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1.1 The Alphaviruses 

The Alphavirus genus belongs to the family of the Togaviridae (reviewed in 
Strauss and Strauss, 1994; Griffin, 2001). The current 25 members of the alphavirus 
genus are closely related in structure and molecular characteristics but the diseases they 
cause have a wide variety of clinical manifestations ranging from mild disease, such as 
acute arthropathy and systemic febrile illness, to fatal encephalitis. For example, the 
alphavirus Ross River virus generally causes a relatively mild arthritis, whereas Eastern 
equine encephalitis virus (EEE) and Western equine encephalitis virus (WEE), which 
not only infect horses but occasionally also humans, may cause an often  fatal 
encephalitis. However, the number of fatalities due to alphavirus infections is low and 
often alphavirus infections of humans remain subclinical. 

Alphaviruses are usually transmitted by mosquitoes, but Sindbis virus (SIN) has 
also been isolated from mites and ticks and EEE from chicken mites and lice (Strauss 
and Strauss, 1994; Scott and Weaver, 1989). Once a mosquito has been infected, it 
becomes chronically and lifelong infected with the alphavirus, without showing 
significant pathology (DeFoliart et al., 1987). The mosquitoes are an essential element 
of the arthropod-vertebrate cycle in which the alphaviruses are maintained. The 
vertebrates in this cycle function as amplifiers for the virus. Common amplifier hosts 
are birds and small rodents because they are the preferred feeding hosts for the 
mosquito and the virus is able to induce a significant viremia in these animals. Humans 
are not a major amplifier host, but rather represent an accidental target for the virus. 
The frequency of human infections depends on the human activity in the area where the 
mosquito-vertebrate cycle is manifesting and on the preference of the mosquito to feed 
on humans (Johnston and Peters, 1996). Therefore, the isolation of EEE from pools of 
Aedes albopictus in Florida (Mitchell et al., 1992) is worrisome because this mosquito 
species is capable of efficiently transmitting alphaviruses and prefers to feed on humans 
amoung other hosts (Johnston and Peters, 1996). The distribution of the mosquitoes 
reflects, at least in part, the distribution of the viruses. Birds are postulated to be 
responsible for the global spread of alphaviruses. This has resulted in a wide geographic 
distribution to all continents except Antarctica (Strauss and Strauss, 1994). Humans 
may also have contributed to the global spread of alphaviruses. For example, Ross 
River virus, an alphavirus primarily found in Australia, was most likely introduced to 
Fiji by a single infected traveler and caused an explosive epidemic of polyarthritis 
(Strauss and Strauss, 1994; Marshall and Miles, 1984; Burness et al., 1988; Faragher et 
al., 1985). 

Semliki Forest virus (SFV) and SIN represent prototype members of the 
alphavirus genus (Strauss and Strauss, 1994; Schlesinger and Schlesinger, 1996). These 
two viruses are widely used in laboratories to study the life cycle of alphaviruses, in 
part because of their low pathogenicity in humans. The latter property, together with the 
fact that alphaviruses grow to high titers in cell culture makes it possible to study these 
viruses both biochemically and structurally in detail. Site-specific mutagenesis of the 
viral genome has been made possible by the generation of full-length clones of both 
viruses (Rice et al., 1987; Liljeström et al., 1991). 
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1.2 Structure and Biosynthesis of Alphaviruses 

Structure of the Virion 
Alphaviruses are homogeneously sized spherical viruses of about 70 nm in 

diameter (Strauss and Strauss, 1994; Fuller et al., 1995; Cheng et al., 1995; Paredes et 
al., 1993). A cryo-EM image reconstruction of SIN is depicted in Figure 1. Each 
particle contains one copy of a positive-sense RNA genome of about 11.7 kb in size. 
The RNA molecule is complexed with 240 copies of the capsid protein (~30 kD) 
together forming the nucleocapsid, the core of the virus. The nucleocapsid has a 
spherical configuration because of the arrangement of the individual capsid proteins as 
pentamers and hexamers in icosahedral symmetry (Cheng et al., 1995; Paredes et al., 
1993).  

A lipid membrane surrounds the nucleocapsid. The membrane of viruses grown 
in baby hamster kidney (BHK) cells has a phospholipid composition of 25% 
sphingomyelin (SPM), 27% phosphatidylcholine (PC), 19% phosphatidylserine (PS), 
and 26% phosphatidylethanolamine (PE) with an asymmetric distribution of the lipids 
between the two leaflets (van Meer et al., 1981; Allan and Quinn, 1989). In general the 
phospholipid composition of the viral membrane resembles that of the membrane of the 
host cell. However, the ratio of cholesterol to phospholipid is 1:1, which is much higher 
than for cellular membranes (Laine et al., 1973; Renkonen et al., 1971). Virus grown in 
mosquito cells appear to have a different composition with more ethanolamine-based 
phospholipids and a cholesterol:phospholipid ratio of 1:6 (Luukonen et al., 1976, 1977). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Cryo-EM reconstruction of Sindbis virus. (Courtesy of Dr. S. Mukhopadhyay, Purdue 
University). 
 
 

The spike proteins of the virus are inserted in the lipid bilayer and together they 
form the viral envelope (Strauss and Strauss, 1994). The virus contains 80 spikes, each 
spike consisting of two or three subunits, two type I transmembrane glycoproteins E1 
and E2 (each about 50kD) which are noncovalently but stably associated, and, in some 
alphavirus species, a peripheral protein E3 (10kD). The latter subunit is a product of the 
cleavage of the precursor protein for E2 late in the spike maturation process. E3 
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remains associated with the SFV spike but is released in the case of SIN (see below; 
Welsh and Stefton, 1979; Mayne et al, 1984). Like the glycoprotein shell, the 
nucleocapsid is organized in an icosahedral lattice (Cheng et al., 1995; Paredes et al., 
1993). The amino-termini of E1 and E2 face outward from the membrane and a 
membrane-spanning anchor is located near the carboxy-terminus. In SIN, E2 is 423 
amino acids long and has a 33 amino-acid cytoplasmic tail. E1 is 439 residues long and 
has a very short cytoplasmic tail of 2 amino acids. Both E1 and E2 are glycosylated but 
the number of oligosaccharide chains varies among alphaviruses from one to two for 
E1, and two to three for E2. At least for SFV and SIN, both glycoproteins are also 
palmitoylated in or near the membrane-spanning domains. E1 is acylated with a single 
palmitic acid chain, while acylation of E2 involves three to six palmitic acid chains 
(Strauss and Strauss, 1994; Ryan et al., 1998). E1 contains a hydrophobic domain, 
located from residues 75 to 97, which is conserved among alphaviruses and is the 
putative fusion peptide of the virus (Garoff et al., 1980; Levy-Mintz and Kielian, 1991). 
This fusion peptide domain inserts into membranes and thus plays an important role in 
the membrane fusion process (see Section 1.4). Besides E1, E2 and E3, a small 
hydrophobic peptide called the 6K protein is present. While 6K is expressed in a 
stoichiometric fashion with E1, E2, and E3, it is associated with the virus only in low 
quantities from 7 to 30 molecules per virus particle (Gaedigk-Nitschko and Schlesinger, 
1990; Lusa et al., 1991). The function of 6K in the alphavirus life cycle is not fully 
understood. Site-directed mutagenesis of 6K has demonstrated that the protein is 
involved in glycoprotein processing and trafficking (Gaedigk-Nitschko and Schlesinger, 
1991; Sanz and Carrasco, 2001; Schlesinger et al., 1993), and virus budding (Sanz and 
Carrasco, 2001; Loewy et al., 1995). A study using chimeric viruses of SIN and Ross 
River virus, in which SIN 6K was replaced by Ross River virus 6K, severely inhibited 
virus assembly and budding, and caused a different conformation of E1 in the E1/E2 
heterodimer expressed on the cell surface (Yao et al., 1996). Recently, it was shown 
that 6K from the alphaviruses Ross River virus and Barmah Forest virus form ion 
channels in planar lipid bilayers (Melton et al., 2002). Because early events in infection 
do not require the 6K protein (Liljeström et al., 1991; Dick et al., 1996), it was 
proposed that it is unlikely that the ion channel activity is involved in membrane fusion 
but that the activity would be located in the ER, Golgi, TGN, or plasma membrane. 

Structurally, each spike is composed of a trimer of three hetero-trimers 
(E1/E2/E3)3 or hetero-dimers (E1/E2)3. Thus to build 80 spikes, 240 copies of each 
subunit are required (Strauss and Strauss, 1994; Kielian 1995). Recent crystallographic 
and cryo-EM studies have shown that the folding of the E1 glycoprotein of SFV 
resembles that of the flavivirus E protein (Lescar et al., 2001). The latter study showed 
that SFV E1 can be divided into three domains, a β-barrel domain at the amino-
terminus, a finger-like projecting domain containing the putative fusion peptide, and an 
Ig-like domain at the carboxy-terminus (Figure 2A). The amino-terminal domain is, in 
fact, located in the center of E1 and is flanked by the projecting domain and the 
carboxy-terminal domain. The above study together with a study of SIN glycosylation 
mutants (Pletnev et al., 2001) localized E1 to lie almost parallel to the viral surface with 
E2 forming the protruding densities of the viral spike (Figure 2B). An earlier study had 
localized E3 midway between the center and the tips of the spike of a mutant SIN virus 
containing E3 (Paredes et al., 1998). 
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Figure 2. Structure of SFV E1 and positioning of the protein on the virus surface at neutral pH. A, 
3D diagram of the folded structure of SFV E1. Below the structure, a schematic diagram is given of the 
location of the three domains and the fusion peptide in E1. B, the positioning of E1 and E2 proteins in a 
cryo-EM reconstruction of the viral spike viewed from the side. For clarity, the three domains of the E1 
protein in the front are outlined with white solid lines. The visible domains of a second E1 protein in the 
back are outlined with white dashed lines. Black arrows indicate the outer and inner leaflets of the viral 
membrane. (Structure of E1 and cryo-EM reconstruction are taken from Lescar et al., 2001, with 
permission from Dr. F. A. Rey and Elsevier.) 
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RNA Replication and Protein Synthesis 
Once inside the cell, the positive-sense RNA of alphaviruses directly serves as 

the messenger RNA for protein synthesis and as a template for the generation of minus-
sense RNA strands. A schematic overview of the genome organization is shown in 
Figure 3. The genomic RNA is translated to a polyprotein, p1234, which is 

autoproteolytically cleaved, by function of nsP2, into the nonstructural proteins 
nsP1,nsP2, nsP3, and nsP4 (Ding and Schlesinger, 1989; Hardy and Strauss, 1989; 
Strauss et al., 1992). These nonstructural proteins are responsible for the replication of 
the plus-sense genomic RNA (Schlesinger and Schlesinger, 1996). Like all RNA 
viruses, SFV and SIN have a low fidelity of viral RNA replication and lack error-
correcting mechanisms, causing an error frequency of about 1 base substitution in 
10,000 bases, which corresponds roughly with 1 error per alphavirus genome (Strauss 
et al., 1996). Generally, the substitutions will go unnoticed. However, when a 
substitution confers a selective advantage to the virus mutant over the parental virus, 
the mutant will outgrow the parental virus and become the predominant species (Hahn 
et al., 1987). For example, selective pressure on the parental virus by antibodies, 
antiviral compounds, or limited quantities of the cell surface receptor will inhibit the 
growth of the parental virus and will give rise to escape mutants which are not 

Figure 3. Genome organization of SFV. See text for details. ORF, open reading frame; vcRNA, viral 
complementary RNA. 
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susceptible to the antibodies or antiviral compounds or use other abundantly present 
receptors. 

The minus-sense RNA molecule serves as a template for the synthesis of 26S 
subgenomic mRNA. The viral structural proteins are translated from this 26S 
subgenomic mRNA as a polyprotein consisting of capsid-P62-6K-E1. The amino-
terminal region of the polyprotein contains a serine protease, which autoproteolytically 
cleaves the capsid protein from the polyprotein (Barth et al., 1992; Liljeström and 
Garoff, 1991). The cleavage takes place in the cytosol of the host cell, revealing a 
signal sequence on the remaining polyprotein which results in the cotranslational 
translocation of the polyprotein to the lumen of the rough endoplasmic reticulum (RER) 
(Garoff et al., 1990). Figure 4 shows a schematic representation of the location of 
protein synthesis and transport, as well as the assembly of new virions in the host cell. 
The details will be discussed below. In the RER, carbohydrates are covalently attached 
to the polyprotein immediately after synthesis (Sefton, 1977) and the protein is further 
cleaved by signalases into p62 (for SIN this precursor of E2 is usually referred to as 
PE2), 6K, and E1 (Liljeström and Garoff, 1991). Folding of the proteins into the native 
conformation takes place in the RER. The carbohydrate side chains of p62 and E1 are 
thought to play an important role in protein folding as well as in preventing aggregation 
and increasing the solubility of the proteins (Gibson et al., 1980; Hsieh et al., 1983). 
When correctly folded, p62 and E1, originating from the same polyprotein, interact to 
form a heterodimer (Barth et al., 1995) and are transported to the Golgi complex. 

During their journey, after leaving the RER but probably before entering the 
Golgi complex, the proteins are palmitoylated at cysteine residues (Bonatti et al., 1989; 
Ryan et al., 1998). The function of this addition of fatty acids to the proteins is 
currently unknown. Site-specific mutagenesis has shown that deacylation of SIN E1 or 
E2 slows down virus growth and makes the virus more sensitive to detergent treatment 
(Ivanova and Schlesinger, 1993; Ryan et al., 1998), However, membrane fusion of SIN 
was not affected by deacylation of the glycoproteins E1 and E2 (Smit et al., 
2001a).After transport through the Golgi complex the proteins are transported via the 
trans Golgi network (TGN) to the plasma membrane. 

The heterodimers appear at the plasma membrane already oligomerized into 
trimers (Ekström et al., 1994). Where this oligomerization takes place is unknown. Just 
before arrival at the plasma membrane, p62 is cleaved by a furin-like host protease into 
E2 and E3 (Mayne et al., 1984; Klenk and Garten, 1994). The uncleaved p62 
presumably functions as a chaperone for protection of the viral spike from premature 
destabilization by the slightly acidic lumen of the TGN. Low pH is the trigger for spike 
rearrangement and membrane fusion (see section 1.4). The p62-E1 heterodimers are 
quite stable and more resistant to low pH than E2-E1 heterodimers (Wahlberg et al., 
1989). SFV and SIN mutants impaired in P62 (or PE2, for SIN) cleavage are also 
impaired in spike rearrangement and membrane fusion when exposed to the mildly 
acidic pH which triggers spike rearrangement and fusion in the wild-type viruses. 
However, exposure to very low pH values overrides the impairments resulting in spike 
rearrangement and fusion (Glomb-Reinmund and Kielian, 1998a; Smit et al., 2001b). 
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Assembly and Budding 
The assembly of the nucleocapsids from capsid proteins and viral genomic RNA 

occurs in the cytosol (Brown and Smith, 1975; Strauss et al., 1977; see Figure 4). 
Packaging of viral RNA involves an encapsidation signal only present on the genomic 
RNA and thereby selecting the genomic RNA out of the RNA pool in the host cell 
cytosol (Weiss et al., 1989). The encapsidation signal lies within the nsP1 gene for SIN, 
while for SFV the encapsidation signal has been proposed to be located in the nsP2 
gene (Lehtovaara et al., 1981, 1982). A region of 32 amino acids (amino acids 76 to 
107) of the capsid protein binds to the encapsidation signal on the RNA (Geigenmüller-
Gnirke et al., 1993) and a stretch of 18 amino acid residues in the amino-terminal 
region has also been proposed to be of importance for nucleocapsid formation (Perea et 
al., 2001). The binding of one capsid protein initiates the binding of more capsid 
proteins by capsid-capsid and, presumably, non-specific but charge-related, capsid-
RNA interactions resulting in a T=4 icosahedral nucleocapsid particle (Strauss and 
Strauss, 1994; Garoff et al., 1994). 

The nucleocapsids are believed to diffuse freely to the site where the 
glycoproteins have accumulated, which is the plasma membrane in vertebrate cells. 

Figure 4. Translation of the structural proteins of SFV, assembly, and budding of new virus. See text 
for details. 
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There the nucleocapsids bind to the glycoproteins, resulting in a bending of the 
glycoprotein-containing membrane around the nucleocapsid until the whole particle is 
surrounded with the membrane and finally buds off from the plasma membrane (Strauss 
and Strauss, 1994; Schlesinger and Schlesinger, 1996). Budding of alphaviruses 
requires the presence of both capsid proteins and the glycoproteins (Suomalainen et al., 
1992; Zhao and Garoff, 1992). The capsid proteins do not need to be pre-assembled 
into nucleocapsids for virus budding to occur (Forsell et al., 1996), although pre-
assembly into nucleocapsids occurs in wild-type virus budding. The budding process at 
the plasma membrane has been found to involve several protein-protein interactions. 
The interactions take place between the capsid protein and tyrosine and leucine residues 
in a conserved region of the E2 cytoplasmic tail (Owen and Kuhn, 1997; Zhao et al., 
1994). Aromatic residues on the capsid protein of SFV and SIN are able to interact with 
these tyrosine and the leucine residues of E2 (Skoging et al., 1996; Lee et al., 1996; 
Owen and Kuhn, 1997; Hernandez et al., 2000; Zhao et al., 1994). Another conserved 
region of the E2 cytoplasmic tail flanks the tyrosine-leucine region and contains 
palmitoylated cysteine residues. This region is also involved in budding, since 
mutations disrupting palmitoylation appear to affect virus budding (Gaedigk-Nitschko 
and Schlesinger, 1991; Ivanova and Schlesinger, 1993). 

The interactions between the cytoplasmic carboxy-terminal tail of E2 and the 
nucleocapsids occurring in virus budding have long been thought to drive virus budding 
(Cheng et al., 1995; Garoff et al., 1994; Lee and Brown, 1994). However, interactions 
between E2 and E1 have also been shown to be involved in virus budding in that E1 
appeared to be required for the interaction of E2 with the nucleocapsid (Barth and 
Garoff, 1997). Recently, it has become clear that lateral spike-spike interactions are 
critically involved in alphavirus budding. It has even been proposed that the role of E2-
nucleocapsid interactions is only to trigger the spikes to interact laterally with each 
other, because the lateral interactions were found to be required for virus budding as 
virus was formed with an SFV mutant unable to assemble nucleocapsids (Forsell et al., 
2000). Spike-spike interactons are now proposed to be responsible for the viral 
envelope formation (Garoff and Cheng, 2001). 

An absolute requirement for Chol in efficient budding of wild type SFV and SIN 
was demonstrated by Kielian and co-workers (Lu et al., 1999; Lu and Kielian, 2000; 
Marquardt et al., 1993; Vashishtha et al., 1998). However, the precise role of Chol in 
virus exit remains to be elucidated. 

1.3 Cell Entry of Alphaviruses 

Receptor Interaction 
The first step in cell entry of all viruses is the interaction with a receptor on the 

surface of the target cell. The receptors on the cell surface generally represent 
molecules that are used by the cell for other purposes, and viruses take advantage of 
their presence. Since SFV, SIN, and other alphaviruses have many hosts, ranging from 
mammals to insects, they are able to infect many different cell types. This suggests that 
alphaviruses use a variety of different surface molecules or one ubiquitous molecule 
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(Schlesinger and Schlesinger, 1996). For SFV, the major histocompatibility antigens 
were found to act as receptors (Helenius et al., 1978), but their presence on the cell 
surface is not absolutely required for infection (Oldstone et al., 1980). For SIN, the 
high-affinity laminin receptor has been recognized as a receptor (Wang et al., 1992). 
This receptor is highly conserved on mammalian cells and a homolog is present on 
mosquito cells as shown by partial inhibition of SIN binding to these cells by an 
antibody against the high-affinity laminin receptor (Wang et al., 1992). Studies using 
anti-idiotypic antibodies against E2-specific antibodies revealed that SIN infection of 
chicken cells is not mediated by the high-affinity laminin receptor but by a 63 kD 
protein (Wang et al., 1991). A 74 kD protein and 110 kD protein acted as SIN receptors 
on mouse neuroblastoma cells (Ubol and Griffin, 1991). It is concluded that 
alphaviruses in general use multiple receptors on host cells. 

There is strong evidence to indicate that the E2 glycoprotein of alphaviruses is 
responsible for receptor binding. This is based on studies involving anti-idiotypic 
antibodies, which were directed against SIN E2-specific antibodies, as discussed above, 
and studies showing that mutations in E2 altered the virus binding efficiency to cells 
(Dubuisson and Rice, 1993; Salminen et al., 1992; Tucker and Griffin, 1991). A study 
using Fab fragments from monoclonal antibodies, which were implicated to be directed 
against the cell receptor recognition site on E2 of SIN and Ross River virus, 
demonstrated that the Fab fragments bound to the outermost tips of the viral spike 
densities (Smith et al., 1995). Recently it was shown that SIN and other alphaviruses 
utilize cell-surface heparan-sulfate (HS) as an attachment receptor as a consequence of 
cell-culture adaptation (Bernard et al., 2000; Heil et al., 2001; Klimstra et al., 1998). 
For SIN, it was found that the E2 subunit was mutated during the adaptation to growth 
in BHK cells and three loci in E2 were identified as responsible mutation sites, namely, 
E2:1; E2:70, and E2:114 (Klimstra et al., 1998). The cell-culture adaptation occurred 
very rapidly, already after 2 passages. As mentioned in Section 1.2, this rapid 
adaptation to the environmental changes arises from the low fidelity of viral RNA 
replication and results in the generation of mutants that outgrow the non-adapted 
parental virus. Selective pressure most probably has played a role in the establishment 
of the wide host range of alphaviruses. The characteristics of HS-adapted SIN variants 
and an SFV strain, passaged frequently over BHK cells, are presented in Chapter 5. In 
Chapter 6, HS-adapted SIN and SFV strains are utilized as tools to study the antiviral 
effect of human lactoferrin (hLF). 

Receptor-Mediated Endocytosis 
In the early 1980s, Helenius and coworkers demonstrated that after receptor 

binding, SFV is internalized by receptor-mediated endocytosis (RME) and is delivered 
intact into endosomes (Helenius et al., 1980; Marsh and Helenius, 1980; Marsh et al., 
1983). Fgure 5 shows a schematic representation of the entry of SFV. This pioneering 
work also revealed that productive infection was dependent on the acidic lumen of the 
endosomes. The authors demonstrated that lysosomotropic weak bases and carboxylic 
ionophores that neutralize acidic organelles, such as endosomes and lysosomes, inhibit 
SFV infection and that virions fuse with the plasma membrane by brief exposure to 
acidic medium (Helenius et al., 1980 and 1982; Marsh et al., 1982; White et al., 1980). 
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Figure 5. Cell entry of SFV via receptor-mediated endocytosis. See text for details. 
 
 
 

RME involves the formation of clathrin-coated pits, in which the receptor and its 
ligand, or a virus, are recruited and eventually internalized. Clathrin is a trimeric 
scaffold protein, which organizes itself into cagelike lattices. In RME, the formation of 
a clathrin lattice on the cytosolic side of the plasma membrane captures a section of the 
plasma membrane into a clathrin-coated vesicle (Kirchhausen, 1993). The clathrin coat 
curves the membrane into a vesicle which eventually buds off into the cytosol by 
membrane fission mediated by ATPase and GTPase (Schmid and Smythe, 1991; Carter 
et al., 1993). The detached clathrin-coated vesicle becomes uncoated by an uncoating 
ATPase, and the clathrin molecules are recycled (Schlossman et al., 1984; Greene and 
Eisenberg, 1990). The uncoated vesicle then fuses with an early endosome (Schmid et 
al., 1989). 

The lumen of early endosomes is mildly acidic because ATP-dependent proton 
pumps are present in the endosomal membrane (Mellman et al., 1986). Early or 
peripheral endosomes have a pH between 6.2 and 5.3, and late, perinuclear endosomes 
have a pH of 5.3 or lower (Tanasugarn et al., 1984; Schmid et al., 1989). The low pH is 
a trigger for conformational changes within the viral spike protein, which eventually 
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leads to fusion of the viral envelope with the endosomal membrane (Figure 5). The 
details of this low-pH-triggered fusion process are discussed in Section 1.4. 

It has long been thought that SIN enters the cell by a different pathway than SFV. 
One line of evidence suggested that SIN enters the cell by direct plasma membrane 
fusion (Abell and Brown, 1993; Cassell et al., 1984; Coombs et al., 1981; Edwards and 
Brown, 1991; Flynn et al., 1990). The interaction of SIN with its receptor has been 
proposed to trigger the conformational changes in the spike protein required for fusion 
(Abell and Brown, 1993). However, more recent evidence with cells (Glomb-Reinmund 
and Kielian, 1998a, 1998b; DeTulleo and Kirchhausen, 1998) and model membranes 
(Smit et al., 1999, 2001b) showed that SIN entry requires budding of clathrin-coated 
pits and low pH, both indicative of virus cell entry via RME. It must be mentioned that 
penetration into mosquito cells appears not to require low pH (Hernandez et al., 2001). 
In Chapter 5, more evidence is presented arguing against the requirement for a receptor 
in SIN membrane fusion in agreement with the evidence of SIN fusion with receptor-
free liposomes (Smit et al., 1999).  

Nucleocapsid Disassembly 
The nucleocapsid gains access to the cytosol of the host cell by fusion of the viral 

and the endosomal membrane (Figure 5). Subsequently, the nucleocapsid is 
disassembled (Figure 4). The capsid proteins are released into the cytosol, while the 
viral RNA remains associated with cellular membranes (Singh and Helenius, 1992), 
which are presumably endosomal membranes. An intriguing question is how is it 
possible that a nucleocapsid is unstable when it first enters the cytosol of a previously 
uninfected cell while newly assembled nucleocapsids are stable later on in the infection 
process (Strauss and Strauss, 1994)? Although the answer is not clear, several 
possibilities have been put forward. The capsid protein of SFV and SIN was found to 
bind to ribosomes (Glanville and Ulmanen, 1976; Wengler and Wengler, 1984; 
Wengler et al., 1984, Ulmanen et al., 1976; Ulmanen et al., 1979). In a model proposed 
by Wengler and Wengler (Wengler, 1987; Wengler and Wengler, 1984; Wengler et al., 
1984) the ribosome competes with the viral RNA for capsid protein. Upon infection of 
the cell, the large excess of unoccupied ribosome-binding sites leads to disassembly of 
the nucleocapsid and later, during virus replication, saturation of the ribosomes with 
newly synthesized capsid protein leads to a switch from disassembly to assembly of 
nucleocapsids. In support of this model, it was found later that the ribosome-binding 
site mapped to residues 94 to 105 of the SIN capsid protein (Wengler et al., 1992), and 
that this region is also involved in the binding of viral RNA during nucleocapsid 
assembly (Geigenmüller-Gnirke et al., 1993). Although confirming several aspects of 
the above model, Singh and Helenius (1992) also found that ribosomes in infected cells 
were not saturated with capsid protein and were still able to disassemble nucleocapsids 
in vitro. As the above model was not sufficient, other proposals have been made. The 
first is a possible maturation event of nucleocapsids, based on the observed difference 
in size between newly synthesized nucleocapsids and mature nucleocapsids in virions, 
which would trigger disassembly in the cytosol (Strauss and Strauss, 1994). The second 
is that during infection changes in Na+ and K+ concentrations in the cytosol stabilize the 
nucleocapsids (Strauss and Strauss, 1994). The third is that exposure of the virus to low 
pH in the endosome leads to the formation of ion channels in the virus allowing the 
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entry of protons inside the virus, which facilitates nucleocapsid uncoating (Lanzrein, 
1993). 

1.4 Alphavirus Membrane Fusion Activity 

Low-pH Trigger of Fusion 
As mentioned in Section 1.3, early work of Helenius and coworkers 

demonstrated that SFV membrane fusion can be induced by a low-pH trigger (White et 
al, 1980) and that infection of cells by SFV is dependent on acidic endosomes 
(Helenius et al., 1980,1982; Marsh et al., 1982). Others have confirmed this low-pH 
dependence of SFV fusion in cells (Izurun et al., 1997; Glomb-Reinmund and Kielian, 
1998a, 1998b). In addition to the cellular assays, the low-pH requirement became 
evident in virus-liposome systems (White and Helenius, 1980; Wahlberg et al., 1992; 
Bron et al., 1993). The pH dependence for SFV fusion with liposomes, with a pH 
threshold for fusion activation of pH 6.2 and optimal fusion at pH 5.5 (Bron et al., 
1993), was shown to closely correlate with the in vivo pH dependence of fusion 
(Glomb-Reinmund and Kielian, 1998a, 1998b). This pH dependence suggests that the 
alphaviruses fuse from within early endosomes, since the lumen of early endomsomes 
is mildly acidic (having a pH between 6.2 and 5.3, see above). Studies involving 
liposomes as target membranes revealed, additional to the pH-dependence, that SFV 
and SIN fusion was receptor independent, rapid, and efficient (White and Helenius, 
1980; Wahlberg et al., 1992; Bron et al., 1993; Smit et al., 1999). 

Low pH triggers conformational changes in the viral spike protein. The current 
understanding in the literature of the conformational changes and their relationship to 
fusion is discussed below (for a recent review see Kielian et al., 2000). For a 
hypothetical model of the fusion process, including a proposed sequence of 
conformational changes based on recent data presented in this thesis, see Chapter 7. 

Conformational Changes of the Viral Spike 
The first spike rearrangement occurring after the low-pH trigger is the 

dissociation of the E2/E1 heterodimer. E2 and E1 are no longer co-immunoprecipitated 
or do not co-float on sucrose gradients (Wahlberg et al., 1992; Wahlberg and Garoff, 
1992; Bron et al., 1993; Justman et al., 1993; Ferlenghi et al., 1998). This dissociation 
is important for fusion as shown by SFV and SIN cleavage mutants, which have a more 
acidic threshold for dissociation, resulting in a more acidic threshold for fusion (Glomb-
Reinmund and Kielian, 1998a; Smit et al., 2001b). 

After dissociation, further rearrangements occur independently of E2. E1 regions, 
masked at neutral pH, are exposed and become accessible to monoclonal antibodies 
(mAbs) (Schmaljohn et al., 1983, Ahn et al., 1999). One acid-specific epitope was 
mapped to E1:157 (Ahn et al., 1999). Most probably, after the exposure of this epitope, 
E1 monomers rearrange into a homotrimeric configuration (Wahlberg et al., 1992; 
Wahlberg and Garoff, 1992). The E1 homotrimer is very stable. It is resistant to SDS at 
30°C, urea, and trypsin digestion and its formation is strictly dependent on low pH and 
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could not be induced by heat or urea (Wahlberg et al., 1992; Gibbons et al., 2000; 
Meyer et al., 1992). 

The E1 homotrimer was shown to be involved in membrane fusion of SFV 
(Wahlberg et al., 1992). However, it is not clear if the E1 homotrimer is formed before 
or after membrane binding. Kinetic analysis of virus-liposome binding, fusion, epitope 
exposure and homotrimer formation suggested that both epitope exposure and 
homotrimer formation occur slightly before membrane binding and fusion (Bron et al., 
1993). However, inhibition of fusion by Zn2+ also inhibited homotrimer formation but 
permitted heterodimer dissociation and virus binding to liposomes (Corver et al., 1997). 
In addition, an SFV mutant with a mutation in the fusion peptide, E1:Gly91Asp, 
showed similar results (Kielian et al., 1996). Based on new results we propose that E1 
homotrimer formation and stable membrane binding are separate processes, and both 
are required to facilitate membrane fusion (Chapter 7). 

Very recently, a cryo-EM and crystallization study of the low pH and membrane-
inserted conformation of a homotrimer of E1 ectodomains revealed that, compared to 
the neutral form of the E1 ectodomain, the Ig-like domain (domain III) moves 37 Å 
toward the fusion loop and interacts with the finger-like domain (domain II), which 
redirects the polypeptide chain so that its C-terminus points toward the fusion loop at 
the tip of domain II (Gibbons et al., 2004). At neutral pH, domains II and III lie in a 
region of extended conformation (Gibbons et al., 2004; Lescar et al., 2001). The 
homotrimer is essentially formed by the central interactions between the bottom β-
sheets (domain I) of three E1 subunits, and is continued in domain II interacting with 
the proximal half of domain I of an adjacent E1 subunit. The tips of domain II, the 
fusion loops, do not display intra-trimer contacts, but are involved in inter-trimer 
contacts (Gibbons et al., 2004). 

The Fusion Process 
Membrane fusion is the key event in the entry process of enveloped viruses. 

Fusion delivers the viral genome to the cytosol of the host cell. Membrane fusion is 
facilitated by viral surface proteins which are triggered either by receptor interaction or 
by low pH. Influenza hemaglutinin (HA) is the best studied viral fusion protein thusfar 
and is the prototype of a class of viral fusion proteins that are structurally similar 
(reviewed in Skehel and Wiley, 2000 and Colman and Lawrence, 2003). Examples of 
other viruses having viral fusion proteins similar to influenza are measles virus, human 
immunodeficiency virus (HIV), and Ebola virus. The fusion proteins of this class are all 
synthesized as a single-chain precursor, which form trimers. The precursor proteins are 
cleaved to generate a new amino-terminal region that contains a hydrophobic sequence 
denoted as the fusion peptide (Wilson et al., 1981). A three-chain, α-helical, coiled-coil, 
which is assembled upon the trigger for fusion, is responsible for projecting the fusion 
peptide toward the target membrane and is the main structural element of the fusion 
machinery of the fusion protein (Bullough et al., 1994; Baker et al., 1999; Chen et al., 
1999; Melikyan et al., 2000; Russell et al., 2001). 

The fusion protein of SFV has been shown to be structurally different from the 
above mentioned class of fusion proteins (Lescar et al., 2001; see Section 1.2). The 
alphavirus fusion protein is similar to the fusion protein of flaviviruses, such as tick 
borne encephalitis virus and dengue virus (Rey et al., 1995; Modis et al., 2003). The 
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fusion protein of alpha- and flaviviruses does not form α-helical coiled-coils and 
associates with a second “protector” protein, which is E2 in alphaviruses. The structural 
difference of the fusion proteins of these viruses with the fusion protein of influenza has 
led to the classification of the influenza-like fusion proteins as class I fusion proteins 
and the alpha- and flavivirus fusion proteins as class II fusion proteins (Lescar et al., 
2001). 

The study of Gibbons et al. (2004) and two other very recent studies on the 
fusion proteins of flaviviruses dengue virus (DEN) (Modis et al., 2004) and tick borne 
encephalitis virus (TBE) (Bressanelli et al., 2004) suggested that alpha- and 
flaviviruses, having class II fusion proteins, fuse with their target membrane in a 
roughly similar fashion as the viruses with class I fusion proteins. For influenza, the 
fusion proteins are already arranged in trimers at neutral pH, whereas for alphaviruses, 
as mentioned above, trimers are involved in the fusion process (although it is not 
exactly clear when they are formed). The suggested mechanistic similarities between 
both fusion protein classes give rise to the following simplified model for membrane 
fusion of alphaviruses, based on the model for influenza (reviewed in Skehel and 
Wiley, 2000 and Colman and Lawrence, 2003) and the above mentioned recent studies 
on the alpha- and flavivirus fusion proteins. Figure 6 shows a cartoon of this model, as 
viewed from the side, with the E1 subunits positioned as in Figure 2B. At neutral pH, 
the projecting domains of the E2 subunits are proposed to interact with domain II of E1 
subunits (Figure 6a, light gray domain). The transmembrane region of a E2 subunit is 
proposed to interact with the transmembrane region of another E1 subunit (Lescar et al., 
2001), which is not shown for clarity. Upon the low-pH trigger, the E2/E1 heterodimer 
dissociates (Wahlberg and Garoff, 1992) and E2 moves away, unmasking the fusion 
peptide at the tip of the finger-like domain II. The mechanism of the E2 movement is 
not clear, but it is proposed to involve a reciprocal movement of the E1 and E2 domains 
in the protein shell region (Haag et al., 2002). E1 most probably moves from its parallel 
position to the viral membrane to a more upright position, allowing the fusion protein to 
bind to the opposing target membrane via its fusion peptide (Figure 6b). After 
heterodimer dissociation E1 forms homotrimers (Wahlberg et al., 1992; see Figure 6c). 
Evidence suggests that this homotrimerization occurs after membrane binding (Corver 
et al., 1997; Kielian et al., 1996), but binding and trimerization can also be independent 
processes (see Chapter 7). A group of five trimers forming a “volcano-like” structure 
has been proposed to bring the two opposed membranes together (Gibbons et al., 2003 
and 2004): for clarity only two are shown in Figure 6. The subunits of the trimers fold 
back like a jackknife into a post-fusion hairpin conformation (Figure 6d-f). In this 
conformation the fusion peptides and C-terminal transmembrane regions of the trimer 
subunits are located at the same end of the structure (Gibbons et al., 2004). The hairpin 
formation drives fusion as it forces the target membrane in close proximity of the viral 
membrane, resulting in merging of the two membranes and creating an aqueous fusion 
pore. 
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Figure 6. Model for alphavirus fusion. See text for details. 
 

1.5 The Involvement of Sphingolipids and Cholesterol in 
Alphavirus Membrane Fusion 

Alphaviruses are dependent on the presence of specific lipid components in the 
target membrane for fusion to occur. In liposomal model systems it has been 
established that SFV fusion requires the presence of cholesterol (White and Helenius, 
1980; Kielian and Helenius, 1984; Bron et al., 1993) and sphingolipids (Nieva et al., 
1994; Wilschut et al., 1995; Corver et al., 1995; Moesby et al., 1995). The cholesterol 
dependence of SFV fusion has also been demonstrated in cells (Phalen and Kielian, 
1991). Recently, it was shown that SIN, like SFV, requires the presence of cholesterol 
and sphingolipids in the target membrane for fusion (Smit et al., 1999). In this section, 
the features of sphingolipids and cholesterol that are or can be of importance for 
alphavirus fusion are discussed. 

Structure of Sphingomyelin 
Sphingolipids, together with glycerophospholipids, are important components of 

the plasma membranes of eukaryotic cells (Koval and Pagano, 1991; Lange et al., 1989; 
van Meer and Holthuis, 2000). Moreover, they are essential for eukaryotic life (Hanada 
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et al., 1992). All of the sphingolipids have the same backbone, which is called 
“sphingosine.” This term was coined by Johann L. W. Thudichum for the lipid 
compound he isolated from brain tissue. Because of its enigmatic chemical properties 
(the molecule contains both amine and alcohol groups, but is insoluble in water) he 
named the compound after the Sphinx, who posed riddles in Greek mythology 
(Thudichum, 1884). In 1927, the structure of SPM was revealed to be N-acyl-
sphingosine-1-phosphorylcholine (Pick and Bielschowsky, 1927). The molecule 
consists of a long-chain (typically C18) sphingoid base, sphingosine, containing a 
double bond between C4 and C5, an amide-linked acyl chain which is generally 16 to 24 
carbon atoms long, and the hydrophilic phosphorylcholine head group (Figure 7). The 
configuration of the sphingoid base in natural SPMs is always D-erythro (2S,3R) 
(Shapiro and Flowers, 1962). Without the phosphorylcholine head group, sphingosine 
together with the amide-linked acyl chain, form the precursor lipid ceramide, which in 
cells is used for the biosynthesis of SPM and glycosphingolipids (Merril and Jones, 
1990) and also is a well-known lipid second messenger that mediates a wide range of 
cellular responses to external stimuli. Ceramide has been shown to have the minimally 
required molecular characteristics of a sphingolipid in order to promote SFV fusion, as 
sphingosine alone did not support fusion (Nieva et al., 1994; see below). 

The structure of SPM has three features that are unique to sphingolipids. These 
are the 3-hydroxyl group, the 4,5-trans double bond and the amide group at carbon 2 
which links the fatty acyl-chain to the sphingoid base. In contrast to other phospholipids 
such as PC, SPM has both hydrogen-bond donating and accepting groups, whereas PC 
only has hydrogen-bond accepting groups. These features, together with the 
predominantly long and saturated acyl chain (Barenholz and Thompson, 1980), give 
SPM unique properties in cell membranes (reviewed by Ramstedt and Slotte, 2002). 
SPM is able to form both intra- and intermolecular hydrogen bonds. Intramolecular 
hydrogen bonding between the 3-hydroxyl goup and the phosphate ester oxygen has 
been reported recently and is unique for the D-erythro enantiomeric configuration of 
SPM (Talbott et al., 2000). The intra- and intermolecular hydrogen bonding seems to be 
influenced by the 4,5-trans double bond because without the double bond, as in 
membranes with dihydrosphingomyelin (dihydro-SPM), intramolecular hydrogen bonds 
were weaker, but intermolecular bonds, as with cholesterol, were stronger (Talbott et 
al., 2000; Ferguson-Yankey, et al., 2000; Kuikka et al., 2001). The different hydrogen 
bonding behavior between SPM and dihydro-SPM could be of importance for SFV 
fusion as 4,5-dihydroceramide was not able to promote SFV fusion with liposomes 
(Corver et al., 1995; see below). 

Structure of Cholesterol 
Like sphingolipids, cholesterol is indispensible for eukaryotic life as it is required 

for cell viability and proliferation. In membranes of mammalian cells, the only sterol 
present is cholesterol. Cholesterol is mainly localized in the plasma membrane. In 
membranes, cholesterol interacts with phospholipids and influences membrane 
permeability, phospholipid acyl-chain mobility, rotational ordering, and lateral packing 
density (Bittman, 1997; Brown, 1998; Slotte, 1999; Ohvo-Rekilä et al., 2002). 

Cholesterol (cholest-5-en-3β-ol) has a tetracyclic hydrocarbon ring skeleton in 
which the rings are fused together in the trans configuration resulting in a planar and 
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rigid molecule. It contains a hydroxyl group at carbon 3, a double bond between 
carbons 5 and 6, an isooctyl hydrocarbon side chain attached to carbon 17, and methyl 
groups at carbon 18 and 19 (Figure 7). The hydrocarbon side chain, as opposed to the 
ring structure, is rather flexible and the hydroxyl group gives the otherwise hydrophobic 
molecule an amphiphilic character. Therefore, cholesterol is located in membranes with 
its hydroxyl group facing toward the aqueous interface. Furthermore, the three-
dimensional structure has the β-configuration, which means that the hydroxyl group, 
the side chain, and the two methyl groups are all on the same side of the molecule 
(Bittman, 1997; Brown, 1998; Ohvo-Rekilä et al., 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. The chemical structure of sphingomyelin and cholesterol. 
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Interactions between Sphingomyelin and Cholesterol in Membranes 
In membranes cholesterol appears to interact more favorably with SPM than with 

other naturally occurring phospholipids, probably because of the hydrogen-bond 
donating and accepting capacity of SPM and the enhanced attractive van der Waals 
interactions arising from the generally long saturated N-linked acyl chain and the 
stretched configuration of the sphingoid base. Glycerolipids only have hydrogen bond 
accepting groups and most natural glycerolipids have predominantly polyunsaturation 
with cis-double bonds; therefore, they are rich in kinked acyl chains, which will 
interfere with close molecular packing with cholesterol (Bittman, 1997; Ohvo-Rekilä et 
al., 2002; Slotte, 1999; Ramstedt and Slotte, 2002; Rietveld and Simons, 1998). It was 
concuded from model membrane studies that the position of the cis unsaturation greatly 
influences the ability of lipids to interact with cholesterol (McIntosh et al., 1992; 
Smaby et al., 1994). A cis double bond within the first 10 carbon atoms of the fatty acyl 
chain of a phospholipid interferes significantly with the interaction with cholesterol. In 
Chapter 2, this background is used to deliberately abolish SPM-cholesterol interactions 
required for the formation of lipid rafts, as discussed in more detail below. Thus, long 
saturated acyl chains are favorable for the interaction of a phospholipid with 
cholesterol. The saturated fatty acyl chains align with the planar steroid ring structure 
and interact with each other by van der Waals interactions (Brown, 1998). McMullen et 
al. (1993) used differential scanning calorimetry studies with PC/cholesterol mixtures 
to show that the hydrophobic length of cholesterol is equivalent to the length of a PC 
molecule with a 17-carbon saturated chain. Another study showed that the rate of 
cholesterol oxidation is lowest in PC monolayers having fatty acyl chains between 14 
and 17 carbon atoms in length, suggesting that cholesterol interacts more favorably with 
PC molecules having chain lengths between 14 and 17 carbon atoms than with PC 
molecules having longer or shorter chains (Mattjus et al., 1994). However, the 
interaction of SPM with cholesterol has been shown to be less sensitive to the 
hydrophobic length of the N-acyl chain; also, the interaction of cholesterol with SPM 
was stronger than with acyl chain matched PCs (Ramstedt and Slotte, 1999). The 
authors conclude that SPM possibly forms hydrogen bonds with cholesterol in addition 
to the van der Waals forces between the two molecules. The hydrogen bond could be 
formed between the hydroxyl group of cholesterol and the amide group of SPM. 
Indeed, the amide linkage of SPM may be mainly responsible for the intermolecular 
hydrogen bonding of SPM with cholesterol. The 3-hydroxyl group of SPM was not 
critical for the SPM-cholesterol interaction since 3-deoxy-SPM interacts with 
cholesterol. However, replacement of the amide group weakened the SPM-cholesterol 
interaction significantly (Kan et al., 1991; Gronberg et al, 1991; Bittman et al., 1994). 
Since the 3-hydroxyl group of SPM was important for SFV fusion with liposomes 
(Corver et al., 1995), it can be suggested that SPM-cholesterol hydrogen bonding 
behavior does not play an essential role in SFV fusion, although the importance of the 
amide group of SPM for SFV fusion has not yet been investigated. 

Sphingolipid-Cholesterol Lipid Domains in the Plasma Membrane: “Rafts” 
During the last decade, extensive evidence has become available for the existence 

of SPM-cholesterol microdomains or “rafts” in biological membranes. The raft concept 
was proposed by Simons and Ikonen (1997). In this model rafts are 
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(glyco)sphingolipid/cholesterol microdomains floating in a glycerolipid-rich 
environment. A schematic representation of a raft in depicted in Figure 8. Because of 
their ordered lipid packing, rafts are thought to recruit proteins that favor such a 
packing environment. For example, glycosylphosphatidylinositol (GPI)-anchored 
proteins localize in rafts. This feature of rafts makes them important players in a myriad 
of cellular functions such as protein sorting events and cell signalling cascades. The 
formation of lipid rafts is most likely driven by lipid-lipid interactions between 
saturated lipids, which are greatly facilitated by cholesterol for the reasons discussed in 
the previous section (for reviews, see Harder and Simons, 1997; Brown and London, 
1998a; Rietveld and Simons, 1998; Brown and London, 2000). The lipids in rafts are 
probably in the liquid-ordered phase (Lo phase), which is characterized by tight acyl 
chain packing but high lateral mobility (Brown and London, 1998b). This phase lies 
between the gel phase, in which the acyl chains are highly ordered but there is no lateral 
movement, and the liquid-disordered phase, in which there is high lateral movement 
and little ordering. Although clustering of sphingolipids in model membranes also 
occurs without cholesterol, the formation of the Lo phase requires the presence of 
cholesterol. The tight packing of lipids in the Lo phase apparently makes them 
detergent-insoluble in Triton X-100, a non-ionic detergent, in the cold. Because lipids 
in the fluid state are soluble in Triton X-100 the Lo phase lipids can be isolated as 
detergent-resistant membranes (DRMs) from cells (Brown and Rose, 1992; Schroeder 
et al., 1994). The DRMs isolated from cells are thought to be derived from rafts 
because they are rich in cholesterol and sphingolipids and contain GPI-anchored 
proteins. Therefore, the DRM extraction method is widely used to study rafts, although 
it is recognized to be less than an ideal assay of raft formation. The use of Triton X-100 
in the cold to study rafts, however, raised the possibility that rafts are an artifact of 
temperature or the detergent use. To date, however, there is extensive evidence for the 
existence of sphingolipid-cholesterol domains in the absence of detergent and at 
physiological temperatures in both model and cell membranes (Pralle et al., 2000; 
Samsonov et al., 2001; Xu and London, 2000; Xu et al., 2001; Rinia et al., 2001; 
Dietrich et al., 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Schematic representation of a sphingomyelin-cholesterol raft. 
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The Role of Sphingolipids and Cholesterol in Alphavirus Fusion 
Specific molecular characteristics of cholesterol and sphingolipids were found to 

have an influence on SFV fusion. The 3-hydroxyl group and the 4,5-trans double bond 
need to be present in the sphingolipid in order for the fusion of SFV with liposomes to 
take place (Corver et al., 1995). Furthermore, a 5,6-trans double bond in the sphingoid 
backbone did not replace the 4,5-trans double bond in its function to support SFV 
fusion (He et al., 1999). SFV fusion also been shown to be strictly dependent on the 
presence of the D-erythro stereoisomer of sphingolipid (Moesby et al., 1995). Ceramide 
possesses the minimally required structural characteristics of a sphingolipid for 
promoting SFV fusion (Nieva et al., 1994). The length of the N-acyl chain was not 
important for SFV fusion since N-stearoylceramide and N-octanoylceramide were 
equally active (Corver et al., 1995; Moesby et al., 1995). Recently, it was demonstrated 
that N-acetylceramide also promoted SFV fusion (Samsonov et al., 2002). 

The only molecular feature of cholesterol that is strictly required for SFV fusion 
is the 3β-hydroxyl group. It has been demonstrated that sterols with a modified 3β-
hydroxyl group, such as epicholesterol, cholestan-3-one, 5α-cholestane, cholesterol 
methyl ether, cholesteryl acetate, and 3-chlorocholestene, are inactive in fusion (Kielian 
and Helenius, 1984, Kielian et al., 2000). Mutants of SFV, which are relatively 
cholesterol independent in cell entry and exit, have been isolated by selection for 
growth on cholesterol-depleted cells (Kielian et al., 2000). These mutants are called srf 
mutants for their modification in sterol requirement in function. The first and best 
characterized mutant is srf-3. This mutant has comparable growth kinetics to wild-type 
SFV on cholesterol-containing BHK or mosquito cells. In contrast, on cholesterol-
depleted cells srf-3 has a yield of four to five logs higher than wild-type SFV. Infection 
and fusion of cholesterol-depleted cells is at least 2 logs higher with srf-3 than with 
wild-type SFV (Vashishta et al., 1998). Experiments with liposomes prepared with or 
without cholesterol showed that epitope exposure, E1 homotrimer formation, and fusion 
of srf-3 compared to wild-type SFV are less cholesterol-dependent. The pH dependence 
and sphingolipid dependence for fusion of srf-3 are similar to that of wild-type SFV 
(Chatterjee et al., 2000). Recently, two other mutants, srf-4 and srf-5, were isolated and 
shown to have an increased cholesterol-independence for growth, infection, fusion, and 
exit (Chatterjee et al., 2002). However, unlike the srf-3 mutation, the srf-4 and srf-5 
mutations make the virus sphingolipid independent in fusion. The srf mutations all map 
to domain II of E1. The srf-3 mutation lies within a loop adjacent to and associated with 
the fusion peptide at the tip and the srf-4 and srf-5 mutations lie more central in domain 
II. Interestingly, the srf-4 and srf-5 mutations make the homotrimer structure less stable 
than that of the wild type as demonstrated by SDS sensitivity, suggesting that the 
mutations affect the function of the homotrimer in fusion by uncoupling its normal 
sphingolipid dependence (Chatterjee et al., 2002). 

Cholesterol has been proposed to mediate the binding of alphaviruses to the 
target membranes (Nieva et al., 1994). The findings that SFV fusion is dependent on 
specific molecular features of sphingolipids, and that only a very low concentration of 
sphingolipid is sufficient to ensure maximal fusion, led to the hypothesis that 
sphingolipids act as a cofactor in the actual fusion event, possibly mediating additional 
conformational changes in E1 needed for fusion to occur (Nieva et al., 1994, Corver et 
al., 1995). Samsonov et al. (2002) proposed that the 3-hydroxyl group and the amide 
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group of sphingolipids form a hydrogen bond with E1 and that the molecular features of 
sphingolipids required for fusion, other than the 3-hydroxyl group, participate in 
constraining the molecule in a position most favorable for establishing the hydrogen 
bonds with E1.  

1.6 Aims and Approaches 

Aims of the Research Project Presented in this Thesis 
Receptor interaction and membrane fusion are key events in the entry pathway, 

which is an important part of the alphavirus life cycle. Alphavirus membrane fusion has 
been shown to be dependent on cholesterol and sphingolipids. Cholesterol has been 
found to function in virus-membrane binding, and sphingolipids have been suggested to 
function as a cofactor in the membrane fusion event. However, the exact role of these 
two lipids in alphavirus membrane fusion remains to be clarified. Therefore, the first 
aim of the research project described in this thesis is unraveling the role of these two 
lipids in alphavirus membrane fusion. 

The receptor functions as a cell-surface attachment device for the virus. 
However, it is not clear whether the receptor has more functions in the entry pathway. It 
has been proposed that the receptor is able to trigger membrane fusion. Determining the 
role of receptor interaction in alphavirus membrane fusion is the second aim of the 
research project described in this thesis. 

Experimental Approaches 
Fusion between viruses and their target membranes has been studied in both 

cellular and model systems. Virus-cell fusion can be evaluated in an indirect manner by 
polykaryon formation, hemolysis, or infection (Kielian, 1995). However, to obtain a 
more detailed insight into the molecular mechanisms involved in the fusion process of 
alphaviruses, fusion assays using liposomes as artificial target membranes have been 
developed (White and Helenius, 1980; Kielian and Helenius, 1984; Wahlberg et al., 
1992; Bron et al., 1993). Among the advantages of virus-liposome systems over virus-
cell systems are a higher sensitivity, the possibility of obtaining quantitative data, and 
the ability to vary the target membrane lipid composition (Hoekstra and Klappe, 1993; 
Smit et al., 2003). Alphavirus fusion has been studied in liposomal fusion assays based 
on (a) content mixing, in which the delivery of internal content of the virus to the 
aqueous lumen of the liposome is measured, and (b) lipid mixing, in which fluorescent 
probes are used to monitor the merging of the viral membrane with the liposomal 
membrane (reviewed by Smit et al., 2003). The latter assay is the most sensitive and 
provides information about the kinetics and the extent of the fusion reaction. 

The lipid mixing assay used in the studies described in this thesis relies on the 
capacity of a fluorescent probe, pyrenehexadecanoic acid (which is biosynthetically 
converted into glycerophospholipids), to form excited state dimers, also called excimers 
(Galla and Sackmann, 1974; Galla and Hartmann, 1980). Excimers consist of a pyrene 
probe molecule in the excited state and a probe molecule in the ground state. The 
formation of excimers is dependent on the distance between the probe molecules, and 
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the emission of pyrene excimers is shifted to longer wavelengths relative to the 
emission of pyrene monomers. Within membrane, the intensity of excimer fluorescence 
is proportional to the surface density of the pyrene probe molecules. Fusion of a 
membrane containing the pyrene probe with a membrane lacking pyrene probe 
molecules causes the surface density of the pyrene probe to decrease. As a result, there 
is a decrease in the excimer fluoresence intensity, which is monitored in a continuous 
fashion (Wahlberg et al., 1992; Bron et al., 1993). For determining fusion of SFV or 
SIN with liposomes the virus is usually labeled with the pyrene-probe. For this, the 
probe is added to cells, which are later infected by the virus (Smit et al., 2003). The 
pyrene-probe becomes incorporated in the plasma membrane of the cells and will be 
incorporated in the viral membrane of newly synthesized viruses when they bud from 
the plasma membrane. 

The content mixing assay is based on the exposure of the viral nucleocapsid to 
RNase or typsin, encapsulated in the liposomal lumen, after membrane fusion. Fusion is 
observed as a degradation of the radiolabeled RNA or capsid protein (White and 
Helenius, 1980; Helenius et al., 1980). 

Liposomes can be also be used to determine the extent of target membrane 
binding by the virus (Kielian and Helenius, 1984; Bron et al., 1993; Smit et al., 1999; 
Smit et al., 2003). Liposomes float to low density on density gradients. Virus binding to 
liposomes can be measured after mixing of the virus-liposome suspension with high-
density sucrose, and subsequently overlaying the mixture with a sucrose-density 
gradient. Liposome-bound virus is separated from unbound virus by coflotation with 
the liposomes to low density during ultracentrifugation. 

As mentioned above, one of the advantages of the use of model membranes is 
that the lipid composition can be controlled experimentally. This advantage is exploited 
in the research described in this thesis to gain insight into the role of sphingolipids in 
alphavirus fusion. The role of the receptor in the entry of alphaviruses is studied by 
incorporating a receptor, known to be used by some alphaviruses, into the liposomal 
membrane. This is a novel tool to study interactions of viruses with this specific 
receptor, and is another advantage of the use of model membranes in virus research. 

1.7 The Scope of this Thesis 

The first three research chapters of this thesis describe studies on unraveling the 
role of target membrane lipids in alphavirus fusion activity. The last two research 
chapters deal with the virus-receptor interaction. 

In Chapter 2, the question as to whether lipid rafts are involved in alphavirus 
fusion is addressed. The effect of sphingolipid and cholesterol analogs on the degree of 
microdomain formation in liposomes was investigated. The effect of the presence of 
these lipid analogs in the liposomes on SFV and SIN membrane fusion was determined 
and compared with the degree of microdomain formation. 

In Chapter 3, conditions are revealed at which sphingolipid-independent fusion 
of SFV with liposomes occurred. The basis for this surprising sphingolipid-independent 
fusion was investigated by quantitative measurements of SFV fusion and binding with 
liposomes of different lipid compositions at different temperatures.  
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In Chapter 4, the effect of low-pH treatment and subsequent neutralization on 
SFV infection, membrane binding, membrane fusion, and spike protein conformational 
changes were investigated. Furthermore, the effect of the presence of liposomes as 
artificial target membranes during the acidification-neutralization treatment of SFV was 
investigated.  

In Chapter 5, a comparative study is described of the receptor binding properties 
of heparan sulfate (HS) adapted SIN and non-adapted SIN using liposomes containing 
lipid-conjugated heparin as a receptor analog. The role of virus-receptor interaction in 
SIN membrane fusion activity was investigated. In addition, the potential HS-
adaptation of a SFV laboratory strain was further examined. 

In Chapter 6, the novel liposomal model for virus-receptor interaction described 
in Chapter 5 is applied to investigate the effect of the antiviral compound lactoferrin on 
SIN-receptor interaction. Furthermore, the effect of this compound on SIN binding and 
fusion was also investigated using the heparin containing liposomes.  

In Chapter 7, the results and conclusions of the preceding chapters are 
summarized, discussed, and reconciled in a model of alphavirus fusion. 
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2.1 Abstract 

Semliki Forest virus (SFV) and Sindbis virus (SIN) are enveloped viruses that 
infect their host cells by receptor-mediated endocytosis and subsequent fusion from 
within acidic endosomes. Fusion of the viral envelope requires the presence of both 
cholesterol and sphingolipids in the target membrane. This is suggestive of a possible 
involvement of sphingolipid-cholesterol microdomains, or “lipid rafts,” in the 
membrane fusion and cell entry process of the virus. In this study, large unilamellar 
vesicles (LUVs) were prepared from synthetic sphingolipids and sterols that vary with 
respect to their capacity to promote microdomain formation, as assessed by gradient 
flotation analysis in the presence of Triton X-100 (TX-100). SFV and SIN fused with 
LUVs irrespective of the presence or absence of TX-100 insoluble microdomains. 
These results suggest that SFV and SIN do not require the presence of lipid rafts for 
fusion with target membranes. Furthermore, it is not necessary for sphingolipids to 
reside in a detergent-insoluble complex with cholesterol in order to promote SFV or 
SIN fusion. 
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2.2 Introduction 

Semliki Forest virus (SFV) and Sindbis virus (SIN) are enveloped positive-strand 
RNA viruses belonging to the genus Alphaviruses of the family Togaviridae (reviewed 
in 1). Alphaviruses enter their host cell by receptor-mediated endocytosis, a process 
which delivers the virus particles to the endosomal cell compartment. The viral RNA 
subsequently gains excess to the cytosol through fusion of the viral envelope with the 
endosomal membrane from within the lumen of the endosome (2). The fusion process is 
mediated by the viral spike protein E1 (3), which prior to fusion rearranges from its 
heterodimeric complex with E2 (4, 5) into a homotrimeric configuration (6). The trigger 
for the rearrangement of the viral spike protein is the mildly acidic pH in the lumen of 
the endosome (7-9).  

It has been established that the fusion of SFV in model systems is strictly 
dependent on low pH and requires the presence of cholesterol (Chol) and sphingolipids 
in the target membrane (10-17). The Chol-dependence of SFV fusion has also been 
demonstrated in cells (18), while in addition budding of SFV from the infected-cell 
surface appears to require Chol as well (15, 19). Recently, it has been shown that low-
pH-dependent fusion of the alphavirus SIN, similar to that of SFV, also requires the 
presence of Chol and sphingolipids in the target membrane (20).  This suggests that a 
requirement for Chol and sphingolipids is a general characteristic of the membrane 
fusion activity of alphaviruses. For SFV, it has been shown that Chol mainly mediates 
the binding of the viral envelope to the target membrane, whereas sphingolipids are 
involved in the actual fusion event (13, 14). 

The dependence of SFV and SIN fusion on the presence of both Chol and 
sphingolipids in the target membrane is suggestive of a possible involvement of 
sphingolipid-Chol microdomains or “lipid rafts,” which are present in mammalian 
cellular membranes as small entities (21, 22). These lipid rafts are thought to exist in 
bilayers in the liquid-ordered Lo phase as complexes consisting of Chol and 
(glyco)sphingolipids with predominantly saturated acyl chains (23). The extended 
conformation of the saturated acyl chains of (glyco)sphingolipids allows these lipids to 
pack optimally with Chol (21, 24, 25). Lipid rafts appear to be insoluble in non-ionic 
detergents such as Triton X-100 (TX-100) at 4°C. Thus, lipid rafts can be isolated from 
cells as detergent-insoluble complexes (DICs), together with the proteins recruited into 
the rafts (26). There is extensive evidence for the function of lipid rafts in a variety of 
lipid and protein sorting events and signal transduction cascades (23, 26, 27).  

Importantly, lipid rafts have been shown to play an important role in the cell 
entry of viruses. Simian virus 40 (SV40) enters cells via caveolae, which are special 
invagination sites rich in lipid rafts (28, 29). Human immunodeficiency virus type 1 
(HIV-1) also appears to use rafts as a platform for host cell entry (reviewed in 30). 
Glycosphingolipids, which are abundantly present in lipid rafts, interact with the HIV-1 
envelope glycoprotein gp120 and are required for expression of viral membrane fusion 
activity (31, 32). It has been suggested that gp120 induces lateral reorganization of 
rafts, bringing complexes of gp120 with CD4, a receptor also present in rafts, together 
with rafts containing the chemokine co-receptor (33). HIV-1 virions pass a barrier of 
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mucosal epithelial cells by a process called transcytosis, which requires the presence of 
galactosylceramide in lipid rafts to mediate virion binding (34). 

To address the question as to whether lipid rafts are involved in the sphingolipid- 
and Chol-dependence of alphavirus fusion, we used synthetic sphingolipids and sterols 
that vary in their ability to support formation of DICs. We found that fusion of SFV and 
SIN is rapid and extensive in the absence or presence of DICs, indicating that fusion of 
these viruses does not require the sphingolipids to reside in raft-like microdomains with 
Chol. 

2.3 Experimental Procedures 

Lipids - The fluorescent probe 16-(1-pyrenyl)hexadecanoic acid (pyrene fatty 
acid) was obtained from Molecular Probes Europe BV (Leiden, The Netherlands). 
Phosphatidylcholine (PC) from egg yolk, phosphatidylethanolamine (PE) prepared by 
transphosphatidylation of egg PC, sphingomyelin (SPM) from brain tissue, N-oleoyl 
ceramide, and Chol were obtained from Avanti Polar Lipids (Alabaster, AL). 5-
Androsten-3β-ol, ergosterol, and stigmasterol were purchased from Steraloids 
(Newport, RI). N-Oleoyl-, N-stearoyl-, and N-elaidoyl-SPM were synthesized by N-
acylation of D-erythro-sphingosylphosphocholine with the corresponding p-nitrophenyl 
esters, as described previously (35). D-erythro-Sphingosylphosphocholine was prepared 
by acid-catalyzed methanolysis of egg SPM as described previously (35). 20(R)-
Isooctyl-5-pregnen-3β-ol (abbreviated as C4 sterol) was synthesized as described 
before (36). 

Cells and Virus - SFV and SIN TR339 were propagated on baby hamster kidney 
cells (BHK-21) cultured in Glasgow’s modification of Eagle’s minimal essential 
medium (Gibco/BRL, Breda, The Netherlands), supplemented with 5% fetal calf serum, 
10% tryptose phosphate broth, 200 mM glutamine, 25 mM HEPES, and 7.5% sodium 
bicarbonate. Pyrene-labeled virus was isolated from the medium of infected BHK-21 
cells, cultured beforehand in the presence of pyrene fatty acid, essentially as described 
previously (6, 12, 13, 20). Briefly, BHK-21 cells were grown in medium containing 15 
µg of pyrene fatty acid per ml for 48 h. The cells were infected at a multiplicity of 
infection of 4. At 24 h postinfection, pyrene-labeled virus was harvested from the 
medium by ultracentrifugation in a Beckman type 19 rotor for 2.5 h at 100,000 x g at 
4°C. The particles were further purified by ultracentrifugation on a 20 to 50% (w/v) 
sucrose density gradient in a Beckman SW41 rotor for 16 h at 100,000 x g at 4°C. 

Liposomes - Large unilamellar vesicles (LUVs) were prepared by a freeze-
thaw/extrusion procedure (37, 38). Briefly, lipid mixtures were dried from a 
chloroform-methanol solution under a stream of nitrogen and further dried under 
vacuum for at least 1 h. The lipid films were hydrated in 5 mM HEPES, 150 mM NaCl, 
0.1 mM EDTA (pH 7.4) (HNE) and subjected to five cycles of freezing and thawing. 
Subsequently, the vesicles were sized by extrusion 21 times through a polycarbonate 
filter with a pore size of 0.2 µm (Nuclepore, Whatman, Clifton, NJ) in a mini-extruder 
(LiposoFast, Avestin, Ottawa, Canada). Radiolabeled LUVs were prepared as described 
above except a trace amount (1-1.5 µCi) of [7(n)-3H]Chol ([3H]Chol) (3.5 Ci/mmol, 
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Amersham Pharmacia Biotech, Roosendaal, The Netherlands) was added to the lipid 
mixtures before drying. 

Analysis of DIC Formation - Detergent-insoluble complexes (DICs) were 
isolated from LUVs (300 µM phospholipid) by treatment with 1% TX-100 (v/v, Sigma) 
in HNE buffer at 4°C for 30 min. Subsequently, the detergent-LUV mixture was mixed 
with 60% (w/v) Optiprep (Axis-Shield, Oslo, Norway) to a final concentration of 45% 
Optiprep in a final volume of 1 ml and placed on the bottom of an ultracentrifuge tube. 
For the isolation of DICs from LUVs containing [3H]Chol the LUV extract was 
overlaid with a 2.9-ml layer of 10% Optiprep (w/v), 1% TX-100 (v/v) in HNE, and a 1-
ml layer of 5% Optiprep (w/v) and 1% Triton X-100 (v/v) in HNE. The extracted LUVs 
were overlaid with a 1-ml layer of 15% Optiprep (w/v), 1% TX-100 (v/v) in HNE, a 
second layer of 1.9-ml with 10% Optiprep (w/v) in HNE without TX-100, and a third 
layer of HNE alone. These gradients were used to minimize the interference of TX-100 
in the phosphate assay and thin-layer chromatography (TLC) analysis, which were used 
to estimate the formation and content of DICs. The gradients were subjected to 
ultracentrifugation in a Beckman SW55 Ti rotor for 18 h at 100,000 x g at 4°C. After 
centrifugation, fractions of 275 µl were collected, starting from the top of the gradient. 
Aliquots were removed to determine the amount of [3H]Chol in each fraction by liquid-
scintillation counting. When non-radiolabeled LUVs were used, the amount of 
phosphate present in the fractions was determined by a standard phosphate assay (39). 
In order to compare DIC formation with the different sterols used, the amount of 
phosphate present in the pooled fractions 4-8, the DIC-containing fractions, was 
determined by phosphate analysis after extraction of the lipids (40). For the TLC 
analysis of the DICs, fractions 4-8 were pooled, and the lipids were extracted and 
spotted on silica gel 60 HPTLC plates (Merck) developed with CHCl3/MeOH/NH4OH 
(25% in water) 65:25:5 (v/v). The lipid spots were stained with iodine. 

Fusion Assay - Pyrene-labeled SFV or SIN (1 µM viral phospholipid) and LUVs 
(100 µM phospholipid) were mixed in 0.665 ml of HNE in a magnetically stirred and 
thermostatted (37°C) quartz cuvette in an AB2 fluorometer (SLM/Aminco, Urbana, IL). 
Fusion was triggered by the addition of 35 µl of 0.1 M MES, 0.2 M acetic acid, pre-
titrated with NaOH to achieve a final pH of 5.5 for SFV or 5.0 for SIN, and the 
decrease of pyrene excimer fluorescence intensity (excitation and emission at 340 and 
480 nm, respectively) was monitored continuously. The fusion scale was calibrated 
such that 0% fusion corresponded to the initial excimer fluorescence intensity and 
100% fusion to complete dilution of the probe (6, 12, 13, 20, 41). 

2.4 Results 

Evaluation of the Presence of DICs in LUVs 
To evaluate the presence of DICs in liposomes, LUVs consisting of 

PC/PE/SPM/Chol (molar ratio, 1:1:1:1.5) were treated with TX-100 at 4°C and 
subjected to a density gradient flotation analysis, as described in “Experimental 
Procedures.” DICs floating to the top of a 45-10-5% density gradient were detected by 
the [3H]Chol initially incorporated in the LUVs. With PC/PE/SPM/Chol LUVs, as 
much as 30% of the total amount of Chol present in the gradient floated to low density 
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(Fig. 1A). When SPM was excluded from the LUVs, no radiolabeled Chol was detected 
at the top of the gradient (Fig. 1B). 

To investigate the effect of Chol on DIC formation we used the same flotation 
procedure, but with a slightly different gradient in order to avoid interference from TX-
100 in the phospholipid determination assay. Again, efficient DIC formation was 
observed when both SPM and Chol were present in the LUVs (Fig. 1C). Approximately 
30% of the total amount of phospholipid was found in the floating DIC fraction. In the 
absence of Chol, no phospholipid was detected at the top of the gradient (Fig 1D). 
About 90% of the total amount of phospholipid in the DIC-containing fractions isolated 
from LUVs prepared from PC/PE/SPM/Chol consisted of SPM, as determined by 
phospholipid analysis of the lipid spots separated by TLC (Fig. 2). PC and PE were 
largely excluded from these complexes, in agreement with the composition of cellular 
rafts reported previously (21, 42). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Flotation of DICs after treatment of LUVs with TX-100 at 4°C. LUVs consisted of PC, PE, 
SPM, and Chol (A, C); PC, PE, and Chol (B); or PC, PE, and SPM (D). Flotation of Chol was determined 
on the basis of the [3H]Chol content of each fraction of the density gradient after ultracentrifugation (A and 
B). Flotation of phospholipid was determined by inorganic phosphate analysis of the gradient fractions (C 
and D). 
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Effect of Acyl Chain Structure of SPM on DIC Formation 

We next used the flotation assay with [3H]Chol described above to assess the 
ability of synthetic SPMs with different N-acyl chains to form DICs with Chol. These 
sphingolipid analogs were incorporated into LUVs with PC, PE, and Chol (molar ratio 
PC/PE/sphingolipid/Chol, 1:1:1:1.5). A high extent of DIC formation was observed 
with stearoyl- and bovine-brain SPMs (Table I); in the former the N-acyl chain is 
saturated, and in the latter the saturated : unsaturated acyl chain ratio is 93:7 (mol:mol) 
(43). On the other hand, when N-oleoyl- or N-linoleoyl-SPM were incorporated in PC, 
PE, Chol bilayers, no flotation of [3H]Chol occurred. The latter SPMs have one and two 
cis unsaturated bonds, respectively, which interfere with an efficient alignment with 
Chol (21, 24, reviewed in 25). These results are consistent with the recent findings of 
Samsonov et al. (44), who observed that rafts could not be formed with N-oleoyl-SPM 
in planar membranes, in contrast to egg SPM and N-stearoyl SPM. Table I also shows 
that when SPM has a trans C9-C10 double bond in the N-acyl chain (N-elaidoyl SPM), 
16% of the total [3H]Chol floated to a low density. Thus 18:1-∆9-trans-SPM does 
assemble into microdomains with Chol to a limited extent, in contrast to the 
corresponding ∆9-cis-SPM. 
Effects of Modification of Sterol Structure on DIC Formation 

Next, we evaluated the ability of four different sterols (stigmasterol, ergosterol, 
androstenol, and C4-sterol) to support DIC formation in our model system. In other 
systems, these sterols had been shown to differ from one another with respect to their 
ability to participate in lipid raft formation (45, 46). The sterols were incorporated into 
LUVs (PC/PE/SPM/sterol molar ratio of 1:1:1:1.5). Flotation analysis after extraction 
with TX-100 indicated that DICs were formed to a greater extent with stigmasterol and 
ergosterol than with Chol (Table II). A lower extent of DIC formation was observed 
with C4-sterol, whereas androstenol failed to support significant DIC formation. This 
observation is consistent with the report of Patra et al. (47), who found that 16-
androsten-3β-ol, which resembles the structure of androstenol (5-androsten-3β-ol), does 
not promote the formation of DICs in liposomes. The sterol-dependence of DIC 
formation noted in Table II is also in accord with the results of Xu et al. (45) (see 
Discussion). 
Effects of Different Sphingolipids and Sterols on SFV Fusion 

To assess the potential correlation between the fusion of SFV and DIC formation 
in target liposomes, we studied the interaction of pyrene-labeled virus with LUVs  

Figure 2. Thin-layer chromatographic analysis of isolated DICs. DICs 
were isolated from LUVs consisting of PC, PE, SPM, and Chol as in the 
experiment of Fig. 1C. The lipids were extracted from fractions 4-8 and 
applied to an HPTLC plate together with reference lipids. After development 
of the plate, the lipids were visualized by staining with iodine vapor. 
Reference lipids: a, Chol; b, PE; c, PC; d, brain SPM. The first band from the 
bottom is the origin, and the second band is an impurity in Optiprep 
(Optiprep alone gave the same two bands; not shown). These two bands did 
not contain phospholipid, as determined by phosphate assay. The Chol band 
did not contain phospholipid either. Ninety percent of the phospholipid in the 
extract represented SPM; the remainder was PC and PE 
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TABLE I  
 
Flotation of [3H]Chol after TX-100 extraction of LUVs containing different sphingolipids. LUVs 
contained PC, PE, sphingolipid, and Chol (molar ratio 1:1:1:1.5) and a trace amount of [3H]Chol. After 
treatment of the LUVs with 1% TX-100 (v/v) at 4°C, the detergent-LUV mixture was mixed with Optiprep 
to a final concentration of 45% Optiprep (w/v) and overlaid with layers of 10% and 5% Optiprep in an 
ultracentrifuge tube. After centrifugation (100,000 x g, 4°C), the gradient was fractionated and the amount 
of [3H]Chol in each fraction was determined by liquid-scintillation counting. The percentage of [3H]Chol 
that floated to low-density relative to the total amount of [3H]Chol present in the gradient is given for 
LUVs containing the sphingolipids indicated (mean ± S.D.). Results represent an average of triplicate 
experiments. 
 

 
Sphingolipid 

 
[3H]Chol in DICs 

 
 
 
Brain SPM 

% of total 
 

31.6 ± 2.2 
N-stearoyl-SPM 42.4 ± 2.0 
N-elaidoyl-SPM 16.0 ± 3.1 
N-oleoyl-SPM 0.1 ± 0.0 
N-linoleoyl-SPM 0.1 ± 0.0 
No sphingolipid 
 

0.1 ± 0.0 

 
 
 
TABLE II 
 
Flotation of phospholipid after TX-100 extraction of LUVs containing different sterols. LUVs 
contained PC, PE, brain SPM, and sterol (molar ratio 1:1:1:1.5). After treatment of the LUVs with 1% TX-
100 (v/v) at 4°C the detergent-LUV mixture was mixed with Optiprep to a final concentration of 45% 
Optiprep (w/v) and overlaid with layers of 15%, 10%, and 5% Optiprep in an ultracentrifuge tube. After 
centrifugation (100,000 x g, 4°C), the gradient was fractionated and the amount of phospholipid in 
fractions 4-8 was determined by phosphate analysis. The percentage of phospholipid that floated to low 
density relative to the total amount of phospholipid present in the gradient is given for LUVs containing 
the sterols indicated (mean ± S.D.). Results represent an average of triplicate experiments. 
 

 
Sterol 
 

 
Phospholipid in DICs 

 
 
 
Cholesterol 

% of total 
 

31.0 ± 3.3 
Stigmasterol 40.9 ± 8.6 
Ergosterol 41.2 ± 2.8 
Androstenol 2.4 ± 3.4 
C4-sterol 25.9 ± 2.1 
No sterol 
 

0.4 ± 0.6 
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containing different SPMs or sterols. The pyrene fusion assay monitors fusion on-line 
as a decrease of pyrene excimer fluorescence intensity upon dilution of pyrene-labeled 
phospholipids from the viral into the liposomal target membrane (6, 12).  

SFV underwent efficient fusion with LUVs containing Chol and SPM, 
irrespective of the degree of unsaturation of the SPM N-acyl chain. For example, very 
similar kinetics and extents of fusion were observed with LUVs containing either N-
oleoyl SPM or brain SPM (Fig. 3A, curves a and b, respectively), whereas there was no 
fusion with PC/PE/Chol LUVs lacking SPM (Fig. 3A, curve c). Fig. 4A presents a 
survey of the extents of SFV fusion with LUVs containing various sphingolipids, 
together with PC, PE, and Chol. These sphingolipids included SPMs with different N-
acyl chains as well as N-oleoylceramide. For reasons of comparison, Fig. 4A also 
presents the extents of DIC formation in these LUVs (black bars). Clearly, fusion of 
SFV was rapid and extensive with LUVs containing sphingolipids that lack the ability 
to assemble into DICs with Chol. This finding also holds for LUVs containing N-
oleoylceramide, which fused extensively with SFV but did not form DICs. It is 
noteworthy that fusion supported by N-stearoyl-SPM, a DIC-promoting lipid, was 
slower (results not shown) and 20% less extensive than that supported by brain SPM 
(Fig. 4A).  

Similar results were obtained with target LUVs containing various sterols, 
together with PC, PE, and brain SPM. Fig. 3B shows, as an example, a comparison 
between the fusion of SFV with LUVs containing stigmasterol (curve a) or androstenol 
(curve b). The extents as well as the kinetics of fusion are virtually indistinguishable. 

Fig. 4B summarizes the results obtained with all five of the sterols we used with respect 
to their efficacy in supporting SFV fusion. On the other hand, the sterols varied 
considerably in their ability to assemble into DICs with brain SPM. Particularly, 

Figure 3. Low-pH-induced fusion of pyrene-labeled SFV with LUVs. Fusion was measured on-line at 
37°C as a decrease of viral pyrene excimer fluorescence, as described in Experimental Procedures. Panel 
A: curve a, PC/PE/Chol/N-oleoyl-SPM (molar ratio, 1:1:1.5:1); curve b, PC/PE/Chol/brain SPM (molar 
ratio, 1:1:1.5:1); curve c, PC/PE/Chol (molar ratio, 1:1:1.5). Panel B: curve a, PC/PE/stigmasterol/brain 
SPM (molar ratio, 1:1:1.5:1); curve b, PC/PE/androstenol/brain SPM (molar ratio, 1:1:1.5:1). 
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androstenol did not promote DIC formation, yet it strongly supported fusion SFV with 
LUVs (Fig. 4B). It has been demonstrated previously, in a different fusion assay, that 
5α-androstan-3β-ol, which is structurally similar to androstenol (5-androsten-3β-ol), 
promotes SFV-liposome fusion to the same extent as does Chol (11). 
 
 

Concentration Dependence of SFV Fusion on DIC-promoting and Non-promoting 
Lipids 

The above results indicate that the presence of DICs is not essential for SFV 
fusion. Previous work has shown that there are optimal concentrations of Chol and 
SPM for binding and fusion of SFV with LUVs (13). We then explored the possibility 
that if suboptimal SPM or Chol concentrations are used in LUVs the presence of DIC-
promoting lipids may exert an influence on the kinetics of SFV fusion. Thus we 
determined the dependence of SFV fusion on the concentration of brain SPM versus N-
oleoyl-SPM. Similarly, the dependence of SFV fusion on the concentration of Chol in 
target liposomes was investigated using LUVs with a fixed ratio of PC/PE/SPM or 
PC/PE/N-oleoyl-SPM. Fig. 5A shows that the extent of fusion is the same in LUVs 
prepared with brain SPM and N-oleoyl-SPM at suboptimal concentrations (0, 0.2, 0.5, 
1.0, 1.5, 2.0, and 5.0 mol%). Additionally, the dependence of SFV fusion on Chol 
content was not influenced by the presence of N-oleoyl-SPM (Fig. 5B). In fact, the 
extents of fusion at 10 and 20 mol% Chol were even higher with PC/PE/N-oleoyl-

Figure 4. Lack of correlation 
between SFV fusion with LUVs 
and the degree of DIC formation 
in the LUVs. Fusion was measured 
on-line at 37°C as a decrease of viral 
pyrene excimer fluorescence, as 
described in Experimental 
Procedures. For reasons of 
comparison the extents of fusion 
(gray bars) are given together with 
the extents of DIC formation (black 
bars). Panel A: LUVs were prepared 
from PC/PE/Chol/sphingolipid 
(molar ratio, 1:1:1.5:1); A, brain 
SPM; B, N-stearoyl-SPM; C, N-
elaidoyl-SPM; D, N-oleoyl-SPM; E, 
N-linoleoyl-SPM; F, N-
oleoylceramide; G, control without 
sphingolipid. Panel B: LUVs were 
prepared from PC/PE/sterol/brain 
SPM (molar ratio, 1:1:1.5:1); A, 
Chol; B, ergosterol; C, stigmasterol; 
D, androstenol; E, C4-sterol; F, 
control without sterol. Error bars 
represent the standard deviation 
between three experiments. 
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SPM/Chol liposomes. This suggests that even at suboptimal lipid concentrations the 
presence of DIC-promoting lipids is not more favorable for fusion than the presence of 
lipids which do not promote formation of DICs. 
 
 

 
 

Effect of the Presence of DICs in the Target Membrane on SIN Fusion  
Finally, we addressed the question whether another alphavirus, SIN, is able to 

fuse with LUVs prepared from lipids that do not induce formation of DICs. SIN fusion 
has recently shown to be, like SFV fusion, dependent on the presence of Chol and 
sphingolipids in the target membrane (20). As shown in Fig. 6, SIN underwent efficient 
fusion with LUVs prepared from PC/PE/N-oleoyl-SPM/Chol or 
PC/PE/SPM/androstenol. Moreover, the kinetics were similar to that found for SIN 
fusion with PC/PE/SPM/Chol LUVs, indicating that the lipid dependence of alphavirus 
fusion does not involve the participation of DICs. 
 
 

Fig.uur 5. Sphingolipid and Chol concentration 
dependence of pyrene-labeled SFV fusion with 
LUVs. Fusion was measured on-line at 37°C as a 
decrease of viral pyrene excimer fluorescence, as 
described in Experimental Procedures. Panel A: LUVs 
were prepared with PC/PE/Chol (molar ratio, 1:1:1.5) 
and an increasing concentration of N-oleoyl-SPM 
(squares) or brain SPM (circles). Panel B: LUVs were 
prepared with PC/PE/N-oleoyl-SPM (molar ratio, 
1:1:0.35) (squares) or PC/PE/brain SPM (1:1:0.35) 
(circles) and an increasing concentration of Chol. 



Lack of correlation between raft formation and membrane fusion 
 

 

50 

 

 

2.5 Discussion 

This paper addresses questions as to whether sphingolipid-Chol microdomains or 
lipid rafts are involved in the membrane fusion process of alphaviruses. Sphingolipid 
and Chol analogs were evaluated for their ability to promote DIC formation in LUVs, 
on the one hand, and for their fusion-supporting capacity in a liposomal model system, 
on the other. Remarkably, irrespective of their ability to promote DIC formation, the 
lipids all efficiently supported low-pH-induced fusion of SFV and SIN in this liposomal 
model system, indicating that sphingolipid-Chol microdomains or lipid rafts are not 
required for fusion of these two alphaviruses. 
Analysis of DIC Formation 

To evaluate the presence of Chol-sphingolipid complexes in liposomes, LUVs 
with different lipid compositions were treated with TX-100 at 4°C followed by gradient 
flotation analysis. Similar detergent extraction methods have been used before to assess 
lipid domain formation in model membranes and cells (26, 48-50). It is important to 
note that the detection of sphingolipid-Chol complexes is not restricted to low-
temperature conditions, although the extent of microdomain formation may be 
temperature-dependent. Recent studies, using fluorescent methods and atomic force 
microscopy, have shown that the presence of DICs in both model and cell membranes, 
as assessed by detergent extraction in the cold, closely corresponds to the formation of 
lipid microdomains at physiological temperatures (22, 44-46, 51, 52). 
Effect of the SPM N-acyl Chain Structure and Sterol Structure on the Formation 
of DICs  

DICs were present in the membranes of LUVs consisting of PC/PE/Chol/SPM 
and absent if either Chol or SPM was not included in the bilayer (Fig. 1A-D). PC and 
PE were largely excluded from DICs as shown by TLC analysis of the DICs (Fig. 2). 
When SPMs with at least one cis unsaturation in the N-linked acyl chain were used, 
DIC formation with Chol was disrupted (Table I). With N-elaidoyl-SPM, in which the 
double bond is trans, DIC formation did occur, albeit to a lesser extent than with brain 

Figure 6. Low-pH-induced fusion of pyrene-labeled 
SIN with LUVs. Fusion was measured on-line at 
37°C as a decrease of viral pyrene excimer 
fluorescence, as described in Experimental 
Procedures. Curve a, PC/PE/Chol/N-oleoyl-SPM 
(molar ratio, 1:1:1.5:1); curve b, PC/PE/ 
androstenol/brain SPM (molar ratio, 1:1:1.5:1); curve 
c, PC/PE/Chol/brain SPM (molar ratio, 1:1:1.5:1); 
curve d, PC/PE/brain SPM (molar ratio, 1:1:1); curve 
e, PC/PE/Chol (molar ratio, 1:1:1). 
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and N-stearoyl-SPM. This supports the idea that an elongated conformation of the acyl 
chain, at least between the second and the tenth carbon atom, is needed for optimal 
SPM-Chol microdomain formation (24, 53, 54). Although a double bond interferes with 
efficient SPM-Chol interaction, a trans unsaturation has an elongated conformation and 
therefore does result in a limited degree of microdomain formation. These findings are 
completely consistent with the current understanding that formation of microdomains 
mainly depends on the structural properties of the lipids involved. A long saturated N-
acyl chain in SPM supports a tight interaction with Chol, resulting in the formation of 
microdomains that are detergent-insoluble in the cold. These liquid-ordered SPM-Chol 
microdomains are likely to exist next to liquid-crystalline areas rich in cis-unsaturated 
lipids (50, 55, 56). Unsaturated PC and PE, but also cis-unsaturated SPMs, are excluded 
from liquid-ordered complexes because the kinked chain structure limits the ability of 
these phospholipids to align with Chol (25, 42, 57, 58).  

To evaluate the effect of sterol structure on DIC formation in LUVs, four sterols 
were used in this study with differing ability to engage in ordered lipid microdomain 
formation (45-47). In agreement with observations of Xu and London (46), who used a 
fluorescence quenching assay involving multilamellar lipid vesicles containing an 
unsaturated quencher phospholipid and a fluorescent probe, we found that androstenol 
has a very limited ability to support microdomain formation. On the other hand, we 
observed that stigmasterol efficiently promotes domain formation, whereas Xu et al. 
(45) found stigmasterol to be less efficient than Chol at least at 23°C. The 
comparatively high extents of domain formation we found with stigmasterol probably 
arise from the lower temperature (4°C) at which we treated the LUVs with TX-100. At 
lower temperatures, the differences between Chol and stigmasterol in their ability to 
promote domain formation become smaller (45). Likewise, in the fluorescence 
quenching assay at 23°C, C4-sterol has a limited ability to engage in formation of 
domains with dipalmitoyl-PC (45), whereas in the context of PC/PE/sterol/SPM (molar 
ratio 1:1:1.5:1) LUVs at 4°C, C4-sterol does promote the formation of DICs to 
significants extents (Table II). 
Fusion of SFV and SIN with LUVs in the Absence of DICs 

Fusion of SFV and SIN has been shown to be strictly dependent on the 
simultaneous presence of Chol and sphingolipids in the target membrane (13-17). 
Remarkably, all of the sphingolipids and sterols used in this study, irrespective of their 
ability to support DIC formation in LUVs, were able to promote SFV fusion to 
approximately the same extent (Fig. 4). Specifically, fusion was fast and extensive in 
the presence of N-oleoyl-SPM or androstenol, but these lipids were completely unable 
to support DIC formation in our LUV system. These results clearly indicate that fusion 
of SFV, which is critically dependent on the simultaneous presence of cholesterol and 
sphingolipid in the target membrane, does not require that these lipids are organized in 
rafts. Similar results were obtained for SIN, which also fused efficiently with liposomes 
containing N-oleoyl-SPM or androstenol (Fig. 6). This suggests that fusion of 
alphaviruses in general does not require the presence of lipid rafts in the target 
membrane. 

The results of the SPM and Chol concentration dependence of SFV fusion (Fig. 
5) provide further support for our conclusion that rafts are not required for the fusion 
process. Brain SPM, which efficiently promotes microdomain formation, and N-oleoyl-
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SPM, which does not promote microdomain formation, were equally effective in 
supporting SFV fusion under suboptimal conditions in terms of SPM (panel A) or Chol 
(panel B) concentrations in the target liposomes. Furthermore, in the presence of an 
excess of Chol, fusion was quite efficient at very low concentrations of SPM, with both 
brain and N-oleoyl-SPM (see also Ref. 13). Although the presence of very small 
complexes of brain SPM and Chol cannot be excluded under these conditions, it is 
unlikely that raft-like domains are formed, simply because there is too little SPM 
present in a single liposome to produce even a single raft, assuming that the smallest 
raft has a radius of about 13 nm (22). The identical dependence of SFV fusion on the 
concentration of brain SPM or N-oleoyl-SPM in target liposomes strongly suggests that 
in the concentration range involved both lipids are homogeneously distributed in the 
liposomal membrane and have an equal capacity to support fusion of the virus. 

While our present data clearly demonstrate that the presence of lipid rafts in the 
target membrane is not required for fusion of SFV or SIN, the results obtained with 
PC/PE/Chol/N-stearoyl-SPM LUVs (Fig. 4A) suggest that the presence of rafts may 
even be inhibitory. Fusion with these LUVs was slower and had an extent of about 42% 
(Fig. 4A), about 20% lower than the extent of fusion found for the other SPM species. 
Since the degree of DIC formation was highest for N-stearoyl-SPM, there may in fact 
be an inverse correlation between fusion and DIC formation. Indeed, when we 
incorporated a lower concentration of N-stearoyl SPM (5 mol%), so as to reduce the 
extent of DIC formation in the LUVs, the kinetics and extent of fusion became higher 
(results not shown). Likewise, DIC formation was very high with ergosterol, whereas 
the extent of SFV fusion with LUVs containing ergosterol was relatively low (Fig. 4B), 
again providing circumstantial support for an inverse correlation between fusion and 
microdomain formation. 
Biological Implications for the DIC-Independent Alphavirus Membrane Fusion 
Activity 

Whereas our present data indicate that the presence of lipid rafts in bilayer 
membranes is not essential for alphavirus fusion and may even be inhibitory, we cannot 
exclude the possibility that rafts are involved in the cell entry process of alphaviruses. 
Clearly, fusion of SFV was not completely blocked when SPM-Chol microdomains 
were present in the target liposomes. There is convincing evidence to indicate that lipid 
rafts are abundantly present in endosomal membranes (59-61). These rafts represent 
potential targets for alphavirus fusion, after receptor-mediated uptake of the virus 
particle via the clathrin-dependent endocytosis pathway (2, 7-9, 62, 63). On the other 
hand, it is possible that the virus may avoid entering into the raft domains within the 
endosomal membrane. It is likely that there will be “free” sphingolipid molecules, 
which are not associated with rafts, just as there are also non-raft Chol molecules (21, 
42). The latter might serve as anchoring molecules for the virus. In this regard, it is 
important to note that SFV fusion requires only very low concentrations of sphingolipid 
in the target membrane (Fig. 5 and Ref. 13)  

While this work was in progress, Ahn and coworkers reported (64) that E1 
ectodomains (E1*) are associated with sterol-rich membrane domains in liposomes. 
These observations support the idea that SFV does utilize raft domains in the 
endosomal membrane as a target for fusion. On the other hand, Ahn et al. (64) found 
that androstanol did not mediate association of E1* with DICs, presumably because 
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androstanol is not able to promote DIC formation altogether (see Fig. 4B), while in 
earlier studies androstanol had been found to efficiently support SFV fusion (11). Taken 
together, these observations suggest that SFV E1 has the capacity to interact with rafts 
and that the virus may also be able to fuse with rafts. However, in agreement with our 
present observations, the data of Ahn et al. (64) support the notion that the fusion 
activity of SFV is not dependent on the presence of rafts in the target membrane. 

Rafts may be used as a platform for cell entry of other viruses. For example, 
Simian virus 40 (SV40) binds to MHC class I molecules, and the virus-receptor 
complexes translocate to caveoalae (invagination sites on the cell surface enriched in 
lipid rafts). Agents that disrupt raft formation specifically block the entry of SV40 into 
cells (28, 29). Very recently, it was shown that the cell entry of Ebola virus is 
dependent on the integrity of lipid rafts, since raft-destabilizing agents significantly 
inhibit infection (65). Furthermore, HIV-1 is thought to enter its host cell via lipid rafts 
(30-34). Disruption of the rafts by methyl-β-cyclodextrin completely blocked 
transepithelial transcytosis of HIV-1 (34), and reduced HIV-1 envelope fusion (33), 
strongly suggesting that HIV-1 uses a cell entry pathway involving rafts. In future 
work, we plan to disrupt sphingolipid-Chol domains in target cells in order to establish 
whether or not rafts are involved in the infectious cell entry of SFV or SIN. 
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3.1 Abstract 

Low-pH-induced membrane fusion of SFV has been shown to be dependent on 
the presence of cholesterol and sphingolipids in the target membrane. Cholesterol is 
involved in binding of the viral envelope glycoprotein E1, while sphingolipids have 
been suggested to act as a cofactor in the fusion process per se. In this study, we present 
non-physiological conditions under which SFV fuses to a limited extent with large 
unilamellar vesicles (LUVs) lacking sphingolipids. This sphingolipid-independent 
fusion did require the presence of cholesterol in the target membrane and was 
dependent on the temperature and on the fatty acyl chain composition of 
glycerophospholipids used to prepare the LUVs, suggesting a possible role of 
membrane lipid packing in the positioning of cholesterol for optimal interaction with 
the viral E1 protein. Direct binding assays demonstrated that the ability of SFV to fuse 
with LUVs in the absence of sphingolipids correlated with its ability to bind to these 
LUVs. Under all conditions described here, sphingomyelin strongly promoted binding 
and fusion of SFV to target liposomes. With LUVs containing androstenol instead of 
cholesterol, sphingomyelin was required for efficient virus binding and fusion. We 
propose that sphingomyelin acts by promoting an optimal interaction between E1 and 
cholesterol in the target membrane. In addition, sphingolipids stimulate the membrane 
fusion process per se, possibly through a direct interaction with the viral E1 protein. 
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3.2 Introduction 

Semliki Forest virus (SFV) is an enveloped positive-strand RNA virus belonging 
to the genus Alphaviruses of the family Togaviridae (reviewed in Strauss and Strauss, 
1994 and Kielian, 1995). The single-stranded RNA molecule of the virus is complexed 
with 240 copies of the capsid protein together forming the nucleocapsid. This 
nucleocapsid is surrounded by a lipid bilayer derived from the host cell plasma 
membrane. In the lipid bilayer 240 copies each of the glycoproteins E1 and E2 are 
inserted. These proteins form heterodimers which in turn are complexed into 80 
trimeric spikes. The E2 subunit of the viral spike of alphaviruses is primarily involved 
in receptor binding (Smith et al., 1995; Byrnes and Griffin, 1998, Klimstra et al., 1998) 
and the E1 subunit mediates membrane fusion (Garoff et al., 1980; Omar and Koblet, 
1988; Wahlberg and Garoff, 1992; Bron et al., 1993; Justman et al., 1993; Fuller et al., 
1995; Kielian et al., 1996). 

After receptor binding, the virus enters its host cell by receptor-mediated 
endocytosis (Helenius et al., 1980; Marsh, 1982; Marsh et al., 1983; Smith and 
Helenius 2004). This process delivers the virus particles to the lumen of endosomes. 
The mildly acidic pH in the endosome then triggers a fusion process between the viral 
envelope and the endosomal membrane, through which the viral RNA gains access to 
the cell cytosol (Helenius et al., 1980, Marsh et al., 1983; Garoff, 1994; Kielian, 1995). 
At low pH, E1 rearranges from its heterodimeric complex with E2 (Lescar et al., 2001; 
Pletnev et al., 2001) into a homotrimer (Wahlberg et al., 1992). Recently, it has been 
proposed that five or six homotrimers act in concert to establish fusion between the 
viral and the target membrane (Gibbons et al., 2004). 

The fusion reaction between the SFV envelope and the endosomal membrane can 
be mimicked by employing large unilamellar vesicles (LUVs) as the target membranes 
(for a review, see Smit et al., 2003). Studies in these systems have shown not only that 
fusion of SFV is strictly dependent on low pH (White and Helenius, 1980; Wahlberg et 
al., 1992, Bron et al., 1993), but also requires the simultaneous presence of cholesterol 
(Chol) and sphingolipids in the target membrane (White and Helenius, 1980; Kielian 
and Helenius, 1984; Bron et al., 1993; Nieva et al., 1994; Wilschut et al., 1995; Corver 
et al.; 1995, Moesby et al., 1995). The presence of Chol has also been demonstrated to 
be critical for the infectious entry of SFV into cells (Phalen and Kielian, 1991).  

The simultaneous requirement for the presence Chol and sphingolipids in the 
target membrane for SFV fusion may reflect a possible involvement of sphingolipid-
Chol microdomains, or so-called lipid "rafts" (Simons and Ikonen, 1997; Harder and 
Simons, 1997) in the process. However, in a previous study involving the use of LUVs 
containing sphingolipid analogs and sterols varying in their ability to support raft 
formation, we showed that extensive fusion of SFV occurs with LUVs that do not 
contain detergent-insoluble microdomains, suggesting that rafts are not involved in 
alphavirus membrane fusion (Waarts et al., 2002). 

Several molecular features of sphingolipids, including the 3-hydroxy group and 
the 4,5-trans double bond of the sphingosine backbone, have been shown to be essential 
for their fusion-promoting capacity (Corver et al., 1995). A remarkably strict 
dependence on the presence of the D-erythro stereoisomer of the sphingolipid has been 
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shown for SFV fusion with LUVs (Moesby et al., 1995). In addition to the molecular 
and stereospecific sphingolipid dependence, the finding that only very low 
concentrations of sphingolipid are required for maximal fusion led to the idea that 
sphingolipids act as a specific cofactor in the actual fusion event (Nieva et al., 1994; 
Corver et al., 1995; Moesby et al, 1995).  

While the sphingolipid dependence of alphavirus membrane fusion is quite strict 
at 37°C, we show here that at lower temperatures SFV develops the capacity to fuse to 
a limited extent with LUVs in the absence of sphingolipids. These observations provide 
new clues about the role of sphingolipids in the membrane fusion process of 
alphaviruses. 

3.3 Experimental Procedures 

Lipids - The fluorescent probe 16-(1-pyrenyl)hexadecanoic acid (pyrene fatty 
acid) was obtained from Molecular Probes Europe BV (Leiden, The Netherlands). 
Phosphatidylcholine (PC) from egg yolk, phosphatidylethanolamine (PE) prepared by 
transphosphatidylation of egg PC, sphingomyelin (SPM) from brain tissue, 1,2-
dioleoyl-sn-glycero-phosphatidylcholine (DOPC), 1,2-dioleoyl-sn-glycero-phos-
phatidyl-ethanolamine (DOPE), 1-palmitoyl-2-oleoyl-sn-glycero-phosphatidyl-choline 
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-phosphatidylethanolamine (POPE), 1,2-
dipalmitoyl-sn-glycero-phosphatidylcholine (DPPC), 1,2-dipalmitoyl-sn-glycero-
phosphatidyl-ethanolamine (DPPE) and Chol were obtained from Avanti Polar Lipids 
(Alabaster, AL). 5-Androsten-3β-ol (androstenol) was purchased from Steraloids 
(Newport, RI). 

Cells and virus - SFV was propagated on baby hamster kidney cells (BHK-21) 
cultured in Glasgow’s modification of Eagle’s minimal essential medium (Gibco/BRL, 
Breda, The Netherlands), supplemented with 5% fetal calf serum, 10% tryptose 
phosphate broth, 200 mM glutamine, 25 mM HEPES, and 7.5% sodium bicarbonate. 
Pyrene-labeled virus was isolated from the medium of infected BHK-21 cells, cultured 
beforehand in the presence of pyrene fatty acid, essentially as described previously 
(Wahlberg et al., 1992; Bron et al., 1993; Nieva et al., 1994; Smit et al., 1999). Briefly, 
BHK-21 cells were grown in medium containing 15 µg of pyrene fatty acid per ml for 
48 h. The cells were infected at a multiplicity of infection of 4. At 24 h post infection, 
pyrene-labeled virus was harvested from the medium by ultracentrifugation in a 
Beckman type 19 rotor for 2.5 h at 100,000 x g at 4°C. The particles were further 
purified by ultracentrifugation on a 20 to 50% (w/v) sucrose density gradient in a 
Beckman SW41 rotor for 16 h at 100,000 x g at 4°C. [35S]methionine-labeled SFV was 
produced in a similar fashion (Wahlberg et al., 1992; Bron et al., 1993; Nieva et al., 
1994).  

Liposomes - LUVs were prepared by a freeze-thaw and extrusion procedure 
(Mayer et al., 1985; Hope et al., 1985) as described before (Waarts et al., 2002). 
Briefly, lipid mixtures were dried from a chloroform-methanol solution under a stream 
of nitrogen and further dried under vacuum for at least 1 h. The lipid films were 
hydrated in 5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA (pH 7.4) (HNE) and 
subjected to five cycles of freezing and thawing. Subsequently, the vesicles were sized 
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by extrusion 21 times through a polycarbonate filter with a pore size of 0.2 µm 
(Nuclepore, Whatman, Clifton, NJ) in a mini-extruder (LiposoFast, Avestin, Ottawa, 
Canada).  

Fusion assay - Pyrene-labeled SFV (1 µM viral phospholipid) and LUVs (100 
µM phospholipid) were mixed in 0.665 ml of HNE in a magnetically stirred and 
thermostatted quartz cuvette in an AB2 fluorometer (SLM/Aminco, Urbana, IL). Fusion 
was triggered by the addition of 35 µl of 0.1 M MES (Sigma), 0.2 M acetic acid, pre-
titrated with NaOH to achieve a final pH of 5.5, and the decrease of pyrene excimer 
fluorescence intensity (excitation and emission at 340 and 480 nm, respectively) was 
monitored continuously. The fusion scale was calibrated such that 0% fusion 
corresponded to the initial excimer fluorescence intensity and 100% fusion to complete 
dilution of the probe (Wahlberg et al., 1992; Bron et al., 1993; Nieva et al., 1994; Smit 
et al., 1999; Waarts et al., 2002). 

Virus-liposome binding assay - Virus binding to LUVs was assessed by co-
flotation on a sucrose density-gradient, as described before (Wahlberg et al., 1992; 
Bron et al., 1993; Nieva et al., 1994; Corver et al., 1995; Smit et al., 1999). The assays 
were carried out under the same experimental conditions as those in the fusion 
experiments. [35S]Methionine-labeled SFV (105 to 106 cpm) was mixed with LUVs in 
HNE at 20°C or 37°C. The mixture was acidified, under continuous stirring, to pH 5.5 
with 0.1 M MES, 0.2 M acetic acid, as above. After 60 s, the mixture was neutralized 
by addition of a pretitrated volume of 0.1 M NaOH. Subsequently, 0.1 ml of the 
mixture was removed and mixed with 0.9 ml of 50% (w/v) sucrose in HNE and brought 
at the bottom of a sucrose-density gradient containing the following percentages (w/v) 
of sucrose in HNE: 1 ml 35%, 2 ml 20%, and 1 ml 5%. The sample and the gradient 
were maintained at the same temperature as used during the binding assay. The 
subsequent centrifugation in a Beckman SW50 rotor at 150,000 g for 2 h was also 
performed at that temperature. The gradient was fractionated into ten samples, starting 
from the top. The distribution of viral radioactivity was quantified by liquid-
scintillation counting. The radioactivity in the top four fractions, relative to the total 
amount of radioactivity, was taken as a measure of the SFV-LUV binding. 

3.4 Results 

Fusion of SFV with LUVs in the Absence of Sphingolipids 
Previously, we have shown that low-pH-induced fusion of SFV in a liposomal 

model system is dependent on the simultaneous presence of Chol and sphingolipids in 
the target membrane (Nieva et al., 1994). Here, it is demonstrated that under specific 
conditions SFV has the capacity to fuse with liposomes in the absence of sphingolipids. 
Figure 1 shows the kinetics of SFV fusion with LUVs of different lipid compositions at 
37°C (panel A) and 20°C (panel B). Remarkably, at 20°C, SFV fused with 
sphingolipid-deficient PC/PE/Chol LUVs to an extent of approximately 20% (Fig. 1B, 
curve b). This sphingolipid-independent fusion process was not observed at 37°C (Fig. 
1A, curve b), consistent with our previous observations (Nieva et al., 1994). Fusion of 
SFV with PC/PE/SPM/Chol LUVs was extensive at both temperatures, indicating that 
not only at 37°C but also at 20°C SPM strongly promotes the fusion process. No fusion 
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was observed with PC/PE LUVs lacking Chol, irrespective of the temperature (Fig. 1, 
panels A and B, curves c). Similar results were obtained with PC/PE/SPM LUVs 
lacking Chol (not shown). These results demonstrate that SFV has a limited but distinct 
capacity to fuse with liposomes in the absence of sphingolipids at 20°C but not at 37°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The results presented in Figure 2 confirm that the sphingolipid-independent 
fusion process of SFV with liposomes remained strictly dependent on the presence of 
Chol in the target membrane. No fusion took place with PC/PE liposomes lacking Chol; 
the threshold Chol concentration required was approximately 20 mol%. The extent of 

Figure 1. Low-pH induced fusion of pyrene-labeled SFV with LUVs at 37°C or 20 °C. Fusion was 
measured on-line as a decrease of viral pyrene excimer fluorescence, as described under “Experimental 
Procedures.” A, fusion at 37°C; B, fusion at 20°C; curves a, PC/PE/Chol/SPM (1:1:1.5:1) LUVs; curves b, 
PC/PE/CH (1:1:1.5) LUVs; curves c, PC/PE (1:1) LUVs. 

Figure 2. Chol concentration depen-dence 
of sphingolipid-independent fusion of 
SFV with LUVs at 20°C. Fusion was 
measured on-line as a decrease of viral 
pyrene excimer fluorescence, as described 
under “Experimental Procedures.” LUVs 
were prepared with PC/PE (1:1) and an 
increasing concentration of Chol. The 
extents of fusion are shown as a percentage 
of the maximal extent of fusion. 
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sphingolipid-independent SFV-liposome fusion increased with increasing Chol 
concentrations in the target membrane with maximal fusion occurring at 40 (or higher) 
mol% of Chol. This Chol concentration dependence is very similar to that observed by 
White and Helenius (1980) in their seminal work on low-pH-dependent fusion of SFV 
with liposomes. 
Temperature Dependence of Sphingolipid-Independent SFV-Liposome Fusion 

In view of the observation that the sphingolipid-independent membrane fusion 
process of SFV occurs at 20°C but not at 37°C (Fig. 1), we examined the temperature 

Figure 3. The effect of temperature on the initial rate and final extent of SFV fusion with LUVs. 
Fusion was measured on-line as a decrease of viral pyrene excimer fluorescence, as described under 
“Experimental Procedures.” At the top, the initial rate (A) and the final extent (B) of SFV fusion with 
PC/PE/Chol (1:1:1.5) LUVs at the indicated temperatures is shown. At the bottom, the initial rate (C) and 
the final extent (D) of SFV fusion with PC/PE/Chol/SPM (1:1:1.5:1) LUVs at the indicated temperatures is 
shown. The final extents were determined 60 s after acidification. Error bars represent the S.D. of at least 
three measurements. 
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dependence of the process in detail. As a control, we determined the temperature 
dependence of SFV fusion with PC/PE/SPM/Chol liposomes (Fig. 3). Both the initial 
rate (panel A) as well as the final extent (panel B) of SFV fusion with SPM-deficient 
LUVs showed an optimum at 20°C; fusion at 10°C or 37°C was extremely slow. By 
contrast, fusion with “standard” liposomes, containing SPM, was fast (panel C) and 
extensive (panel D) throughout the entire temperature range studied. Only at the lower 
temperatures did the fusion process become significantly slower (panel C), as expected. 
These results show that, in contrast to SFV fusion with SPM-containing LUVs, fusion 
of SFV in the absence of sphingolipids has a clear-cut optimum at 20°C. 
 

 
 
 
 
Effect of Membrane Lipid Acyl Chain Unsaturation on Sphingolipid-Independent 
Fusion of SFV 

The distinct optimum of SFV fusion with sphingolipid-deficient liposomes at 
20°C, in contrast to the fast and extensive fusion with SPM-containing LUVs 

Figure 4. The effect of temperature on the 
initial rate and final extent of SFV fusion 
with LUVs having different membrane 
fluidity. Fusion was measured on-line as a 
decrease of viral pyrene excimer fluorescence, 
as described under “Experimental Procedures.” 
At the top (A), the initial rates of SFV fusion 
with DOPC/DOPE/Chol (1:1:1.5) LUVs 
(circles) and DPPC/POPE/Chol (1:1:1.5) 
(squares) at the indicated temperatures is 
shown. At the bottom (B), the final extents of 
SFV fusion at 60 s with the DOPC/DOPE/Chol 
LUVs (circles) and the DPPC/POPE/Chol 
LUVs (squares) at the indicated temperatures 
is shown. Error bars respresent the S.D. of two 
measurements. 
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throughout a wide range of temperatures, rules out the possibility of a direct effect of 
temperature on the virus. 

To study a possible effect of membrane lipid packing on SFV fusion in the 
absence of sphingolipids, the composition of the target LUVs was varied by 
incorporating different synthetic PC and PE species, instead of the egg PC and egg PE 
species that were used in the above experiments. Specifically, we prepared LUVs with: 
(a) a higher content of unsaturated PC and PE species (DOPC and DOPE, respectively), 
compared with eggPC and eggPE, which primarily contain palmitic acid at the sn-1 
position and oleic acid at the sn-2 position of the glycerol backbone (Avanti Polar 
Lipids catalog, 2001), and (b) a higher content of saturated acyl chains (DPPC and 
POPE). Again fusion was determined over a wide range of temperatures from 10°C to 
37°C, as illustrated in Figure 4. Both the initial rate (panel A, circles) and the final 
extent (panel B, circles) of SFV fusion with DOPC/DOPE/Chol LUVs showed an 
optimum around 15°C, with little fusion occurring at temperatures of 30°C or above. 
On the other hand, fusion of SFV with the more saturated DPPC/POPE/Chol LUVs, 
although slow and inextensive, was optimal at 30°C (panels A and B, squares). No 
fusion with these LUVs was observed at 15°C or below. Clearly, with the LUVs 
containing glycerophospholipids with unsaturated acyl chains, SFV fusion was optimal 
at a temperature at which fusion with the LUVs prepared with the more saturated acyl 
chain phospholipids did not occur and vice versa.  

We also studied the temperature dependence of SFV fusion with 
POPC/POPE/Chol LUVs, which have an intermediate degree of acyl chain saturation, 
comparable to that of eggPC/eggPE/Chol LUVs. With these LUVs, we observed 
optimal fusion at 20°C (Fig. 5), very similar to that seen with eggPC/eggPE/Chol LUVs 
(Fig. 3). 
Binding of SFV to Sphingolipid-Deficient LUVs at Different Temperatures 

We have previously proposed that Chol is required for the low-pH-dependent 
binding of SFV to target liposomes and that sphingolipids act as a cofactor in the fusion 
event itself (Nieva et al., 1994). The above observations on sphingolipid-independent 
fusion of SFV prompted us to examine the binding of the virus to LUVs with and 
without SPM at different temperatures. Virus-LUV binding was assessed by coflotation 
analysis on sucrose-density gradients, as before (Kielian and Helenius, 1984; Bron et 
al., 1993; Smit et al., 1999, 2003). We conducted these experiments at the indicated 
temperatures, including the ultracentrifugation step. In our previous study (Nieva et al., 
1994), virus-liposome binding incubations were routinely done at 20°C, the 
ultracentrifugation step after neutralization of the virus-liposomes mixtures being 
carried out at 4°C.  

Fig. 6A shows that at 20°C PC/PE/Chol LUVs lacking sphingolipid bound 60% 
of the added virus. However, at 37°C only 10% of the virus was bound to these LUVs, 
indicating that the lack of SFV fusion with PC/PE/Chol LUVs at 37°C corresponds to a 
lack of virus binding. On the other hand, binding of SFV to SPM-containing 
PC/PE/SPM/Chol LUVs was quite extensive at both 20°C and 37°C (78% and 75%, 
respectively). These results show that the observed temperature-dependent fusion of 
SFV with liposomes in the absence of sphingolipids is determined by the initial binding 
step. Clearly, with PC/PE/Chol LUVs, at around 20°C, there is a window of 
opportunity for the virus to interact productively with the target membrane. Taken  
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together with the results presented in Figs. 4 and 5, this observation suggests that 
binding and fusion of SFV with LUVs lacking SPM requires a critical lipid packing in 
the target membrane such that the viral E1 may productively interact with Chol. On the 
other hand, in the presence of SPM, there is was such pronounced temperature 
dependence of virus-liposome binding, suggesting that SPM, probably through the 
formation of complexes with Chol, maintains an orientation of Chol optimal for 
interaction with E1 in over a wide range of temperatures. 

For reasons of comparison, Fig. 6 also presents the extents of virus-LUV fusion 
under the conditions of the experiment (Fig. 6B). While with PC/PE/Chol LUVs at 
20°C 60% of the virus was bound to the target membrane, only 20% of the virus 
underwent fusion (i.e. only 33% of the bound virus fused). At 37°C, both binding 
(10%) and fusion (2%) to PC/PE/Chol LUVs were very low, but, again, of the bound 

Figure 5. The effect of temperature on the initial 
rate and final extent of SFV fusion with 
POPC/POPE/Chol LUVs. Fusion with 
POPC/POPE/Chol LUVs (1:1:1.5) was measured on-
line as a decrease of viral pyrene excimer 
fluorescence, as described under “Experimental 
Procedures.” A, initial rate of SFV fusion. B, final 
extent of SFV fusion at 60 s. 
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virus only a minor fraction underwent fusion. On the other hand, with 
PC/PE/SPM/Chol LUVs, both at 20°C and 37°C, a large fraction of the bound virus 
fused to the liposomes. The extents of fusion were 56%, corresponding to 72% and 
75% of the bound virus, respectively. These results suggest that SPM not only 
stimulates binding of SFV to Chol-containing liposomes at low pH, but also promote 
the fusion process itself, possibly through a direct interaction with the viral E1 
glycoprotein. 
 
 

 
 
The Importance of Cholesterol 

In a previous study on the role of lipid rafts in SFV-LUV fusion, we showed that 
a number of different sterols, including androstenol, could subsititute for Chol in target 
liposomes, the observed extent of fusion with PC/PE/SPM/androstenol LUV being 57% 
(Waarts et al., 2002). In the context of the present study, we examined whether 
androstenol supports fusion in the absence of sphingolipids. Androstenol has the same 
ring structure as Chol but lacks the isooctyl side chain at C-17. Androstenol differs 
substantially from Chol in terms of lipid-lipid interactions and ability to support lipid 
raft formation, as demonstrated recently (Xu and London, 2000; Waarts et al., 2002).  

Figure 7A shows that at 20°C PC/PE/androstenol LUVs bound only 10% of the 
added virus. At 37°C, about 18% of the virus added bound to these LUVs, which in fact 
is higher than the extent of binding seen with PC/PE/Chol LUVs. Fusion with 

Figure 6. Low-pH induced binding and fusion of SFV to LUVs with or without sphingomyelin at 
20°C or 37°C. Virus binding (A) to PC/PE/Chol (1:1:1.5) or PC/PE/Chol/SPM (1:1:1.5:1) LUVs was 
determined by coflotation of virus with the LUVs on a sucrose density gradient, as described under 
“Experimental Procedures.” Fusion with the same LUVs (B) was measured on-line as a decrease of viral 
pyrene excimer fluorescence, as described under “Experimental Procedures.” Black bars, 20°C; white 
bars, 37°C 
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PC/PE/androstenol LUV at either temperature was very low (Fig. 7B). Incorporation of 
SPM into PC/PE/androstenol LUVs greatly enhanced SFV binding (Fig. 7A) and fusion 
(Fig. 7B) to these liposomes at either temperature. This indicates that, at least within the 
temperature range studied, androstenol-containing liposomes, in contrast to PC/PE/Chol 
LUV, fail to interact efficiently with SFV in the absence of SPM. Clearly, SPM is 
required in this case, not only for virus-liposome binding at low pH, but also for the 
fusion process itself. 

 

 

3.5 Discussion 

The results presented in this paper provide new clues with regard to the role of 
sphingolipids in alphavirus membrane fusion. We discovered specific non-
physiological conditions under which SFV has a limited but distinct capacity to fuse 
with liposomal target membranes in the absence of sphingolipids. Sphingolipid-
independent fusion did require low pH and the presence of Chol in the target membrane 
at concentrations of > 20 mol%. The fusion process had a temperature profile that was 

Figure 7. Low-pH induced binding and fusion of SFV to androstenol containing LUVs with or 
without sphingomyelin at 20°C or 37°C. Virus binding (A) to PC/PE/androstenol (1:1:1.5) or 
PC/PE/androstenol/SPM (1:1:1.5:1) LUVs was determined by coflotation of virus with the LUVs on a 
sucrose-density gradient, as described under “Experimental Procedures.” Fusion with the same LUVs 
(B) was measured on-line as a decrease of viral pyrene excimer fluorescence, as described under 
“Experimental Procedures.” Black bars, 20°C; white bars, 37°C 
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dependent on the acyl chain composition of the liposomal lipids, suggesting a crucial 
role of membrane lipid packing. Interestingly, at temperatures at which the virus did not 
fuse with sphingolipid-deficient LUVs, it also did not bind, indicating that under these 
conditions Chol was not accessible for interaction with the viral E1 glycoprotein. In the 
presence of SPM in the target membranes, binding of SFV with the Chol-containing 
LUVs was restored, suggesting that sphingolipids act primarily by making Chol 
available for interaction with the viral E1. On the other hand, at temperatures at which 
extensive binding of SFV to PC/PE/Chol liposomes did occur, only a minor fraction of 
the virus underwent fusion, whereas in the presence of SPM in target liposomes the 
relative extent of fusion increased dramatically. This suggests an additional direct role 
of sphingolipids in the fusion process itself, possibly involving a direct interaction with 
E1.  

In previous studies we proposed divergent roles for Chol and sphingolipids in, 
respectively, the low-pH-induced binding process of SFV to liposomes and the 
subsequent membrane fusion process itself (Nieva et al., 1994; Corver et al., 1995; 
Moesby et al., 1995; Wilschut et al., 1995).  At variance with this hypothesis, the 
results presented here suggest a role of sphingolipids, in concert with Chol, in the initial 
low-pH-induced binding of SFV to target liposomes. Previously, we observed extensive 
binding of SFV to sphingolipid-deficient liposomes with an apparent absence of fusion. 
Indeed, when fluorescently labeled virus, bound to PC/PE/Chol liposomes, was 
analyzed, substantial amounts of unfused virus were found (Nieva et al., 1994). 
However, at the time, the binding studies were routinely conducted at 20°C, fusion 
being assessed at 37°C. When in the present study the binding assay, including the 
ultracentrifugation step, was conducted at 37°C, binding of the virus to PC/PE/Chol 
LUVs appeared to be very low, demonstrating an unanticipated correlation between 
lack of binding and lack of fusion. In the presence of SPM in the target liposomes, both 
binding and fusion at 37°C were restored. Clearly, not only Chol but also sphingolipids 
appear to be involved in the binding of the virus to target liposomes. This suggests that 
the roles of Chol and sphingolipids in SFV fusion cannot be as readily separated as 
suggested previously (Nieva et al., 1994; Wilschut et al., 1995).  

The optimum of SFV binding and fusion to PC/PE/Chol LUVs at 20°C (Fig. 3) is 
suggestive of an involvement of target membrane lipid packing or lipid organization in 
the virus-liposome interaction. The results obtained with LUVs composed of PC and PE 
species with a more saturated or a more unsaturated acyl chain composition than egg 
PC and egg PE (Fig. 4) provide further support for this notion. Since Chol has been 
shown to be essential for binding of SFV to target membranes (Kielian and Helenius et 
al., 1984; Nieva et al., 1994), we suggest that membrane lipid packing has an impact on 
SFV binding to target liposomes by modulating the accessibility of Chol in the 
membrane. There is evidence to indicate that membrane lipid acyl chain unsaturation 
has a direct effect on the tilt angle of Chol relative to the plane of the membrane 
(Brzustowicz et al., 2002). Thus, it is possible that lipid packing directly affects the 
accessibility of Chol, the 3β-hydroxy group in particular, for interaction with the viral 
E1 fusion protein. This idea is further substantiated by the results obtained with 
androstenol-containing liposomes. Androstenol, a sterol structurally similar to Chol but 
lacking the isooctyl side chain, has been shown to differ substantially from Chol in 
terms of interactions with other membrane lipids (Xu and London, 2000; Waarts et al., 
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2002), presumably influencing the motional freedom and the positioning of the 
molecule in the membrane. Interestingly, at 20°C, SFV binding to PC/PE/androstenol 
LUVs was much lower than binding to Chol-containing LUVs, and there was virtually 
no fusion, underlining the importance of the orientation of the sterol in the lipid bilayer 
in the interaction of SFV with target membranes.  

In the presence of SPM in target liposomes, the distinct temperature optimum for 
SFV binding and fusion disappeared. Binding and fusion to PC/PE/SPM/Chol were 
extensive throughout the temperature range of 10-37°C studied (Fig. 3). It thus appears 
that SPM substituted for the effect of membrane lipid packing that was seen in its 
absence. SPM also restored the ability of androstenol-containing LUVs to interact with 
the virus in a wide range of temperatures (Fig. 7). We propose that SPM, by interacting 
with Chol (or androstenol) in the target membrane, mediates a positioning of the sterol 
in the lipid bilayer, optimal for interaction with the viral E1 fusion protein. Through the 
interaction with SPM, this optimal orientation of Chol in the lipid bilayer would be 
maintained over a wide range of temperatures. In addition, SPM may contribute to 
virus-liposome binding through a direct interaction with E1. Thus, Chol and SPM 
appear to act very much in concert, creating a binding site for the viral E1 fusion 
protein.  

The notion of a cooperative action of Chol and SPM in SFV membrane fusion is 
underscored by the phenotype of SFV mutants srf-4 and srf-5 (Chatterjee et al., 2002). 
These mutants have been isolated by selecting for virus capable of growing in Chol-
depleted insect cells. The mutants not only had a reduced dependency on Chol, but in 
addition were completely independent of sphingolipids, indicating a certain degree of 
cooperativity between these two lipids in the infection process.  

The above hypothesis that Chol and sphingolipids act in concert in SFV fusion 
suggests that complexes of Chol and sphingolipids play a role in the fusion process. In a 
previous study, however, we demonstrated that detergent-insoluble complexes of Chol 
and sphingolipids, or lipid "rafts" (Simons and Ikonen, 1997; Brown and London, 
1998), are not required for SFV-liposome fusion (Waarts et al., 2002). Since very low 
concentrations of sphingolipid in the target membrane suffice for induction of optimal 
fusion (Nieva et al., 1994), it is likely that small complexes of Chol and sphingolipids 
are involved. Such small complexes could also be present in the cell membrane in 
between rafts, where non-raft-associated pools of Chol and sphingolipids have been 
identified (Simons and Ikonen, 1997; Harder and Simons, 1997).  

In addition to its effect on the initial binding of SFV to target liposomes, SPM 
also had a direct effect on the subsequent fusion process itself. For example, while at 
20°C approximately 60% of the virus bound to PC/PE/Chol LUVs, only 20% fused. By 
contrast, in the presence of SPM, the binding increased to almost 80%, but the fusion 
increased much more to 60%. Thus, with PC/PE/Chol LUVs in the absence of 
sphingolipids, a large fraction of the virus bound to the liposomes remained unfused, in 
agreement with our earlier observations (Nieva et al., 1994). In the presence of SPM in 
the target membrane, the majority of bound virus fused, suggesting that SPM promotes 
the fusion process in a direct manner, possibly through a direct specific interaction with 
the viral E1, as suggested previously (Nieva et al., 1994; Corver et al., 1995; Moesby et 
al., 1995; Wilschut et al., 1995). Accordingly, Samsonov et al. (2002) also suggested 
that sphingolipids interact directly with E1 through specific hydrogen bond interactions.   
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In the context of the present study, it is of interest to ask whether the exquisite 
molecular specificity of sphingolipids in the process of SFV fusion, as demonstrated by 
us and others previously (Nieva et al., 1994; Corver et al., 1995; Moesby et al., 1995; 
Wilschut et al., 1995; Samsonov et al., 2002), can be explained solely on the basis of 
interactions with Chol. Removal of the 4,5-trans double bond of SPM, resulting in the 
formation of dihydrosphingomyelin, caused a stronger interaction with Chol (Kuikka et 
al., 2001) and the formation of condensed domains that are more stable than those 
formed with sphingomyelin. It is possible that a stronger interaction of 
dihydrosphingolipid with Chol abrogates the formation of an optimal binding site for 
E1 or results in a decrease of “free” sphingolipids in between domains or rafts, which in 
turn could inhibit SFV binding and fusion at physiological conditions. The finding that 
only the D-erythro isomer of sphingolipids promote fusion of SFV (Moesby et al., 
1995) can also be reconciled with sphingolipid-Chol interactions being crucial in the 
process (Ramstedt and Slotte, 1999). The removal of the 3-hydroxy group of SPM 
results in loss of a hydrogen donor and acceptor group (Ohvo-Rekilä et al., 2002). 
However, the hydroxy group has been suggested not to be critically important for SPM-
Chol interactions (Kan et al., 1991; Grönberg et al, 1991). Therefore, it is likely that, in 
addition to complex formation between sphingolipids and Chol, highly specific 
interactions between target membrane sphingolipids and the viral E1 protein play an 
important role in the SFV fusion process. 
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4.1 Abstract 

Previously, it has been shown that exposure of Semliki Forest virus (SFV) to a 
mildly acidic environment in the absence of target membranes induces a rapid and 
complete loss of the ability of the virus to bind to and fuse with target liposomes added 
subsequently. Here we show that exposure of SFV to low pH followed by a specific 
reneutralization step results in a partial reversal of this loss of viral fusion capacity. The 
ability of the viral E1 fusion protein to undergo liposome-stimulated trimerization was 
also restored. Furthermore, acid-treated and neutralized SFV largely retained 
infectivity. Exposure of SFV to low pH induced dissociation of the E1/E2 heterodimer, 
which was not reversed upon neutralization. It is concluded that the SFV E1 membrane 
fusion glycoprotein, after irreversible, acid-induced dissociation from E2, rapidly 
adopts an intermediate non-trimeric conformation in which it can no longer interact 
with cholesterol- and sphingolipid-containing target membranes. Neutralization restores 
the ability of E1 to interact with the cholesterol- and sphingolipid-containing 
membranes. This interaction, however, remains strictly dependent on low pH. 
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4.2 Introduction 

Semliki Forest virus (SFV) is an enveloped positive-strand RNA virus belonging 
to the genus Alphaviruses of the family Togaviridae. It is well established that SFV 
enters its host cell through receptor-mediated endocytosis via the clathrin-coated pit 
pathway, fusing subsequently from within acidic endosomes (Helenius et al., 1980; 
Marsh et al., 1983). Through this fusion process the viral genome gains access to the 
host cell cytosol, initiating the infection process. The low-pH-induced fusion process of 
SFV has been studied extensively in cell-free model systems involving liposomes as 
receptor-free target membranes (White and Helenius, 1980; Kielian and Helenius 1984; 
Wahlberg et al., 1992; Bron et al., 1993; Nieva et al., 1994; Wilschut et al., 1995). 
These studies have demonstrated that low pH is the sole trigger for membrane fusion of 
SFV and that receptor interaction is not required for induction of the process. In 
addition, these studies revealed a striking dependence of SFV fusion on the presence of 
both cholesterol and sphingolipids in the target membrane (White and Helenius, 1980; 
Kielian and Helenius, 1984; Wahlberg et al., 1992; Bron et al., 1993; Nieva et al., 
1994; Wilschut et al., 1995; Corver et al., 1995; Moesby et al., 1995; Kielian et al., 
2000; Waarts et al., 2002). Studies conducted with another prototype alphavirus, 
Sindbis virus, led to similar conclusions (Smit et al, 1999, 2001, 2002a, 2002b). 

Membrane fusion of alphaviruses is mediated by the E1 component of the 
heterodimeric E1/E2 envelope glycoprotein (Garoff et al., 1980; Wahlberg et al., 1992). 
Recent X-ray crystallographic analyses of the structure of the alphavirus membrane 
fusion protein (Lescar et al., 2001) revealed striking similarities with that of the 
membrane fusion protein E of flaviviruses (Rey et al., 1995; Modis et al., 2003) and 
major differences with the structure of the fusion protein hemagglutinin (HA) of 
influenza virus (Wilson et al., 1981; Skehel and Wiley, 2000) and other viral membrane 
fusion proteins structurally related to HA. While this finding led to the definition of 
class I (HA and related proteins) versus class II (alpha- and flavivirus) viral fusion 
proteins, interestingly, very recent structural analyses of the post-fusion structures of 
two class II proteins (Gibbons et al., 2003, 2004a; Modis et al., 2004) suggest that there 
may well be remarkable mechanistic similarities between the fusion reactions mediated 
by these structurally distinct classes of viral fusion proteins.  

Membrane fusion of alphaviruses involves a low-pH-induced dissociation of the 
E1/E2 heterodimer (Wahlberg and Garoff 1992; Haag et al., 2002) and formation of a 
highly stable homotrimer of E1 (Wahlberg et al., 1992). Heterodimer dissociation 
exposes the fusion peptide region of E1 (between residues 83 and 100; Garoff, 1980; 
Lescar et al., 2001) located at the tip of domain II of the molecule (Hammar et al., 
2003). Subsequent trimerization is strongly stimulated by interaction of E1 with 
cholesterol- and sphingolipid-containing target membranes (Klimjack et al., 1994; Ahn 
et al., 2002), suggesting that binding of the virus to target membranes kinetically 
precedes E1 trimer formation. Indeed, studies using Zn2+ as an inhibitor of E1 trimer 
formation (Corver et al., 1997) or a mutant of E1 blocked in trimer formation (Kielian 
et al., 1996) have shown that acid-induced E1/E2 heterodimer dissociation suffices for 
efficient binding of SFV to target liposomes containing cholesterol and sphingolipids. 
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Thus it appears that trimerization of E1, while in association with target membranes, 
represents a key step in the fusion mechanism of alphaviruses. 

In apparent agreement with the above conclusion, it has been shown that prior 
exposure to low pH of SFV alone results in a rapid and complete loss of the ability of 
the virus to subsequently bind to and fuse with liposomes (Wahlberg et al., 1992; Bron 
et al., 1993). Exposure of the fusion peptide region of E1 in the absence of target 
membranes would rapidly lead to a conformation of the protein unable to interact with 
membranes thereafter. Interestingly, under these conditions E1 also undergoes trimer 
formation, but it does so less efficiently than in the presence of cholesterol- and 
sphingolipid-containing target membranes (Wahlberg et al., 1992). However, this E1 
trimer appears to be inactive, as it lacks the ability to interact with liposomes. 

In this paper, we show, in agreement with earlier observations, that exposure of 
SFV to low pH in the absence of target membranes results in a rapid and complete loss 
of viral membrane fusion activity. However, when SFV was exposed to low pH 
followed by a specific reneutralization step, the capacity of the virus to subsequently 
fuse with liposomes at low pH was restored to a significant extent. Moreover, the acid-
exposed and reneutralized virus largely retained infectivity. 

4.3 Results and Discussion 

Fusion of SFV with liposomes was measured using pyrene-labeled virus, 
essentially as described before (Wahlberg et al., 1992; Bron et al., 1993; Nieva et al., 
1994; Smit et al., 2003). Briefly, SFV was grown on baby hamster kidney cells (BHK-
21), cultured beforehand in the presence of 1-pyrenehexadecanoic acid (Molecular 
Probes, Leiden, The Netherlands). Liposomes (large unilamellar vesicles) were 
prepared by dispersion of lipid mixtures, dried from chloroform, in 5.0 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid-150 mM NaCl-0.1 mM EDTA, pH 
7.4 (HNE buffer) in five cycles of freeze-thawing, and subsequent extrusion of the 
dispersions through Unipore polycarbonate filters with a pore size of 0.2 um using a 
mini-extruder (LiposoFast, Avestin, Ottawa, Canada). Liposomes consisted of egg 
phosphatidylcholine (PC), phosphatidylethanolamine (PE) generated from egg PC, 
bovine-brain sphingomyelin (SPM), and cholesterol (Chol) in a molar ratio 1:1:1:1.5. 
Phospholipids and cholesterol were from Avanti Polar Lipids (Alabaster, AL). 

Pyrene-labeled SFV was incubated in HNE at pH 5.5 under continuous stirring, 
in a quartz cuvette of an SLM-Aminco AB2 fluorimeter, maintained at 37°C, in the 
absence of target liposomes. At different time intervals post-acidification, liposomes 
were added, while the pH was maintained at 5.5, and the fusion process of the virus 
with the liposomes was monitored continuously. As a control, a mixture of SFV and 
liposomes was acidified. Figure 1A shows the results. Exposure of SFV to pH 5.5 in the 
presence of liposomes resulted in fast and extensive fusion. However, when liposomes 
were added at different time intervals after acidification of the virus, the rate and extent 
of fusion rapidly diminished. There was no detectable fusion when liposomes were 
added 80 s or longer after the initial acidification of the virus.  
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Figure 1. The effect of acidification, neutralization, and re-acidification on SFV fusion with 
liposomes. Fusion of pyrene-labaled SFV with liposomes was measured on-line as a decrease of the 
pyrene-excimer fluorescence at 480 nm (Smit et al., 2003). The fusion scale was set such that the initial 
excimer fluorescence at 480 nm represented 0% fusion and the residual fluorescence, after addition of the 
detergent octaethyleneglycol-monododecyl ether to a final concentration of 10 mM (representing infinite 
dilution of the fluorophore), corresponded to 100% fusion. A, virus (1 µM) in a continuously stirred final 
volume of 0.7 ml HNE-buffer (pH 7.4) in a thermostatted quartz cuvette (37°C) was acidified to pH 5.5 by 
injection of a small pretitrated volume of 0.1 M MES, 0.2 M acetic acid at t = 0 s (outer left arrow). 
PC/PE/Chol/SPM (1:1:1.5:1) liposomes (100 µM) were added at t = 0 s, t = 5 s, t = 35 s, and t = 80 s 
(shown by the arrows from the left). At t = 300 s, the pH of the mixture was neutralized to pH 8.0 by 
injection of a small volume of 0.1 M NaOH (second arrow from the right), and then the mixture was 
acidified again to pH 5.5 with a pretitrated volume of 0.1 M MES, 0.2 M acetic acid (outer right arrow). B, 
virus was acidified as in A and at the indicated time points PC/PE/Chol/SPM liposomes were added 
(squares) or the mixture was neutralized (triangles). To determine the fusion activity of virus in the 
neutralized samples, liposomes were added and the mixture was re-acidified. 
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Subsequently, we exposed pyrene-labeled SFV to low pH for 5 min, then brought 
the pH back to 8 by addition of a small predetermined volume of 0.1 M NaOH (pH 
12.8). After this, liposomes were added while keeping the pH neutral, and then the 
virus-liposome mixture was reacidified to pH 5.5. Figure 1A shows that under these 
conditions a significant fraction of the virus fused with the liposomes, indicating that 
the neutralization step had induced a partial reversal of the loss of viral membrane-
fusion capacity. 

Figure 1B shows the kinetics of fusion inactivation as determined in the 
liposomal model system with and without neutralization. Without subsequent 
neutralization, exposure of SFV to pH 5.5 resulted in a very fast and complete loss of 
viral fusion capacity. Neutralization rescued about 45% of the initial viral fusion 
capacity, which was assessed after subsequent addition of target liposomes and 
reacidification. Even when the virus was exposed to pH 5.5 for up to 10 min, 
neutralization restored approximately 45% of the original viral membrane fusion 
capacity. 
 

 

Figure 2. The effect of acidification, neutralization, and re-acidification on SFV binding to 
liposomes. Binding of SFV to PC/PE/Chol/SPM (1:1:1.5:1) liposomes was determined by coflotation of 
virus with liposomes on sucrose-density gradients (Smit et al., 2003). Radioactively labeled SFV (105-106 
cpm) in HNE in a glass tube was continuously stirred at 37°C. A, liposomes in HNE (200 µM, pH 7.4) 
were added and subsequently the mixture was acidified to pH 5.5 by injection of a small pretitrated 
volume of 0.1 M MES, 0.2 M acetic acid. After 5 min, the mixture was neutralized with a pretitrated 
volume of 0.1 M NaOH and placed on ice. B, the virus was first acidified to pH 5.5 and after 2 min 
liposomes in HNE (pH 5.5) were added, and 3 min later the mixture was neutralized and placed on ice. C, 
the virus was first acidified to pH 5.5 and after 5 min the pH of the mixture was raised to pH 8.0. Then 
liposomes were added and the mixture was re-acidified to pH 5.5, and 1 min later the mixture was 
neutralized and placed on ice. An aliquot of 0.1 ml from the samples was mixed with 1.4 ml of 50% (w/v) 
sucrose in HNE placed on the bottom of a Beckman SW50 ultracentrifuge tube. On top of this, 2.0 ml of 
20% (w/v) sucrose in HNE and 1.0 ml of 5% (w/v) sucrose in HNE were layered. After centrifugation in a 
Beckman SW50 rotor at 150,000 g for 2 h at 4°C, the gradient was fractionated into ten fractions, starting 
from the top. The distribution of the viral radioactivity was quantified by liquid-scintillation analysis. The 
radioactivity in the top four fractions, relative to the total amount of radioactivity, was taken as a measure 
of virus-LUV binding. 
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The loss of membrane fusion activity during incubation of SFV at low pH may 
result from the loss of ability of the virus to bind to the liposomes. This was determined 
in a direct binding assay. Radioactively labeled SFV, prepared by infection of BHK-21 
cells in the presence of [35S]methionine, as described before (Wahlberg et al., 1992; 
Bron et al., 1993; Nieva et al., 1994; Smit et al., 2003), was exposed to pH 5.5 in the 
absence of liposomes for 2 min. Subsequently, liposomes were added and the 
incubation was continued for 3 min, after which time the mixture was neutralized for 
analysis. Alternatively, the virus, after exposure to pH 5.5 for 5 min, was first 
neutralized to pH 8.0, as above, and then the liposomes were added, the mixture was 
reacidified to pH 5.5 for 1 min, and finally the mixture was neutralized for analysis. As 
a control, a mixture of virus and liposomes was exposed to low pH for 5 min and 
subsequently neutralized for analysis. Binding of the virus to the liposomes was 
assessed by flotation analysis on a sucrose-density gradient, as described before 
(Wahlberg et al., 1992; Bron et al., 1993; Nieva et al., 1994; Smit et al., 2003). Figure 
2 shows the results. Exposure of a virus-liposome mixture to pH 5.5 resulted in 
extensive (70%) irreversible binding of the virus to the liposomes (Fig. 2, bar A). Under 
these conditions the virus also fuses to the liposomes (see Fig. 1A). On the other hand, 
after pre-exposure to low pH for 2 min, the virus competely lost its ability to bind to 
liposomes (Fig. 2, bar B). Neutralization, however, partially restored the ability of the 
virus to bind liposomes upon subsequent reacidification (Fig. 2, bar C). Approximately 
25% of the virus floated with the liposomes to the top of the gradient under these 
conditions, corresponding to a restoration of 36% of the original virus binding capacity. 

It is well established that upon exposure to low pH, the E1/E2 heterodimeric 
spike protein dissociates, and the three E1 monomers subsequently form a stable 
homotrimer (Wahlberg, et al., 1992; Bron et al., 1993; Klimjack et al., 1994; Kielian et 
al., 2000). As indicated above, there is good evidence to indicate that efficient E1 
trimer formation occurs only after interaction of acid-activated virus with cholesterol- 
and sphingolipid-containing liposomes. Therefore, we decided to examine whether 
SFV, during exposure to low pH, loses the ability to form E1 trimers in the presence of 
liposomes added subsequently, and to see whether this ability is restored upon 
neutralization. The formation of NP40-resistant E1 homotrimers was assessed by SDS-
PAGE analysis, using [35S]methionine-labeled SFV, essentially as described before 
(Wahlberg et al.,1992; Bron et al., 1993), and quantified by phosphorimaging analysis 
using Image Quant 3.3 software (Molecular Dynamics, Sunnyvale, CA, USA). The 
results are shown in Figure 3. Exposure of SFV to pH 5.5 in the presence of liposomes 
resulted in the conversion of almost 50% of the viral E1 into homotrimers (bar A). In 
the absence of liposomes the extent of E1 trimer formation was significantly lower 
(22%, bar B). Addition of liposomes to acid-exposed SFV did not stimulate E1 trimer 
formation (bar C), indicating that E1 had lost its ability to interact with cholesterol and 
sphingolipids in the target liposomes. Neutralization of acid-exposed SFV to pH 8.0 
and subsequent reacidification of the virus in the presence of liposomes, however, 
restored the ability of E1 to undergo extensive trimer formation (bar D). 

These results suggest that SFV exposed to low pH might, in fact, retain 
significant infectivity after neutralization. In order to determine the effect of low pH on 
viral infectivity, we performed a titration on acid-treated virus. SFV, at a total protein 
concentration of 1.75 µg/ml in HNE buffer was incubated at pH 5.5 or 7.4 for 10 min at 
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37°C, and subsequently neutralized with a predetermined volume of 0.1 M NaOH. 
Subsequently, a TCID50 infection assay was carried out on BHK-21 cells in 96-well 
plates, using serial dilutions of virus, essentially as described before (Reed and Muench, 
1938). Infection of the wells was scored in an all-or-none fashion, and virus titers were 
determined from the dilution causing infection in 50% of the wells. While the control 
virus had a titer of 1.9 x 109 IU/ml, SFV exposed to pH 5.5 and reneutralized had a titer 
of 1.6 x 109 IU/ml. This result shows that pre-exposure of SFV to low pH had a very 
minor, if any, effect on infectivity under the conditions of the experiment, in agreement 
with the above results showing significant retention of membrane fusion capacity of 
acid-exposed and reneutralized virus. In a previous study we showed that SFV, exposed 
to low pH and reneutralized, retained a considerable fraction of its initial infectivity 
(McInerney et al., 2004). 
 

 
The above results indicate that neutralization of acid-exposed SFV restores the 

capacity of the virus to subsequently bind to and fuse with liposomes upon 
reacidification. This suggests that there is a degree of reversibility in the acid-induced 
conformational changes in the viral spike protein involved in the binding and fusion 
process. In this perspective, we next studied the detailed pH dependence of the 

Figure 3. The effect of acidification, neutralization, and re-acidification on E1 trimerization. 
Trimerization of E1 was determined, essentially as described before (Smit et al., 2003; Wahberg et al., 
1992, under the same experimental conditions as applied in the fusion and binding experiments of Figures 
1 and 2. Radioactively labeled SFV (105-106 cpm) in HNE in a glass tube was continuously stirred at 
37°C. A, SFV was acidified to pH 5.5 by injection of a small pretitrated volume of 0.1 M MES, 0.2 M 
acetic acid in the presence of PC/PE/Chol/SPM (1:1:1.5:1) liposomes. After 5 min, the mixture was 
neutralized by addition of a small amount of 0.1 M NaOH and placed on ice. B, SFV alone was acidified 
and 5 min later neutralized and placed on ice. C, SFV alone was acidified and at t = 2 min 
PC/PE/Chol/SPM liposomes were added. At t = 5 min, the mixture was neutralized and placed on ice. D, 
SFV alone was acidified and 5 min later the pH of the mixture was raised to pH 8.0. Subsequently, the 
liposomes were added and the mixture was re-acidified to pH 5.5. After 1 min, the mixture was neutralized 
and placed on ice. The samples were analyzed on SDS-PAGE. E1 trimerization was determined by 
autoradiography and phosphorimaging analysis. The radioactivity in the trimer band is shown as a 
percentage of the total radioactivity of E1 present. 
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restoration of viral membrane fusion activity after pre-exposure of the virus to low pH. 
SFV was incubated at pH 5.5 for 5 min, neutralized to different pH values as indicated, 
liposomes were added, and the virus-liposome mixtures were reacidified to pH 5.5. For 
reasons of comparison, we determined, in the same experiment, the detailed pH 
dependence of the initial acid-induced conformational change by assessment of fusion 
in the presence of liposomes. The results are shown in Figure 4. In the presence of 
liposomes, fusion of SFV was activated at a threshold pH of 6.2, reaching almost 
optimal extents at pH 5.8. This indicates that the conformational changes in the viral 
spike mediating the fusion process occur in a narrow pH range. Remarkably, the pH 
dependence of fusion restoration upon neutralization of virus pre-exposed to low pH 
was much less narrow than, and not the mirror image of, the pH dependence of fusion 
activation. For example, for optimal rescue of fusion activity, acid-exposed virus had to 
be taken up to pH 8.0, whereas with decreasing pH fusion activation in the presence of 
liposomes started around pH 6.2. This suggests that the restoration of fusion capacity of 
the viral spike upon neutralization is not a simple completely reversible event with a 
low activation energy. 
 
 
 

 
 

 
 

Figure 4. Effect of neutralization pH on the extent of fusion. Fusion was measured as described in the 
legend of Fig. 1. Circles, SFV in HNE (pH 7.4) was acidified to pH 5.5 by injection of a small pretitrated 
volume of 0.1 M MES, 0.2 M acetic acid. After 5 min, the mixture was neutralized to the indicated pH by 
addition of a small pretitrated volume of 0.1M NaOH. Subsequently, PC/PE/Chol/SPM (1:1:1.5:1) 
liposomes were added and the mixture was re-acidified to pH 5.5. Squares, a mixture of SFV and 
PC/PE/Chol/SPM (1:1:1.5:1) liposomes in HNE was acidified to the indicated pH as described above. 
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As indicated above, upon exposure to low pH, the SFV E1/E2 heterodimeric 
spike first dissociates, after which the virus binds to cholesterol- and sphingolipid-
containing target membranes. Since the above results suggested that the restoration of 
binding and fusion capacity of acid-exposed and reneutralized virus does not involve a 
simple reversible conformational change, we analyzed the dissociation of the E1/E2 
with respect to its reversibility. E1/E2 dissociation was determined by solubilization of 
[35S]methionine-labeled SFV in 1% NP40 in HNE, followed by sedimentation analysis 
on a 5-20% (w/w) sucrose-density gradient, essentially as described before (Wahlberg 
and Garoff, 1992). In this gradient, the larger E1 trimers move faster to the bottom of 
the gradient than heterodimers, which in turn move faster than E1 or E2 monomers. 
SFV was exposed to pH 5.5 and solubilized in NP40 at acidic pH. Alternatively, SFV 
was exposed to pH 5.5, neutralized to pH 8.0, and then solubilized in NP40. As a 

Figure 5. The effect of acidification and neutralization on E1/E2 heterodimer dissociation. 
Dissociation of the E1/E2 heterodimer was determined essentially as described before (Wahlberg and 
Garoff, 1992), under the same experimental conditions as applied in the fusion and binding experiments of 
Figures 1 and 2. Radioactively labeled SFV (105 cpm) in HNE (pH 7.4) in a glass tube was continuously 
stirred at 37°C. Squares, the mixture was acidified for 5 min by addition of a small titrated volume 0.1 M 
MES, 0.2 M acetic acid. Subsequently, the virus was solubilized by addition of NP40 (to 1% of final 
volume) and the mixture was neutralized for analysis by addition of a small pretitrated volume of 0.1 M 
NaOH. Diamonds, the mixture was acidified as described above. After 5 min, the pH of the mixture was 
raised to pH 8.0 by addition of a small pretitrated volume of 0.1 M NaOH. Subsequently, NP40 was added 
for solubilization of the virus. Triangles, SFV in HNE (pH 7.4) was solubilized by addition of NP40. The 
samples were layered on top of a 5-20% (wt/wt) continuous sucrose gradient in HNE (pH 7.4), 0.1% NP40 
in a Beckman SW50 centrifuge tube. After centrifugation in a Beckman SW50 rotor at 192,000 g for 16 h 
at 4°C, the gradient was fractionated into 38 fractions from the top. The radioactivity in each fraction was 
determined by liquid-scintillation analysis. 
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control, untreated SFV was solubilized in NP40 and analyzed. The results are shown in 
Figure 5. While the background E1/E2 dissociation was relatively high under the 
conditions of the experiment, a major band corresponding to heterodimers was 
recovered from untreated SFV. In acid-exposed SFV, as expected, the amount of E1/E2 
heterodimers was significantly reduced, while a distinct band appeared at the bottom of 
the gradient corresponding to E1 homotrimers. Neutralization of acid-exposed SFV to 
pH 8.0 did not result in any detectable reformation of E1/E2 heterodimers. Thus the 
restoration of binding and fusion activity of acid-exposed and reneutralized SFV does 
not appear to involve the reconstitution of the E1/E2 heterodimer. 

The results in this paper demonstrate that, upon exposure of SFV to low pH, the 
E1 fusion protein of the virus rapidly adopts a conformation in which it can no longer 
interact with cholesterol- and sphingolipid-containing liposomes added after the low-pH 
trigger. Neutralization of acid-exposed SFV induces a substantial restoration of the 
ability of the virus to interact with target membranes. Remarkably, however, also under 
these conditions virus-liposome interaction requires an acidic pH, even though after the 
initial acid treatment and neutralization the E1/E2 heterodimer appears to remain 
dissociated. Since dissociation of the heterodimer has been shown to result in exposure 
of the E1 fusion peptide (Hammar et al., 2003), these results suggest that peptide 
exposure by itself is not sufficient for stable interaction of E1 with target membranes. 
An acidic pH appears to remain an additional essential requirement.  

During the course of this work, Kielian and coworkers reported on the role of 
low pH in the interaction of the SFV E1 with target membranes (Gibbons et al., 2004b). 
Using a monoclonal antibody against the fusion peptide, the authors showed that in the 
intact virus exposure of the E1 fusion peptide was dependent on low pH, the peptide 
remaining exposed upon pH neutralization. On the other hand, in the isolated 
ectodomain the fusion peptide was fully exposed irrespective of the pH. In agreement 
with previous studies (Klimjack et al., 1994; Ahn et al., 2002), the E1 ectodomain only 
interacted with liposomes at low pH, indicating a direct pH control in this interaction. 
Our present results are in complete agreement with these observations, and support the 
notion that the interaction of E1 with cholesterol- and sphingolipid-containing 
membranes in itself is controlled by low pH, independent of low-pH triggering of the 
initial E1/E2 heterodimer dissociation. Thus, there appear to be multiple levels at which 
low pH controls the membrane interaction of SFV (Gibbons and Kielian, 2002). 

Using the protein's ectodomain, Gibbons et al. (2004b) also demonstrated that E1 
is not irreversibly inactivated when incubated at low pH alone. While under these 
conditions the ectodomain did not trimerize, subsequent neutralization, followed by 
addition of liposomes and reacidification, resulted in target membrane binding and 
efficient formation of E1 trimers. Again, our present results with whole virus are in 
complete agreement with this observation. 

The most intriguing result of the present study relates to the conformation that E1 
rapidly adopts upon incubation of SFV alone at low pH. Without neutralization and 
reacidification, this conformation of E1 is unable to interact with liposomes. It is not 
clear from the study of Gibbons et al. (2004b) whether the E1 ectodomain exhibits a 
similar loss of reactivity toward target membranes when the pH is maintained at 5.5 
during the addition of liposomes. Clearly, the non-reactive low-pH-induced 
conformation of E1 is not a stable homotrimer. While there is a limited extent of E1 
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trimer formation in SFV exposed to low pH in the absence of target membranes (Fig. 
3), this trimer is unable to interact with liposomes added subsequently. The well-
documented stability of the E1 trimer (Wahlberg et al., 1992; Gibbons et al., 2000) 
makes it highly unlikely that any of this E1 is involved in the subsequent interaction 
with target membranes after neutralization and recidification of the virus. Therefore, it 
appears that monomeric E1 adopts a conformation in which it can no longer interact 
with target membranes. It is very intriguing that under these conditions the fusion 
peptide remains fully exposed (Hammar et al., 2003; Gibbons et al., 2004b), yet being 
unable to interact with target liposomes despite the fact that the pH is maintained at 5.5. 
It has been suggested that regions of E1 other than the fusion peptide are involved in 
the control of the interaction of the protein with cholesterol-containing membranes 
(Lescar et al., 2001, Gibbons et al., 2004b). For example, a loop region around E1 
position 226 has been proposed to act as a sensor for cholesterol in the target membrane 
(Gibbons et al., 2004b), since mutations at this position affect the cholesterol 
dependence of the SFV infection process (Vashishtha et al., 1998). It is possible that 
this region becomes rapidly shielded upon exposure of SFV alone to low pH. While 
neutralization would bring the region back in its reactive position, reacidification would 
still be required for membrane interaction because of the strict pH control of the 
membrane interaction of the E1 fusion peptide. 
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5.1 Abstract  

Passage of Sindbis virus (SIN) in BHK-21 cells has been shown to select for 
virus mutants with high affinity for the glycoaminoglycan heparan sulfate (HS). Three 
loci in the viral spike protein E2 have been identified (E2:1; E2:70; E2:114), which 
mutate during adaptation and independently confer the ability to the virus to bind to 
cell-surface HS (W.B. Klimstra et al., J. Virol. 72:7357-7366, 1998). In this study, we 
used HS-adapted SIN mutants to evaluate a new model system, involving target 
liposomes containing heparin-conjugated phosphatidylethanolamine (HepPE) as an HS 
receptor analog for the virus. HS-adapted SIN viruses, but not non-adapted wild-type 
SIN TR339, interacted efficiently with HepPE-containing liposomes at neutral pH. 
Binding was competitively inhibited by soluble heparin. Despite the efficient binding of 
HS-adapted SIN viruses to HepPE-containing liposomes at neutral pH, there was no 
fusion under these conditions. Fusion did occur, however, at low pH, consistent with 
cellular entry of the virus via acidic endosomes. At low pH, wild-type or HS-adapted 
SIN viruses underwent fusion with liposomes with or without HepPE with similar 
kinetics, suggesting that interaction with the HS receptor analog at neutral pH has little 
influence on subsequent fusion of SIN at acidic pH. Finally, Semliki Forest virus 
(SFV), passaged frequently on BHK-21 cells, also interacted efficiently with HepPE-
containing liposomes, indicating that SFV, like other alphaviruses, readily adapts to 
cell-surface HS. In conclusion, the liposomal model system presented in this paper may 
serve as a novel tool to study receptor interactions and membrane fusion properties of 
HS-interacting enveloped viruses. 
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5.2 Introduction 

Alphaviruses, such as Ross River virus (RR), Semliki Forest virus (SFV), Sindbis 
virus (SIN), and Venezuelan equine encephalitis virus (VEE), are enveloped positive-
strand RNA viruses belonging to the family of Togaviridae. The viral genome consists 
of a single-stranded RNA molecule, which is complexed with 240 copies of the capsid 
protein (50). The nucleocapsid is surrounded by a lipid bilayer in which the spike 
proteins are inserted. The viral surface contains 80 heterooligomeric spikes, a single 
spike consisting of a trimer of E2/E1 heterodimers. The E1 and E2 glycoproteins 
mediate the infectious entry of alphaviruses into cells. The E2 glycoprotein is primarily 
involved in the interaction of the virus particle with an attachment receptor on the cell 
surface (7, 28, 49), whereas E1 is required for the subsequent fusion process (19, 53). 

The spike proteins of RNA viruses are capable of rapid adaptation to their growth 
environment. Recently, it has been shown that viruses from different families interact 
with glycoaminoglycans (GAGs), in most cases heparan sulfate (HS), as a cell-culture 
adaptation. Virus families or genera that exhibit such a GAG-adaptation include 
alphaviruses (2, 21, 28), flaviviruses (33), pestiviruses (25), picornaviruses (16, 43), 
and retroviruses (38, 41). GAGs are highly sulfated polymers of disaccharide repeats, 
and hence are negatively charged. They are ubiquitously expressed on cell surfaces, but 
vary with respect to their composition and quantity on different tissues and cell types 
(3, 52). 

In the alphavirus genus, positively charged amino-acid substitutions have been 
identified in the viral spike protein E2 of SIN, RR, and VEE that are responsible for 
interaction with HS (2, 21, 28). With regard to SIN, three loci in E2 have been 
identified (E2:1; E2:70; E2:114) that mutate during the adaptation of SIN in BHK-21 
cells and can independently confer the ability to bind to cell-surface HS (28). The 
sequence XBXBBBX or XBBXBX (where X is any residue and B is a basic residue) is 
a linear binding motif that allows proteins to attach to HS (9). The positive charge 
mutation at E2:1 results in the formation (although in opposite orientation) of a linear 
HS interaction sequence. The HS binding motifs are not present in the E2:70 and 
E2:114 regions, which suggest that these viruses interact with HS in a conformation-
dependent manner. This phenomenon is known to occur in for foot-and-mouth disease 
virus type O, in which structural studies revealed that heparin makes contacts with all 
three major capsid proteins VP1, VP2, and VP3 (18). Despite the efficient interaction of 
the selected mutants of SIN, VEE, and RR with HS, the viruses were found to have an 
attenuated virulence in animals when compared to wild-type viruses. It has been 
proposed that HS-adapted mutants could bind to non-productive cellular structures, 
such as extracellular membranes and basal laminae, and therefore may be cleared from 
the blood more rapidly than wild-type viruses (2, 8, 21). 

In previous studies, membrane fusion activity of SIN, SFV, and Tick-borne 
encephalitis virus (TBE) has been investigated using liposomes lacking a protein or 
carbohydrate receptor in the target membrane (5, 13, 46, 47). This suggests that 
receptor interaction is not a prerequisite for fusion. However, characteristics of virus-
liposome fusion in the presence of an attachment receptor have not been studied. In this 
study, we used HS-adapted SIN mutants to evaluate a new model system, involving 
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target liposomes supplemented with phosphatidylethanolamine-conjugated heparin 
(HepPE) as an attachment receptor analog for the virus. With HepPE in the target 
membrane, we were able to directly investigate the role of HS receptor interaction and 
its potential function in triggering or influencing membrane fusion of HS-adapted SIN 
with target membranes. It is demonstrated that HS-adapted SIN efficiently interacts 
with liposomes supplemented with remarkably low concentrations of HepPE in the 
membrane. Despite the efficient binding at neutral pH, there was no fusion under these 
conditions. Fusion was observed only at low pH, consistent with cell entry of SIN via 
acidic endosomes. Finally, it is shown that SFV, either passaged frequently in baby 
hamster kidney (BHK-21) cells or derived from the BHK-adapted infectious clone 
pSFV4, interacts efficiently with HepPE-containing liposomes, indicating that SFV like 
SIN readily adapts to cell-surface HS. 

5.3 Experimental Procedures 

Viruses - The viruses were generated from cDNA clones. The construction of the 
consensus Sindbis virus AR339 clone pTR339 and the HS-adapted SIN virus clones 
p3970 (called p39K70 in previous articles) and pTRSB has been described previously 
(28, 29, 36). The construction of the SFV clone pSFV4 has been described before (31). 
This clone was generated from a laboratory strain of SFV, adapted to growth on BHK-
21 cells. A plaque-purified laboratory strain of SFV, also highly adapted to growth on 
BHK-21 cells, was a generous gift of Dr. Margaret Kielian (Albert Einstein College of 
Medicine, New York, NY). 

The viruses were produced by high-efficiency electroporation of BHK-21 cells 
with in vitro transcripts of linearized cDNA clones as described before (31). Viruses 
released from the cells at 20 h post-transfection were harvested, and these stocks were 
subsequently used for the production of pyrene- or [35S]methionine-labeled SIN or SFV 
particles, as previously described (5, 46). The viruses were characterized by plaque 
assay on BHK-21 cells (28), phosphate analysis (4), and protein determination (42). 
The purity of the viruses was confirmed by SDS-PAGE. 

Liposomes - Large unilamellar vesicles were prepared by n-octyl-β-D-
glucopyranoside (OGP; Calbiochem, Darmstadt, Germany) dialysis followed by a 
freeze/thaw-extrusion protocol (5, 40, 46). This method is used, instead of the standard 
extrusion method, because HepPE is not completely soluble in a chloroform-methanol 
solution. Liposomes consisted of phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), sphingomyelin (SPM), and cholesterol (Chol) or 6-photocholesterol (photoChol) 
in a molar ratio of 1:1:1:1.5, supplemented with HepPE as indicated. Briefly, 
PC/PE/SPM/Chol lipid mixtures were dried from chloroform-methanol and hydrated in 
100 mM OGP in 5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA, pH 7.4 (HNE). 
Subsequently, HepPE, was added to the lipid-detergent mixed micelles and dialysis was 
initiated against HNE buffer to generate liposomes. The liposomes were subjected to 
five cycles of freezing/thawing and subsequent extrusion through 0.2-µm polycarbonate 
filters (Nuclepore Inc., Pleasanton, CA, USA) in a LipoFast mini-extruder (Avestin, 
Ottawa, Canada). PhotoChol-containing liposomes were prepared in subdued light. The 
size of the liposomes was determined by quasi-elastic light scattering analysis in a 
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submicron particle sizer model 370 (Nicomp Particle Sizing systems, Santa Barbara, 
Calif.). The phospholipids were obtained from Avanti Polar Lipids (Alabaster, AL, 
USA), and cholesterol was from Sigma (St. Louis, Mo, USA). The photoactivatible 
analog of cholesterol, photoChol, was synthesized as described before (37). The HepPE 
conjugate, consisting of heparin (from porcine intestinal mucosa, MWav 10,000; 
Scientific Protein Laboratories, Wannakee, WI) coupled to dipalmitoyl-
phosphatidylethanolamine was synthesized and purified as described previously (51). 
Trypsin-containing liposomes were prepared in a similar manner as outlined above, 
except that this case the lipids were dispersed in 100 mM OGP in HNE containing 10 
mg/ml trypsin (Boehringer, Mannheim, Germany). The trypsin-containing liposomes 
were separated from free trypsin by gel filtration on a Sephadex G-100 column in HNE. 
The phospholipid concentration of the liposomes was determined by phosphate analysis 
(4). 

Bindings assays - Virus binding to BHK-21 cells and heparin-, bovine serum 
albumin- agarose beads (both from Sigma) was preformed essentially as previously 
described (28, 48). In the binding assay, 105 to 106 cpm of [35S]methionine-labeled SIN 
or SFV (approx. 108 to 109 virus particles) was allowed to attach to monolayers of 
BHK-21 cells or beads for 1 h at 4 °C. Subsequently, the cells or beads were washed 
with HNE + 1% FBS buffer. Virus binding was quantified by liquid-scintillation 
counting. 

Binding of the virus to liposomes was assessed by a co-flotation assay, as 
described before (5, 39, 46). Briefly, [35S]methionine-labeled SIN or SFV particles 
(ranging from 105 to 106 cpm) were mixed with liposomes (100 µM phospholipid) and 
incubated for 1 h at 4 ºC, unless indicated otherwise. Then, 0.1 ml of the mixture was 
added to 1.4 ml 50% sucrose (wt/vol) in HNE and loaded onto a discontinuous (60-50-
35-20-5%, wt/vol) sucrose gradient. After ultracentrifugation at 4 ºC, the gradient was 
fractionated into 10 samples, starting from the top. The radioactivity found in the top 4 
fractions, relative to the total amount of radioactivity, was taken as a measure of virus-
liposome binding. For the heparin binding competition experiments, heparin (MWav 
6,000; Sigma) was added to the SIN particles 1 h prior to mixing with liposomes, and 
the mixture was incubated at 4 ºC. 

Fusion assays - Fusion of pyrene-labeled SIN or SFV with liposomes was 
measured on-line at 37 ºC in an AB2 fluorometer (SLM/Aminco, Urbana, USA) at 
excitation and emission wavelengths of 345 and 480 nm, respectively (5, 46, 48). 
Briefly, pyrene-labeled SIN or SFV (1 µM phospholipid) and liposomes (100 µM 
phospholipid) were mixed in 0.665 ml of HNE buffer and stirred magnetically in a 
quartz cuvette. At t=0 s, fusion was triggered by injection of 35 µl 0.1 M MES 
(morpholinoethanesulfonic acid) and 0.2 M acetic acid buffer, pre-titrated with NaOH 
to achieve the final desired pH. Fusion was calibrated such that 0% fusion corresponded 
with to the initial pyrene-excimer fluorescence and 100 % fusion was obtained after the 
addition of 35 µl 0.2 M octaethylene glycol monododecyl ether (Fluka, Buchs, 
Switzerland), to achieve an infinite dilution of the pyrene probe. The initial rate of 
fusion was determined from the tangent to the initial phase of the curve. The extent of 
fusion was determined 60 s after acidification. 

The mixing of the aqueous contents of interior of virus and the liposomal lumen 
was determined as the degradation of the viral capsid protein by trypsin, initially 
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encapsulated in the liposomal lumen (54, 46, 47). Briefly, [35S]methionine-labeled SIN 
particles (ranging from 105 to 106 cpm) were mixed with trypsin-containing liposomes 
(100 µM phospholipid) in presence of 125 µg of trypsin-inhibitor (Boehringer, 
Mannheim, Germany) per ml in HNE, at 37 ºC. The mixture was acidified to the 
desired pH, as described above. After 60 s the reaction mixture was neutralized by the 
addition of a pre-titrated volume of NaOH and further incubated for 1 h at 37 ºC. 
Control incubations were carried out with empty liposomes, or in the presence of Triton 
X-100 and in absence of trypsin inhibitor. All samples were analyzed by SDS-PAGE, 
the protein bands being visualized and quantified by phosphorimaging analysis using 
Image Quant 3.3 software (Molecular Dynamics, Sunnyvale, CA, USA). Capsid 
degradation was determined by relating the intensity of the capsid protein to the 
intensity of E1 and E2 in a control experiment in which empty liposomes were used. 
This ratio was used to calculate the expected intensity of the capsid protein from the 
reaction in which trypsin-containing liposomes were used. The difference between the 
expected and the found intensity was taken as a measure of the capsid degradation. 

5.4 Results 

Characterization of HS-Adapted SIN Mutants 
In this study we investigated HS interaction and membrane fusion activity of 

alphaviruses in a liposomal model system using lipid-conjugated heparin. Heparin is a 
sulfated polysaccharide, which is commonly used as an analog for HS in receptor-
ligand assays since ligand interaction with heparin and analogs of HS have little 
qualitative difference (27).To evaluate the new liposomal model system a comparison 

was made between the HS-adapted SIN mutants 3970 and TRSB, and the non-adapted 
SIN TR339 (carrying the consensus sequence of SIN) (28, 29, 36). The HS-adapted 
SIN mutant designated 3970 differs from the TR339 clone at position E2:70 (Table 1). 
The other HS-adapted SIN strain, TRSB, differs from TR339 by a positive charge 
amino-acid substitution at position E2:1 and a conserved valine for alanine substitution 
at position E1:72 (Table 1). 

First, the specific infectivity of each of the viruses was determined by plaque 
assay on BHK-21 cells (Table 2). In agreement with earlier data, the specific infectivity 

Table 1. Amino acid differences of HS adapted Sindbis viruses 
 
Virus 
 

 
nsP3:528 

 
E2:1 

 
E2:70 

 
E1:72 

 
TR339 

 
Arg 

 
Ser 

 
Glu 

 
Ala 

3970 ARg Ser Lys Ala 
TRSB 
 

Gln 
 

Arg 
 

Glu 
 

Val 
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of TR339 was much lower than the infectivities of the HS-adapted mutants (28, 29). 
Next, we determined whether the high specific infectivity of 3970 and TRSB was a 
result of more efficient binding to BHK-21 cells (Table 2). The results show that the 
HS-adapted mutants 3970 and TRSB bind very efficiently to monolayers of BHK-21 
cells, whereas the TR339 virus binds very poorly to these cells (Table 2). Accordingly, 
TRSB and 3970 virus bound efficiently to heparin-agarose beads (Table 2). In a control, 
in which albumin-agarose beads were used, none of the viruses bound to the beads (data 
not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Binding of HS-Adapted SIN to HepPE-Containing Liposomes 
To study the receptor interaction of HS-adapted SIN mutants, we used target 

liposomes in which HepPE was incorporated in the membrane. Liposomes consisted of 
PC/PE/SPM/Chol (molar ratio 1:1:1:1.5) with various concentrations of HepPE. In the 
binding experiment, [35S]methionine-labeled SIN (approx. 108-109 virus particles) was 
incubated with the liposomes (100 µM phospholipid) at neutral pH, for 1 h at 4 ºC. 
Subsequently, the liposome-bound virus was separated from non-bound virus by 
flotation on a sucrose-density gradient. Figure 1A shows the gradient profiles. In the 
presence of liposomes supplemented with 0.02 mol% HepPE, essentially all SIN 3970 
particles floated to the top of the gradient (circles), demonstrating that the virus bound 
quantitatively to the liposomes. Half-maximal binding was observed with liposomes 
supplemented with 0.01 mol% HepPE (diamonds). The virus did not bind to liposomes 
without HepPE in the membrane (squares). 

Figure 1B shows the final extent of binding of SIN 3970 to HepPE-containing 
liposomes, plotted as a function of the molar ratio of HepPE to total phospholipid in the 
liposomal membrane. Clearly, the binding increased steeply at a ratio of  1 HepPE 
molecule per 10,000 phospholipid molecules, while binding was maximal at a ratio of 
1:5000. A liposome of 200 nm diameter, consisting of phospholipid and cholesterol in a 
molar ratio of 2:1, has approximately 150,000 phospholipid molecules in its outer 
membrane leaflet (55). Thus, maximal binding of SIN 3970 to HepPE-containing 

Table 2. Characterization of HS adapted Sindbis viruses 
 
Virus 
 

 
BHK specific 
infectivity 
 

 
BHK cell binding 

 
HS-agarose beads 
binding 

 
TR339 

 
5 

 
7 

 
10 

3970 256 42 50 
TRSB 
 

186 
 

51 
 

56 
 

 
a (PFU/cpm) 
b % cpm bound 
c %cpm bound 
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liposomes was obtained with on average only 30 HepPE molecules exposed on the 
outer surface of a target liposome, while half-maximal binding occurred with approx. 
15 surface-exposed HepPE molecules per liposome. It should be noted that in all 
likehood the liposomes used in the present study were, on average, smaller than 200 
nm, as discussed in more detail below. This implies that the number of HepPE 
molecules per liposome was proportionately smaller as well. 
 
 
 

 
Figure 1. Binding of HS-adapted SIN 3970 to HepPE-containing liposomes. [35S]Methionine-labeled 
SIN (approx. 108-109 virus particles) was incubated with PC/PE/SPM/Chol liposomes (100 µM liposomal 
phospholipid) at pH 7.4 for 1 h at 4 °C. Binding was determined by co-flotation analysis on sucrose density 
gradients, as described in Materials and Methods. (A) Gradient profiles obtained after incubation of virus 
with control liposomes lacking HepPE (squares), liposomes supplemented with 0.01 mol% (diamonds) or 
liposomes supplemented with 0.02 mol% HepPE (circles). (B) Extents of binding of SIN to HepPE-
containing liposomes as a function of the molar ratio HepPE to total lipid in the liposomes. Bars represent 
the average of triplicate binding assays. 
 
 

Next, a comparison was made between the liposome binding capacity of HS-
adapted SIN 3970 and TRSB and non-adapted SIN TR339, using liposomes with and 
without 0.01 mol% HepPE in the membrane. Figure 2 shows the results. For SIN 3970 
and TRSB more than half-maximal binding to the HepPE-containing liposomes was 
observed, whereas SIN TR339 bound very poorly to these liposomes (shaded bars). 
There was no binding of any of the viruses to liposomes lacking HepPE in the 
membrane (solid bars).  

Figure 2B presents the binding of SIN to liposomes supplemented with 0.01 
mol% HepPE after incubation during various periods of time either in the cold or at 37 
ºC. Binding of the HS-adapted SIN viruses was fast and efficient at various 
temperatures. Complete binding of the viruses to HepPE-containing liposomes was 
observed even after 1 min incubation at 37 ºC. Again, non-adapted SIN TR339 bound 
poorly to the liposomes, although both at 4 ºC and at 37 ºC there was a detectable 
degree of binding presumably due to a low affinity of the TR339 virus for HS (confer 
Table 2).  
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Figure 2. Binding of HS-adapted SIN 3970 or TRSB and non-adapted SIN TR339 to liposomes 
supplemented with 0.01 mol% HepPE. The extent of binding was determined as described in the legend 
to Fig.1, unlesss indicated otherwise. (A) Binding for 1 h at 4 °C; solid bars, PC/PE/SPM/Chol liposomes; 
shaded bars, PC/PE/SPM/Chol liposomes supplemented with 0.01 mol% HepPE. (B) Binding was 
measured at 1 h 4 ºC (a); 1 min 37 ºC (b); 10 min 37 ºC (c). Solid bars, TR339; shaded bars, 3970; open 
bars, TRSB. Bars represent the average of triplicate binding assays. 

 
 
 
 

Competition of SIN Binding to HepPE-Containing Liposomes by Soluble Heparin 
To determine whether the HS-adapted SIN viruses interact specifically with the 

heparin moiety on the liposomal membrane, binding competition experiments were 
carried out with soluble heparin. SIN was incubated with soluble heparin for 1 h at 4 ºC. 
Subsequently, HepPE-containing liposomes were added to the reaction mixture and 
incubation was continued for 1 h at 4 ºC in the presence of the soluble heparin. 
Liposome-bound virus was separated from non-bound virus by flotation on a sucrose-
density gradient..Figure 3 shows the results. In the presence of 5 mg/ml heparin, SIN 
3970 virus failed to float with the liposomes to the top of the gradient (squares), while 
in the absence of soluble heparin efficient binding of the virus to the liposomes was 
observed (diamonds). Clearly, soluble heparin blocks binding of the virus to HepPE-
containing liposomes, indicating that HS-adapted SIN specifically interacts with the 
heparin moiety on the liposomal membrane. It is of interest that maximum competition 
of SIN 3970 binding to HepPE-containing liposomes was achieved only at relatively 
high concentrations of soluble heparin (5 mg/ml). At lower soluble heparin 
concentrations, partial competition was observed (results not shown). This indicates 
that the interaction between HS-adapted SIN and HepPE-containing liposomes is very 
tight, suggesting that multiple interactions between a single virus and several HepPE 
molecules on the liposomal membrane are involved. 
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Figure 3. Effect of soluble heparin on binding of HS-adapted SIN 3970 to PC/PE/SPM/Chol 
liposomes supplemented with 0.01 mol% HepPE at pH 7.4, 1 h at 4 °C. Binding was determined as 
described in the legend to Fig.1. Curves: squares, binding in the presence 5 mg/ml soluble heparin; 
diamonds, without soluble heparin.  

 
 

Fusion Activity of Pyrene-Labeled SIN with Liposomes with or without HepPE in 
the Target Membrane 

It has been suggested that receptor interaction, rather than low pH, triggers 
conformational changes in the viral spike protein of SIN which would subsequently 
lead to fusion of the viral envelope with the plasma membrane of the cell (1, 17, 24). To 
study the membrane fusion activity of SIN upon interaction with the HepPE attachment 
receptor, fusion was measured in a direct manner using pyrene-labeled virus, as 
described previously (46, 47). Pyrene-labeled SIN 3970 or TRSB (1 µM phospholipid) 
and PC/PE/SPM/Chol liposomes supplemented with 0.01 mol% HepPE (100 µM 
phospholipid) were mixed, with continuous stirring, and incubated for 1 min at 37 ºC, 
pH 7.4, to achieve binding of the virus to the liposomes (see Figs. 1 and 2). While under 
these conditions with 50-60% of the viruses bound to the HepPE receptor on the 
liposomal target membrane, there was no detectable fusion (Figure 4, curves b, c). In a 
control experiment, in which non-adapted SIN TR339 was used, there was no fusion at 
neutral pH either (curve a). However, all three viruses fused rapidly and efficiently with 
HepPE-containing liposomes at pH 5.0. Under these conditions, a decrease of pyrene-
excimer fluorescence intensity of 50% was observed. This indicates that SIN bound to 
HepPE-containing liposomes at neutral pH becomes fusion-active only upon exposure 
to acidic pH.  

To further establish that SIN, bound to HepPE in target liposomes, retains the 
capacity to fuse at low pH, fusion was measured on isolated virus-liposome complexes. 
Pyrene-labeled SIN 3970 was incubated with HepPE-containing liposomes for 1 h at 4 
°C. Then, liposome-bound virus was separated from non-bound virus by flotation on a 
sucrose-density gradient. Subsequently, the membrane fusion activity of the virus-
liposome complex was measured at pH 5.0. Under these conditions, the liposome-
bound virus fused rapidly and efficiently, indicating that virus, pre-bound to target 
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liposomes through the interaction with HepPE at neutral pH, remains fully fusion-active 
when exposed to acidic pH (data not shown). 

 
 
Figure 4. Low-pH-dependent fusion of HS-adapted SIN mutants with liposomes. On-line fusion 
experiments were performed at 37 °C, as described in Materials and Methods. The final virus and liposome 
concentrations were 1.0 and 100 µM (membrane phospholipid), respectively. (A) shows fusion curves SIN 
with PC/PE/SPM/Chol liposomes supplemented with 0.01 mol% HepPE; curves a, TR339; curves b, 3970; 
curves c, TRSB. (B) and (C) show the initial rate of fusion, as determined from the tangent to the first part 
of the curve, of SIN TR339 (diamonds) and HS-adapted 3970 (squares) and TRSB (circles). (B) fusion 
with PC/PE/SPM/Chol liposomes supplemented with 0.01 mol% HepPE; (C) fusion with control 
PC/PE/SPM/Chol liposomes without HepPE. All fusion measurements were repeated at least three times. 

 
 

Figure 4B shows the initial rates of fusion of SIN TR339, 3970, and TRSB with 
liposomes supplemented with 0.01 mol% HepPE as a function of the pH of the 
medium. Similar fusion kinetics were observed for the HS-adapted SIN 3970 and TRSB 
versus the non-adapted SIN TR339. Furthermore, using target liposomes without 
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HepPE, we observed indistinguishable fusion kinetics for HS-adapted SIN viruses and 
non-adapted SIN TR339 (Figure 4C). Clearly, all of the SIN viruses used fuse with 
liposomes in a strictly low-pH-dependent manner, exhibiting similar fusion kinetics 
irrespective of the presence of HepPE in the target membrane.  

The decrease of pyrene excimer fluorescence intensity by approx. 50%, seen in 
the above measurements, corresponds to 50% fusion under the assumption that when a 
virus particle fuses with a liposome the pyrene probe is diluted infinitely. However, 
upon fusion of a virus particle with a comparatively small liposome, a residual excimer 
fluorescence intensity will remain, implying that in this case the actual extent of fusion 
may be underestimated in the pyrene assay. In this respect it is important to note that 
the liposomes produced by the OGP dialysis method, as used in our present 
experiments, tend to be smaller than the liposomes we use routinely (5, 46, 48). 
Moreover, inclusion of increasing concentrations of HepPE (> 0.02 mol%) in the 
membrane results in a further reduction of the size of the liposomes, as judged by a 
decreasing opalescence of the preparation. As a consequence, it is likely that, using the 
pyrene excimer fusion assay under these conditions, one in fact underestimates the 
extent of fusion due to incomplete dilution of the fluorophore.  

Figure 5. Fusion of pyrene-labeled SIN 3970 with liposomes, containing photocholesterol, at pH 5.0. 
Fusion was measured on-line at 37 °C as described in the legend to Fig. 4. Curves a, 
PC/PE/SPM/photoChol liposomes supplemented with 0.01 mol% HepPE; curves b, PC/PE/SPM/photoChol 
liposomes; curves c, PC/PE/SPM/Chol liposomes supplemented with 0.01 mol% HepPE; curves d, 
PC/PE/SPM/Chol liposomes. All fusion measurements were repeated at least two times. 
 

 
Recently, we have shown that a photoactivatable analog of cholesterol, 6-

photocholesterol (photoChol), has the capacity to reversibly quench pyrene excimer and 
monomer fluorescence intensity (37). With this compound we were able to investigate 
directly whether the pyrene assay indeed does underestimate the actual extent of fusion. 
Fusion of pyrene-labeled SIN with photoChol-containing liposomes is not only 
monitored on the basis of dilution but also on the basis of quenching of the pyrene 
probe in the target membrane. Figure 5 shows the results. Clearly, at pH 5.0, fusion of 
SIN 3970 with liposomes consisting of PC/PE/SPM/photoChol with or without 0.01 
mol% HepPE (curves a,b) appeared more rapid and more efficient than fusion with 
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corresponding liposomes containing regular cholesterol (curves c,d). With photoChol-
containing liposomes, the initial rate of fusion was extremely fast: 35-40% of the virus 
particles underwent fusion with the liposomes within the first second after acidification. 
Furthermore, the apparent extent of fusion was over 70%. Taken together, these results 
indicate that the extent of fusion of SIN with comparatively small liposomes, as 
assessed by the regular pyrene assay, represents an underestimation of the actual extent 
of fusion. 
Contents Mixing During Fusion of SIN with Trypsin-Containing Liposomes 

To further quantify the extent of SIN-liposome fusion under the conditions of our 
experiments, we also applied an entirely different fusion assay based on mixing of the 
interior of the virus with the liposomal lumen. Contents mixing was measured as the 
degradation of the viral capsid protein by trypsin, encapsulated in target liposomes, in 
the presence of trypsin inhibitor in the medium (46, 47, 54). [35S]Methionine-labeled 
SIN, either HS-adapted SIN 3970 or non-adapted SIN TR339, and trypsin-containing 
supplemented with 0.01 mol% HepPE liposomes (100 µM phospholipid) were 
incubated for 1 min at 37 ºC, pH 7.4, to allow the virus to bind to the liposomes. Figure 
6 shows that there was very little capsid degradation under these conditions (lanes a). 
This, again, demonstrates that virus-receptor interaction at neutral pH does not induce 
fusion of the virus with target liposomes. On the other hand, when SIN 3970 or SIN 
TR339 were incubated with the liposomes at pH 5.0, almost all of the capsid protein 
was degraded (lanes d). In control experiments, in which SIN was incubated with empty 
HepPE-supplemented liposomes at pH 7.4 or pH 5.0, no capsid degradation was 
observed (lanes b,e). The ratio of the radioactivity of the capsid band relative to the 
total amount of radioactivity was close to 0.4, as expected on the basis of the number of 
methionine residues in the structural proteins of SIN. Complete capsid degradation was 
observed when Triton X-100 was added to the reaction mixture, in absence of trypsin 
inhibitor in the medium (lanes c,f). The extent of capsid degradation, as function of the 
pH, for HS-adapted SIN 3970 and TRSB or non-adapted SIN TR339 after fusion with 
HepPE-containing liposomes at different pHs is shown in panel 6C. For SIN TR339 
(solid bars), little to no capsid degradation was observed at pH 7.4, whereas at pH 5.0 
82% of the capsid protein was degraded. For HS-adapted SIN 3970 (shaded bars) and 
TRSB (open bars), similar results were obtained. Furthermore, in all cases the extent of 
capsid degradation after fusion of the viruses with liposomes without HepPE was 
similar to that observed upon fusion with HepPE-containing liposomes (Figure 6D). 
Interestingly, the extents of fusion measured with the trypsin assay closely correspond 
to those observed with the pyrene assay in the presence of photoChol in the target 
membrane (confer Fig. 4). This underlines the above conclusion that the regular pyrene 
assay underestimates the actual extent of fusion due to incomplete dilution of the probe 
into the comparatively small dialysis liposomes. Clearly, upon exposure to low pH, 
under the conditions of our experiments the large majority of the viruses fuse with the 
liposomes whether or not these liposomes contain the HepPE attachment receptor.  
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Figure 6. Transfer of the viral capsid into the liposomal lumen assayed as the degradation of the 
viral capsid protein. [35S]methionine-labeled SIN (approx. 108-109 virus particles) was incubated with 
trypsin-containing PC/PE/SPM/Chol liposomes supplemented with 0.01 mol% HepPE (100 µM liposomal 
phospholipid) at 37 °C, and viral capsid protein degradation was determined, as described in Materials and 
Methods. (A) and (B) show the results for HS-adapted SIN 3970 and non-adapted SIN TR339, 
respectively. Lanes a and d, trypsin-containing liposomes; lanes b and e, empty liposomes; lanes c and f, 
trypsin-containing liposomes in presence of TX-100 and absence of trypsin inhibitor in the medium. Lanes 
a-c, pH 7.4; lanes d-f, pH 5.0. (C) and (D) show the quantification of the extent of capsid protein 
degradation. Solid bars, TR339; shaded bars, 3970; open bars, TRSB. (C), target liposomes supplemented 
with 0.01 mol% HepPE; (D), target liposomes without HepPE. All capsid degradation experiments were 
repeated at least two times.  
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Interaction of SFV with HepPE-Containing Liposomes 
Next, we addressed the question whether SFV, another member of the genus 

Alphaviruses, has the capacity to adapt to HS during passage in cell culture. To this 
end, we used SFV derived from the infectious clone pSFV4 as well as a strain of virus 
passaged many times on BHK-21 cells. The pSFV4 clone was generated from a 
laboratory strain of SFV, which had also been passaged frequently on BHK-21 cells 
(31). HS adaptation of SFV derived from the infectious clone pSFV4 was evaluated in 
binding assays. Figure 7A shows that SFV from pSFV4 bound efficiently to 
monolayers of BHK-21 cells. To assess the specificity of this interaction, we used 
heparin- versus albumin-agarose beads as cell surrogates in suspension binding assays 
(28). The results show that SFV bound efficiently to heparin-agarose beads, whereas 
the virus did not bound to albumin-agarose beads (Figure 7A).  

Figure 7B shows that pSFV4-derived virus bound efficiently to HepPE-
containing liposomes at neutral pH. The extents of binding were very similar to those 
obtained with HS-adapted SIN (confer Fig. 1A). With liposomes supplemented with 
0.02 mol% HepPE, more than 90% of the virus bound, while with 0.01 mol% HepPE in 
the target liposomes half-maximal binding was observed. There was no binding to 
liposomes lacking HepPE in the membrane. Very similar results were obtained with a 
plaque-purified laboratory-adapted strain of SFV (results not shown). Taken together, 
these results demonstrate that SFV passaged frequently on BHK-21 cells, is strongly 
adapted to interaction with HS. 

 
 
Figure 7. Interaction of SFV with BHK-21 cells, heparin-agarose beads and HepPE-containing 
liposomes. (A) [35S]methionine-labeled SFV particles (approx. 108-109 virus particles) were added to 
BHK-21 cell monolayers or heparin- or albumin-agarose beads, and binding was measured after incubation 
for 1 h at 4 °C, as described in Materials and Methods. Bar a, binding to BHK-21 cells; bar b, binding to 
heparin-agarose beads; bar c, binding to albumin-agarose beads. (B) Binding of [35S]methionine-labeled 
SFV (approx. 108-109 virus particles) to PC/PE/SPM/Chol liposomes supplemented with various 
concentrations HepPE (100 µM liposomal phospholipid) at pH 7.4, for 1 h at 4 °C. Binding of SFV to 
liposomes was assessed as decribed in the legend to Fig. 1. Each bar represents the average of triplicate 
binding assays. 
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Finally, we investigated the membrane fusion activity of SFV upon interaction 

with HepPE-containing liposomes. Figure 8 shows the results. Interaction of pyrene-
labeled SFV with HepPE in the liposomal membrane did not result in fusion at neutral 
pH (curve c). However, the virus fused rapidly and efficiently with HepPE-containing 
liposomes at pH 5.5 (curve a). Moreover, similar fusion kinetics were observed with or 
without HepPE in the target liposomes 5.5 (curve a versus b). There was no fusion of 
SFV with liposomes lacking the HepPE receptor analog at neutral pH (curve d). 
 
 

 
Figure 8. Low-pH-dependent fusion of pyrene-labeled SFV with liposomes. Fusion of pyrene-labeled 
SFV with PC/PE/SPM/Chol liposomes with or without 0.01 mol% HepPE (100 µM liposomal 
phospholipid) at 37 °C was determined as described in the legend to Fig. 4. Curves a, PC/PE/SPM/Chol 
liposomes supplemented with 0.01 mol% HepPE; curves b, PC/PE/SPM/Chol liposomes; curves c, 
PC/PE/SPM/Chol liposomes supplemented with 0.01 mol% HepPE; curves d, PC/PE/SPM/Chol liposomes. 
All fusion measurements were repeated at least three times. 

5.5 Discussion 

The study presented in this paper evaluates a new liposomal model system in 
which a lipid-conjugated heparin (HepPE)  is incorporated in the target membrane as an 
attachment receptor for HS-adapted alphaviruses. The sulfated polysaccharide heparin 
is commonly used as an analog for HS in receptor-ligand assays, since ligand 
interaction with heparin and analogous HS have little qualitative difference (27). It is 
demonstrated here that HS-adapted SIN 3970 and TRSB, at neutral pH, interact 
efficiently with liposomes supplemented with remarkably low levels of HepPE in the 
membrane (Figures 1 and 2). Without HepPE in the target membrane the HS-adapted 
SIN viruses were unable to bind to the liposomes, indicating that the viruses bind 
specifically to the heparin molecule. Furthermore, SIN strain TR339, which is not 
adapted to HS, was unable to bind to HepPE-containing liposomes under the same 
conditions. Moreover, binding competition experiments showed that soluble heparin 
blocked binding of HS-adapted SIN to HepPE liposomes, further underlining the notion 
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these viruses specifically interact with the lipid-conjugated heparin moiety on the 
liposomal membrane. Despite the efficient interaction of SIN with HepPE-containing 
liposomes at neutral pH, there was no fusion under these conditions, as measured with 
the pyrene- and the trypsin-assay (Figures 4 and 6), as discussed in more detail below.  

The interaction of HS-adapted SIN with HepPE-containing liposomes is 
extremely efficient. Half-maximal binding was observed with liposomes containing as 
little as 0.01 mol% HepPE in the membrane, demonstrating that about 15 HepPE 
molecules on the outer surface of a liposome are sufficient for efficient binding of the 
virus to the liposomal membrane. Almost no binding was observed when, on average, 
1-2 HepPE molecules were incorporated in a single liposome. Therefore, we 
hypothesize that a SIN virus particle, after initial binding to a single HepPE molecule in 
the liposomal membrane, subsequently recruits more HepPE molecules to the site of 
interaction, resulting in multiple interactions between the virion and most if not all of 
the HepPE molecules at the liposome surface. This hypothesis is substantiated by the 
observation that a high concentration of soluble heparin was required for competition. 
This concentration was at least an order of a magnitude greater than that required for 
complete competition of binding of HS-adapted SIN to BHK-21 cells (28). An 
explanation for this difference could be that binding of HS-adapted SIN to cells 
involves fewer interactions with HS per virus particle than binding to HepPE-
supplemented liposomes. This may be related to a limited mobility of HS-carrying  core 
proteins on the cell surface, possibly restricting recruitment of multiple HS moieties to 
the site of interaction (27).   

There is convincing evidence to indicate that SIN, like SFV (22, 23, 34, 35), 
infects its host cell by receptor-mediated endocytosis and subsequent fusion from 
within acidic endosomes (15, 20, 46, 47). In this regard, it is intriguing to note that 
recently Hernandez and coworkers (24) published a paper, supporting earlier data (1, 6, 
17), suggesting that exposure to an acidic compartment within cells may not be an 
obligatory step in alphavirus infection. Accordingly, it has been proposed that virus-
receptor interaction triggers conformational changes in the viral spike protein, inducing 
fusion of the viral membrane with the plasma membrane of the cell. The results 
presented in this study clearly demonstrate that, despite the efficient interaction of SIN 
with the HepPE receptor in target liposomes at neutral pH, there is no fusion under 
these conditions. This indicates that the presence in the liposomal membrane of HepPE, 
an analog of the HS attachment receptor used by cell culture-adapted strains of SIN, has 
no functional role in triggering membrane fusion activity of SIN at neutral pH. 
Therefore, it appears that the sole requirement for SIN-liposome fusion, even after 
interaction with the HS receptor analog, is exposure of the virus to low pH. This is in 
agreement with earlier data demonstrating that not only SIN, but also SFV, and TBE, 
fuse efficiently at low pH with liposomes lacking a protein or carbohydrate receptor (5, 
13, 46, 47). Formally, it cannot be excluded that initial receptor interaction could 
influence the detailed characteristics of the pH-dependent membrane fusion process of 
SIN. However, similar fusion kinetics were observed for HS-adapted SIN versus non-
adapted SIN with or without HepPE in the target membrane, indicating that receptor 
interaction has no influence on the detailed pH dependence of virus fusion in the 
liposomal model system. Taken together, our present results demonstrate that, even 
after attachment of SIN to HepPE, as an HS receptor analog, fusion remains strictly 
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dependent on exposure of the virus to a mildly acidic pH. This finding strengthens the 
notion that SIN infects its host cells via receptor-mediated endocytosis and low-pH-
dependent fusion from within acidic endosomes. It is however, important to note that 
our present study does not address HS-independent virus-receptor interactions. It is 
likely that some, if not all alphaviruses have cellular receptors in addition to or instead 
of HS (7, 8, 28).  

Newly isolated or unpassaged strains of SIN, RRV and VEE viruses, all members 
of the alphavirus genus, do not bind to heparin and attach poorly to cells in culture 
relative to laboratory-adapted strains (2, 21, 28). Passage of non-HS-adapted SIN 
TR339 on BHK-21 cells resulted in virus mutants which bind with high affinity to 
BHK-21 cells and interact with HS (28). In vivo, these HS-adapted viruses typically 
exhibit an attenuated phenotype (8, 28). Similar results were obtained in passaging of 
RRV and VEE on cells. In the present paper, we demonstrate that SFV, derived from 
the infectious clone pSFV4 (31), efficiently interacts with cell-surface HS. It was found 
that this virus efficiently binds to BHK-21 cells. Evidence that the efficient binding of 
SFV to BHK-21 cells involves cell-surface HS, was obtained from heparin binding 
experiments. We observed that SFV interacts with immobilized heparin-agarose beads. 
Furthermore, it is shown that SFV binds to HepPE in liposomal membranes. These 
results suggest that SFV utilizes HS for infection of cells. Thus, adaptation to HS 
attachment receptors appears to represent a common cell culture-adaptive mechanism 
among the alphavirus genus. 

There is extensive evidence that viruses from different families and genera have 
the capacity to interact with GAGs, in most cases with HS (2, 7, 10, 11, 12, 14, 26, 28, 
30, 32, 33, 44, 56). In several instances, high-affinity binding to HS, as with 
alphaviruses, has been found to be a cell culture adaptation for a number of viruses, 
including flaviviruses, pestiviruses, picornaviruses, and retroviruses. In some cases, 
however, interaction with HS was not found to be a cell culture adaptation. For 
example, herpes simplex virus type 1 interacts with HS carrying a specific sulfation 
pattern, which serves as functional receptor or co-receptor for the virus (45). Since 
numerous viruses interact with HS, the liposomal model system presented here may 
serve as a novel tool to study basic virus-receptor interactions and membrane fusion 
properties of viruses from different families or genera. 
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6.1 Abstract  

Human lactoferrin is a component of the non-specific immune system with 
distinct antiviral properties. Here, we used HS-adapted alphaviruses as a tool to 
investigate the mechanism of lactoferrin’s antiviral activity. Lactoferrin inhibited 
infection of BHK-21 cells by HS-adapted Sindbis virus (SIN) or Semliki Forest virus 
(SFV). In a model system consisting of liposomes containing lipid-conjugated heparin 
as a receptor analog, lactoferrin interfered with receptor interaction of HS-adapted SIN 
or SFV. On the other hand, low-pH-induced fusion of the virus with the liposomes, 
which occurs independently of virus-receptor interaction, was unaffected. Charge-
modified human serum albumin, with a net positive charge, had a similar antiviral 
effect against HS-adapted SIN and SFV, suggesting that the antiviral activity of 
lactoferrin is related to its positive charge. It is concluded that human lactoferrin 
inhibits viral infection by interfering with virus-receptor interaction rather than by 
affecting subsequent steps in the viral cell entry or replication processes. 
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6.2 Introduction 

Human lactoferrin (hLF) is an 80-kD cationic glycoprotein belonging to the 
transferrin family of Fe3+-transporting proteins (see Kanyshkova et al., 2001 for 
review). hLF is produced by epithelial cells and, as a result, is present in mucosal 
secretions such as tears, saliva, nasal exudate, gastrointestinal fluids, and seminal and 
vaginal fluids. Furthermore, hLF is present in high concentrations in human breast milk. 
Breast feeding is known to protect newborns against a variety of infections including 
viral infections (Hanson and Korotkova, 2002). Viruses against which lactoferrin 
possesses antiviral activity include human herpes simplex virus types 1 and 2 
(Hasegawa et al., 1994), adenovirus (Arnold et al., 2002), human immunodeficiency 
virus (Harmsen et al., 1995, Puddu et al., 1998, Swart et al., 1999), hepatitis C virus 
(Ikeda et al., 2000), human cytomegalovirus (Hasegawa et al., 1994, Harmsen et al., 
1995, Swart et al., 1999), poliovirus (Marchetti et al., 1999) hantavirus (Murphy et al., 
2000), and enterovirus 71 (Lin et al., 2002) (for a review, see van der Strate et al., 
2001).  

Most of the above studies on the antiviral activity of hLF suggest that the protein 
inhibits virus entry into cells rather than later phases of viral replication. Lactoferrin, in 
principle, can prevent virus cell entry by binding to the virus particle or by binding to 
cell-surface molecules that viruses use either as receptors or co-receptors. In either case, 
lactoferrin would prevent viral attachment to the cell surface (Meijer et al., 2001; van 
der Strate et al., 2001). It has been suggested that binding of hLF to cell-surface 
heparan sulfate glycosaminoglycans (HSPGs) is involved in inhibition of viral infection 
(van der Strate et al., 2001). Numerous studies have shown that viruses from different 
families interact with HSPGs. Examples include Sindbis virus (Klimstra et al., 1998; 
Byrnes and Griffin, 1998), Venezuelan equine encephalitis virus (Bernard et al., 2000), 
Ross River virus (Heil et al., 2001), adeno-associated virus type 2 (Summerford and 
Samulski, 1998), foot-and-mouth disease virus (Jackson et al., 1996; Sa-Carvalho et al., 
1997), herpesviruses (Compton et al., 1993; Shukla and Spear, 2001; Birkmann et al., 
2001; Trybala et al., 2002), human immunodeficiency virus (Patel et al., 1993), 
echovirus (Goodfellow et al., 2001), dengue virus (Chen et al., 1997; Hilgard and 
Stockert, 2000; Germi et al., 2002), and yellow fever virus (Germi et al., 2002). It is 
important to note that the ability of viruses to interact with HSPGs is often acquired by 
cell culture adaptation. However, affinity for HSPGs has also been demonstrated in 
clinical isolates, e.g. for Herpes Simplex virus type 1 (Trybala et al., 2002) and 
echovirus (Goodfellow et al., 2001). 

In order to determine whether hLF indeed exerts antiviral activity through 
interference with virus binding to HSPG receptors, we studied the effects of hLF on the 
cell entry and receptor binding of alphaviruses, which are adapted to interaction with 
HSPGs. Alphaviruses are enveloped positive-strand RNA viruses belonging to the 
family Togaviridae (reviewed by Straus and Straus, 1994). Cell entry of alphaviruses is 
mediated by the heterodimeric E1/E2 envelope glycoprotein. Infection of a host cell is 
initiated by the interaction of the E2 glycoprotein with an attachment receptor on the 
cell surface (Davis et al., 1986; Russell et al., 1989; McKnight et al., 1996; Tucker et 
al., 1997), after which the receptor-bound virion is internalized through endocytosis. 



Lactoferrin inhibits receptor binding of HS-adapted alphaviruses 
 

 

110 

This is followed by E1-mediated fusion of the viral envelope with the endosomal 
membrane, which delivers the viral RNA to the cytosol (Helenius et al., 1980; Marsh et 
al., 1982; Marsh et al., 1983). For Sindbis virus (SIN), Klimstra et al. (1998) identified 
positively charged amino acid substitutions in the viral spike protein E2 which arise 
when the virus is passaged over BHK-21 cells and are responsible for interaction of the 
virion with HS. 

In the present study, the antiviral activity of hLF on a HS-adapted SIN mutant 
(TRSB), a non-adapted SIN strain (TR339), and two laboratory strains of Semliki 
Forest virus (SFV) was determined. Using a model system involving liposomes 
containing lipid-conjugated heparin (HepPE) as an attachment receptor analog for the 
virus (Smit et al., 2002), we demonstrate that hLF prevents infection of a host cell by 
alphaviruses through blocking of the viral attachment receptors on the cell surface. 

6.3 Experimental Procedures 

Viruses - Viruses were generated from cDNA clones. Construction of the 
consensus SIN AR339 clone pTR339 and the HS-adapted SIN clone pTRSB has been 
described previously (Klimstra et al., 1998; Klimstra et al., 1999; McKnight et al., 
1996). Construction of the SFV clone pSFV4 (pSP6-SFV4) has been described 
previously (Liljeström et al., 1991). This clone was generated from a laboratory strain 
of SFV, adapted to growth on BHK-21 cells. Construction of pSFV3-LacZ, a 
recombinant construct based on clone pSFV4, has been described previously 
(Liljeström and Garoff, 1991). A plaque-purified laboratory strain of SFV, also highly 
adapted to growth on BHK-21 cells, was a generous gift of Dr. Margaret Kielian 
(Albert Einstein College of Medicine, Bronx, N.Y.). 

SIN TR339, SIN TRSB, and SFV-LacZ were produced by high-efficiency 
electroporation of BHK-21 cells with in vitro RNA transcripts of linearized cDNA as 
described previously (Liljeström et al., 1991). pSFV3-LacZ RNA was co-
electroporated with pSFV-Helper1 RNA. Plaque-purified SFV was propagated on 
BHK-21 cells. The cells were cultured in Glasgow’s modification of Eagle’s minimal 
essential medium (Invitrogen, Breda, The Netherlands), supplemented with 5% fetal 
calf serum, 10% tryptose phosphate broth, 200 mM glutamine, 25 mM HEPES, and 
7.5% sodium bicarbonate (BHK-medium) at 37°C and 5% CO2. Viruses released from 
the cells at 20-hr post-transfection or -infection were harvested, and these stocks were 
subsequently used for production of pyrene- or [35S]methionine-labeled SIN or SFV 
particles, as previously described (Bron et al., 1993; Smit et al., 1999). The viruses 
were characterized by plaque assay on BHK-21 cells (Klimstra et al., 1998), 
phospholipid analysis (Böttcher et al., 1961), and protein determination (Peterson, 
1977). The purity of the viruses was confirmed by SDS-PAGE. 

Proteins - hLF was obtained from Numico Research BV (Wageningen, The 
Netherlands), HSA was purchased from the Central Laboratory of the Blood 
Transfusion Services (Amsterdam, The Netherlands). Cat-HSA was prepared as 
described previously (Swart et al., 1999). 

Liposomes - Liposomes (large unilamellar vesicles) consisted of 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin (SPM), and 
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cholesterol (Chol) in a molar ratio of 0.83; 0.83; 0.83; 1.25, supplemented with 0.02 
mol% HepPE (binding experiments) or 0.01 mol% HepPE (fusion experiments) based 
on total phospholipid. The phospholipids and cholesterol were obtained from Avanti 
Polar Lipids (Alabaster, AL). The HepPE conjugate, consisting of heparin (from 
porcine intestinal mucosa; average molecular weight, 10,000; Scientific Protein 
Laboratories, Wannakee, WI) coupled to dipalmitoyl-PE, was synthesized and purified 
as described previously (Sugiura et al., 1993). The liposomes were prepared by dialysis 
in the presence of n-octyl-β-D-glucopyranoside (OGP; Calbiochem, Darmstadt, 
Germany), followed by freeze-thaw-extrusion as described previously (Smit et al., 
2002). 

Infectivity assays - Virus entry was determined by plaque formation or LacZ gene 
expression. For the plaque assay, monolayers of CHO-K1 cells were grown in 12-well 
plates in HAM’s F12 medium with L-glutamine (Invitrogen, Breda, The Netherlands) 
supplemented with 10% fetal calf serum at 37°C at 5% CO2. The monolayers were pre-
incubated for 1-1.5 hr with 200 µg/ml hLF in medium or with medium alone. Serial 
dilutions of virus in 0.6 ml of medium containing 200 µg/ml hLF or medium alone were 
added to the cell monolayers. After 1 h at 37°C, the virus-containing medium was 
removed from the monolayers and the cells were washed 3 times with PBS. The washed 
monolayers were overlaid with a 1:1 dilution of medium with or without 400 µg/ml 
hLF and a 2% aqueous solution of methylcellulose (Sigma). After 2-3 days of 
incubation at 37°C, the plaques were counted. 

For the transfection assay, monolayers of BHK-21 cells were grown in 24-well 
plates in BHK-medium (see above). The monolayers were pre-incubated for 1-1.5 h 
with 200 µg/ml hLF in medium or with medium alone at 37°C. After removal of the 
medium, 0.3 ml per well of a dilution of recombinant SFV-LacZ virus was added. The 
virus was diluted in medium with or without 200 µg/ml hLF. After 1-h incubation at 
37°C, 5% CO2 the virus solution was removed and the monolayers were washed 2-3 
times with PBS and 1 ml of medium with or without 200 µg/ml hLF was added and 
incubated overnight at 37°C, 5% CO2. Subsequently, the cells were washed once with 
PBS and fixed for 5 min at room temperature with a fresh mixture of 2% 
paraformaldehyde, 0.2% glutaraldehyde in PBS with Ca2+ and Mg2+. Following this, the 
cells were washed once with PBS and incubated for 2 h at 37°C with 0.1% 5’-bromo-4-
chloro-3-indolyl-β-D-galactopyranoside (X-Gal) (Roche Diagnostics, Almere, The 
Netherlands), 5 mM K4[Fe(CN)6, 5 mM K3[Fe(CN)6], 2 mM MgCl2, 0.15 mM NaCl, 
and 25 mM HEPES (Sigma). Transfected cells appeared as blue cells. 

Binding assays - Virus binding to BHK-21 cells was performed essentially as 
described previously (Klimstra et al., 1998; Byrnes et al.,1998; Smit et al., 2001). Cells 
were grown in 12-well plates in BHK-medium at 37°C, 5% CO2. At 4°C, the medium 
was removed from the cells, which were then washed twice with ice-cold HNE 
supplemented with 0.5 mM CaCl2-0.5 mM MgCl2-1% FCS (HNE*). Approximately 
104 cpm of [35S]methionine-labeled virus was added to each well in 150 µl of HNE* 
containing various concentrations of hLF. Subsequently, the plates were rocked for a 
period of 1.5-2 hr at 4°C. The virus suspension was removed and the cells were washed 
twice with ice-cold HNE*. Cells were trypsinized and collected after which virus 
binding was quantified by liquid-scintillation counting. 
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Virus binding to liposomes was assessed by a coflotation assay, as described 
previously (Smit et al., 2002, 2003). Briefly, liposomes (200 µM) were incubated in 5 
mM HEPES, 150 mM NaCl, and 0.1 mM EDTA (pH7.4) (HNE) containing various 
concentrations of hLF, HSA, or cat-HSA for 10 min at 37°C, after which 
[35S]methionine-labeled virus (ranging from 105 to 106 cpm) was added to the mixture 
and allowed to incubate for another 10 min at 37°C. Then, 0.1 ml of the mixture was 
added to 1.4 ml of 50% (w/v) sucrose in HNE, and this was layered on a cushion of 0.5 
ml of 60% (w/v) sucrose in HNE. On top of this, 1.0-ml volumes of 35, 20, and 5% 
(w/v) sucrose in HNE were layered. After centrifugation at 4°C for 2 hr at 150,000 × g 
in a Beckman SW50 rotor, the gradient was fractionated into 10 samples, starting from 
the top. The radioactivity found in the top four fractions, relative to the total amount of 
radioactivity, was taken as a measure of virus-liposome binding.  

Fusion assay - Fusion of pyrene-labeled SIN-TRSB with HepPE liposomes was 
performed as described elsewhere (Smit et al., 2002, 2003). Virus and liposomes were 
mixed in HNE containing different concentrations of hLF in a magnetically stirred and 
thermostatted (37°C) quartz cuvette in an AB2 fluorometer (SLM/Aminco, Urbana, IL). 
Fusion was triggered by injecting a small volume of 0.1 M MES (Sigma), 0.2 M acetic 
acid, pretitrated with NaOH to achieve pH 5.0. Fusion was monitored continuously as a 
decrease in pyrene excimer fluorescence (excitation at 345 nm and emission at 480 nm) 
by dilution of the lipid probe from the viral membrane into the target membrane. The 
fusion scale was calibrated such that 0% fusion corresponded to the initial excimer 
fluorescence intensity and 100% fusion to complete dilution of the probe. 

Toxicity assay - The cytotoxicity of human lactoferrin on BHK-21 cells was 
tested according to standard methods using the cell proliferation reagent 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt 
(WST-1) (Roche Diagnostics, Almere, The Netherlands). On day 1, cells were plated at 
104 per well in 96-wells plates in BHK-21 medium containing various concentrations of 
human lactoferrin. On day 3, the medium was removed from the cells, after which 10 µl 
of WST-1 reagent was added to each well. After 1, 2, 3, and 4 hr the optical density 
(OD) was measured at 450 nm. 

6.4 Results 

Inhibition of HS-Adapted SIN and SFV Infection by hLF  
To determine if hLF has antiviral activity against HS-adapted alphaviruses we 

performed a plaque titration in the presence of hLF and quantified the formation of viral 
plaques. CHO cells were pre-incubated with 200 µg/ml hLF. The same concentration of 
hLF was maintained throughout the infection and in the overlay. The cells were 
infected with SIN strains TR339 and TRSB and a laboratory strain of SFV. TR339 is a 
non-HS-adapted SIN strain, whereas TRSB and the laboratory strain of SFV are known 
to use HS as a cell-attachment receptor (Klimstra et al., 1998; Smit et al., 2002). 
Infection of CHO cells by the SIN strain TR339 was not inhibited by hLF (Fig. 1). In 
contrast, the plaque titer was strongly reduced for the HS-adapted SIN strain TRSB in 
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the presence of hLF (Fig. 1). The laboratory strain of SFV was also strongly inhibited 
by hLF. No cytotoxic effect of hLF on the cells was observed during the experiments. 

The above results were confirmed by the use of recombinant SFV carrying the 
lacZ gene. The recombinant virus was derived from a SFV clone (here denoted pSFV4) 
generated from a laboratory strain passaged over BHK cells (Liljeström and Garoff, 
1991; Liljeström et al., 1991). In the presence of 200 µg/ml hLF, transfection of BHK 
cells was completely abolished (Fig. 2). A standard cytotoxicity assay excluded the 
possibility that hLF was cytotoxic to these cells. In addition, hLF did not change the pH 
of the medium significantly up to a concentration of 2.5 mg/ml (not shown). The results 
depicted in Fig. 1 and Fig. 2 show that hLF inhibits the infection of cells by HS-adapted 
SIN or SFV, whereas non-adapted SIN remains unaffected. 
 
 

 
 

 
 

Figure 1. Effect of hLF on infectivity of SIN TR339, 
SIN TRSB, and SFV. CHO-K1 cells were pre-
incubated with medium containing 200 µg/ml hLF or 
with medium alone. Each virus was titrated on the cells 
in the presence or absence of 200 µg/ml hLF. The 
average titers in the presence of hLF, determined from 
two dilutions plated in duplicate, are presented as a 
percentage of the average titer in the absence of hLF.  

 

Figure 2. Effect of hLF on transfection of cells with 
recombinant SFV-LacZ particles. BHK-21 cells were 
pre-incubated with medium containing 200 µg/ml hLF or 
with medium alone. The cells were transfected with the 
same dilution of SFV-LacZ in medium with or without 
200 µg/ml hLF. Only transfected cells express the LacZ 
gene, and arestained blue. Top panel:  transfection  in the 
absence of hLF (-); bottom panel: transfection in the 
presence of 200 µg/ml hLF(+). 
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Inhibition of Binding of SIN TRSB and SFV4 to BHK- 21 Cells by hLF  
To determine whether the inhibitory action of hLF shown in Fig. 1 and Fig. 2 is 

exerted by prevention of binding of the HS-adapted viruses to cells, cell-binding 
experiments were carried out with BHK-21 cells as described earlier (Byrnes and 
Griffin, 1998; Klimstra et al., 1998; Smit et al., 2001). Radiolabeled virus was allowed 
to bind to cells at 4°C in the presence of various concentrations of hLF. Unbound virus 
was removed by washing, and bound virus was quantified by liquid-scintillation 
counting of trypsinized cells. Fig. 3 shows that binding of the HS-adapted SIN strain 
TRSB to BHK-21 cells was inhibited by hLF in a dose-dependent manner. Cell binding 
of SFV produced from the pSFV4 clone (see previous section; denoted as SFV4) was 
strongly inhibited by hLF. These results show that binding of both SFV4 and TRSB to 
BHK-21 cells is strongly inhibited by hLF. The binding of SFV4 was inhibited more 
efficiently than binding of TRSB. 
 
 

 
Effect of hLF on TRSB Binding to HepPE-Containing Liposomes  

To demonstrate that the inhibition of binding of HS-adapted alphaviruses to cells 
by hLF specifically involves the blocking of the HS moiety of the receptor, we 
employed target liposomes containing lipid-conjugated heparin as a model (Smit et al., 
2002). Liposomes were pre-incubated with various concentrations of hLF at 37°C and 
pH 7.4. Subsequently, radiolabeled virus was added and the extent of virus-liposome 
binding was determined in a sucrose-density gradient flotation assay. Fig. 4 shows that 
in the absence of hLF more than 60% of the TRSB particles was bound to the HepPE-

Figure 3. Effect of hLF on binding of SIN TRSB and SFV4 to BHK-21 cells. Monolayers were 
incubated with radiolabeled virus in the presence of hLF at the indicated final concentrations, at 4°C. 
Unbound virus was removed by washing of the cells with ice-cold buffer and bound virus was quantified 
by liquid-scintillation counting of trypsinized cells. The amount of bound virus is given as percentage of 
initially added virus. SIN TRSB, black bars; SFV4, white bars. The averages of six measurements per hLF 
concentration are given. Error bars indicate standard deviations. 
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containing liposomes (Fig. 4A, squares, and Fig. 4B). In agreement with earlier results 
(Smit et al., 2002), there was no binding of virus to liposomes lacking HepPE in the 
membrane (Fig. 4A, circles). Binding of TRSB to HepPE-containing liposomes was 
inhibited by hLF in a dose-dependent manner (Fig. 4B; IC50 = 0.12 µM). These results 
show that binding of TRSB to liposomes at neutral pH, which requires the presence of 
HepPE in the target membrane (Smit et al., 2002), is inhibited by hLF. 

 

 
Alphavirus Fusion with HepPE-Containing Liposomes is not Inhibited by hLF 

Fusion of alphaviruses with liposomes has been studied extensively in a model 
system in which fusion is monitored on-line using virus that is labeled biosynthetically 
with a fluorescent pyrene lipid probe (reviewed in Smit et al., 2003). To determine if 
hLF has an inhibitory effect on TRSB fusion, the virus was mixed with HepPE-
containing liposomes, and fusion was triggered in the presence of hLF. As shown in 
Fig. 5, hLF did not inhibit, but even slightly stimulated (curves a-c), TRSB fusion at 
concentrations that are in excess to the concentrations that strongly inhibit TRSB 
binding (Fig. 4B). The results indicate that TRSB fusion was not inhibited by hLF and 
that the antiviral action of hLF is only exerted at the first step of viral entry (cell 
attachment). 
 

Figure 4. Effect of hLF on SIN TRSB binding to HepPE-containing liposomes. Radiolabeled virus was 
mixed with HepPE-containing liposomes or control (liposomes without HepPE). Liposomes were pre-
incubated at 37°C with hLF or with buffer alone before being mixed with radiolabeled virus at 37°C. 
Bound virus was separated from unbound virus by flotation on a sucrose density-gradient as described in 
Materials and Methods. Panel A shows gradient profiles of virus mixed with different liposomes.HepPE-
containing liposomes, squares; liposomes without HepPE, circles; HepPE-containing liposomes in the 
presence of 80 µg/ml hLF, triangles. Panel B shows the extent of virus binding to HepPE-containing 
liposomes as a function of the hLF concentration. Binding was determined by sucrose density-gradient 
flotation analysis as shown in panel A 
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Inhibitory Effect of Positively Charged Human Serum Albumin  
The cationic character of hLF was recently shown to be of importance for its 

antiviral activity against CMV (Beljaars et al., 2004). To determine whether the 
inhibition of receptor interaction of HS-adapted alphaviruses by hLF is likewise a result 
of the positive charge of hLF, the effect of positively charged HSA (cat-HSA) on TRSB 
binding to HepPE-containing liposomes was studied. Fig. 6 shows that native HSA had 
no significant effect on TRSB binding to HepPE-containing liposomes. Introduction of 
a net positive charge into HSA results in a potent inhibitory effect on TRSB binding to 
HepPE-containing liposomes (Fig. 6). These findings indicate that protein charge plays 
a role in the inhibitory effect on virus binding to HepPE which was observed for hLF. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Effect of hLF on SIN TRSB fusion 
with HepPE-containing liposomes. Virus and 
liposomes were mixed in buffer containing 
different concentrations hLF at 37°C. Fusion 
was triggered by lowering the pH and was 
monitored continuously. curve a, 25 µg/ml 
hLF; curve b, 50 µg/ml hLF; curve c, 200 
µg/ml hLF; curve d, no hLF 

Figure 6. Effect of HSA and positively 
charged HSA (cat-HSA) on SIN TRSB 
binding to HepPE-containing liposomes. 
Liposomes were pre-incubated at 37°C with 
increasing concentrations of HSA (circles) or 
cat-HSA (squares) before being mixed with 
radiolabeled virus at 37°C. The extent of virus 
binding to HepPE-containing liposomes as a 
function of HSA or cat-HSA concentration is 
shown. Binding was determined by sucrose 
density-gradient analysis as described in 
Materials and Methods. 
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6.5 Discussion 

In this paper we studied the antiviral action of hLF. To determine the mechanism 
of antiviral activity we used alphaviruses adapted to HSPG as the attachment receptor 
(Klimstra et al., 1998, Smit et al., 2002). hLF strongly inhibited infection of cells by 
HS-adapted alphaviruses but did not inhibit infection by the non-adapted SIN strain 
TR339 (Fig. 1). Use of 200 µg/ml hLF caused a 70% reduction in viral plaques for 
TRSB, 90% reduction for SFV, and no reduction for SIN-TR339. The antiviral action 
of hLF appeared to be exerted at the level of cell attachment because the protein 
interfered with virus-cell binding; more specifically, it interfered with the binding of the 
virus to liposomes containing HepPE as an attachment receptor analog. TRSB showed 
residual binding to BHK cells in the presence of high concentrations hLF. No residual 
binding of TRSB to HepPE-liposomes, containing solely the HepPE receptor analog, 
was observed in the presence of hLF. This observation suggests that TRSB is able to 
bind to other receptors on BHK cells that are not blocked by hLF. hLF did not inhibit 
virus fusion with HepPE-containing liposomes indicating that the antiviral activity of 
hLF is only exerted at the first step of viral entry. 

hLF has the capacity to bind to certain viruses and block viral entry (Marchetti et 
al., 1996; van der Strate et al., 2001). The antiviral activity of hLF against HS-adapted 
alphaviruses probably does not involve binding to the virus particles as hLF did not 
inhibit fusion of TRSB. In the latter process, the viral spike protein inserts into the 
target membrane (Wahlberg et al., 1992; Bron et al., 1993; Kielian, 1995); the insertion 
of the spike protein would be hindered by opsonization of the virion with hLF. 
Moreover, the presence of hLF caused an increase in the extent of fusion. The most 
probable explanation is that HepPE, by virus binding, restrains interaction of some 
viruses with the target membrane and that hLF, by preventing virus binding, removes 
this restraint. 

Our results are consistent with other studies that have shown that hLF is able to 
bind to heparin and HS and that binding is mediated through two clusters of basic 
residues located within the first 33 residues of hLF (Mann et al., 1994; Wu et al., 1995; 
van Berkel et al., 1997; Yazidi- Belkoura et al., 2001). The cluster of Arg residues in 
the first six amino acids of hLF (GRRRRS) is found to be mainly responsible for the 
interaction with glycosaminoglycans and may act synergistically with the second 
cluster (RKVR) located at position 28-31 to form the predominant glycosaminoglycan 
binding site of the protein. HSPGs are present on the cell surface of most eukaryotic 
cells. The glycosaminoglycan moiety HS of HSPGs is a highly sulfated disaccharide 
polymer and therefore possesses a net negative charge. Proteoglycans have a large 
variety of biological functions that are mediated by their glycosaminoglycan moieties 
(for reviews see Tumova et al., 2000 and Bernfield et al., 1999). Interaction of viruses 
with HS can be a result of cell-culture adaptation, as reported for some viruses (Bernard 
et al., 2000; Heil et al., 2001; Jackson et al., 1996; Klimstra et al., 1998; Sa-Carvalho et 
al., 1997). However, for some viruses the ability to bind HS has also been shown to be 
a feature of clinical isolates (Goodfellow et al., 2001; Trybala et al., 2002). It remains 
to be shown that clinical isolates of other viruses also have HS binding capacity. 
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Therefore, studying the hLF-mediated interference of HS binding by viruses contributes 
to the accumulating knowledge about the potentials of hLF as an antiviral agent. 

Marchetti et al. (1996) studied the antiviral activity of lactoferrins on HSV-1 and 
assumed that lactoferrins block cell receptors, like HSPGs, for HSV-1 (Marchetti et al., 
1996). Our results are in agreement with the recent findings by Di Biase et al. (2003), 
who showed that mixtures of bovine lactoferrin and heparin abolished the anti-
adenovirus effect of each compound alone and concluded that the anti-adenovirus 
activity of bovine lactoferrin involves blocking cell-surface HSPGs. 

Charge-modified HSA also inhibited TRSB binding to HepPE-containing 
liposomes. This suggests that the antiviral activity of hLF is related to its positive 
charge. As shown in Fig. 6, the binding of TRSB was inhibited at concentrations of cat-
HSA that are lower than the inhibitory concentrations of hLF; the IC50 values of cat-
HSA and hLF are 0.03 µM and 0.12 µM, respectively. Structural features of the 
proteins are most likely involved in this difference since the isoelectric points of cat-
HSA and hLF are similar (pI ~8). Overall, our results are in agreement with the recent 
observations of Beljaars et al. (2004), who demonstrated the importance of the cationic 
character of lactoferrin in inhibiting viral infection of host cells with CMV, another HS-
interacting virus. 

The results in this paper demonstrate that one way by which hLF can inhibit 
infection of cells by viruses is by blocking the exposure of HS present on cell surfaces, 
thus making adherence of HS-using viruses impossible. Using a model system for viral 
attachment to HS, we demonstrated the HS-blocking action of hLF. In an earlier report 
(Smit et al., 2002), we evaluated this model system and suggested that it may serve as a 
novel tool for the study of receptor interactions and membrane fusion properties of HS-
interacting enveloped viruses. As demonstrated here, this model system is a useful tool 
for the clarification of the mechanisms of antiviral substances acting on HS-interacting 
viruses. 
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7.1 Summary 

One important aspect of the entry process of alphaviruses is the fusion of the 
viral membrane with the endosomal membrane in the host cell, resulting in the delivery 
of the viral genome into the cytosol. Without this fusion reaction the virus is destined 
for degradation (see Chapter 1). The fusion reaction can be monitored on-line in a 
model system using fluorescently labeled viruses and liposomes as model target 
membranes. The majority of the research described in this thesis has been performed 
using this model system. The advantage of liposomes is that the composition of the 
liposomal membrane can be varied in order to determine the effect of lipid species and 
membrane structure on membrane interaction and membrane fusion activity of the 
viruses. The incorporation of receptors in the liposomal membrane makes it possible to 
investigate virus-receptor interaction. In previous studies that used this model system, 
an interesting dependence of alphavirus fusion on the simultaneous presence of 
cholesterol and sphingolipids was revealed (Nieva et al., 1994). The sphingolipid 
dependence exhibited an exquisite molecular specificity (Corver et al., 1995; Moesby et 
al., 1995; Wilschut et al., 1995). The question as to the role sphingolipids play in 
alphavirus membrane fusion has been a central topic of the research project presented in 
this thesis. 

There is extensive evidence for the presence of sphingolipid-cholesterol 
microdomains or lipid rafts in cellular membranes (see Chapter 1; Simons and Ikonen, 
1997; Brown and London, 1998). The simultaneous requirement of sphingolipids and 
cholesterol in alphavirus fusion is suggestive of an involvement of lipid rafts in the 
entry of alphaviruses. Chapter 2 analyzes whether there is a requirement of lipid rafts 
in liposomes for SFV and SIN fusion. The presence of lipid rafts in the liposomal 
membrane was modulated by incorporating sphingolipid analogs and sterols varying in 
their ability to support raft formation. The results demonstrate that, in the absence of 
rafts, extensive SFV and SIN fusion occurs. SFV fusion was, in fact, lower with 
liposomes containing sphingolipid analogs or sterols that showed increased 
microdomain formation, suggesting an inhibitory effect of microdomain formation on 
fusion. The results indicate that sphingolipid-cholesterol microdomains or lipid rafts are 
not required for alphavirus fusion and that the role of sphingolipids in alphavirus fusion 
is not simply to form rafts with cholesterol, with these rafts then functioning as 
platforms for viral fusion in the target membrane. 

In Chapter 3, we demonstrate that under non-physiological conditions, SFV has 
the capacity to fuse with liposomes in the absence of sphingolipids. However, the extent 
of this sphingolipid-independent fusion was limited compared with the extent of fusion 
in the presence of sphingolipids. Sphingolipid-independent fusion still required the 
presence of cholesterol and was dependent on the temperature and the fatty acyl chain 
composition of the glycerophospholipids in the membrane, suggesting a role of 
membrane lipid packing in the process. Although sphingolipids are not strictly required 
for SFV fusion, they always increase binding and fusion when present and are strictly 
required at physiological temperatures. A lack of SFV fusion with LUVs in the absence 
of sphingolipids was correlated with a lack of ability of the virus to bind to these LUVs, 
suggesting that sphingolipids are not only involved in the actual membrane fusion 
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process, but also in the initial binding of the virus to target membranes. The results 
presented in Chapter 3 led us to reconsider the current idea about the role of 
sphingolipids in alphavirus fusion (see 7.2). 

Low pH triggers the dissociation of the E2/E1 heterodimer allowing the 
formation of the E1 homotrimer, several copies of which are presumably involved in 
the fusion process (Bron et al., 1993; Ferlenghi et al., 1998; Justman et al., 1993; 
Wahlberg et al., 1992; Wahlberg and Garoff, 1992; Gibbons et al., 2003, 2004). The 
formation of a stable E1 homotrimer is irreversible. However, the results in Chapter 4 
suggest that a reversible state of E1 precedes the formation of the homotrimer. We 
demonstrate that acidification of SFV alone for 1 min at 37°C renders the virus inactive 
in fusion. However, relatively independent of the length of the preceding acidification 
period, after neutralization the virus is able to infect cells and to fuse with liposomes 
upon reacidification. This shows that, contrary to common dogma, the virus is not 
inactivated by pre-exposure to low pH in the absence of target membranes. Fusion was 
optimal when the acid-treated virus was neutralized to pH 8.0. Density-gradient 
centrifugation analysis suggested that the E2/E1 heterodimer remains dissociated. 
When liposomes containing cholesterol and sphingomyelin are present during 
acidification, the virus binds to the liposomes, the extent of E1 trimerization increases, 
and the virus fuses with the liposomes. When the liposomes are added 2 min after 
acidification, the virus does not bind to the liposomes, there is no increase in E1 
trimerization, and the virus does not fuse with the liposomes. The results presented in 
Chapter 4 indicate that a reversible state of E1 exists between heterodimer dissociation 
and trimerization. This reversible state is inactive in mediating virus-liposome binding 
and fusion. Furthermore, the results suggest that low pH triggers heterodimer 
dissociation and that the presence of membranes containing cholesterol and 
sphingomyelin triggers efficient E1 trimerization. A hypothesis with regard to the 
course of events in SFV fusion, from the low-pH trigger to membrane merging, is 
presented in 7.3.  

Using liposomes supplemented with lipid-conjugated heparin, we investigated 
the role of the receptor in membrane fusion in a direct manner (Chapter 5). Heparin is 
an analog for cell-surface heparan sulfate (HS). Cell culture adapted SIN has been 
shown to efficiently bind BHK cells by interacting with HS, and it has been 
demonstrated that cell culture adapted SIN also binds to heparin (Klimstra et al., 1998). 
In Chapter 5, we show that HS-adapted SIN efficiently binds to heparin-containing 
liposomes at neutral pH. Non-adapted SIN does not bind to these liposomes at neutral 
pH. While adapted SIN efficiently interacts with heparin, no fusion of the viral 
membrane with the liposomal membrane at neutral pH occurred. Membrane fusion was 
only observed upon a low pH trigger with both HS-adapted and non-adapted SIN. The 
results demonstrate that virus-receptor interaction does not support membrane fusion 
and that low pH is the sole trigger for membrane fusion to occur. The results are in 
agreement with the idea that SIN enters its host cell by receptor-mediated endocytosis 
and fusion from within acidic endosomes, rather than by fusion with the plasma 
membrane at neutral pH. 

The heparin-containing liposomes and the HS-adapted viruses were used as a 
tool to investigate the antiviral activity of human lactoferrin (hLF) (Chapter 6). hLF is 
a major component of breast milk protein and has antibacterial, antifungal, and antiviral 
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properties (Kanyshkova et al., 2001; Hanson and Korotkova, 2002). Most studies on the 
antiviral activity of hLF suggest that the protein inhibits virus entry into cells rather 
than later phases of viral replication. Lactoferrin, in principle, can prevent virus cell 
entry by binding to the virus particle or by binding to cell-surface molecules that 
viruses use as receptors or co-receptors. In either case, lactoferrin would prevent viral 
attachment to the cell surface (Meijer et al., 2001; van der Strate et al., 2001). It has 
been suggested that binding of hLF to cell-surface HS glycosaminoglycans (HSPGs) is 
involved in inhibition of viral infection (van der Strate et al., 2001). In order to 
determine whether hLF indeed exerts antiviral activity through interference with virus 
binding to HSPG receptors, we studied the effects of hLF on the cell entry and receptor 
binding of HS-adapted SIN and cell-culture adapted SFV. In Chapter 6, we 
demonstrate that hLF inhibits infection of cells by HS-adapted SIN and SFV and that 
hLF does not inhibit infection by non-adapted SIN. hLF inhibits binding of the HS-
adapted viruses to cells and to heparin-containing liposomes. hLF does not inhibit 
membrane fusion of the adapted viruses with heparin-containing liposomes. 
Furthermore, we show that a positively charged derivative of human serum albumin has 
a similar antiviral effect against HS-adapted SIN and SFV, suggesting that the antiviral 
activity of human lactoferrin against alphaviruses is related to its positive charge. The 
results indicate that lactoferrin interferes with binding of viruses to cells rather than 
affecting the subsequent entry and membrane fusion process. 

7.2 The Role of Receptor Interaction in Alphavirus Membrane 
Fusion 

It is well established that SFV enters its host cell by receptor-mediated 
endocytosis and subsequent low-pH-induced fusion from within endosomes (Helenius 
et al., 1980 and 1982; Marsh and Helenius, 1980; Marsh et al., 1982, 1983; Izurun et 
al., 1997; DeTulleo and Kirchhausen, 1998; Glomb-Reinmund and Kielian, 1998 a and 
1998b; see Chapter 1). It is likely that other alphaviruses follow the same route of viral 
entry into their host cells. However, there is controversy about this matter for SIN. 
Evidence is available suggesting that SIN undergoes fusion with the plasma membrane, 
at neutral pH, and that the receptor is involved in triggering the fusion process (Cassell 
et al., 1984; Coombs et al., 1981; Flynn et al., 1990; Edwards and Brown, 1991; Abell 
and Brown, 1993; Hernandez et al., 2001). On the other hand, other studies suggest that 
SIN, like SFV, does enter cells by receptor-mediated endocytosis and fusion from 
within acidic endosomes (DeTulleo and Kirchhausen, 1998; Glomb-Reinmund and 
Kielian, 1998b). Recent studies from our laboratory have shown that SIN fuses rapidly 
and efficiently with receptor-free liposomes (Smit et al., 1999), and that subtle shifts in 
the pH dependence of SIN membrane fusion directly correlate with the infectivity of the 
virus in cells (Smit et al., 2001). The results presented in Chapter 5, demonstrating that 
virus-receptor interaction does not support membrane fusion and that low pH is 
required for membrane fusion,, and the results presented in Chapter 6, showing that 
blocking the viral attachment receptor by hLF did not inhibit membrane fusion, are in 
agreement with our previous studies and the studies of Glomb-Reinmund and Kielian 
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(1998a and 1998b) and DeTulleo and Kirchhausen (1998). Therefore, it appears that the 
sole trigger for SIN membrane fusion is low pH and that SIN infects its host by 
receptor-mediated endocytosis with the receptor required for cell attachment and 
endocytic uptake. 

The reason for the discrepancy in the literature is not clear. Explanations 
regarding possible experimental side effects causing the occurrence of plasma 
membrane fusion at neutral pH have been proposed. Brown and coworkers would have 
used virus that had been frozen in phosphate-buffered medium. The pH of this medium 
decreases upon freezing and could have caused a rearrangement of the viral spike 
proteins, which would give the virus the ability to fuse with the plasma membrane at 
neutral pH (DeTulleo and Kirchhausen, 1998; Ferlenghi et al., 1998). However, Brown 
and coworkers have denied using virus prior frozen in phosphate-buffered medium 
(Hernandez et al., 2001). Moreover, this explanation of the cause of the discrepancy is 
not very likely because we demonstrate for SFV that acidified virus which is 
subsequently neutralized (by thawing in this case) must be reacidified in order to fuse 
with liposomes. A more likely explanation is that the cause of the discrepancy lies with 
the types of fusion assays used (Glomb-Reinmund and Kielian, 1998b). The cell-cell 
fusion assay used by Brown and coworkers relies on the occurrence of morphological 
changes of the cells after fusion. These morphological changes could also be caused by 
secondary effects. 

Based on earlier research of our laboratory (Smit et al., 1999; Smit et al., 2001) 
 and on research presented in this thesis (Chapters 5 and 6), we have concluded 

that SIN and other alphaviruses, like SFV, enter the host cell by receptor-mediated 
endocytosis and subsequent, low-pH-dependent, fusion from within endosomes. 

7.3 The Role of Sphingolipids and Cholesterol in Alphavirus 
Membrane Fusion 

Reconsideration of the Role of Sphingolipids in Alphavirus Membrane Fusion 
Previous research from our laboratory showed that SFV membrane fusion is 

dependent on the presence of both cholesterol and sphingolipids in the target membrane 
(Nieva et al., 1994). Only a very low concentration of sphingolipid is needed to mediate 
optimal fusion. In the absence of sphingolipids, SFV was found to be able to bind to 
liposomes provided that cholesterol is present (Nieva et al., 1994). Based on these 
results, it was suggested that cholesterol and sphingolipids play divergent roles in the 
fusion process, the presence of cholesterol in the target membrane being necessary and 
sufficient for binding of the virus to the liposomes, and the sphingolipids being 
essential for induction of membrane merging. Sphingolipids would play the role of a 
cofactor activating the fusion function of E1, possibly by inducing a specific 
conformational change in the protein. In agreement with the cofactor hypothesis, it was 
shown that the sphingolipid dependence exhibits molecular specificity, including 
stereospecificity (Corver et al., 1995; Moesby et al., 1995).  

In Chapter 3 it is demonstrated that SFV has the capacity to fuse in the absence 
of sphingolipids at 20°C, although to a limited extent. Furthermore, it is demonstrated 
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that the virus is not able to bind to cholesterol-containing liposomes lacking 
sphingolipids at 37°C. When the virus is able to bind to liposomes, it also fuses at least 
in part with the liposome. These results are inconsistent with the idea of completely 
divergent roles of cholesterol and sphingolipids proposed in our previous work 
mentioned above. The results of this previous work, in fact, are in agreement with the 
results presented in Chapter 3. However, we did not realize the importance of low 
temperature in fusion without sphingolipids. Low temperature decreased the rate and 
extent of fusion in sphingolipid-dependent fusion, and thus we did not anticipate an 
increase of fusion at lower temperatures with liposomes lacking sphingolipids. For 
convenience, the binding experiments were done at 20°C but fusion was measured at 
37°C and the results were compared. Our new results presented in Chapter 3 show that 
at physiological conditions sphingolipids, together with cholesterol, are required for 
efficient SFV binding to the target membrane, which indicates that the roles of 
cholesterol and sphingolipids in SFV fusion cannot be readily separated. Moderate 
fusion did occur in the absence of sphingolipids at non-physiological conditions. 
However, it is important to note that extensive fusion occurred only in the presence of 
sphingolipids. Based on the results presented in Chapter 3, we now propose that 
sphingolipids are primarily required to interact with cholesterol in order to create the 
membrane binding site for SFV E1. Furthermore, sphingolipids are able to elevate 
fusion to higher extents, possibly by interacting with E1. 

Where and How Do Sphingolipids and Cholesterol Create the SFV Binding Site? 
While the simultaneous requirement of sphingolipids and cholesterol suggests 

that rafts could be the binding sites for SFV, the results presented in Chapter 2 suggest 
that SFV fusion with LUVs is independent of lipid raft formation and therefore does not 
necessarily involve lipid rafts. Small complexes of both lipids could be acting as 
binding sites for the virus. Since SFV also fuses extensively with raft-containing 
liposomes, these small complexes could reside in between rafts or at raft boundaries.  
The results in Chapter 2 also demonstrate that extensive detergent-insoluble complex 
formation, mediated by sphingolipid analogs or sterols other than cholesterol, partially 
inhibit SFV fusion. The bilayer of the liposomes containing these sphingolipid analogs 
or sterols could have a larger part of the surface covered by rafts and have less space in 
between the rafts, resulting in fusion inhibition. The rafts themselves would then be 
portions of the membrane unfavorable for fusion because (i) the stable lamellar 
organization of rafts (Brown and London, 2000; Rietveld and Simons, 1998; Harder 
and Simons, 1997) might be difficult to disrupt, while disruption of the lamellar 
organization is involved in membrane fusion (Wilschut, 1991); (ii) the stable 
organization of rafts might shield the 3β-hydroxyl group of cholesterol, as evidenced by 
studies showing that the 3β-hydroxyl group is shielded from cholesterol oxidase in 
sphingolipid-cholesterol monolayers (Grönberg and Slotte, 1990; Slotte, 1992), such 
that virus binding to cholesterol would be inhibited. Another result in favor of the idea 
of fusion in between rafts is the low concentration of sphingolipid required for fusion. 
A non-raft pool of cholesterol has been suggested to exist in between rafts (Simons and 
Ikonen, 1997; Harder and Simons, 1997) and it is likely that a non-raft pool of 
sphinglipids also exists. However, because of the preference of sphingolipids for rafts 
(Brown and London, 2000; Rietveld and Simons, 1998; Harder and Simons, 1997), the 
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non-raft pool of sphingolipid may be small. Yet, the low concentration of sphingolipids 
required for optimal fusion of SFV in liposomal model systems suggests that even low 
concentrations of sphingolipid in non-raft pools might suffice for supporting efficient 
fusion in cells. Binding of SFV to liposomes has been shown to require the 3β-hydroxyl 
group of cholesterol (Kielian and Helenius, 1984). Epi-cholesterol, having a 3α-
hydroxyl group which lies parallel to the plane of the membrane, is not able to mediate 
SFV fusion, indicating the importance of the positioning of the hydroxyl group. 
Recently, it was shown by Brzustowicz and colleagues (2002) that the tilt angle of the 
axis of cholesterol with the membrane normal in membranes containing PC and PE 
species with one saturated and one polyunsaturated acyl chain was influenced by the 
temperature. Raising the temperature from 20°C to 40°C resulted in an increase of the 
tilt of cholesterol through an increased disorder of the membrane structure. Thus at 
20°C cholesterol has a more upright positioning in the membrane. No change in the tilt 
of cholesterol was seen with membranes containing dipolyunsaturated PC and PE 
species, indicating a role for saturated acyl chains. The importance of the positioning of 
the 3-hydroxyl group, demonstrated by Kielian and Helenius (1984) and the results in 
Chapter 3, have interesting similarities with the observations of Brzustowicz et al. We 
demonstrate binding and fusion of SFV with liposomes at 20°C but not at 37°C, and 
optimal fusion at 20°C occurring with POPC/POPE/cholesterol membranes, i.e. with 
PC and PE species containing one saturated acyl chain. On the basis of the similarities 
we propose that lowering the temperature from 37°C to 20°C decreases the tilt of 
cholesterol and thereby positions the 3-hydroxyl group of cholesterol in a more upright 
fashion making it available for SFV binding at this temperature. However, a very tight 
membrane organization, while bringing cholesterol in an upright position, is not 
beneficial for SFV binding and fusion (Chapter 3). This suggests that, for SFV binding, 
the positioning of the 3-hydroxyl group has a very subtle optimum. When this 
importance for the positioning of cholesterol is extended to the role of sphingolipids in 
the creation of the virus binding site, it can be hypothesized that sphingolipids, by 
interacting with cholesterol, position cholesterol optimally for SFV binding. It is 
interesting to note that androstenol in the absence of sphingolipids was unable to 
mediate SFV binding and fusion at 20°C (Chapter 3). In contrast to cholesterol, 
androstenol lacks the isooctyl side chain. This structural difference may result in a 
greater tilt of androstenol in the membrane, and lowering the temperature to 20°C 
would not decrease the tilt enough to make the 3-hydroxyl group available for SFV 
binding. Sphingomyelin, on the other hand, by interacting with the sterol nucleus, 
would be able to optimally position androstenol, resulting in extensive binding and 
fusion of the virus with androstenol-containing membranes in the presence of 
sphingomyelin (Chapter 3).  

The Involvement of the Sphingolipid Molecular Specificity 
Specific molecular characteristics of sphingolipids have been found to have an 

influence on SFV fusion. The 3-hydroxyl group cannot be altered or deleted without 
affecting SFV fusion, while the 4,5-trans double bond is required for fusion (Corver et 
al., 1995). Furthermore, it has been demonstrated that the 4,5-trans double bond in the 
sphingoid backbone cannot be replaced by a 5,6-trans double bond (He et al., 1999). 
SFV fusion also exhibits a remarkably strict dependence on the presence of the D-
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erythro isomer of the sphingolipid. The other three diastereoisomers have been shown 
to be unable to support SFV fusion (Moesby et al., 1995). 

The molecular specificity of SFV fusion could be a result of the specific 
molecular features of sphingolipids on their interaction with cholesterol. Changes in the 
interaction between sphingolipids and cholesterol could influence the formation of the 
binding site for SFV E1 (Chapter 3). The removal of the 4,5-trans double bond, 
resulting in the formation of dihydrosphingomyelin, has been shown to cause a stronger 
interaction between this sphingolipid and cholesterol (Kuikka et al., 2001). The 
stronger interaction with cholesterol increases the formation of condensed domains, 
which are more stable than in the case of sphingomyelin. This could lead to a decrease 
in the concentration of “free” sphingolipids in between the domains or rafts, which in 
turn could inhibit SFV binding and fusion at physiological conditions. Another 
possibility is that a stronger interaction with cholesterol abrogates the formation of an 
optimal binding site for E1, because the tight interaction limits optimal positioning of 
the 3-hydroxyl group of cholesterol or decreases cholesterol’s degree of flexibility that 
may be needed to create the binding site. 

The finding that only the D-erythro isomer of sphingolipids promoted fusion can 
also be reconciled with altered interactions of the sphingolipid with cholesterol. In a 
recent study comparing the biophysical properties of D-erythro-sphingomyelin with 
racemic sphingomyelin, a mixture of D-erythro and L-threo sphingomyelin, Ramstedt 
and Slotte (1999) demonstrated that cholesterol extraction from lipid monolayers by β-
cyclodextrin was significantly slower from D-erythro-sphingomyelin monolayers than 
from racemic sphingomyelin monolayers. Furthermore, D-erythro-sphingomyelin 
monolayers contain significantly more condensed domains than racemic sphingomyelin 
monolayers. These results indicate a significant difference between D-erythro-
sphingomyelin and racemic sphingomyelin in intermolecular interaction with 
cholesterol, with D-erythro-sphingomyelin having a stronger interaction with 
cholesterol. This difference may have an effect on the creation of the binding site for 
SFV, resulting in sphingolipid stereospecificity in SFV fusion. 

The removal of the 3-hydroxyl group of sphingolipids results in a loss of a 
hydrogen donor and acceptor group (Ohvo-Rekilä, 2002), which could weaken the 
interaction if this group is important for the interaction. However, the 3-hydroxyl group 
of sphingomyelin has been suggested not to be critically important for sphingomyelin-
cholesterol interactions (Kan et al., 1991; Grönberg et al., 1991). 

Thus, many aspects of the molecular specificity of sphingolipids promoting SFV 
fusion can be reconciled on the basis of sphingolipid-cholesterol interactions, the 
sphingolipid being indirectly involved in virus-membrane interaction. Yet, it is likely 
that sphingolipids in addition play a crucial role in the actual fusion process. The 
presence of sphingolipids markedly increases the extent of fusion compared to fusion in 
the absence of sphingolipids, indicating such a direct fusion-promoting function 
(Chapter 3). More research is required to reveal which aspects of the molecular 
specificity of sphingolipid's role in SFV fusion are related to this direct fusion-
promoting function of sphingolipids. 
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E1 Trimerization and the Role of Sphingolipids and Cholesterol 
Based on research performed in our laboratory and by Kielian and coworkers it is 

currently believed that SFV E1 homotrimer formation occurs after membrane binding 
of the virus. For example, Zn2+ inhibits SFV fusion and homotrimer formation, but 
permits liposome binding and heterodimer dissociation (Corver et al., 1997). 
Furthermore, Kielian et al. (1996) demonstrated that a SFV mutant containing a 
mutation in the fusion peptide, E1:Gly91Asp, is inactive in homotrimer formation and 
membrane fusion, while this mutant is able to bind to liposomes to similar extents as 
wild-type SFV. These results not only indicate that the homotrimer is important for 
fusion but also show that binding is possible without homotrimer formation, suggesting 
that binding precedes E1 trimerization. Our recent results show that SFV does not bind 
to PC/PE/cholesterol liposomes at 37°C and also does not bind to PC/PE/androstenol 
liposomes at 20°C and 37°C (Chapter 3). In an earlier report, Klimjack et al. (1994) 
show that trimerization of SFV E1 occurs in the presence cholesterol-containing 
liposomes with or without sphingomyelin at 37°C (Klimjack et al., 1994). We have 
reproduced these results with SFV E1 at 37°C and also found similar results at 20°C (J. 
M. Smit, B. -L. Waarts, J. Corver, unpublished results). We have also found extensive 
E1 trimerization with androstenol-containing liposomes at both 20°C and 37°C with or 
without sphingomyelin (B. -L. Waarts, unpublished results). These results show that 
extensive E1 trimerization occurred irrespective of the occurrence of SFV-liposome 
binding and that E1 trimerization requires the presence of cholesterol- or androstenol-
containing liposomes irrespective of the presence of sphingolipids. 

Taken together, it appears that membrane binding and E1 trimerization are 
processes that occur independently of each other, but both processes require cholesterol. 
One possibility is that induction of E1 trimerization occurs via a different kind of 
interaction with cholesterol than the interaction resulting in E1 binding to cholesterol. 
This is supported by the finding that epi-cholesterol also induces trimerizaton, 
suggesting that the 3β-hydroxyl group, which is required for binding, may not be 
involved or that its positioning (α or β) is not important for trimerization (Klimjack et 
al., 1994; unpublished results). However, it is also possible that in both cases the 
interaction between cholesterol and E1 is the similar, always inducing E1 trimerization, 
but the simultaneous presence of sphingolipids will result in the binding of the virus to 
the membrane via the sphingolipid-cholesterol binding site. Clearly, both E1 
trimerization and membrane binding are required for the subsequent fusion event. 

7.4 Alphavirus Fusion: Time Course of Events 

Upon exposure of SFV to low pH, the E1/E2 heterodimer dissociates (Walhberg 
et al., 1992; Wahlberg and Garoff, 1992). It has been suggested from cryo-EM data that 
the E2 subunits move away from the center of the spike while the E1 subunits move 
toward the center, closer to each other (Haag et al., 2002; see also Fig. 7.1). We 
propose that E1/E2 heterodimer dissociation brings E1 in a “reactive” state, which 
scans the target membrane. Sphingolipid- and cholesterol-independent membrane 
interactions, which have been detected in black lipid membranes as conductance 
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increases (Samsonov et al., 2002), could represent this membrane scanning. The fusion 
peptide loop (Lescar et al., 2001) would probably be responsible for this scanning 
function. The fusion peptide may insert into the target membrane by an acid-induced 
conformational change of E1 moving the protein from its position parallel to the 
membrane (Lescar et al., 2001) to a more perpendicular position, as proposed for 
dengue virus (Modis et al., 2004; see also Fig. 7.1). In the absence of target membrane, 
E1 rapidly switches into a non-reactive state in which it is no longer capable of 
interaction with membranes. This hypothesis is supported by the results presented in 
Chapter 4, showing that adding liposomes 2 min after acidification did not lead to virus-
liposome binding and increased trimerization. Neutralization switches E1 into an 
intermediate state and subsequent reacidification brings E1 back in its reactive state 
able to interact with membranes again. This is supported by results showing that 
neutralized and reacidified SFV was bound to liposomes, had increased trimerization, 
and fused with liposomes (Chapter 4). We hypothesize that E1 in its reactive state 
interacts with cholesterol. The presence of cholesterol then triggers trimerization of E1, 
as shown by Klimjack et al. (1994) and our unpublished results (see 7.3). When 
cholesterol is not present, E1 probably switches to its non-reactive state, as is the case 
when no target membrane is present. The trimerization reaction is inhibited by Zn2+ 
(Corver et al., 1997) or the mutation E1:Gly91Asp (Kielian et al., 1996). The 
simultaneous presence of sphingolipids results in an optimal positioning of cholesterol 
in the target membrane, creating the E1 binding site, proposed above (7.2), resulting in 
stable E1 binding to cholesterol involving the 3β-hydroxyl group of cholesterol. The 
importance of the positioning of the 3-hydroxyl group has been reported earlier (Kielian 
and Helenius, 1984). Recent structural data on trimers of the E1 ectodomain formed by 
acidification in the presence of sphingomyelin and cholesterol show the presence of 
rings of several complexed trimers (Gibbons et al., 2003, 2004). We propose that stable 
association of E1 homotrimers with the binding site created by sphingolipids and 
cholesterol subsequently brings the homotrimers together, resulting in the formation of 
a ring of trimers which eventually drive fusion of the viral membrane with the target 
membrane (Fig. 7.1; Gibbons et al., 2003, 2004). Sphingolipids may exert their 
additional function in the fusion process itself (Chapter 3) by promoting the ring 
formation. 

7.5 Perspectives 

The last three years have witnessed major progress in the field of alphavirus 
research. In 2001 the crystal structure of SFV E1 was resolved. The protein turned out 
to be surprisingly similar to the fusion protein E of tick-borne encephalitis (TBE) 
(Lescar et al., 2001). This result led to the grouping of alphaviruses together with 
flaviviruses in the category of viruses with “class II” fusion proteins in order to 
distinguish them from viruses having structurally different “class I” fusion proteins. 
The class I fusion proteins are represented by the influenza virus glycoprotein 
hemagglutinin (HA), which was the first viral envelope glycoprotein for which the 3-D 
structure was resolved at the atomic level (Skehel and Wiley, 2000). TBE is a member 
of the family Flaviviridae, which also includes yellow fever virus, hepatitis C virus, and 
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dengue virus, and the similarities among the fusion proteins suggested that alphaviruses 
may have the same fusion mechanism as flaviviruses. Because of major structural 
differences between class I and class II fusion proteins, the class II fusion mechanism 
was thought to be fundamentally different from class I membrane fusion. However, as 
described in Chapter 1, very recent structural data appear to suggest that, despite the 
structural differences between the fusion proteins, the fusion mechanisms could well be 
surprisingly similar (Gibbons et al., 2003; Gibbons et al., 2004; Modis et al., 2004, 
Bressanelli et al., 2004). 

The research presented in this thesis contributes to the understanding of the 
precise fusion mechanism of alphaviruses and possibly other viruses having class II 
fusion proteins. Although the results presented in this thesis provide novel clues with 
regard to the involvement of cholesterol and sphingolipids in the fusion process of 
alphaviruses, and the role of the viral fusion protein in the process, the model presented 
in Fig. 7.1 remains hypothetical and lacks specific details. For example, it is not clear 
what the difference is between the reactive state and the non-reactive state of E1. It is 
also not clear how cholesterol mediates E1 trimerization and whether this function of 
cholesterol is different from that in mediating virus binding to membranes. Another 
major question is whether lipids are indeed involved in the formation of the ring of 
homotrimers that appears to form the basis of the final fusion machine. Last but not 
least, it is not clear whether the specific molecular features of sphingolipids, which have 
been shown to be involved in SFV fusion, have a function in the interaction of 
sphingolipids with cholesterol or in a hypothetical direct interaction of sphingolipids 
with the viral E1. An intriguing question is whether sphingolipids are involved in the 
E1 homotrimer ring formation. Thus, the riddle of the role of sphingolipids in 
alphavirus fusion has not yet been fully solved. In fact, the riddle is being extended, 
giving continued credit to the intriguing name of these lipids. 

The sphingolipid requirement of SFV fusion has only been demonstrated in 
liposomal model systems and has not yet been verified in cells. This is mainly because 
of experimental difficulties. Cells do not tolerate extensive sphingolipid depletion. Yet, 
since fusion of alphaviruses requires only very low levels of sphingolipid in the target 
membrane, such extensive depletion appears to be necessary to unequivocally 
demonstrate that sphingolipids are crucial for alphavirus cell entry. On the other hand, 
the cholesterol requirement of SFV fusion has been demonstrated in liposomal model 
systems and in cells, indicating that the results acquired from model systems can be 
translated to the situation in vivo. Therefore, we believe that sphingolipids are indeed 
required in the cell entry mechanism of alphaviruses. Sphingolipids appear to be 
critically involved in the creation of a membrane binding site for the viral E1 fusion 
protein probably in between rafts in the endosomal membrane. Interaction with this 
binding site results in E1 trimerization and stable binding of the virus to the endosomal 
membrane. This is followed by membrane fusion and delivery of the viral genome to 
the cytosol, initiating the infection process and the production of progeny virus 
proceeds. 

The primary aim of the work presented in this thesis was a further elucidation of 
the molecular mechanisms underlying cell entry and membrane fusion of alphaviruses, 
SFV and SIN in particular. Although SFV and SIN are minor human pathogens, we 
hope that the results that were obtained with these viruses will contribute to a further 
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understanding of the cell entry mechanisms of viruses with class II viral fusion proteins 
in general. These include major human pathogens like dengue virus, yellow-fever virus, 
hepatitis C virus, and tick-borne encephalitis virus. A thorough understanding of the 
cell entry mechanisms of class II viruses is likely to facilitate the development of 
antiviral drugs interfering with infection at the level of virus entry into the host cell. 
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8.1 Inleiding 

Virussen 
De mens is vaak geneigd te denken de wereld en alles wat erop leeft onder 

controle te hebben. Maar als we het goed bekijken, worden we omringd door vele 
ziekteverwekkende microben die zich weinig van ons aantrekken. Zo nu en dan wordt 
de maatschappij dan ook getroffen door een uitbraak van een ziekte onder mensen, 
dieren of planten met vaak grote gevolgen. Tijdens zulke uitbraken worden we weer 
met beide benen op de grond gezet en komen we er steeds weer achter dat we niet alles 
in de hand hebben. 

Virussen zijn van die microben welke ziekten veroorzaken. Virussen zijn er 
eigenlijk alleen maar op uit om zich te vermenigvuldigen, maar dat kunnen ze alleen 
door een eiwitfabriek, een cel in je lichaam, over te nemen. Het doel van een virus is 
dan ook om de informatie voor het maken van nieuwe virussen, het virale genoom, in 
de cel te krijgen. Als dat is gelukt worden vaak alle productielijnen in de cel lamgelegd 
behalve de lijnen die het virus nodig heeft. Deze productielijnen worden dan volledig 
ingezet voor de productie van nieuwe virussen. Deze ingrijpende overname van de 
eiwitproductie door het virus heeft als gevolg dat de cel haar taken niet meer kan 
uitvoeren. Dit is er mede de oorzaak van dat je vaak ziek wordt als je geïnfecteerd bent 
door een virus. 

De onderdelen waaruit een virus over het algemeen bestaat zijn: de virale 
structurele eiwitten, waarmee het virus wordt opgebouwd, en het virale genoom, een 
soort CD-ROM van DNA of RNA, waarop de genetische informatie is opgeslagen voor 
de productie van virale structurele eiwitten en een aantal niet-structurele eiwitten die 
geen onderdeel vormen van de virusdeeltjes. Bij de assemblage van nieuwe virussen 
wordt het virale genoom ingepakt in een omhulsel van virale structurele eiwitten. 
Sommige virussen zijn niet meer dan dat. De virussen waarover dit proefschrift gaat 
hebben echter een membraan (een vel) als extra omhulsel en worden daarom 
membraanvirussen genoemd. 

Hoe een membraanvirus de cel binnenkomt 
Ook menselijke en dierlijke cellen hebben een omhulsel, de celmembraan, 

bestaande uit verschillende vetmoleculen en eiwitten. De membraanvetten hebben een 
semi-vloeibaar karakter en vormen als het ware een tweedimensionale zee, waarin zich 
de eiwitmoleculen bevinden. Sommige van deze eiwitten kunnen fungeren als een soort 
handjes waarmee de cel allerlei moleculen kan pakken. Virussen maken vaak misbruik 
van deze moleculen om de cel binnen te dringen, de handjes fungeren dan als 
zogenoemde receptoren waaraan het virus kan binden. Verschillende soorten cellen 
hebben verschillende receptoren. Een virus dat het lichaam is binnen gekomen, 
bijvoorbeeld via de luchtwegen of via de huid, moet eerst de juiste cel vinden tussen het 
grote aantal cellen waaruit het lichaam bestaat. Niet iedere cel heeft namelijk de juiste 
eigenschappen voor een goede productie van een bepaald soort virus. Het virus herkent 
de juiste cel aan het type receptoren en grijpt deze receptoren vast met speciale eiwitten, 
de virale spike eiwitten genaamd, zeg maar de handjes van het virus. Als het virus 
eenmaal de juiste cel gevonden heeft, volgt een nieuw probleem. Voordat een virus de 
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cel kan overnemen moet het eerst door de celmembraan heen om de cel binnen te 
komen. De celmembraan fungeert als een barrière en virussen komen daar niet zomaar 
doorheen. Virussen hebben echter allerlei slinkse trucs verzonnen om dit probleem op 
te lossen. Omdat dit proefschrift over membraanvirussen gaat, beperken we ons tot de 
oplossingen die deze virussen hebben ontwikkeld. Een membraanvirus komt op één van 
de volgende mogelijkheden de cel binnen: (1) door hun eigen membraan direct te laten 
versmelten met het membraan van de cel of, (2) door zich te laten “opeten” door de cel 
om dan later, in het binnenste van de cel, de eigen membraan te laten versmelten met 
het membraan van de “maag” van de cel, het zogenaamde endosoom (Figuur 1). In 
beide gevallen treedt er dus een proces van membraanfusie op. Bij de virussen die via 
de eerste mogelijkheid binnenkomen, zorgt de interactie tussen de virale spike en de 
receptor op de cel voor een plotselinge verandering in de virale spike. De handjes van 
het virus kunnen hierdoor het fusieproces tussen de virale membraan en de 
celmembraan teweeg brengen Bij de virussen die worden opgenomen in het endosoom 
van de cel zorgt het zure milieu in dit endosoom voor de plotselinge verandering in de 
virale spike, waardoor de membraan van het virus fuseert met de membraan van het 
endosoom. In beide gevallen komt het genoom met de genetische informatie terecht in 
het binnenste van de cel en kan de cel worden overgenomen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figuur 1. Opname van een membraanvirus in de cel. Het virus bindt aan de receptor en komt terecht in 
een instulping van de celmembraan, die vervolgens wordt afgesnoerd tot een blaasje. Het blaasje versmelt 
met het endosoom en het virus komt in het zure milieu van het endosoom terecht. De lage pH veroorzaakt 
een fusiereactie tussen de virale membraan en de endosomale membraan. Het virale genoom kom in het 
binnenste van de cel terecht 
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Alphavirussen 
De groep membraanvirussen waar dit proefschrift over gaat, zijn de 

alphavirussen. Alphavirussen worden hoofdzakelijk overgebracht door muggen. Ze 
kunnen klachten en ziekten veroorzaken, die variëren van spier- en gewrichtspijn tot 
fatale hersenvliesontsteking. Echter, het aantal dodelijke gevallen is laag en de meeste 
infecties veroorzaken slechts milde ziekteverschijnselen. Alphavirussen zijn kleine 
bolletjes met een doorsnede van slechts zeven honderdduizendste van een millimeter. 
De bolletjes bestaan uit een RNA molecuul, het genoom, dat gebonden is aan het 
zogenaamde capside eiwit. Dit eiwit-RNA complex is omhuld door een membraan 
afkomstig van de gastheercel. In dit membraan zitten 80 spikes, die naar buiten steken. 
Iedere virale spike bestaat uit twee soorten eitwitten, E1 en E2. Per spike zijn er drie E1 
eiwitten en drie E2 eiwitten aanwezig. E2 is het handje van alphavirussen, betrokken bij 
de receptor binding, en E1 is het onderdeel van de virale spike, dat verantwoordelijk is 
voor het fusieproces. E1 wordt dan ook het fusie-eiwit genoemd. Recentelijk is 
gebleken, dat de structuur van E1 van alphavirussen erg lijkt op de structuur van de 
fusie-eiwitten van meer bekende virussen, behorende tot de groep flavivirussen, zoals 
het dengue virus (dat knokkelkoorts veroorzaakt ) en het gele-koorts virus. 

Het is van alphavirussen bekend, dat ze door de gastheercel worden opgenomen 
in het endosoom, waar de virale spike verandert onder invloed van het zure milieu in 
het endosoom, en dat de membraan van het virus vervolgens fuseert met de membraan 
van het endosoom (Figuur 1). Het is vastgesteld dat de fusiereactie afhankelijk is van de 
aanwezigheid van twee lipiden (vetmoleculen) in de membraan waarmee het virus 
fuseert. Eén van deze twee lipiden is het bekende cholesterol, en het andere behoort tot 
de zogenoemde sphingolipiden. Van cholesterol is bekend dat het molecuul betrokken 
is bij de binding van het virus aan de membraan, terwijl de sphingolipiden een rol 
zouden spelen tijdens de fusiereactie, maar hoe precies is nog niet bekend. De naam 
sphingolipide is overigens bedacht door Johann L. W. Thudichum in 1884. Hij 
isoleerde de nog onbekende stof uit hersenweefsel en analyseerde deze. Maar in plaats 
van dat de resultaten van de analyses het hem duidelijk maakte om wat voor soort stof 
het ging, leverden de resultaten alleen maar meer raadsels op. Daarom gaf hij de stof de 
naam sphingosine om het te vernoemen naar de Sphinx, een gedaante uit de Griekse 
mythologie, die raadsels voorlegde aan Oedipus. 

Doel van dit proefschrift 
Dit proefschrift gaat over onderzoek dat is verricht om meer inzicht te verkrijgen 

in de slinkse trucs die de alphavirussen gebruiken om de gastheercel binnen te dringen. 
Twee prototype alphavirussen, Semliki Forest Virus (SFV) en Sindbis virus (SIN), zijn 
als vertegenwoordigers van de alphavirussen gebruikt. De focus van dit proefschrift ligt 
op de receptorinteractie en de membraanfusie, twee sleutelprocessen bij de invasie van 
cellen door alphavirussen. Er is gebruik gemaakt van een artificieel systeem waarin een 
soort membraanbolletjes, liposomen genaamd, gebruikt worden als model voor 
cellulaire celmembranen. Met liposomen kan, veel makkelijker dan met cellen, de 
invloed van de samenstelling van de membraan op het fusieproces bepaald worden. 
Ook is het mogelijk om receptoren voor bepaalde virussen in de membraan van 
liposomen in te bouwen. Deze benadering is gebruikt in dit proefschrift om de 
receptorinteractie van alphavirussen te onderzoeken. 
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8.2 Resultaten en conclusies 

De invloed van spingolipide-cholesterol “vlotten” in de celmembraan 
De afgelopen jaren is er steeds meer bewijs gevonden voor de aanwezigheid van 

complexen van sphingolipiden en cholesterol in de membranen van cellen. Deze 
sphingolipide-cholesterol complexen drijven als het ware als kleine vlotten in de zee 
van membraanlipiden in de celmembraan rond. De engelse term voor deze complexen 
is dan ook “rafts”. Zoals hierboven al beschreven, zijn sphingolipiden en cholesterol 
beiden onmisbaar voor de membraanfusie-activiteit van alphavirussen. De vraag die 
dan ontstaat, is of “rafts” verantwoordelijk zijn voor de lipide-afhankelijkheid van 
alphavirus membraanfusie. In Hoofdstuk 2 wordt deze vraag behandeld. Eerst werd 
gekeken hoe verschillende sphingolipiden en sterolen anders dan cholesterol zich 
gedragen bij de vorming van rafts. Het bleek dat een aantal van deze vetmoleculen 
totaal niet in staat is om rafts te vormen in de membraan van liposomen of juist een heel 
sterke vorming van rafts veroorzaken. Tegelijkertijd werd gekeken naar wat er met de 
fusiereactie tussen deze liposomen en SFV of SIN gebeurde. Het bleek dat er fusie 
mogelijk is ook als er geen rafts in de liposomale membraan aanwezig zijn. Het is zelfs 
zo, dat een verhoogde vorming van rafts de fusiereactie negatief beïnvloedt. Uit dit 
onderzoek kan geconcludeerd worden, dat rafts niet nodig zijn voor de fusiereactie en 
dat de lipide-afhankelijkheid van alphavirusfusie niet simpelweg verklaard kan worden 
op basis van een essentiële rol van rafts bij de interactie van alphavirussen met de 
membraan van de gastheercel. 

Sphingolipide-onafhankelijke fusie van SFV onder “abnormale” omstandigheden 
De lipide-afhankelijkheid van SFV fusie is onderzocht en vastgesteld onder 

fysiologische omstandigheden, dat wil zeggen bij een temperatuur van 37°C en door 
gebruik te maken van liposomen met min of meer dezelfde lipidensamenstelling als 
celmembranen. Om echter meer te weten te komen over waarom dingen zijn zoals ze 
zijn, is het vaak goed om te kijken naar wat er gebeurt onder niet-fysiologische 
omstandigheden. In Hoofdstuk 3 is een onderzoek beschreven waarbij is gekeken naar 
de fusie van SFV bij lagere temperaturen en naar de fusie met liposomen met een 
andere lipidensamenstelling dan die van celmembranen. Het bleek dat, bij 20°C, SFV 
kan fuseren met liposomen, die geen sphingolipiden bevatten. Dit is een opmerkelijke 
vinding, omdat er altijd gedacht werd dat sphingolipiden absoluut vereist zijn voor de 
fusiereactie. Verdere analyse wees uit dat de verlaging van de temperatuur een 
verandering in de membraan van het liposoom teweegbrengt, waardoor het virus kan 
binden aan cholesterol in de membraan en er ook fusie kan optreden. Bij 37°C kan het 
virus niet binden aan liposomen zonder sphingolipiden. Waarschijnlijk veroorzaken de 
sphingolipiden onder deze, fysiologische, omstandigheden ook een zodanige 
verandering in de membraan dat nu wel  binding aan cholesterol mogelijk wordt. Uit de 
resultaten kan geconcludeerd worden, dat sphingolipiden een belangrijke rol spelen bij 
de binding van het virus aan de membraan. Maar het is ook gebleken dat er nog een 
additionele rol voor sphingolipiden moet zijn, omdat in aanwezigheid van 
sphingolipiden niet alleen de initiële virus-liposoom binding, maar ook de daarop 
volgende fusiereactie zelf veel efficiënter verloopt dan in afwezigheid van 
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sphingolipiden. Hoe sphingolipiden die additionele rol vervullen is echter nog niet 
geheel duidelijk. 

Het fusie-eiwit van Semliki Forest Virus raakt in een “ontspannen toestand” door 
zuurbehandeling in afwezigheid van doelmembranen 

In een zure omgeving verandert de spike van SFV zodanig dat de virale 
membraan kan fuseren met de membraan van het endosoom in de gastheercel, zoals in 
8.1 al besproken. Er is gesuggereerd dat het fusie-eiwit E1 van SFV onomkeerbaar 
verandert en inactief wordt, als het virus aan zuur wordt blootgesteld en er geen 
liposomen of celmembranen aanwezig zijn. Uit onderzoek beschreven in Hoofdstuk 4 
blijkt dit niet juist te zijn. Als E1 aan zuur wordt blootgesteld zonder dat er membranen 
(liposomen of cellen) aanwezig zijn, is het inderdaad zo dat E1 in een toestand terecht 
komt waarin het niets meer doet. Toevoegen van liposomen na de zuurbehandeling 
heeft geen fusiereactie meer tot gevolg. Maar deze toestand blijkt niet onomkeerbaar te 
zijn en het virus is niet dood. Door het zuur te neutraliseren komt E1 weer terug in een 
toestand van waaruit het weer kan binden aan membranen als het opnieuw met zuur 
wordt behandeld. Ook blijkt het virus weer te kunnen fuseren met liposomen en weer 
cellen te kunnen infecteren. Uit deze resultaten kan geconcludeerd worden, dat in een 
zure omgeving het fusie-eiwit van SFV even in een "gespannen toestand" komt. In deze 
situatie vindt er vrijwel direct fusie plaats als er membranen zoals liposomen aanwezig 
zijn. Als er geen doelmembranen zijn, blijkt het E1 eiwit snel in een “ontspannen 
toestand” te raken van waaruit het geen fusie meer kan veroorzaken, omdat toevoegen 
van liposomen dan geen fusiereactie tot gevolg heeft. Echter, als het zure milieu wordt 
geneutraliseerd is het mogelijk om het fusie-eiwit weer in een “gespannen toestand” te 
krijgen door het opnieuw aan zuur bloot te stellen. Hierdoor is het virus weer in staat te 
fuseren met liposomen of cellen te infecteren. 

Het gebruik van liposomen met een ingebouwde receptor om de interactie van 
alphavirussen met de receptor te onderzoeken 

Interactie met een receptor is het eerste contact tussen een virus en de gastheercel 
(zie 8.1). Het is sinds kort mogelijk de receptor voor bepaalde alphavirussen 
(heparansulfaat), en ook voor andere virussen, in te bouwen in de membraan van 
liposomen. Dat betekent dat het er nu onderzoek gedaan kan worden naar de interactie 
van een virus met de receptor, heparansulfaat, in het liposomale modelsysteem. Het was 
al eerder vastgesteld dat aan celkweek aangepaste alphavirussen kunnen binden aan 
heparansulfaat en heparine. In Hoofdstuk 5 is een onderzoek beschreven waarbij 
gebruik is gemaakt van de receptor-bevattende liposomen met als doel de rol van de 
receptor in de membraanfusie van alphavirussen vast te stellen. Dit onderzoek liet zien 
dat de alphavirussen die aan heparansulfaat kunnen binden, ook goed kunnen binden 
aan de receptor op de liposomen bij neutrale pH. Maar er treedt onder die 
omstandigheden geen fusie op. Fusie is alleen mogelijk als er zuur wordt toegevoegd. 
De conclusie uit dit onderzoek is dat de interactie van alphavirussen met de receptor 
geen rol speelt bij membraanfusie. Zuur is de enige factor die membraanfusie kan 
veroorzaken. 

Met behulp van hetzelfde receptor-liposoom systeem is in Hoofdstuk 6 gekeken 
naar de antivirale werking van lactoferrine. Lactoferrine is een eiwit in moedermelk met 
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antimicrobiële werking tegen vele soorten bacteriën, schimmels en virussen. Het is 
echter niet duidelijk hoe lactoferrine de infectie van cellen door bepaalde virussen kan 
voorkomen. Er wordt vermoed dat lactoferrine de binding van virussen aan 
heparansulfaat remt. In dit hoofdstuk zijn de celkweek-aangepaste alphavirussen als 
voorbeeld gebruikt voor andere virussen, die aan heparansulfaat kunnen binden. De 
resultaten laten zien dat lactoferrine in staat is de infectie van cellen door alphavirussen 
te remmen. Met behulp van de boven genoemde receptor-bevattende liposomen werd 
vastgesteld dat lactoferrine de virus-receptor interactie blokkeert door aan de receptor te 
binden. Lactorferrine houdt als het ware de bindingsplaats bezet. Lactoferrine remt 
echter de membraanfusie van alphavirussen niet. Tevens werd een ander eiwit getest als 
vergelijking, en dit eiwit bleek ook in staat de receptor te blokkeren en virus binding te 
remmen. De resultaten met dit eiwit suggereren dat de positieve lading van lactoferrine 
een belangrijke factor is bij de binding aan heparansulfaat receptoren. De conclusie is 
dat lactoferrine de infectie van virussen kan remmen door de receptor (heparansulfaat) 
van de betreffende virussen te blokkeren. 

Tot slot 
De resultaten beschreven in dit proefschrift hebben meer inzicht gegeven in de 

wijze waarop alphavirussen de gastheercel binnendringen. Alphavirussen behoren tot 
een categorie virussen, die allemaal min of meer dezelfde soort fusie-eiwitten hebben. 
Tot deze catergorie behoren ook meer bekende virussen, zoals het dengue virus, gele-
koorts virus, hepatitis C virus en het teken-encephalitis virus. Hopelijk levert het 
fundamentele onderzoek beschreven in dit proefschrift, in de toekomst, een bijdrage aan 
de ontwikkeling van antivirale middelen tegen deze virussen. 
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Als allerlaatste schrijf ik nu dit stukje tekst, wat waarschijnlijk toch het meest 
gelezen deel van het proefschrift zal zijn. Zoals het overgrote deel van de AIO’s die het 
dankwoord schrijven, heb ik maar weinig tijd over. Ik hoop niet dat ik iemand vergeet! 

Ietwat ongebruikelijk, ga ik eerst een heel stuk terug in de geschiedenis (althans 
voor mij). Achttien jaar geleden kwam ik in klas zes van basisschool de Poalsbrêge in 
Drachten. Daar ontstond mijn liefde voor het vak biologie. Deze vroege interesse voor 
het vak is voornamelijk te danken aan de heer Hans Bijl. Hij bracht de biologie op een 
enthousiaste wijze over op zijn leerlingen. “Meester” Bijl, u bent de eerste die ik wil 
bedanken. U hebt ervoor gezorgd dat ik mijn ogen heb geopend voor het mooie van de 
natuur en dat ik er meer over wilde weten. Zo zie je, dat de basis voor mijn carrière op 
de basisschool is gelegd. 

Tijdens de middelbare school is mijn interesse voor de biologie gebleven en zo 
besloot ik om biologie te gaan studeren in Haren. Tijdens de stages kwam ik erachter 
hoe het is om onderzoek te doen. Gelukkig heb ik de mogelijkheid gekregen om stage 
te kunnen lopen bij goede onderzoeksgroepen. Tijdens mijn laatste stage kreeg ik de 
mogelijkheid aangeboden om te blijven als AIO. Zonder twijfel besloot ik te blijven. 

Mijn promotieperiode is zonder problemen verlopen en dat is toch vooral te 
danken aan de uitstekende begeleiding door mijn eerste promotor Jan Wilschut . Jan, ik 
wil je bedanken voor alles wat je voor mij hebt gedaan. Vooral je inzet bij de laatste 
(zware) loodjes stel ik zeer op prijs! Je zorgvuldigheid bij het schrijven heeft mijn 
proefschrift zeker ten goede gedaan. De informele sfeer waarin wij hebben 
samengewerkt heb ik als zeer prettig ervaren. 

I would like to thank Prof. Robert Bittman for our collaboration and for the 
willingness to be my second promoter. You were always ready to provide compounds, 
carefully read our manuscripts, and to give useful advice, which were important 
contributions to this thesis. I look forward to meeting you. 

Ik wil de leden van de beoordelingscommissie, Prof. A.J.M Driessen, Prof. D. 
Hoekstra en Prof. P.J.M. Rottier hartelijk bedanken voor het kritisch nakijken van het 
manuscript. 

Nu dan de mensen, die met mij hebben moeten samenwerken tijdens mijn 
promotie periode. Mijn eerste kamer op de afdeling was ook de eerste AIO kamer van 
de Moleculaire Virologie. Ik deelde de kamer met Diana, Jolanda, Laura en de vissen. 
Ik was dus de enige man op die kamer (tenzij één van de vissen ook mannelijk was). 
Dames, als beginnend AIO heb ik veel van jullie geleerd. Het instellen van een AIO 
kamer is een goede beslissing geweest. We hebben een gezellige tijd gehad en de AIO-
etentjes waren ook erg gezellig en nuttig!. Later druppelden de nieuwe AIO’s binnen. 
Het zijn er nu zoveel, dat er tegenwoordig twee AIO kamers zijn. Ik heb op beide 
kamers mogen vertoeven. Annelies, Arjan, Chekwa, Hilde en Jørgen, bedankt voor de 
zeer gezellige werksfeer en uitstapjes/etentjes na het werk. Annechien en Felix, jullie 
twee ken ik nog niet zo lang, maar ik weet nu al dat jullie goed in de groep passen en 
dat maakt het alleen nog gezelliger! Ik wens alle AIO’s succes met hun onderzoek en 
het schrijven! Jullie kunnen me altijd bellen als jullie hulp nodig hebben met het 
layouten. Anke, Jeroen, Toon, Toos, Marijke en Joke, bedankt dat ik veelvuldig gebruik 
heb mogen maken van jullie ervaring en kennis. Jacqueline, ik vond het leuk om samen 
met jou in de feestcommissie te zitten. Wouter, fitnessmaatje, wij hebben samen al heel 
wat uurtjes gestoken in het kweken van onze eigen spiercellen. Als het kan gaan we er 
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wat mij betreft mee door, desnoods in een ander fitnesscentrum. Baukje-Nynke, wij zijn 
sinds een jaar familie. Leuk en toevallig dat wij collega’s zijn geworden. Paul en 
Tjarko, altijd gezellig om met jullie pauze te houden. 

Jolanda en Chekwa, ik wil jullie nog even extra bedanken voor jullie bereidheid 
om mijn paranimfen te zijn en voor de grote bijdrage die jullie aan dit proefschrift 
geleverd hebben.  

De Bio’s: Anne-Meint, Iman, Marieke, Slavko en Tineke. Bedankt voor de 
gezellige dingen die we hebben gedaan en nog steeds doen. Leuk dat jullie vanaf het 
begin van onze studie mijn vrienden zijn. Hopelijk blijft dit nog lang zo en ook wat mij 
betreft, houden we de weekendjes erin.  

Hans en Mireille, bedankt voor jullie vriendschap. Ook al zien we elkaar wat 
minder nu jullie in Alkmaar wonen, het is altijd gezellig. 

Graag wil ik nu mijn ouders bedanken. Papa en mama, jullie hebben mij altijd 
gesteund en gemotiveerd. Mede dankzij jullie heb ik nu mijn doel bereikt! Bedankt 
voor jullie liefde!!!! 

Priscilla, zusje, jij hebt uiteindelijk nog veel tijd gestoken in het maken van de 
omslag van dit proefschrift. Ik ben je daar heel dankbaar voor. Het is prachtig 
geworden! 

En tot slot, wil ik de grote liefde van mijn leven bedanken. Tealinda, jij hebt wel 
heel veel te verduren gehad toen ik dit boekje ging schrijven. Rond de deadlines was ik 
er totaal niet voor je. Bedankt voor je steun en toeverlaat, zonder jou had ik het niet 
gered! Ik kom weer van de zolder af en we gaan snel samen genieten!  
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