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Viruses are small, highly organized nucleoprotein 
particles that require entry into and exit from a cell 
in order to propagate. Almost every kind of organism in 
the biosphere- from the bacteria to man- are infectable 
by viruses that are often lethal to their host. Virus 
particles are also highly diverse in structure and 
composition: their genomes may be either DNA or RNA 
which can range in size from as little as 2,000 to over 
300,000 nucleotides and this nucleic acid can be 
packaged in particles that include relative simple, 
highly symmetrical icosahedral structures as well as 
large, complex pleomorphic shapes. Many virus nucleo
proteins are surrounded by a lipid bilayer which they 
acquire from their host cell. These viruses are called 
11 enveloped 11 and they include a number of important 
human pathogens such as influenza virus and the AIDS 
virus, HIV. The virus envelope serves to both protect 
the genome and to facilitate entrance and exit of the 
virus during its replication in the eukaryotic cell. 

Virus infection of a cell initiates with penetration 
by the particle or its nucleic acid across the cell 
membrane and concludes with release of newly replicated 
viruses (as many as 10 4 new particles per cell) by 
either active secretion from cell membranes or by total 
disruption of the cell. In this chapter I summarize 
some of the interactions between animal viruses and 
host cell membranes during virus replication but the 
primary emphasis will be on the mechanism of virus 
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assembly and release that occurs at the infected cell's 
surface membrane. I shall also focus on a single kind of 
virus that has been studied in my laboratory for the 
past 20 years. This virus is called Sindbis and 
together with the related Semliki Forest virus are the 
prototypic viruses 
(Schlesinger and 

for the family called Togaviridae 
Schlesinger, 1985), a group of 

enveloped viruses that have as their genome a single 
strand of (+)RNA of 11,700 nucleotides which is 
infectious when isolated as pure RNA. The entire 
sequence of the RNA is known and, importantly, it has 
been cloned as a cDNA in a plasmid construct that 
permits in vitro transcription of infectious RNA (Rice 
et aI, 1987). The genome is packaged in a protein 
core, the nucleocapsid, surrounded by a lipid bilayer 
and spikes composed of virus-specific transmembranal 
glycoproteins (Fig.1). 
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Figure 1. Postulated structures of the Sindbis virus 
particle. (A) From Harrison, 1983, based on low-angle x
ray scattering. (B) From Fuller, 1987, based on analysis 
by cryo-electron microscopy of vitrified particles. S, 
spikes; M, membrane; C, core; R, RNA. Note the 
crenulated membrane in B. Both the core and intact 
enveloped particles are arranged in icosahedral 
symmetry, but they have different lattice structures. 
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is composed of 180 copies of a single 
the capsid protein, and the externally 

oriented spikes are heterodimers of two transmembranal 
glycoproteins, E1 and E2, arrayed as 80 trimers. The 
composition of the lipid bilayer is asymmetric (Table 1) 
and reflects that of the host cell's plasma membrane 
(Hirschberg and Robbins 1974; van Meer et al 1981; Allan 
and Quinn 1989). 

Table 1. Distribution of Phospholipid and 
Sphingomyelin in Semliki Forest Virus Grown 
in Baby Hamster Kidney Cells 

Membrane Leaflet PA 

Inner 3 22 17 1 9 1 

Outer o 6 o o 13 26 

Numbers are moles/100 moles of total phospholipid 
PA,phosphatidate;PE phosphatidylethanolamine; PS, 
phosphatidylserine; PC, phosphatidylcholine; PI, 
phosphatidylinositol; SM,sphingomyelin.(from 
Allan and Quinn 1989). 

Sindbis virus replication can be divided into 
discrete events (Strauss and Strauss 1986) that involve 
several host cell membranes (Fig. 2 ). The first of 
these occurs shortly after binding and uptake of virus 
via the cellular "receptor-mediated endocytosis pathway" 
which involves clathrin-coated pits and acidic 
endosomes. In the latter, the virus glycoproteins are 
conformationally altered and trigger a fusion between 
virus and endosome membrane that leads to the transfer 
of the virus core from vesicle to cell cytoplasm. 
Membrane fusion by virus glycoproteins is a property 
common to all enveloped viruses but the pH values that 
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lead to fusion differ: some 

normal physiological pH with 

other require the more acidic 

(White 1990). 

virus membranes fuse at 

plasma membranes whereas 

pH found in endosomes 

Figure 2. Replication cycle of Sindbis virus with 
membranal sites noted for the different virus-membrane 
interactions: 1 and 5, plasma membrane; 2, endosome; 3, 
endosome (?); 4, rough endoplasmic reticulum. 

In the cytoplasm, the core structure collapses and 

"early events" commence. For Sindbis virus, these 

include translation of the genomic RNA to form enzymes 

that replicate and transcribe the viral RNA. There is 

indirect evidence that these RNA synthetic events occur 
on membranes 

(Froshauer et 

associated with endosomes or 

al 1988). The next stage 

lysosomes 

of virus 

replication ~s the formation of a sUbgenomic mRNA 

species that encodes all of the virus' structural 

components. This mRNA is translated as a polyprotein 

wi th cotranslational proteolytic processing that 

produces first the capsid protein and then the two 

glycoproteins, E1 and E2 plus a small hydrophobic 
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polypeptide, noted 6K. Host cell signalase in the rough 
endoplasmic reticulum (RER) is the putative processing 
enzyme for the glycoproteins and 6kD protein. Both 
glycoproteins have signal sequences (E1 uses a 
sequence in the 6K protein) that direct insertion of the 
protein into the RER membrane and stop-transfer 
sequences that designate the transmembranal domains of 
the proteins. During insertion of the polypeptide into 
the RER lumen, oligosaccharides are added and these are 
essential for proper folding of the protein (Gibson et 
al 1979; Schlesinger et al 1985). After completion of 
nascent polypeptide translation, the two glycoproteins 
and the 6K protein move through the cell I s secretory 
vesicles to the plasma membrane. Early in transport
during transit from RER to Golgi (Bonatti et al 1989)
all three proteins are acylated with palmitic acid on 
cysteines that reside in the portions of the 
polypeptides oriented to the cytoplasmic face of the 
lipid bilayer(see below). This modification is critical 
for effective virus particle secretion. Shortly before 
arrival at the plasma membrane, the E2 glycoprotein is 
cleaved by a host cell tryptic-like protease present in 
a late trans-Golgi vesicle. 

The final stages of Sindbis virus replication 
occur at the cell plasma membrane where the 
nucleocapsid binds to the cytoplasmic domain of virus 
glycoprotein, E2. In the current model, initial 
binding allows for a nucleation event which leads to 
additional protein-protein interactions between virus 
glycoprotein and nucleocapsid that, in turn, wraps the 
the lipid bilayer around the core (Fig. 3). In this 
process host cell membranal proteins are excluded from 
the virus particle. The final step is a fusion of the 
lipid bilayer that seals the virus membrane and 
releases the particle from the cell. Membrane 
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curvature during assembly is severe and may proceed by 
sharp bends at discrete points. 

A 

8 

c 

Figure 3. Postulated nucleation and envelopment of virus 
nucleocapsid by membranes containing virus-specific 
glycoproteins. (A) Cell plasma membrane with host and 
virus glycoproteins;(B) Nucleation of assembly (C) 
Membrane bending. From Fuller 1987. 

Much of our current information about enveloped 
virus assembly and budding has come from electron 
microscopy, which can provide dramatic visual evidence 
for this phenomena. Electron micrographs depicting 
budding of a wide variety of different kinds of RNA 
viruses are found in a review that also offers detailed 
interpretations of how virus nucleocapsids interact with 
lipid bilayers (Dubois-Dalcq et aI, 1984). A "classical" 
view of a virus acquiring a lipid bilayer is shown in 
electron micrographs of thin sections of infected cells 
(Fig.4A), but a technique utilizing carbon replicas of 
virus-infected tissue culture cells that had been 
rapidly frozen, deep etched and freeze-fractured 
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provides a more detailed picture (Fig.4B and C). Here, 
one sees the Sindbis virus nucleocapsids bound to the 
inner surface of the membrane (Panel C) and penetrating 
the bilayer as the glycoproteins collect in patches on 
the outer surface (Panel B). 

Figure 4. Electron micrographs of budding Sindbis 
virus. Panels A, stained preparation of a thin section 
of infected cells (courtesty M. Aach Levy, Washington 
U.); Band C, replicas of infected cells quick-frozen, 
deep etched and freeze-fractured (courtesy J. Heuser, 
Washington U.). Note the hexagonal arrays of the 
clathrin-coated vesicles in C. 

Although togaviruses as well 
paramyxo-, rhabdo and retroviruses 
plasma membrane, other viruses 

as the myxo-, 
assemble at the 
use different 

intracellular membranes. For example, the herpes viruses 
assemble at the nuclear membrane, 
assemble at the RER membrane and 

the coronaviruses 
the flaviviruses 

assemble at the Golgi membranes. At least one non
enveloped virus, the rotavirus, utilizes the RER 
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membrane for assembly and secretion from the infected 
cell. 

Despite this diversity of organelles and of virus 
structures, certain general kinds of activities occur 
during virus-membrane assembly. In all cases, a 
membrane-embedded protein encoded by a virus gene acts 
as a "receptor" for other viral-specified components or 
"ligands". The initial binding establishes a nucleation 
site for additional protein-protein interactions that 
drive the envelopment of the cellular bilayer around the 
virus core resulting in the extrusion of the virus 
from the intracellular space (cf Fig.3 and Dubois-Dalcq 
et al 1984). Normally, the extruded particle retains 
the lipid envelope, but in the case of the rotavirus, 
noted above, the membrane is removed during a further 
maturation process of the particle. 

Current research aimed at defining molecular events 
in togavirus assembly and budding have involved the 
application of several relative new technologies in 
biochemistry. One of these was the development of 
"network antibodies" in which an initial antibody was 
raised against a peptide corresponding to the E2 
glycoprotein's cytoplasmic domain (Fig. 5). Antibodies, 
called anti-idiotypes, were then raised against this 
initial antibody l.n order to find a complementary 
structure reactive to the initial peptide. Such anti
idiotypes were found to bind to the virus nucleocapsid 
(Vaux et al 1988), thus confirming the postulated 
recognition between nucleocapsid and glycoprotein. 

A second methodology, noted "reverse genetics", 
involves site-directed mutagenesis and consists of 
substi tuting amino acids at various positions in the 
cytoplasmic portion of the E2 glycoprotein. This 
approach is applicable to the Sindbis and Semliki Forest 
viruses because both viral genomes have been cloned into 
cDNAs that are transcribable into infectious RNAs. 
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Thus, by selecting appropriate restriction-enzyme 
derived fragments of these clones and replicating them 
in the single-stranded M13 bacteriophage system 
supplemented with an oligonucleotide that contains a 
"mutated" codon, it is possible to prepare all possible 
amino acid substitutions at all possible sites desired. 
In studies carried out thus far (Gaedigk-Nitschko et al 
1990; Gaedigk-Nitschko and Schlesinger 1991), mutations 
were made at 5 positions in E2; three were 
substitutions at cysteines (two cysteines were altered 
in one mutant and one in another), one at a conserved 
tyrosine and another at a serine near the carboxyl 
terminus of E2 (Fig. 5). 

SINDBIS VIRUS GENOME: 
NSPl NSP2 NSP3 NSP4 C PE2 6K El 

5·---+---1---+--+---+------.+-+--- 3' 

• • --V.T.V.A.V.C.A.C.K .A.R.R.E.C.l.T .P.V .A.l.A.P.N.A.V.I.P .T.S.L.-
• • • • A.L.L.C.C.V.A.S.A.N .AIE.T.F.T.E.T.M.S.V.l.W S.N.S.Q.P.F.F.W.-

--a • • • • • 
V.Q.l.C . I .P.L.A .A.F.I.V.L .M.R.C.C.S.C.C .L.P.F .L.V.V.A .G.A.V. 

•• •• • L .A.K. V .D.A . I El GLYCOPROTEIN 

E2t 6K 

Lumen 

ER Membrane 

Cytoplasm 

(,) fatty acid 
(.) mutation 

Figure 5. A proposed topology for Sindbis virus 
glycoproteins E1 and E2 and the 6K protein with sites 
shown where site-directed mutations were constructed. 
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Three distinct phenotypes were found for these four 
mutants and their properties relative to the wild type 
Sindbis virus are summarized in Table 2 together with 
another set of mutants obtained by site-mutagenesis of 
the 6K protein. 

Table 2. Summary of Properties of E2 and 6K Mutants 

Mutant Growth 
CEF C7-10 

E2 
C395S 
Y399F 

C415S 

Normal 
Normal 

C416A None 
S419C Slow 

6K 
R34A Normal 
C35S,C36A 
C38S,C39A Normal 

K52A Slow 

Slow 
Slow 

Slow 

Slow 

Slow 

Slow 

Particle 

Multi-cored 
Multi-cored 

None 
Multi-cored 

Multi-cored 

Multi-cored 

Not detected 

Others 

less palmitate 
excess capsid 
membrane-bound 

no progeny virus 
altered E2-6K 
cleavage 

almost no 
palmitate 
altered 6K-E1 
cleavage; 

Data in Gaedigk-Nitschko et al 1990;Gaedigk-Nitschko 
and Schlesinger 1991. 

Despite individual differences, the mutants had 
several properties in common. They all secreted 
particles at a significantly slower rate than the wild 
type from vertebrate cells and all made infectious virus 
slower than the wild type in insect cells. Even more 
interesting was our observation that the particles 
secreted from both types of host cells were much more 
stable to thermal inactivation at 56 0 C, displaying 
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multi-hit kinetics that indicated the presence of multi
cored virus particles. 

Each cysteine-substituted mutant had lower levels 
of acylated palmitic acid, suggesting this amino acid 
was a site for fatty acylation. The mutation near the 
carboxy-terminal of E2 interferes with signal protease 
processing between E2 and 6K and affects maturation of 
these proteins as well as their appropriate orientation 
in the bilayer. 

The mutations in the 6K protein show that this small 
hydrophobic, membranal-bound protein is essential for 
effective virus assembly. This protein is highly 
enriched in cysteines (10% of its amino acids) and most 
are palmitoylated in a manner suggesting a lipid-type 
structure with a polypeptide head group. The precise 
function of 6K is unknown; however, small amounts can be 
detected in purified virions (Gaedigk-Nitschko and 
Schlesinger 1990). 

An intriguing property of these mutants 1.S the 
differential effect of the mutation on host cell growth, 
1.. e. mutant virus formation is much slower in insect 
cells than in vertebrate cells. One explanation for 
this could be the profound difference in membrane 
composition between these two different species leading 
to a much lower viscosity of the insect cell membrane. 
Sindbis virus grown in insect cells reflect this lower 
viscosity (Table 3). Perhaps nucleation and budding are 
more difficult to achieve in these cells. 
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Table 3. Properties of Membranes in Sindbis 
virus grown in mosquito or BHK cells. 

Property BHK cell Mosquito cell 

Cholest. 0.83 0.61 
Phos.Lipid 

Amino-Lipid 0.32 0.68 
tot.Phos.Lipid 

Anisotropy(25C) 0.256 0.182 

Microviscosity 7.08 2.62 

Data from Moore NF et al 1976. 

The slow growth on insect cells by the mutants has 
been exploited l.n attempts to isolate second-site 
revertants. Two of these have been obtained thus far: 
one for the initial tyrosine to phenylalanine 
substitution and one for the initial cysteine to serine 
substi tution in E2. The revertant of the tyrosine
>phenylalanine mutation makes very tiny plaques and 
shuts off host-cell protein synthesis much faster than 
the wild type cell. The revertant of the cysteine
>serine mutation appears to make normal, single-cored 
particles. We postulate that some second site 
revertants should have mutations in the domains of the 
capsid protein that bind to the glycoprotein sequences 
and these new mutations should allow for a mapping of 
the capsid "receptor" structure. Revertants of the 
mutants altered l.n fatty acylation should help in 
defining the role of fatty acids in the assembly and 
budding process. It will be necessary to analyze the 
genotypes of these revertants to insure that the 
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original mutation is still intact and to identify the 
new mutation in the revertant. 

A third approach to determine how virus proteins 
interact with membranes utilizes small peptides designed 
to specifically inhibit protein-protein interactions. 
with regard to Sindbis virus, we discovered that 
peptides whose sequences match regions in the E2 
glycoprotein carboxyl terminus could block budding of 
virus particles (Schlesinger, 1989). Peptides were 
effective when added to virus infected cells during a 
one cycle growth curve in chicken embryo fibroblast 
cells. Under the conditions tested, there were minimal 
effects on other factors in virus replication such as 
formation and maturation of intracellular structural 
proteins and formation of virus nucleocapsids. The 
smallest and most effective peptide had the sequence, 
L.T.P.Y.A.L.A, which is identical to the E2 positions 
396-402 (cf Fig. 5) that is highly conserved among 
togaviruses. Modification of this peptide by an 
octanoyl group at the amino terminus and amidation at 
the carboxy terminus increased the potency by about 10 
fold. Consistent with these results are recent data that 
show a binding between cytoplasmic domains of the p62/E2 
glycoproteins of Semliki Forest virus and its 
nucleocapsid (Metsikko and Garoff 1990). 

The experimental approaches and data summarized here 
for studying assembly and membrane-protein interactions 
for Sindbis and Semliki Forest viruses will surely be 
applied to other enveloped viruses. And it is clear from 
the examples cited above that enveloped viruses offer 
superb experimental systems for studying protein-lipid 
interactions and membrane assembly. 
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