPV strain 79-1146, infectious bronchitis virus strain Beaudette (IBV) and the 
newly identified HCoV-SARS (strain TOR2). HCoV-229E and FIPV, MHV-A59 and HCoV-OC43, 
and IBV are representatives of groups 1, 2 and 3, respectively - the three coronavirus subgroups 
(60). Dark shading marks sequence identity, while lighter shading represents sequence similarity. 
The alignment shows a remarkable insertion of exactly two HR (14 aa) in both HR1 and HR2 of 
HCV-229E and FIPV, a characteristic of all group 1 viruses. The predicted hydrophobic HR a and 
d residues are indicated above the sequence. The frame shifts in the predicted HRs in HR1 are 
caused by a stutter (52). The asteriks indicate conserved residues, and the dots represent similar 
residues. The amino acid sequences of the peptides HR1, HR1a, HR1b, HR1c, and HR2 used in 
this study are presented in italics below the alignments. N-terminal residues derived from the 
proteolytic cleavage site of the GST fusion protein are in parentheses. A conserved N-
glycosylation sequence in the HR2 region is underlined. 

 

To study an interaction between the two HR regions, the purified peptides HR1 and 
HR2 were incubated alone (80 µM) or in an equimolar (80 µM each) mixture for 1 h at 
37°C, and the samples were subjected to SDS-PAGE either directly or after heating for 5 
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min at 95°C (Fig. 2A). While the peptides migrated according to their molecular masses 
after separate incubation, most of the protein of the preincubated mixture of HR1 and HR2 
migrated as a higher-molecular-mass complex with a slightly lower mobility than the 29-
kDa marker. Upon being heated, the complex dissociated, giving rise to the individual 
subunits HR1 and HR2. We also tested the other HR1 peptides for interaction with HR2. 
While we did not observe complexes upon mixing of HR2 with HR1b or HR1c (data not 
shown), a higher-molecular-mass species comigrating with the 29-kDa marker was found 
when HR1a was incubated with HR2 (Fig. 2B), though the extent of complex formation 
appeared to be lower than with peptide HR1. Higher-molecular-mass species were not 
seen. The results indicated that the HR1 region contains the information to associate with 
the HR2 region into a hetero-oligomeric complex and that this complex was stable in the 
presence of 2% SDS.  
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Fig. 2 Hetero-oligomeric complex formation of HR1 and HR1a with HR2. (A) HR1 and HR2 on 
their own or as a preincubated equimolar (80 µM) mix were subjected to Tricine SDS-15% PAGE. 
Before gel loading, samples were either heated at 100°C or left at RT. The positions of HR1, HR2 
and the HR1-HR2 complex are indicated on the left, while the positions of molecular mass markers 
are indicated on the right. (B) Same as panel A but with peptide HR1a instead of  HR1. 

 

HR1-HR2 complex is highly temperature resistant. Next, we determined the 
stability of the HR1-HR2 complex at increasing temperatures. An equimolar (80 µM each) 
mix of the two peptides was again incubated for 1 h at 37°C and subsequently heated for 
5 minutes at different temperatures in 1x Tricine sample buffer or left at RT. The 
complexes were analyzed by SDS-PAGE in a 15% gel. As Fig. 3 demonstrates, the high-
molecular-mass complexes remained intact up to 70°C, partly dissociated at 80°C and 
fully dissociated at 90°C. The stability of the complex at high temperatures indicates that 
the peptides are held together by strong interaction forces in an energetically favorable 
conformation. 
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Fig. 3 Temperature stability of HR1-HR2 complex. An 

equimolar mix of HR1 and HR2 (80 µM) was incubated at RT for 
1 h. Samples were subsequently heated for 5 min at the 
indicated temperatures in 1x Tricine sample buffer and analyzed 
by SDS-PAGE in a 15% Tricine gel, together with HR1 and HR2 
alone. The positions of HR1, HR2, and the HR1-HR2 complex 
are indicated on the left, while the molecular mass markers are 
indicated at the right. 

 

HR1, HR2 and the HR1-HR2 complex are highly alpha-helical. The secondary 
structure of the HR peptides was examined by CD, and the CD spectra of HR1 and HR2 
and of an equimolar mixture of HR1 and HR2 were recorded (Fig. 4). The spectra showed 
clear minima at 208 and 222 nm, which is characteristic of alpha-helical structure. 
Calculations revealed that the alpha-helical contents of the individual HR1 and HR2 
peptides and of the mixture of the two peptides were 89.2, 89.3, and 81.9%, respectively.  

 

Fig. 4 CD spectra (mean 
residue eliplicity [Φ]) of the HR1 (25 
µM; open squares) peptide, the HR2 
(25 µM; filled triangles) peptide, and 
of the HR1-HR2 complex (25 µM; 
filled squares) in water at RT. Note 
that the HR1 and HR2 spectra 
virtually coincide.  
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The HR1-HR2 complex has a rod-like structure. The overall shape of the HR1-HR2 
complex was examined by electron microscopy. Complexes were purified and viewed 
after negative staining. Electron micrographs revealed rod-like structures (Fig. 5). Based 
on measurements of 40 particles, an average length of 14.5 nm (± 2 nm) was calculated. 
This length is consistent with an alpha-helix of ~90 aa in length, which corresponds 
approximately to the predicted length of the HR1 coiled-coil region. Similar rod-shaped 
complexes have been reported for the influenza virus HA protein (12, 57), for portions of 
the HIV-1 gp41 protein (74) and for the Ebola virus GP2 protein (71). 

 

 

50 nm 50 nm50 nm 50 nm

Fig. 5 Electron micrographs of HR1-HR2 complex. 

 

HR1 and HR2 helices associate in an anti-parallel manner. The relative orientation 
and position of HR2 with respect to HR1 in the complex were examined by limited 
proteolysis using proteinase K in combination with mass spectrometry. Complexes were 
generated by incubation of the HR2 peptide with each of the peptides HR1, HR1a, HR1b, 
and HR1c. The reaction mixtures as well as the individual peptides, were then treated with 
proteinase K. Samples from each reaction were analyzed by Tricine SDS-PAGE (data not 
shown). Using RP HPLC, the protease-resistant fragments were purified, and their 
molecular masses were determined by mass spectrometry, which allowed us to identify 
the protease-resistant cores of the peptides. For each protease resistant core, a unique 
amino acid composition could be deduced that allowed the unequivocal identification of 
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the peptides in the different samples. Figure 6 gives a schematic overview of the 
proteinase K-resistant fragments. Digestion of HR1 alone left a protease-resistant 
fragment with a molecular mass of 6,801 Da, corresponding to residues 976 to 1040. 
Although CD spectra had indicated a folded structure, HR2 was completely degraded by 
proteinase K. However, in the presence of HR1, HR2 was fully protected from proteolytic 
degradation. HR2 was able to rescue 18 additional residues at the N terminus of HR1, 
leaving a fragment of 8,675 Da corresponding to residues 958 to 1040. Proteolysis of the 
HR1a peptide alone generated the same fragment (residues 976 to 1040) obtained with 
HR1. In the HR1a-HR2 mixture, the HR2 peptide was completely protected by HR1a from 
degradation, while HR2 fully shielded the N terminus of HR1a from proteolysis, including 
the glycine and serine residues originating from the thrombin cleavage site. 

 

 

C                N

N                                              C

N                                       C

N              C

N                    C

N              C

N                               C

N                               C

HR2

HR1

HR1a

HR1c

HR1b

C                N

C                N

N                                       C

N                                  C

C            N

- proteinase K + proteinase K + HR2 / proteinase K

1254        1216

953                                        1048

969                                 1048

969        1010

1003            1048

976                        1040

976                        1040

958                                1040

969                            1040

969        1010

1254   1225

1254        1216

1254        1216

C                N

N                                              C

N                                       C

N              C

N                    C

N              C

N                               C

N                               C

HR2

HR1

HR1a

HR1c

HR1b

C                N

C                N

N                                       C

N                                  C

C            N

- proteinase K + proteinase K + HR2 / proteinase K

1254        1216

953                                        1048

969                                 1048

969        1010

1003            1048

976                        1040

976                        1040

958                                1040

969                            1040

969        1010

1254   1225

1254        1216

1254        1216

Fig. 6 Proteinase K treatment of HR peptides. The peptides HR2, HR1, HR1a, HR1b, and 
HR1c were subjected to proteinase K either individually in solution or after mixing of the different 
HR1 peptides with HR2 at equimolar concentration followed by a 1-h incubation at 37°C. 
Proteolytic fragments were separated and purified by HPLC and characterized by mass 
spectrometry. The peptides are presented by bars. The hatched bars indicate the protease-
senstitive part(s) of the peptide. Shaded bars represent the HR2 peptide. The N- and C-terminal 
positions of the peptide and the amino acid numbering are indicated. 

 

Although a higher-molecular-mass species could not be detected by Tricine SDS-
PAGE (data not shown), the protease treatment of the HR1c-HR2 complex left a protease 
resistant core. HR1c was fully sensitive to proteinase K but was completely protected in 
the presence of HR2. HR2 itself was partly protected against proteolysis by HR1c, yielding 
a fragment of 3,583 Da that represents residues 1225 to 1254. Importantly, this HR2 
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fragment has an intact C terminus but is degraded at its N terminus. HR1c has the same N 
terminus as HR1a but is truncated at its C terminus. Thus, its inability to protect the HR2 N 
terminus combined with the full protection provided by HR1a implies an antiparallel 
association of the HR1 and HR2 helices in the hetero-oligomeric complex. The peptide 
HR1b was fully sensitive to proteinase K both by itself and when mixed with HR2. HR1b 
also could not prevent proteolysis of HR2. Altogether, the proteolysis results suggest that 
the anti-parallel association of HR2 and HR1 occurs in the middle part of HR1.  

 

HR2 strongly inhibits viral entry and syncytium formation. The formation of stable 
HR complexes is supposedly an essential step in the process of membrane fusion during 
viral cell entry. Thus, we evaluated the potencies of our HR peptides for inhibiting MHV 
entry, making use of a recombinant MHV-A59, MHV-EFLM, which expresses the firefly 
luciferase reporter gene. Cells were inoculated with MHV-EFLM in the presence of 
different concentrations of the peptides HR1, HR1a, HR1b, HR1c, and HR2. After 1 h, the 
cells were washed, and culture medium without peptide was added. At 4 h p.i., i.e., before 
syncytium formation takes place, cells were lysed and tested for luciferase activity (Fig. 
7A). HR1, HR1a, and HR1b were not able to inhibit viral entry up to concentrations of 50 
µM. In contrast, HR2 blocked viral entry in a concentration-dependent manner, and 
inhibition was almost complete at a concentration of 50 µM.  

 

 
Fig. 7 Inhibition of virus cell entry and cell-cell fusion by HR peptides. (A) Virus cell entry 

inhibition by HR peptides using a luciferase gene-expressing MHV. LR7 cells were inoculated with 
virus at an MOI of 5 in the presence of various concentrations of peptide ranging from 0.4 to 50 
µM. At 5 h p.i., cells were lysed, and luciferase activity was measured. (B) Inhibition of spike-
mediated cell-cell fusion by HR peptides. BSR T7/5 effector cells - BHK cells constitutively 
expressing T7 RNA polymerase (3) - were infected with vaccinia virus for 1 h and subsequently 
transfected with a plasmid containing the S gene under a T7 promotor. Three hours 
posttransfection, LR7 target cells transfected with a plasmid carrying the luciferase gene behind a 
T7 promotor were added to the effector cells. The cells were incubated for another 4 h in the 
presence or absence of HR peptide. The cells were lysed, and luciferase activity was measured.  
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We also studied the abilities of the HR peptides to block cell-cell fusion. To this end, 
we established a sensitive cell-cell fusion assay based on the coculturing of BHK cells 
expressing the bacteriophage T7 polymerase, as well as the MHV-A59 spike protein, with 
murine L cells transfected with a plasmid carrying a luciferase gene cloned behind a T7 
promoter. Fusion of the cells was determined by measuring luciferase activity. The effects 
of adding the HR peptides during the coculturing of the cells are compiled in Fig. 7B. The 
HR2 peptide again appeared to be a potent inhibitor able to efficiently block cell-cell 
fusion. A 1000-fold reduction in luciferase activity was measured at a concentration of 10 
µM, whereas essentially no activity was observed at a concentration of 50 µM. Of the HR1 
peptides, only the HR1b peptide had a minor effect at the highest concentration of 50 µM. 

 

 

DISCUSSION 

 

HR regions play a critical role in viral membrane fusion. Fusion proteins from widely 
disparate virus families have been shown to contain two such regions, one located close 
to the fusion peptide, the other generally in the vicinity of the viral membrane (7) 
(summarized in Fig. 8). Distances between the HR regions vary greatly, from some 50 aa, 
as in HIV-1, to ~300 residues in Spodoptera exigua multicapsid nucleopolyhedrosis virus 
(75). The crystal structures resolved for influenza HA (4, 10, 79), HIV-1 and SIV gp41 (5, 
8, 43, 67, 73, 80), Moloney murine leukaemia virus gp21 (20), Ebola virus GP2 (44, 72), 
human T-cell leukemia virus type I gp21 (33), Visna virus TM, (45), SV5 F1 (1), HRSV F1 
(84), and Newcastle disease virus F (13) all show a central trimeric coiled coil constituted 
of three HR1 regions. In some of these structures (e.g., HIV-1 and SIV gp41, SV5 F1, 
Ebola virus gp2, Visna virus TM and HRSV F1), a second layer of helices or elongated 
peptide chains was observed, contributed by HR2 domains which were packed in an 
antiparallel manner into the hydrophobic grooves of the HR1 coiled coil, forming a six-helix 
bundle. In the full-length protein, such a conformation brings the fusion peptide present at 
the N terminus of HR1 close to the transmembrane region that occurs C terminally of HR2. 
With the fusion peptide inserted in the cellular membrane and the transmembrane region 
anchored in the viral membrane, such a hairpin-like structure facilitates the close 
apposition of cellular and viral membrane and enables subsequent membrane fusion 
(reviewed in reference (19)). Combined with the findings that peptides derived from these 
HR domains can act as potent inhibitors of fusion (reviewed in reference (19)), the 
biological relevance of the HR regions in the viral life cycle is obvious. Our studies of the 
HR motifs in the MHV-A59 spike protein presented here indicate that coronaviruses use 
membrane fusion and cell entry mechanisms similar to those of the other viruses, allowing 
coronavirus spike proteins to be classified as class I viral fusion proteins (38). 
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   Fig. 8 Schematic representation (approximately to scale) of the viral fusion proteins of six 
different virus families: MHV-A59 S (Coronaviridae), Influenza HA (Orthomyxoviridae), HIV-1 
gp160 (Retroviridae), SV5 F (Paramyxoviridae), Ebola Gp2 (Filoviridae) and S. exigua multicapsid 
nucleopolyhedrosis virus (SeMNPV) F (Baculoviridae). Cleavage sites are indicated by triangles; 
the black bars represent the (putative) fusion peptides, the vertically hatched bars represent the 
HR1 domains, and the horizontally hatched bars represent the HR2 domains. Transmembrane 
domains are indicated by the vertical, dashed lines. For each polypeptide, the total length is given 
at the right. 

 

The MHV-A59-derived HR peptides exhibited a number of typical class I 
characteristics. First, the purified HR1 and HR2 peptides assembled spontaneously into 
unique, homogeneous multimeric complexes. These complexes were highly stable, 
surviving, for instance, high concentrations (2%) of SDS and high temperatures (70 to 
80°C). The peptides apparently associate with great specificity into an energetically very 
favourable structure. Another typical feature was the observed secondary structure in the 
peptides. As for HR peptides of other class I viruses, the CD spectra of both the individual 
and the complexed HR1 and HR2 peptides showed patterns characteristic of alpha-helical 
structure. The alpha-helix contents of the separate peptides were calculated to be ~89%, 
and that of their equimolar mixture was calculated to be ~82%. Consistent with these 
observations, the HR complex revealed a rod-like structure when examined by electron 
microscopy. The length of this structure (~14.5 nm) correlates well with the length 
predicted for an alpha helix the size of HR1 (96 aa). Similar rod-like structures have been 
observed for other class I virus fusion proteins, such as the influenza virus HA protein (12, 
57), portions of the HIV-1 gp41 protein (74), and the Ebola virus GP2 protein (71), but the 
lengths of the MHV-A59-derived structures are substantially larger. This is presumably 
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even more the case for group 1 coronaviruses, which have an insertion of two HRs (14 aa) 
(Fig. 1) in both HR regions. These insertions into otherwise conserved areas suggest that 
these additional sequences to associate with each other in the HR1-HR2 complex, 
thereby extending the alpha-helical complex by exactly four turns. We can only speculate 
about the significance of the exceptional lengths of coronavirus HR complexes. It is 
conceivable that the supposedly higher energy gain of their formation corresponds with 
higher energy requirements for membrane fusion by these viruses.  

Another important characteristic of class I viral fusion proteins is the formation of a 
heterotrimeric six-helix bundle during the membrane fusion process, resulting in a close 
allocation of the fusion peptide and the transmembrane domain. Consistently, protein 
dissection studies using proteinase K demonstrated an antiparallel organization of the 
HR1 and HR2 alpha-helical peptides in the MHV-A59 HR complex. So far, no fusion 
peptides have been identified in any coronavirus spike protein, but predictions for MHV S 
have located such fusion sequences at (7) or in (42) the N terminus of HR1. In both cases, 
an antiparallel orientation of the HR1 and HR2 alpha helices ensures that the fusion 
peptide is brought into close proximity to the transmembrane region. Sequence analysis 
reveals that the e and g positions in the HR1 regions of all coronaviruses are primarily 
occupied by hydrophobic residues, unlike the e and g positions in the HR2 regions which 
are mostly polar (Fig. 1). The HR2 region also contains a strictly conserved N-linked 
glycosylation sequence, indicating its surface accessibility. Preliminary X-ray data on the 
HR1-HR2 complex show a six-helix bundle structure in the electron-dense region (Bosch, 
B.J., Rottier, P.J.M, and Rey F.A., unpublished results). The combined observations 
suggest a packing analogous to the fusion proteins of other class I viruses (e.g., HIV and 
SV5), where the HR1 and HR2 peptides can form a six-helix bundle with the long HR1 
peptide centered in the middle as a three-stranded coiled-coil with the hydrophobic a and 
d residues in its inner core. The shorter HR2 peptide packs with its apolar interface in the 
hydrophobic grooves of the HR1 coiled coil, which expose the mostly hydrophobic 
residues on e and g positions. 

Peptides derived from the HR regions of retrovirus (29, 31, 40, 49, 51, 62, 76, 77) and 
paramyxovirus (30, 37, 55, 81, 83) fusion proteins have been shown to strongly interfere 
with the fusion activity of these proteins. We observed the same effect when we tested the 
HR2 peptide of the MHV-A59 spike protein. Using a recombinant luciferase-expressing 
MHV-A59, the peptide acted as an effective inhibitor of virus entry at micromolar 
concentrations. Cell-cell fusion inhibition was even more efficiently blocked by the peptide, 
as tested in a cell fusion luciferase assay system. However, peptides derived from the 
HR1 region had no or only a minor effect on virus entry and syncytia formation. HIV-1 
gp41-derived HR peptides that inhibit membrane fusion have been shown not to bind to 
the native protein nor to the six-helix bundle. They can bind only to an intermediate stage 
of gp41 occurring during the fusion process (9, 21, 32). Repeated passage of HIV in the 
presence of the inhibitory peptide DP178, which is derived from the C-terminal gp41 HR 
region, resulted in resistant viruses containing mutations in the N-terminal HR region (56). 
By analogy to HIV-1 and other class I viruses, inhibition of membrane fusion by the MHV 
HR2 peptide most likely takes place during an intermediate stage of the fusion process by 
binding of the peptide to the HR1 region in the spike protein. This binding, which may 
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occur before, during, or after the association of the HR1 regions into the inner trimeric 
coiled coil, presumably inhibits the subsequent interaction with native HR2 and, 
consequently, membrane fusion. For the HIV-1 gp41 and SV5 F protein also, peptides 
corresponding to the HR1 region show membrane fusion inhibition, supposedly by binding 
to the native HR2 region (30, 76). It has been reported for HIV-1 that the HR1 peptide 
aggregates in solution (40) and that its inhibitory activity could be enhanced by fusing it to 
a designed soluble trimeric coiled coil, making the HR1 peptide more soluble (18). The 
MHV-A59 HR1 peptide is soluble in water but appeared to precipitate in salt solutions 
(data not shown). We cannot exclude the possibility that this solubility feature obscured 
the inhibitory potency of our HR1-derived peptides and that it accounts for the negative 
results with these peptides in our fusion assays. The HR2 peptide (as well as, possibly, 
soluble forms of HR1) may well provide powerful antivirals for the therapy of coronavirus-
induced diseases both in animals and humans. 

Membrane fusion mediated by class I fusion proteins is accompanied by dramatic 
structural rearrangements within the viral polypeptide complexes (19). Though little is 
known of the coronavirus membrane fusion process (for a review, see reference (23)), the 
occurrence of conformational changes induced by various conditions has been described 
for MHV spikes (47). While MHV-A59 is quite stable at mildly acidic pH, it is rapidly and 
irreversibly inactivated at pH 8.0 and 37°C (64). Under these conditions, the S1 subunit 
dissociates from the virions and the S2 subunit aggregates concomitantly, resulting in the 
aggregation of the particles. Due to the structural rearrangements in the spike, virions can 
bind to liposomes and the S2 protein becomes sensitive to protease degradation (28). 
Similar conformational changes can apparently also be induced at pH 6.5 by the binding 
of spikes to the (soluble) MHV receptor (22, 28) as this interaction enhances liposome 
binding and protease sensitivity as well (28). Virion binding to liposomes is presumably 
caused by the exposure of hydrophobic protein surfaces or of the fusion peptide as a 
result of the conformational change. It appears that the structural rearrangements in the 
spikes, whether elicited by elevated pH or soluble receptor interaction, reflect the process 
that naturally gives rise to the fusion of viral and cellular membranes. Accordingly, cell-cell 
fusion induced by MHV-A59 was maximal at slightly basic pH (64).  

A number of studies on the MHV spike protein have shown the importance of the HR 
regions in membrane fusion. Three codon mutations (Q1067H, Q1094H and L1114R) in 
or close to the HR1 region of the spike protein were found to be responsible for the low pH 
requirement for fusion of some MHV-JHM variants isolated from persistently infected cells 
(24). Analysis of soluble receptor-resistant variants of this virus also pointed to an 
important role for the HR1 region in fusion activity and suggested that it interacts 
somehow with the N-terminal domain (S1N330-III; aa 278 to 288) of the spike protein (46). 
In yet another MHV-JHM variant, a great reduction in cell-cell fusion was attributed to the 
occurrence of two mutations in the spike protein, one of which was again located in the 
HR1 region (A1046V), while the other (V870A) was in a small nonconserved HR region (N 
helix) close to the S cleavage site (34). Acidification resulted in a clear enhancement of 
fusion by this double mutant. It was speculated that the three predicted helical regions (N 
helix, HR1 and HR2) all collapse into a low-energy coiled-coil during the process of 
membrane fusion (34). This paper provides evidence that the HR1 and HR2 regions 

 41



Chapter 2 

indeed can form such a low-energy coiled coil. However, the role of the small N helix, 
although not conserved in group 1 and 3 coronaviruses, remains to be determined. 
Studies with the MHV-A59 S protein showed that mutations introduced at a and d 
positions in an N-terminal part of the HR1 region, a fusion peptide candidate, severely 
affected cell-cell fusion ability (42). This effect was not due to defects in spike maturation 
or cell surface expression. Finally, codon mutations in the HR2 region were found to 
significantly reduce cell-cell fusion (41). Though these mutant spike protein were 
apparently impaired in oligomerization, their surface expression was hardly affected.  

In conclusion, our structural and functional studies indicate that the coronavirus spike 
protein can be classified as a class I viral fusion protein. The protein has, however, several 
unusual features that set it apart. An important characteristic of all class I virus fusion 
proteins known so far is the cleavage of the precursor by host cell proteases into a 
membrane-distal and a membrane-anchored subunit, an event essential for membrane 
fusion. Consequently, the hydrophobic fusion peptide is then located at or close to the 
newly generated N terminus of the membrane-anchored subunit, just preceding the HR1 
region. In contrast, the MHV-A59 spike does not have a hydrophobic stretch of residues at 
the distal end of S2 but carries a fusion peptide internally at a location that has yet to be 
determined (7, 42). Unlike other class I fusion proteins, cleavage of the S protein into S1 
and S2 has been shown to enhance fusogenicity (26, 65) but not to be absolutely required 
(2, 27, 63, 65). In fact, spikes belonging to group 1 coronaviruses are not cleaved at all. 
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Chapter 3 

ABSTRACT 

 

The coronavirus SARS-CoV is the primary cause of the life-threatening severe acute 
respiratory syndrome (SARS). With the aim of developing therapeutic agents, we have 
tested peptides derived from the membrane-proximal (HR2) and membrane-distal (HR1) 
heptad repeat region of the spike protein as inhibitors of SARS-CoV infection of Vero 
cells. It appeared that HR2 peptides, but not HR1 peptides, were inhibitory. Their efficacy 
was, however, significantly lower than that of corresponding HR2 peptides of the murine 
coronavirus mouse hepatitis virus (MHV) in inhibiting MHV infection. Biochemical and 
electron microscopical analyses showed that, when mixed, SARS-CoV HR1 and HR2 
peptides assemble into a six-helix bundle consisting of HR1 as a central triple-stranded 
coiled coil in association with three HR2 α-helices oriented in an antiparallel manner. The 
stability of this complex, as measured by its resistance to heat dissociation, appeared to 
be much lower than that of the corresponding MHV complex, which may explain the 
different inhibitory potencies of the HR2 peptides. Analogous to other class I viral fusion 
proteins, the six-helix complex supposedly represents a postfusion conformation that is 
formed after insertion of the fusion peptide, proposed here for coronaviruses to be located 
immediately upstream of HR1, into the target membrane. The resulting close apposition of 
fusion peptide and spike transmembrane domain facilitates membrane fusion. The 
inhibitory potency of the SARS-CoV HR2-peptides provides an attractive basis for the 
development of a therapeutic drug for SARS. 
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INTRODUCTION 

 

Severe acute respiratory syndrome (SARS) is a new, often fatal disease in humans for 
which as yet no cure exists. It is caused by a novel coronavirus, SARS-CoV, that probably 
originated from a wild animal reservoir. An attractive approach to interfere with SARS 
disease progression focuses on one of the earliest processes of infection, by blocking the 
fusion process that mediates the delivery of the viral genome into the host cell. When 
applied at an early stage, such an approach would prevent or reduce the spread of the 
infection within and beyond the respiratory organs. Coronaviruses are enveloped viruses 
both the receptor binding and the membrane fusion process of which are mediated by the 
spike (S) membrane glycoprotein (reviewed in ref. (12)). We have shown recently that 
murine coronavirus (MHV) uses a spike-mediated membrane fusion mechanism that has 
many similarities to that of so-called class I virus fusion proteins (4).  

Class I virus fusion proteins, like the influenza virus hemaglutinin, the HIV-1 env and 
the paramyxovirus F protein, have a number of common structural features. They are type 
I membrane glycoproteins that fold into trimers and contain a protease cleavage site, a 
fusion peptide and at least two heptad repeat regions, one of which (here designated as 
HR1) is located downstream and in the vicinity of the fusion peptide, whereas the other 
(HR2) usually occurs adjacent to the transmembrane domain (17). The fusion proteins 
acquire a metastable state upon cleavage by cellular proteases. After binding of virus to 
the receptor or because of protonation during endocytosis, class I fusion proteins proceed 
through a series of conformational changes to mediate membrane fusion with the host 
cell. Initially, the fusion peptide located at or close to the N terminus of the membrane-
anchored subunit becomes exposed and can insert into the cellular membrane. This is 
followed by further rearrangements within the protein trimer resulting in the formation of a 
six-helix bundle. In this structure, a homotrimeric coiled coil formed by HR1 is surrounded 
by three HR2 helices that pack against the HR1 coiled coil in an antiparallel manner. In 
the full-length protein, such a conformation leads to a close apposition of the fusion 
peptide (N-terminally of HR1), inserted in the cellular membrane, and the viral 
transmembrane segment (C-terminally of HR2), facilitating membrane fusion (for a review 
on class I fusion protein mechanism, see ref. (10)). 

The coronavirus spike protein has striking similarities with class I fusion proteins. It is 
a type I membrane protein that oligomerizes into trimers (9), although dimers of the spike 
protein have also been reported (18). The N-terminal half of the protein (S1) contains the 
receptor-binding domain (3, 26), whereas the C-terminal half (S2) is the membrane-
anchored membrane fusion subunit (32). Similar to class I fusion proteins, the S2 protein 
contains two heptad repeat regions of which one (HR2) is located close to the 
transmembrane anchor, the other (HR1) ~170 residues upstream of it (7). Despite these 
strong similarities to class I virus fusion proteins, coronaviruses spike proteins have 
several characteristics that set them apart. First, unlike class I fusion proteins, cleavage is 
not essential for coronavirus infection; rather, group 1 coronaviruses are not cleaved at all. 
Second, although class I fusion proteins carry their fusion peptide at or close to the N 
terminus of the membrane anchored membrane fusion subunit, no such hydrophobic 
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peptide occurs in this region of (cleaved) coronavirus spike proteins. Although the precise 
location of the fusion peptide still needs to be determined, it is clear that membrane fusion 
is mediated by an internal fusion peptide. 

Here we have explored the potential of HR peptides as therapeutic agents against 
SARS. As has been described for retrovirus, paramyxovirus and coronavirus fusion 
proteins (4, 13, 16, 22, 23, 29, 30), peptides derived from the HR2 domain can inhibit virus 
infection, most likely by interfering with six-helix bundle formation, a process essential to 
drive the membrane fusion reaction and, thus, to initiate infection. For HIV-1 this has led to 
the development of peptide inhibitors, one of which has recently been licensed as a drug 
against AIDS. Our results demonstrate that SARS-CoV HR peptides assemble into a rod-
like complex composed of an inner α-helical HR1 homotrimer packed with three HR2 α-
helices oriented in an antiparallel fashion. SARS-CoV infection of Vero cells appeared to 
be markedly inhibited, in a concentration-dependent manner, by HR2 derived peptides 
although the effect was clearly less than that of corresponding HR2 peptides on MHV 
infection of murine cells. As judged from the different thermal stabilities of the HR1-HR2 
complexes, this difference is probably explained by a relatively weaker interaction strength 
of the SARS-CoV peptides.  

 

 

MATERIALS AND METHODS 

 

Plasmid constructions, bacterial protein expression, and purification. For the production 
of peptides corresponding to the heptad repeat regions, HR1 and HR2, of the SARS-CoV spike 
protein, PCR fragments were prepared using as a template a SARS-CoV (strain 5688) cDNA 
covering the S gene. Primers were designed (see Table 1 and below) to introduce into the 
amplified fragment an upstream BamHI site, a downstream EcoRI site, as well as a stop codon 
preceding the EcoRI site. Fragments were cloned into the BamHI/EcoRI site of the pGEX-2T 
bacterial expression vector (Amersham Pharmacia) in frame with the GST gene just downstream 
of the thrombin cleavage site. For the production of HR peptides with an N-terminal hydrophilic 
FLAG-tag (DYKDDDDK), a primer dimer (Table 1) containing the FLAG-tag encoding sequence 
was cloned into the BamHI site of the pGEX-2T vector, thereby knocking out the 5' BamHI site. 
The resulting vector was used to clone the HR1 and HR2 PCR products of SARS-CoV spike gene 
into the BamHI/EcoRI site. The vectors producing the MHV HR1 and HR2 peptides have been 
described (2). 

Freshly transformed BL21 cells (Novagen) were grown in 2x YT (yeast-tryptone) medium to 
log phase (OD600 ~1.0) and subsequently induced by adding isopropyl β-D-thiogalactoside 
(IPTG) (GIBCO/BRL) to a final concentration of 0.4 µM. Two hours later, cells were pelleted, 
resuspended in 1/25 volume of 10 mM Tris (pH 8.0)/10 mM EDTA/1 mM PMSF, and sonicated on 
ice (5 times 2 min). Cell homogenates were centrifuged at 20,000 × g for 60 min at 4°C. To each 
50 ml of supernatant, 2 ml of glutathione-Sepharose 4B (Amersham Pharmacia; 50% vol/vol in 
PBS) was added and the suspensions were incubated overnight (O/N) at 4°C under rotation. 
Beads were washed three times with 50 ml PBS and resuspended in a final volume of 1 ml of 
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PBS. Peptides were cleaved from the GST moiety on the beads by using 20 units of thrombin 
(Amersham Pharmacia) by incubation for 4 h at room temperature. Peptides in the supernatant 
were purified by reverse-phase HPLC using a Phenyl-5PW RP column (Tosoh) with a linear 
gradient of acetonitrile containing 0.1% trifluoroacetic acid. Peptide containing fractions were 
vacuum-dried O/N and dissolved in water. Peptide concentrations were determined by measuring 
the absorbance at 280 nm and by bicinchoninic acid protein analysis (Micro BCA Assay kit, 
Pierce). 

 

TABLE 1  Primers used for PCR of HR regions 

Primer Polarity Sequence (5’- 3’) Product 

2006 + GCGGATCCGCATATAGGTTCAATGG HR1 

2007 - CGAATTCATGTAATTAACCTGTCAA HR1, HR1a, HR1b 

2008 + GCGGATCCAACCAAAAACAAATCGC HR1a, HR1c 

2009 + GCGGATCCAACCAGAATGCTCAAGC HR1b 

2010 - CGAATTCATTGTTTAACAAGTGTGT HR1c 

1998 + CGAATTCACTCATATTTTCCCAATT HR2 

1999 + GCGGATCCGAGCTTGACTCATTCAA HR2-1, HR2-8 – 10 

2064 + GCGGATCCTTCAAAGAAGAGCTGGA HR2-2 

2065 + GCGGATCCCTGGACAAGTACTTCAA HR2-3 

2066 + GCGGATCCTTCAAAAATCATACATC HR2-4 

2067 + GCGGATCCACATCACCAGATGTTGA HR2-5 

2068 + GCGGATCCGTTGATCTTGGCGACAT HR2-6 

2069 + GCGGATCCGACATTTCAGGCATTAA HR2-7 

1998 - CGAATTCACTCATATTTTCCCAATT HR2-1 – HR2-7 

2034 - CGAATTCATTTAATATATTGCTCAT HR2-8 

2070 - CGAATTCACAATTCTTGAAGGTCAA HR2-9 

2071 - CGAATTCAGTCAATGAGTGATTCAT HR2-10 

2072 + GATCAGACTACAAGGATGACGATGACAAAG FLAG-tag 

2073 - GATCCTTTGTCATCGTCATCCTTGTAGTCT FLAG-tag 

 

Inhibition of SARS-CoV infection. Vero 118 cells were maintained in Iscove’s modified 
Dulbecco’s medium (IMDM; BioWhittaker) supplemented with 5% FBS (Greiner, Kremsmuenster, 
Germany), penicillin (100 units/ml), streptomycin (100 µg/ml), and 2 mM L-glutamine. The initial 
experiments were performed on Vero 118 cells grown on cover slips in 24 well plates (2x105 cells/ 
well) at 37°C. Cells were inoculated with SARS-CoV (strain 5688, fourth passage, ref. (14)) 
(multiplicity of infection = 0.5) in the presence of HR peptide at different concentrations. After 1 h, 
the inoculum was removed, the cells were washed twice with IMDM, and the cells were overlaid 
with IMDM containing 5% FBS and the peptide at similar concentration as used in the inoculum. 
After overnight (O/N) incubation, cells were washed twice with PBS and fixed by 70% ethanol for 
30 min at –20°C. After washing the plates twice with PBS and twice with bidest, the cover slips 
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were incubated for 1 hr at 37°C with a polyclonal serum (1:100) obtained from a convalescent 
SARS patient. FITC-labelled rabbit-antihuman IgG (Dako) was used as a conjugate in a 1:80 
dilution. Pictures of FITC fluorescent cells were taken by using a MC80 camera mounted on an 
Axioskop microscope (Zeiss). 

The second set of inhibition experiments was performed on Vero 118 cells in 96-well plates 
(104 cells per well). Cells were inoculated in triplicate with 100 TCID50 of SARS-CoV in the 
presence of various peptide concentrations, ranging from 0.4 µM to 50 µM, for 1 h at 37°C in a 
CO2 incubator. Cells were then washed twice with IMDM, and the medium was replaced with 
IMDM containing 5% FBS. After incubation for 9 h, plates were washed twice with PBS and fixed 
by 4% formaldehyde for 15 min and 70% ethanol plus 0.5% H2O2 for 15 min at room temperature. 
After washing the plates twice with PBS plus 0.5% Tween-20 and twice with PBS, the fixed and 
permeabilized cells were incubated for 1 hr at 37°C with a polyclonal antiserum obtained from 
SARS-CoV-infected ferrets (1: 40) (21). Horse radish peroxidase (HRP)-labelled goat-anti-ferret 
antibodies (Dako) were used as a conjugate in a 1:50 dilution. Reaction was developed with 3-
amino-9-ethylcarbazole (AEC; Sigma) according to the manufacturer’s instructions. Inhibition of 
MHV by HR peptides was tested as described above but using LR7 cells (15) rather then VERO 
118 cells. IPOX detection of MHV-positive cells was carried out by using a rabbit polyclonal 
antibody against MHV (1:300) (24) in combination with a HRP swine-anti rabbit antibody (1:300) 
(Dako). Experiments were performed in triplicate, and carried out in duplo. Infected cells were 
counted using the light microscope and the effective peptide concentration at which 50% of the 
infection was inhibited (EC50) was calculated by fitting the HR peptide inhibition data to a Langmuir 
function [normalized number of infected cells = 1/1(1+[HR peptide]/IC50)]. 

Size exclusion HPLC. Peptides HR1 and HR2 and a preincubated equimolar mix of HR1 and 
HR2 were purified by size exclusion HPLC on a Superdex 75 PC 3.2/30 column (Amersham 
Pharmacia) using 200 mM ammonium acetate (pH 5.0) as a running buffer.  

Nano electrospray ionisation time-of-flight mass spectrometry (nano ESI-TOF). Peak 
fractions collected after size exclusion HPLC were analyzed by nano-ESI-TOF mass spectrometry 
(Micromass LC-T, Manchester, U.K.) at a concentration of 10 µM in 200 mM ammonium acetate 
(pH 5.0). The potential between the nano-ESI needle and the sample cone was set at 1,300 V, 
and the cone voltage was 30 V. Nano-ESI needles were made from borosilicate glass capillaries 
with a P-97 puller (Sutter Instruments, Novato, CA). Needles were gold-coated by using an 
Edwards Scancoat Six sputter coater (Crawley, UK). 

Temperature stability of SARS-CoV and MHV HR1-HR2 complex. Equimolar mixes of HR1 
and HR2 peptides (100 µM each) of SARS-CoV and MHV were incubated in parallel at room 
temperature for 3 h, to allow HR1-HR2 complex formation. Twenty-five microliters of each mix was 
pooled, and an equal volume of 2x Tricine sample buffer (25) was added. The mixtures were either 
left at room temperature or heated for 5 min at different temperatures and subsequently analyzed 
by SDS/PAGE in 15% Tricine gel (25). 

Proteinase K treatment. Stock solutions (250 µM) of the peptides HR1a, HR1c, and HR2 in 
water were diluted to 100 µM in 50 mM Tris, pH 7.0.  Peptides on their own (100 µM) or HR1-HR2 
mixtures (100 µM each) preincubated for 3 h at 37°C were subjected to proteinase K digestion 
(1% wt/wt, proteinase K/peptide) for 2 h at 4°C. Protease resistant fragments were separated and 
purified by reverse-phase HPLC and characterized by mass spectrometry. 
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RESULTS 

 

HR regions in the SARS-CoV spike protein. As shown for other coronaviruses (7), 
two HR regions, identified by their characteristic seven-residue periodicity and their 
alignment with similar regions in other coronavirus spike proteins, are present in the C-
terminal S2 domain of the SARS-CoV spike protein (Fig. 1). One region (HR2) is located 
adjacent to the transmembrane domain, the other (HR1) is ~170 residues upstream. In all 
coronaviruses, HR1 is consistently larger than HR2. However, the feline infectious 
peritonitis virus (FIPV) and HCoV-229E coronaviruses show a remarkable insertion of two 
heptad repeats (14 aa) in both HR regions (4, 7). This insertion is lacking in the SARS-
CoV HR regions. The HR2 region of SARS-CoV contains three conserved N-glycosylation 
sites (N-X-S/T; Fig. 1B).  

 

SS                                                              HR1                        HR2 TM 

(A) 
 
 
 
 
 
 
 

(B) 
 
HR1 region: 
 
            Frame I   d   a  d   a  d   a  d   a  d                                                   
                  II                        a  d   a  d   a  d   a  d   a  d   a  d   a  d   a  d   a       

                  III                                                                            a  d   a  d   a  d   a  d   a 

FIPV        1041 PFAVAVQARLNYVALQTDVLNKNQQILANAFNQAIGNITQAFGKVNDAIHQTSQGLATVAKALAKVQDVVNTQGQALSHLTVQLQNNFQAISSSISDIYNRLDELSADAQVDRLIT 1156
HCoV-229E    768 PFSLAIQARLNYVALQTDVLQENQKILAASFNKAMTNIVDAFTGVNDAITQTSQALQTVATALNKIQDVVNQQGNSLNHLTSQLRQNFQAISSSIQAIYDRLDTIQADQQVDRLIT 883 
HCoV-OC43    981 PFYLNVQYRINGLGVTMDVLSQNQKLIANAFNNALYAIQEGFDATN--------------SALVKIQAVVNANAEALNNLLQQLSNRFGAISASLQEILSRLDALEAEAQIDRLIN 1082
MHV          947 PFSLSVQYRINGLGVTMNVLSENQKMIASAFNNALGAIQDGFDATN--------------SALGKIQSVVNANAEALNNLLNQLSNRFGAISASLQEILTRLEAVEAKAQIDRLIN 1048
IBV          770 PFATQLQARINHLGITQSLLLKNQEKIAASFNKAIGHMQEGFRSTS--------------LALQQIQDVVSKQSAILTETMASLNKNFGAISSVIQEIYQQFDAIQANAQVDRLIT 871 
SARS-CoV     879 PFAMQMAYRFNGIGVTQNVLYENQKQIANQFNKAISQIQESLTTTS--------------TALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT 980 
consensus        **..... *.*..... ..* .**...*..**.*........ ...              .**...*.**. ....*. .. .*...*.***.....* .......*..*.****. 116 
 
peptides: 
Fl.HR1 885 DYKDDDDK-GS-AYRFNGIGVTQNVLYENQKQIANQFNKAISQIQESLTTTS--------------TALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT 980 
HR1    885         (GS)AYRFNGIGVTQNVLYENQKQIANQFNKAISQIQESLTTTS--------------TALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT 980 
HR1a   901                         (GS)NQKQIANQFNKAISQIQESLTTTS--------------TALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT 980 
HR1b   935                                                                         (GS)NQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT 980 
HR1c   901                         (GS)NQKQIANQFNKAISQIQESLTTTS--------------TALGKLQDVVNQNAQALNTLVKQ                                  947 
 
 

HR2 region: 
            Frame I    d  a   d   a  d    
                  II                               d   a  d   a  d   a  d   a  d   a  d   a  d 
                  III                                                                           a  d   a 
FIPV        1308 P-DYIDINQTVQDILENYRPNWTVPEFTL-DI--FNATYLNLTGEIDDLEFRSEKLHNTTVELAILIDNINNTLVNLEWLNRIETYVK WPWYVWLLI 1401 
HCoV-229E   1031 P-EYIDVNKTLQELSYKL-PNYTVPDLVV-EQ--YNQTILNLTSEISTLENKSAELNYTVQKLQTLIDNINSTLVDLKWLNRVETYIK WPWWVWLCI 1123 
HCoV-OC43   1228 P-NLPDFKEELDQWFKNQ--TSVAPDLSL-DY--INVTFLDLQVEMN--------------RLQEAIKVLNQSYINLKDIGTYEYYVK WPWYVWLLI 1305 
MHV         1194 P-NPPDFKEELDKWFKNQ--TSIAPDLSL-DFEKLNVTLLDLTYEMN--------------RIQDAIKKLNESYINLKEVGTYEMYVK WPWYVWLLI 1273 
IBV         1023 DNDDFDFNDELSKWWNDT--KHELPDFDKFNY---TVPILDIDSEID--------------RIQGVIQGLNDSLIDLEKLSILKTYIK WPWYVWLAI 1101 
SARS-CoV    1125 P-ELDSFKEELDKYFKNH----TSPDVDLGDISGINASVVNIQKEID--------------RLNEVAKNLNESLIDLQELGKYEQYIK WPWYVWLGF 1203 
consensus   1404 .. .  .. .........     ..*......  ...... .. *..              .........*.... *........*.* ***.***.. 
 
peptides: 
HR2-1     1126 (GS)ELDSFKEELDKYFKNH----TSPDVDLGDISGINASVVNIQKEID--------------RLNEVAKNLNESLIDLQELGKYE 1189 
HR2       1145                        (GS)DVDLGDISGINASVVNIQKEID--------------RLNEVAKNLNESLIDLQELGKYE 1189 
Fl-HR2    1145                DYKDDDDK-GS-DVDLGDISGINASVVNIQKEID--------------RLNEVAKNLNESLIDLQELGKYE 1189 
 

S2S1

TM

 
Fig. 1 (A) Schematic representation of the coronavirus spike protein structure. The 

glycoprotein has an N-terminal signal sequence (SS) and a transmembrane domain (TM) close to 
the C terminus. Group 2 and 3 coronavirus spike proteins are proteolytically cleaved (arrow) in an 
S1 and an S2 subunit, which are noncovalently linked. S2 contains two heptad repeat regions 
(shaded bars), HR1 and HR2, as indicated. (B) CLUSTALW multiple sequence alignment of 
coronavirus spike proteins. Shown is the alignment of the HR1 and HR2 domains of the newly 
identified SARS-CoV (strain TOR2) with those of the group 1 coronaviruses FIPV (feline infectious 
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(Fig. 1 continued) peritonitis virus strain 79-1146) and HCoV-229E (human coronavirus strain 
229E), the group 2 coronaviruses MHV-A59 (mouse hepatitis virus strain A59) and HCoV-OC43 
(human coronavirus strain OC43), and the group 3 coronavirus IBV (infectious bronchitis virus 
strain Beaudette) (GenBank accession nos. P59594, VGIH79, VGIHHC, P11224, CAA83661 and 
P11223 respectively). Dark shading marks sequence identity, whereas lighter shading represents 
sequence similarity. The alignment shows a remarkable insertion of exactly two heptad repeats 
(14 aa) in both HR1 and HR2 of HCV-229E and FIPV, a characteristic of all group 1 viruses. The 
predicted hydrophobic heptad repeat ‘a’ and ‘d’ residues are indicated above the sequence. 
Asterisks denote conserved residues, dots represent similar residues. The amino acid sequences 
of the HR1-derived peptides HR1, HR1a, HR1b, HR1c, and a FLAG-tagged HR1 (Fl.HR1) and of 
the HR2 derived peptides HR2, HR2-1, and a FLAG-tagged HR2 (Fl.HR2) of SARS-CoV used in 
this study are presented in italics below the alignments. N-terminal glycine and serine residues 
derived from the thrombin proteolytic cleavage site of the GST fusion protein are in parentheses.  

 

HR peptides and their infection inhibitory activities. HR regions play an important 
role in the membrane fusion process (4, 10). To evaluate this role in the case of SARS-
CoV, peptides corresponding to the HR regions were prepared using the bacterial GST 
expression system, and purified to homogeneity by using reverse-phase HPLC, and their 
molecular masses were verified by mass spectrometry. Peptides were subsequently 
tested for their inhibitory potency in an infection inhibition assay. VERO cells were 
inoculated with SARS-CoV (multiplicity of infection = 0.5) in the absence or presence of 
different concentrations of a particular peptide, and the extent of infection was evaluated 
by using an indirect immunofluorescence assay. As shown in Fig. 2 for one of the initial 
peptides tested, HR2-1, a clear concentration-dependent inhibition of SARS-CoV infection 
was observed. This effect was sequence specific, as no inhibition was seen with a 
corresponding peptide derived from the HR2 region of MHV (mHR2), known to block MHV 
infection (4). 

To study the sequence dependence and to optimize the efficacy of the inhibition, we 
prepared two sets of peptides, the sequences of which are compiled in Table 2. One set 
consisted of HR2-1 based peptides: a series of peptides with increasing four-residue N-
terminal truncations (HR2-2 to HR2-7), one peptide with a four-residue C-terminal 
extension (HR2-8), and two peptides with four- and eight-residue C-terminal truncations 
(HR2-9 and HR2-10, respectively). The other set consisted of peptides corresponding to 
the HR1 region, with peptide HR1 comprising almost the entire heptad repeat region, and 
peptides HR1a-c representing N- and C-terminal truncations thereof. These peptides were 
tested similarly, but the infection levels were now determined in a technically different 
format, by using immune peroxidase staining followed by a readout of the percentage of 
infected cells. Table 1 shows the EC50 values obtained, i.e., the concentrations calculated 
to cause a 50% reduction of infection. It is clear that slight truncations at either side of the 
HR2-1 peptide are tolerated without loss of inhibitory activity. Actually, shortening HR2-1 
just by four residues at the N-terminal (HR2-2) or the C-terminal side (HR2-9) resulted in 
significantly enhanced inhibition. C- or N-terminal truncations of the sHR2-1 peptide by 
more then >4 aa resulted in a decrease of infection inhibition. The most effective peptide 
of the panel was HR2-8, which carried the C-terminal four-residue extension. It had an 
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EC50 value of 17 µM. The inhibition efficiency of this peptide was clearly lower than that of 
an HR2 peptide of MHV, mHR2, which had an EC50 value of 0.9 µM when tested in the 
MHV infection system. Of the panel of HR1-derived peptides, none showed any 
measurable inhibitory effect on SARS-CoV infection. 

 

Fig. 2 Inhibition of SARS-CoV 
infection by HR peptides. VERO 
cells were mock infected or infected 
with SARS-CoV (multiplicity of 
infection = 0.5) in the presence of 
the HR2-1 peptide (sHR2-1) at 
concentrations of 0, 5, or 25 µM and 
incubated in medium containing the 
same concentration of peptide. An 
infection in the presence of peptide 
(25 µM) corresponding to the HR2 
domain of MHV (mHR2) was taken 
along as a negative control. At 16 h 
after infection, cells were fixed and 
SARS-CoV-positive cells were 
visualized by immunofluorescence 
staining.  

sHR2-1             25µM

uninfected

mHR2               25µM

sHR2-1               5µM

0µM

sHR2-1             25µM

uninfected

mHR2               25µM

sHR2-1               5µM

0µM

 
 

Table 2 Amino acid sequences and EC50 values of HR2- and HR1-derived peptides. Shown 
are amino acid sequences of HR2- and HR1-derived peptides of SARS-CoV (SCV) and MHV and 
their EC50 values as determined in a 96-wells format infection inhibition assay. >50 µM, <50% 
inhibition was observed at 50 µM (the highest concentration tested) or no inhibition at all, as was 
the case for the mHR2 peptide and the sHR2-1 peptide when tested against SARS-CoV and MHV 
infection, respectively.  

 

EC50 ± SD, µM Peptide Amino acid sequence 
SCV MHV 

HR2 
 sHR2-1 ELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE      43 ± 6.4 >50 
 sHR2-2     FKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE      28 ± 2.8 ND 
 sHR2-3         LDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE      >50 ND 
 sHR2-4             FKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE      >50 ND 
 sHR2-5                 TSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE      >50 ND 
 sHR2-6                     VDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE      >50 ND 
 sHR2-7                         DISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE      >50 ND 
 sHR2-8 ELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYIK 17 ± 3.0 ND 
 sHR2-9 ELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQEL     34 ± 4.0 ND 
 sHR2-10 ELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLID      >50 ND 
 mHR2                     DLSLDFEKLNVTLLDLTYEMNRIQDAIKKLNESYINLKE  >50 0.9 ± 0.1
HR1 
 sHR1 AYRFNGIGVTQNVLYE- 

NQKQIANQFNKAISQIQESLTTTSTALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT 
>50 ND 

 sHR1a NQKQIANQFNKAISQIQESLTTTSTALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT  >50 ND 
 sHR1b NQKQIANQFNKAISQIQESLTTTSTALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT  >50 ND 
 sHR1c                                   NQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT  >50 ND 
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HR1-HR2 complex formation. We have previously shown that the HR1 and HR2 
peptides of the MHV spike protein, when mixed together, assemble into an oligomeric 
complex that is resistant to 2% SDS (4). Using the same approach, we observed that the 
HR1 and HR2 peptides of the SARS-CoV spike protein behave in a similar manner. As 
shown in Fig. 3 for equimolar mixtures of similar HR peptides from both viruses, SDS-
stable oligomeric complexes are formed that dissociate upon heating. Complex formation 
was limited after 3 h, but almost complete after O/N incubation (Fig. 3 Left and Right, 
respectively). Upon heating, the complexes dissociated, giving rise to the individual 
subunits HR1 and HR2 (Fig. 3 Right). To confirm the presence of both HR1 and HR2 in 
the complex, FLAG-tagged HR peptides were prepared in which the polar FLAG 
octapeptide (DYKDDDDK) was appended to the N-termini of HR1 (FLAG-HR1) and HR2 
(FLAG-HR2). Preincubated mixtures of HR1+HR2, FLAG-HR1+HR2, HR1+FLAG-HR2 
and FLAG-HR1+FLAG-HR2 were analysed in 15% Tricine SDS-PAG together with the 
individual peptides (Fig. 6). The individual FLAG-tagged HR peptides migrated slower in 
the gel than their non-tagged homologues. All combinations of HR1 and HR2 peptide 
produced the higher molecular weight band, indicating that the addition of the FLAG tag 
did not prevent complex formation. The combination of FLAG-HR1+HR2 and of 
HR1+FLAG-HR2 each produced a complex that had lower mobility than the non-tagged 
HR1+HR2 complex. Combining the two tagged peptides resulted in an additional mobility 
decrease. These observations provide direct evidence for the presence of both the HR1 
and the HR2 peptides in the complex.  
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Fig. 3 Complex formation of SARS-CoV HR1 and HR2 peptides. 
Comparison of SARS-CoV and MHV. HR1 and HR2 peptides on their own 
or as a preincubated equimolar mixture were subjected to 15% Tricine 
SDS/PAGE. Just before loading onto the gel, some samples were heated 
at 100°C. In Left and Right, complex formation was analyzed after a 3 h 
and an O/N incubation, respectively. 

 

Stoichiometry of peptides in the HR1-HR2 complex. The stoichiometry of peptides 
in the HR1-HR2 complex was analyzed by nano-ESI-TOF mass spectrometry, a 
convenient method to study noncovalent macromolecular protein complexes (27). 
Peptides HR1 and HR2 and an O/N-preincubated equimolar mixture of HR1 and HR2 
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were subjected to size-exclusion HPLC (Fig. 4A). The HR1-HR2 complex ran as a single 
peak, indicating complete complex formation, and eluted from the column prior to the HR1 
and HR2 peptides. The HR1 and HR2 peaks and the HR1-HR2 complex peak were 
analyzed by nano-ESI-TOF (Fig. 4B). The observed molecular mass of the HR1 (10710.8 
Da) and HR2 (5129.6 Da) peptides corresponded to their calculated masses (calculated 
Mw: HR1, 10711.0 Da; HR2, 5129.6 Da). The HR1-HR2 complex produced m/z values of 
2796.4, 2971.1, 3169.2, and 3395.6 representing the 17+, 16+, 15+, and 14+ protonated 
forms, respectively, of the complex with a convoluted mass of 47524.4 Da. The observed 
mass corresponds almost exactly to the calculated mass of a complex consisting of three 
HR1 peptides and three HR2 peptides (calculated Mw, 47521.8 Da). 

 

Fig. 4 Stoichiometry of peptides in 
HR1-HR2 complexes. 

 (A) Size-exclusion HPLC elution 
profile of the HR1 peptide (dotted line), 
HR2 peptide (dashed line), and an O/N 
preincubated equimolar mix of the HR1 
and HR2 peptides (solid line). 

(B) Nano-ESI-TOF mass spectrum 
of the HR1 and HR2 peptides and of the 
HR1-HR2 complex. m/z values of the 
peaks of the HR1 ( + ; Top), the HR2 
peptide ( − ; Middle) or the HR1-HR2 
peptide complex ( ±±± ; Bottom) are 
indicated, with the charge state 
assignment in brackets. The convoluted 
average molecular mass (Mw) of the 
HR1 and HR2 peptides and of the HR1-
HR2 peptide complex are indicated as 
well. Peaks corresponding to the HR1 
and HR2 monomers are visible in the 
lower m/z range of the spectrum of the 
complex, indicating that a fraction of it 
dissociated during the procedure. 
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The stochiometry of the peptides in the complex was independently confirmed using 
FLAG-tagged HR peptides by SDS/PAGE analysis of mixtures of tagged and nontagged 
HR peptides (Fig. 5). As the FLAG-tag did not interfere with complex formation its 
distinctive effect on the electrophoretic mobility of the tagged peptides was exploited to 
determine the number of HR1 and HR2 peptides in the complex. FLAG-tagged and non-
tagged HR2 peptides were mixed in different ratios and subsequently incubated for 3 h at 
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room temperature (RT) with equimolar amounts of HR1 peptide to allow complex 
formation. Subsequent SDS-PAGE analysis revealed four bands when the HR1 peptide 
had been incubated with a 1:1 mixture of FLAG-tagged and non-tagged HR2 peptides 
(Fig. 5; Left). The fastest migrating band comigrated with the complex obtained with non-
tagged HR2 peptide only, while the band with the lowest mobility corresponded to the 
complex obtained with the FLAG-tagged HR2 peptide. Consequently, the two intermediate 
bands represent complexes containing one and two FLAG-tagged HR2 peptides, 
respectively. Note that the relative intensities of the four bands correspond well with the 
predicted ratio of formation of the different complexes (1/8, 3/8, 3/8, 1/8 respectively), 
calculated under the assumption that the tag is fully inert. 
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Fig. 5 (A) HR1-HR2 complex formation using FLAG-tagged and nontagged SARS-CoV HR 
peptides. Samples of the individual peptides HR1 (1), HR2 (2), FLAG-tagged HR1 (F1), and 
FLAG-tagged HR2 (F2), and of preincubated mixtures of these peptides (1 + 2, F1 + 2, 1 + F2 and 
F1 + F2) were subjected to 15% Tricine SDS/PAGE. The positions of molecular mass markers are 
indicated at the left. (B) Stoichiometry of peptides in HR1-HR2 complexes. (Left) FLAG-tagged 
HR2 and nontagged HR2 were mixed in different ratio’s and incubated with an equimolar amount 
of HR1 to allow complex formation for 3 h followed by analysis in a 10% Tricine SDS/PAGE. 
(Center) FLAG-tagged HR1, nontagged HR1 and a 1:1 mixture of the two peptides were incubated 
with an equimolar amount of HR2 for 3 h and subsequently analyzed in a 10% Tricine SDS/PAGE. 
(Right) Acetonitrile was added to a concentration of 50% (vol/vol) to solutions of FLAG-tagged 
HR1, nontagged HR1 or to a 1:1 mixture of these two solutions. After mixing and incubation for 5 
min, the acetonitrile was evaporated and an equimolar amount of HR2 was added to allow 
complex formation. After 3 h, samples were analyzed in a 10% Tricine SDS/PAGE. Only the part 
of the gel containing the complexes is shown. The positions of molecular mass markers are 
indicated at the left. 

 

The reciprocal approach was used to determine the number of HR1 peptides in the 
complex. In this case FLAG-tagged and non-tagged HR1 peptides were combined with 
non-tagged HR2 peptide. However, when a 1:1 mixture of the two HR1 forms was 
incubated with HR2, only two bands were observed in the gel (Fig. 5; Middle), the faster 
one comigrating with the HR1-HR2 complex, the slower one corresponding with the 
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FLAG-HR1-HR2 complex. One interpretation of this result is that the complex contains just 
one HR1 peptide molecule. Alternatively, HR1 peptides in solution assemble into homo-
oligomers already in the absence of HR2. These oligomers are sufficiently stable to 
prevent the exchange of peptides when tagged and non-tagged HR1 complexes are 
mixed and, as a result, such a mixture will yield only two forms of hetero-oligomeric 
complexes upon addition of HR2. In view of this latter possibility we repeated the 
experiment after we had first dissociated the putative HR1 oligomers. Thus, acetonitrile – 
an organic solvent - was added to solutions of HR1 and FLAG-tagged HR1 to a 
concentration of 50% (vol/vol). The solutions were mixed, briefly incubated after which the 
acetonitrile was removed by evaporation. Equimolar mixtures were again prepared of the 
different HR1 forms and HR2, which were incubated and finally analyzed by Tricine SDS-
PAGE. We now observed four bands in the sample containing both tagged and non-
tagged HR1, indicating the presence of three HR1 peptides in the complex (Fig. 5; Right). 
The combined results are consistent with HR1 and HR2 forming a hexameric complex 
composed of three molecules HR1 and HR2 each. 

 

Temperature stability of HR1-HR2 complex. The stability of the SARS-CoV HR1-
HR2 complex to temperature dissociation was assessed in comparison to that of the 
corresponding MHV complex. Equal amounts of both complexes were combined, and the 
solution was adjusted to 1x Tricine sample buffer. Equal samples were taken, incubated in 
parallel for 5 min at different temperatures, and subsequently analyzed by 10% Tricine 
SDS/PAGE (Fig. 6). Because of their distinct electrophoretic mobilities, the SARS-CoV 
and MHV complexes could clearly be distinguished, allowing the direct comparison of their 
temperature sensitivity. Surprisingly, the SARS-CoV HR complex appeared to be 
significantly less stable than that of MHV, with dissociation occurring at 70°C and 90°C, 
respectively. 
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Fig. 6 Comparative temperature stabilities of HR1-HR2 complexes 

of SARS-CoV and MHV. Equal amounts of SARS-CoV and MHV HR1-
HR2 complexes were pooled, subsequently incubated for 5 min at the 
indicated temperatures in 1x Tricine sample buffer and analyzed 
directly by SDS/PAGE in a 15% Tricine gel. Positions of the HR1-HR2 
complex of SARS-CoV and MHV are indicated on the right, while the 
molecular mass markers are indicated at the left. 
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Structural analysis of HR1 and HR2 peptides and of HR1-HR2 complex. Analysis 
using circular dichroism revealed that peptides HR1 and HR2 and the HR1-HR2 complex 
were highly α-helical, with calculated helical content values of 85% (HR1), 81% (HR2) and 
88% (HR1-HR2) (Fig. 7). By electron microscopy the HR1-HR2 complex appeared as a 
rod-like structure (Fig. 8B) with a length of 14.4 nm (± 2.4 nm), similar to the length 
observed earlier for the MHV HR1-HR2 complex. Similar rod-like structures were seen in 
samples containing just the HR1 peptide (Fig. 8A) (14.3 nm ± 2.4 nm) not with the HR2 
peptide only (data not shown), confirming that HR1 does assemble into a, presumably 
homotrimeric, coiled coil on its own. Strongly folded protein structures are often resistant 
to proteolytic degradation. Using limited proteinase K digestion in combination with 
reverse-phase HPLC and mass spectrometry analysis, we observed that HR2 was 
completely degraded by the enzyme, whereas only the C-terminal six residues of the 
HR1a peptide were sensitive to proteinase K (Fig. 9). When a mixture of the two peptides 
was analyzed, the HR2 peptide was entirely protected from proteolytic breakdown. A 
similar analysis carried out with a C-terminally truncated version of HR1a, HR1c, revealed 
that now the N terminus of HR2 was proteolytically degraded by 10 aa. These results 
indicate that in the HR1-HR2 complex, the HR1 and HR2 helices are oriented in an 
antiparallel fashion. 
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Fig. 7 Circular dichroism spectra (mean residue eliplicity [θ]) 
of the HR1 (20 µM; filled square) and HR2 (20 µM; open square) 
peptides or an overnight preincubated equimolar mix of HR1 and 
HR2 (20 µM each in H2O; filled triangle) were recorded at room 
temperature on a Jasco J-810 spectropolarimeter, using a 0.1-
mm path length, 1-nm bandwidth, 1-nm resolution, 0.5-s 
response time, and a scan speed of 50 nm/min. Note that the 
three spectra virtually coincide. The α-helical content of the 
peptides was calculated using the program k2d 
(http://www.embl-heidelberg.de/~andrade/k2d/). The calculated 
values of the helical content were 85% (HR1), 81% (HR2), and 
88% (HR1-HR2). 
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Fig. 8 Electron micrographs of HR1-HR2 peptide complex (A) or HR1 peptide (B). 
Solutions of the HR1 or a preincubated equimolar mix of the peptides HR1 and HR2 
were prepared. The HR1-HR2 complex was purified by size exclusion HPLC. Samples 
were adsorbed onto a discharged carbon film, negatively stained with a 2% uranyl 
acetate solution, and examined with a Philips CM200 microscope at 100 kV. 
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Fig. 9 Proteolytic analysis of the 
HR1-HR2 complex. The peptides 
HR2, HR1a or preincubated 
equimolar mixtures of HR2 with 
HR1a or HR1c were subjected to 
Proteinase K (pK) digestion and 
analyzed by reverse-phase HPLC 
(Upper). The peaks representing the 
protected fragments were purified by 
reverse-phase HPLC. The molecular 
masses of the protected fragments 
were determined by mass 
spectrometry (Lower), allowing the 
identification of the protease-
resistant cores of the peptides. The 
molecular masses of the protected 
fragments determined by mass 
spectrometry (Ms Mw) matched their 
predicted masses (Pred. Mw) within 
1 Da. 
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DISCUSSION 

 

Our functional and biochemical analysis of the spike protein HR regions of SARS-CoV 
demonstrates that the virus uses a membrane fusion mechanism similar to that of class I 
fusion proteins. Peptides corresponding to the HR1 and HR2 domains were found to 
associate tightly into a complex, as has been observed previously for retrovirus, 
paramyxovirus and coronavirus fusion proteins (2, 4, 13, 19). Analogous to the HIV-1 
gp41, SV5 F and HRSV F proteins (1, 6, 28, 33), the HR1-HR2 complex was found to 
consist of a six-helix bundle that is composed of three HR1 and three HR2 α-helical 
peptides. Limited proteolysis analysis revealed that the HR1 and HR2 peptides in this 
complex are organized in an antiparallel orientation, presumably through interaction of the 
hydrophobic face of the HR2 helix with the hydrophobic groove in the HR1 coiled coil 
created by the mostly hydrophobic e and g residues of HR1. Formation of such an 
antiparallel six-helix bundle is essential for the membrane fusion process because it drives 
the close apposition of viral and cellular membrane. In the full-length spike protein the 
HR1-HR2 structure brings the fusion peptide, N-terminal of HR1, in close proximity to the 
transmembrane domain, C-terminal of HR2, thereby facilitating membrane fusion. 

HR2 derived peptides, but not those derived from HR1, were able to inhibit SARS-
CoV infection of Vero cells in a concentration-dependent manner. The effect is supposedly 
mediated by their competitive binding to the HR1 region of the SARS-CoV spike protein, 
thus blocking the formation of the six-helix bundle and, consequently, membrane fusion 
(10). Of the limited number of HR2 derived peptides tested against SARS-CoV, the most 
effective one (HR2-8) was ~20 times less potent than the corresponding HR2 peptide of 
MHV was in inhibiting MHV infection of murine cells (EC50 values of 17µM and 0.9µM, 
respectively). Although there are several possible reasons to explain this variation, such 
as a different route of virus entry, different membrane fusion kinetics, or a different 
accessibility of the target binding site, our comparison of the thermal stabilities of the 
fusion core complexes of the two viruses indicates that the difference has, at least in part, 
an energetic basis. The lower stability of the SARS-CoV six-helix bundle implies that the 
interaction strength between the HR1 and HR2 peptides is weaker, which correlates 
directly with a lower potency of the HR2 peptide in preventing the formation of this 
complex. The HR2-8 peptide will now be used as a lead for the further development of 
more effective SARS-CoV peptide inhibitors. 

Interestingly, the HR1 peptide appeared to assemble into homotrimeric coiled coil 
structures in the absence of HR2. This was initially suggested by our observation that 
separately preincubated FLAG-tagged and non-tagged HR1 peptides are unable to form 
mixed HR1-HR2 hexamers unless first dissociated by acetonitrile (see Fig. 6). It was also 
indicated by the resistance of HR1 to proteinase K and is consistent with the highly α-
helical nature of the HR1 peptide. Under the electron microscope the complexes were 
visible as rod-like structures similar in appearance and dimensions as the HR1-HR2 
complexes. The formation of a protease-resistant, homotrimeric coiled coil by the isolated 
HR1 peptides has been reported for the SV5 F protein (13) and for Moloney murine 
leukimia virus gp41 (11), but not for HIV-1 or SIV gp41 (2, 19), indicating the variation in 

 64 



SARS-CoV membrane fusion mechanism 
 

stability of the HR1 core trimer among class I viral fusion proteins. There are no 
indications that a homotrimeric interaction between coronavirus HR1 regions already 
occurs in the native virion, i.e., before binding to the cell receptor. Rather, data indicate 
that interactions stabilizing the spike protein trimer occur in the S1 part of the molecules 
(18). 

 

FIPV     1018 TMYTASLAGGITLGALGG---GAVAIPFAVAVQARLNYVAL 
TGEV     1013 TMYTASLAGGITLGALGG---GAVAIPFAVAVQARLNYVAL 
PEDV      948 HMYSASLIGGMALGGIT----AAAALPFSYAVQARLNYLAL 
HCoV-229E 746 AMYTGSLIGGIALGGLT----SAVSIPFSLAIQARLNYVAL 
BCoV      969 SGYTLAATSASLFPPLS----AAVGVPFYLNVQYRINGIGV 
HCoV-OC43 959 SGYTLAATSASLFPPWT----AAAGVPFYLNVQYRINGLGV 
MHV       925 SGYTTGATAAAMFPPWS----AAAGVPFSLSVQYRINGLGV 
SARS-CoV  853 AAYTAALVSGTATAGWTFGAGAALQIPFAMQMAYRFNGIGV 
IBV       748 ALYTSSLVASMAFGGIT----AAGAIPFATQLQARINHLGI 
consensus     ..*.... ...  ....    .*...** . ...*.* ... 
 
                 TMAP TM prediction  
                                       HR1 

SS                                                              FP? HR1       HR2 TM 

FIPV     1018 TMYTASLAGGITLGALGG---GAVAIPFAVAVQARLNYVAL 
TGEV     1013 TMYTASLAGGITLGALGG---GAVAIPFAVAVQARLNYVAL 
PEDV      948 HMYSASLIGGMALGGIT----AAAALPFSYAVQARLNYLAL 
HCoV-229E 746 AMYTGSLIGGIALGGLT----SAVSIPFSLAIQARLNYVAL 
BCoV      969 SGYTLAATSASLFPPLS----AAVGVPFYLNVQYRINGIGV 
HCoV-OC43 959 SGYTLAATSASLFPPWT----AAAGVPFYLNVQYRINGLGV 
MHV       925 SGYTTGATAAAMFPPWS----AAAGVPFSLSVQYRINGLGV 
SARS-CoV  853 AAYTAALVSGTATAGWTFGAGAALQIPFAMQMAYRFNGIGV 
IBV       748 ALYTSSLVASMAFGGIT----AAGAIPFATQLQARINHLGI 
consensus     ..*.... ...  ....    .*...** . ...*.* ... 
 
                 TMAP TM prediction  
                                       HR1 

SS                                                              FP? HR1       HR2 TM 

Fig. 10 Hydrophobic domains in coronavirus spike proteins. The TMAP program 
(www.mbb.ki.se/tmap/index.html) was used to predict transmembrane segments in coronavirus 
spike proteins by using multiple sequence alignments. A CLUSTALW alignment was used of spike 
protein sequences from nine coronaviruses including FIPV (feline infectious peritonitis virus, strain 
79-1146; GenBank accession no. VGIH79), TGEV (porcine transmissible gastroenteritis virus, 
strain Purdue; GenBank accession no. P07946), PEDV (porcine epidemic diarrhea virus; GenBank 
accession no. NP_598310), HCoV-229E (human coronavirus, strain 229E; GenBank accession 
no. VGIHHC), BCoV (bovine coronavirus, strain F15; GenBank accession no. P25190), MHV 
(mouse hepatitis virus, strain A59; GenBank accession no. P11224), HCoV-OC43 (human 
coronavirus, strain OC43; GenBank accession no. CAA83661), SARS-CoV (strain TOR2; 
GenBank accession no. P59594), and IBV (infectious bronchitis virus, strain Beaudette; GenBank 
accession no. P11223). In the hydrophobicity plot obtained, the three predicted transmembrane 
domains are indicated by black bars (Middle). Arrows point to the corresponding hydrophobic 
regions in the schematic drawing of the spike protein (Top), which represent the N-terminal signal 
sequence (SS), the C-terminal transmembrane anchor (TM) downstream of the HR2 domain, and 
the putative fusion peptide (FP) immediately upstream of the HR1 domain. (Bottom) The 
CLUSTALW multiple sequence alignment of this latter domain is shown for the nine coronavirus 
spike proteins. 
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A key element in all viral fusion proteins is the fusion peptide, a stretch of hydrophobic 
amino acids instrumental in connecting the viral and cellular membrane. The peptide 
occurs invariably upstream of the HR1 region of class I viral fusion proteins. No fusion 
peptide has as yet been identified in any of the coronavirus spike proteins. Significantly, 
unlike other class I fusion proteins, coronavirus spike proteins lack the cleavage 
requirement for virus infectivity. Although cleavage does not occur in many coronaviruses 
including SARS-CoV (our unpublished data and ref. (31)), its inhibition in viruses carrying 
a cleavable spike protein, by using a furin inhibitor, appeared not to affect virus infectivity 
as we demonstrated for MHV (8). Moreover, in these latter coronaviruses, the cleavage 
does not expose a hydrophobic sequence in the N-terminal domain of the membrane-
anchored subunit. Consequently, coronavirus spike proteins use an internal fusion peptide 
and are not dependent on proteolytic activation, as are the vesicular stomatitus virus 
(VSV) G protein and class II fusion proteins such as the TBEV E and SFV E1 proteins. 

In an attempt to identify the coronavirus fusion peptide, we have used a 
transmembrane prediction program (TMAP), which predicts transmembrane domains (TM) 
in protein sequences by using multiple alignments. In the CLUSTALW alignment of nine 
coronavirus spike sequences, the TMAP program predicted three TM domains (Fig. 10). 
Besides the expected signal sequence (residues 1-15 in SARS-CoV S) and 
transmembrane anchor (residues 1195-1223), a hydrophobic region was predicted at the 
N terminus of the HR1 region (residues 858-886). Careful inspection of this sequence 
reveals that it has characteristics of a class II fusion peptide, notably the conserved proline 
residue (residue 879) and the high alanine and glycine content. This region has been 
noted earlier in a theoretical analysis of viral fusion proteins by Chambers et al. (5), but 
was dismissed later when mutation studies of the MHV S protein pointed to another 
sequence (residues 971-989) as the likely fusion peptide (20). As we know now, this latter 
sequence is part of the HR1 domain, which explains the mutation results. Although the 
experimental evidence for the functioning of the putative fusion peptide immediately 
upstream of HR1 has yet to be provided, its location seems appropriate, because it would 
indeed become positioned adjacent to the transmembrane domain in the full-length 
protein after the rearrangements that give rise to the formation of the antiparallel six-helix 
bundle during the fusion reaction have taken place. 

 

 

ACKNOWLEDGEMENTS 

 

We thank Georgina Arron and Sylvia Reemers for their technical assistance and 
Gerard van Doornum for his supervision of the inhibition experiments. 

 

 

 66 



SARS-CoV membrane fusion mechanism 
 

REFERENCES 

 

1. Baker, K. A., R. E. Dutch, R. A. Lamb, and T. S. Jardetzky. 1999. Structural basis for 
paramyxovirus-mediated membrane fusion. Mol Cell 3:309-19. 

2. Blacklow, S. C., M. Lu, and P. S. Kim. 1995. A trimeric subdomain of the simian 
immunodeficiency virus envelope glycoprotein. Biochemistry 34:14955-62. 

3. Bonavia, A., B. D. Zelus, D. E. Wentworth, P. J. Talbot, and K. V. Holmes. 2003. 
Identification of a receptor-binding domain of the spike glycoprotein of human coronavirus 
HCoV-229E. J Virol 77:2530-8. 

4. Bosch, B. J., R. van der Zee, C. A. de Haan, and P. J. Rottier. 2003. The coronavirus 
spike protein is a class I virus fusion protein: structural and functional characterization of 
the fusion core complex. J Virol 77:8801-11. 

5. Chambers, P., C. R. Pringle, and A. J. Easton. 1990. Heptad repeat sequences are 
located adjacent to hydrophobic regions in several types of virus fusion glycoproteins. J 
Gen Virol 71:3075-80. 

6. Chan, D. C., D. Fass, J. M. Berger, and P. S. Kim. 1997. Core structure of gp41 from the 
HIV envelope glycoprotein. Cell 89:263-73. 

7. de Groot, R. J., W. Luytjes, M. C. Horzinek, B. A. van der Zeijst, W. J. Spaan, and J. A. 
Lenstra. 1987. Evidence for a coiled-coil structure in the spike proteins of coronaviruses. J 
Mol Biol 196:963-6. 

8. de Haan, C. A. M., K. Stadler, G.-J. Godeke, B. J. Bosch, and P. J. M. Rottier. 
Cleavage inhibition of the murine coronavirus spike protein by a furin-like enzyme affects 
cell-cell but not virus-cell fusion. J Virol in press:2004. 

9. Delmas, B., and H. Laude. 1990. Assembly of coronavirus spike protein into trimers and 
its role in epitope expression. J Virol 64:5367-75. 

10. Eckert, D. M., and P. S. Kim. 2001. Mechanisms of viral membrane fusion and its 
inhibition. Annu Rev Biochem 70:777-810. 

11. Fass, D., and P. S. Kim. 1995. Dissection of a retrovirus envelope protein reveals 
structural similarity to influenza hemagglutinin. Curr Biol 5:1377-83. 

12. Gallagher, T. M., and M. J. Buchmeier. 2001. Coronavirus spike proteins in viral entry 
and pathogenesis. Virology 279:371-4. 

13. Joshi, S. B., R. E. Dutch, and R. A. Lamb. 1998. A core trimer of the paramyxovirus 
fusion protein: parallels to influenza virus hemagglutinin and HIV-1 gp41. Virology 248:20-
34. 

14. Kuiken, T., R. A. Fouchier, M. Schutten, G. F. Rimmelzwaan, G. van Amerongen, D. 
van Riel, J. D. Laman, T. de Jong, G. van Doornum, W. Lim, A. E. Ling, P. K. Chan, J. 
S. Tam, M. C. Zambon, R. Gopal, C. Drosten, S. van der Werf, N. Escriou, J. C. 
Manuguerra, K. Stohr, J. S. Peiris, and A. D. Osterhaus. 2003. Newly discovered 

 67



Chapter 3 

coronavirus as the primary cause of severe acute respiratory syndrome. Lancet 362:263-
70. 

15. Kuo, L., G. J. Godeke, M. J. Raamsman, P. S. Masters, and P. J. Rottier. 2000. 
Retargeting of coronavirus by substitution of the spike glycoprotein ectodomain: crossing 
the host cell species barrier. J Virol 74:1393-406. 

16. Lambert, D. M., S. Barney, A. L. Lambert, K. Guthrie, R. Medinas, D. E. Davis, T. 
Bucy, J. Erickson, G. Merutka, and S. R. Petteway, Jr. 1996. Peptides from conserved 
regions of paramyxovirus fusion (F) proteins are potent inhibitors of viral fusion. Proc Natl 
Acad Sci U S A 93:2186-91. 

17. Lescar, J., A. Roussel, M. W. Wien, J. Navaza, S. D. Fuller, G. Wengler, and F. A. Rey. 
2001. The Fusion glycoprotein shell of Semliki Forest virus: an icosahedral assembly 
primed for fusogenic activation at endosomal pH. Cell 105:137-48. 

18. Lewicki, D. N., and T. M. Gallagher. 2002. Quaternary structure of coronavirus spikes in 
complex with carcinoembryonic antigen-related cell adhesion molecule cellular receptors. J 
Biol Chem 277:19727-34. 

19. Lu, M., S. C. Blacklow, and P. S. Kim. 1995. A trimeric structural domain of the HIV-1 
transmembrane glycoprotein. Nat Struct Biol 2:1075-82. 

20. Luo, Z., and S. R. Weiss. 1998. Roles in cell-to-cell fusion of two conserved hydrophobic 
regions in the murine coronavirus spike protein. Virology 244:483-94. 

21. Martina, B. E., B. L. Haagmans, T. Kuiken, R. A. Fouchier, G. F. Rimmelzwaan, G. Van 
Amerongen, J. S. Peiris, W. Lim, and A. D. Osterhaus. 2003. Virology: SARS virus 
infection of cats and ferrets. Nature 425:915. 

22. Medinas, R. J., D. M. Lambert, and W. A. Tompkins. 2002. C-Terminal gp40 peptide 
analogs inhibit feline immunodeficiency virus: cell fusion and virus spread. J Virol 76:9079-
86. 

23. Rapaport, D., M. Ovadia, and Y. Shai. 1995. A synthetic peptide corresponding to a 
conserved heptad repeat domain is a potent inhibitor of Sendai virus-cell fusion: an 
emerging similarity with functional domains of other viruses. Embo J 14:5524-31. 

24. Rottier, P., J. Armstrong, and D. I. Meyer. 1985. Signal recognition particle-dependent 
insertion of coronavirus E1, an intracellular membrane glycoprotein. J Biol Chem 
260:4648-52. 

25. Schagger, H., and G. von Jagow. 1987. Tricine-sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis for the separation of proteins in the range from 1 to 100 kDa. Anal 
Biochem 166:368-79. 

26. Taguchi, F. 1995. The S2 subunit of the murine coronavirus spike protein is not involved in 
receptor binding. J Virol 69:7260-3. 

27. van Berkel, W. J., R. H. van den Heuvel, C. Versluis, and A. J. Heck. 2000. Detection of 
intact megaDalton protein assemblies of vanillyl-alcohol oxidase by mass spectrometry. 
Protein Sci 9:435-9. 

 68 



SARS-CoV membrane fusion mechanism 
 

28. Weissenhorn, W., A. Dessen, S. C. Harrison, J. J. Skehel, and D. C. Wiley. 1997. 
Atomic structure of the ectodomain from HIV-1 gp41. Nature 387:426-30. 

29. Wild, C., T. Oas, C. McDanal, D. Bolognesi, and T. Matthews. 1992. A synthetic peptide 
inhibitor of human immunodeficiency virus replication: correlation between solution 
structure and viral inhibition. Proc Natl Acad Sci U S A 89:10537-41. 

30. Wild, C. T., D. C. Shugars, T. K. Greenwell, C. B. McDanal, and T. J. Matthews. 1994. 
Peptides corresponding to a predictive alpha-helical domain of human immunodeficiency 
virus type 1 gp41 are potent inhibitors of virus infection. Proc Natl Acad Sci U S A 91:9770-
4. 

31. Xiao, X., S. Chakraborti, A. S. Dimitrov, K. Gramatikoff, and D. S. Dimitrov. 2003. The 
SARS-CoV S glycoprotein: expression and functional characterization. Biochem Biophys 
Res Commun 312:1159-64. 

32. Yoo, D. W., M. D. Parker, and L. A. Babiuk. 1991. The S2 subunit of the spike 
glycoprotein of bovine coronavirus mediates membrane fusion in insect cells. Virology 
180:395-9. 

33. Zhao, X., M. Singh, V. N. Malashkevich, and P. S. Kim. 2000. Structural characterization 
of the human respiratory syncytial virus fusion protein core. Proc Natl Acad Sci U S A 
97:14172-7. 

 

 69



Chapter 4 

 70 

 



Cleavage of the murine coronavirus S protein by a furin-like enzyme 
 

 

 71

 

 

CHAPTER 4 
 
 

Cleavage Inhibition of the Murine Coronavirus Spike Protein by a 

Furin-like Enzyme Affects Cell-Cell but not Virus-Cell Fusion 

 

Cornelis A.M. de Haan1 

Konrad Stadler1# 

Gert-Jan Godeke 

Berend Jan Bosch 

Peter J.M. Rottier 

 

 
Virology Division 

Department of Infectious Diseases and Immunology 
Faculty of Veterinary Medicine and Institute of Biomembranes 

Utrecht University, 3584 CL Utrecht, the Netherlands 

 
1These authors contributed equally to the work 

#Present address:  IRIS, Chiron S.r.l., Via Fiorentina 1, 53100 Siena, Italy 

 

Journal of Virology 78:6048-54 (2004) 



Chapter 4 

ABSTRACT 

 

Cleavage of the mouse hepatitis coronavirus strain A59 spike protein was blocked in a 
concentration-dependent manner by a peptide furin inhibitor, indicating that furin or a furin-
like enzyme, is responsible for this process. While cell-cell fusion was clearly affected by 
preventing spike protein cleavage, virus-cell fusion was not, indicating that these events 
have different requirements. 
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INTRODUCTION 

 

The surface glycoproteins of many enveloped viruses are initially synthesized as 
inactive precursors, proteolytic cleavage of which is often required for maturation and full 
functional activity. In several virus families, this processing step is carried out by cellular 
proprotein convertases (21), most commonly furin, a component of the constitutive 
secretory pathway of many different types of cells (9, 33). Furin is a membrane-bound, 
calcium-dependent subtilisin-like protease whose primary site of action is the trans-Golgi 
network (TGN), although cycling of furin between TGN and plasma membrane through the 
exocytic and endocytic pathways has also been demonstrated (6, 28). The enzyme is also 
secreted from cells in an active soluble form, which is produced by self-cleavage in the 
TGN (43, 45). 

The mouse hepatitis coronavirus (MHV) spike (S) protein is responsible for 
attachment to the viral receptor, for virus-cell fusion during viral entry and for cell-cell 
fusion during infection. It is a class I fusion protein (5) that  is cotranslationally glycosylated 
to a 150-kDa glycoprotein, which is processed to a 180-kDa form during transport from the 
endoplasmic reticulum (ER) through the Golgi complex. As a late event in maturation, the 
protein is cleaved into two 90 kDa subunits, S1 and S2 (10, 31, 34). The S proteins of 
murine coronaviruses are cleaved to different extents, depending on the strain and the cell 
line used (10). Cleavage of MHV-A59 S protein takes place between residue 717 and 718 
at the sequence RRAHR ↓ SVS (26). This sequence resembles the furin consensus 
sequence motif, RXR/KR (1, 21, 27). We now demonstrate, for the first time, that furin or a 
furin-like enzyme is indeed the protease responsible for cleavage of the S protein. 
Moreover, we investigated the consequences of cleavage, or rather of cleavage inhibition, 
of the S protein on its fusion activity and on the infectivity and cell entry of the virus. 

The importance of S protein cleavage for cell-cell fusion has been studied by several 
groups with inconsistent results. Using a vaccinia virus expression system (11) some 
investigators found the S proteins from MHV-A59 and MHV-JHM not to require cleavage 
for the induction of cell-cell fusion but syncytium formation to be delayed in the absence of 
cleavage (3, 38). Others observed that a mutant MHV-JHM S protein, which was not 
proteolytically cleaved, induced syncytium formation to the same extent as the wild-type S 
protein (35). In contrast, transient expression of the uncleaved MHV-2 S protein 
apparently did not result in cell-cell fusion while a cleavable form of this protein did (47). 
Strikingly, the S protein from a different MHV-2 strain that was cleaved was not able to 
induce syncytia (39). Other groups used virions or infected cells to study the role of 
cleavage for fusion. Sturman et al. (36), for instance, examined the effect of trypsin 
treatment of MHV-A59 virions on their ability to induce rapid syncytium formation (cell 
fusion from without) while Frana et al. (10) studied the effect of treating MHV-A59 infected 
cells with a protease inhibitor. Gombold et al. (16) investigated the fusion behavior of an 
MHV-A59 mutant impaired in S cleavage. The combined results directly correlated the 
extent of cleavage of the spike protein with its ability to induce fusion of cells. 
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Fig. 1 Concentration-dependent inhibition of S protein cleavage by the furin inhibitor dec-
RVKR-cmk. Parallel cultures of LR-7 cells (15) were inoculated with MHV-A59 at an MOI of 10 in 
35-mm culture dishes. After 1 h, the inoculum was replaced by culture medium, which in some 
cases additionally contained the furin inhibitor peptidyl chloromethylketone (dec-RVKR-cmk; 
Calbiochem) at the indicated concentrations. In the latter cultures, the inhibitor was maintained at 
the same concentrations in the culture medium during all subsequent steps. At 4.5 h postinfection, 
the cells were starved for 30 min in cysteine- and methionine-free minimal essential medium 
containing 10 mM HEPES (pH 7.2). The medium was replaced with the same medium containing 
100 µCi of 35S in vitro labeling mix (Amersham). After a 15-min pulse, the cells were chased for 2 h 
in fresh medium supplemented with 2 mM both cold methione and cysteine. The culture 
supernatants were precleared at 1,500 rpm at 4°C for 5 min, while the cells were washed once 
with ice-cold phosphate-buffered saline and solubilized in lysis buffer as described before (15). 
The culture supernatants and the cell lysates were subsequently prepared for and subjected to 
immunoprecipitation using the MHV S-specific monoclonal antibody WA3.10, after which the 
immune complexes were analyzed by electrophoresis in an SDS-PAGE (10% polyacrylamide) gel 
followed by fluorography as described before (15). The position of the immature S protein 
precursor Gp150, its mature form Gp180, and the S1 and S2 cleavage products thereof (Gp90) 
are indicated on the left side of the gel. 

 

To demonstrate that furin is the host cell protease responsible for cleavage of the S 
protein, we made use of the peptidyl chloromethylketone (dec-RVKR-cmk), which has 
been shown to inhibit furin cleavage activity in cultured cells (44). Parallel cultures of LR7 
cells were infected with MHV-A59. At 1 h postinfection, the culture medium was replaced 
and the cells were further incubated for 5 h in the presence of different concentrations of 
the inhibitor, as indicated in Fig. 1. While maintaining the same inhibitor concentrations the 
cells were subsequently pulse-labeled with 35S-amino acids and chased for 2 h. The S 
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protein present in the cells and in virions released into the culture supernatant was 
assayed by immunoprecipitation using the S-specific monoclonal antibody WA3.10 (14).  
The precipitates were analyzed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). As shown in Fig. 1, no cleavage was observed in the cell-
associated S protein after 15 min of pulse labeling. After the 2-h chase in the absence of 
the peptide, a substantial fraction of the S protein was cleaved, although most of it 
remained uncleaved. However, the presence of the inhibitor resulted in a concentration-
dependent decrease in the appearance of the S protein cleavage products, S1/S2. The 
simultaneous increase of the mature 180-kDa form of the S protein (Gp180) indicates that 
the furin inhibitor did not appear to affect the oligosaccharide maturation, and thus 
transport, of the S protein. At a 75µM concentration, no trace of S1/S2 protein was 
detectable in the released virus, not even after a very long exposure of the gel (data not 
shown). The reduction in the incorporation of S protein into virions by the presence of the 
inhibitor did not appear to be general, as it was not seen in other experiments (data not 
shown). The results provide strong evidence that furin or a furin-like enzyme is responsible 
for the cleavage of the S protein in cultured cells. 

 

pppp pcc c c c c cc
- - + + -- ++ -- - + - + -[75 µM] Inhibitor

R10 H716D R10 H716Dm m

c c

cell lysate medium

Gp150/180

Gp90

 
Fig. 2 Cleavage pattern of wild-type and mutant S proteins in the presence or absence of dec-

RVKR-cmk. Parallel cultures of LR-7 cells were infected with MHV-SA59H716D (H716D) or MHV-
SA59R10 (R10), treated with the furin inhibitor, labeled, chased, and processed for 
immunoprecipitation, and electrophoresis as described in the legend to Fig. 1, except the cells 
were starved at 6.5 h post infection. m, mock-infected cells; p and c, pulse and chase samples, 
respectively. 

 

An important issue when studying the significance of S protein cleavage for cell-cell 
and virus-cell fusion is to exclude any residual cleavage of the S protein. Therefore, we 
decided to use a recombinant mutant, MHV-SA59H716D (kindly provided by Susan Weiss). 
In this virus, the basic histidine residue at position –2 relative to the S protein cleavage 
site has been replaced by aspartic acid. According to the known sequence specificity of 
furin (25), cleavage of this mutated S protein should be very inefficient, as was indeed 
demonstrated by Hingley et al. (19). However, some residual cleavage still occurred and 
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definite conclusions about the importance of cleavage could thus not be made. To achieve 
complete inhibition of cleavage, the recombinant mutant virus was tested in combination 
with the furin inhibitor (Fig. 2). Cleavage of the MHV-SA59H716D S protein was compared 
to that of a reconstructed wild-type virus (MHV-SA59R10, also obtained from Susan 
Weiss). Parallel cultures of LR-7 cells were infected with MHV-SA59H716D or with MHV-
SA59R10 and after 1 h, the culture supernatant was replaced by medium containing 75 µM 
inhibitor after which the inhibitor remained present during all subsequent steps. Control 
cultures without inhibitor were also included in the experiment. At 7 h post infection, 
proteins were pulse-labeled for 15 min with 35S-amino acids and chased for 2 h. The S 
protein present in the cells and in the culture supernatants were analyzed by 
immunoprecipitation using the monoclonal antibody WA 3.1 followed by SDS-PAGE and 
autoradiography. After the pulse labeling, only the 150-kDa form of the S protein was 
detectable in the cell lysate, the 180 kDa form emerging after the chase period. In the 
culture supernatant, only the mature spike protein was observed. In agreement with the 
results of Hingley et al. (19), cleavage of the S protein of MHV-SA59H716D virus was 
greatly reduced compared to the wild-type virus, indicating that the point mutation indeed 
affected the susceptibility of the cleavage site for the protease. Importantly, the residual 
cleavage could be completely blocked by adding the furin inhibitor. 
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Fig. 3 Effect of S protein cleavage inhibition on cell-cell fusion. LR-7 cells were infected with 

MHV-SA59R10 (R10) or MHV-SA59H716D in phosphate-buffered saline-DEAE at an MOI of 10. In 
the case of MHV-SA59H716D infected cells, the furin inhibitor was added to the culture medium to a 
concentration of 75 µM at 1 h postinfection and maintained at this concentration throughout the 
experiment. Photographs were taken at the indicated time points.  
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Next, we used the MHV-SA59H716D virus in combination with the furin inhibitor to 

study the effect of full cleavage inhibition of the S protein on cell-cell fusion. LR-7 cells 
were infected at high multiplicity of infection (MOI) with MHV-SA59R10 and MHV-
SA59H716D. In the case of MHV-SA59H716D, 75 µM dec-RVKR-cmk was present 
throughout the experiment. After 1 h, the inoculum was replaced by culture medium and 
the cells were further incubated for the indicated times. Cells infected with MHV-SA59R10 
already started to show syncytium formation around 3 h post infection: at 8 h post infection 
all cells had fused (Fig. 3). In contrast, for cells infected with MHV-SA59H716D in the 
presence of the inhibitor, the induction of syncytium formation was dramatically reduced 
and delayed; at 8h post infection only a few fused cells could be detected and even 24 h 
after the inoculation most of the cells were still intact. Syncytium formation was not 
promoted by incubation at acidic pH, indicating that the lack of syncytium formation was 
not the result of a low pH requirement. MHV-OBLV60 (12) (kindly provided by Michael 
Buchmeier) a virus dependent on acidic pH for fusion, was taken along as a positive 
control (data not shown). Since the inhibitor is not stable in aqueous solutions (half-life of 
4 to 8 h) (13), a low level of cleavage having occurred at later times during infection 
cannot be fully excluded. Therefore, an absolute requirement of MHV-A59 S protein 
cleavage for cell-cell fusion cannot be concluded from this experiment. 

To study the cleavage dependence of cell-cell fusion in more detail, we made use of a 
very sensitive firefly luciferase fusion assay (5). The MHV-A59 S protein was expressed in 
BHK-21 effector cells by using the vaccinia T7 transient expression system (11). From 1 h 
posttransfection, the furin inhibitor was present in the culture media at a concentration of 
75 µM. At 4, 5 or 6 h posttransfection, target cells, (LR7 cells transfected with a plasmid 
containing the firefly luciferase gene under the control of a T7 promoter) were added. The 
incubation was continued for 1 h, after which the generated luciferase activity was 
determined. As shown in Fig. 4A, luciferase activity could easily be detected when no furin 
inhibitor had been added. In contrast, in the presence of the furin inhibitor the amount of 
luciferase activity detected was at least 1,000-fold lower, comparable to mock-transfected 
cells, even when the luciferase activity was determined at 7 h posttransfection. The 
presence of the inhibitor did not appreciably affect the amount of S protein present at the 
cell-surface as determined by immunofluorescence analysis using S protein-specific 
antibodies on non-permeabilized cells (Fig. 4B). The results indicate that, within the time 
span investigated, the uncleaved MHV-A59 S protein was unable to induce any cell-cell 
fusion.  

Mechanistically, the process of cell-cell fusion caused by the S protein is supposed to 
be the same as that of virus-cell fusion. However, only a few studies have actually dealt 
with the relationship between S protein cleavage and virus infectivity. MHV-2 was 
demonstrated to have an uncleaved spike protein, implying that cleavage is not obligatory 
for infectivity of this virus in DBT cells (47). Furthermore, treatment of MHV-A59 virions 
derived from 17Cl1 cells with trypsin increased the infectivity twofold (10), indicating a 
correlation between cleavage and infectivity. Using VLPs (virus like particles) of strain 
A59, Bos and coworkers (4) demonstrated that cleavage is not required for infectivity. 
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Fig. 4 Firefly luciferase fusion assay. (A) 
LR7 cells, used as target cells, were 
transfected with plasmid pTN3-luc+, which 
contains the firefly luciferase gene behind an 
internal ribosomal entry site under control of a 
T7 promoter (42). BHK-21 cells, designated 
as effector cells, were infected with vTF7.3 
and transfected with plasmid pTUMS (42), 
which carries the MHV-A59 spike gene under 
the control of a T7 promoter. When indicated, 
75 µM furin inhibitor was added to the culture 
media at 1 h posttransfection and kept present 
throughout the experiment. At 4, 5, or 6 h 
posttransfection, target cells were added to 
the effector cells for 1 h. Subsequently, at 5, 
6, or 7 h posttransfection, cells were 
harvested and the luciferase activity was 
determined (Promega firefly luciferase assay 
system) according to the manufacturer’s 
instructions using a Turner Designs 
luminometer (TD-20/20). Standard deviations 
are indicated. (B) In a parallel experiment, the 
effector cells were fixed at 7 h posttransfection 
with 3% paraformaldehyde. Indirect immuno-
fluorescence using a polyclonal MHV-A59

antiserum (K134) (32) and a Cy5-conjugated donkey anti-rabbit serum was performed on 
nonpermeabilized cells. Confocal images of the cells were taken on a Leica inverted fluorescence 
microscope, using a 100x oil immersion objective and identical settings for the two conditions. Cy5 
was excited at 568 nm. The dashed line contours a nontransfected cell.  

 

We now studied whether the specific infectivity of viruses with cleaved and uncleaved 
spikes differs. To this end, LR-7 cells were infected with the recombinant wild-type virus 
MHV-SA59R10 in the absence and with the mutant virus MHV-SA59H716D in the presence 
of the furin inhibitor. After a 10-h incubation, the culture supernatants were harvested and 
titrated by plaque assay. Subsequently, the amounts of viral RNA present in 100 and in 
1,000 PFU of each virus were compared by TaqMan single-tube reverse transcription 
(RT)-PCR assay (PE Biosystems, Foster City, Calif.). The primers and the probe were 
selected by using the Primer Express software designed for this purpose (PE Biosystems), 
amplifying a conserved region in the orf1B of MHV-A59 (positions 20248 to 20325). The 
reactions were performed in triplicate according to the manufacturer’s instructions using 
the TaqMan RT-PCR kit (PE Biosystems) and an ABI Prism 7700 sequence detector 
without modifying or moving the samples between the steps. The read-out parameter of 
this assay is the threshold cycle (CT) value, which in our case is a measure for the amount 
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of genomic RNA. As depicted in Fig. 5, no difference was observed between the CT values 
of the two viruses. The results were reproducible in independent experiments. We 
conclude that the specific infectivity of the MHV-A59 is independent on the cleavage state 
of its S proteins. 
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Fig. 5 Comparison of the specific infectivity of MHV 
with cleaved and uncleaved S proteins as measured by 
single-tube TaqMan RT-PCR. Virus with cleaved and 
completely uncleaved S protein was produced by 
infecting LR-7 cells with MHV-SA59R10 virus or with 
MHV-SA59H716D - the latter in the presence of the 
inhibitor at a 75 µM concentration. After a 10 h 
incubation at 37°C, the culture supernatants were 
harvested and titrated by a plaque-assay on LR7 cells. 
One hundred and 1000 PFU of each virus were then 
used to perform a single-tube TaqMan RT-PCR. The 
primers Pol1B/F (5'GCGTAAAGACGGTGACGATGT) 
and Pol1B/R (5'TTACCTTGTGGGCTCCGGTA) and 
probe Pol1B/P (5'6FAM-ATGGCTCGGTTCAAGGCTC- 
CCTGTA-TAMRA) (6FAM, 6-carboxyfluorescin; TAMRA, N,N,N',N'-tetramethyl-6-carboxy-
rhodamine) were selected using the Primer Express software designed for this purpose (PE 
Biosystems, Foster City, Calif.). The reactions were performed in triplicate according to the 
manufacturer’s instructions using the TaqMan RT-PCR kit (PE Biosystems). In short, 900 nM each 
primer and 250 nM of probe were used for a 50 µl reaction. The reaction included a 30-min 48°C 
RT step, followed by 10 min at 95°C and then 45 cycles of amplification using the universal 
TaqMan standardized conditions: a 15-s 95°C denaturation step followed by a 1-min 60°C 
annealing/extension step. RT and amplification were carried out in an ABI Prism 7700 Sequence 
Detector without modifying or moving the samples between RT and PCR. The read-out parameter 
of this assay, the CT value, which in our case is a measure for the amount of genomic RNA, is 
shown for the two viruses. Standard deviations are indicated. 

 

The contrasting impact of S protein cleavage on virus infectivity and cell-cell fusion 
activity raised the question about its effect on virus entry. If virus-cell fusion would be 
affected by cleavage similar to cell-cell fusion, the S protein cleavage state of virus would 
also influence the kinetics of virus entry. To study these kinetics, a recombinant MHV-A59 
(MHV-ERLM) was used which expresses the Renilla luciferase gene (8). Recombinant 
virus stocks were grown in either the absence or the presence of 100 µM furin inhibitor in 
order to obtain viruses with cleaved and uncleaved spike proteins, respectively. To 
prevent unintended cleavage of the latter virus in the course of inoculation and infection by 
furin activity present in and released by the cells to be infected, LR7 cells were pretreated 
for 1 h with 75 µM furin inhibitor and the inhibitor was kept present at this concentration 
throughout the experiment. Infections with the control virus were done in parallel in the 
absence of the inhibitor. Cells were lysed at different time points postinoculation, and their 
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luciferase activity was determined as a measure of virus replication. Due to the sensitivity 
of the assay, luciferase activities could already be detected at 2 h postinfection (Fig. 6). 
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Fig. 6 Effect of S protein cleavage inhibition on the entry kinetics of the MHV-A59. Stocks 
were grown in LR7 cells of MHV-ERLM, a recombinant MHV-A59 expressing the Renilla luciferase 
gene (8), in the absence or presence of 100 µM the furin inhibitor (control and furin inhibitor, 
respectively). These stocks, which were harvested at 8 h postinfection, were used to inoculate 
parallel cultures of LR-7 cells in Dulbecco’s modified Eagle’s medium at an MOI of 2. When 
indicated, cells had been pretreated with the inhibitor for 1 h at a concentration of 75 µM before the 
inoculation and the inhibitor was subsequently kept present throughout the experiment (furin 
inhibitor). At the indicated time points, cultures were harvested, cells were lysed and the Renilla 
luciferase activity was determined (Renilla luciferase assay system; Promega) according to the 
manufacturer’s instructions. Standard deviations are indicated. 

 

No significant difference could be observed in the luciferase activities measured at 
any of the early time points between the infections of viruses with cleaved and uncleaved 
spikes. Only at 8 h postinfection, when syncytia could be observed in the absence but not 
in the presence of the inhibitor, was the luciferase activity significantly higher in the 
absence of the inhibitor. These results demonstrate that under the conditions of this 
assay, the kinetics of virus entry are indistinguishable. Obviously, this method would not 
detect a delay on the order of minutes but would certainly do so when the effect was more 
comparable to that on cell-cell fusion, which is clearly not the case. 

The entry pathway of MHV has not been well defined but appears to depend both 
on the strain of the virus and on the nature of the cell being infected. Most MHVs cause 
syncytium formation at neutral pH, and their entry is only mildly affected by lysomotropic 
drugs (24, 29); in contrast, the MHV strain OBLV60 appeared to dependent on acidic pH 
for fusion and entry (12). Our present results show that cell-cell fusion was clearly affected 
by preventing spike protein cleavage while virus-cell fusion was not. This difference might 
be explained, at least in part, if virus-cell fusion of virions with uncleaved spike proteins 
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would be enhanced after endocytosis, even though the lack of syncytium formation was 
not the result of a low pH requirement. 
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Fig. 7 Effect of inhibitors of endocytosis on the entry of MHV-A59. The experiment was 
performed as described in the legend to Fig. 5. When indicated, cells had been pretreated with the 
furin inhibitor and/or bafilomycin A1 and chlorpromazine for 1 h before the inoculation and the 
drugs were subsequently kept present throughout the experiment. At 4 h postinfection, the Renilla 
luciferase activity in the cultures was determined. Standard deviations are indicated. 

 

This hypothesis was tested by repeating the experiment with MHV-ERLM (Fig.7) in 
the absence and presence of bafilomycin A1 and chlorpromazine. Bafilomycin A1, which 
prevents endosomal acidification by blocking vacuolar proton ATPases, also blocks 
transport from early to late endosomes (see references (2, 20) and references therein).  
Chlorpromazin inhibits clathrin-dependent endocytosis by removing the adaptor protein 
AP-2 from the plasma membrane (37, 46). Cells were pretreated with bafilomycin A1 (50 
nM) or chlorpromazine (10 µg/ml) and the furin inhibitor (75 µM) for 1 h, after which the 
drugs were kept present throughout the experiment. Although the inhibitors of endocytosis 
also affected the infection of the MHV virions with cleaved spike proteins, the entry of the 
MHV virions with uncleaved spike proteins was much more affected (Fig. 7). The results 
indicate a role for the endocytic compartment in the infectious process, which appears to 
be larger when the spike proteins are not cleaved.     

We recently showed that the coronavirus S protein has many characteristics of a class 
I fusion protein (5). An important characteristic of all class I virus fusion proteins studied so 
far is the proteolytical cleavage of the precursor, during its transport through the secretory 
pathway, into a membrane-distal and a membrane-anchored subunit, an event essential 

for membrane fusion. As a consequence, the hydrophobic fusion peptide is located at or 
close to the newly generated amino terminus of the membrane-anchored subunit. 
However, for coronaviruses, the cleavage requirements remain enigmatic. Many 
coronaviruses, such as the feline infectious peritonitis virus (41), carry spikes with 
uncleaved S molecules, while in others, particularly in the group 2 and group 3 
coronaviruses, the S proteins are cleaved, often to variable extents, depending, for 
instance, on the cells in which the viruses have been grown (10). In addition, the MHV S 
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protein does not have a hydrophobic stretch of residues at the distal end of S2 but carries 
an internal fusion peptide the location of which has yet to be determined, but which is 
predicted to occur immediately upstream of the first heptad repeat region (B.J. Bosch and 
P.J.M. Rottier, unpublished data). It thus appears that cleavage of the coronavirus S 
protein is not required to expose the internal fusion peptide.  

Most research on coronavirus S protein cleavage has focused on its effect on cell-cell 
fusion, which often showed a strongly positive correlation (for a review, see the study by 
Cavanagh (7)), consistent with our results). Cleavage is not essential for cell-cell fusion, 
however, nor does it necessarily give rise to it (see references above). Cleavage is also 
not required for full virus infectivity, as we showed here, or for triggering important 
conformational changes during interaction of the spike protein with the viral receptor (48). 
These observations raise the question as to the actual biological relevance of cell fusion. 
Significantly, studies with MHV-SA59H716D by Hingley et al. (19) indicated that the ability 
to produce syncytia in vitro is not a predictor of pathogenicity in mice. The cleavage-
impaired mutant virus was only slightly attenuated relative to wild-type virus. Still, the 
conservation of furin cleavage motifs in so many coronaviruses obviously reflects 
evolutionary advantages, which have yet to be elucidated.  

An interesting notion coming from our studies is that virus-cell and cell-cell fusion are 
not identical processes but have different requirements. Indications for this have been 
observed as well for other viruses. For example, lateral immobilization of the F or HN 
protein of Sendai virus was found to result in a strong inhibition of cell-cell fusion but a 
much weaker inhibition of virus-cell fusion (17). Human immunodefiniecy virus type 1-
induced syncytium formation and viral infectivity were differentially affected by antibodies 
(22), hydrophobic peptides (23), or antiviral drugs (30). Also for herpesviruses, different 
requirements were observed for virus-cell and cell-cell fusion (18). There are a number of 
possible reasons why in the case of MHV-A59 virus-cell and cell-cell fusion are distinct 
processes. One is the difference in fusion protein densities between the viral and cellular 
membranes. This density, which is obviously high in the virion membrane, might need to 
exceed a certain local level for fusion of membranes to occur. Another feature is the 
composition of the virion membrane as compared to the infected cell plasma membrane. 
On the one hand, the lipid composition of the viral envelope is known to reflect that of 
internal cellular membranes rather than that of the plasma membrane (40). On the other 
hand, the arrangement of the spikes embedded as they occur in the viral envelope within 
a dense matrix of M protein molecules is also clearly different from the constellation in the 
plasma membrane where the spikes find themselves only surrounded by numerous 
cellular membrane proteins. We can also not exclude a facilitating effect of the interior 
(e.g., the nucleocapsid) of the virion on the efficiency of spike-mediated fusion. Finally, the 
virus particle may be endocytosed upon binding to the viral receptor, in which case the 
conditions for fusion that the spikes encounter in the endosomal compartment will 
obviously be very different from those existing at cell-cell contact sites. Evidence for 
endocytosis was provided for some MHV strain JHM variants that apparently depend on 
low pH for productive cell entry (12, 29). S proteins of these viruses were unable to induce 
cell-cell fusion at neutral pH. In addition, we observed that inhibitors of endocytosis had a 
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stronger inhibitory effect on MHV-A59 entry when cells were inoculated with viruses 
carrying uncleaved spikes as compared to viruses with cleaved spikes (Fig. 7). 
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ABSTRACT 

 

Due to the limited ultrastructural information about the coronavirion, little is known 
about the interactions acting at the interface between nucleocapsid and viral envelope. 
Knowing that subtle mutations in the carboxy-terminal endodomain of the M protein are 
already lethal, we have now probed the equivalent domain of the spike (S) protein by 
extending it terminally with a foreign sequence of 27 kDa: the green fluorescent protein 
(GFP). When expressed individually in murine cells, the S-GFP chimeric protein induced 
the formation of fluorescent syncytia, indicating that it was synthesized and folded 
properly, trimerized, and transported to the plasma membrane, where it exhibited the two 
key S protein functions, i.e., interaction with virus receptor molecules and membrane 
fusion. Incorporation into virus-like particles demonstrated the assembly competence of 
the chimeric spike protein. The wild-type S gene of mouse hepatitis coronavirus (MHV) 
was subsequently replaced by the chimeric construct through targeted recombination. A 
viable MHV-SGFP was obtained, infection by which could be visualized by the 
fluorescence induced. The efficiency of incorporation of the chimeric protein into particles 
was, however, reduced relative to that in wild-type particles which may explain, at least in 
part, the reduced infectivity produced by MHV-SGFP infection. We conclude that the 
incorporation of spikes carrying the large GFP moiety is apparently impaired by 
geometrical constraints and selected against during the assembly of virions. Probably due 
to this disadvantage, deletion mutants, having lost the foreign sequences, rapidly evolved 
and outcompeted the chimeric viruses during virus propagation. The fluorescent MHV-
SGFP will now be a convenient tool to study coronaviral cell entry. 
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INTRODUCTION 

 

Enveloped viruses acquire their lipid envelope by budding from cellular membranes. 
This budding process involves the specific association of viral membrane proteins and 
capsid protein, together with the viral genomic RNA/DNA, into a virus particle. The 
selective inclusion of viral proteins generally results in the exclusion of the abundantly 
present cellular proteins from the virus particle in such a way that the protein content of 
the virion is essentially of viral origin. This is established by affinity interactions among the 
viral proteins in addition to the concentration of the viral proteins at the site of budding at 
membrane microdomains. Alphaviruses do not allow the incorporation of host proteins, 
probably because of the extensive and specific interactions between the spikes 
themselves and with the nucleocapsid during the budding process. However, retroviruses, 
dependent for budding only on the Gag protein, seem to incorporate many cellular 
membrane proteins, which are present at the site of budding (reviewed in reference (18)). 
The inclusion of host proteins apparently depends strongly on the structural organization 
of enveloped viruses. 

Coronaviruses are among the largest enveloped RNA viruses, measuring 80 to 120 
nm in diameter. They contain a helical nucleocapsid, which consists of an ~30-kb positive-
stranded RNA genome encapsidated by the nucleocapsid protein N (~60 kDa). The 
nucleocapsid is incorporated into a viral particle by budding into the early compartments of 
the exocytic pathway (23, 24, 44), thereby acquiring the viral envelope. The viral 
membrane accommodates at least three different membrane proteins: a type III, triple-
membrane-spanning membrane protein M (~25 kDa); a small hydrophobic envelope 
protein E (~10 kDa); and the large type I spike protein S (~200 kDa). Some coronaviruses 
also contain the hemaglutinin-esterase protein HE (~65 kDa) (39). The M and E protein 
are essential for virus budding. Coexpression of these M and E proteins leads to 
nucleocapsid independent budding of coronavirus-like particles (VLPs) (45). Incorporation 
of spikes into virions and VLPs is mediated by interaction of the S protein with the M 
protein (7, 32, 46). The M protein also facilitates the nucleocapsid packaging into virions 
by interaction with the nucleocapsid protein (26) and with the genomic RNA (17, 30).  

The mouse hepatitis coronavirus A59 (MHV-A59) spike protein is a class I membrane 
fusion protein (2) and is solely responsible both for virus entry and for cell-cell fusion. The 
spikes appear on the virion as large characteristic surface projections of ca. 20 nm in 
length. The S protein is synthesized in the rough endomplasmic reticulum, where it folds 
and oligomerizes slowly (31, 47) into dimers (27, 49) or trimers (9). A fraction of the 
protein is transported to the plasma membrane where it induces cell-cell fusion. In the 
virion the 1,324 aminoacids (aa) long membrane protein consists of a large (1,263-aa), 
extensively N-glycosylated amino-terminal ectodomain; a hydrophobic (29-aa) 
transmembrane domain (TM); and a short (32-aa) hydrophilic carboxy-terminal 
endodomain. Upon passage through the Golgi compartment, the 180-kDa spike may be 
cleaved by furin-like enzymes (unpublished results) into two subunits (S1 and S2) of 
approximately the same size, which remain noncovalently linked. The S1 subunit is 
responsible for receptor binding (1, 20, 42), whereas the membrane bound S2 subunit is 
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involved in membrane fusion (50). The TM and/or endodomain of S is responsible for 
interaction with the M protein and incorporation into the virion (19).  

In the present study, we investigated the structural requirements for coronavirus 
assembly. Little is known about the structural organization of coronaviruses. Ultrastructural 
research on coronaviruses based on crystallography and electron microscopy has been 
hampered by the pleiomorphic nature of these viruses. The structure of the nucleocapsid 
is still unresolved, and it is unknown how it fits to the viral membrane and to the luminal 
parts of the membrane proteins E, M and S. Mutagenesis studies on the MHV M protein 
have shown that subtle changes in the carboxy terminus were already fatal and impaired 
the assembly of viral particles (5). Just like those of the M and E proteins, the membrane-
exposed carboxy-terminal part of S is rather short, and the function of this domain is 
currently unknown. The cytoplasmic domain of S might be involved in interaction with the 
M protein and/or the nucleocapsid. To get more insight into this matter, we made use of 
our recently established targeted recombination system in order to test whether 
modification of the carboxy terminus of S is tolerated. Rather than starting by making 
subtle mutations, we decided to extend the domain substantially by a foreign sequence. 
Thus, we tested whether appending the sequence of the green fluorescent protein (GFP) 
would be tolerated. If so, this would provide us at the same time with a recombinant virus 
suitable for future studies, for instance on viral entry.  

In the S-GFP fusion protein constructed, the cytoplasmic domain was extended by 
282 residues. This protein was found to be fusion active and to be incorporated into VLPs. 
Using targeted RNA recombination, a viable recombinant virus (MHV-SGFP) was obtained 
in which the spike gene was replaced by the S-GFP gene. This virus indeed contained the 
fusion protein and was fluorescent. Genetic stability experiments revealed that the GFP 
gene was not maintained resulting in the gradual loss of GFP sequences during passage 
of the virus. 

 

 

MATERIALS AND METHODS 

 

Virus, cells and antibodies The preparation of recombinant wild-type MHV-A59 (MHV-WT) 
has been described previously (6). Recombinant vaccinia virus encoding the T7 RNA polymerase 
(vTF7.3) was obtained from B. Moss. OST7-1 (12) (obtained from B. Moss) and LR7 cells (25) 
were maintained as monolayer cultures in Dulbecco modified Eagle medium (DMEM) containing 
10% fetal calf serum (FCS), 100 IU of penicillin/ml, 100 µg of streptomycin/ml (DMEM-FCS) (all 
from Life Technologies). The monoclonal antibody (MAb) J1.3 against the amino terminus of MHV 
M (anti-M) (43) and the monoclonal antibody WA3.10 directed against the MHV S protein (anti-S) 
(16) were kindly provided by J. Fleming (University of Wisconsin, Madison). The production of 
polyclonal antiserum K134 to MHV-A59 (anti-MHV) has been described previously (36). The goat 
anti-rabbit red fluorescent antibody Cy5 was purchased from Jackson Immunoresearch 
Laboratories and the polyclonal antiserum against GFP (anti-GFP) was purchased from Clontech.  
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Plasmid constructs Expression vectors, used in the vTF7.3 expression system, contained 

the genes under the control of the bacteriophage T7 transcription regulatory elements. The 
expression constructs pTUMM, pTM5ab and pTUMS contain the genes encoding the MHV-A59 M, 
E and S proteins, respectively, cloned into the pTUG31 plasmid (45, 48). The plasmid pTUGS-
GFP, encoding the S-GFP protein, was created in three stages. First, the BamHI-StyI fragment of 
the pTUMS plasmid (45) corresponding to the ectodomain of the MHV-A59 S protein was blunted 
using the Klenow enzyme. The fragment was cloned into the BamHI linearized and blunted 
pTUG31 vector (48). The resulting vector was designated pMHVS∆TMCD and contained the 
sequence encoding the S ectodomain under a T7 promotor with a unique BamHI site at its 5’ end. 
Second, the pMHVS∆TMCD vector was digested with BamHI and blunted using Klenow enzyme, 
followed by heat-inactivation of the enzyme. After restriction with the MluI enzyme, the linearized 
pMHVS∆TMCD vector was isolated from  an agarose gel. Primer 974 (5’-
GTGGATCCATCGAAGGTCGTAATGCAAATGCTGAAGC-3’) and primer 1508 (5’-
AGATCTCTGCAGCGGCCGCGATAGTGGATCCTCATGAGAG-3’) were used to amplify by PCR 
the ~1-kb sequence of the 3’ end of the S gene by using the pTUMS plasmid as a template. 
Primer 1508 lacks the stop codon of spike gene and contains an overhang with a BamHI, NotI and 
a PstI site. The PCR product was digested with MluI, and the 400bp fragment containing the 3’ 
end of the S gene was purified from agarose gel and ligated into the linearized and MluI-treated 
pMHVS∆TMCD vector. The resulting vector contained the entire spike gene except the stop codon 
under a T7 promotor and was designated pTUGS(stop-). Third, the final pTUGS-GFP vector was 
created by ligating the BamHI-NotI fragment of pEGFP-N3 (Clontech) into the BamHI-NotI 
digested pTUGS(stop-) vector. The final construct was verified by DNA sequencing. 

The transcription vector pXHSGFP, needed to produce donor RNA for the construction of 
recombinant MHV-SGFP via targeted recombination, was created by ligation of the MluI-PstI 
fragment of pTUGS-GFP into the MluI-Sse8387I-digested pMH54 vector (25). 

Construction of recombinant MHV-SGFP The chimeric S-GFP gene was transferred into 
the MHV genome by targeted RNA recombination as described previously (6, 22). Capped, runoff 
donor RNAs transcribed from the PacI-truncated pXHSGFP vector were electroporated into feline 
FCWF cells that had been infected 4 h earlier by fMHV (25). These cells were then divided over 
two T25 flasks containing a monolayer of LR7 cells to obtain two independent recombinant viruses 
(MHV-SGFP A and B). Progeny viruses released into the media were harvested, and candidate 
recombinants were selected by two rounds of plaque purification on LR7 cells.  

Confocal laser scanning microscopy (CLSM) Confocal images of S-GFP transfected 
OST7-1 cells, MHV-SGFP-infected LR7 cells, or fluorescent MHV-SGFP virions were taken on a 
Leica inverted fluorescence microscope equipped with an argon and helium ion laser and with a 
x40 or x100 oil immersion objective. Enhanced GFP was excited at 488 nm; Cy5 was excited at 
568 nm. 

Growth curves Confluent monolayers of LR7 cells in 35-mm dishes were infected with either 
MHV-WT or MHV-SGFP at a multiplicity of infection (MOI) of 1, followed by incubation for 1 h at 
37°C. Cells were subsequently washed with DMEM and then fed with DMEM-FCS. Samples from 
the culture media taken at different times post infection (p.i) were titrated by an endpoint dilution 
assay, and titers expressed as 50% tissue culture infectious doses (TCID50) were calculated. 
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Passaging of MHV-SGFP and RT-PCR analysis The MHV-SGFP virus was passaged for six 
successive rounds on LR7 cells at an MOI of 0.05. The presence of the inserted GFP gene was 
checked by reverse transcription-PCR (RT-PCR) on samples taken from the culture fluids. An RT 
reaction was performed on the MHV-SGFP and MHV-WT genome by using primer 1261 (5’-
GCTGCTTACTCCTATCATAC-3’), which is complementary to the open reading frame 5 (ORF5) 
region. A PCR was performed on the RT product by using primer 935 (5’-
GCACAGGTTGTGGCTCATG-3’) and primer 1090 (5’-GATTCAGGTTTGTAACATAATCTAGAGT-
CTTAGG-3’). These primers map in the ectodomain of the S gene and the ORF 4 TRS, 
respectively. The two plasmid vectors used to construct MHV-WT (pMH54) and MHV-SGFP 
(pXHSGFP) were taken along as controls. The PCR products obtained for MHV-SGFP A and B 
passage 6 were cloned into pGEM-T-Easy and subsequently sequenced by using primer 935. 

Immunofluorescence The percentage of S-GFP expressing viruses of MHV-SGFP A and B 
at passage 1, 2, 4 and 6 was determined by immunofluorescence. LR7 cells, grown on 12-mm 
coverslips, were infected in DMEM at an MOI of 0.5. At 1 h p.i., cells were washed with DMEM and 
overlaid with DMEM-FCS containing 1 µM HR2 (2) to prevent cell-cell fusion. At 8 h p.i., cells were 
fixed, permeabilized, and labeled as described previously (31) using the anti-MHV serum (1:400) 
in combination with a red fluorescent Cy5 secondary antibody (1:200) The percentage of green 
fluorescent cells (GFP positive) over red fluorescent cells (MHV positive) was determined by 
random counting of 100 cells. 

Vaccinia virus infection, DNA transfection and metabolic labelling of OST7-1 cells 
Subconfluent monolayers of OST7-1 cells in 10-cm2 tissue culture dishes were inoculated with 
vTF7.3 in DMEM at an MOI of 10. At 1 h p.i., cells were washed with DMEM and overlayed with 
transfection medium consisting of 0.2 ml DMEM that contained 10 µl of lipofectin (Life 
Technologies), 5 µg of pTUMM, 1 µg of pTM5ab, and 2 µg of either pTUMS or pTUGS-GFP. After 
10 min at room temperature, 0.8 ml of DMEM was added, and incubation was continued at 37°C. 
At 4.5 h p.i., cells were washed with DMEM and starved for 30 min in cysteine- and methionine-
free minimal essential medium containing 10 mM HEPES (pH 7.2) without FCS. The medium was 
subsequently replaced by 600 µl of the same medium containing 100 µCi of 35S in vitro labelling 
mixture (Amersham). At 6 h p.i., the radioactivity was chased by incubating the cells with 2 ml of 
DMEM containing 2 mM methionine and cysteine. After 3 h, the dishes were placed on ice, and 
the culture media were collected and cleared by centrifugation for 15 min at 4,000 x g and 4°C. 
Cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed with 600 µl detergent 
buffer (50 mM Tris-Cl [pH 8.0], 62.5 mM EDTA, 0.5% sodium deoxycholate, 0.5% Nonidet P-40) 
containing 1 mM phenylmethylsulfonyl fluoride. Lysates were cleared by centrifugation for 10 min 
at 13,000 x g at 4°C. Viral proteins in the cell lysates and VLPs in the culture media were 
subjected to immunoprecipitation in the presence or absence (affinity purification) of detergents, 
respectively. Cell lysates (100 µl) or cleared culture media (300 µl) were diluted 2.5 times with 
detergent buffer or with TEN buffer (10 mM Tris [pH 7.6], 1 mM EDTA, 50 mM NaCl), respectively, 
and subsequently incubated overnight at 4°C with the anti-MHV serum (2 µl) or the anti-S MAb (20 
µl). The immune complexes were adsorbed to Pansorbin cells (Calbiochem) for 30 min at 4°C and 
collected by low-speed centrifugation. Pellets were washed three times by resuspension and 
centrifugation with either detergent buffer (cell lysates) or TEN buffer (culture medium). Pellets 
were resuspended and heated in Laemmli sample buffer at 95°C for 2 min before being analyzed 
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by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 15% polyacrylamide 
gels.  

Infection and metabolic labelling of LR7 cells Subconfluent monolayers of LR7 cells in 10-
cm2 dishes were inoculated with either MHV-WT or MHV-SGFP A or B (passage 2) in DMEM at an 
MOI of 1 for 1 h. Subsequently, cells were washed with DMEM and incubated under DMEM-FCS. 
At 5.5 h p.i., the cells were washed with DMEM and starved for 30 min in cysteine- and 
methionine-free MEM containing 10 mM HEPES (pH 7.2). The culture medium was then replaced 
by 600 µl of the same medium but containing 100 µCi of 35S in vitro labelling mixture (Amersham). 
At 7 h p.i., the radioactivity was chased by incubating the cells with DMEM containing 2 mM 
methionine and 2 mM cysteine. After 2 h, the cells were placed on ice, the culture media were 
collected and cleared by centrifugation for 15 min at 4,000 x g and 4°C. Cells were washed with 
ice-cold PBS and lysed with lysis buffer (20 mM Tris [pH 7.6], 150 mM NaCl, 0.5% sodium 
deoxycholate, 1% Nonidet P-40, 0.1% SDS). Lysates were cleared by centrifugation for 10 min at 
13,000 x g at 4°C. Cell lysates were diluted 2.5 times with lysis buffer. The cleared culture media 
were supplemented with 1/4 volume of 5x lysis buffer. Viral proteins in the cell lysates and culture 
media were incubated O/N at 4°C with the anti-MHV serum (2 µl), the anti-S MAb (20 µl) or the 
anti-GFP serum (1 µl; CLONTECH). The immune complexes were adsorbed to Pansorbin cells for 
30 min at 4°C and were subsequently collected by low-speed centrifugation. Pellets were washed 
three times with lysis buffer. Pellets were resuspended and heated in Laemmli sample buffer at 
95°C for 2 min before being analysed by SDS-PAGE in 15% polyacrylamide gels.  

For quantification of the relative presence of the viral proteins in coronavirus particles released 
into the culture medium, the above procedure was modified slightly. The cleared culture media 
were again diluted 2.5 times with TEN buffer but the particles were affinity purified with either the 
anti-M MAb (20 µl) or the anti-S MAb (20 µl). Pellets were washed three times with TEN buffer. 
Quantification of the radioactivities in the protein bands in the dried gels was carried out by 
phosphorscanning of dried gels using a Storm 860 (Molecular Dynamics).   

Virus purification Virus present in the culture medium of infected cells was partially purified 
as follows. The virus-containing medium was centrifugated at 3,000 rpm for 5 min, and the 
supernatant was centrifuged again for 5 min at 15,000 rpm to remove any cell debris and nuclei. 
Virus in the supernatant was subsequently pelleted through a 20% sucrose cushion for 2 h at 
25,000 rpm and 4°C using an SW28 rotor. The virus pellet was carefully resuspended in 100 µl of 
PBS for 4 h on ice. 

 

 

RESULTS 

 

Construction and functional analysis of S-GFP fusion protein To evaluate 
whether extension of the relatively short coronavirus spike endodomain by a long 
polypeptide would affect the protein’s biological functions and, in particular, whether this 
would impair incorporation into particles to yield infectious virus, we appended the 
(enhanced) GFP gene to the carboxy-terminal end of the S gene in an expression vector 
via a short linker sequence corresponding to 5 aa residues. The resulting carboxy-terminal 
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239 residue extension of the endodomain is predicted to increase the S protein’s 
molecular mass by ca. 27 kDa (Fig. 1). 

 

A

pMH54

pXHSGFP

MHV-WT

MHV-SGFP

recombination with fMHV (grows only in feline cells)

in vitro synthesis of donor RNA
B

TCTCATGAGGATTGACTATCACAGCCCCTGCAGGAAAGACAGAAAATCTAAACAATTTATAGCATTCTC 
S  H  E  D  *

TCTCATGAGGATCCACCGGTCGCCACCATGGTG
S  H  E  D  P  P  V  A  T  M  V 

GACGAGCTGTACAAGTAAAGCGGCCGCTGCAGGAAAGACAGAAAATCTAAACAATTTATAGCATTCTC
D  E  L  Y  K  *

TRS

TRS
GFPMHV S                   5 a.a. linker

MHV S

MHV S

C

Murinespike

S 4 5a/E M N5’/1 GFP 3’/A HE

S 4 5a/E M N 3’/A 5’/1 HE

4 5a/E M N 3’/U HE2A1B1A S GFP

4 5a/E M N 3’/U HE2A1B1A S5’/U 

5’/U 

Feline spike 4 5a/E M N 3’/U HE2A1B1A5’/U 

Murinespike

S 4 5a/E M N5’/1 GFP 3’/A HE

S 4 5a/E M N 3’/A 5’/1 HE

4 5a/E M N 3’/U HE2A1B1A S GFP

4 5a/E M N 3’/U HE2A1B1A S5’/U 

5’/U 

Feline spike 4 5a/E M N 3’/U HE2A1B1A5’/U 

S1  S2

S1  S2 GFP

NH2 COOH

NH2 COOH

S

S-GFP

S1  S2

S1  S2 GFP

NH2 COOH

NH2 COOH

S

S-GFP

1

2 3

1

2

3

A

pMH54

pXHSGFP

MHV-WT

MHV-SGFP

recombination with fMHV (grows only in feline cells)

in vitro synthesis of donor RNA
B

TCTCATGAGGATTGACTATCACAGCCCCTGCAGGAAAGACAGAAAATCTAAACAATTTATAGCATTCTC 
S  H  E  D  *

TCTCATGAGGATCCACCGGTCGCCACCATGGTG
S  H  E  D  P  P  V  A  T  M  V 

GACGAGCTGTACAAGTAAAGCGGCCGCTGCAGGAAAGACAGAAAATCTAAACAATTTATAGCATTCTC
D  E  L  Y  K  *

TRS

TRS
GFPMHV S                   5 a.a. linker

MHV S

MHV S

C

Murinespike

S 4 5a/E M N5’/1 GFP 3’/A HE

S 4 5a/E M N 3’/A 5’/1 HE

4 5a/E M N 3’/U HE2A1B1A S GFP

4 5a/E M N 3’/U HE2A1B1A S5’/U 

5’/U 

Feline spike 4 5a/E M N 3’/U HE2A1B1A5’/U 

Murinespike

S 4 5a/E M N5’/1 GFP 3’/A HE

S 4 5a/E M N 3’/A 5’/1 HE

4 5a/E M N 3’/U HE2A1B1A S GFP

4 5a/E M N 3’/U HE2A1B1A S5’/U 

5’/U 

Feline spike 4 5a/E M N 3’/U HE2A1B1A5’/U 

S1  S2

S1  S2 GFP

NH2 COOH

NH2 COOH

S

S-GFP

S1  S2

S1  S2 GFP

NH2 COOH

NH2 COOH

S

S-GFP

1

2 3

1

2

3

 
Fig. 1 (A) Schematic diagram of the MHV S and S-GFP protein. The arrowhead indicates the 

cleavage site, where posttranslational cleavage of S into two subunits (S1 and S2) takes place. In 
S-GFP the GFP protein is fused to the carboxy terminus of the S protein. The dashed lines 
indicate the position of the transmembrane region. (B) Plasmid constructs, targeted recombination, 
and recombinant viruses. The plasmid pMH54 (described previously (25)) and pXHSGFP (see 
Materials.and Methods) were used to transcribe the defective RNAs in vitro using T7 polymerase. 
The arrow at the left end of the vectors indicates the T7 promoter; the solid circle represents the 
polylinker between the 5’-end segment of the MHV genome (labeled 5’/1) and the HE gene, 
followed by the structural and group specific genes, the 3’ untranslated region (UTR) and the 
polyadenylate segment (together labeled as 3’/U). The positions of the numbered sequences 
shown in panel C correspond to the numbered arrowhead positions. At the top, a scheme is shown 
for targeted recombination by using the interspecies chimeric fMHV, which grows only in feline 
cells. Recombinant viruses generated by the indicated crossover event can be selected on the 
basis of their ability to grow in murine cells. The genomes of these viruses are represented at the 
right. (C) Sequences of the numbered junctions shown in panel B. The numbers correspond to 
those under the arrowheads in panel B. The amino acids encoded by the 3’ end of the S and the 
GFP gene, by the linker sequence and by the 5’ end of the GFP gene are indicated. The asterisk 
denotes the stop codon. The MHV TRS belonging to gene 4 is boxed.  
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The S protein is responsible for virus-cell as well as cell-cell fusion. To examine the 

functionality of the chimeric protein with respect to membrane fusion, the S-GFP gene and 
the wt S gene were transiently expressed in OST7-1 cells using the recombinant vaccinia 
virus-bacteriophage T7 RNA polymerase system. Cells were subjected to 
immunofluorescence and analyzed by CLSM. In both cases extensive cell-cell fusion was 
observed (Fig. 2A and C), When excited at the excitation wavelength of GFP at 488 nm, 
only cells expressing the S-GFP protein appeared to be green fluorescent (Fig. 2D), in 
contrast to cells expressing the wild-type S protein (Fig. 2B). Thus, despite its large 
extension, the spike protein appeared to be properly folded, transported to the plasma 
membrane, able to bind MHV receptor on neighbouring cells, and cause fusion with these 
cells. 

 

BA

DC

BA

DC

Fig. 2 CLSM of OST7-1 cells expressing the 
S (A and B) and S-GFP (C and D) proteins (x40 
magnification). Cells were fixed at 8 h p.i., 
permeabilized and processed for immuno-
fluorescence by using the anti-MHV serum (1:400) 
and the red fluorescent Cy5 secondary antibody 
(1:200) and excited at 488 nm (GFP; B and D) or 
568 nm (Cy5; A and C).  

 

The coronaviral membrane proteins, when coexpressed in cells, assemble into VLPs 
that are morphologically indistinguishable from normal virions (45). As a first test to study 
whether the S-GFP protein was able to interact with the M protein and be assembled into 
VLPs, we coexpressed the M and E protein together or in combination with either the wild-
type S or the S-GFP protein by using the vaccinia virus expression system. Cells were 
labelled with 35S-labelled amino acids from 5 to 6 h p.i., followed by a 2-h chase. Viral 
proteins were immunoprecipitated from the cell lysates, and VLPs were affinity purified 
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from the culture media with either a polyclonal anti-MHV serum or a monoclonal anti-S 
antibody, and analyzed by SDS-PAGE (Fig. 3). 

 
Fig. 3 Coimmunoprecipita-

tion of the M protein by S-GFP 
fusion protein. 

(A) Coexpression in murine 
cells of the MHV M and E 
proteins either in the absence or 
in combination with the S or S-
GFP protein. Cells were labeled 
with 35S-labelled amino acids 
from 5 to 6 h p.i., followed by a 2-
h chase. Immunoprecipitations 
were carried out on the cell 
lysates with the anti-MHV serum 
(α-MHV) or the anti-S MAb (α-S) 
and analyzed by SDS-PAGE. 

(B) SDS-PAGE analysis of 
VLPs affinity purified from the 
culture medium with α-MHV and 
α-S. The molecular mass marker 
are indicated on the left. Arrows 
on the right indicate the positions 
of the expressed proteins. 
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The results obtained with the anti-MHV serum showed that M, S, and S-GFP were 
well expressed intracellularly (Fig. 3A). The carboxy-terminal GFP extension of the S 
protein obviously results in a decreased electrophoretic mobility. The E protein was not 
detected since it is not recognized by the serum (6). Using the anti-S MAb, we analyzed 
whether the M and S-GFP protein interact. In the absence of any S protein, no 
immunoprecipitation of M was seen. However, the M protein was coimmunoprecipitated 
when either the S protein or, to a lesser extent, when the S-GFP protein was co-
expressed (Fig. 3A). To analyze the incorporation of S-GFP into VLPs, an affinity 
purification was performed with anti-S MAbs by using the appearance of the M protein as 
a read-out parameter. As Fig. 3B shows, the VLPs produced by the coexpression of M 
and E, detectable by affinity purification from the culture fluid with the anti-MHV serum, 
could not be isolated by the monoclonal antibody. They were, however, isolated not only 
when the wt S protein was additionally coexpressed but also in the presence of the S-GFP 
protein. In conclusion, despite the large endodomain extension of S, the S-GFP is still able 
to associate with the membrane protein M and to assemble into VLPs. 
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Construction of recombinant MHV expressing S-GFP Thus far, the chimeric S-

GFP protein had performed all of the canonical functions of the spike protein. Our next 
question was whether the cytoplasmic domain extension, which apparently did not prevent 
its assembly into VLPs, would interfere with the assembly of virions. To this end, we 
attempted to generate an infectious recombinant virus bearing the S-GFP protein (MHV-
SGFP) by targeted RNA recombination (25). Thus, we prepared a transcription vector in 
which the S gene was replaced by the S-GFP gene, yielding the donor plasmid pXHSGFP 
(Fig. 1B). As a control, we used the parental vector pMH54 to reconstruct recombinant 
“wild-type” MHV-A59 (MHV-WT) as we showed earlier (6). The pMH54 transcription vector 
encodes a defective RNA composed of the genomic 5' 467 nucleotides fused to the 3' part 
(~8.6 kb) of the genome (Fig. 1B). The arrowheads in Fig. 1B indicate the junctions at the 
5’ end of either the S (1) or S-GFP gene (3) and the linker region between the S and the 
GFP gene (2), the sequences of which are shown in Fig. 1C. The MHV-SGFP 
recombinant virus was generated by targeted RNA recombination with fMHV, an MHV 
derivative in which the S protein ectodomain is of feline coronavirus origin (25). Briefly, 
feline cells were infected with fMHV and transfected with a run-off transcript of the 
pXHSGFP vector. Recombinant viruses containing the murine spike were selected by 
growth in murine cells, as we described previously (6). Two independently obtained 
recombinant viruses (MHV-SGFP A and B) were cloned by two rounds of plaque 
purification on murine cells by picking fluorescent plaques.  

To show the fluorescence induced by the MHV-SGFP virus, cells were infected and 
viewed 8 h later by fluorescence microscopy (Fig. 4). MHV-SGFP infection was found to 
induce large syncytia, which were green fluorescent (Fig. 4A). To observe the expression 
pattern of the S-GFP protein in single cells, we made use of a peptide (HR2) 
corresponding to the membrane proximal heptad repeat region in the spike protein, which 
is a potent inhibitor of cell-cell fusion (2). In the presence of this inhibitor (1 µM), the 
syncytia were no longer induced (Fig. 4B) and the green fluorescent signal was observed 
predominantly in a typical endoplasmic reticulum pattern throughout the cytoplasm, as 
seen also after immunofluorescent staining of the wild-type S protein in MHV-A59-infected 
cells (31).  

 

 

A BA BFig. 4 CLSM of 
MHV-SGFP infected LR7 
cells grown in the 
presence (A) or absence 
(B) of membrane fusion 
inhibitor HR2 (x40 
magnification). 
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Viability of MHV-SGFP To analyze the effect of the modification of the virus on its 
multiplication, we compared its growth in culture cells with that of MHV-WT (Fig. 5). 
Clearly, the replication of MHV-SGFP did not yield the titers of MHV-WT (ca. 1 log lower at 
t = 11).  

Fig. 5 Growth kinetics of MHV-
SGFP and MHV-WT. LR7 cells 
were infected with either MHV-WT 
or with the independent MHV-
SGFP clones A or B at an MOI of 
1. Viral infectivities in the culture 
media were determined at different 
times postinfection by a quantal 
assay on LR7 cells, and the TCID50 
values were calculated. 
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Since the modification of the S protein apparently affected the growth of the virus, it 
was of interest to investigate the genetic stability of the mutant virus. To this end, the 
MHV-SGFP virus was passaged six times on LR7 cells at low MOI (0.05). To determine 
the presence of the S-GFP gene an RT-PCR was performed at passage 2 (P2) and 
passage 6 (P6) as shown in Fig. 6A. The RT reaction was performed with primer 1062, 
which is complementary to 3’ end of the E gene. The PCR was carried out using the 
primers 935 and 1090, which localize in the 3’ end of the S gene and the 3’ end of gene 4, 
respectively (Fig. 6A). As controls, PCR was performed on the pXHSGFP (C1) and 
pMH54 (C2) plasmid vectors, the vectors used to create MHV-SGFP and MHV-WT, 
respectively. Two PCR products were obtained with the passage 2 RNA of MHV-SGFP; 
the larger one of these comigrated with the PCR product obtained for the pXHSGFP 
vector. The smaller PCR product migrated with a mobility of ~500 bp, which corresponds 
to the expected product size of 527 bp for the wild-type situation (C2). The RT-PCR 
product obtained with passage 6 virus RNA only showed the 500-bp product. Clearly, 
already after the second passage some of MHV-SGFP recombinant viruses had lost the 
GFP sequence, which, due to their apparent growth advantage, had completely taken 
over the population at passage 6. The PCR product of passage 6 MHV-SGFP was cloned 
and sequenced. The sequence of two clones, both of passage 6 MHV-SGFP A, confirmed 
that the entire GFP sequence had been deleted (Fig. 6B). In addition, both sequences 
showed a deletion of 24 nucleotides, corresponding to the carboxy-terminal 8 aa of the 
cytoplasmic domain of S. This deletion resulted in an extension of the open reading frame 
of clone 2 coding for three aa. Similar deletions of the GFP gene were observed for MHV-
SGFP B (data not shown). The presence of deletion mutant viruses already in passage 2 
indicates the strong selection against viruses containing an S protein with an extended 
cytoplasmic domain. It is noteworthy that the C-terminal 8-aa truncation of the spike 
protein found in the MHV-SGFP passage 6 recombinants is apparently not required for 
virus assembly. This is consistent with results from a deletion study showing that a 
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recombinant MHV lacking the C-terminal 12 residues of the spike protein exhibited only a 
slight decrease (~1 log) in virus production (data not shown). 
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Fig. 6 (A) PCR analysis of recombinant MHV-SGFP. RT-PCR was performed on purified 
genomic RNA of MHV-SGFP from passage 2 and 6 (P2 and P6) to analyze the presence of the 
GFP sequence. A water control (H2O) is also shown. As additional controls, a PCR was performed 
on the transcription vectors pXHSGFP (C1) and pMH54 (C2). PCR products were analyzed by 
electrophoresis in 1% agarose gels and stained with ethidium bromide. Primers used in the 
experiment, their location on the genome, and the predicted size of the PCR products are 
indicated at the right. In the RT step, primer 1261 was used, whereas primers 935 and 1290 were 
used in the PCR step. The sizes of relevant DNA fragments of the 1-kb DNA marker ladder (M; 
Invitrogen) are indicated on the left. (B) Sequence analysis of passage 6 MHV-SGFP. The RT-
PCR product obtained from MHV-SGFP clone A passage 6 was cloned into pGEM-T-Easy, and 
plasmid DNA from two colonies was sequenced. The nucleotide sequences of the 3’ region of the 
spike gene of the two sequenced clones, as well as of MHV-WT, are shown. The translated amino 
acid sequences corresponding to the S ORF are indicated under the nucleotide sequence. 
Deletions in the nucleotide sequence are represented by dashed lines. The asterisks mark the 
stop codons. The TRS sequence of gene 4 is boxed. 

 

In order to investigate the loss of GFP sequences further, we quantified the fraction of 
viruses expressing fluorescence from MHV-SGFP passages 1, 2, 4 and 6 of clones A and 
B. LR7 cells were infected with MHV-SGFP at an MOI of 0.5. In order to prevent cell-cell 
fusion, 1 µM of HR2 was added to the culture medium after inoculation. At 8 h p.i., cells 
were fixed and infected cells were labeled by using the anti-MHV serum in combination 
with a red fluorescent secondary antibody. The percentage of green fluorescent (GFP 
positive) over red fluorescent cells (MHV positive) was determined by counting under the 

 99



Chapter 5 
 

microscope (Table 1). Of the cells infected with clone A and B passage 1 (P1), MHV-
SGFP, 95 and 98% were positive for GFP, respectively. These numbers had dropped to 
50 and 80% in P2 and to 1 and 2% in P4, respectively. By passage 6 no green fluorescent 
cells could be detected. The rapid loss of GFP expression upon passaging was in 
agreement with the RT-PCR results. The loss of GFP expression was accompanied by an 
increase in viral titers (Table 1) obtained with each subsequent virus passage, indicative 
for a gain in fitness upon deletion of the GFP gene. 

 

TABEL 1 Loss of GFP expression of MHV-SGFP and 
increase of viral titers during virus passaginga 

MHV-SGFP A MHV-SGFP B Passageb 

% GFP TCID50 % GFP TCID50 

P1 95 1.0x105 98 1.5x105 

P2 50 6.8x105 80 1.0x106 

P4 1 2.2x106 2 1.5x106 

P6 0 6.8x106 0 1.0x107 

a % GFP, infected cells were detected by 
immunofluorescence microscopy for MHV infection by 
using an anti-MHV serum and the red fluorescent Cy5 
secondary antibody. The percentage of green fluorescent 
over red fluorescent (% GFP) cells was determined. 

b LR7 cells were infected with MHV-SGFP clones A or 
B, passage 1, 2, 4 and 6.  

 

Detection of S-GFP in infected cells and virus particles We analyzed the protein 
synthesis of S-GFP in MHV-SGFP infected cells and its appearance in virions. LR7 cells 
were mock infected or infected with either MHV-WT or the two independent clones of 
MHV-SGFP, A and B. Radiolabeled proteins were immunoprecipitated using an anti-MHV 
serum, the anti-S MAb or the anti-GFP serum from the cell lysate or the medium, and 
analyzed by SDS-PAGE (Fig. 7). Immunoprecipitates performed with the anti-MHV 
antiserum on MHV-WT infected cell lysates showed the expression of the MHV structural 
proteins M, N, and S as indicated in Fig. 7A. Similar precipitates prepared with the MHV-
SGFP A and B infected cell lysates revealed the presence of an additional band, which 
was also immunoprecipitated by using the anti-S MAb and the anti-GFP serum. This band, 
interpreted as the S-GFP fusion protein, migrated at ~220 kDa, in agreement with the 
expected size of S-GFP. The gel analysis additionally showed a band (S*) with the size of 
wild-type S, which is precipitated by the anti-S monoclonal antibody but not by the anti-
GFP serum. This indicates that the passage 2 virus stocks already contained GFP 
deletion viruses, consistent with the RT-PCR results. The S-GFP band was also 
immunoprecipitated from the culture media using the anti-MHV serum, the anti-S MAb, 
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and specifically with the anti-GFP serum (Fig. 7B; more clear after a longer exposure in 
Fig. 7C). This indicates the incorporation of the S-GFP fusion protein into virions. Although 
the extracellular levels of M and N of MHV-WT and MHV-SGFP viruses were comparable, 
notably less S*/S-GFP was present in the MHV-SGFP viruses than S in MHV-WT viruses. 

 

S-GFP
S/S*

N

M

S-GFP
S/S*

N

M

S1/S2

S-GFP
S/S*

S1/S2

kDa
220

97.4 

66

46

30

21.5 

220

97.4 

66

46

30

21.5 

220

97.4 

C

B

A

α-MHV               α-S                α-GFP
WT    A    B    m   WT   A    B    m   WT   A    B    m

S-GFP
S/S*

N

M

S-GFP
S/S*

N

M

S1/S2

S-GFP
S/S*

S1/S2

kDa
220

97.4 

66

46

30

21.5 

220

97.4 

66

46

30

21.5 

220

97.4 

C

B

A

α-MHV               α-S                α-GFP
WT    A    B    m   WT   A    B    m   WT   A    B    m

Fig. 7 Viral proteins in the cell 
lysates and culture media of MHV-
SGFP-infected cells. LR7 cells were 
either mock infected (lanes m), 
infected with MHV-WT (lanes WT) 
or with MHV-SGFP clones A and B 
(lanes A and B). (A) At 5 h p.i., cells 
were labeled for 1 h with 35S-labeled 
amino acids and lysed immediately. 
Some cultures were further 
incubated with chase medium for 2-
h, after which the culture 
supernatant was harvested and 
diluted with lysis buffer. 
Immunoprecipitations were 
performed with the anti-MHV serum 
(α-MHV), the anti-S monoclonal 
antibody (α-S) or the anti-GFP 
serum (α-GFP) from either the cell 
lysate (A) or the culture medium (B 
and C [panel C is a longer exposure 
of a section of B]) and analyzed by 
SDS-PAGE. The molecular mass 
marker is indicated on the left. 
Arrows on the right indicate the 
positions of the expressed proteins. 

 
To examine whether the GFP extension lowers the efficiency with which the S protein 

is incorporated into virions, we quantified the S protein in MHV-SGFP virions relative to 
that in MHV-WT. Radiolabelled virus particles were affinity purified from the culture 
medium of infected cells by using an anti-M or an anti-S MAb. The samples were analyzed 
by SDS-PAGE, and the radioactivities in the viral proteins M, N and S (i.e., S alone for 
MHV-WT or S* + S-GFP for MHV-SGFP) were quantitated by phosphoimager scanning of 
the dried gels. The relative amounts of the viral proteins were determined and normalized 
to those of the wild-type virus (Fig. 8). Similar results were obtained with the two MAbs. No 
significant difference was found in the relative amounts of M and N proteins in the two 
viruses; the calculated ratio of M:N in MHV-SGFP was close to 100% of the MHV-WT 
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ratio. In contrast, the ratio of S:M and S:N were dramatically decreased to ca. 20% of the 
values obtained for MHV-WT. This indicates an approximately fivefold reduction of mutant 
S protein into MHV-SGFP virions. It is of note that the intracellular S/M and S/N ratios 
were similar for both viruses (data not shown), ruling out the possibility that the results 
were caused by a reduced production of mutant S protein in MHV-SGFP infected cells.  
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Fig. 8 Protein quantification of 
affinity-purified coronavirus particles. LR7 
cells were either mock infected, infected 
with MHV-WT, or with MHV-SGFP clone 
B. At 5 h p.i., cells were labeled for 1 h 
with 35S-labeled amino acids and chased 
for another 2 h. Virus particles were 
affinity purified from the cleared culture 
medium with either the anti-M MAb (α-M 
MAb) or the anti-S MAb (α-S MAb) and 
analyzed by SDS-PAGE. The amounts of 
radioactivity in the M, S, (total, i.e., S+S-
GFP) and N proteins in the dried gels 
were determined by phosphoimaging 
scanning. The ratios of the amounts of M 
to N, S to M, and S to N in affinity-purified 
MHV-SGFP relative to those in MHV-WT 
were calculated. 
 

Incorporation of S-GFP into coronavirus particles produces fluorescent virions 
We finally analyzed whether the incorporation of S-GFP molecules into virions gave rise to 
particles that are fluorescent. MHV-SGFP and MHV-WT were produced in LR7 cells and 
concentrated by pelleting them through a sucrose cushion. The resuspended particles 
were examined by CLSM. As Fig. 9B illustrates, numerous fluorescent MHV-SGFP 
particles were visible. No such particles were seen with MHV-WT. 

 

Fig. 9 CLSM on MHV-SGFP 
and MHV-WT. Virus obtained from 
~107 infected LR7 cells was pelleted 
through a 20% sucrose cushion and 
resuspended in 100µl PBS. A 10-µl 
aliquot of either MHV-WT (A) or 
MHV-SGFP (B) was examined under 
the CLSM (x100 magnification). 
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DISCUSSION 

Coronaviruses appear to exhibit an exceptional flexibility regarding the incorporation 
of th

d before. Unlike in the present 
stud

iological functions 
of t

 

eir spikes. On the one hand particle assembly can occur perfectly well without any 
spikes being assembled, as was demonstrated both by blocking the proper folding of the 
S proteins in infected cells (21, 35, 37) and by the coexpression of the M and E proteins 
(45), which resulted in the formation of spike-less virions and VLPs, respectively. On the 
other hand, it appears that coronavirus assembly is tolerant to dramatic modifications of its 
spike protein. This was shown earlier by the incorporation into VLPs (19) and virions (25) 
of chimeric spikes in which the S protein ectodomain was replaced by that of an unrelated 
coronavirus, a feature now forming the basis of the targeted recombination technology for 
the genetic engineering of the coronaviruses (25). The present study demonstrates the 
high degree of tolerance in the endodomain part of the protein, showing that infectious 
coronavirus was still being efficiently assembled after the S protein’s interior domain had 
been extended by some 27 kDa of foreign protein sequence. Although this virus was 
somewhat less infectious and genetically unstable, the observations provide new insights 
into the structural requirements for coronavirus assembly. 

Expression of GFP by coronaviruses has been reporte
y, in these earlier studies the GFP gene was inserted as an additional, separate 

transcription unit rather than as part of a structural protein gene. In the first demonstration 
that coronaviruses can serve as vectors for foreign gene expression, the GFP gene was 
inserted in the MHV genome in place of the nonessential gene 4. The recombinant virus 
grew to high titers and was phenotypically indistinguishable from the wild-type virus with 
respect to growth in tissue culture (15). Although the GFP protein could be detected in 
infected cells by Western blot analysis, the expression level was too low to be visualized 
directly by fluorescence microscopy. Recently, a similar recombinant MHV was prepared 
containing the enhanced GFP gene; now, the fluorescence expressed in infected cells 
could readily be detected (38). The expression of the GFP gene appeared to be stable for 
over six passages. Two similar recombinant transmissible gastroenteritis viruses (TGEV) 
expressing the GFP protein were reported independently (3, 41). In both, the nonessential 
gene 3A had been replaced by the foreign gene. Both viruses displayed wild-type growth 
kinetics and exhibited stable GFP expression for at least 10 passages.  

The chimeric S-GFP protein that we expressed exhibited all of the b
he spike protein. The development of fluorescent syncytia upon its independent 

expression in mouse cells demonstrated that both its receptor binding and its membrane 
fusion function were operational. These observations implied that the carboxy-terminal 
extension did neither block the protein’s folding and oligomerization nor the transport of 
these complexes to the plasma membrane. The chimeric protein was also able to 
functionally interact with the M protein, as was clearly seen from the production of S-GFP 
containing VLPs during coexpression with the M and E proteins. When the S-GFP gene 
was finally incorporated into the MHV genome, replacing the wild-type S gene, the 
endodomain extension did not prevent the assembly of the nucleocapsid into particles and 
the formation of infectious virus. 
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The fitness of the recombinant MHV-SGFP appeared to be affected by the foreign 
sequences. The virus grew to lower infectious titers than its equivalent wild-type, MHV-
WT

ty might interfere with the biogenesis of the chimeric 
prot

, while propagation of the virus quite rapidly led to loss of foreign sequences. This 
latter observation is not all that much surprising in view of the mutability of RNA viruses in 
general and of coronaviruses in particular. The determinants for stability of foreign 
sequences engineered into coronaviruses are currently unknown, but it is clear that the 
stable maintenance of a foreign gene is, amongst others, dependent on properties of that 
particular gene. Thus, whereas the stability of a firefly luciferase gene varied strongly 
dependent on its location in the MHV genome, the Renilla luciferase gene appeared to be 
stably maintained at all of the locations tested (de Haan and Rottier, unpublished results; 
(8)). In addition to the nature and the genomic position of the foreign gene, the properties 
(e.g., toxicity) of the translated protein may have an effect. This may explain, at least in 
part, why the GFP gene was genetically stable and did not affect viral growth when 
inserted as a separate transcription unit (13, 15, 38, 40) whereas it was rapidly lost when 
engineered as part of the S protein.  

There are many reasons why carboxy-terminal extension of the S protein could lead to 
a decrease in fitness. The GFP moie

ein, with the formation of trimers, with incorporation of these trimers into particles, or 
with virion assembly. Furthermore, impaired transport of the S-GFP protein to the plasma 
membrane might delay the spread of the infection due to reduced syncytia formation. The 
lower infectious titers, obtained for the virus with the S-GFP compared to its wild-type 
counterpart, indicate either that fewer particles were produced or that these particles were 
less infectious. Quantification of the relative presence of the structural proteins in 
radiolabeled virus particles revealed that the extension indeed affects the incorporation of 
the S protein rather than particle formation. Because the N:M protein ratio in S-GFP 
virions was not detectably different from that of MHV-WT, incorporation of the 
nucleocapsid did not seem to be affected by the extended spike. Also, the amount of 
virions produced was not significantly changed since the ratio of intracellular versus 
extracellular nucleocapsid and membrane protein was not altered as compared to MHV-
WT (data not shown). This is in agreement with previous studies, which show that 
incorporation of the nucleocapsid seems to involve interaction with the M protein (14, 26, 
28-30) but does not require the S protein, as demonstrated by the appearance of 
spikeless virions after tunicamycin treatment of infected cells (21, 35, 37). Nucleocapsid 
assembly is apparently not dependent on the cytoplasmic tail of the S protein. All these 
observations are consistent with impairment in the incorporation of the S-GFP protein. As 
a consequence, the virions produced had a relative shortage of spikes, as was confirmed 
by the reduced S/N and S/M protein ratios, leading to a reduced average infectivity per 
particle. We can only speculate why the incorporation of the S-GFP was impaired. 
Inclusion of spikes into virions is driven by heterotypic interactions with the M protein, 
which may be affected by the extension of the cytoplasmic domain of the S protein. 
Indeed, interaction with the M protein seemed to be affected as judged from the 
coimmunoprecipitation analysis (Fig.  3). The large GFP moiety presenting itself on the 
inner face of the assembling virion may also be actively selected against. Steric hindrance 
of the proper interactions between the nucleocapsid and the envelope components may 
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thus lead to the partly exclusion of the chimeric spike. In this latter case, it would mean 
that the fit between the nucleocapsid and its surrounding envelope is not rigid but instead 
quite pliable, since this exclusion is not complete. 

A few other examples have been reported where recombinant viruses were produced 
expressing a GFP-tagged structural protein that was incorporated into the virion (4, 10, 11, 
33, 

independent transgene can have its advantages for a number of 
purp
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34). In the case of vesicular stomatitis virus (VSV) a gene construct encoding a VSV G 
protein cytoplasmically extended by GFP was engineered into the genome of this 
negative-stranded rhabdovirus as an additional genetic element (4). The protein was 
found to be incorporated into the virus in the form of mixed trimers, i.e., as complexes 
composed of both wild-type G and G/GFP fusion proteins. A recombinant VSV in which 
the G/GFP gene was replacing the G gene was unable to independently replicate but 
could be propagated by complementing with the wild-type G protein. The majority of the 
recombinant viruses grown in this way had, however, lost their GFP expression already 
after one round of infection by the introduction of a stop codon in the carboxy-terminal 
domain of the G protein (4). Interestingly, the loss of expression of the GFP moiety from 
our MHV-SGFP was due to the deletion of the GFP gene rather than to the introduction of 
a stop codon. This might be a reflection of the different replication strategies that these 
viruses use. As for the VSV recombinant, the stability of the MHV-SGFP could perhaps be 
increased by inserting the S-GFP gene into the coronavirus genome in addition to the 
wild-type S gene.  

The expression of foreign proteins as an extension of a structural virion protein rather 
than through an 

oses. Thus, expression of a chimeric structural protein can be useful for studying virus 
assembly requirements as shown here. However, a foreign protein can also be appended 
to a structural protein to load the resulting virus particles with a specific biological activity, 
such as an enzymatic activity to be delivered into cells, or with a specific function, such as 
a targeting function to direct the recombinant virus to selected cells. The S-GFP protein 
that we constructed in the present study for our ongoing analysis of coronavirus structure 
and assembly provides us now with a virus, the fluorescent properties of which may allow 
us to investigate cell entry of coronaviruses by using time-lapsed imaging fluorescence 
microscopy. 
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ABSTRACT 

 

The coronavirus spike (S) protein, required for receptor binding and membrane fusion, 
is incorporated into the assembling virion by interactions with the viral membrane (M) 
protein. Earlier we showed that the ectodomain of the S protein is not involved in this 
process. Here we further defined the requirements of the S protein for virion incorporation. 
We show that the cytoplasmic domain, not the transmembrane domain, determines the 
association with the M protein and is sufficient to effect the incorporation into viral particles 
of chimeric spikes as well as of foreign viral glycoproteins. The essential sequence was 
mapped to the membrane-proximal region of the cytoplasmic domain, which is also known 
to be of critical importance for the fusion function of the S protein. Consistently, only short 
C-terminal truncations of the S protein were tolerated when introduced into the virus by 
targeted recombination. The important role of the about 38-residues cytoplasmic domain 
in the assembly of and membrane fusion by this approximately 1300 amino acids long 
protein is discussed. 
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INTRODUCTION 

 

In infected cells viruses are assembled from a heterogeneous pool of viral and cellular 
proteins. The preferential incorporation of viral proteins from this pool into virions is 
achieved mainly by affinity interactions and by the local concentration of these proteins at 
the site of assembly. For enveloped viruses, the specificity of the assembly process is 
governed by interactions between the viral membrane proteins and with the nucleocapsid 
or the matrix proteins. In this study we focus on the assembly requirements of the 
coronavirus spike glycoprotein into the virion membrane. 

Coronaviruses have a relatively simple protein composition. The nucleocapsid protein 
packages the viral RNA genome into a helical nucleocapsid, which is in turn surrounded 
by a lipid envelope. The envelope accommodates three or for four viral membrane 
proteins: the most abundant triple-spanning membrane (M) protein, the large trimeric spike 
(S) glycoprotein, and the low-abundant envelope (E) protein. Some coronaviruses contain 
an additional membrane protein, the hemaglutinin-esterase (HE) protein. Coronaviruses 
acquire their lipid envelope by budding of the nucleocapsid into the membranes of the 
intermediate compartment (6, 22, 23, 53, 54). 

The M protein is the key player in coronavirus particle formation (reviewed by (40)). 
When expressed independently in eukaryotic cells it interacts with itself forming 
homomultimeric complexes (26). Upon co-expression with the E protein, these complexes 
assemble into virus-like particles (VLPs) which are similar to authentic virions in size and 
shape, demonstrating that the M and E proteins are the minimal requirements for 
envelope assembly (56). Incorporation of the nucleocapsid is mediated by interactions 
with the M protein (19, 25, 33). The M protein also mediates the incorporation of the S 
protein (7, 34, 36, 56) and the HE protein (34) into virions and VLPs.  

The mouse hepatitis virus (MHV) spike glycoprotein is responsible for binding of the 
virus to the host cell receptor and for virus-cell as well as cell-cell fusion (reviewed by (4)). 
It is a 1324 amino acids (aa) type I membrane glycoprotein (Mw 180 kDa) consisting of a 
large ectodomain (1263 aa), a transmembrane domain (TM; ~23 aa) and a short 
cytoplasmic domain (CD; ~38 aa). It is co-translationally glycosylated in the ER and 
oligomerizes into trimers (10). A fraction of the spikes synthesized is transported to the cell 
surface where it induces cell-cell fusion. Upon passage through the Golgi compartment, 
the spike protein is post-translationally cleaved (27, 49) into a soluble - receptor binding - 
S1 subunit (51) and a membrane anchored – membrane fusion – S2 subunit (64) of about 
equal size (90 kDa). As demonstrated by co-immunoprecipitation assays, the majority of 
the spike protein In infected cells is retained in the ER where it associates with the M 
protein via heterotypic affinity interactions (36). These interactions are virus specific, M 
and S proteins from different (e.g. feline and murine) coronaviruses do not associate. The 
spike ectodomain is not responsible for the interaction with the M protein; when the MHV 
S ectodomain was replaced by that of feline infectious peritonitis virus (FIPV) the chimeric 
S protein associated with the MHV but not with the FIPV M protein and was incorporated 
into MHV-based, not FIPV-based VLPs; the reciprocal chimeric protein behaved inversely 
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(16). These chimeric spike proteins were functionally incorporated into recombinant MHV 
and FIPV, respectively, providing the resulting viruses fMHV and mFIPV with opposite 
targeting specificities (19, 24). The observations imply that sequences in the TM and/or 
the CD of the spike protein mediate interaction with the M protein and envelope 
incorporation.  

In the present work we have determined the sequences in the coronavirus S protein 
that are involved in M protein interaction and required for spike assembly into the virion. 
Using co-immunoprecipitation and VLP formation assays in combination with targeted 
RNA recombination in a mutagenic analysis, the critical domain was mapped to the 
membrane-proximal, cysteine-rich part of the S protein.  

 

 

MATERIALS & METHODS 

 

Virus, cells and antibodies. Recombinant vaccinia virus encoding the bacteriophage T7 
RNA polymerase (vTF7-3) was obtained from Dr. B. Moss. OST7-1 cells (also from Dr. B. Moss) 
(12) and LR7 cells (24) were maintained as monolayer cultures in Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal calf serum (FCS), 100 IU of penicillin/ml and 100 µg of 
streptomycin/ml (from Life Technologies, Ltd.). Monoclonal antibody (mAb) WA3.10 directed 
against the MHV S protein was provided by Dr. J. Fleming (University of Wisconsin, Madison, 
Wis.) (60). The production of polyclonal antiserum K134 against MHV-A59 (anti-MHV) (39) and 
K114 against VSV (anti-VSV) (57) have been described. 

Expression vectors and mutagenesis All expression vectors contained the genes under the 
control of the bacteriophage T7 transcription regulatory elements. The expression constructs 
pTUMM, pTM5ab and pTUMS contain the MHV (strain A59) M, E and S gene, respectively, cloned 
into the pTUG3 plasmid (56, 58). All newly generated junctions and PCR amplified segments were 
verified by DNA sequencing. Expression construct pTMFS, encoding the MFF hybrid protein (see 
Fig. 1), contains the gene corresponding to the ectodomain (ED) of MHV S and both the 
transmembrane domain (TM) and the cytoplasmic domain (CD) of FIPV S (16). The expression 
plasmid pTUG-MFM-S, expressing the MFM chimera, contains the MHV S gene in which the TM 
coding region is replaced by that of FIPV S. The pTUG-MFM-S construct was constructed by 
splicing overlap extension PCR (SOE-PCR). The TM coding region of FIPV S and the CD coding 
region of MHV S were PCR amplified using the inside primers 934 and 935 and the external 
primers 933 and 939 (Table 1). The vectors pFIPVE2 (16) and pTFM-S, respectively, were used 
as template in the first round of PCR. The PCR products were purified, combined and then PCR 
amplified with the external primers. The product obtained was cloned into the pNOTA/T7 shuttle 
vector according to the Prime PCR Cloner procedure (5 Prime → 3 Prime, Inc.); it was 
subsequently excised from the plasmid using SpeI and SalI and cloned into the SpeI-SalI digested 
pTUMS vector. 

In mutant pTUG-MMF-S the sequence encoding the CD of MHV-S was replaced by the 
corresponding sequence from FIPV S. This construct, specifying the MMF hybrid protein, was 
generated by SOE-PCR. The TM coding region of MHV S and the CD coding region FIPV S were 
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PCR amplified using inside primers 936 and 937 and external primers 933 and 938. The vectors 
pTMF-S and pFIPVE2, respectively, were used as template in the first round of PCR. Purified PCR 
products were mixed and a second round of PCR was performed using the external primers 933 
and 938. The resulting product was cloned into the shuttle vector pNOTA/T7. This vector was 
subsequently digested with StyI and SalI and the insert obtained was cloned into the StyI-SalI 
digested plasmid pTUMS. 

The expression vectors pTMHVS-CD∆12, pTMHVS-CD∆25 and pTMHVS-CD∆35 carry MHV 
S genes with increasing 3’-terminal truncations, thus specifying S proteins with cytoplasmic 
domain truncations of 12, 25 and 38 amino acids, respectively. The constructs were generated by 
PCR using the forward primer 933 and the reverse primer 980, 981 and 982, respectively. PCR 
products were treated with StyI and SalI and cloned into the StyI-SalI digested pTUMS vector. 

The transcription vectors pXH2ERLM-S∆12, -S∆25 and –S∆35 were used for the construction 
of Renilla luciferase expressing MHVs carrying S proteins with C-terminal truncations of 12 
(ERLM-S∆12), 25 (ERLM-S∆25) and 35 residues (ERLM-S∆35), respectively. The pXH2ERLM 
vector was treated with Sse8387I, blunted with T4 DNA polymerase and digested with MluI. The 
plasmids pTMHVS-CD∆12, pTMHVS-CD∆25 and pTMHVS-CD∆35 were digested with Sal1, 
blunted with T4 DNA polymerase and subsequently digested with MluI; the purified MluI-Sal1 
fragments were cloned into the MluI-Sse8387I digested plasmid pXH2ERLM thereby creating the 
pXH2ERLM-S∆12, -S∆25 and -S∆35 vectors, respectively.  

The VSV gene was excised from plasmid pSVGL11, a derivative of pSVGL (38) using XhoI. 
The DNA fragment was filled in with the Klenow enzyme and ligated into the BamHI digested and 
Klenow blunted pTUG31 linearized vector (58) yielding the pTUGVG10 plasmid. The fragment 
encoding the VSV G ectodomain was excised from pSV045R-ts (kindly provided by Dr. J.K. Rose) 
(14) by using XhoI and SstI and cloned into pTUG31 treated with the same enzymes, resulting in 
the plasmid pTVGts∆TMCD. The vector pTVGts-STC, encoding the hybrid protein G-STC, 
contains the sequence encoding the ectodomain of VSV G and the TM and CD of MHV S. A DNA 
fragment specifying the TM and CD of MHV S was PCR amplified from the plasmid pTUMS using 
the primers 1031 and 1032. The purified PCR product was treated with SstI and BamHI and 
cloned into the SstI-BamHI digested pTVGts∆TMCD vector. The vector pTVGts-SC, encoding the 
hybrid proteins G-SC, contains the sequence for the ectodomain and TM of VSV G fused to that 
for the C-terminal 38 residues of MHV S. The pTVGts-SC construct was prepared by SOE-PCR. 
The TM coding region of the VSV G gene and the CD coding region of MHV S were PCR amplified 
using the inside primers 1073 and 1074 and the external primers 1029 and 1032, respectively. The 
vectors pSV045R-ts and pTUMS, respectively, were used as templates in the first round of PCR. 
Purified PCR products were then mixed and a second round of PCR was performed using the 
external primers 1029 and 1032. The resulting PCR product was treated with SstI and BamHI and 
cloned into the SstI-BamHI digested plasmid pTVGts∆TMCD. 

RT-PCR RT-PCR was used to amplify regions of cytoplasmic RNA isolated from cells infected 
with MHV-ERLM or MHV-ERLM-S∆12 (clone A and B) and MHV-ERLM-S∆25 (clone B). The 
approximate locations of primers 1036, 1090 and 1261 in the recombinant MHV genomes are 
shown. RT-PCR was performed on the MHV genomic RNA using primer 1261, whereas the PCR 
was performed on the RT-PCR product using primers 1036 and 1090. The PCR products obtained 
were cloned into pGEM-T-Easy and sequenced.  
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Infection and transfection Subconfluent monolayers of OST7-1 cells in 10 cm2 dishes were 
inoculated with vTF7.3 in  DMEM at a multiplicity of infection (MOI) of 10. After 1 hour (t = 1 h) 
cells were washed with DMEM and overlaid with transfection medium that consisted of 0.2 ml 
DMEM containing 10 µl of lipofectin (Life Technologies) and 5 µg of pTUMM, 1 µg of pTM5ab and 
2 µg of a third selected construct. After 10 min at room temperature (RT), 0.8ml of DMEM was 
added and incubation was continued at 37°C. At t = 2 h, cells were transferred to 32°C. 

Metabolic labeling and immunoprecipitation At t = 4.5 h, cells were washed with DMEM 
and starved for 30 min in cysteine- and methionine-free MEM containing 10 mM HEPES, pH 7.2, 
without FCS. The medium was subsequently replaced by 600 µl of the same medium but 
containing 100 µCi of 35S in vitro labelling mixture (Amersham). At t = 6 h the radioactivity was 
chased by incubating the cells with medium containing 2 mM methionine and 2 mM cysteine. At t = 
9 h cells were placed on ice, and the media were collected and cleared by centrifugation for 15 
min at 4,000 x g and 4°C. The media were prepared for immunoprecipitation in the absence or 
presence of detergents, by addition of 2.5 volume of TEN buffer (Tris pH 7.6, 1 mM EDTA, 50 mM 
NaCl) or 1/4 volume of 5x concentrated detergent buffer (final concentration 50 mM Tris-Cl pH 8.0, 
62.5 mM EDTA, 0.5% sodium deoxycholate, 0.5% Nonidet P-40), respectively. Cells were washed 
with ice-cold phosphate-buffered saline containing Ca2+ and Mg2+ and lysed with 600 µl detergent 
buffer containing 1 mM PMSF. The cell lysates were cleared by centrifugation for 10 min at 10,000 
x g at 4°C and diluted 5 times with detergent buffer. Viral proteins in the cell lysates and culture 
media were incubated overnight (O/N) at 4°C with the polyclonal MHV-A59 antiserum (2 µl), the 
polyclonal VSV antiserum (2 µl), the mAb WA3.10 (20 µl) and the mAb OKT8 (50 µl). The immune 
complexes were adsorbed to Pansorbin cells (Calbiochem) for 30 min at 4°C and were 
subsequently collected by low-speed centrifugation. Pellets were washed three times by 
resuspension and centrifugation with either detergent buffer or TEN buffer. Pellets were 
resuspended and heated in Laemmli sample buffer at 95°C for 2 min before being analysed by 
SDS-PAGE in 15% polyacrylamide gels. 

Cell-cell fusion assay Subconfluent monolayers of OST7-1 cells in 10 cm2 dishes were 
inoculated with vTF7.3 in DMEM at an MOI of 10. At t = 1 h cells were washed with DMEM and 
medium was replaced with transfection medium that consisted of 0.2 ml DMEM containing 10 µl of 
lipofectin (Life Technologies) and 4 µg of the various MHV S constructs. After 10 min at RT, 0.8 ml 
of DMEM was added and incubation was continued at 37°C. At t = 3 h cells were washed with 
DMEM and overlaid with LR7 cells (1:2 ratio). At t = 10 h photographs of the cells were taken 
under an inverted light microscope at x40 magnification. 
 

 

RESULTS 

 

The cytoplasmic domain is required for S protein particle assembly To identify 
the sequences in the TM and/or CD that control the S protein’s virion assembly, we 
constructed chimeric spike proteins of which either the TM (MFM) or the CD (MMF) of 
MHV S was replaced by a corresponding domain of FIPV S (Fig. 1). In the three-letter 
designation of the constructs the first letter refers to the viral origin of the ectodomain, the 
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second and third letters indicate the origin of TM and CD, respectively. In the chimeric 
MFF and MFM gene, the transition from the MHV S ectodomain to the FIPV S TM was at 
the highly conserved KWPW(W/Y)VWL amino acid sequence motif (Fig. 1A). The junction 
between the TM and the CD in the MFM and MMF chimeras was at the conserved TGC 
motif occurring in the cysteine-rich region (Fig. 1). 

 

The proper folding, transport to the plasma membrane and membrane fusion capacity 
of the chimeric proteins MFF, MFM and MMF were confirmed by looking at their 
acquisition of endoglycosidase H (endoH) resistance, their cell surface expression and 
their cell-cell fusion induction, respectively (data not shown). To evaluate the ability of the 
recombinant S proteins to interact intracellularly with the M protein we employed a 
previously developed co-immunoprecipitation assay (36). In addition, assembly of the 
recombinant spike proteins into VLPs was examined using a VLP affinity-isolation assay 
(9). Thus, the MHV M and E protein were co-expressed using the vaccinia virus 
expression system in OST7-1 cells in combination with either the MHV S protein or the 
MFF, MFM or MMF S proteins. Cells were radiolabeled from 6-9 h post-infection (p.i.) after 
which cell lysates and media were prepared and subjected to coIP and VLP affinity-
isolation, respectively, with either the anti-MHV serum or the anti-S mAb (Fig. 2). The 
intracellular expression of the M protein and the (recombinant) S proteins was confirmed 
by immunoprecipitation with the anti-MHV serum (Fig. 2A). The immunoprecipitation 
performed on cell lysates expressing the MHV M+E+S proteins using the anti-S mAb not 
only brought down the S protein but, as anticipated, also the MHV M protein, indicating 
that the proteins occurred in association (positive control). The chimeric proteins MFF and 
MMF, both containing the CD of FIPV S, did not interact with the MHV M protein, as 
judged from the absence of co-precipitation (negative control). In contrast, the M protein 
was co-precipitated when co-expressed with the MFM chimera, indicating that the CD of 
MHV S is required for the interaction and that replacement of just the transmembrane 
domain of MHV S by that of FIPV S does not affect this interaction. The assembly of the 
MHV-FIPV S chimeric proteins into viral particles was examined by performing affinity-
isolations of VLPs present in the culture media (Fig. 2B). 
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Fig. 1 (A) A CLUSTALW alignment of the carboxy-terminal spike protein sequences from nine 
coronaviruses including FIPV (feline infectious peritonitis virus, strain 79-1146; GenBank 
accession no. VGIH79), TGEV (porcine transmissible gastroenteritis virus, strain Purdue; 
GenBank accession no. P07946), PEDV (porcine epidemic diarrhea virus; GenBank accession no. 
NP_598310), HCoV-229E (human coronavirus, strain 229E; GenBank accession no. VGIHHC), 
BcoV (bovine coronavirus, strain F15; GenBank accession no. P25190), MHV (mouse hepatitis 
virus, strain A59; GenBank accession no. P11224), HCoV-OC43 (human coronavirus, strain 
OC43; GenBank accession no. CAA83661), SARS-CoV (strain TOR2; GenBank accession no. 
P59594), and IBV (infectious bronchitis virus, strain Beaudette; GenBank accession no. P11223). 
The transmembrane domain and cysteine-rich region are indicated. (B) Diagrams of wild-type 
MHV S protein, cytoplasmic domain truncation mutants S∆12, S∆25 and S∆35, MHV-FIPV 
chimeras MFF, MFM and MMF, and VSV G wild-type and VSV-MHV chimeric proteins G-STC and 
G-SC. Light grey boxes represent the MHV S amino acids sequences, black boxes indicate FIPV 
S sequences, whereas the dark grey bars represent sequences of the VSV G. ED, ectodomain; 
TM, transmembrane domain; CD, cytoplasmic domain. Below, TM and CD amino acid sequences 
of all constructs shown above. The cysteine-rich region in the MHV S and MFF protein has been 
boxed. The MHV S derived sequences are indicated in bold. TM regions are underlined. 
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VLPs were formed whenever the MHV M and E protein were co-expressed, as shown 
by the presence of the M protein in immuno-isolations done with the anti-MHV serum. Co-
purification of M from the culture media using the anti-S mAb was observed when the M 
and E proteins were co-expressed with either the MHV S protein or the chimeric protein 
MFM, but not with the MFF and MMF chimeras. These results are consistent with the 
conclusions from the co-immunoprecipitation experiments and confirm that the CD of MHV 
S is essential for interaction with the MHV M protein and for its assembly into virus-like 
particles. 

 
Fig. 2 Interactions of the wt MHV S 

protein or the MHV/FIPV S chimeric 
proteins MFF, MFM and MMF with the 
membrane protein M and their 
incorporation into VLPs.  

(A) Demonstration of intracellular 
interaction of the S protein (chimeras) with 
M. Intracellular expression of the MHV M 
and E proteins in combination with the 
MHV S, MFF, MFM or MMF protein. 
Radiolabelled proteins were immuno-
precipitated from the cell lysate using the 
anti-MHV serum (α-MHV) or the anti-S 
monoclonal antibody (α-S) and analysed 
by SDS-PAGE. 

(B) Demonstration of (chimeric) S 
protein incorporation into VLPs. Culture 
media were collected, processed for 
affinity isolation of radiolabeled VLPs 
using the anti-MHV serum (α-MHV) or the 
anti-S monoclonal antibody (α-S) and the 
samples were analysed by SDS-PAGE. 
The molecular mass markers are 
indicated on the left. Arrows on the right 
indicate the positions of the expressed 
proteins. 

(C). Interactions of the (chimeric) 
spike protein with the FIPV membrane 
protein M. Intracellular expression of the 
FIPV M and E proteins in combination with 
the MHV S, MFF, MFM or MMF protein. 
Radiolabelled proteins were immuno-
precipitated from the cell lysate using the 
anti-FIPV serum (α-FIPV) or the 
monoclonal antibody to MHV S (α-S) and 
analysed by SDS- PAGE. 
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To obtain further confirmation for the essential role of the S protein CD in these 
processes we tested the different S proteins also in a reciprocal system by analyzing their 
interaction with the FIPV M protein using the co-immunoprecipitation assay. The FIPV M 
and E proteins were co-expressed using the vaccinia virus expression system with MHV S 
or with the MHV/FIPV S chimeras MFF, MFM or MMF. Radiolabeled viral proteins were 
immunoprecipitated from the cell lysates using an anti-FIPV serum and the anti-S mAb 
and the precipitates were analysed by SDS-PAGE (Fig. 2C). The immunoprecipitation with 
the anti-FIPV serum confirmed the intracellular expression of the FIPV M protein. The anti-
S mAb immunoprecipitated the (chimeric) spike proteins and co-immunoprecipitated the 
FIPV M protein but only when co-expressed with the chimeric S proteins MFF and MMF, 
both of which contain the CD of FIPV S. Co-immunoprecipitation of FIPV M protein was 
not seen when MHV S or the MFM chimera were coexpressed, confirming that the S 
protein’s CD is required for the specific interaction with the M protein. Due to the low yields 
of FIPV VLPs we were unable to examine the assembly of the MHV-FIPV S chimeric 
proteins into viral particles through VLP affinity-isolation. 

 

S protein cytoplasmic domain is sufficient for particle incorporation Because 
coronavirus S protein TM domains are sufficiently conserved (65% identity; Fig. 1A) to 
potentially explain the lack of effect of their swapping between MHV S and FIPV S on the 
interaction of the S proteins with the M proteins and on their incorporation into VLPs, we 
could not conclude that the CD by itself is responsible for these observations. To further 
study the importance of this domain we investigated whether the MHV S CD is sufficient to 
mediate the assembly of a foreign viral membrane protein into the MHV envelope. Thus 
we made vesicular stomatitis virus (VSV) G / MHV S chimeras in which the entire carboxy 
terminal domain (G-STC) or just the CD (G-SC) of the non-related G protein were 
replaced by that of MHV S (Fig. 1B). The chimeric proteins were examined for their ability 
to interact with MHV M protein and for their incorporation into MHV-based VLPs using 
again the co-immunoprecipitation and VLP affinity isolation assays. The MHV M and E 
protein were co-expressed alone or in combination with either the wild-type VSV G protein 
or one of the chimeric G-STC or G-SC proteins as described before. Co-
immunoprecipitation of radiolabeled viral proteins from the cell lysates and VLP affinity 
isolation from the culture media were performed using the anti-MHV serum or the anti-
VSV serum. The SDS-PAGE analyses of Fig. 3A show that the M protein, the VSV G 
protein and the VSV G / MHV S chimeras were indeed produced. Where the chimeric 
proteins were expressed, the anti-VSV serum also precipitated an approximately 62 kDa 
protein. Most likely this protein corresponds to a soluble form of the VSV G/MHV S 
chimeras, as has been observed previously for VSV G in infected cells (15, 18). For wt 
VSV G this protein band was only apparent in the culture media (data not shown) 
indicating that during the chase the soluble form of VSV G was efficiently secreted. The 
MHV M protein was co-immunoprecipitated using the anti-VSV serum when co-expressed 
with G-STC and G-SC, but not with wild-type VSV G. This provides evidence that 
replacement of just the CD of VSV G by that of MHV S is sufficient for interaction with the 
MHV M protein. Consistently, VLPs could be affinity isolated from the culture medium 
using the anti-VSV serum (Fig. 3B) when the M and E proteins were co-expressed with G-
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STC and G-SC but not with the wild-type VSV G protein, indicating that the S protein 
transmembrane domain is not required for interaction with the M protein and for 
subsequent VLP incorporation. 
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Fig. 3 Interactions of the wt VSV G or the VSV-G/MHV-S 
chimeric proteins G-STC and G-SC with the membrane protein M 
and their incorporation into VLPs. (A) Demonstration of intracellular 
interaction of the (chimeric) VSV G with M. Intracellular expression of 
the MHV M and E proteins in combination with the VSV G, G-STC 
and G-SC protein. Radiolabelled proteins were immunoprecipitated 
from the cell lysate using the anti-MHV serum (α-MHV) or the anti-S 
monoclonal antibody (α-S) and analysed by SDS-PAGE. (B) 
Demonstration of (chimeric) S protein incorporation into VLPs. 
Culture media were collected, processed for affinity isolation of 
radiolabelled VLPs using the anti-MHV serum (α-MHV) or the anti-S 
monoclonal antibody (α-S) and the samples were analysed by SDS-
PAGE. The molecular mass markers are indicated on the left. 
Arrows on the right indicate the positions of the expressed proteins.  

 

Only the membrane-proximal part of the CD is required for S protein particle 
assembly Knowing the importance of the CD for S protein particle incorporation we 
wanted to further define this role by studying a series of increasingly truncated forms of 
the protein. The MHV spike protein has a 38-residue CD containing a conserved cysteine-
rich region (boxed sequence in Fig. 1B). This is probably the region where palmitoylation 
of the S protein occurs, while the region has also been implicated to play a role in 
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membrane fusion (2). Three S protein mutants were constructed in which the CD was 
truncated by 12, 25 and 35 residues, respectively. When expressed in cells the proteins 
could be detected at the cell surface by immunofluorescence (data not shown) indicating 
their proper transport to the plasma membrane. Their membrane fusion capacity was 
tested in a cell-cell fusion assay (Fig. 4). Truncation of the spike CD by 12 or 25 residues 
(S∆12 and S∆25, respectively) did not abolish cell-cell fusion, although less fusion was 
observed with the S∆25 mutant. No cell-cell fusion was seen with the S∆35 mutant 
supporting the importance of the cysteine-rich region for membrane fusion. 

 

 
Fig. 4 Fusion properties of the recombinant spike proteins

S∆12 S∆35

WT S S∆25

 
cont

 

The truncated spike proteins were then assessed for their interaction with M protein 
and

abolished (Fig. 5B). 

aining CD truncations. Subconfluent monolayers of OST7-1 cells 
were infected with vTF7.3 and transfected with the plasmids encoding 
MHV S protein and the recombinant S∆12, S∆25 and S∆35 CD 
truncation proteins. At 6 h p.i. the cells were overlaid with LR7 cells 
and at 9 h p.i. pictures were taken. 

 for their VLP incorporation by co-expression with the MHV M and E proteins as 
described before. The resulting cell lysates and culture media were subjected to co-
immunoprecipitation and VLP affinity isolation, respectively, using the anti-MHV serum 
and the anti-S mAb followed by SDS-PAGE analysis. As the co-immunoprecipitation 
patterns of Fig. 5A demonstrate, the S∆12 protein was able to interact with the M protein 
as efficiently as the wild-type S protein, whereas S∆25 and S∆35 showed a strong 
reduction in their ability to associate with the M protein. Consistently, the VLP affinity 
isolation showed the S∆12 to be efficiently incorporated into VLPs whereas VLP inclusion 
of the spike mutants lacking the C-terminal 25 and 35 amino acids was almost completely 
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Fig. 5 Interactions of the wt MHV S protein or CD truncation 
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Evaluati plasmic domain truncations in the context of 
oronavirus Next we wanted to investigate to what extent the CD truncations of the S 

prot

their incorporation into VLPs. (A) Demonstration of 
intracellular interaction of the S proteins with M. Intracellular 
expression of the MHV M and E proteins in combination with the 
wt MHV S or S∆12, S∆25 and S∆35 spike CD truncation 
proteins. Radiolabelled proteins were immunoprecipitated from 
the cell lysate using the anti-MHV serum (α-MHV) or the anti-S 
monoclonal antibody (α-S) and analysed by SDS-PAGE. (B) 
Demonstration of S protein incorporation into VLPs. Culture 
media were collected, processed for affinity isolation of 
radiolabeled VLPs using the anti-MHV serum (α-MHV) or the 
anti-S monoclonal antibody (α-S) and the samples were 
analysed by SDS-PAGE. The molecular mass markers are 
indicated on the left. Arrows on the right indicate the positions of 
the expressed proteins. 

on of the spike cyto
c

ein would be tolerated in the context of the virus by attempting to introduce the spike 
gene constructs into the viral genome using targeted RNA recombination (Fig. 6A).  
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Fig. 6 (A) Plasmid constructs, targeted 
ombination, and recombinant viruses. The 
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e Materials and Methods) were used to 
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R) and the polyadenylate segment (labeled 
). The asterisk indicates the position of the S 

tein cytoplasmic domain truncations. The 
er part shows a scheme for targeted 
ombination by using the interspecies chimeric 
V, which grows only in feline cells. 
ombinant viruses generated by the indicated 

ssover event can be selected on the basis of 
ir ability to grow in murine cells and by the 
uired Renilla luciferase gene. (B) RT-PCR 
lysis of recombinant MHV-ERLM viruses with 
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amplify regions of cytoplasmic viral RNA 
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nsitive detection of 
ferase activity we made use of a transfer vector containing, in addition to the 
d

0 was used for the PCR on the RT product and, as a control, on the plasmids used to make 
recombinant viruses (pXH2ERLM, -S∆12 and -S∆25). PCR products were analysed in an 
rose gel. The most intense band of the 100 bp marker represents the 600 bp DNA. The 
risk marks the position of the S protein cytoplasmic domain truncations. 

To facilitate the selection of recombinant viruses through the se

ifications in the S genes, the Renilla luciferase gene inserted between the E and the 
ene (MHV-ERLM) (8). We were able to recover infectious MHV in which the wild-type 
ene had been replaced by the S∆12 or the S∆25 gene. Despite several attempts, 
lacement of the wt S gene by the S∆35 gene was never successful and only yielded 
ombinants lacking the Renilla luciferase activity, apparently generated through double 
ombination. The failure to produce infectious MHV- S∆35 virus was not unexpected, as 
 truncated S∆35 protein had lost the cell-cell fusion activity. The identity of the MHV-
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ERLM-S∆12 and MHV-ERLM-S∆25 recombinant viruses was examined by RT-PCR. An 
RT-PCR was performed on the viral RNA by amplifying a region covering the CD using a 
forward primer located in the ectodomain encoding part of the S gene and a reverse 
primer complementary to the ORF 4 gene (Fig. 6B). For reference purposes, PCRs were 
also performed on the transfer vectors used to make the recombinant viruses. The RT-
PCR products obtained with the MHV-ERLM-S∆12 and -S∆25 viruses were found to 
correspond to the sizes of the PCR products obtained with the corresponding transfer 
vectors. Sequence analysis of the RT-PCR products confirmed the introduction of the 
intended spike CD truncation. 
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Fig. 7 Growth characteristics and 
sequence analysis of recombinant viruses 
containing S protein CD truncations. (A) 
Plaque sizes of MHV-ERLM-S∆12 clones A 
and B and MHV-ERLM-S∆12 clone B relative 
to MHV-ERLM. (B) Single-step growth 
kinetics of MHV-ERLM-S∆12 compared to 
MHV-ERLM. LR7 cells were infected with 
either MHV-ERLM or MHV-ERLM-S∆12 clone 
A or B at an MOI of 5. Viral infectivities in the 
culture media at different times post-infection 
were determined by a quantal assay on LR7 
cells, and the TCID50 values were calculated. 
(C) Luciferase detection in infected cell 
lysates during single-step growth of MHV-
ERLM-S∆12 clones A and B compared to 
MHV-ERLM. (D) Sequence analysis of MHV-
ERLM-S∆25 revertant viruses. A 17-
nucleotide deletion indicated by a dashed line 
was observed in the sequence of two MHV-
ERLM-S∆25 recombinant viruses that had 
been passaged independently for 6 rounds 
and had regained fitness. The deletion 
resulted in an extension of the cytoplasmic 
domain with 6 amino acids (S∆25R) 
compared to the original MHV-ERLM-S∆25 
recombinant (S∆25). The translated amino 
acid sequences corresponding to the S open 
reading frame of the S∆25 and S∆25R 
viruses are indicated above and below the 
nucleotide sequences, respectively. Stop 
codons are marked in bold and by an 
asterisk. 
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The replacement of the wild-type spike gene in the virus by the truncated S∆12 and 
S∆2

ISCUSSION 

An intriguing question we have addressed in this paper is how coronaviruses regulate 
the 

5 genes allowed us to directly quantitate the effects of CD truncations on virus 
production. We first assessed their effect on plaque formation. Plaque size of the MHV-
ERLM-S∆12 and -S∆25 was measured in LR7 cells relative to the MHV-ERLM. The 
plaque size of two independently obtained MHV-ERLM-S∆12 recombinant viruses 
appeared to be reduced to ~75%, whereas MHV-ERLM-S∆25 recombinant virus showed 
tiny plaques which were at ~35% of the MHV-ERLM plaque size (Fig. 7A). The effect of 
the truncation in MHV-ERLM-S∆12 on the virus yield per cell was analyzed by performing 
a one-step growth curve. A comparative analysis with the MHV-ERLM-S∆25 mutant was 
not feasible, as its severely impaired growth (maximum titer ~2 x 102 PFU/ml) did not 
allow production of a sufficient amount of virus for the experiment. LR7 cells were infected 
in parallel with the MHV-ERLM and the independently obtained MHV-ERLM-S∆12 A and 
B viruses using a high MOI to obtain a synchronous infection in all cells. Unadsorbed virus 
was washed away and virus release was subsequently measured over time by performing 
a TCID50 assay (Fig. 7B) and a luciferase assay (Fig. 7C) with samples taken at different 
time points during infection. The luciferase expression levels obtained with the different 
viruses were indistinguishable, confirming that the same amounts of cells had been 
infected. However, the release of infectious MHV-ERLM-S∆12 recombinant viruses was 
significantly lower (~1 log) compared to that of the MHV-ERLM virus, indicating a slight 
effect of the spike cytoplasmic domain truncation on virus reproduction. To try obtaining 
revertants of the MHV-ERLM-S∆25 virus with regained viability we carried out low-
multiplicity passaging of the mutant virus. By passage 6, we observed a more severe and 
faster developing cytopathic effect for two independently passaged viruses. The titers 
reached with these viruses were indeed increased significantly, i.e. by about 3 logs (from 
2 x 102 to 2 x 105 PFU/ml). To determine the sequence changes responsible for this gain 
in fitness, we sequenced a region of the two MHV-ERLM-S∆25 revertants after RT-PCR 
amplification of genomic viral RNA with the same primers as used for Fig. 6. Both 
revertants showed an identical 17-nucleotide deletion in the S gene 3’ region that deleted 
the stop codon and resulted in the translated S protein in a 6-residue extension of the 
cytoplasmic domain (Fig. 7D). 

 

 

D

 

selective inclusion of the viral spike protein into their envelope against a huge 
background of host membrane proteins. The stringency of this selection process is likely 
to be determined by the budding strategy of the viruses, by affinity interactions with the 
viral membrane protein M and by the geometrical constraints of the viral envelope and 
particle. That this is a process of great specificity is illustrated by the fact that 
coronaviruses cannot be pseudotyped by spike proteins of other coronaviruses as was 
demonstrated for MHV and FIPV S proteins using VLPs. Only when provided with the 
proper, i.e. cognate carboxy-terminal sequence could S proteins be swapped (17, 24), 
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indicating that the TM and/or CD are critical for incorporation into the assembling virion. 
Here we mapped the essential sequences to the CD of the S protein. First we show, by 
exchanging domains between the S proteins of MHV and FIPV, that this domain 
determines its interaction with the M protein, an association that is key to its assembly. 
Then we show that the MHV S protein CD, not its TM, could confer to the FIPV S protein 
the ability to become assembled into MHV particles. Finally, to rule out that a coronaviral 
TM is somehow important, we demonstrate that the MHV S protein CD is sufficient to 
mediate MHV particle assembly of a foreign viral membrane protein not normally 
incorporated into coronavirus.  

Cytoplasmic domains of viral membrane proteins appear to have important functions 
in the assembly of many enveloped viruses. These functions vary, depending on the 
part

dly any sequence 
sim

icular virus and its way of budding. For alphaviruses, for instance, where the 
membrane proteins are unable to effect budding on their own, the cytoplasmic domain of 
the E2 glycoprotein plays a critical role in the interaction with the capsid protein during 
particle formation (50, 66). Paramyxovirus particle assembly requires the co-expression of 
the viral matrix protein with one of the two envelope glycoproteins, HN or F, together with 
the nucleocapsid protein (46). A critical role for the cytoplasmic tails in this process has 
been reported for several members including measles virus (3), Sendai virus (13, 52) and 
Simian virus 5 (SV5) (45, 59). In Sendai virus the matrix protein was shown to interact 
independently with the cytoplasmic tails of the HN and F glycoproteins (1, 43). The roles of 
the cytoplasmic tails in paramyxovirus assembly seem redundant as in SV5 the truncation 
of either of the two but not of both appeared to be tolerated (59). Such redundancy was 
also observed with the orthomyxovirus influenza A where the cytoplasmic tails of the two 
glycoproteins, HA and NA, determine budding efficiency as well as particle morphology. 
While their separate removal had only limited effects, the lack of both tails resulted in 
severely impaired formation of deformed particles (20, 21, 30, 65). For rhabdoviruses and 
retroviruses (29, 62) there is no absolute requirement for a cytoplasmic domain of their 
envelope glycoprotein for assembly. While the G protein tail greatly enhances VSV 
production, a strict sequence requirement does not exist as a G protein with a foreign 
cytoplasmic tail of sufficient length could be incorporated efficiently (47). This G protein tail 
on the other hand can specifically direct the incorporation of the HIV-1 envelope protein 
into VSV particles, which the wild-type envelope protein does not (37). 

Coronaviral S proteins generally exhibit little sequence conservation. This is 
particularly the case for the receptor binding part S1 where har

ilarities occur between proteins from different groups. Regions of sequence identity of 
up to approximately 30% are found in the part responsible for membrane fusion, S2 (4). In 
the carboxy-terminal domain two areas of conservation occur. One is at the transition of 
TM and ectodomain, i.e. where the S protein exits the viral membrane. It is characterized 
by a conspicuous, highly conserved 8-residue sequence (KWPWY/WVWL) supposedly 
important for membrane fusion but not, as we show here, for S protein incorporation into 
particles. The other area occurs in the membrane-proximal part of the CD. It does not 
involve sequence conservation but, rather, the conserved abundance of cysteines (about 
24%). Our carboxy-terminal truncations reveal that it is this particular domain that 
mediates particle assembly of the coronaviral spikes. 
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The S2 subunit of the S protein is known to be palmitoylated (2, 35, 44, 49, 55), most 
likely through covalent acylation of one or more cysteine residues in the cysteine-rich 
regi

 for the membrane fusion function 
of th

f the coronavirus. Introduction of the 
cyto

on of the CD. Whether acylation is in some way important for S protein assembly is 
unknown. Theoretical analysis using the hydrophobicity scale (11) predicts this domain to 
form an amphipathic alpha-helix in which the cysteine residues occur clustered on one 
side of the helix (data not shown). It is conceivable that hydrophobic acyl chains 
connected to the cysteines promote membrane association of the alpha-helical domain by 
inserting into the lipid bilayer. It is of note that an amphipathic region also occurs in the 
carboxy-terminal domain of the M protein (41). This domain has a strong tendency to 
associate with membranes by itself (28). Mutation studies have shown that deletions in 
this domain severely affect interaction of M with the S protein (7). It is thus feasible that 
incorporation of the S protein into the coronaviral envelope is mediated by interactions 
between the amphipathic domains of the two proteins.  

Besides for S protein incorporation into the viral envelope the membrane-proximal 
region of the spike protein is also of critical significance

e protein. Though clearly distinct processes, the truncations in the spike CD affected 
both features similarly, a short truncation having limited effect, longer truncations 
interfering increasingly both with assembly and with fusion. The importance of the 
cysteine-rich region for membrane fusion has already been established before (2, 5). It 
was shown that a spike mutant from which part of the cysteine-rich region had been 
deleted, was able to promote hemifusion but blocked in fusion pore formation. In addition, 
single cysteine mutations severely impaired membrane fusion activity (5). Whether this 
effect was due to acylation being prevented is unclear but it is conceivable that the 
membrane-inserted hydrophobic acyl chains play a role in fusion pore formation. A 
positive role of palmitoylation in cell fusion has been reported for influenza virus HA 
protein (31, 42), but this role was found to be negative for VSV (61), influenza virus (32, 
48) or the Murine leukemia virus fusion protein (63). 

It appeared that the length of the S protein cytoplasmic tail, rather than its sequence 
per se, is important for its functioning in the context o

plasmically truncated S constructs into the viral genome by targeted recombination 
yielded viable viruses except, as expected, for the truncation affecting the fusion function. 
While the lack of 12 cytoplasmic residues had a quite marginal effect on viral growth, 
deletion of 25 residues crippled the virus severely. Serial passaging of the latter virus led 
to the emergence of revertants that had regained fitness apparently by mutations 
generating an accidental 6-residue extension of the cytoplasmic tail. Although the 
occurrence of additional compensating mutations in other genes, notably in the M or E 
gene, accounting for the observed increase in fitness cannot be ruled out, it seems like 
this short extension is responsible for the approximately 3 logs higher titers obtained with 
the revertants. The 6-amino acid sequence of the extension has no similarity to the 
deleted sequence suggesting that, for some reason, a minimal tail length of about 20 
residues is required; shorter tails (i.e. removal of 18 residues or more) are 
disproportionately detrimental. The observations are reminiscent of findings with the 
rhabdovirus VSV which, as mentioned above, shows reduced viral titers when the G 
protein’s 29-residues cytoplasmic domain is removed. Upon passaging of the tail-less 
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recombinant virus a revertant was obtained growing to wild-type levels, which encoded a 
new 8 amino acid tail domain the sequence of which was unrelated to the wild-type VSV G 
carboxy-terminal tail (47). 

 

 

ACKNOWLEDGMENTS 

 

We thank Bert Jan Haijema for helpful discussions. These investigations were 
upported by financial aid from the Netherlands Foundation for Chemical Research (CW) 

and

RENCES 

. Ali, A., and D. P. Nayak. 2000. Assembly of Sendai virus: M protein interacts with F and 
HN proteins and with the cytoplasmic tail and transmembrane domain of F protein. Virology 

2. 
irus spike protein: effect on cell-to-cell fusion. Virology 214:453-63. 

ke protein. 

8. 
ectors: position dependence of foreign gene expression. J Virol 

9. 
otypic interactions between the M proteins. J Virol 74:4967-78. 

 

s
 the Netherlands Organization for Scientific Research (NWO) to B.J.B. and P.J.M.R.. 

 

 

REFE

 

 

1

276:289-303. 

Bos, E. C., L. Heijnen, W. Luytjes, and W. J. Spaan. 1995. Mutational analysis of the 
murine coronav

3. Cathomen, T., H. Y. Naim, and R. Cattaneo. 1998. Measles viruses with altered envelope 
protein cytoplasmic tails gain cell fusion competence. J Virol 72:1224-34. 

4. Cavanagh, D. 1995. The Coronavirus Surface Glycoprotein. Plenum Press, New York. 

5. Chang, K. W., Y. Sheng, and J. L. Gombold. 2000. Coronavirus-induced membrane 
fusion requires the cysteine-rich domain in the spike protein. Virology 269:212-24. 

6. Corse, E., and C. E. Machamer. 2000. Infectious bronchitis virus E protein is targeted to 
the Golgi complex and directs release of virus-like particles. J Virol 74:4319-26. 

7. de Haan, C. A., M. Smeets, F. Vernooij, H. Vennema, and P. J. Rottier. 1999. Mapping 
of the coronavirus membrane protein domains involved in interaction with the spi
J Virol 73:7441-52. 

de Haan, C. A., L. van Genne, J. N. Stoop, H. Volders, and P. J. Rottier. 2003. 
Coronaviruses as v
77:11312-23. 

de Haan, C. A., H. Vennema, and P. J. Rottier. 2000. Assembly of the coronavirus 
envelope: hom

10. Delmas, B., and H. Laude. 1990. Assembly of coronavirus spike protein into trimers and 
its role in epitope expression. J Virol 64:5367-75. 

 129



Chapter 6 
 
 
11. Eisenberg, D., R. M. Weiss, and T. C. Terwilliger. 1982. The helical hydrophobic 

moment: a measure of the amphiphilicity of a helix. Nature 299:371-4. 

roc Natl Acad Sci U 

13. 
mic domain: different role for the two proteins in the production of virus 

14. 
nsitive cell-surface transport of a mutant viral glycoprotein. J 

15. 
K cells lacking the membrane-anchoring oligopeptide of the viral G-

16. 
navirus particles is mediated by the carboxy-terminal domain 

17. 
ticles is mediated by the carboxy-terminal domain 

18. 
 is formed during or shortly after the translation 

19. 
he feline coronavirus genome. J Virol 77:4528-38. 

7. 

 site of virion 

23. 
ouse hepatitis virus: evidence that transport from the RER to 

24. 
rossing 

the host cell species barrier. J Virol 74:1393-406. 

12. Elroy-Stein, O., and B. Moss. 1990. Cytoplasmic expression system based on constitutive 
synthesis of bacteriophage T7 RNA polymerase in mammalian cells. P
S A 87:6743-7. 

Fouillot-Coriou, N., and L. Roux. 2000. Structure-function analysis of the Sendai virus F 
and HN cytoplas
particle. Virology 270:464-75. 

Gallione, C. J., and J. K. Rose. 1985. A single amino acid substitution in a hydrophobic 
domain causes temperature-se
Virol 54:374-82. 

Garreis-Wabnitz, C., and J. Kruppa. 1984. Intracellular appearance of a glycoprotein in 
VSV-infected BH
protein. Embo J 3:1469-76. 

Godeke, G. J., C. A. de Haan, J. W. Rossen, H. Vennema, and P. J. Rottier. 2000. 
Assembly of spikes into coro
of the spike protein. J Virol 74:1566-71. 

Godeke, G. J., C. A. de Haan, J. W. Rossen, H. Vennema, and P. J. Rottier. 2000. 
Assembly of spikes into coronavirus par
of the spike protein. J Virol 74:1566-71. 

Graeve, L., C. Garreis-Wabnitz, M. Zauke, M. Breindl, and J. Kruppa. 1986. The soluble 
glycoprotein of vesicular stomatitis virus
process. J Virol 57:968-75. 

Haijema, B. J., H. Volders, and P. J. Rottier. 2003. Switching species tropism: an 
effective way to manipulate t

20. Jin, H., G. P. Leser, and R. A. Lamb. 1994. The influenza virus hemagglutinin cytoplasmic 
tail is not essential for virus assembly or infectivity. Embo J 13:5504-15. 

21. Jin, H., G. P. Leser, J. Zhang, and R. A. Lamb. 1997. Influenza virus hemagglutinin and 
neuraminidase cytoplasmic tails control particle shape. Embo J 16:1236-4

22. Klumperman, J., J. K. Locker, A. Meijer, M. C. Horzinek, H. J. Geuze, and P. J. Rottier. 
1994. Coronavirus M proteins accumulate in the Golgi complex beyond the
budding. J Virol 68:6523-34. 

Krijnse-Locker, J., M. Ericsson, P. J. Rottier, and G. Griffiths. 1994. Characterization of 
the budding compartment of m
the Golgi complex requires only one vesicular transport step. J Cell Biol 124:55-70. 

Kuo, L., G. J. Godeke, M. J. Raamsman, P. S. Masters, and P. J. Rottier. 2000. 
Retargeting of coronavirus by substitution of the spike glycoprotein ectodomain: c

 130 



Coronavirus spike protein requirements for virion incorporation 

25. Kuo, L., and P. S. Masters. 2002. Genetic evidence for a structural interaction between 
the carboxy termini of the membrane and nucleocapsid proteins of mouse hepatitis virus. J 
Virol 76:4987-99. 

26. Locker, J. K., D. J. Opstelten, M. Ericsson, M. C. Horzinek, and P. J. Rottier. 1995. 
Oligomerization of a trans-Golgi/trans-Golgi network retained protein occurs in the Golgi 
complex and may be part of its retention. J Biol Chem 270:8815-21. 

479-87. 

30. rti, and Y. Kawaoka. 1996. The cytoplasmic tail 

virus replication. J Virol 70:873-9. 

32. 

34. P., and B. G. Hogue. 1997. Protein interactions during coronavirus assembly. 

35. , a new type of viral 

36. . J. Raamsman, K. Wolfs, M. C. Horzinek, and P. J. Rottier. 1995. 

37. ytoplasmic domain requirement for incorporation of 

38. urface 

40. J. M. 1995. The Coronavirus Membrane Glycoprotein. Plenum Press, New 
York. 

27. Luytjes, W., L. S. Sturman, P. J. Bredenbeek, J. Charite, B. A. van der Zeijst, M. C. 
Horzinek, and W. J. Spaan. 1987. Primary structure of the glycoprotein E2 of coronavirus 
MHV-A59 and identification of the trypsin cleavage site. Virology 161:

28. Mayer, T., T. Tamura, M. Falk, and H. Niemann. 1988. Membrane integration and 
intracellular transport of the coronavirus glycoprotein E1, a class III membrane 
glycoprotein. J Biol Chem 263:14956-63. 

29. Mebatsion, T., M. Konig, and K. K. Conzelmann. 1996. Budding of rabies virus particles 
in the absence of the spike glycoprotein. Cell 84:941-51. 

Mitnaul, L. J., M. R. Castrucci, K. G. Mu
of influenza A virus neuraminidase (NA) affects NA incorporation into virions, virion 
morphology, and virulence in mice but is not essential for 

31. Naeve, C. W., and D. Williams. 1990. Fatty acids on the A/Japan/305/57 influenza virus 
hemagglutinin have a role in membrane fusion. Embo J 9:3857-66. 

Naim, H. Y., B. Amarneh, N. T. Ktistakis, and M. G. Roth. 1992. Effects of altering 
palmitylation sites on biosynthesis and function of the influenza virus hemagglutinin. J Virol 
66:7585-8. 

33. Narayanan, K., and S. Makino. 2001. Cooperation of an RNA packaging signal and a viral 
envelope protein in coronavirus RNA packaging. J Virol 75:9059-67. 

Nguyen, V. 
J Virol 71:9278-84. 

Niemann, H., and H. D. Klenk. 1981. Coronavirus glycoprotein E1
glycoprotein. J Mol Biol 153:993-1010. 

Opstelten, D. J., M
Envelope glycoprotein interactions in coronavirus assembly. J Cell Biol 131:339-49. 

Owens, R. J., and J. K. Rose. 1993. C
a foreign envelope protein into vesicular stomatitis virus. J Virol 67:360-5. 

Rose, J. K., and J. E. Bergmann. 1982. Expression from cloned cDNA of cell-s
secreted forms of the glycoprotein of vesicular stomatitis virus in eucaryotic cells. Cell 
30:753-62. 

39. Rottier, P. J., M. C. Horzinek, and B. A. van der Zeijst. 1981. Viral protein synthesis in 
mouse hepatitis virus strain A59-infected cells: effect of tunicamycin. J Virol 40:350-7. 

Rottier, P. 

 131



Chapter 6 
 
 
41. Rottier, P. J. M. 1995. The Coronavirus Membrane Protein. Plenum Press, New York. 

Sakai, T., R. Ohuchi, and M. Ohuchi. 2002. Fatty acids on the A/USSR/77 influenza 42. virus 

3-11. 

nds 

44. 
gy 116:327-38. 

imian virus 5. 

46.  D. L. Waning, and R. A. Lamb. 2002. Requirements for 

47. 
for a non-specific glycoprotein cytoplasmic domain sequence to drive 

48. tion of the 

49. ytic cleavage of the E2 

50. P. Liljestrom, and H. Garoff. 1992. Spike protein-nucleocapsid 

51. 

c sequence required for 

53.  Replication of coronavirus MHV-A59 in sac- 

54. 
9. J Cell Biol 106:1475-87. 

56. rzinek, D. J. 
Opstelten, and P. J. Rottier. 1996. Nucleocapsid-independent assembly of coronavirus-
like particles by co- expression of viral envelope protein genes. Embo J 15:2020-8. 

hemagglutinin facilitate the transition from hemifusion to fusion pore formation. J Virol 
76:460

43. Sanderson, C. M., H. H. Wu, and D. P. Nayak. 1994. Sendai virus M protein bi
independently to either the F or the HN glycoprotein in vivo. J Virol 68:69-76. 

Schmidt, M. F. 1982. Acylation of viral spike glycoproteins: a feature of enveloped RNA 
viruses. Virolo

45. Schmitt, A. P., B. He, and R. A. Lamb. 1999. Involvement of the cytoplasmic domain of 
the hemagglutinin-neuraminidase protein in assembly of the paramyxovirus s
J Virol 73:8703-12. 

Schmitt, A. P., G. P. Leser,
budding of paramyxovirus simian virus 5 virus-like particles. J Virol 76:3952-64. 

Schnell, M. J., L. Buonocore, E. Boritz, H. P. Ghosh, R. Chernish, and J. K. Rose. 
1998. Requirement 
efficient budding of vesicular stomatitis virus. Embo J 17:1289-96. 

Steinhauer, D. A., S. A. Wharton, D. C. Wiley, and J. J. Skehel. 1991. Deacyla
hemagglutinin of influenza A/Aichi/2/68 has no effect on membrane fusion properties. 
Virology 184:445-8. 

Sturman, L. S., C. S. Ricard, and K. V. Holmes. 1985. Proteol
glycoprotein of murine coronavirus: activation of cell-fusing activity of virions by trypsin and 
separation of two different 90K cleavage fragments. J Virol 56:904-11. 

Suomalainen, M., 
interactions drive the budding of alphaviruses. J Virol 66:4737-47. 

Suzuki, H., and F. Taguchi. 1996. Analysis of the receptor-binding site of murine 
coronavirus spike protein. J Virol 70:2632-6. 

52. Takimoto, T., T. Bousse, E. C. Coronel, R. A. Scroggs, and A. Portner. 1998. 
Cytoplasmic domain of Sendai virus HN protein contains a specifi
its incorporation into virions. J Virol 72:9747-54. 

Tooze, J., S. Tooze, and G. Warren. 1984.
cells: determination of the first site of budding of progeny virions. Eur J Cell Biol 33:281-93. 

Tooze, S. A., J. Tooze, and G. Warren. 1988. Site of addition of N-acetyl-galactosamine 
to the E1 glycoprotein of mouse hepatitis virus-A5

55. van Berlo, M. F., W. J. van den Brink, M. C. Horzinek, and B. A. van der Zeijst. 1987. 
Fatty acid acylation of viral proteins in murine hepatitis virus-infected cells. Brief report. 
Arch Virol 95:123-8. 

Vennema, H., G. J. Godeke, J. W. Rossen, W. F. Voorhout, M. C. Ho

 132 



Coronavirus spike protein requirements for virion incorporation 

57. Vennema, H., L. Heijnen, A. Zijderveld, M. C. Horzinek, and W. J. Spaan. 1990. 
Intracellular transport of recombinant coronavirus spike proteins: implications for virus 
assembly. J Virol 64:339-46. 

58. Vennema, H., R. Rijnbrand, L. Heijnen, M. C. Horzinek, and W. J. Spaan. 1991. 
Enhancement of the vaccinia virus/phage T7 RNA polymerase expression system using 
encephalomyocarditis virus 5'-untranslated region sequences. Gene 108:201-9. 

59. Waning, D. L., A. P. Schmitt, G. P. Leser, and R. A. Lamb. 2002. Roles for the 
cytoplasmic tails of the fusion and hemagglutinin-neuraminidase proteins in budding of the 
paramyxovirus simian virus 5. J Virol 76:9284-97. 

t released 

61. 
rions. Virology 185:875-8. 

63. itoylation of the murine leukemia virus 

64. of the spike 

65. r, A. Pekosz, and R. A. Lamb. 2000. The cytoplasmic tails of the 

 budding. Embo J 13:4204-11. 

60. Weismiller, D. G., L. S. Sturman, M. J. Buchmeier, J. O. Fleming, and K. V. Holmes. 
1990. Monoclonal antibodies to the peplomer glycoprotein of coronavirus mouse hepatitis 
virus identify two subunits and detect a conformational change in the subuni
under mild alkaline conditions. J Virol 64:3051-5. 

Whitt, M. A., and J. K. Rose. 1991. Fatty acid acylation is not required for membrane 
fusion activity or glycoprotein assembly into VSV vi

62. Wilk, T., T. Pfeiffer, and V. Bosch. 1992. Retained in vitro infectivity and 
cytopathogenicity of HIV-1 despite truncation of the C-terminal tail of the env gene product. 
Virology 189:167-77. 

Yang, C., and R. W. Compans. 1996. Palm
envelope glycoprotein transmembrane subunits. Virology 221:87-97. 

Yoo, D. W., M. D. Parker, and L. A. Babiuk. 1991. The S2 subunit 
glycoprotein of bovine coronavirus mediates membrane fusion in insect cells. Virology 
180:395-9. 

Zhang, J., G. P. Lese
influenza virus spike glycoproteins are required for normal genome packaging. Virology 
269:325-34. 

66. Zhao, H., B. Lindqvist, H. Garoff, C. H. von Bonsdorff, and P. Liljestrom. 1994. A 
tyrosine-based motif in the cytoplasmic domain of the alphavirus envelope protein is 
essential for

 133



Chapter 6 
 
 

 134 

 

 



Summarizing discussion 

 135

 

 

CHAPTER 7 
 
 

Summarizing Discussion 

 



Chapter 7 
 
 

Summarizing Discussion 
 

In this thesis we describe two aspects regarding the molecular biology of the 
coronavirus spike protein. The protein was studied with respect to its membrane fusion 
mechanism and its assembly into the virion. In chapter 2 we analyzed the heptad repeat 
domains of the mouse hepatitis virus (MHV) spike protein and their role in membrane 
fusion using a variety of techniques. This study was extended in Chapter 3 describing the 
biochemical and functional characterization of the HR1 and HR2 domains of the recently 
discovered SARS associated coronavirus (SARS-CoV). Chapter 4 deals with the cleavage 
requirement of the MHV spike protein for infection and cell-cell fusion. Chapters 5 and 6 
focus on the assembly requirements of the spike protein. The implications of our findings 
with respect to the coronavirus entry mechanism and assembly will be discussed.  

 

 

Coronavirus entry 
 

Viral fusion proteins Enveloped viruses use specialized proteins to accomplish 
membrane fusion, an essential step in virus entry to start a successful infection. Despite 
the sequence diversity, ultra-structural, biophysical and functional experiments have 
shown that there is remarkable similarity in the mechanism of membrane fusion among 
the fusion proteins of a wide variety of virus families. This has recently led to the 
classification of viral fusion proteins into two classes (Class I and II), based on their 
structural and functional homology (26). Known examples of class I viral fusion proteins 
are influenza virus hemagglutinin (HA; orthomyxoviridae), the retrovirus env protein 
(retroviridae), the paramyxovirus F protein (paramyxoviridae) and the Ebola virus Gp2 
(filoviridae). Class I viral fusion proteins are type 1 membrane glycoproteins that are 
synthesized as single-chain precursors and assemble into trimers. The precursors are 
subsequently cleaved by cellular proteases, rendering the fusion protein in a metastable 
state. The new amino-terminal domain of the membrane bound subunit, which becomes 
available after cleavage, contains a hydrophobic sequence known as the fusion peptide. 
This fusion peptide becomes exposed to the target membrane upon receptor binding or 
protonation and can insert into the cellular membrane. The carboxy-terminal subunit 
usually contains two heptad repeat (HR) regions, HR1 and HR2. These HR regions are 
predicted to be alpha-helical and have a high propensity to form coiled coils. During 
membrane fusion these HR1 and HR2 regions assemble into a highly stable six-helix 
bundle (reviewed in (16)). Three dimensional structures of peptide complexes 
corresponding to the HR1 and HR2 regions or recombinant domains containing the HR1 
and HR2 regions have been solved of the fusion proteins of different viral families (Fig. 1). 
These structures are thought to represent the final most stable conformation of the fusion 
proteins. They commonly have an inner triple-stranded coiled coil in common formed by 
the HR1 region. On the outside three HR2 segments are positioned in an anti-parallel 
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manner in the grooves of the HR1 coiled coil. These structures all have in common that 
the fusion peptide colocalizes with the transmembrane segment at the same end of the 
rod-shaped complex. In contrast to class I fusion proteins, class II virus fusion proteins 
such as the Semliki Forest virus E1 (Alphaviridae) and the dengue virus E protein 
(Flaviviridae) do not get proteolytically activated, lack HR regions and contain an internal 
fusion peptide (for a broader description of class II fusion proteins, see (26)). 

 

 

 

MHV S            SV5 F         Ebola Gp2       HIV gp41        MMLV TM          tBHA2 

Fig. 1 Rod-shaped α-helical bundles of the ectodomains of the membrane fusion 
proteins of MHV S, SV5 F, Ebola Gp2, HIV gp41, MMLV Env-TM, and the low pH-
induced influenza virus HA, tBHA2. Top and side views are shown for the six fusion 
core structures (adapted from (49) with permission).  

 

Fig. 2 A comparison of the structure of 
the HA2 polypeptide in neutral pH, cleaved 
HA (left (48)) and in recombinant, bacterially-
expressed HA2 (right (6)). The latter 
structure corresponds to the low pH form of 
HA2. In both cases, only one monomer of the 
trimer is shown for clarity. Reproduced with 
permission from HNature ReviewsH 
Molecular Cell Biology (9) copyright (2003) 
Macmillan Magazines Ltd. 
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Coronavirus spike proteins have many of the characteristics of the class I fusion 
prot

Cleavage necessity and fusion peptide location Group 2 and 3 coronavirus spike 
prot

ly just upstream of the 
hyd

eins. They form type I homotrimers, are in some cases proteolytically processed and 
undergo conformational changes upon receptor binding. Most strikingly, like other class I 
fusion proteins, they harbour two HR regions in the S2 membrane subunit (11), of which 
the corresponding peptides of MHV and SARS-CoV were shown to assemble into a 
stable, anti-parallel hetero-trimeric six-helix bundle (chapters 2 and 3, respectively). The 
structural organization of the HR1-HR2 complex was recently confirmed by the X-ray 
structure of the MHV HR1-HR2 complex (49). Similar to what has been found for other 
class I fusion proteins, such a conformation in the full length structure implies a 
colocalization of the fusion peptide predicted to occur N-terminally of HR1 and the viral 
transmembrane anchor, located C-terminally of HR2. This common structure is thought to 
facilitate membrane fusion by bringing the target membrane and viral membrane together. 
There are compelling reasons to believe that this structure represents the final most stable 
form of the protein. Protease digestion shows that the HR1-HR2 complex is very stable. 
Secondly, thermostability studies indicate that the complex is unlikely to dissociate during 
membrane fusion. Thirdly, peptides corresponding to the HR2 region of both MHV and 
SARS-CoV S were able to block membrane fusion. This could be explained by the 
peptides preventing the formation of the HR1-HR2 complex in a dominant-negative 
manner. 

 

eins are proteolytically processed into a soluble S1 and membrane anchored S2 
subunit (4). For class I fusion proteins, such as the influenza virus HA, HIV-1 gp41 and 
SV5 F protein, cleavage of their fusion protein is a prerequisite for viral infectivity. Fusion 
protein cleavage is needed to bring the protein in the metastable state, primed for fusion. 
In chapter 4 we describe that cleavage of the MHV spike protein is mediated by furin or 
furin-like enzymes. Cleavage of the spike protein could be completely inhibited using a 
furin cleavage inhibitor. Spike protein cleavage was found to be absolutely essential for 
spike mediated cell-cell fusion. However, the specific infectivity of MHV with cleaved spike 
protein was indistinguishable from that with uncleaved spike protein, indicating that 
cleavage is not a requirement for viral entry. This is in line with the finding that group 1 
coronaviruses, such as FIPV and TGEV, do have spike proteins that are not cleaved at all. 
The apparent lack of cleavage necessity of the spike protein for virus infectivity makes the 
coronavirus spike protein exceptional as a class I fusion protein. 

Cleavage of these class I fusion proteins occurs usual
rophobic fusion peptide thereby exposing the peptide at the amino-terminal end of the 

membrane-anchored subunit. Coronavirus spike proteins are likely to have an internal 
fusion peptide as indicated by the lack of a hydrophobic region closely downstream of the 
cleavage site and by the absence of cleavage of some coronavirus spike proteins. The 
precise location of the fusion peptide remains enigmatic. Based on multiple alignments of 
spike proteins sequences, the computer program TMAP (Transmembrane Multiple 
Alignment Prediction) detected three potential domains in the spike protein with 
membrane binding affinity. Besides the known signal sequence and transmembrane 
region, a third domain just N-terminal of the HR1 region was detected, which we predict 
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might be the internal fusion peptide. Such a positioning of the fusion peptide N-terminally 
of HR1 would be appropriate since the formation of the six-helix HR1-HR2 bundle would 
bring the fusion peptide in close proximity to the transmembrane anchor. 

 

Coronavirus membrane fusion model The recently solved structure of the New 
astle Disease virus (NDV) fusion protein indicates that paramyxoviruses may use a 

mem

odel (Fig. 2). At neutral pH, the HR1 segment is 

iled coil in the 
NDV

C
brane fusion mechanism, that is quite different from the established influenza virus 

membrane fusion paradigm (8). The properties of the S protein suggest that coronaviruses 
might be similar to the paramyxoviruses. 

The structures elucidated for the membrane anchored HA2 subunit at neutral and low pH 
have led to the idea of a spring loaded m
folded into two helical segments connected by a hairpin turn. In the low-pH form one of the 
alpha helices, formed by residues 76 to 105, is extended at its N-terminus by a helical 
peptide consisting of the now helical connecting segment and the other helix, making one 
long helical HR1 peptide (residues 38-105). This leads to the exposure of the fusion 
peptide (amino acid 1 - 37), in the native HA located at the base, N-terminal of this helix 
towards the cellular membrane enabling its membrane insertion. The direction of the HR1 
helix starting from approximately residue 110 is now reversed with respect to the neutral 
pH structure and downstream sequences up to the transmembrane domain line up with 
the HR1 helix (amino acid 36-105) in an anti-parallel way. Such a structure places the 
fusion peptide in close proximity to the transmembrane domain (Fig. 2) and consequently 
brings the target and viral membrane together enabling membrane fusion.  

The crystal structure of the NDV F protein (7) reveals a remarkable difference with the 
neutral pH form of influenza HA (Fig. 3a). The orientation of the central co

 F protein, which in HA has its N-terminus directed towards the globular head, is now 
reversed. In the low pH form of HA extension of the central coiled coil exposes the fusion 
peptide towards the host-cell membrane. In NDV F, similar extension of the N-terminus of 
the coiled coil projects the fusion peptide towards the viral membrane. In addition, the 
fusion peptide resides in the “head” of the fusion protein, rather than at its base, as is the 
case in influenza HA (Fig. 3b). The reversed orientation of the central coiled coil and the 
position of the fusion peptide in the head of the NDV F protein, has led to new insights for 
paramyxovirus membrane fusion (9). In contrast to influenza virus HA, N-terminal 
extension of the central coiled coil is likely to occur only after fusion peptide insertion. 
Extension of the coiled coil upon fusion peptide insertion enables HR1-HR2 interaction 
and concomitantly brings the fusion peptide, inserted in the target membrane, in close 
proximity with the viral membrane anchored transmembrane segment, thereby enabling 
membrane fusion (Fig. 3c). 
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Fig. 3 Experimental and proposed structures of the 

paramyxovirus fusion protein. a) Crystal structure of a part of the 
Newcastle Disease virus fusion protein (F0'). The head (green) 
comprises residues 33–55 and 291–435; the neck (brown), 
residues 56–105, 221–290 and 436–454; and the stalk (blue), 
residues 171–220. The stalk forms a trimeric coiled-coil. b) 
Proposed model of the precursor polypeptide F0. The brown circle 
indicates the position of residue 105, and a dashed blue and red 
line shows a pathway for the protein segment that could connect 
residue 105 to residue 171. Included in this segment is the fusion 
peptide (residues 117–140; red), and two other symmetrically 
similar connections occur in the trimer structure. The yellow 
dashed line shows the pathway for one of the three polypeptides 
that connect residue 454 to the transmembrane anchor (green). 
Residues 105 to 171 and 454 to the transmembrane anchor might 
be largely unstructured in F0. After cleavage of F0, it is proposed 
that the fusion peptide inserts into the radial channel. c) The 
proposed model of the post-fusion form of the F protein, which was 
created by overlaying the simian virus type 5 (SV5) N-/C-peptide 
structure on F0'. Reproduced with permission from Nature Reviews 
Molecular Cell Biology (9) copyright (2003) Macmillan Magazines 
Ltd. 
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There is evidence that coronaviruses use a similar membrane fusion mechanism as 
paramyxoviruses. Electron micrographs show the S protein as spikes of 20 nm in length, 
projecting from the viral membrane. The spike has a globular head on a fibrous stalk, 
representing the S1 and S2 domain, respectively. The HR1 coiled coil contributes to the 
S2 stalk domain in the native spike protein and is likely to have the same orientation as in 
the paramyxovirus fusion protein, i.e. with its C-terminus towards the S1 globular head 
(Fig 4).  

S1

HR2 HR1
HR1

HR1

S1

*

I                                II                             III

VIRAL MEMBRANE

VIRAL MEMBRANE FUSED MEMBRANE

CELL MEMBRANE CELL MEMBRANE

RR

 
Fig. 4 Proposed coronavirus membrane fusion model. Only one 

monomer of the trimeric spike is depicted for simplicity reasons. 
Rectangles represent alpha-helices. I) The S protein in the prefusion 
state, prior to receptor (R) binding. Asterisk indicates the reported 
interaction of the C-terminus of HR1 with the S1 domain (29). The 
internal fusion peptide is indicated in red and resides in the S1 domain. 
II) Intermediate fusion state after receptor binding. S1-S2 dissociation 
upon receptor binding and subsequent insertion of the exposed fusion 
peptide into the cell membrane. III) Postfusion conformation of the S2 
domain. N-terminal extension of the HR1 helix allows HR2 interaction 
facilitating cellular and viral membrane merger. 

 

It has been shown that mutations in the C-terminal part of the HR1 region, most 
notably of L1114 in MHV (JHM strain), correlate with stability of the S1-S2 heteromers 
(22).  Recently it was shown that residue L1114 of MHV-JHM interacts physically with the 
S1 subunit (29). We and others have shown, by limited proteolysis, that the N-terminus of 
HR1 is more protected from degradation in the presence of HR2 (3, 19), indicating that 
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this region is involved in HR2 interaction. Data indicate that this occurs as an 
“unstructured” domain in the native protein. It did not show any alpha-helicity and did not 
spontaneously fold into a coiled coil (19, 44). In addition, substitution of hydrophobic 
residues at the a and d positions in the N-terminal HR1 region by charged residues 
affected fusion activity of the S protein without affecting its processing and surface 
expression (28). It is tempting to speculate that in the native fusion protein, this N-terminal 
part of the HR1 region preceding the predicted fusion peptide is not part of the coiled coil 
but has an extended secondary structure. This region might fold back towards the S1 
globular head allowing the fusion peptide to reside in the S1 globular head, analogous to 
the paramyxovirus fusion peptide. Receptor binding induces conformational changes in 
the spike protein that make the virions hydrophobic and prone to bind to liposomes, most 
likely by the release of the fusion peptide (51). Upon receptor binding of the spike protein, 
the S1 domain was resistant to trypsin degradation whereas the S2 domain became 
completely sensitive, indicating that the final stable post-fusion conformation had not yet 
been formed (51). Insertion of the fusion peptide into the target membrane might trigger 
the N-terminal part of the HR1 domain to extend the helix, allowing HR2 interaction, 
concomitantly bringing the cellular membrane in close proximity with the viral membrane. 
The extreme stability of the HR1-HR2 complex indicates that this is the final most stable 
post-fusion conformation, the formation of which should provide the energy for the 
membrane fusion process (Fig. 4).  

 

HR regions are therapeutic targets for coronavirus related diseases We have 
identified (chapters 2 and 3) peptides corresponding to the HR2 domain of MHV and 
SARS-CoV S that can inhibit MHV and SARS-CoV infection, respectively, in vitro at a 
micromolar scale. HR1 derived peptides had little or no inhibitory effect. Yet, FIPV S 
derived HR2 peptides but also HR1 peptides were found to efficiently block FIPV infection 
(unpublished results, Wurdinger et al., submitted for publication). In the case of HIV-1, 
HR1 corresponding peptides were highly effective inhibitors of infection (46). Recently, it 
was shown that a short peptide derived from the N-terminus of HR1 (SARS-CoV S 
residues 889-926) was efficiently able to inhibit SARS-CoV infection (50). The HR1 and 
HR2 peptide inhibitors are likely to target the HR2 and the HR1 region, respectively, of the 
spike protein in their intermediate fusion active state. 

The inhibitory activity of the HR derived peptides on coronavirus entry could be 
exploited to develop effective therapeutic antivirals. The HIV-1 gp41 derived enfuvirtide® 
peptide (formerly called T-20 or DP178), a structural homologue of the MHV and SARS-
CoV HR2 peptides, has been shown to efficiently inhibit HIV-1 infection at the level of viral 
entry. Enfuvirtide® has been recently approved by the Federal Drugs Administration and 
is now being used in the combination treatment against AIDS as the first fusion inhibitor of 
HIV-1. The development of an equivalent drug against SARS based on the HR2 peptide 
inhibitory activity of SARS-CoV infection is desirable since there is presently no effective 
vaccine or drug against SARS available. However, in order to develop such an effective 
drug, the inhibition efficiency of the HR peptides needs to be improved. 
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To increase the efficacy of infection inhibition we have analyzed a series of peptides 
with varying length for their inhibitory potency against SARS-CoV infection. This 
systematic approach resulted in an improvement of the inhibition efficiency. Further fine 
tuning for the most effective peptide might increase its efficacy. Recently, Zhu and 
colleagues reported highly effective inhibition of SARS-CoV infection by an HR2 derived 
peptide (SARS-CoV S residues 1149-1186) (52), reporting an EC50 value of 0.5 – 5 
nanomolair (nM). Surprisingly, Yuan and coworkers found very little anti-virus activity 
using a very similar HR2 peptide only extended at its C-terminus by two amino acids 
(SARS-CoV S residues 1149-1188) (50). Also for the HR2 peptide homologues against 
HIV-1 and the fusion proteins of different paramyxoviruses, subtle differences in HR2 
derived peptides could result in up to ~1,000 fold increase in inhibition (25, 47). The huge 
difference observed in inhibition efficacy between peptides may be explained by different 
binding energy, geometric constrains or peptide stability. Differences among viruses in HR 
peptide inhibition efficiency can be attributed to differences in fusion kinetics, target 
binding site exposure and routes of infection. 

The HR regions in the coronavirus spike protein are highly conserved sequence motifs 
among different strains, making these domains attractive targets for drug development 
and vaccine design. It has been shown for HIV-1 that the HR1 region can elicit 
neutralizing antibodies (27). These antibodies intercalate within the fusion machinery and 
impede necessary conformational changes thereby preventing membrane fusion. 
Antibodies recognizing the HR regions are therefore potential therapeutics and can be 
useful tools to study the fusion mechanism in more detail. 

 

Role of TM and CD in membrane fusion The formation of the 6-helix bundle is 
thought to bring the viral and target membrane together. The actual membrane fusion 
event is proposed to succeed by hemifusion, pore formation and pore enlargement. It has 
been reported that the paramyxovirus fusion protein with a GPI anchor replacing the TM 
and CD can mediate hemifusion but not pore formation. (43) indicating a role for the 
transmembrane and/or the cytoplasmic domain of the F protein in pore formation. 
Additionally, mutant NDV F proteins with mutations at the HR2-TM interface have been 
reported to interfere with pore formation but not hemifusion. Deletions in the cytoplasmic 
tail of SV5 did block syncytia formation but not pore formation, indicating a role for the 
cytoplasmic domain in pore expansion (1, 15). Also for coronaviruses there is evidence 
that the endodomain is important in the membrane fusion process. Deletion of almost the 
entire spike cytoplasmic domain including most of the cysteine rich region (35 residues) 
abrogated cell-cell fusion whereas the C-terminal 25 residues of the cytoplasmic domain 
appeared not to be essential for syncytium formation. This is in agreement with findings 
showing that exchange of the entire cytoplasmic domain of MHV S by that of VSV G 
protein abolished fusion activity (2). Furthermore, a spike mutant (KC25) with the C-
terminal 25 residues replaced by the CD of the herplex simplex virus type I glycoprotein D 
was able to promote hemifusion but not fusion pore formation (5). Together these results 
show that the membrane proximal part of the cysteine rich region is essential for 
membrane fusion. The cysteine residues in this region serve as sites for the covalent 
attachment of palmitic acid. The spike protein is known to be palmitoylated (34, 38, 41, 
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45). Palmitoylation of viral fusion proteins occurs generally at cysteine residues that reside 
near the cyoplasmic leaflet of the membranes and is known to affect infection, membrane 
fusion and virus assembly (20, 31, 36). It will be interesting to see what role the cysteines 
play in protein palmitoylation. 

The significance of the conserved motif (WPW(Y/W)VWL) located in the N-terminus of 
the S protein transmembrane domain remains enigmatic. A similar region enriched in 
aromatic residues occurs in the HIV-1 env protein and has been implicated in membrane 
fusion and virus infectivity (37). The polar-aromatic tryptophan and tyrosine residues have 
a specific affinity for the lipid headgroups at the membrane-water interface (21). The 
tryptophan rich motif in the env protein of HIV-1 has been shown to perturb the lipid 
bilayer, in a way similar to the fusion peptide. Therefore, it is conceivable that both the 
fusion peptide and the conserved WPW(Y/W)VWL motif are both involved in the 
simultaneous distortion of apposed bilayers during membrane fusion (42). Knowledge of 
the structure of a six-helix bundle including the fusion peptide and transmembrane region, 
would probably be very informative about the roles of both regions in the fusion process. 

 

 

Coronavirus assembly 
 

S Protein requirements for incorporation into viral envelope Coronaviruses have 
an envelope organization that is quite stringent on the inclusion of non-viral membrane 
proteins. The M protein is thought to form a tight geometrical framework of protein, with 
vacancies for the S and/or HE protein The observed efficient exclusion from budding of 
the vesicular stomatitis virus G protein and the equine arteritis virus M protein indicates 
that envelope assembly is indeed a highly selective sorting process (14). Nonspecific 
incorporation of proteins can occur by accidental fit as was observed for CD8. 
Incorporation of the viral membrane proteins S and HE is driven by specific molecular 
interactions with the M protein (13, 33, 35). We have investigated the plasticity and 
stringency of the spike protein with respect to M protein interaction and envelope 
incorporation. 

Inclusion of proteins in the virion is dependent on stereometric constraints. The 
plasticity of S protein incorporation was studied by extending the cytoplasmic domain of 
MHV S with the green fluorescent protein, GFP (chapter 5). The spike protein has a short 
cytoplasmic domain of ~35 amino acids. C-terminal extension of this domain by GFP 
resulted in a cytoplasmic domain of 282 residues, approximately 8 times the original 
length. The chimeric S-GFP protein was properly folded and fully functional with respect to 
membrane fusion. Surprisingly, the extension did neither abrogate its interaction with the 
M protein nor its incorporation into VLPs. Moreover, a recombinant virus with the spike 
gene replaced by the S-GFP chimeric gene was viable and resulted in fluorescent virions 
bearing the S-GFP chimeric spikes. Apparently the GFP moiety at the cytoplasmic tail of 
the S protein did not prevent the inclusion of the nucleocapsid into the assembling virion, 
indicating that some space is available between the membrane and the nucleocapsid. 
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Similar results have been observed for VSV, which also tolerates the carboxy-terminal 
extension of the G protein with GFP (10).  

The recombinant MHV-SGFP virus appeared to be genetically unstable. Upon 
passaging the GFP protein was rapidly lost through deletion of the GFP gene sequence. 
When inserted as an additional, separate transcription unit into the TGEV genome, the 
GFP sequence was found to be genetically stable for over 20 passages (40). Apparently, 
during passaging of the S-GFP virus there was a strong selection against homotrimeric S 
protein bearing such a large cytoplasmic domain. The reduced incorporation of S-GFP 
into the virion membrane and the observed rapid loss of the GFP sequence during 
passaging suggests that the space between the membrane and the nucleocapsid is 
limited. It is conceivable that the GFP moiety of S-GFP hinders nucleocapsid incorporation 
or, alternatively, that nucleocapsid inclusion reduces S-GFP envelope incorporation 
thereby crippling the virus. In VSV, replacement of G by G-GFP rendered the virus very 
unstable and sequence analysis of revertants showed that GFP expression was rapidly 
lost through introduction of a stop codon. Stable expression was obtained when G-GFP 
was expressed from the viral genome as an extra gene (10). Whether the insertion of S-
GFP as an additional gene into the coronavirus genome would render a more stable 
recombinant virus, remains to be investigated. A recombinant coronavirus stably 
expressing S-GFP would be very helpful in studying viral pathogenesis in the host, using 
the life-time in vivo imaging techniques. 

The specific signals in the S protein responsible for M protein interaction and envelope 
incorporation were investigated (chapter 6). A chimeric spike protein of which the 
ectodomain had been replaced by that of the feline coronavirus was still able to be 
incorporated into MHV VLPs and virions (17, 18, 23). Our studies showed that the 
ectodomain and the transmembrane domain of MHV S could be replaced by that of FIPV 
S without loss of its interaction with the M protein and of its envelope incorporation. The 
cytoplasmic domain of the S protein turned out to be essential for S-M protein interaction 
and S protein VLP incorporation. In contrast to the wt VSV G protein, a VSV G/MHV S 
chimera with the CD of VSV G replacing that of the MHV S protein was able to interact 
with the MHV M protein and could assemble into VLPs. Cytoplasmic domain truncation 
studies indicated that the carboxy-terminal 12 residues were dispensable for fusion 
activity, interaction with the M protein and VLP incorporation of the S protein and for viral 
infectivity. Deletion of 25 residues (S∆25) did not abolish S protein membrane fusion but 
severely hampered its interaction with the M protein and its VLP incorporation. 
Nevertheless, a viable recombinant virus containing the S∆25 gene could be obtained, 
although its growth was severely affected. Passage of the recombinant virus resulted in 
the isolation of a virus with significantly improved growth properties. Sequence analysis 
revealed that the virus had acquired a deletion of 17 nucleotides which included the stop 
codon, and which resulted in an extension of the cytoplasmic domain by 6 amino acids. A 
similar extension of the CD was reported upon passaging of a recombinant VSV from 
which the entire CD had been deleted (39). Like for the MHV S∆25 recombinant, this 
extension of the CD led to an increased viral growth. The molecular basis for this 
increased viral infectivity remains enigmatic. In general, S protein interaction with the M 
protein and incorporation into the viral membrane is primarily dependent on the cysteine 
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rich region of the cytoplasmic domain (residues 1287-1312). A role of the transmembrane 
domain of the S protein cannot be excluded, but this is probably a minor role since a 
recombinant VSV G protein of which the CD had been replaced by that of MHV S (but not 
the wt VSV G protein) interacted with MHV M and was incorporated into VLPs. 

The cytoplasmic domain of MHV M has been reported to interact with MHV S (12) and 
may serve a function analogous to the matrix proteins of orthomyxoviruses, 
paramyxoviruses and rhabdoviruses. These classical matrix proteins underly the virion 
membrane and provide interactions with the nucleocapsid and the envelope proteins. The 
cytoplasmic domain of MHV M has an amphipathic character and is known to associate 
with membranes (30). Additionally, the MHV M protein interacts with the helical 
nucleocapsid (24, 32) and with the envelope protein S via its cytoplasmic domain. Also the 
HE protein interacts with the membrane protein M in the same manner as the S protein 
(33). The interactions of M with the envelope proteins S and HE are specific since no 
complexes of the influenza virus HA or the VSV G with M were observed (14, 33). 
Conceivably, the specific molecular interactions of M with the envelope proteins S and HE 
and the nucleocapsid allow the recruitment of these envelope proteins into larger 
assembly competent complexes and subsequently the trapping of the nucleocapsid into 
the viral particle during the budding process, in a way similar to the matrix proteins in the 
assembly of other enveloped viruses. 
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Samenvatting 

Samenvatting in het Nederlands 

Virussen zijn stukjes genetisch material die zorgvuldig zijn ingepakt door eiwitten. 
Sommige virussen, waaronder de in dit onderzoek bestudeerde coronavirusen, zijn daarbij 
nog eens omgeven met een extra omhulsel, een lipide membraan. Deze virussen worden 
membraan-omhulde virussen genoemd. Voor een succesvolle infectie van een cel moeten 
deze virussen om te beginnen hun genetisch materiaal (genoom) in de cel brengen. Dat 
doen ze door hun membraan te laten versmelten met het membraan dat de cel omhult. Dit 
proces heet membraanfusie. Na deze eerste stap van de infectie volgt de aanmaak van 
nieuwe virus deeltjes. Het genoom van het virus bevat de informatie die nodig is om nieuwe 
virale eiwitten aan te maken. Gebruikmakend van de machinerie van de cel worden grote 
hoeveelheden van deze virale eiwitten aangemaakt. Daarnaast wordt het genoom 
veelvuldig gekopieerd. Uit deze nieuw aangemaakte virale eiwitten en genoom-kopieën 
worden nieuwe virusdeeltjes gevormd. Dit proces heet virusassemblage. Het onderzoek 
beschreven in dit proefschrift richt zich op mechanismen van membraanfusie (hoofdstuk 2, 
3 en 4) en virusassemblage (hoofdstuk 5 en 6) bij coronavirussen, en dan met name op de 
functie daarin van een van de virale eiwitten, het spike (S) eiwit.  

Membraan-omhulde virussen hebben gespecialiseerde eiwitten die verantwoordelijk 
zijn voor het membraanfusie proces. Voor coronavirussen is dat het spike eiwit. Spike 
eiwitten vormen een karakteristieke ring - corona – op het oppervlak van het virus, duidelijk 
zichtbaar op elektronenmicroscopische opnamen van het virus (vandaar de naam 
coronavirus), en zijn via hun transmembraan domein verankerd in het virale membraan. 
Tijdens de membraanfusie ondergaat het spike eiwit allerlei “conformationele”  
veranderingen, herschikkingen in de structuur van het eiwit. In de eerste stap van de 
infectie hecht het virus zich via het spike eiwit aan specifieke eiwitten (receptoren) op de 
buitenkant van de cel. Als gevolg van deze binding wordt het zogenaamde fusiedomein van 
het spike eiwit geëxposeerd dat vervolgens het membraan van de cel binnendringt en 
daardoor het spike eiwit in dat celmembraan verankert. In  het membraanfusie proces dat 
dan volgt spelen twee zogenaamde heptade repeat (HR) regio’s, domeinen met een 
karakteristiek motief, een cruciale rol. We hebben kleine stukjes eiwit, peptiden HR1 en 
HR2, corresponderend met de beide HR regio’s gemaakt en die vervolgens bestudeerd 
zoals beschreven in hoofdstuk 2. De twee peptiden bleken een heel sterke interactie met 
elkaar aan te gaan onder vorming van een complex met een specifieke structuur. Wanneer 
eenzelfde interactie van deze twee HR regio’s zich voltrekt in de context van het virale 
spike eiwit brengt dat het fusiedomein (verankerd in het celmembraan) en het 
transmembraan domein (verankerd in het virale membraan) van het spike eiwit dicht bij 
elkaar, waardoor de fusie van het membraan van de cel met dat van het virus wordt 
geïnduceerd.  

Een soortgelijk membraanfusie mechanisme is beschreven voor andere, niet-verwante 
virussen waaronder bekende virussen zoals het AIDS virus (HIV), het mazelenvirus en het 
influenzavirus. Voor HIV was bekend dat de HR peptiden de infectie konden remmen. Wij 
hebben aangetoond dat het HR2 peptide van het muizencoronavirus (MHV) de infectie van 
cellen door dit virus kon voorkomen. Tijdens de infectie komt het spike eiwit aan het 
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oppervlak van de geïnfecteerde cel. Aldaar kan het de samensmelting met een buurcel 
bewerkstelligen door de membranen van de twee cellen met elkaar te doen fuseren. Dit 
proces wordt cel-cel fusie genoemd. Het HR2 peptide bleek, naast de infectie, ook het 
proces van cel-cel fusie te kunnen blokkeren.  

De SARS epidemie die zich voordeed in het voorjaar van 2003 bleek te worden 
veroorzaakt door een coronavirus (SARS-CoV). Verspreid over zo’n 23 landen bleken meer 
dan 8000 mensen geïnfecteerd te zijn geraakt, ruim 900 daarvan met fatale afloop. Het lag 
voor de hand om na te gaan of we ook voor het SARS-CoV soortgelijke peptidenremmers 
konden ontwikkelen. Dit onderzoek, uitgevoerd in samenwerking met mensen van onze 
afdeling, met Ruurd van der Zee (Afdeling Immunologie), Albert Osterhaus (Erasmus 
Medisch Centrum, Rotterdam), Cees Versluis en Albert Heck (Biomoleculaire 
Massaspectrometrie, Universiteit Utrecht) en Jean Lepault (VMS-CNRS, Gif-sur-Yvette, 
Frankrijk),  is beschreven in hoofdstuk 3. Het HR2 peptide bleek de infectie van cellen door 
het SARS virus specifiek inderdaad te kunnen remmen. Door te varieren in de lengte van 
het peptide konden we de efficiency van remming verder optimaliseren. Vervolgens hebben 
we de HR1 en HR2 peptiden uitvoerig gekarakteriseerd. Ons onderzoek aan zowel het 
MHV als het SARS virus toonde aan dat het coronavirus spike eiwit mechanistisch sterk lijkt 
op de membraanfusie eiwitten van niet-verwante virussen zoals HIV, influenzavirus, 
mazelenvirus en het Ebola virus welke recentelijk werden geclassificeerd als klasse 1 virus 
fusie-eiwitten. 

De virale klasse 1 membraanfusie eiwitten worden in de cel door cellulaire enzymen 
in tweeën geknipt. Dit is noodzakelijk om het eiwit in een membraanfusie-actieve stand te 
zetten. Wordt het eiwit niet gekliefd dan is het eiwit inactief. Ook het MHV spike eiwit wordt 
gekliefd. In hoofdstuk 4 hebben we gevonden dat deze klieving wordt uitgevoerd door furine 
of een furine-achtige enzym; remmers van dergelijke enzymen konden de klieving 
voorkomen. Vervolgens bleek dat virussen met ongekliefde spike eiwitten even infectieus 
waren als virussen met gekliefde spikes. Klieving is dus niet essentieel voor coronavirus-cel 
fusie, in tegenstelling tot wat algemeen geldend was voor de virale klasse 1 fusie eiwitten. 
Wel bleek dat ongekliefde spikes niet meer in staat waren tot cel-cel fusie. Onze resultaten 
toonden aan dat het mechanisme van cel-cel fusie wezenlijk anders is dan dat van virus-cel 
fusie. 

Het muizenhepatitis virus heeft drie structurele membraan eiwitten: het M eiwit, dat het 
meest voorkomt; het kleine E eiwit, waarvan slechts enkele tientallen moleculen per 
virusdeeltje voorkomen; en het grote spike (S) eiwit. Het E en het M eiwit zijn essentieel 
voor de vorming van een virusdeeltje. Als de M en E eiwitten beiden in een cel worden 
gesynthetiseerd ontstaan zogenaamde virus-like particles (VLP’s). Als tegelijk ook het S 
eiwit wordt aangemaakt, dan wordt ook dit ingebouwd in deze VLP’s. VLP’s bestaande uit 
het M, E en S eiwit, zijn te beschouwen als “lege” (d.w.z. zonder genoom) virusdeeltjes; ze 
zijn onder de elektronenmicroscoop qua afmeting en vorm niet te onderscheiden van echte 
virusdeeltjes. Dit VLP assemblage systeem hebben we gebruikt om de effecten van 
mutaties in het spike eiwit te bestuderen op de inbouw in VLP’s (hoofdstuk 5 en 6). 

Het S eiwit kan worden opgedeeld in drie domeinen: het ectodomein (het aan de 
buitenkant van het virus uitstekende deel), het transmembraan domein (bevindt zich in het 
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membraan) en het cytoplasmatisch domein (steekt aan de binnenkant uit het membraan). 
Uit eerder onderzoek is bekend dat de inbouw van het S eiwit in het virusdeeltje wordt 
geëffectueerd door interactie van het transmembraan domein en/of het cytoplasmatisch 
domein met het M eiwit. De precieze rol van deze domeinen in de coronavirus assemblage 
hebben we onderzocht. In hoofdstuk 5 hebben we allereerst vastgesteld of een spike eiwit 
met een extra lang cytoplasmatisch domein ingebouwd kan worden in VLPs en in virus. Het 
domein werd verlengd met een “reporter” eiwit, het green fluorescent protein (GFP), 
waardoor het zo’n 8x langer wordt. Het GFP eiwit wordt veelvuldig gebruikt als reporter 
eiwit omdat het groen fluoresceert en daardoor gemakkelijk detecteerbaar is. Ondanks het 
enorm lange cytoplasmatische domein bleek het recombinante S-GFP eiwit normaal 
membraan-fusie te kunnen bewerkstelligen en een interactie aan te gaan met het M eiwit. 
Ook de assemblage van het S-GFP in VLP’s werd niet verhinderd door het GFP eiwit 
domein. Via een eerder ontwikkelde recombinatie techniek hebben we het S gen in het 
MHV genoom vervangen door het S-GFP gen. Dit recombinante virus bleek levensvatbaar 
te zijn. De door het MHV-SGFP virus geinfecteerde cellen lichtten groen op onder de 
fluorescentiemicroscoop en het S-GFP eiwit kon worden ingebouwd in het virusdeeltje. 
Normaal gesproken zijn virusdeeltjes te klein om met een lichtmicroscoop te kunnen zien. 
De S-GFP virussen konden we echter indirect waarnemen door het fluorescerende GFP 
domein waardoor we de virussen als kleine lichttgevende puntjes met de lichtmicroscoop 
konden zien. De pakking van het virus is dus zodanig dat het een eiwit als GFP, gekoppeld 
aan de cytoplasmatische staart van het S eiwit, kan herbergen aan de binnenkant van het 
virus. Echter, het virus groeide een stuk slechter dan het orginele virus en bleek het 
genetisch materiaal coderend voor het GFP eiwit bij verdere vermeerdering spoedig te 
verliezen. Het virus had kennelijk “last” van het extra domein aan het spike eiwit.  

In hoofdstuk 6 hebben we vastgesteld wat de inbouw van het S eiwit bepaalt. De 
assemblage van coronavirussen in geïnfecteerde cellen is een nauwkeurig gereguleerd 
proces waarbij cellulaire eiwitten efficiënt van inbouw worden uitgesloten. De virusdeeltjes 
vormen zich doordat de virale structurele eiwitten en het genoom specifieke interacties met 
elkaar aangaan. Hierbij zijn, zoals eerder opgemerkt, het M en het E eiwit de componenten 
die essentieel zijn voor de vorming van de virale envelop en is het S eiwit daarvoor niet 
nodig maar wordt daarin wel ingebouwd door interactie met het M eiwit. Wij hebben het 
domein in het S eiwit geïdentificeerd dat de interactie met het M eiwit aangaat. Het was al 
bekend dat het ectodomein daarvoor niet verantwoordelijk was. Door het maken van allerlei 
mutanten hebben wij laten zien dat een bepaald gedeelte van het cytoplasmatisch domein 
verantwoordelijk is voor de interactie met het M eiwit en daardoor de incorporatie van het S 
eiwit in de envelop mogelijk maakt. Een membraaneiwit van een ander virus, normaal 
gesproken uitgesloten van coronavirus envelop incorporatie, bleek te worden ingebouwd 
wanneer zijn cytoplasmatisch domein vervangen werd door dat van het spike eiwit. Eerder 
was al aangetoond dat ook van het M eiwit met name het cytoplasmatische domein de 
interactie aangaat met het S eiwit. De resultaten tonen aan dat de voor inbouw van 
coronavirus spikes essentiële interactie van het S en M eiwit plaats vindt tussen de beide 
cytoplasmatische domeinen. Interpretaties en implicaties van deze en andere in dit 
proefschrift beschreven waarnemingen worden bediscussieerd in het hoofdstuk 7. 
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