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Abstract 
This thesis work aimed to investigate the assembly and budding of enveloped virus 

particles with focus on the fate of cellular proteins, present in or near the plasma 

membrane (PM) where the budding occurs. It was previously shown that compact 

viruses, like alphaviruses, with a covering outer protein coat, did not contain any 

cellular proteins in the envelope. However, cellular proteins were found in purified 

retroviral preparations and these proteins were thought to be specifically incorporated 

into the viral envelopes. We asked whether cellular proteins instead were randomly 

incorporated during viral budding at the PM and if selection of proteins occurred at all. 

Hence, we built up systems to metabolically label lipids and proteins in cells both 

before and during infection and production of virus particles, to isolate and purify PMs 

and released virus particles and to equalize the preparations to each other thus enabling 

direct comparable analyses of protein contents and amounts of proteins in the two 

samples. In this thesis we can, for the chosen model retroviruses Moloney murine 

leukaemia virus (Mo-MuLV) and Human immunodeficiency virus type-1 (HIV-1), 

show that the bulk of the cellular proteins, present in or near the budding sites, are in a 

non-selective manner incorporated into assembling and budding particles. Only a few 

proteins were excluded from or concentrated into the purified particles, as compared to 

isolated PMs, which was opposite to the general idea.  

Some viruses, including Human herpesvirus 6A (HHV-6A), have been associated 

with the autoimmune disease multiple sclerosis (MS). One theory for induction of the 

autoimmune reactions is that incorporated cellular proteins are presented to immune 

system cells together with viral peptides, leading to misdirected immune reactions. We 

asked whether HHV-6A incorporates cellular proteins during assembly and release of 

viral particles. Indeed, we could conclude that purified, intact and infectious HHV-6A 

particles contained host proteins, among them we identified clathrin, ezrin, actin, 

Tsg101 and the CD46 protein which is also used as a receptor for the virus. 

Altogether, our results suggest that the majority of the proteins, present at or near 

the assembly and budding sites of retroviral particles, are incorporated into the particles 

in a non-selective manner. The work also suggests that enveloped viruses belonging to 

other viral families incorporate cellular proteins and this opens up for questions 

regarding, for example, induction of autoimmune diseases.
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1  Introduction 
1:1 Cell architecture 
Multi-cellular organisms like humans and animals are built up of billions or 

trillions of cells, while there are other organisms which consist of only one or 

a few cells. There exist two types of cells, the prokaryotic and the eukaryotic 

ones. The prokaryotic cells, mainly bacteria, have a simple internal 

organization with no defined nucleus and are surrounded by a plasma 

membrane (PM). The eukaryotic cells, building up organisms as animals, 

plants and fungus, are on the other hand well structured (Lodish, 2003). They 

contain a defined membrane-bound nucleus and membrane enclosed 

organelles, a network of cytoskeletal fibers and are, as prokaryotes, 

surrounded by a PM as depicted in Fig. 1. 

 

 

 

 

Figure 1. Schematic drawing of an eukaryotic cell. 

The numbers point out some cellular parts. 1; Plasma membrane, 2; 

Mitochondria, 3; Lysosome, 4; Nuclear envelope, 5; Nucleolus, 6; Nucleus, 7; 

Smooth  endoplasmic reticulum, 8; Rough endoplasmic reticulum, 9; Golgi 

complex, 10; Secretory vesicles, 11; Peroxisomes, 12; Cytoskeletal fibers, 13; 

Microvilli. Figure from (Lodish, 2003). Reprinted with permission from W. H 

Freeman and Company (www.whfreeman.com).  

 

The genetic material is kept in the nucleus [6] where also transcription of the 

genomic information into mRNA takes place. Synthesis of ribosomal RNA 

mostly takes place in a nuclear subcompartment termed nucleolus [5]. The 

translation of the information into proteins takes place on ribosomes in the 

cytoplasm or on ribosomes attached to endoplasmic reticulum (ER) [8]. 

Proteins can be translocated into ER, modified and sorted during transport 

within the ER and Golgi systems. Some proteins end up in organelles 

responsible for the cells energy supply (mitochondria [2]) or responsible for 

degradation of worn out cellular parts or material taken up from the 
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extracellular milieu (lysosomes [3] and peroxisomes [11]). Other proteins are 

inserted into the PM [1] or released into the extracellular milieu. The transport 

of proteins and molecules within the cell is a task for secretory vesicles [10] or 

for other vesicular structures as endosomes and clathrin coated pits formed 

during invagination and pinching off from the PM. The cell is also more or 

less crowded by cytoskeletal fibers [12] divided in three subgroups, actin 

filament, microtubules or intermediate filaments. The fibers form networks 

and bundles that help in organising organelles and participate in cellular 

movements. The cytoskeleton does also support cellular membranes (Lodish, 

2003). Powerful analyse methods, as electron tomography analyses of intact 

vitrified cells, help in revealing cellular structures as the tight actin meshwork 

situated just beneath the PM (Medalia et al., 2002) (Morone et al., 2006). 

Finally, the eukaryotic cell is surrounded by the PM. Proteins situated in the 

PM functions in cell adhesion, in cell-cell signalling and as parts of pores and 

pumps for transport of molecules in and out from the cell (Lodish, 2003). 

The PM, as well as the internal membranes, are assembled from three 

groups of lipids, phosphoglycerides, sphingolipids and steroids. The lipids are 

amphipathic molecules with a polar head group and a hydrophobic tail. Due to 

hydrophobic effect and van der Waals interactions the lipids self-associate into 

a bilayer with the polar head groups pointing outwards. The two lipid leaflets, 

facing either the cytoplasm or the external milieu (or the interior of organelles) 

are termed the cytoplasmic leaflet and the exoplasmic leaflet, respectively 

(Lodish, 2003). The lipids in the phosphoglyceride group, 

phosphatidylethanolamine, phosphatidylcholine, phospha-tidylserine and 

phosphatidylinositol are not equally distributed between the two lipid leaflets. 

Neither are the ones in the spingolipid group, namely sphingomyelins and 

glycolipids. For PMs, the less fluid lipids, sphingomyelin and 

phosphatidylcholine, are mostly found in the exoplasmic leaflets while 

phosphatidylethanolamine, phosphatidylserine and phosphatidylinositol are 

more common in the cytoplasmic leaflet. The third group of lipids, the steroids 

consisting of cholesterol and its derivatives, is relatively evenly distributed in 

both leaflets. The overall mixture of the lipids differs also between the 

membranes of different organelles (Lodish, 2003).  
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The composition of the different lipids in the membrane does also 

influence the thickness and the curvature of the specific membrane. 

Sphingomyelins and cholesterol, for example, tend to increase the thickness of 

the membrane. The curvature of the membrane depends on the size of the 

polar head groups and the tails of the phospholipids. Smaller head groups and 

shorter tails give a cone shaped lipid molecule while larger head groups and 

tails a more cylindrical form. The large phosphatidylcholine in the exoplasmic 

leaflet and the small conical phosphatidyl-ethanolamine in the cytoplasmic 

leaflet may help the PM to a have a natural curvature. The lipid composition 

can therefore also play an essential role in highly curved membranes as during 

formation of membrane pits and blebs, budding of cellular vesicles and in 

areas of the PM like microvilli (Lodish, 2003).  

The fluid mosaic model (Singer and Nicolson, 1972) suggested that 

proteins and lipids, due to free diffusion, were homogenously spread within 

each lipid leaflets of the membrane. However, it became rather soon evident 

that lateral motion of proteins in membranes was not primarily determined by 

free diffusion. Membrane proteins can mainly be classified into i) integral 

(transmembrane) membrane proteins which span the whole lipid bilayer, ii) 

lipid-anchored proteins that are covalently bound to one or more lipid 

molecules and iii) peripheral membrane proteins that do not interact with the 

hydrophobic core but are bound via interactions with integral membrane 

proteins or to lipid head groups (Fig. 2) (Lodish, 2003). It was proposed that 

interactions of the membrane proteins with the cytoskeleton were a barrier for 

free diffusion of proteins and therefore would slow down the protein motions. 

Indeed, in erythrocytes with disorganised cytoskeleton, the lateral mobility of 

integral membrane proteins was increased (Sheetz et al., 1980). 

 

 

Figure 2. Schematic picture of how various proteins associate with the PM. 

Integral proteins span the bilayer while lipid-anchored proteins are tethered 

to one leaflet by hydrocarbon chains. Peripheral proteins are attached via 

non-covalent interactions with integral proteins or with lipid polar head 

groups. Cytoskeletal fibers and extracellular matrix are associated with the 

membrane by interactions with membrane bound proteins. Integral membrane 
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proteins do often carry carbohydrate chains on the exoplasmic domains and 

many extracellular proteins are also glycosylated. Figure from (Lodish, 

2003). Reprinted with permission from W. H Freeman and Company 

(www.whfreeman.com).  

 

Also the lipids in the membrane were shown to have a heterogeneous 

distribution within the leaflets and forming lipid domains. One early study 

(Karnovsky et al., 1982) was conducted by measuring the fluorescence 

lifetime of the probe 1,6-diphenyl-1,3,5-hexatriene (DPH) in membranes. The 

probe locates in the hydrophobic region of the membrane and its fluorescent 

intensity and decay rate after excitation depends on the environment. In a 

homogenous system the decay is mono-exponential but multi-exponential in 

heterogenous system due to different decay rates in more fluid or more solid 

lipid phases. The result showed that the probe had multi-exponential decay 

rates when intercalated into isolated and purified PMs from several cell lines 

suggesting membrane lipid heterogeneity (Karnovsky et al., 1982). Another 

evidence for lipid heterogeneity was that the residues, remaining after 

extraction of PMs with cold detergent like Triton X-100, contained 

sphingomyelin and cholesterol. Since these lipids are found in more ordered 

and less fluid bilayers, it was thought that these lipids formed microdomains in 

the leaflets. The microdomains were termed lipid rafts. A number of proteins 

seemed to be concentrated within and easily isolated together with the lipid 

rafts, among them GPI-anchored proteins, doubly acylated tyrosine kinases of 

the Src family and certain integral membrane proteins (Brown and Rose, 

1992)  (Simons and Ikonen, 1997). The mean radius of the rafts was 

determined to be between 13 and 39 nm (Pralle et al., 2000). 

 

1:2 Virus 

Viruses come in many shapes, sizes and can be non-enveloped or enveloped 

by a membrane. The viral genome can consist of either DNA or RNA, in 

double strands or in single strands. Despite the differences, they have one 

theme in common, they are considered to be non-living organisms since they 

are totally dependent on a host for their life cycle. They are cellular parasites. 

To multiply, viruses must therefore deliver their genome and accessory 
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proteins into host cells, and subsequently make use of the biosynthetic 

machinery of the host cell for replication. Because of their simplicity, they 

depend on assistance from the host organism in virtually all stages of the 

infection cycle. During millions of years of co-evolution with their hosts, they 

have acquired the relevant molecular “passwords” and “entrance tickets” to be 

able to exploit and control cellular functions. 

The viruses have to protect their genomes during the extracellular 

portion of the life cycle in a protein cage. The cage, or capsid, often consists of 

several different protein components that have to be produced in the host cell 

and assembled properly. The interactions of the capsid proteins have to be 

strong enough to hold the capsid together but also possible to break open for 

release of the genome in the next host cell. Beside the capsid proteins, the 

virus also “has to make sure” that the correct genome is packed into the 

capsid. Virus particles do often carry spike proteins, i.e. proteins situated at the 

outer surface of the capsid, and that aid in binding to host cell surface proteins 

for targeted and successful entrance into cells.  

For most efficient replication of the virus, the host has to be able to live 

with the infection long enough to produce sufficient amount of progeny virus. 

Lytic infections, i.e. rather rapid infection and replication cycles, there the host 

cells are finally ruptured or slowly disintegrated to release the new virions can 

be risky to use by the virus. This because of the damage and cell death it 

causes the host. A more gentle way to leave the cell is by budding at the PM. 

Another more efficient manner to persist for a long time in a host is to use a 

lysogenic life cycle. This life cycle includes an insertion of the viral genome 

into the host genome there it can be rested silent or being transcribed during 

normal cellular transcription (retroviruses) and even multiplied during cell 

division. Sometimes the retrovirus stays silent and by time become a 

permanent part of the genome, so called endogenous retroelements or 

retrovirus. Upon induction, the inserted viral genome can be excised 

(bacteriophages) from the host DNA, a lytic life cycle initiated and a new 

replication round will begin. 

 

1:3 Moloney murine leukaemia virus and Human immunodeficiency 

virus type-1 
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Moloney murine leukaemia virus (Mo-MuLV) and Human immunodeficiency 

virus type-1 (HIV-1) are both RNA-viruses and belong to the virus family 

Retroviridae. The name “retro” comes from the revolutionary discover of the 

enzyme reverse transcriptase in virions (Temin and Mizutani, 1970) 

(Baltimore, 1970). The reverse transcriptase transcribes the RNA genome into 

a DNA-copy, which was opposite of the central dogma that DNA goes before 

RNA that goes before proteins. The resulting double stranded (ds) DNA copy 

is then inserted into the host genome. The history of retrovirology goes back to 

the beginning of 1900. The first two viruses were isolated from chickens. The 

Avian leucosis virus, causing a form of leukaemia and lymphoma, was 

discovered 1908 and a few years later the Rous sarcoma virus (RSV) was 

reported (Ellerman, 1908) (Rous, 1911). The Mo-MuLV was not discovered 

until 1960 but was on the other hand the first completely sequenced retrovirus 

(Moloney, 1960 {Shinnick, 1981 #28). Mo-MuLV causes, as the name 

indicates, leukaemia in mice (Fan, 1997). In the beginning of 1980s, an 

increasing number of patients sought treatments for combinations of microbial 

and parasitic infections, neurological complications and rare cancers as 

Kaposi´s sarcoma and non-Hodgkin´s lymphoma. The multiple syndromes 

were soon gathered under the name AIDS, acquired immunodeficiency 

syndrome. The causative retrovirus for this disease was discovered almost 

simultaneously of three groups and was first termed LAV (lymphadenopathy-

associated virus), ARV (AIDS-related virus) and HTLV-III (Human T-cell 

leukaemia virus III) before it was named HIV-1 (Barre-Sinoussi et al., 1983) 

(Gallo et al., 1984) (Levy, 1984). 

 Mo-MuLV is classified as a simple retrovirus, i.e. a virus carrying only 

three genes, gag, pol and env. Gag is the short term for group-specific antigen, 

pol for polymerase and env for envelope and the genes code for the internal 

core protein Gag, the enzymatic proteins as a Gag-Pol precursor and the 

glycoprotein Env situated in the viral envelope, respectively. The Gag is a 

precursor for the viral proteins matrix, capsid and nucleopcapsid and Pol for 

the viral enzymes protease, reverse transcriptase and integrase. Mo-MuLV 

belongs to the gammaretrovirus genus of the Retroviridae family as seen in 

Table 1. The first three genera are simple viruses. The four last genera are 

regarded as complex retroviruses, i.e. their genomes contain genes for a 
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number of accessory proteins beside the gag, pol and env genes. HIV-1 is an 

example of the complex viruses and belongs to the genus of lentiviruses 

(Latin; lentus, slow) (Goff, 2001).  

 

Table 1. The retroviridae family 

 

Genus Example 

Alpharetrovirus Avian leucosis virus (ALV) 

Betaretrovirus Mouse mammory tumour virus (MMTV) 

Gammaretrovirus Moloney murine leukaemia virus (Mo-MuLV) 

Deltaretrovirus Human T-cell leukaemia virus (HTLV) 

Epsilonretrovirus Walley dermal sarcoma virus (WDSV) 

Lentivirus Human immunodeficiency virus (HIV) 

Spumaretrovirus Human foamy virus (HFV) 

 

 

1:3:1 Structure of Mo-MuLV and HIV-1 and functions of their proteins 

The viruses are assembled from Gag-precursors, Gag-Pol-precursors, viral 

RNA-genom and Env-proteins at PM or/and at late endosomal membranes. 

The initial particles are considered immature. They mature into mature 

particles by viral protease mediated processing of the Gag- and Gag-Pol-

precursors. The Env-protein, which is also made as a precursor in the infected 

cells is cleaved into its mature surface and transmembrane parts during the 

transport to the assembly site. The immature released virus particles of Mo-

MuLV and HIV-1 have a similar appearance and internal organisation. The 

particles are spherical, have a diameter of about 100-120 nm and consist of a 

dense layer of assembled Gag- and Gag-Pol-precursor proteins enveloped by a 

lipid membrane which is studded by the viral Env-proteins. The RNA viral 

genome (each monomer is about 7-13 kb in size) is maintained in the middle 

of the particles as seen in Fig. 3. Upon maturation, the overall shape and size 

of the Mo-MuLV and HIV-1 particles remain the same but the inner structure 

adopts different features. The matrix or membrane-associated protein (MA) 

underlies the viral envelope, the capsid protein (CA) forms the viral capsid or 
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core and the nucleocapsid protein (NC) encapsidates the viral genome (Goff, 

2001). 

 
 

Figure 3. Schematic drawing of immature and mature retroviral particle 

and genomic organisation of Mo-MuLV and HIV-1. 

 

 For Mo-MuLV the cleavage of Gag also yields a p12-protein and for 

HIV-1 three small proteins called p1, p2 and p6, as seen in Fig. 3. The p6 and 

p12 proteins are necessary for late stages of assembly and release of virus 

particles (Goff, 2001).The p12 protein may also play a role during reverse 
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transcription and integration of the viral DNA into the host genome (Yuan et 

al., 2002). The mature products from the Pol-precursor are the enzymes 

protease (PR), reverse transcriptase (RT) and the integrase (IN). The Env-

protein ends up in the two parts of the envelope or spike protein, the surface 

part (SU) and the transmembrane part (TM) (Goff, 2001). The regulatory and 

accessory proteins of HIV-1 fulfil a number of proposed tasks in the cells but 

the exact functions are still not established. The regulatory proteins Tat and 

Rev aid in efficient transcription of proviral DNA and export of the resulting 

not fully spliced RNAs out of the nucleus, respectively. Nef downregulates 

CD4 and MHC class 1 proteins and may also enhance virion assembly and 

release. Vpr may facilitate import of reverse transcribed DNA into the nucleus 

and also cause a cell cycle arrest in the G2 stage of the cell cycle (Goff, 2001). 

Vif is shown to direct members of the cellular APOBEC family to 

proteosomal degradation pathways, thus preventing theirs packaging into 

virions and subsequent cytidine deamination of newly synthesised viral minus-

strand DNAs (Sheehy et al., 2003). Finally, it is suggested that the Vpu 

protein enhances virion production and mediates degradation of CD4 by the 

ubiquitin-conjugated pathway (Goff, 2001). The enhancement of virus 

production by Vpu might be connected to the ability of HIV-1 Vpu to interact 

with recycling endosomes as demonstrated in two recent reports. First, it was 

shown that Vpu localised to and traffics through recycling endosomes. When 

the protein sorting through recycling endosomes was blocked, the ability of 

Vpu to augment particle release was abrogated (Varthakavi et al., 2006). 

Secondly, it was shown that Vpu may regulate intracellular targeting of HIV-1 

Gag-precursors. In the presence of Vpu, the Gag-precursors remained at the 

PM but when expressed from a Vpu deletion mutant, precursors were 

endocytosed and the virus assembly partially shifted to internal membrane 

structures (Harila et al., 2006).  

 

1:3:2 Overview of Mo-MuLV and HIV-1 life cycle 

The retroviruses replicate through a multi step life cycle which is 

schematically depicted in Fig. 4. 
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Figure 4. The HIV-1 life cycle. 

Major steps in the early and late phase of the HIV-1 life cycle are indicated in 

a highly schematic form. The different steps, numbered [1]-[13] in the figure, 

are described in the text below. Shortly, the life cycle is initiated by binding of 

the virus to its receptor and fusion of the viral and cellular membranes 

followed by internalisation of the capsid, uncoating and release of the viral 

RNA. The RNA is reversed transcribed into a linear ds-DNA which enters the 

nucleus and becomes integrated into the host genome to form a provirus. This 

is followed by transcription of the provirus into viral RNAs, splicing and 

nuclear export of the RNAs and translation of the RNAs to form precursor 

proteins. Thereafter assembly of virions and packaging of the viral genomes 

occurs followed by budding and release of virions. Finally, proteolytic 

processing of the precursors occur and the virions mature. Figure from 

(Freed, 1998). Reprinted with permission from Elsevier. 

The life cycle initiates with the SU mediated binding of Env to the target 

cell receptor [1]. The Mo-MuLV uses multispanning transmembrane proteins 

as receptors and seems not to be dependent on co-receptors for successful 

infection. The ecotropic variant of Mo-MuLV, i.e. infects only rodent cells, 

use a transport protein for basic amino acids called mCAT-1 as a receptor 

(Albritton et al., 1989). The receptor for the amphotrophic Mo-MuLV, with a 

broader host range, is a sodium-dependent phosphate symporter called Pit-2 

(Miller et al., 1994). HIV-1 binds to its receptor CD4 but do also depend on 

binding to the co-receptors CCR5 or CXCR4 which are members of the 

chemokine receptor family (Goff, 2001). The binding of the SU to the receptor 

induces conformational rearrangements within the Env which facilitates the 

TM dependent fusion of the viral envelope with the host cell PM in a pH 

independent manner [2]. For Mo-MuLV, the fusion capacity is controlled by 

isomerisation of a disulphide bond that links the SU- and TM-parts together. 

The intersubunit cysteine residue of SU is part of a disulfide isomerase motif 
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CXXC, where the other cysteine is free. The receptor binding activates the 

free thiol group in the motif and this rearranges the intersubunit disulfide into 

a disulfide within the motif in SU. This results in release of SU from TM 

which facilitates fusion (Wallin et al., 2004). In HIV-1 the Env subunits are 

non-covalently bound and receptor binding causes SU release and TM 

activation directly. The fusion releases the capsid into the cell and the capsid is 

probably partially uncoated before reverse transcription of the RNA takes 

place [3] (Goff, 2001). 

The reverse transcription is initiated with synthesises of minus-strand 

DNA using the plus-strand RNA as template [4]. Thereafter synthesis of the 

plus-strand DNA begins and a circular intermediate is formed until elongation 

of the minus-strand DNA strand is completed. The DNA remains associated 

with a number of viral proteins in a protein-DNA complex known as the 

preintegration complex. Especially, the NC protein might be necessary for 

reverse transcription of HIV-1 RNA while NC seems to be lacking from the 

Mo-MuLV preintegration complex. The linear DNA containing long terminal 

repeats (LTR) is now transported to the nucleus. The mechanisms for entry 

into the nucleus are not well established but the Mo-MuLV preintegration 

complex must await the breakdown of the nuclear membrane during cell 

division to get access to the host DNA. HIV-1, on the other hand, might use 

MA and the accessory protein Vpr to enter the nucleus of non-dividing cells 

[5]. The linear DNA is inserted into the host genome by the action of the viral 

IN protein resulting in a provirus [6] (Goff, 2001). 

The provirus is transcribed by cellular RNA polymerase II into, i) a 

genomic RNA, ii) a mRNA for translation of the Gag-precursor and, in about 

5-10% of the translations, by a read-through also the Mo-MuLV Gag-Pol-

precursor or via a frame shift the HIV-1 Gag-Pol precursor, iii) a spliced 

mRNA for translation of the Env-protein [7]. The transport of the synthesized, 

but not fully spliced, mRNAs from the nucleus to the cytoplasm requires so-

called constitutive export elements. In Mo-MuLV these may be situated in the 

Gag-region or in the LTR and are recognised by host proteins that assemble a 

complex onto the RNA to mediate its export. For HIV-1 the accessory protein 

Rev is involved in the mRNA transport out of the nucleus.  The translation of 

the viral mRNAs into initial precursor proteins provides several advantages. It 
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allows many proteins to be made from the same open reading frame, it ensures 

that proteins are made at proper ratios and that proteins can be directed to the 

site of assembly in one easily handled piece (Goff, 2001). 

Gag- and Gag-Pol-precursors are translated in the cytoplasm on free 

ribosomes. The N-terminal glycine residue of the Gag-precursor is co-

translationally modified by a 14-carbon fatty acid, myristic acid. Gag- and 

Gag-Pol-precursors are then transported to and inserted in the membrane at the 

site of assembly [9], [10] (Goff, 2001). In most cell types this membrane is the 

PM but both Mo-MuLV and especially HIV-1 are reported to also bud into 

endosomal membranes in some cell types and be released to the extracellular 

milieu by fusion of the endosome with the PM (Houzet et al., 2006) (Pelchen-

Matthews et al., 2003) (Booth et al., 2006) (Sherer et al., 2003).  How the 

transport to PM or endosomal membranes takes place and whether the 

precursors are transported as monomers or in higher ordered structures are 

under debate.  

The Env-precursors are translated on ER-bound ribosomes and co-

translationally inserted into the ER. The Env-proteins become heavily 

glycosylated, folded, oligomerised and cleaved into the SU and TM parts by 

the cellular protease furin during the transport in the secretory pathway. The 

cleavage of Env into SU and TM is essential for TM-dependent fusion of the 

virus with target cell membrane (Goff, 2001). For Mo-MuLV, it was shown 

that the furin-cleavage of Env also plays a role for potentiating the disulfide 

isomerase for receptor induced triggering (Sjoberg et al., 2006). How the SU-

TM complex finally ends up at the assembly site is still not clear [8]. 

The viral proteins are assembled into immature virions and the genomic 

RNA is packaged into the virions via interactions with the NC-part of the Gag-

precursors. The immature virions are released from the cells by a pinching off-

reaction [11], [12]. Concomitant with the budding process, the virion acquires 

a lipid envelope derived from the cellular membrane. During and soon after 

the budding is completed, the Gag- and Gag-Pol-precursors are cleaved into 

the mature protein products and the viral particle is ready for a new round of 

viral replication [13] (Goff, 2001). The maturation cleavage requires 

dimerisation of the protease and this is achieved by assembling the Gag-Pol-

precursors together in the virus structure. The requirement for a PR-dimer 
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prevents premature cleavage of the precursors, i.e. cleavage before the 

precursors have arrived at the assembly site. The cleavage then occurs in 

several sequential steps (Hill et al., 2005).  

 

1:4 Assembly and budding of Mo-MuLV and HIV-1 

1:4:1 Coat driven assembly and budding 

Mo-MuLV and HIV-1 are both budding viruses. For successful budding the 

membrane has to be bent into a curved structure which will grow into a 

protruding bud and finally the bud has to pinch off and the donor membrane 

be sealed. There are several ways to bend a membrane. One of them is to 

change the lipid composition of the membrane. The size of the head groups 

and fatty acid tails influence the curvature, i.e. large head groups and small 

tails favour convex curvature. Secondly, the shape of integral membrane 

proteins, like conically shaped nicotinic acetylcholine receptors, can influence 

membrane curvature. A third mechanism is provided by interactions with the 

cytoskeleton and is often seen in areas of high membrane curvature as 

pseudopods and axonal growth cones. Fourthly, insertions of amphipathic 

helices results in curvature of the lipid bilayer “away from” the leaflet where 

the insertion was done. Finally, the membrane can also be forced into either 

convex or concave curvature by coat proteins, i.e. polymerising proteins that 

attach directly or indirectly to one of the leaflets (McMahon and Gallop, 

2005). 

 The assembly and release of COP I, COP II vesicles and clathrin coated 

pits are examples of coat driven membrane bending and subsequent budding. 

All three share some common features. The first step involves recruitment of 

coat components to the donor membrane and is energy dependent. Next steps 

are additional recruitment of coat and cargo proteins and invagination of the 

membrane and pinching off. Finally, the coat has to fall off the vesicle so 

fusion of the naked vesicle with the target membrane can occur. In more 

detail, as described for the COP II vesicles which transport cargo from ER to 

the Golgi complex, the curvature of the membrane is initiated with the 

insertion of the amphipathic N-terminal helix of GTP-bound Sar1-protein in 

the cytoplasmic leaflet of the ER-membrane. The insertion expands the 

cytoplasmic leaflet and leads to the curvature since the exoplasmic leaflet 
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remains unchanged. The curvature is stabilised by the recruitment of Sec23/24 

complexes forming a coat on the cytoplasmic side of the ER-membrane and an 

invagination occur. Also Sec13/31 complexes are recruited to the growing 

coat and gather several Sar1-GTP-Sec23/24 into a spherical structure as seen 

in Fig. 5. Probably does Sar1 also play a role in the fission and release of the 

coated vesicle from the ER-membrane. After the release of the cargo-

containing vesicle, the Sar1 bound GTP is hydrolysed to GDP which leads to 

withdrawal of the N-terminal amphipathic helix and release of the coat 

complexes from the vesicle (Antonny, 2006) (Kirchhausen, 2000). 

 The COP and clathrin coated vesicles bud into the cytoplasm, however 

budding also occur away from the cytoplasm. This is seen for budding of 

vesicles into multivesicular bodies (MVBs), i.e. storage and sorting 

endosomes containing internal vesicles. Ubiquitinated Hrs-protein on the 

endosomal membrane directs loading of ubiquitinated cargo proteins into 

vesicle buds and then recruits ESCRT (endosomal sorting complexes required 

for transport) complexes to the membrane (Fig. 5). These ESCRT complexes 

act to complete vesicle budding. Finally, an ATPase (VPS4A/B) uses the 

energy from ATP hydrolysis to disassemble and release the ESCRT 

complexes (Raiborg et al., 2003). 
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Figure 5. Budding models.   

A. COP II vesicle budding into cytoplasm from the ER-membrane. 

B. Vesicle budding away from the cytoplasm into MVB. 

C. Retroviral budding at the PM away from the cytoplasm out to extracellular 

milieu. 

 

 The assembly and budding of retroviral particles combine themes from 

both the coat driven budding into cytoplasm and the endosomal budding away 

from the cytoplasm (Fig. 5). The Gag- and Gag-Pol-precursors form a tight 

membrane curvature coat at the cytoplasmic side of the preferred membrane, 

like COP II, but in this case push the membrane into a convex curvature and 

instead end up with the coat on the inside of the bud (Wills and Craven, 1991). 

In the case of COP II vesicles, the coat has to fall off to facilitate fusion of the 

vesicle. For the retroviruses, the coat remains on the inside and does not 

interfere with fusion. However, the coat has to be proteolytically cleaved into 

the mature viral proteins and thereby be able to disassemble in order to fulfil a 

successful infection (Crawford and Goff, 1985) (Katoh et al., 1985) (Kohl et 

al., 1988). The budding of retroviral particles occur in the direction away from 

the cytoplasm, like the budding into MVBs. A large number of reports during 
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the last 5-6 years point to that retroviruses use parts of the machinery normally 

used for budding of vesicles into MVBs as discussed in part 1.5. Shortly, Gag-

precursors are shown to be ubiquitinated and several of the proteins in the 

ESCRT complexes are needed for retroviral budding as well as energy in form 

of ATP (Ott et al., 1998) (Morita and Sundquist, 2004) (Tritel and Resh, 

2001). 

 

1:4:2 Membrane binding and interactions between Gag-precursors  

The assembling retroviral particles consist of about 1200-2500 Gag-precursors 

but numbers up to ~5000 copies have been reported (Zhu et al., 2003) (Briggs 

et al., 2004). Although the Gag-precursors efficiently can assemble into 

budding particles when expressed in the absence of the other viral proteins 

(Delchambre et al., 1989) (Gheysen et al., 1989) (Suomalainen et al., 1996), 

the assembly and budding capacity is probably enhanced in the presence of, 

and by concerted interactions with, RNA and Env-proteins. One important 

feature for the assembly and budding to occur is the membrane targeting of the 

Gag- and Gag-Pol-precursors. The membrane binding capacity is mostly 

found within the MA domain of the Gag-precursors. This domain is often 

referred to as the M-domain (M for membrane binding). The 14-carbon fatty 

myristic acid attached to the N-terminus of Gag is one of the M-domain 

moieties. This interacts with the hydrophobic interior of the cell membrane. 

The other moietity is a stretch of basic amino acids in the N-terminal part of 

Gag that interact with acidic phosphoplipids in the membrane (Rein et al., 

1986) (Zhou et al., 1994). However, MA proteins alone show reduced binding 

capacity relative to full length Gag-precursors (Ono et al., 2000). This might 

be explained by the oligomeric arrangements of the MA and the Gag-

precursors (Rao et al., 1995) (Hill et al., 1996) (Forster et al., 2000). The 

homooligomerisation of Gag-precursors under the cell membrane is suggested 

to induce a “myristoyl switch” in the MA domain. This means that the 

myristic acid that is hidden within the monomeric Gag-precursor structure is 

switched out when the precursors forms a trimer and the fatty acid is inserted 

into the target membrane. The myristic acids are switched back upon 

proteolytic cleavage of the Gag-precursors, explaining the poor membrane 

binding capacity of the mature MA alone (Resh, 2005). 
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 Another important theme for successful assembly and budding is 

interactions between the Gag-precursors. The CA domain of the Gag-

precursors might mediate Gag-Gag interactions since an export-deficient RSV 

Gag carrying the HIV-1 CA domain was rescued into budding virus-like 

particles when co-expressed with HIV-1 wild type (wt) Gag (Ako-Adjei et al., 

2005). The CA domains were also shown to dictate the size and morphology 

of the assembled virus-like particles. Retroviral CA proteins contain a 

conserved stretch of 20 amino acids termed the major homology region. 

Mutations in this region in HIV-1 resulted in reduced particle-forming ability 

of the mutated Gag-precursors, suggesting a role for the major homology 

region in Gag-Gag-interactions (Mammano et al., 1994). Most of the Gag-Gag 

interactions are however thought to be directed by a domain in the Gag-

precursors, called the I-domain (I for interactions), that lies into the first half 

of the NC region (Sandefur et al., 2000) (Derdowski et al., 2004). The NC part 

of the Gag-precursor is responsible for RNA encapsidation and it is suggested 

that the NC-RNA binding enhance the Gag-Gag interaction (Burniston et al., 

1999).  

A third domain necessary for efficient budding is the L-domain (L for 

late) and functions during the last steps in assembly and release of virions. The 

L-domain is found within the Mo-MuLV and HIV-1 p12 and p6 proteins, 

respectively, and hold a PPPY-motif for Mo-MuLV and a corresponding 

PTAP-motif for HIV-1 as discussed in part 1:5. 

  

1:4:3 Interactions between Gag-precursors and Env-proteins  

The cleaved Env-precursors are transported to the site of assembly where they 

are included in the growing Gag-precursor/membrane envelope bud. It is 

debated whether a specific interaction between the Gag-precursors and the 

Env-proteins take place and thereby facilitate incorporation of the Env-

proteins into the virion. One way to validate a possible interaction is to remove 

the cytoplasmic tail of the Env-protein, i.e a part of the TM subunit, and 

investigate whether incorporation of truncated Env-proteins fails. However, 

performed studies showed that the tailless Env-proteins were incorporated into 

the virions with about same efficiency as the wt Env-proteins (Zingler and 

Littman, 1993) (Gabuzda et al., 1992). It was also shown that a GPI-anchored 
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version of the HIV-1 was able to enter virions (Salzwedel et al., 1993). These 

studies were not in favour for a specific interaction between the Gag-precursor 

and the Env-protein.  

Other studies, though, where the theme was turned the other way 

around, i.e. by performing mutations in the MA-protein and investigating the 

incorporation rate of Env-proteins, showed that no or very few Env-proteins 

were incorporated when MA was mutated (Yu et al., 1992{Dorfman, 1994 

#86). 

A direct interaction between HIV-1 Gag-precursor and Env-protein was 

shown in an in vitro binding assay (Cosson, 1996). It was found that the 67 

most C-terminal amino acids (aa) of the almost 150 aa long cytoplasmic tail of 

HIV-1 Env-protein can bind to the MA-protein. The binding was specific 

since mutations in the Env- or MA-protein abolished the interaction. 

Specific interactions were also suggested due to results from studies 

with co-expression of Gag-precursors and Env-proteins in polarised epithelial 

cells and in primary dorsal root ganglion cells. It was shown that when the 

Gag-precursors were expressed alone, viruslike particles were budded out 

from all over the cells but were restricted to some areas in the presence of 

Env-proteins (Owens et al., 1991) (Lodge et al., 1994) (Weclewicz et al., 

1998).  

Recently, a work by Lopez-Vergès and colleagues, suggested that HIV-

1 Env might be incorporated into virions via a linking protein to the MA 

domain of the Gag-precursor. The cellular protein, tail-interacting protein of 

47 kD or for short, TIP47, was shown to increase Env-incorporation into 

virions if over-expressed and to abolish Env incorporation if depleted. 

Furthermore, TIP47 was shown to be essential for incorporation of full-length 

Env but not for truncated versions of HIV-1 Env and that TIP47 

simultaneously could bind to both MA and to the C-terminal domain the Env 

TM subunit. The Gag- and Env-proteins were shown to be co-

immunoprecipitated only in presence of TIP47. Co-localisation of Gag- and 

Env-proteins at the cell surface was also dependent on the TIP47 (Lopez-

Verges et al., 2006).  

1:4:4 Determination of budding sites 



 19

The assembly and budding processes of retroviral particles are thought to take 

place at the PM in most cell types. For macrophages and perhaps also T-cells, 

the assembly of HIV-1 may also occur at endosomal structures and in 

particular at MVBs (Pelchen-Matthews et al., 2003) (Booth et al., 2006). Also 

Mo-MuLV can use the MVBs for assembly of virions (Sherer et al., 2003) 

(Houzet et al., 2006)). It is still not clear how and why a cell type restriction of 

the assembly site occurs. 

Even though when the budding takes place at the PM, the budding areas 

can be restricted as seen in polarised epithelial Madin-Darby canine kidney 

(MDCK) cells. When Gag-precursors were expressed alone in these cells, 

budding occurred from both apical and basolateral side of the cells. The Env-

proteins are targeted to the basolateral membrane and when Gag- and Env-

proteins were co-expressed, the budding was restricted to only the basolateral 

side (Owens et al., 1991) (Lodge et al., 1994). Studies performed in primary 

dorsal root ganglion cells also showed restricted budding patterns of both Mo-

MuLV and HIV-1. For both viruses, the Env-proteins are localised to the 

somatodendritic regions of the cells and when co-expressed with the 

respective homologous Gag-proteins the assembly and budding occurred in 

these regions. However, when the Gag-precursors were expressed alone the 

budding took place in the axons as well (Weclewicz et al., 1998). Thus, in 

these cases it appears as the localisation properties of the Env-proteins directs 

the budding site. 

The lipid composition of released HIV-1 virions has been investigated 

and compared with the lipid composition of the PM. It was found that the 

virions had higher cholesterol-to-phospholipid molar ratio than PM in general, 

i.e. the viral envelopes were raft-like (Aloia et al., 1993). Therefore it was 

suggested that HIV-1 budding could take place at lipid rafts. Several 

advantages by a raft-associated budding can be imagined. One can be that 

targeting and concentration events of the viral components can be facilitated 

by binding to lipid rafts. Another can be that not yet identified host cell 

components, necessary for efficient budding, are situated at rafts (Ono and 

Freed, 2005) (Suomalainen, 2002). A third reason can have to do with the 

actual budding event (Chazal and Gerlier, 2003). Membrane curvature can be 

induced by uneven distribution of rafts in the two leaflets, where the stiff and 
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highly packed rafts occupy less space. This leads to a bow formation of the 

membrane “away from” the leaflet containing the raft. The rafts have also 

been suggested to facilitate the pinching off of vesicles. This is due to the 

different lipid tensions created in the border between ordered rafts and more 

fluid membrane regions. The lipids in fluid membrane areas are then able to 

bend even more, once they are disordered (Huttner and Zimmerberg, 2001).  

 

1:5 Interactions of the virus with the host cell during the retroviral life 

cycle 

1:5:1 Interactions with cellular proteins during early stages of the life cycle 

Viruses are dependent on host factors for almost every step in the life cycle 

and use the cellular machinery for replication, transport of viral proteins 

within the cell and for efficient assembly and budding events. The very first 

requirement of host proteins is the receptor and co-receptor molecules for 

successful entry. However, during the co-evolution of hosts and viruses, the 

cell has gained a battery of defence barriers towards viral infections. Several 

cellular factors are shown to affect the early stages of the retroviral life cycle, 

i.e. already before or during reverse transcription and are collectively termed 

“restriction factors”. One of them is APOBEC3G that is a cytidine deaminase 

which change the cytidines to uracils during the reverse transcription of the 

HIV-1 viral RNA into minus strand DNA. This leads to degradation of the 

viral DNA or to mutated and not fully functional DNA. APOBEC3G is 

suggested to be incorporated into the assembling viral particles and then effect 

the replication in the next cell. HIV-1 counteracts this by the action of the viral 

protein Vif, which seems to target the APOBEC3G to proteolytic degradation 

and thereby hinder incorporation of APOBEC3G into virions (Goff, 2004). 

Other restriction factors are Fv1 found in mice and the human variant Ref1 as 

well as Lv1 isolated from non primate monkeys. They all seem to target the 

CA protein in the incoming viral particle but the mechanism of restriction is 

not yet clear. Lately, it has been shown that Lv1 and Ref1 are species variants 

of TRIM5α, a splice variant of one of the proteins in the protein family called 

TRIM (Goff, 2004) (Sorin and Kalpana, 2006). Another cellular protein, 

cyclophilin A (CypA), does also bind to the same area in CA domain of the 

Gag-precursors as TRIM5α and is incorporated into the virions in a ratio of 
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CypA to CA of ~1:10 (Luban et al., 1993) (Franke et al., 1994) (Thali et al., 

1994).  It was shown that the incorporated CypA was required for an early 

step of the replication, after the entry into the cells (Braaten et al., 1996). 

Therefore, it was suggested that the incorporated CypA would compete with 

TRIM5α for access to CA of the incoming virus and thereby inhibit the 

restriction (Towers et al., 2003). However, a recent study instead suggests a 

protective role of CypA towards a not yet identified restriction factor since 

CypA and TRIM5α regulated HIV-1 infectivity in human cells independently 

of each other (Sokolskaja et al., 2006). 

 After the reverse transcription, the newly synthesised DNA will be 

transported to the nucleus, integrated into the host genome and transcribed into 

viral RNAs. All these steps require assistance of host proteins. Proteins like 

BAF (barrier to auto-integration factor), HMGa1 (high mobility group 

protein), Ini-1 (IN-interactor) and LEDGF/p75 (lens epithelium-derived 

growth factor) are suggested to be important for integration but the 

mechanisms are so far not understood (Freed, 2004). The transcription of the 

DNA seems to require cellular proteins like Cyclin T and cyclin-dependent 

kinase 9 beside the cellular transcription machinery. For efficient export of the 

viral RNAs from the nucleus, the cellular factor Crm1 (chromosome region 

maintenance 1) has to interact with the viral RNA and the viral protein Rev as 

well as with the cellular Ran GTPase (Freed, 2004) (Sorin and Kalpana, 

2006). The cellular translational complexes are then used for protein synthesis 

of the viral proteins. Cellular factors are also suggested to play a role in 

assembly, for example the HP68 protein for assembling of HIV-1 virions. 

Another example is staufen, a double-stranded RNA-binding protein, which is 

suggested to aid in packaging of viral RNA into virions. Staufen is also 

incorporated into the virions in amounts correlating to the amount of included 

RNA (Zimmerman et al., 2002) (Mouland et al., 2000).  

 

1:5:2 Interactions with cellular proteins during late stages of assembly and 

budding 

That Gag-precursors are enough for driving budding and assembly of 

retroviral particles is an old knowledge, but the details in this process and 

whether other factors than the viral proteins themselves are necessary or not 
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has remained an open question (Wills and Craven, 1991). During the last years 

it has been an explosion of published articles dealing with the late steps in 

virus assembly and budding. It has resulted in a very complex picture of viral-

cellular interactions needed for budding, including interactions with the 

endosomal sorting machinery (Fig. 6).  

 Endosomes have a crucial role in coordinating vesicular transport 

between the trans-Golgi network, the PM and lysosomes. A subset of the late 

endosomes are referred to as multivesicular bodies (MVBs) due to the high 

content of internal vesicles (Katzmann et al., 2002). The MVBs function as 

sorting stations for proteins targeted for either degradation in lysosomes, 

recycling or for release as cargo in exosomes into the extracellular milieu 

(Stoorvogel et al., 2002). Proteins are often, but not always, targeted to the 

MVBs via the addition of the protein ubiquitin. Ubiquitin (Ub) is first 

covalently linked to Ub-activating enzyme (E1) and then transferred to an Ub-

conjugating enzyme (E2). Finally, with the assistance of a UB-ligase (E3), Ub 

is transferred to the target protein (Freed, 2002). The ubiquitinated proteins are 

recognised by a STAM-Hrs complex and together with multiple interactions 

with ESCRT-systems I, II and III, the cargo is directed into a vesicle bud that 

finally is pinching off into the MVBs. The final step in the vesicle budding 

requires the release and disassembly of the ESCRT-systems as well as Ub 

from the cargo proteins (Fig. 6). This is catalyzed by an AAA-ATPase called 

VPS4A/B and requires the hydrolyses of ATP to ADP (Katzmann et al., 2002) 

Raiborg et al., 2003, Curr op cellbiology 15:446-455). The budding away from 

the cytoplasm of MVB vesicles might be enhanced by the unusually high 

concentration of the cone shaped lipid lysobisphosphatidic acid (LBPA) in the 

lumenal leaflet of the MVB membrane. The conformation of LBPA thus 

favours an inward curvature of the membrane (Stoorvogel et al., 2002) 

(Katzmann et al., 2002).  

 The first indications of regulated retroviral budding came with the 

discoveries of the L-domains in Gag-proteins. Mutations in these domains 

resulted in budding arrested particles, i.e. almost fully assembled particles but 

still tethered to the PM with long stalks (Freed, 2002). The L-domains can be 

categorised into three groups depending on which L-domain motif they are 

carrying, the ones with a PTAP motif as found in HIV-1, those with a PPPY 
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motif as present in Gag-precursors from Mo-MuLV, RSV and HTLV-1 or the 

ones with a  YPDL motif as found in equine infectious anemia virus (EIAV) 

(Freed, 2002). The function of L-domains was mostly maintained even though 

the domains were moved around in the Gag-precursors or switched between 

different viruses. That suggested that the domains probably were docking sites 

for cellular factors and not “virus specific” integral structural elements 

(Luban, 2001). The search for L-domain binding proteins soon gave results 

and the binding of the HIV-1 PTAP motif to the cellular protein Tsg101 

(tumor susceptibility gene 101) was established (Martin-Serrano et al., 2001) 

(Garrus et al., 2001) (VerPlank et al., 2001) (Demirov et al., 2002) (Pornillos 

et al., 2002). Tsg101 is one of the members in ESCRT-I and this together with 

the finding that about 2-5% of Mo-MuLV and HIV-1 Gag-precursors were 

mono-ubiquitinated led to the assumption that the endosomal sorting 

machinery was used for facilitating viral budding (Ott et al., 1998). The 

finding, that Mo-MuLV and HIV-1 were dependent on functional VPS4A/B 

for budding, was a further evidence for the supposed viral-endosomal 

interaction (Garrus et al., 2001). 

 Viruses with different L-domains seem to enter the endosomal sorting 

machinery at different stages. The HIV-1 Gag-precursor, with its PTAP motif 

in the p6 region, is ubiquitinated (Ott et al., 1998). The budding is reduced if 

cells are treated with protesome inhibitors which deplete the levels of free Ub 

(Schubert et al., 2000). The Gag-precursors bind to Tsg101 of the ESCRT-I 

system (Pornillos et al., 2002) and HIV-1 budding is dependent on functional 

VPS4A/B (Garrus et al., 2001). Altogether, HIV-1 is probably entering the 

sorting machinery at the ESCRT-I step via the binding to Tsg101 (Fig. 6). 

 EIAV has another L-domain motif, YPDL, situated in the p9 region of 

the Gag-precursor. This domain was shown to bind to adapter protein 2 (AP-

2), a protein involved in clathrin mediated endocytosis, and it was thought that 

the budding was enhanced via this interaction (Puffer et al., 1998). However, 

later studies suggest an other, and perhaps, more likely route involving the 

AIP-1/ALIX protein in the endosomal sorting machinery (Strack et al., 2003) 

(Martin-Serrano et al., 2003). These studies also suggested that AIP-1/ALIX 

connects the ESCRT-I and ESCRT-III systems (Fig. 6). Another role for AIP-

1/ALIX is to help controlling the inward budding of MVB vesicles promoted 
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by the lipid LBPA and this suggest that AIP-1/ALIX might be a late player in 

the machinery (Morita and Sundquist, 2004). AIP-1/ALIX can also bind to an 

YPXL motif in the HIV-1 p6 region and promote budding in a Tsg101-

independent way (Strack et al., 2003). EIAV was shown to be independent of 

Tsg101 and it fits well with a binding of EIAV to AIP-1/ALIX and a late 

entrance, maybe at the ESCRT-III step (Tanzi et al., 2003). 

 RSV, Mo-MuLV and HTLV-1 all contain a PPPY motif in their L-

domains. The PPPY sequence mediates binding to WW-motives in proteins, 

i.e. 38 aa motives with two widely distributed tryptophans, and it is thought 

that RSV, Mo-MuLV and HTLV-1 therefore interacts with a Nedd4-like Ub-

ligase (E3) which contains a WW-motif (Fig. 6.). Such a binding was 

confirmed for RSV as well as for HTLV-1 (Kikonyogo et al., 2001) 

(Heidecker et al., 2004). The role of Nedd4 is to modify proteins by low-level 

ubiquitination and thereby target them to MVBs and sorting for lysosomal 

degradation. Recently, a connection between Nedd4 and Tsg101 was 

suggested and thereby linking the Nedd4-interacting retroviruses even 

stronger to the endosomal sorting machinery (Medina et al., 2005). RSV, Mo-

MuLV and HTLV-1 budding is reduced in cells treated with proteosome 

inhibitors suggesting a role for Ub in the viruses life cycles, although it is not 

sure that, for example, RSV Gag-precursors are ubiquitinated (Patnaik et al., 

2000) (Vogt, 2000) (Ott et al., 2003) (Wang et al., 2004). HTLV-1 has also a 

PTAP motif (PPPYVEPTAP) which can mediate binding of HTLV-1 to 

Tsg101 (Heidecker et al., 2004) (Bouamr et al., 2003). 

 The tight interactions of the viral proteins with the components of the 

endosomal sorting machinery, the requirements of functional ESCRT-systems 

for viral budding and the similar budding topology between MVB vesicles and 

virions  has suggested that the viruses has hi-jacked this system for efficient 

budding events to occur. One possibility is that the viruses perform their 

assembly and budding at the membranes of MVBs and thereafter get 

transported to the PM and released as exosomes. Another one is that the 

viruses recruit the components of the MVB machinery to the PM and redirect 

the budding events to occur direct out to the extracellular milieu. There are 

several reports favouring each of the scenarios or a mixture of them but a 

consensus have not yet been reached (Sherer et al., 2003) (Nydegger et al., 
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2003) (Pelchen-Matthews et al., 2003) (Booth et al., 2006) (Houzet et al., 

2006). 

  

 

Figure 6. Overview of the endosomal sorting machinery and connections to 

retroviral budding. 

The different components and subsequent steps in the endosomal sorting 

machinery are depicted. The suggested interactions and entering paths of Mo-

MuLV, RSV, HTLV-1, HIV-1 and EIAV are indicated. The figure is modified 

from (Morita and Sundquist, 2004). Reprinted with permission from the 

Annual Review of Cell and Developmental Biology, Volume 20 (c) 2004 by 

Annual Reviews, www.annualreviews.org. 

 

1:5:3 Incorporation of viral and cellular proteins into the envelope 

During assembly and budding, the viral envelope proteins are inserted into the 

growing virus particle. Early electron microscopic analyses of HIV-1 viral 

particles suggested that the virions, in an ideal case, were studded with 72 

knobs or spikes (Gelderblom et al., 1987b). Later cryoelectron microscopy 

tomography studies have modified the picture and suggest now that HIV-1 is 

decorated with 7-21 Env-trimers (spikes) per virion. The tomographic data 

also suggest an un-even, clustered distribution of the Env-trimers in the viral 

envelope (Zhu et al., 2003) (Zhu et al., 2006). The Mo-MuLV virions, on the 

other hand, was reported to carry about 30-70 Env-trimers rather equally 

distributed over the viral surface (Forster et al., 2005).  

 Although the viruses carries a number of Env-trimers, it is indicated that 

only a few functional Env:s are necessary for infection of new target cells. 

About 10 Env-trimers was enough for Mo-MuLV infectivity, albeit that low 

number of Env:s reduced the infectivity efficiency (Bachrach et al., 2000). 

Interestingly, only one functional Env-trimer was enough for mediating HIV-1 

infection. The same result was achieved with HIV-1 virions carrying 

amphotrophic Mo-MuLV Env-trimers, one trimer was enough for infection 

(Yang et al., 2005). 

 Despite the evidences for specific Env and Gag interactions during 

retrovirus assembly it has also been suggested that Env-proteins are randomly 



 26 

incorporated into the virus particles. One argument for random incorporation 

of Env-proteins into retroviral particles is the un-even distribution of the 

trimers in the viral envelope and that only a few of them actually are required 

for infection. Another argument is the phenomenon of pseudotyping, i.e. 

virions contain the genome and capsid of one virus but the envelope proteins 

of another virus. Pseudotyping can occur naturally if a cell is infected by two 

different viruses or be induced by co-expression experiments. Examples of 

pseudotyping are the incorporation of Env-proteins from gibbon ape 

leukaemia virus and human T-cell leukaemia virus 1 (HTLV-1) into the Mo-

MuLV virions (Wilson et al., 1989). The HIV-1 Env-proteins were, however, 

excluded from the Mo-MuLV particles, probably due to the long cytoplasmic 

tails (~150 aa) of HIV-1 Env-proteins. When the tails were truncated, the 

HIV-1 Env-proteins were efficiently pseudotyping Mo-MuLV virions 

(Mammano et al., 1997). The discovery of pseudotype formation in 

combination of the knowledge from the Togaviridae family where, for 

example, the Sindbis virus was shown to only contain ~0.2% host-encoded 

proteins and therefore thought to exclude all non-Sindbis proteins, led to the 

expression “pseudotypic paradox”. The paradox means that the selection of 

components during virus assembly must be flexible enough to allow the 

incorporation of unrelated viral membrane proteins, yet specific enough to 

exclude the bulk of host proteins (Strauss, 1978) (Zavada, 1982).  

However, the pseudotypic paradox may not exist. Probably have viruses 

evolved to deal with incorporation of viral versus cellular components in 

different ways. Some viruses have tight interactions both between the viral 

spike proteins at the cell surface and between spike proteins and internal viral 

proteins, which sterically hinders incorporation of both other spike proteins as 

well as cellular proteins (Cheng et al., 1995). Other viruses may not (Forster et 

al., 2000). Indeed, viruses that had been able to pseudotype, like vesicular 

stomatitis virus, HTLV-1, Mo-MuLV and HIV-1 were shown to also 

incorporate a variety of cellular proteins (Ott, 1997) (Orentas and Hildreth, 

1993) (Frank et al., 1996) (Kolegraff et al., 2006) (Chertova et al., 2006) 

(Cantin et al., 2005). The number of reported incorporated proteins is still 

increasing and proteins representing almost every cellular compartment and 

function are now found among the listed ones. Examples are proteins like 
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actin from cytoskeletal structures, clathrin from endocytosis functions, Rab11 

from vesicular trafficking, folding proteins like Hsp70 and signalling 

molecules as CD81 (Chertova et al., 2006).  

The dominating dogma (including the pseudotypic paradox), at the time 

of the first reports of incorporated host proteins, was that viruses did not 

contain cellular proteins. Therefore, the found proteins were thought to be 

specifically incorporated into the virions and exert a specific role during the 

viral life cycle. Initially, most interest was focused on membrane proteins as 

MHC class I and II proteins, ICAM-1 molecules and several proteins involved 

in protection against complement mediated lysis as CD46, CD55 and CD59. 

The proteins were shown to retain their biological function when present in 

the viral envelope and were able to mediate increased adhesion of virions to 

cell surfaces or to protect against complement mediated lysis (Kolegraff et al., 

2006). So far so good, but when the numbers of reported proteins started to 

exceed 20-25 it was difficult to figure out what specific roles the incorporated 

proteins would play. To complicate the picture even further, it was reported 

that released cellular vesicles were contaminating sucrose gradient purified 

viral preparations (Bess et al., 1997) (Gluschankof et al., 1997) (Raposo et al., 

1996). The vesicles contain cellular proteins and complicated the analyses of 

detected proteins since it was difficult to judge whether the proteins were 

within the viral particles or not. 

The increasing number of incorporated proteins did not only raise the 

question if the proteins had specific functions during the viral life cycle but 

also questions about the specificity of the incorporation. Were really all the 

proteins specifically incorporated? The results indicating that some proteins 

were excluded from the assembling and budding virions favour such an 

alternative. However, many of the excluded proteins were probably sterically 

hindered to enter the virion due to their multi-membrane spanning domains or 

long cytoplasmic tails (Esser et al., 2001). Therefore, the question of 

specificity remained since the non-sterically hindered and incorporated 

membrane proteins could still be specifically or randomly inserted into the 

virions. To answer this question, one has to isolate highly purified viral 

particles and compare the protein density in these with the protein density in 

equalised membrane sample from the assembly site in the host cell. A higher 
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concentration of a certain protein in the virion, in comparison to the cellular 

“assembly-site”-membrane, would suggest a specific incorporation. An equal 

distribution would, on the other hand, suggest a random insertion and a lower 

concentration an exclusion of the cellular protein from the membrane used for 

envelopment of the maturing virion. 

 

1:6  Human herpesvirus 6 

1:6:1 HHV-6A and HHV-6B 

Human herpesvirus 6 (HHV-6) was first isolated from patients with 

lymphoproliferative disorders in 1986 and was initially named human-B-

lymphotropic virus (Josephs et al., 1986). HHV-6 isolates are classified into 

two groups, A and B, which are closely related but show some differences in 

pathology and molecular properties. Both HHV-6A and HHV-6B infect a 

variety of cells with different replication efficiency, such as T-cells, B-cells, 

natural killer cells, glioblastoma cell lines, astrocytes and oligodendrocytes 

and also epithelial and fibroblastic cells (Yamanishi, 2001). HHV-6 as well as 

seven other human herpesviruses belongs to the Herpesviridae family. The 

Herpesviridae is divided in three subfamilies, alpha, beta and gamma, based 

on genetic analysis of the conserved structural protein gH (Table 2). 

 

 

Table 2. Herpesviridae 

Subfamily Virus Example of disease 

Alphaherpesvirinae Herpes simplex virus-1 Fever, blisters 

 Herpes simplex virus-2 Genital sores 

 Varicella-zoster virus Chicken pox, shingles 

Betaherpesvirinae Human herpesvirus 6A Unknown 

 Human herpesvirus 6B Exanthem subitum 

 Human herpesvirus 7 Exanthem subitum 

 Human cytomegalovirus Opportunistic infections 

Gammaherpesvirinae Epstein-Barr virus Oncogenic potential 

 Human herpesvirus 8 Kaposi´s sarcoma 
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The herpesviruses are dsDNA viruses with rather large and complex genomes 

of about 120-250 kb and would, by estimation, code for between 70-200 

genes. One common theme for all the herpesviruses is that they are composed 

of a capsid (~100nm in diameter) which contains 162 pentameric and 

hexameric capsomers. The capsid is embedded in a fibrous tegument protein 

layer and finally enveloped by a lipid membrane studded with a number of 

different glycoproteins. The copy number of the individual glycoproteins in 

the envelope can exceed 1000 per virion. The thickness of the tegument layer 

influences the final size of the virions which can vary within 120-300 nm in 

diameter (Roizman, 2001). Another theme is that the herpesviruses are able to 

remain latent during the whole life span of the host. The viruses can, however, 

become reactivated from latency and actively replicate. 

 HHV-6 is a widespread virus and over 80-90% of the adult population is 

seropositive (Levy et al., 1990).   A standard serological test that can 

discriminate between 6A and 6B is not yet available and therefore it is 

difficult to pinpoint exact time point for seroconversion for each variant, but it 

seems to occur between 1 and 3 years of age (Levy et al., 1990).  It is also still 

not known how common HHV-6A is and what kind of illness or disease 

HHV-6A causes. However, primary HHV-6B infections, causing exhanthem 

subitum, are generally acquired between 6 and 15 months of age with an 

incubation period of 1-2 weeks and accounts to about 20% of all cases with 

acute fever in children in this age span (De Bolle et al., 2005). The children 

get fever that last for a few days and rashes on the trunk, neck and face which 

spreads to the lower extremities (Yamanishi et al., 1988). The transmission of 

HHV-6 is probably mainly through saliva. 

 HHV-6A and HHV-6B have genomes of 159 kb and 162 kb, 

respectively, which consists of a 143 kb or 145 kb unique (U) region, flanked 

by direct repeats (DRleft and DRright) of each 8 kb or 8.8 kb. The genomes 

are interrupted with three intermediate repeats termed R1, R2 and R3 as seen 

in Fig. 7. The genes in the unique region are termed U1 to U100 and open 

reading frames within the direct repeats are designated DR1 to DR7. Genes 

that code for structural virion components or enzymes required for nucleotide 

metabolism and DNA replication, and that are conserved among all 

herpesviruses, are clustered into seven gene blocks. Genes that also are 
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conserved, but only present within the betaherpesviruses are also collected 

into one block as depicted in Fig. 7 (De Bolle et al., 2005).  
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Figure 7. Genomic organisation of HHV-6A and HHV-6B. 

The figure is from (Pellett, 2001). Reprinted with permission from Lippincott, 

Williams  & Wilkins. 
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The overall nucleotide sequence identity between HHV-6A and HHV-6B is 

90% with highest identity in the central conserved parts. Most divergence is 

found in the genome ends. The genome of HHV-6A (strain U1102) contains 

119 open reading frames which are considered to equalize 102 separate genes 

likely to encode proteins. Nine of the open reading frames do not have a 

counterpart in the HHV-6B genome (Gompels et al., 1995). The HHV-6B 

(strain Z29) genome does also contain 119 open reading frames, nine of which 

are only present in HHV-6B and designated B1 to B9 (Fig. 7.) The 119 open 

reading frames are thought to compose 97 unique genes (Dominguez et al., 

1999). Many of the corresponding proteins have not yet been found, but ~30-

35 polypeptides with molecular weights ranging from 31 to 180 kD specific 

for HHV-6 are identified (Balachandran et al., 1989). In a study, using 

proteomic analyses of human cytomegalovirus (HCMV), 71 HCMV-encoded 

proteins were identified (Varnum et al., 2004). HCMV is, however, a larger 

virus with a genome of ~230 kb and is thought to encode about 200 proteins. 
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1:6:2 HHV-6 life cycle 

The life cycle of HHV-6 is schematically shown in Fig. 8. 

 

 

 

 

Figure 8. The HHV-6 viral life cycle 

The figure shows a highly schematic drawing of the HHV-6 life cycle. The 

different steps in the life cycle are described in the text below. Shortly, the 

virus binds to its receptor and enters into the cell. The incoming nucleocapsid 

is transported through the cytoplasm to nuclear pore complexes where the 

viral DNA is released into the nucleus. The cellular transcription and 

translational machinery is used for expression of immediate early genes, early 

genes, replication of DNA and expression of late genes. The viral structural 

proteins are translated, transported into the nucleus and nucleocapsids are 

assembled. These are enveloped at inner nuclear membrane and de-enveloped 

at fusion with outer nuclear membrane. The tegument layer is aquired and 

final re-envelopment and acquirement of viral glycoproteins occur before the 

virions are released into the extracellular milieu. The figure is from (Pellett, 

2001). Reprinted with permission from Lippincott, Williams  & Wilkins. 

Both the A and B variant enter the cell through interaction with CD46 

(Santoro et al., 1999). CD46 is one of the control proteins for the complement 

mediated lysis system and is present in the PM of all nucleated cells. If CD46 

is the only possible receptor or whether co-receptors are needed as well is not 

yet established. The virus is then probably internalized by endocytosis (Pellett, 

2001). The de-enveloped capsid is transported, most likely by association with 

the microtubule network, to the nuclear pore complexes where the viral DNA 

genome is released into the nucleoplasm and becomes circularized (De Bolle 

et al., 2005). The genome is transcribed by the cellular machinery and the 

immediate early genes are translated within a few hours after infection. These 

immediate early proteins regulate then the expression of the early genes which 

are involved in DNA replication. The replication of the DNA starts at the 

origin of lytic replication (ori-lyt) (Fig. 7) and requires seven virally encoded 

proteins (De Bolle et al., 2005). The transcription of the late genes, which 
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encodes the viral structural proteins, is partially or entirely dependent on viral 

DNA replication (Pellett, 2001). The genome is packaged into nucleocapsids 

which are assembling in the nucleus. The nascent capsids probably get 

released into cytoplasm through envelopment and de-envelopment at the inner 

and outer nucleus membranes. In the cytoplasm the capsids acquire their 

tegument protein layer. Alternatively, the capsids get their tegument in nuclear 

membrane bound structures called tegusomes and are then released into the 

cytoplasm (Pellett, 2001). The tegumented capsids acquire an envelope, 

studded by viral glycoproteins, by budding into annulate lamellae, an ER-

derived compartment, or into the Golgi-complex. The viral glycoproteins are 

concentrated in these cellular compartments but are absent from the nuclear 

membrane or the PM. During the transport of the virus through the Golgi-

complex, the viral proteins are further glycosylated and finally the mature 

virions are released into the extracellular milieu by exocytosis. The total time 

from infection to release of new virions take approximately 72 h (Torrisi et al., 

1999) (De Bolle et al., 2005). 

 

1:6:3 Reactivation of HHV-6 in immunocompromised hosts 

HHV-6 is an important opportunistic pathogen in immunocompromised hosts. 

Asymptomatic HHV-6 reactivation appears to be common after allogeneic 

bone marrow transplantation, but HHV-6 reactivation with symptoms such as 

bone marrow suppression, encephalitis, pneumonitis and acute graft-versus-

host disease have also been reported. Solid organ transplantations have also 

been shown to reactivate HHV-6 and the active replication of HHV-6 can 

cause rejection of the organ (Yamanishi, 2001). Whether HHV-6 is an 

opportunistic virus in AIDS-patients or if HHV-6 may accelerate HIV-1 

disease progression is still an open question. However, reactivation of HHV-6 

is possibly associated with pneumonia, encephalitis and retinal disorder in 

AIDS-patients. HHV-6 might play an active role in the HIV-1 progression 

because HHV-6 also infects CD4+ T-cells which may lead to enhanced cell 

death. HHV-6 is observed to induce CD4 gene transcription and therefore turn 

CD4- cells into CD4+ cells and thereby target cells for HIV-1. HHV-6 can 

also transactivate the long terminal repeats of HIV-1. Children, born to HIV-1 

positive mothers, were shown to progress into AIDS already by 1 year of age 
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if they also were HHV-6 infected (100% of the investigated children). In 

comparison, of the HHV-6 negative children, 42% had progressed into AIDS 

which suggest that HHV-6 may be a cofactor in the HIV-1 disease process 

(Yamanishi, 2001).  

 

1:6:4 HHV-6 and multiple sclerosis 

Multiple sclerosis (MS) is a probably an autoimmune disease primarily 

characterized by an immune-mediated breakdown of the myelin sheaths 

around neuronal axons, which results in impaired conduction of nerve 

impulses. The elimination of the myelin producing cells, the oligodendrocytes, 

leads to large areas of demyelinated axons since one oligodendrocyte can 

myelinate multiple axons. Secondary to myelin destruction, T-cell and 

macrophage infiltration, astrocytic scar formation and, at a later stage, axonal 

damage are hallmarks of MS white matter lesions (Fujinami et al., 2006) (De 

Bolle et al., 2005). The main cause of MS is still not known, but several 

factors probably contribute to susceptibility to MS, such as genetics, gender 

and age. Studies have indicated that HLA class II alleles are involved (Olerup 

and Hillert, 1991). Females are over-represented for relapsing-remitting MS 

by about 2.7 females to 1 male and MS is often diagnosed in individuals 

between their 20th and 40th year of age. Finally, environmental factors appear 

to be of importance. The incidence of MS increases towards the poles and are 

less at the equator. This might be due to different HLA set ups between 

different populations, but also be influenced by infections being dissimilar in 

different parts of the world (Fujinami et al., 2006). Interestingly, if an 

individual moves from a high-risk area to a low-risk area after age 15, the 

individual keeps the high MS-risk and vice versa, which suggests that 

infections early during life can influence the MS-risk. Indeed, 20-25 viruses 

have been associated with MS. Among them, coronavirus, tick-borne 

encephalitis flavivirus, herpes simplex virus type 1 and 2, measles virus, 

HTLV-1 and HHV-6 (Fujinami et al., 2006). 

 HHV-6 was first associated with MS in 1995. This study found that 78% 

of MS and 74% of control patient brains harboured HHV-6 DNA. However, 

viral expression occurred only in MS brains and was detected in 

oligodendrocytes and neurons (Challoner et al., 1995). As reviewed in 
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Fotheringham and Jacobson, several studies have shown that HHV-6 viral 

DNA can be detected in brain tissue, in cell-free serum and cerebrospinal fluid 

specimens from MS patients (Fotheringham and Jacobson, 2005). Some of the 

studies showed that it was the A variant, and not the B variant, of HHV-6 that 

was replicating (Akhyani et al., 2000) (Rotola et al., 2004 {Fogdell-Hahn, 

2002 #165). This is in concordance with studies which indicates that, although 

both HHV-6A and HHV-6B are neurotropic viruses and can infect 

oligodendrocytes, the HHV-6A show higher neurovirulence (De Bolle et al., 

2005) (Ahlqvist et al., 2005). 

 

1:6:5 Hypothesises for virus induced autoimmunity 

One possible connection between active HHV-6 replication and MS can be 

that replication of HHV-6A in MS patients may lead to direct tissue damages 

due to infection and elimination of oligodendrocytes. Another one is that, high 

levels of the complement protection proteins CD46 and CD59, in correlation 

with detected HHV-6 infections, have been reported in MS patients. This may 

suggest that infections lead to increased complement mediated lysis which 

could cause tissue damage (Fotheringham and Jacobson, 2005). However, the 

possibility that has attracted most interest is that HHV-6 infections may cause 

autoreactive immune reactions. 

 B and T lymphocytes are thought to be the main mediators of 

autoimmune reactions. Unwanted attacks on cells with following tissue 

damages can be caused by autoreactive lymphocytes that in some way have 

been activated. As lymphocyte maturation includes the random rearrangement 

of T cell receptor and immunoglobulin receptors, both self- and non-self-

reactive T and B cell clones will be generated during this process (Flodstrom-

Tullberg, 2003). In order to avoid auto-aggressive reactions, the self-reactive 

lymphocytes are deleted in thymus, so called negative selection. However, the 

negative selection is not complete and this might normally be beneficial for 

the host since the T cell repertoire is broadened (Flodstrom-Tullberg, 2003). 

 Unfortunately, the self-reactive lymphocytes might be activated by 

microbes and cause unwanted autoimmune reactions leading to disease. Some 

suggested mechanisms for this are molecular mimicry, bystander activation of 
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self-reactive T cells and incorporation of host proteins into virus particles 

which triggers antibody production against the host proteins.  

 Molecular mimicry is when a viral peptide, presented by an antigen 

presenting cell, happens to have the same sequence as a self-protein 

recognised by a self-reactive T cell and the immune system thereby 

erroneously also attack self. A study by Cirone and colleagues indicated that T 

cells from both MS patients and controls cross-reacted with HHV-6A and 

myelin basic protein (MBP), although these cells were found more frequently 

in MS patients (Cirone et al., 2002). Another study identified an HHV-6 

antigen involved in T cell cross-reactivity with MBP. The 1-13 aa region of 

U24, a viral protein expressed by both HHV-6A and HHV-6B, shares amino 

acid sequence homology with the 93 to 105 region of human MBP. Antibody 

titres for both U24 and MBP were elevated in MS patients compared with 

controls (Tejada-Simon et al., 2003). 

 A second possible mechanism or how viruses participate in 

autoimmunity is bystander activation. The pro-inflammatory milieu created by 

the virus is suggested to promote activation of otherwise quiescent self-

reactive T cells. The viruses themselves do not activate the T cells, but instead 

act as bystanders. The T cells might be stimulated with lower peptide 

concentrations than would have been required for activation of naïve T cells 

(Flodstrom-Tullberg, 2003). 

 A third possible mechanism for virus infection-induced autoimmunity 

might be that viruses incorporate cellular proteins during viral assembly, either 

in the interior of the virus or in the viral envelope. These self-peptides are later 

presented for the immune system together with viral peptides as depicted in 

Fig. 9. In this example, the virus has incorporated MBP into its envelope. The 

virus is taken up by a professional antigen presenting cell, which present 

peptides from the virus and its content on HLA-molecules (Fig. 9Top). The 

peptides are recognised by T cells, both such T cells that are reactive towards 

viral peptides and therefore will attack virus infected cells but also possibly 

self-reactive T cells. Another possibility for autoimmune reactions is that anti-

myelin B cells take up MBP-carrying virus and thereafter present viral 

peptides in association with HLA class II molecules. The peptides may be 
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recognised by virus-specific T-Helper cells which then activate the B cell and 

anti-myelin antibodies will be produced (Fig. 9Bottom).  

 

 
Figure 9. Schematic drawing of possible induction of autoimmune reactions 

triggered by virus with incorporated host protein. 

Top. Activation of T cells. 

Bottom. Induction of self-recognising antibodies. 

Figure provided by Jenny Ahlqvist and Anna Fogdell-Hahn, Karolinska 

Institutet. 

 

Already 1979, Tschannen et al., published a study showing that a neurotropic 

strain of vaccinia virus, propagated in mouse brains, had incorporated MBP. 

Vaccinia virus in addition of MBP could then, in the absence of adjuvant, 

induce experimental autoimmune encephalomyelitis in guinea pigs 

(Tschannen et al., 1979). Another study by Rott and colleagues demonstrated 
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that vesicular stomatitis virus grown in myelin protein-expressing cell 

cultures, were highly efficient in triggering T cell responses to MBP in vitro 

and could prime autoreactive T cell immune responses in vivo (Rott et al., 

1994). The authors also referred to that autoreactive T cells specific for MBP 

are frequently found in blood and cerebrospinal fluid of patients with 

postinfectious encephalomyelitis and that this is common after infection with a 

number of different enveloped viruses such as measles, rubella, influenza etc. 

(Rott et al., 1994) and references therein. 

 One example of virus-induced autoimmunity is the connection between 

post-transplantation HCMV infections and chronic graft-versus-host disease. 

HCMV was shown to incorporate CD13, a human aminopeptidase N into the 

viral envelope. Monoclonal antibodies against CD13 specifically blocked 

HCMV infections in vitro, which suggest a role for CD13 for HCMV 

susceptibility (Naucler et al., 1996). Interestingly, when 26 bone marrow 

transplantation patients were investigated for HCMV status, presence of 

CD13-specific antibodies and for development of chronic graft-versus-host 

disease it was found that among those that were HCMV-negative, none had 

CD13-specific antibodies and 7% had developed chronic graft-versus-host 

disease. On the other hand, 90% of the HCMV-positive patients had CD13-

specific antibodies and 86% had developed chronic graft-versus-host disease 

(Naucler et al., 1996). The authors suggested that CD13-reactive B cells were 

turned into anti-CD13 plasma cells by the CD13-carrying HCMV in 

collaboration with anti-HCMV T-Helper cells and proposed the mechanism 

depicted in the bottom part of Fig. 9 (Naucler et al., 1996). 

Varnum and colleagues have shown that HCMV incorporate about 70 

different host proteins which increase the number of potential virus-host 

interferences (Varnum et al., 2004). This also opens up for the possibilities 

that other members of the betaherpesvirinae, such as HHV-6A will 

incorporate a number of different host proteins. One can imagine that HHV-

6A infections of myelin-producing oligodendrocytes may lead to 

incorporation of MBP into HHV-6A virions which in turn can induce auto-

specific MBP-antibodies, similar to the CD13-antibody production triggered 

by HCMV. HHV-6A carrying MBP might also induce self-reactive T cells. 

The host protein content of HHV-6A is still unknown and investigations of 
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this subject may give insights into, not only the constituent of HHV-6A 

virions themselves, but also a possible role of HHV-6A infections in 

autoimmune diseases. 
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2 Aims of the thesis 

1. To develop a method for measurements of relative cellular protein 

concentration in cell membranes, used for virus budding, and purified 

virus particles. 

 

2. To investigate whether cellular proteins are selectively incorporated, 

actively excluded from or passively included into budding Mo-MuLV 

and HIV-1 virus-like particles. 

 

3. To investigate incorporation of cellular proteins into HHV-6A particles. 
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3 Material and methods 
We wanted to analyse the cellular protein content in released retroviral virus-

like particles and in HHV-6A. To do so, we had to ensure that the particles we 

analysed were highly purified, i.e. as free as possible from cellular 

contaminants, and thus detected cellular proteins would truly be parts of the 

virions. Furthermore, to investigate whether possibly incorporated proteins 

were selectively included into the particles or not, we had to find out a way to 

analyse an equal amount of corresponding “assembly-site membrane” and to 

compare the protein density of the cellular proteins in the two samples. 

Therefore, extensive time has been put on modifying, calibrating, developing 

and combining a number of methods which are presented in detail in papers I, 

II and III and more briefly here in part 3 and discussed later. 

Shortly, the retroviral life cycle allowed analyses of both released 

particles and of corresponding “assembly-site membrane”, i.e. the area of the 

PM from which the viral envelope was taken during budding (donor 

membrane). To follow the viral and cellular proteins, we metabolically 

labelled cellular phospholipids and proteins in parallel, infected the labelled 

cells with vectors carrying the gag gene and collected and purified the released 

virus-like particles (VLPs). The cells were homogenised and PM-vesicles 

were purified and isolated by flotation in a sucrose gradient. The 

phospholipid-labelled samples were analysed and the membrane content in 

each calculated. The data was used to equalise the protein-labelled samples to 

each other which enabled estimations of the sorting pattern of the detected 

cellular and viral proteins when the samples were analysed by SDS-PAGE. 

The HHV-6A life cycle, including envelopment, de-envelopment and 

re-envelopment steps and exocytotic release of virions, comprimised 

comparisons of protein content in “assembly-site membrane” and released 

virions. Therefore, the focus was put on purification of the virions only and 

detection of truly incorporated cellular proteins.  

 

3:1 Virus and cells 

The release of wild type Mo-MuLV and HIV-1 particles from cells is rather 

slow and the yield of released particles is low. Besides, to work with a 
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pathogen like HIV-1 requires high safety level lab facilities. In concordance, 

we choose to express the genes for the Gag-precursors with an expression 

system and analysing the protein content of the efficiently produced and 

released non-infectious VLPs. This system also offered the possibilities to 

study the effects of other viral components, like the Env-proteins, by co-

expressing the genes and producing more complete and wt-like Gag-Env 

VLPs. 

We used the SFV-expression system (Liljestrom and Garoff, 1991), 

which is based on the positive stranded RNA genome of the Semliki Forest 

virus (SFV). This virus efficiently replicates in the cytoplasm of the host and 

does also induce shut-off of the host protein synthesis. The SFV-genome 

consists of regions for non-structural polymerase proteins and for structural 

capsid and spike proteins. The region coding for the SFV capsid protein (C) 

works as a translational enhancer which ensures high production of the SFV-

proteins. In the expression system, the SFV structural genes are exchanged for 

the gene of interest. The enhancing capacity of the C-region is exploited in a 

C-expression vector which gives the possibilities to increase the expression of 

the gene of interest about 10 times (Sjoberg et al., 1994). The expression 

vectors can be used in two ways. Either by direct electroporation of cells with 

in vitro transcribed vector RNA and expression of protein of interest or by 

infection of cells with produced one-time infectious recombinant SFV 

particles. The recombinant SFV particles are generated by co-electroporation 

of cells with the desired expression vector RNA, containing the SFV RNA 

packaging signal, and a Helper RNA. The Helper RNA provides the SFV 

structural proteins but lacks the SFV RNA packaging signal. Thus, 

recombinant SFV particles are made, containing the structural proteins for 

efficient infection of target cells but only the genome carrying the gene of 

interest. These produced recombinant virus stocks are preferentially used for 

reproducible infections and productions of the VLPs used in the studies 

performed for this thesis. 

The recombinant SFV particles were used for expression of Mo-MuLV 

and HIV-1 (strain BH10) precursor proteins in Baby Hamster Kidney 21 

(BHK-21) fibroblast cells, in 293T human renal epithelial cells and in Jurkat 

T-cell leukaemia cells. Also mouse fibroblast MOV-3 cells, which 
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constitutively express wild type Mo-MuLV was used. As controls, cells were 

infected with SFV wt or recombinant SFV particles carrying the gene for 

Influenza nucleoprotein (NP).  

HIV-1 Gag-particles were also produced in 293T cells by nuclear 

cytomegalovirus promoter-driven gene expression. The cells were transfected 

by pCMV-HIVgag DNA by Ca2PO4 co-precipitation. As a check for release 

of cellular membrane vesicles, control cells were transfected with pCMV-gfp 

DNA which support the synthesis of green fluorescent protein, GFP, in the 

cytoplasm. 

 

3:2 Metabolic labelling 

The metabolic labelling of phospholipids and proteins were done in parallel 

cell cultures. This to avoid phosphate labelled proteins in the following protein 

analyses and also to avoid masking of cellular proteins that might co-migrate 

with labelled SDS-lipid micelles in the SDS-PAGE analyses.  

For labelling of cellular phospholipids, cells were grown in low 

phosphate medium supplemented with 32P-orthophospate for 40 h before 

infection of the cells. During this 40 h the cells divided about 2-3 times which 

ensured uniformly labelled phospholipids (van Meer et al., 1981). After 

infection of the cells, the labelling was continued until beginning of collection 

of VLPs. 

 Due to the shut-down of host protein synthesis caused by SFV and SFV-

derived expression vector, cells were pre-labelled with 35S-methionine for 15 h 

before infection to ensure labelling of the cellular proteins. After infection, the 

labelling was continued until collection of particles was completed. This 

ensured steady state labelling of both cellular and viral proteins. To follow 

only cellular or viral proteins, the labelling was stopped at the time of 

infection or the labelling started after infection of the cells, respectively. 

 

3:3 Purification of viral particles and isolation of membranes 

The efficient production of VLPs allowed short collection times of particles, 

rather soon after infection. Typically, collection started at about 6 h after the 

initiation of the infection and continued for 0.5-1 h. The VLPs and control 

samples were collected in cell culture media which were clarified by short low 
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speed centrifugation and particles were sedimented in linear 5-20% (5-30% 

for SFV wt) iodixanol gradients (Dettenhofer and Yu, 1999).  

After collection of VLPs, the cells were washed, incubated in a 

hypotonic buffer on ice and homogenised by pulling through a syringe 15-20 

times. Unbroken cells and nuclei were removed by a low speed centrifugation. 

The resulting post nuclear supernatant was adjusted to 55 % w/w sucrose, 

overlaid by 50/40/35/30 and 10 % w/w sucrose layers and subjected to 

centrifugation over night. Membranes were floated in the gradient and a sub-

fraction of PM, enriched in attached Gag-precursors, was detected at the 

border between 35 and 40% of sucrose and in the 40% layer at densities 

between 1.159-1.193 g/ml. 

 

3:4 Quantification of phospholipids 

The isolated and purified Gag-enriched PMs and VLPs from phospholipid 

labelled cells were concentrated by centrifugation and the pellets were used 

for analyses of the lipid content in the preparations. For this purpose, we 

developed a novel method that allowed quantitative phospholipid 

measurements from small biological samples. The pellets were dissolved in 

hot SDS, mixed with sample buffer and analysed by 20% SDS-PAGE. In this 

system, phospholipids form mixed SDS-lipid micelles that migrate as a 

distinct band in the gel, clearly separated from proteins, RNA and free 

orthophosphate. The lipids were quantified using phosphorimage equipment 

from Fuji and the ratios between Gag-enriched PMs and VLPs were 

calculated.  

 

3:5 Protein analyses 

The protein labelled preparations were concentrated by centrifugation and 

taken up in SDS-sample buffer. The samples were equalized according to the 

calculated lipid content, and analysed by 6-15% gradient SDS-PAGE 

(Laemmli, 1970). The cellular protein profiles in the directly comparable 

preparations were determined visually after exposure to autoradiographic 

films or by quantifications using phosphorimage equipment from Fuji. The 

SDS-PAGE separated proteins were also blotted onto nitrocellulose 

membranes and Western blot analyses were performed. 
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 Different gels as longer ones, thicker gels and gels with other bis-

acrylamid percentages were tried before the 6-15% gradient gels were chosen. 

One initial problem was that the protein bands were not sharp enough to 

discriminate between the bands. It was found that the protein bands became 

sharper if the gels were fixed in 40% methanol and 10% trichloroacetic acid 

before they were dried and exposed for autoradiographic film or 

phosphorimage equipment. Also the Western blot analyses were adjusted by 

laborating with different blocking conditions in order to increase sensitivity 

for proteins of interest and decrease unspecific background staining. 

 

3:6 Electron microscopy 

Infected cells were fixed, dehydrated, embedded in plastic and cut into thin 

sections. The sections were contrasted and analysed by transmission electron 

microscopy. The morphology of particle budding profiles at the PM was in 

particular investigated but also the general morphology of the infected cells, 

especially cellular vesiculations at the PM. In similar manner, the appearance 

of Gag-enriched PM-vesicles were analysed in thin-sections of membrane 

pellets. Infected cells were also fixed, bound to grids, contrasted and analysed 

by scanning electron microscopy.  In order to analyse the morphology and 

purity of released VLPs, the purified samples were concentrated by 

centrifugation and thereafter embedded in gelatine and fixed. The VLP-

pellet/gelatine/plastic tube was thin-sectioned altogether and analysed.  This 

enabled analyses of small amounts of VLPs. 

The relative abundance of glycoproteins at the site of budding was 

detected by Concanavalin A-binding to thin sections of infected cells. A gold-

conjugated antibody was used to detect the bound Concanavalin A. The 

labelling density, gold particles/µm membrane, was measured in budding 

particles and in PM that were either involved or not involved in budding. 

 

3:7 Purification and characterisation of HHV-6A 

The human T-cell lymphoblastoid cell line JJHAN was used to propagate 

HHV-6A, strain U1102. The cells were normally grown in RPMI-media 

containing 10% fetal calf serum. However, in order to reduce the amount of 

serum in our analyses, the cells were infected in 10% fetal calf serum but the 
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medium was changed 1 day after infection to 2% fetal calf serum for the 

production and collection of HHV-6A particles. The production rate of HHV-

6A was followed by real time PCR-detection of viral DNA in collected 

samples. The morphology of infected cells was followed by light microscopy 

analyses as well as by immunofluoroscence. The production of HHV-6A is 

much slower than the expression system-production of Mo-MuLV and HIV-1 

VLPs. Therefore, the collection times of HHV-6A typically started 1 day post 

infection and continued until 3 days post infection. The collection medium 

was clarified by two low speed centrifugations and one high speed 

centrifugation. Thereafter the medium was concentrated by ultra filtration, 

further filtered through a 0.45 µm filter and particles sedimented in a linear 5-

25% w/v iodixanol gradient.  

The iodixanol gradient purified HHV-6A particles were concentrated by 

centrifugation and either i) used for analyses of proteins which were separated 

by 6-15% gradient SDS-PAGE and silver stained, ii) used for identification of 

proteins by Western blot analyses, iii) embedded in gelatine, fixed, cut into 

thin sections and analysed by transmission electron microscopy. Also infected 

cells were analysed by transmission electron microscopy. 

HHV-6A infected cells were metabolically labelled with 35S-methionine 

for short time periods, 4-8 h, at different time points after infection. The 

labelling times were kept short since long metabolic labelling was shown to be 

toxic for the JJHAN cells and resulted in increased release of cellular material. 

HHV-6A particles were then collected for 4-8 h without further labelling, 

purified and analysed by SDS-PAGE. The separated proteins were detected by 

autoradiography and were also quantified using phosphorimage equipment 

from Bio-Rad. 
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4 Results and conclusions 
4:1 Incorporation of cellular proteins into Mo-MuLV (Paper I) 

BHK-21 cells were infected with SFV-vectors carrying the Mo-MuLV gag 

gene, Pr65gag, labelled with 35S-methionine and Gag-particles were produced 

and collected. The Gag-particles were sedimented in an iodixanol gradient and 

found predominantly in fractions 13-15 where 71 % of the Gag-protein was 

detected. A number of other proteins co-fractionated with the Gag-protein in 

the Gag-particle fractions. We investigated whether the co-fractionated 

proteins were of host- or vector specific origin. Gag-particles which were 

produced from cells labelled both before and after infection were compared 

with those produced from cells labelled only before infection. In the latter 

case, only host proteins will be labelled. Three proteins differed between the 

preparations and were found only in Gag-particles produced from cells 

labelled both before and after infection. These proteins were a 65 kD, a 38 kD 

and a 33 kD protein and were determined to be either expressed or induced by 

the vector. The 65 kD protein corresponded to the Mo-MuLV Gag-precursor 

Pr65gag, the 38 kD protein could be derived from Pr65gag or be a induced 

cellular protein and the 33 kD protein corresponded to SFV C-protein 

produced by the SFV-C vector. Consequently, all other proteins were regarded 

to be of host cell origin. Material collected from SFV wt and SFV-C/NP 

infected cells were analysed as controls for possible contamination of Gag-

particles with co-sedimenting cellular vesicles. Influenza NP is a cytoplasmic 

protein that finally ends up in the nucleus of the cells. As there was no 

significant contamination, the detected cellular proteins should be constituents 

of the Gag-particles.  

 To relate the protein composition in the purified particles with the 

protein content of the membranes used for budding, we had to isolate 

“assembly-site” membranes and compare these with purified VLPs on equal 

basis. Therefore, after collection of VLPs, the cells were homogenised and the 

cellular membranes were floated in a sucrose step gradient. The fractions 

containing Gag-enriched PMs, probably used for budding of VLPs, were 

concentrated by centrifugation. The purities of isolated Gag-enriched PMs and 

VLPs were analysed by electron microscopy of thin sections of membrane 
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pellets and negatively stained VLPs. The analyses showed cell membranes 

with Gag-budding profiles and spherical VLPs, respectively, as expected for 

pure preparations. 

We choose to base the equalisation of isolated PMs and VLPs on the 

lipid content in the samples. Therefore, cells were labelled with 32P-

orthophosphate before and during the infection. The collection of VLPs was 

done without further labelling to minimize handling of 32P-orthophosphate. 

Pellets of VLPs and Gag-enriched PMs from 32P-labelled cells were dissolved 

in hot SDS. The phospholipids were separated from RNA, phosphoproteins 

and free orthophosphate by SDS-PAGE and quantified.  

Next we compared the protein composition in purified Gag-particles 

with that of the corresponding PM. The loaded volume of each sample was 

equalised based on its lipid content. Firstly, we found that all proteins in the 

Gag-particles were also detected in the PM preparation. This suggested that 

the incorporated proteins are likely to be either true PM proteins or PM 

associated proteins. Secondly, the majority of the proteins in the PM 

preparation were incorporated into the Gag-particles. This suggests a non-

selective incorporation of proteins, especially since most proteins showed the 

same concentration in PM as in Gag-particles. We also found that only a few, 

mainly large sized, proteins in the PM preparation, were excluded from the 

Gag-particles. There were also a few proteins that were concentrated into the 

Gag-particles, most notable were the proteins of 24 kD, 67 kD and 148 kD. 

Our result indicated that the incorporated cellular proteins constitute each to 

0.6-1.0% of the Pr65gag by mass. 

 Gag-particles were extracted by the detergent TX-114 and the 

solubilised proteins were phase separated. A majority of the detected cellular 

proteins partitioned preferentially in the detergent phase and hence were 

considered to be integral membrane proteins. Some proteins, however, 

distributed equally between the two phases and some were found in the water 

phase. 

We also produced Gag-Env-particles to investigate whether 

incorporation of the Env-protein would alter the incorporation of host proteins. 

The Gag-Env-particles contained about one Env-complex per five Pr65Gag 

molecules, i.e. about as much as reported for wild type Mo-MuLV (Henderson 
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et al., 1984). This showed that incorporation of Env does not affect the 

incorporation of host proteins. The incorporation rate of cellular proteins was 

neither affected by lower expression levels of Pr65gag in the cells or if Gag-

particles were collected early after infection when the production of particles 

just had begun. This suggested that the expression levels of Gag did not 

significantly influenced the incorporation of cellular proteins.  

Finally, cells producing Gag-particles, wt Mo-MuLV or wt SFV were 

labelled with Concanavalin A to follow glycoprotein incorporation into 

budding virus by EM. The Concanavalin A was detected by a combination of 

antibodies and protein A-gold conjugate and the labelling density was 

calculated in PM involved and not involved in virus budding. The result 

showed that the labelling density was rather similar for both PM not involved 

in budding and for PM surrounding a budding Gag-particle as well as in 

released Gag-particles. This suggested that no significant sorting of 

glycosylated proteins occurred during budding of Gag-particles. However, the 

labelling density in the viral membrane increased for wt Mo-MuLV, probably 

due to presence of the glycosylated Env-proteins. The glycosylated spike 

proteins in the wild type SFV gave a marked increase in the labelling density 

in budding SFV membrane compared to PM not involved in budding as 

expected. 

Altogether, the results presented in Paper I point to a non-selective 

incorporation of the majority of the PM or PM associated proteins into 

budding Mo-MuLV Gag- and Gag-Env-particles. 

 

4:2 Incorporation of cellular proteins into HIV-1 (Paper II) 

HIV-1 Gag-particles were produced from BHK-21 cells infected with SFV-

vectors carrying the Pr55gag gene of HIV-1, strain BH10. The collected 

particles were purified by sedimentation in iodixanol gradients and further 

concentrated into pellets by centrifugation. The HIV-1 Gag-particles were 

found to contain a number of proteins, thereof most were thought to be of 

cellular origin since control experiments demonstrated that there was no 

significant contamination of cellular derived material in the Gag-particle 

preparations. Isolated Gag-enriched PM and purified Gag-particles were 

normalised to each other, according to the lipid content in the two samples, 
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and analysed by SDS-PAGE. The analysis revealed that most of the PM 

proteins or PM associated proteins were incorporated into the Gag-particles in 

a non-selective manner, i.e. the proteins were found at the same density in PM 

as in Gag-particles. All proteins in the Gag-particles were found in the PM 

preparation. PM and Gag-particles isolated from cells that had been labelled 

before but not after the infection revealed that almost all proteins, except 

proteins of approximately 41 kD, 34 kD, 33 kD and the Pr55gag were of 

cellular origin. The 41 kD and 34 kD proteins could correspond to Pr55gag-

fragments and the 33 kD protein was most likely the SFV C-protein. 

There were some proteins found at higher concentration in the PM than 

in the particles, i.e. excluded from the particles, namely the proteins of 

approximately 220 kD and 83 kD. On the other hand, there were also a few 

proteins that were more concentrated in the Gag-particles than in the PM, i.e. 

sorted into the particles. These were proteins of approximately 97 kD, 69 kD, 

27 kD, 22 kD and 18 kD, respectively. The Pr55gag protein itself was also 

selectively incorporated into the Gag-particles. Quantifications show that the 

concentration of Gag was about 3 times higher in the particles than in the PM. 

The BHK-21 cells are not natural host cells for HIV-1 and therefore the 

incorporation of cellular proteins might be influenced. To mimic a more wild 

type like situation, Jurkat cells (T-lymphocytic cell line), were infected with 

the SFV-vectors. The produced Gag-particles were compared with BHK-21 

cell derived ones and the incorporation pattern of cellular proteins were found 

to differ slightly from one cell line to another. The 97 kD, 22 kD and 18 kD 

proteins were not as clearly detected in Gag-particles produced in Jurkat cells 

as in the particles produced in BHK-21 cells although the proteins were 

present in the particles.  

The cytoplasmic expression of HIV-1 Gag-precursor by the SFV 

expression system might also influence the incorporation pattern of cellular 

proteins into the budding Gag-particles. Therefore, Gag-particles produced by 

the SFV expression system in BHK-21 cells and 293T cells were compared 

with particles produced from 293T cells by nuclear cytomegalovirus 

promoter-driven Pr55gag gene expression. There were no significant 

differences between the Gag-particles indicating that the expression system 

per se did not influence the incorporation of cellular proteins. 



 52 

We performed Western blot analyses in an attempt to identify some of 

the incorporated host proteins. The clathrin heavy chain (192 kD ) and actin 

(42 kD) were detected in HIV-1 Gag-particles. Quantifications showed that 

these proteins were neither sorted in nor sorted out from the particles.  

The size of a selectively incorporated 18 kD protein suggested that it 

could be Cyclophilin A (Cyp A) and this assumption was strengthen since the 

incorporation of the 18 kD protein was competed out in a dose dependent 

manner by the drug cyclosporin A. Western blot analyses confirmed that the 

18 kD protein was Cyp A. Quantifications of Western blots showed an 

approximately 3-fold concentration of CypA in particles compared to PM and 

a molar ratio of about 1 Cyp A to 11.5±2.7 Pr55gag molecules in the particles.  

We also identified the cytoplasmic Tsg101 (45 kD) as a protein present 

in the Gag-particles. Quantifications of Tsg101 in Western blots showed that 

Tsg101 was concentrated about 5 times into the Gag-particles.  

Altogether, the results showed that a majority of the proteins found in 

the PM preparation are non-selectively incorporated into the budding HIV-1 

Gag-particles regardless of expression system and cell line used for production 

of the particles. Some of the PM proteins are excluded from the particles and a 

few become more concentrated in the particles. CypA and Tsg101 are 

identified as two of the proteins that are selectively incorporated into the 

particles. 

 

4:3  Incorporation of cellular proteins into Mo-MuLV and HIV-1, 

unpublished results 

Purified Mo-MuLV Gag-Env-particles were found to contain, as already 

discussed, a similar unsorted set of incorporated cellular proteins as Env-free 

Gag-particles (Paper I). We also analysed the protein pattern of purified Mo-

MuLV Gag-Pol-particles, i.e. particles containing the Gag-Pol-precursors in 

addition to the Gag-precursors. Therefore, Mo-MuLV Gag-Pol-particles were 

producedin BHK-21 cells and analysed by SDS-PAGE in equalised amounts 

as Gag-particles. The equalisation was based on the lipid content of the two 

samples. 

The protein content in Gag-Pol-particles was very similar to that in the Gag-

particles. Both particles contained a plethora of proteins and the Gag-Pol-
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particles additionally contained cleavage products of the Gag-precursors 

produced by the protease in the Pol part. The Gag- and Gag-Pol-particles were 

also produced in Jurkat cells. We found that the incorporation pattern of 

cellular proteins into Mo-MuLV Gag- and Gag-Pol-particles was not 

significantly influenced by the cell line used for production. In addition, HIV-

1 Gag-particles of HIV-1 strain BH10 (Paper II) and strain HXB2 as well as 

Gag-Pol-particles of strain HXB2 were produced in Jurkat and BHK-21 cells. 

The incorporation of cellular proteins was neither significantly influenced by 

the HIV-1 strain nor the cell line used for production of the particles or the 

incorporation of additional Gag-Pol-precursors. 

 Finally, HIV-1 Gag-particles (strain BH10) were produced in Jurkat 

cells, collected, purified and analysed in equalised manner in parallel with 

corresponding Gag-enriched PM isolated from the infected Jurkat cells and the 

protein patterns were compared. As for samples isolated from BHK-21 cells 

(Paper II), all proteins in the Gag-particles were also detected in the PM-

sample. The majority of the proteins found in the Gag-enriched PM were also 

detected in the Gag-particles and mostly in the same concentration as in the 

membrane, i.e. the proteins were neither sorted in nor sorted out from the 

particles. However, some proteins were excluded from the particles. Most 

obvious, a protein of about 220 kD but also proteins in the size range of about 

95-97 kD, 38 kD and between 20-30 kD. Other proteins were concentrated 

into the particles, among them a protein corresponding probably to 

Cyclophilin A. Control analyses of Gag-enriched PM and Gag-particles 

isolated from cells which were metabolically labelled only before the 

infection, indicated that the Pr55gag and a probably related protein of about 41 

kD were expressed by the vector. The rest of the proteins were thus thought to 

be of cellular origin. The Gag-enriched PMs were also compared with similar 

amount of PMs isolated from non-infected cells. The only difference in the 

protein pattern between the two samples was the presence of Pr55gag in the 

PMs from vector infected cells. 

   

4:4 Incorporation of cellular proteins into HHV-6A (Paper III) 

First, the optimal production conditions for HHV-6A were determined. We 

were concerned about i) that the fetal calf serum of 10% would interfere with 



 54 

silver staining of proteins, ii) that the viral life cycle with slow production of 

particles and therefore prolonged collection times would increase the amount 

of cellular contamination, iii) that the infection of cells would be inefficient 

and hence only a fraction of the cells would produce particles. The results, 

however, showed that about 80% of the cells contributed to the production of 

HHV-6A particles, which could be produced with low percentage of fetal calf 

serum in the culture medium. It was also possible to collect particles from day 

1 to day 3 post infection, instead of collection times up to 7 days post infection 

used before, which decreased the risk of contamination of released cellular 

material.  

 The purification protocol used for retroviral VLPs was modified to suite 

the HHV-6A particles and three extra steps were included. One was a high 

speed centrifugation in order to pellet contaminating cellular material. Another 

one was to decrease the much larger volumes of collected HHV-6A samples, 

about 30-60 ml compared to a few ml for retroviral samples, by ultra filtration 

of the samples. The third one was an extra filtration step through a 0.45 µm 

filter before the concentrated samples were sedimented in a linear 5-25% w/v 

iodixanol gradient. The purification of the HHV-6A particles was followed by 

analyses of aliquots taken at the different purification steps as well as of the 

resulting iodixanol gradient fractions. Corresponding samples taken from 

mock infected cells were analysed in parallel and indicated the background 

levels of cellular contamination. The analyses showed that the initial 

contamination of the collected material decreased during the purification and 

was almost absent in the HHV-6A particle containing iodixanol gradient 

fractions. The remaining background was shown to originate mainly from 

culture medium proteins rather than from released cellular material, as seen in 

analyses of fresh culture medium treated in similar manner as samples from 

HHV-6A or mock infected cells. 

 The purification of HHV-6A particles was also investigated by 

transmission electron microscopy of concentrated iodixanol gradient fractions. 

We could not detect any vesicular material or aggregates of proteins of cellular 

origin in the HHV-6A containing peak fractions. The analysed particles 

showed full integrity with a core surrounded by a tegument layer and an 

envelope. The rather quick and mild purification of HHV-6A particles by 



 55

sedimentation in iodixanol gradients did not only result in morphologically 

intact virions but the virions also retained their infectivity and could be used 

for infection of cells. 

 To follow the purification of HHV-6A, infected cells were metabolically 

labelled for 4 h at day 3 post infection and released HHV-6A particles were 

collected during the following 4 h without any further labelling. Purified 

mock-material and HHV-6A particles were compared to each other and also 

with corresponding material taken from the samples direct after the collection 

and before purification. The labelled cells released very little contaminating 

cellular material during the short collection time as seen in the mock samples. 

Three proteins thought to be viral proteins, a 220 kD, a 158 kD and a 50 kD 

protein was quantified using phosphorimage equipment from Bio-Rad and 

compared to a cellular protein of 88 kD. The viral or cellular origin of the 

quantified proteins was estimated from initial labelling experiments where 

parallel cell cultures were infected and then labelled for 8 h each at different 

time points. After the labelling, particles were collected for 8 h without further 

labelling. The first labelling was stopped 8 h after infection and particles 

collected 8-16 h after infection, the next was labelled 8-16 h and collected 16-

24 h after infection and so on until 3 days post infection. The 88 kD protein 

was seen early after the infection and throughout the whole experiment and 

therefore regarded to be a cellular protein. The 220 kD, 158 kD and 50 kD 

proteins, however, were detected first during the viral particle production 

which started ~2 days after infection and hence regarded to be of viral origin. 

We found that the purified HHV-6A particles were 6-13 fold enriched in viral 

proteins compared to the 88 kD host protein. The yield of the HHV-6A 

proteins in the purified sample compared to the collection medium was 

determined to be about 3%. 

 Finally, SDS-PAGE separated proteins in cell lysates, non-purified 

collection medium and purified HHV-6A particles and mock samples were 

detected in Western blot analyses. Antibodies directed towards clathrin, ezrin, 

Tsg101, actin and CD46 were used. The results showed that the identified 

proteins were 1.2-34 times more abundant in HHV-6A particles than in the 

corresponding mock. The highest concentration factor was determined for 

CD46 which is considered to be a cellular receptor used by HHV-6A. We 
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concluded that the identified proteins must be incorporated into the HHV-6A 

particles. However, it was not possible to determine the sorting capacity of 

HHV-6A, i.e. if the cellular proteins were selectively or passively incorporated 

since we were not able to isolate a proper “assembly-site”structure to compare 

the HHV-6A protein content with. 

 Altogether, we concluded that HHV-6A could be purified under mild 

conditions, which preserved both viral morphology and infectivity. The 

purified particles contained a number of cellular proteins, among them we 

have identified clathrin, ezrin, Tsg101, actin and CD46. 
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5 Discussion 
5:1 Development of methods 

5:1:1 Isolation of Gag-enriched plasma membranes 

We wanted to compare the protein pattern in purified retrovirus-like particles 

with the protein content in the membranes at the budding site of the particles. 

Therefore, the plasma membranes had to be isolated and purified. We have 

tried several different approaches in order to find a simple, reliable method 

which would yield as representative “assembly-site membranes” as possible. 

All tried methods had in common that the cells were homogenised under 

controlled buffer conditions which should yield right-side out vesicles of the 

cellular membranes. One kind of approache included surface labelling of the 

cells. Another kind included flotation of vesicles in different kinds of 

gradients.  

We reasoned that surface labelling of the cells and isolation of labelled 

PM would give the most representative membrane preparation and 

additionally, the labelled PM-vesicles would easily be purified from other 

cellular membrane vesicles. We tried to bind biotin to PM-proteins and 

thereafter isolate PM-vesicles by streptavidin pull downs. This was not 

successful, probably due to inefficient binding of biotin to the PM-proteins as 

well as inefficient isolation of the biotin-containing vesicles by binding to 

streptavidin.  Another approach was to incubate the cells in a colloidal gold 

solution and thereafter homogenise the cells and isolate the now heavy PM-

vesicles by centrifugation. A variant of the theme with heavy PM-vesicles was 

to coat the cells with silica beads instead (Harila et al., 2006). The methods of 

coating cells with either colloidal gold or silica beads were abandoned in 

favour for isolation of membrane vesicles in sucrose gradients. The reasoning 

for this was that the expensive colloidal gold labelling was difficult to get fully 

reliable and the silica beads coating, in our hands, yielded the same result as 

the more convenient flotation method. 

We initially floated cellular membrane vesicles in a 3-step gradient. 

Unbroken cells and nuclei were removed from homogenate by a low speed 

centrifugation and the resulting post nuclear supernatant was mixed with 67% 

w/w sucrose, overlaid by a 40% and a 10% w/w sucrose layer and subjected to 
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centrifugation. The cellular membranes floated and were thus separated from 

the soluble proteins that remained in the loading zone. In this gradient we were 

able to separate light cellular membranes, including Golgi and PMs which 

floated to the 10/40% interface, from the dense ER membranes which stayed 

at the border to the 40% layer. However, a 6-step gradient developed within 

the group offered better possibilities to separate PMs from some of the 

membranes in the Golgi network. Additionally, this gradient resolved the 

somewhat heavier Gag-enriched PMs from PM in general (Suomalainen et al., 

1996). We further on used the 6-step gradient for flotation of our membrane 

samples. Unfortunately, the Gag-enriched PM fractions are not totally free of 

contaminating Golgi membranes. Therefore, we often prefer to call the 

isolated vesicles donor membranes rather than plasma membranes (Paper II). 

 

5:1:2 Quantification of phospholipids 

The collected and purified Gag-enriched PMs and VLPs from phospholipid 

labelled cells were concentrated by centrifugation and the pellets were used 

for analyses of the lipid content in the preparations. Initially we dissolved the 

pellets in 3% SDS and mixed the samples with chloroform and methanol and 

performed an extraction of the lipids according to Bligh and Dyer (Bligh and 

Dyer, 1959). The chloroform in the final step was evaporated and lipids 

dissolved in SDS and used for scintillation counting. One problem with this 

method was the extensive handling with radioactive samples. Another, and 

more important problem, was that the extraction of lipids from membrane 

vesicles and from virus-like particles, where a dense layer of Gag-precursors is 

attached to the membrane, might not be equally efficient. We tried another 

method there the sample pellets were dissolved in SDS and loaded on top of a 

3-25% w/w sucrose step gradient. In this system we could reach a reasonable 

separation of proteins, free orthophosphate, RNA and phospholipids. 

However, the phospholipids were spread over a couple of fractions and not 

completely separated from contaminants. Therefore, the chosen gradient 

fractions were further purified by gel filtration in a Superose 12-column 

resulting in many and diluted phospholipid fractions. Finally, we decided to 

dissolve the sample pellets in hot 3% SDS, mix with sample buffer and 

directly analyse by 20% SDS-PAGE. In this system, phospholipids form 
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mixed SDS-lipid micelles that migrate as a distinct band in the gels. The 

phospholipid band was clearly separated from proteins, RNA and free 

orthophosphate and easily detected and quantified (paper I). The calculated 

lipid ratios, Gag-enriched PMs to VLPs, were very similar regardless of the 

method used for extraction, chloroform/methanol extraction, separation in 

sucrose gradient followed by gel filtration or not, or the fast 20% SDS-PAGE 

analyse. We also analysed the lipid composition of the extracted phospholipids 

by thin layer chromatography. The result suggested that the extraction 

methods yielded a similar set of detectable phospholipids. Altogether, we were 

convinced that the fast gel analysis method was reliable and it was therefore 

used for the standard analyses of lipid content in purified VLP and Gag-

enriched membrane preparations. 

 

5:2 Cellular proteins are included into retroviral particles; 

Purification of retroviral particles 

5:2:1 Sucrose gradients versus iodixanol gradients 

The production and collection of VLPs in cultured cells are troubled by a 

constitutive release of cellular vesicles (microvesicles) from the cells. The 

vesicles can arise from released blebs and protrusions at the cell surfaces but 

also from fusion of multivesicular bodies with the PM and subsequent release 

of exosomes from the exterior of the cell (Raposo et al., 1996). In articles 

published by Bess et al., and Gluschankof et al., it was found that 

microvesicles released from H9 and PBMC cells were dense enough to co-

sediment with HIV-1 virions through 20% sucrose cushions as well as in 

sucrose density gradients, even though two subsequent gradients were used. 

The amount of contaminating vesicles was influenced both by the viral strain 

and the cell lines used. To reduce the amount of contaminating microvesicles 

the authors suggested a short collection period starting early after infection. It 

was also advised to use the few sucrose gradient fractions that contained the 

peak of particles for analyses (Bess et al., 1997) (Gluschankof et al., 1997). 

We have tried to minimize contamination by cellular vesicles by using the 

SFV-expression system for efficient production of VLPs and hence, short 

collection times of particles. In addition, the cell lines we have used seem to 

release relatively little cellular material. Figure 10A-C, show efficient release 
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of HIV-1 and Mo-MuLV Gag-particles at the cell surface of SFV vector 

infected BHK-21 cells. The PMs appeared smooth and we could not detect 

any significant release of microvesicles. BHK-21 cells expressing the Pr55gag 

och Influenza nucleoprotein were analysed as well as mock-infected BHK-21 

cells by scanning EM. We found that the HIV-1 Gag-expressing cells (Fig. 

10D, p.62-63) were more or less covered by budding particles while the 

controls show rather few budding profiles at the cell surfaces. 

Anyhow, our collected virus like particles had to be purified to reduce 

potential contaminants. We initially purified virus like particles in rate zonal 

or density sucrose gradients. In both gradient systems the particles were spread 

in several of the gradient fractions, which lead to high dilution of the samples. 

Also, the gradient purified particles and particles that were only sedimented 

through a sucrose cushion contained an almost identical set of proteins. We 

could therefore not discriminate between if sedimentation of particles through 

a sucrose cushion removed contaminants or if sucrose gradients were not 

efficient enough for successful purification. To improve purification of virus 

like particles we turned to iodixanol gradients (Dettenhofer and Yu, 1999). 

Iodixanol (5,5´-[(2-hydroxy-1-3-propanediyl)-bis (acetylamino)] bis [N,N´bis 

(2,3-dihydroxypropyl)-2,4,6-triiodo-1,3-benzenecarboxamide]) is a low 

molecular mass compound with non-osmotic properties used in contrast media 

to aid in the detailed visualization of internal organs and tissues of medical 

patients. We tested several gradient compositions and centrifugation 

conditions until we ended up with a linear 5-20 % iodixanol gradient subjected 

to centrifugation for 1.5 h at 160 000 x g (36 krpm) in a SW41 rotor. This 

gradient combines the features of a rate zonal gradient and a density gradient. 

Negative staining of material in pooled peak fractions showed spherical 

particles with a diameter of 80-130 nm while a particle preparation that was 

sedimented through a sucrose cushion contained a mixture of particles with 

sizes ranging from 40-370 nm in diameter (paper I). This suggested that, in 

contrast to iodixanol gradient purification, purification by sedimentation 

through a sucrose cushion was not enough, and probably, not either 

sedimentation in sucrose gradients to separate VLPs from cellular  
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Figure 10. Electron microscopic analyses of infected cells. 

BHK-21 cells were infected with SFV C-vectors carrying the genes for HIV-1 

Pr55Gag (A and D), the Mo-MuLV Pr65Gag (B-C) and the Influenza 

nucleoprotein (E) or were mock infected (F). The cells in A-C were prepared 

as described in Paper II. The cells in D-F were fixed, dehydrated and 

contrasted for analyses by scanning EM. 
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microvesicles. Thin sections of concentrated particles from the iodixanol 

gradient embedded in gelatine, show only particles with the layered surface 

morphology that is characteristic for Gag-particles (paper II). Altogether, we 

decided to use the iodixanol gradients for purification of the VLPs. 

 

5:2:2 Controls for contamination of cellular vesicles 

The VLPs sedimented to the lower part of the iodixanol gradient, i.e. gave a 

peak in fraction 13-15 of total 17 fractions. A number of proteins were found 

to co-sediment with the particles and could therefore indicate microvesicle 

contamination. We reasoned that infection of cells with SFV wt or SFV-

expression vectors could induce increased activity at the PM and release of 

cellular material, although electron microscopy studies of the infected cells 

suggested low microvesicle blebbing activity (Fig. 11). Therefore we 

performed several control experiments to rule out that the co-sedimented 

proteins originated from contaminating cellular vesicles. Particles were 

collected from SFV wt infected cells and sedimented in an iodixanol gradient 

and the gradient fractions were analysed. In contrast to analyses of retroviral 

VLPs, we could only detect the SFV viral proteins but no additional proteins 

in the lower part of the gradient, i.e. fractions 10-17. To further investigate 

whether contaminating cellular material is released from infected cells, we 

analysed material collected from SFV-C/NP infected cells. The Influenza 

nucleoprotein accumulates in the nucleus when expressed alone and therefore 

the cells are regarded to not release any material in particle form. Again, no 

material was found in the gradient fractions 10-17 although the cells released 

some material which was trapped in the gradient top fractions. Therefore we 

concluded that our particles, isolated in the iodixanol gradient fractions 13-15, 

were essentially free from contaminating cellular vesicular material and 

therefore the co-sedimenting proteins are constitutients of the VLPs. 

 

5:2:3 Controls for contamination of adherent proteins 

We also considered the possibility that the co-sedimented proteins might 

represent secreted cellular proteins that are non-specifically adsorbed to the 

VLPs. This was tested by co-incubation of VLPs produced from non-labelled 

cells with material released from cells metabolically labelled for 15 h before 
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infection with SFV-C/NP vectors. Mostly cellular proteins are labelled during 

the pre-infection labelling of cells. The mixture was incubated at 37°C for 1 h 

and then sedimented in an iodixanol gradient. We could not detect any 

labelled proteins in fractions 10-17 of the gradient, suggesting that non-

specific adsorption did not occur. 

 

5:2:4 Controls for contamination of protein-poor vesicles 

Another concern was that protein-poor vesicles, and thus not detectable by 

analysing protein labelled samples, would contaminate the VLP containing 

gradient fractions. Such a contamination would give higher lipid content of the 

concentrated VLPs and hence an overestimation of membrane surface in these 

samples. This would interfere with equalisation of Gag-enriched PM samples 

and VLPs for SDS-PAGE analyses. A possible release of protein-poor 

vesicles was investigated by sedimenting material from phospholipid labelled 

cells infected either with SFV-C/Pr55gag or SFV-C/NP. The lipid signal from 

VLPs yielded a peak in fractions 13-15 while the control media from SFV-

C/NP vector infected cells gave a very low lipid background of less than 5% 

(paper II). We concluded, on basis of the performed control experiments, that 

the proteins co-sedimenting with Mo-MuLV and HIV-1 Gag-particles as well 

with Mo-MuLV Gag-Env-particles represented truly incorporated cellular 

proteins. 

 

5:3 Incorporation rate of cellular proteins into retroviral particles 

The research field “incorporation of host proteins” into virions has expanded 

dramatically. From the pseudotypic paradox published 1982, with the thought 

of exclusion of cellular proteins but envelopes flexible enough to 

accommodate foreign viral Env-proteins, to proteomic analyses and detection 

of 253 cellular proteins in macrophage-produced HIV-1 virions 2006 (Zavada, 

1982) (Chertova et al., 2006). In the beginning, several studies suggested 

incorporation of cellular proteins into retroviral particles. Proteins like CD4 

for Avian leucosis virus, MHC-antigens for HIV-1, HIV-2 and Simian 

immunodeficiency virus (SIV), and CD4, CD8, CD11a, CD25, CD43, CD44, 

CD54, CD63, CD71 and HLA class I and HLA-DR for HIV-1 were thought to 

be included into the virions (Young et al., 1990)  (Gelderblom et al., 1987a 
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{Henderson, 1987 #177 {Schols, 1992 #179) (Arthur et al., 1992 {Meerloo, 

1993 #178) (Orentas and Hildreth, 1993). The number of detected 

incorporated proteins increased rapidly and in 1997 the list contained over 30 

cellular proteins (Ott, 1997). 

 One general idea those days was that the detected proteins were 

selectively incorporated into the virions and took part in the viral life cycle. 

However, most of the studies were performed without comparisons of the 

protein content in the particles with mock samples or with corresponding 

“assembly-site”-membranes. Therefore, it was difficult to judge whether the 

detected cellular proteins were indeed selectively incorporated or excluded or 

just randomly incorporated into the assembling and budding virions or if the 

proteins represented contamination by cellular material. 

 At that time we decided to perform careful analyses of the protein 

content in equalised samples from purified “assembly-site”-membranes and 

VLPs in order to investigate the sorting capacity of, in the first place, the 

assembly-driving precursor proteins for the retroviral core proteins, the Gag-

precursors. This was not easily done and substantial efforts were put on 

developing reliable analyse methods. However, we succeeded to, for the first 

time, present data indicating that most of the detected cellular proteins in 

retroviral virus-like particles were randomly incorporated into the budding 

particles. This, since the proteins were found at same concentrations in 

corresponding amount of “assembly-site”-membrane, i.e. PM from which the 

budding occurred. But, we have only investigated VLPs, composed of Gag-

precursors themselves or in combination with Env- or Pol-proteins. One can 

argue that the sorting capacity of such particles is probably different from the 

capacity of a wild type virion. We have tried to isolate wt Mo-MuLV particles 

from MOV-3 cells, a cell line constitutively expressing Mo-MuLV. 

Unfortunately, these cells release a very low amount of particles compared to 

infected BHK-21 cells and also much higher levels of contaminating cellular 

vesicles. This lead to a low signal to noise ratio and the results were therefore 

uncertain and difficult to interpret, although the data pointed to a probable 

more or less random incorporation of cellular proteins. One has to keep in 

mind that most of the proteins that we have detected in Gag-particles amount 

to about 1% or less of the Gag-precursor and therefore the signal/noise ratio 
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has to reach a certain level for reliable conclusions to be drawn. We have also 

tried to mimic more wt-like conditions by producing HIV-1 VLPs in more 

“correct” cell lines, by using nuclear expression of the HIV-1 Gag-precursors 

and by lowering the expression levels of the Mo-MuLV Gag-precursors. 

Neither of the conditions changed substantially the incorporation pattern of the 

cellular proteins. Anyhow, we think that our particles are relatively 

representative of wt virions since we detected Env and Cyclophilin A in the 

same ratios as reported for wt particles in our Mo-MuLV and HIV-1 VLPs, 

respectively (Henderson et al., 1984 {Franke, 1994 #98) (Thali et al., 1994). 

However, we can not exclude the possibility that wt budding might involve 

cellular factors that would change the incorporation rate of the cellular 

proteins. 

 The “incorporation of host proteins”-field has undergone several 

changes during the work with this thesis. One is the awareness of the 

contamination rate of cellular material which has led to improvements of 

purification methods (Bess et al., 1997) (Gluschankof et al., 1997) 

(Dettenhofer and Yu, 1999). Another one is the discovery of the budding route 

of virions via endosomal compartments and recruitment of cellular budding 

machinery (Morita and Sundquist, 2004). Finally, the development of fast and 

easy proteomic analyses has drastically improved the detection and analyses 

of incorporated proteins. One can imagine that proteomic comparisons of 

equalised “assembly-site”-membranes and released virions would identify 

truly selectively incorporated proteins. Proteins that probably play a role in the 

viral life cycle. 

 

5:3:1 Structure of virus gives room for cellular proteins 

The assembly and budding of virions at the PM occurs in an environment of 

~30 000 PM proteins per square micron (Griffiths et al., 1984) (Quinn et al., 

1984) (Simons and Fuller, 1985). The proteins do probably more or less cover 

the lipid areas of the membrane, either by their integral parts or/and by extra-

membrane regions of varying sizes (Engelman, 2005). How are these proteins 

dealt with during the budding? How does the virus find its own proteins in this 

“mess” of proteins? The surface density of viral proteins in a released virion 

can be calculated. Most easily this is done for a well defined icosahedral virus 
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as SFV. SFV was found to contain ~25 000 spike complexes per square 

micron (Fuller et al., 1995) (Mancini et al., 2000) (Simons and Fuller, 1985). 

Therefore, budding did not lead to drastic changes of total protein 

concentration in the viral surface compared to the PM but rather in an 

exchange of cellular proteins in favour for viral proteins. The selection of viral 

proteins is high since the viral proteins only contribute to ~1% of the PM 

proteins in the infected cells (Fuller et al., 1995) (Mancini et al., 2000) 

(Simons and Fuller, 1985). The host protein content in another alphavirus, the 

Sindbis virus, was determined to be as low as ~0.2% which support the picture 

of viruses cleared of cellular proteins (Strauss, 1978). Cryoelectron 

microscopy and image reconstruction of an additional member of the 

Alphaviridae family, the Ross River virus, revealed tight interactions between 

the spikes at the surface of the virus and between the spikes and the 

nucleocapsid beneath the viral envelope. The virion surface was almost totally 

covered by interacting viral spikes which would efficiently sterically exclude 

cellular proteins from the virus particles (Cheng et al., 1995). The alphaviruses 

dealt with the cellular proteins by simply excluding them from the virions by 

selective interactions within the viral proteins and dense packaging of spikes 

in the viral envelope.  

 The retroviruses are transferred by direct contacts between hosts and 

often by cell-cell contacts within the host. Since the virions are not supposed 

to travel, for example in the air, they do not need a solid outer shielding 

protein layer. Experimental data do also show that the retroviral envelopes are 

not covered by viral proteins to the same extent as for the alphaviruses. The 

MA layer of the Gag-precursors is thought to form a hexagonal lattice built up 

of trimeric MA molecules (Yeager et al., 1998) (Forster et al., 2000). Based on 

the model with hexagonal lattice of MA-trimers, Forster and colleagues, 

suggested that three HIV-1 Env-trimers can be inserted without steric overlap 

in one triangular face of MA-trimers as shown as blue circles in Figure 11. 

The authors also suggested that the distance between the edges of the Env-

trimes will be 7 nm and 21 nm between the centers of the Env-trimers. Such a 

model implies that the HIV-1 virions ideally consist of 2160 MA-monomers 

and 180 Env-momomers organised into 60 Env-trimers (Forster et al., 2000). 

However, the released virions do probably contain a much lower number of 
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Env-trimers, as few as 8-10 trimers per HIV-1 virion has been reported (Zhu 

et al., 2003). 

 

 

 

 

 

 

 

Figure 11. Schematic drawing of hexagonal lattice of MA-trimers and the 

accommodation of Env-trimers. a., The triangular face consisting of MA 

trimers can accommodate three glycoprotein trimers (blue circles) without 

steric overlaps of the Env-trimers. b., Estimated distances between the 

different parts of the Env-trimers are indicated. Figure from  (Forster et al., 

2000). Reprinted with permission from Elsevier. 

 

In contrast, Mo-MuLV virions were reported to contain ~30-70 Env-trimers 

(Forster et al., 2005). However, the number of Env-“tufts” per virion could 

differ significantly as analysed by atomic force microscopy. These analyses 

also indicated that Mo-MuLV lacking incorporated Env-proteins, produced 

from cells infected with an Env-negative variant, still contained tufts in the 

viral envelope. The tufts were suggested to consist of incorporated cellular 

proteins (Kuznetsov et al., 2004). The organisation of MA- and Env-trimers, 

in combination with the sometimes low number of Env-proteins per virion and 

the knowledge that only one Env-trimer is enough to mediate infection, lead to 

our assumption that it is plenty of space left in both Mo-MuLV and HIV-1 

viral envelopes for incorporation of other proteins than Env (Bachrach et al., 

2000) (Yang et al., 2005). Therefore, there is no need for retroviruses to 

actively exclude cellular proteins from their envelopes, as long as the proteins 

not hinder the assembly mechanisms or the function of the released virions. 

The rather few and scattered Env-trimers on the surface of the assembling 

virions would probably not interfere with incorporation of cellular proteins.  

How about the densely packed Gag-precursors on the cytoplasmic side 

of the growing viral bud? Does the postulated hexagonal lattice of Gag-
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precursors hinder incorporation of cellular proteins? Lessons from the area of 

clathrin coated pits-research tell that even though the components of the pit is 

heavily packed on the cytoplasmic side, a bulk of membrane proteins are 

included into the pits. This is exemplified with the low, but still present, 

uptake of truncated transferring receptors and epidermal growth factor 

receptors lacking the internalisation signals that normally direct efficient 

uptake (Jing et al., 1990) (Sorkin et al., 1996). One can imagine that, as long 

as membrane proteins do not contain bulky cytoplasmic domains, they will be 

able to fit into either forming coated pits or growing retrovirus particles. 

Interestingly, the HIV-1 Gag layer seems also able to accommodate large 

cytoplasmic domains of proteins. The human epidermal growth factor 

receptor, which consists of 647 extracellular aa, a membrane anchor of 21 aa 

and a large cytoplasmic region of 542 aa, could be incorporated into HIV-1 

VLPs lacking the Env-proteins (Henriksson et al., 1999). 

 The interior of the virions also offers space for uptake of cellular 

proteins. Indeed, cellular proteins, as actin, cofilin, ezrin and moesin, have 

been detected inside HIV-1 particles (Ott et al., 1996). Other examples are 

Tsg101, Cyp A, heat shock proteins and the RNA-binding proteins Staufen 

and APOBEC3G (Cantin et al., 2005). 

 

5:3:2 Passive inclusion of cellular proteins 

Our results show that the majority of the proteins detected in purified Gag-

enriched membranes are also found, at the same densities, in purified VLPs. 

For example, the clathrin heavy chain and actin were found to be passively 

incorporated into the HIV-1 VLPs. Passive inclusion of proteins into Mo-

MuLV and HIV-1 VLPs was seen regardless of which cell line that was used, 

of high or low expression level of the Gag-precursors, if the Gag-precursors 

were expressed using the SFV-expression system or a nuclear 

cytomegalovirus promoter-driven system or if the viral Env-proteins were 

incorporated at wt levels. Altogether, our results point to a passive inclusion of 

most PM and PM-associated proteins present at the assembly and budding 

site. 

 It is not easy to find direct support for passive inclusion of proteins into 

virions in the literature. This is mainly because the studies lack the possibility 



 70 

of direct comparisons of the protein levels in equalised samples, and hence 

quantitative estimations of the incorporation rate of the detected proteins as we 

have in our analyses. However, there are studies that indirectly support that the 

majority of proteins are passively incorporated.  

 Suomalainen and Garoff showed 1994 that heterologous proteins like 

the SFV spike and a truncated form of the transferrin receptor, lacking the 

recycling capacity, could be incorporated into the envelope of Mo-MuLV 

VLPs. The incorporation rate was influenced by the expression level of the 

proteins and hence the number of them present at the PM. A higher expression 

level yielded VLPs with higher levels of incorporated SFV spikes or 

transferrin receptors (Suomalainen and Garoff, 1994). This suggested a 

passive inclusion of proteins present at the PM. One can also argue that the 

large number of detected proteins in retroviral virions does indicate that very 

little selection of proteins take place (Cantin et al., 2005) (Ott, 1997) 

(Chertova et al., 2006). 

 Another argument for passive incorporation of proteins is the studies 

showing that the protein content of the cells is reflected by the virions released 

from the particular cells. For example, the relative levels of HLA-DR proteins 

incorporated into virions are influenced by both the virus strain used and of 

which cells the viruses were produced in (Cantin et al., 1996). In a similar 

manner, it was demonstrated that the envelopes of HIV-1 particles, collected 

from four different cell lines, mirrored the cell surface protein pattern of the 

cells from which the virions were released (Frank et al., 1996). It was also 

found that the host cell-dependent alteration in envelope components of HIV-1 

virions was aquired or lost within one passage of virus in different cells. The 

incorporation pattern was maintained if the virus was subsequent passaged in 

the same cell type (Bastiani et al., 1997). In concordance, virions propagated 

in lymphocytes or macrophages could be selectively captured from a mixed 

pool of the virions, by monoclonal antibodies directed against lymphocyte or 

macrophage specific proteins (Lawn et al., 2000). In alignment with passive 

uptake of proteins present at the budding site at PM, HIV-1 virions released 

through exosomal pathway in macrophages seem to accommodate a protein 

and lipid profile more similar to the one found in cellular exosomes than at the 

PM (Chertova et al., 2006) (Wubbolts et al., 2003) (Nguyen et al., 2003). 
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 A number of cellular proteins have also been detected in other viruses 

within the Retroviridae family, in members of the Herpesviridae family as 

HCMV and Epstein-Barr viruses, as well as in other viruses as Vaccinia virus 

and Vesicular stomatitis virus (Cantin et al., 2005) (Kolegraff et al., 2006). 

The proteins represent different cellular compartments and cellular tasks and it 

is difficult to imagine that all these proteins would be specifically beneficial 

for the viruses. Especially since the viruses use different mechanisms and 

routes in the cells during their life cycles. Therefore, I presume that the 

incorporated proteins instead reflect the cellular compartments that the viral 

components had been in contact with during the assembly process and that the 

proteins are passively brought into the budding virions. 

  

5:3:3 Selective incorporation of cellular proteins 

Although our results showed that most of the proteins detected in Mo-MuLV 

and HIV-1 VLPs were passively included, some of the proteins were found at 

higher concentrations in the VLPs and therefore selectively incorporated into 

the particles. In Mo-MuLV three cellular proteins of approximately 148 kD, 

67 kD and 24 kD and the Pr65gag, were concentrated into the VLPs. Likewise 

we detected a few selectively incorporated proteins in the HIV-1 VLPs, 

namely proteins of about 97 kD, 69 kD, 27 kD, 22 kD and 18 kD along with 

the Pr55gag. The molecular weights of the detected proteins were estimated 

from the SDS-PAGE analyses using a molecular weight standard run in 

parallel to the particle and membrane samples. Therefore the mentioned 

protein weights are not absolute and it is tempting to speculate that the 

proteins of 67 kD and 69 kD in Mo-MuLV and HIV-1, respectively, in fact are 

the same protein. Also the 24 kD protein of Mo-MuLV could correspond to 

either the 27 kD or 22 kD protein of HIV-1. Hence, it would be highly 

interesting to identify these proteins and determine their functions. This 

especially since we found that two proteins functional during HIV-1 life cycle, 

Cyp A (the 18 kD protein) and Tsg101, were selectively incorporated into the 

HIV-1 VLPs.   

 There are two ways to determine whether a protein is selectively 

incorporated into retroviruses or not. By measures of the relative concentration 

of the protein in equalised samples as in our analyses or by determine specific 
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interactions between the protein and viral proteins, interactions that aid in 

incorporating the protein into the assembling virions.  

 HLA class II DR and ICAM-1 are two proteins often detected in 

purified retroviral preparations (Cantin et al., 2005). Both have been suggested 

to be selectively incorporated but evidence for that has been lacking. 

However, a study by Poon, Coren and Ott suggests that a 43 aa sequence in 

the gp41™ cytoplasmic tail of HIV-1 Env-protein was required for 

incorporation of HLA class II proteins. Whether the Env-proteins were 

directly or indirectly involved in the incorporation process was not determined 

(Poon et al., 2000). Another study indicates that the short cytoplasmic tail of 

ICAM-1 would interact with HIV-1 Gag-precursors and thus ICAM-1 might 

be selectively incorporated into virions (Beausejour and Tremblay, 2004). 

 A lot more clear evidences for the connection between specific 

interactions and selective uptake into virions are demonstrated for Cyp A. 

Several studies have shown that Cyp A is incorporated into HIV-1 virions in 

numbers of about 1 Cyp A per 10 Gag-precursors (Luban et al., 1993) (Franke 

et al., 1994) (Thali et al., 1994). Cyp A has a peptidyl-prolyl cis-trans 

isomerase domain by which it can bind to a proline rich stretch of the HIV-1 

CA protein (Gamble et al., 1996).The binding can be competed out in a dose 

dependent manner by the drug cyclosporine A, which binds to the isomerase 

domain of Cyp A (Handschumacher et al., 1984) (Franke et al., 1994) (Thali et 

al., 1994). We demonstrated in Paper II that the incorporation of Cyp A was 

competed out with increasing doses of cyclosporine A. We were also able to 

show that Cyp A was absent from PMs isolated from un-infected cells but 

present in PMs of infected cells. This suggests that the cytoplasmic Cyp A is 

brought into the PM and the budding site via the interaction with the CA 

domain of HIV-1 Gag-precursor. Cyp A was thereafter concentrated into the 

VLPs with same efficiency as Pr55gag, i.e. concentrated about 3 times. 

 Our analyses in Paper II demonstrated that also the cytoplasmic Tsg101 

was brought into PMs of infected cells, but not in PMs of uninfected cells, and 

further incorporated into the budding VLPs. The concentration rate for Tsg101 

was even higher than for Pr55gag and was determined to be ~5 times. Tsg101 is 

one of the proteins in ESCRT-1 and thus involved in budding of vesicles into 

MVBs (Raiborg et al., 2003). Functional interactions between Tsg101 and 
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HIV-1 viral proteins are necessary for efficient release of assembled HIV-1 

virions and Tsg101 is shown to bind to the PTAP-motif in the HIV-1 p6-

domain of the Gag-precursor (Morita and Sundquist, 2004)  (Freed, 2002) 

(Pornillos et al., 2002). The strong connections between HIV-1 Gag-

precursors and Tsg101 and subsequent usage of the endsomal budding 

machinery for egress of particles have lead to questions about where assembly 

and budding occurs. In most cell types, the assembly and budding take place at 

the PM but in macrophages the processes seem to occur at MVBs (Pelchen-

Matthews et al., 2003). This kind of intracellular MVB-routed budding might 

also occur in other cell types (Sherer et al., 2003). However, the endosomal 

budding machinery may instead be recruited to the PM and thus facilitate 

assembly and release of viral particles at the PM (Nydegger et al., 2003) 

(Booth et al., 2006). Indeed, Tsg101 has been demonstrated, by others and by 

us, to be recruited to the PM by viral proteins (Derdowski et al., 2004) 

(Martin-Serrano et al., 2001). 

 

5:3:4 Exclusion of cellular proteins 

In our analyses of Mo-MuLV and HIV-1 VLPs, we could conclude that few 

cellular proteins were excluded from the VLPs and thus only detected in the 

Gag-enriched membranes. A few large proteins in sizes between 148-186 kD 

and smaller ones between 46-65 kD were excluded from the Mo-MuLV 

VLPs. We could only clearly detect two proteins which were excluded from 

the HIV-1 VLPs. One of about 220 kD and one of 83 kD.  

The excluded proteins in our analyses were rather large and maybe they 

have huge, bulky domains that sterically hinder them from being incorporated. 

CD45, a 200 kD transmembrane phosphatase protein, is one example of a 

protein excluded from HIV-1 virions although CD45 is highly abundant at PM 

(Esser et al., 2001) (Nguyen and Hildreth, 2000). One often mentioned reason 

for exclusion of CD45 is built on the assumption that HIV-1 budding would 

occur via rafts. CD45 is not present in these membrane microdomains at the 

PM and therefore the protein would be excluded (Nguyen and Hildreth, 2000). 

However, another possible explanation is simply the structure of CD45. The 

cytoplasmic domain of CD45 consists of two domains of about 350 aa each. 

Such a bulky cytoplasmic part, of 707 aa, might not be able to accommodate 
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into the hexagonal lattice of Gag-precursors. The HIV-1 co-receptors, the 

multi-membrane spanning CXCR4, CCR5 and CCR3, were demonstrated to 

be excluded from budding virions (Lallos et al., 1999). One can imagine that 

the place such a multi-membrane spanning protein takes in the membrane 

makes it difficult to fit the protein into a rather small spherical viral particle. 

Therefore, the proteins would be excluded due to steric hindrance. 

 Another possibility for exclusion might be that cellular proteins, present 

at the budding site, perform tight interactions with cytoskeletal elements, other 

proteins or lipids and hence are hindered to enter the assembling virions. One 

example of this is CD4. There have been some conflicting data of whether the 

HIV-1 receptor, CD4, is incorporated into virions or not (Lallos et al., 1999; 

Ott, 1997). However, the solution of the problem might be that CD4 in 

lymphocytic cells, but not in non-lymphoid cells, are bound to the protein 

tyrosine kinase p56lck. The cytoplasmic domain of CD4 interacts with p56lck 

and the interaction inhibits endocytosis of CD4 by preventing its entry into 

coated pits (Pelchen-Matthews et al., 2003). The inhibitory effect of the 

interaction was also demonstrated for HIV-1 by efficient incorporation of CD4 

wt and CD4 lacking the cytoplasmic tail into HIV-1 VLPs produced in the 

non-lymphoid 293T cells. However, when the CD4 constructs were co-

expressed with a p56lck-construct, the wt CD4 was hindered from entering the 

VLPs while the mutated CD4 could be incorporated (Henriksson and Bosch, 

1998). 

 

5:4 Cellular proteins are incorporated into HHV-6A; 

 Purification of HHV-6A 

Purification of HHV-6A was performed essentially as for the retroviral VLPs. 

However, some modifications of the purification scheme were done. One 

reason for this is that the replication and production of HHV-6A is slower than 

the efficient expression and release of VLPs using expression systems. That 

increases the possibilities for the infected cells to release contaminating 

cellular material into the collection media. To reduce the level of 

contamination, we included a high-speed centrifugation step and a filtration 

through 0.45 µm filter in our purification procedure. Another reason is that 

HHV-6A was collected in larger volumes than the retroviral VLPs and thus 
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reduction of the volume was performed before sedimentation of the HHV-6A 

virions in an iodixanol gradient. We determined the yield and purity of our 

HHV-6A preparations by real-time PCR, analyses of metabolically labelled 

particles and Western blot analyses of cellular and viral proteins. The yield 

was about 3% of the material present in the collection media before the 

purification. Our analyses showed that the presumed viral proteins of 220 kD, 

158 kD and 50 kD were 6-13 fold enriched in comparison to the probably host 

derived protein of 88 kD in the purified particles. We could also conclude, by 

visual analyses of protein patterns in silver stained SDS-PAGEs, that the 

purification was efficient, although not all serum specific proteins were 

removed. 

 Other groups have shown that HHV-6 and other herpesvirus can be 

purified even further and with higher yields (Fowler et al., 1985; Takemoto et 

al., 2005) (Varnum et al., 2004). However, the purification methods often 

include long and repeated centrifugations and most often a corresponding 

control mock-sample that should show the contamination level is not shown. 

Our method offered a fast one-day purification of HHV-6A, resulting in intact 

and infectious virions with low grade of contamination. Therefore, this 

method can be an alternative if the purified viruses will be used for further 

analyses, as for example for tests of induction of self-reactive immune cells. 

 We were interested in whether the purified HHV-6A particles had 

incorporated any cellular proteins. Unfortunately, we were not able to use the 

same methods as used for the retroviral VLPs for this purpose. There are 

mainly two reasons for this. One is that the HHV-6A life cycle is far more 

complex than the retroviral one. The HHV-6A particles are enveloped, de-

enveloped and re-enveloped during the passage in the host cell and finally 

released by exocytosis. Therefore, we could not isolate a certain “assembly-

site”-structure and compare the protein content in this with the protein content 

of virions. Another way to distinguish between cellular and viral proteins is to 

metabolically label proteins during their synthesis. Cellular proteins will be 

detected in the produced virions if the virions are collected from cells labelled 

only before the initiation of infection. On the contrary, if labelling only occurs 

during the viral production, mostly viral proteins will be labelled. Both 

cellular and viral proteins are visible if labelling occurs both before infection 



 76 

and during production of virions. The origin of detected proteins in virions can 

be determined by comparing the protein patterns obtained from virions 

produced under the different labelling conditions. However, the JJHAN cells 

used for production of HHV-6A, turned out to be sensitive for the toxic effects 

of metabolic labelling with 35S-methionine. Therefore, we had to reduce the 

labelling time to only 4-8 hours and hence, mostly viral proteins and some 

cellular proteins having high synthesising rate will be detected. Instead we 

used Western blot analyses to identify some cellular proteins and determine 

whether these were found in purified HHV-6A particles. Clathrin, ezrin, 

Tsg101, actin and CD46 were all incorporated into virions. Quantifications of 

the proteins showed that they are to a higher degree (1.2-34 times more) 

present in the purified HHV-6A than in corresponding mock samples. Lowest 

degree was obtained for actin and the highest for CD46. The proteins represent 

different cellular compartments as coated pits, cytoskeletal elements, 

cytoplasm, MVBs and plasma membrane. The low presentation of most of the 

proteins suggests that they might be passively incorporated into the virions 

during the assembly, envelopement processes and transport of the virions 

through the cell. The CD46 is the cellular receptor used of HHV-6A for 

binding to cells (Santoro et al., 1999). The high incorporation factor 

determined for CD46, might indicate a selective incorporation. Although, 

since we can not measure the incorporation rates in comparison to 

corresponding “assembly-site”-structure this is far from certain. We can not 

say whether the incorporated CD46 perform any vital function during the viral 

life cycle. However, CD46 proteins incorporated into HCMV increased the 

resistance of the virus particles to complement mediated lysis (Spiller et al., 

1997). Perhaps, such a protection can be one function of CD46 in HHV-6A as 

well. Another possibility is that incorporated CD46 increase the binding of 

HHV-6A to target cells, by interactions via the CD46 proteins and proteins at 

the surface of the new host cell. Unfortunately, the CD46 antibody did not 

work for material isolated from neither BHK-21 cells nor Jurkat cells. 

Therefore we could not analyse either if CD46 is incorporated or, if so, judge 

whether CD46 is selectively incorporated in at least the retrovirus VLPs. 

 

5:5 Incorporated cellular proteins and increase of viral fitness 
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The interactions of HIV-1 with Tsg101 and Cyp A, respectively, are important 

for the release of the virus particles or to perhaps modulate the sensitivity of 

the virions to host restriction factors after they have entered new host cells 

(Morita and Sundquist, 2004) (Towers et al., 2003). That these cellular 

proteins will lead to increase of viral fitness is easily imagined, but what about 

other proteins reported to be incorporated into virus particles? 

 The massive and passive inclusion of cellular proteins into the viral 

envelopes may be beneficial for the virus when it comes to hiding for the host 

immune system. To circulate around, with an appearance like a cellular 

vesicle, with only a few visible viral surface proteins might help to protect the 

virion. Another possibility is when peptides from such a cellular-protein-

decorated virus is presented by antigen-presenting cells, only a few immune 

cells respond to viral proteins while most of them respond to cellular proteins 

from, for example, an other person. When the virus is replicating in the new 

host, fewer immune cells are ready to attack the virus and virus-infected cells 

than it would have been if the virus, degraded and  presented for the immune 

system, had consisted of mostly viral proteins. Several studies do also 

implicate that incorporated cellular proteins protect the viruses from 

complement mediated lysis. The complement control proteins CD46, CD55 

and CD59 were incorporated into HIV-1 virions and shown to be functional 

and increase the resistance of HIV-1 to complement mediated lysis (Saifuddin 

et al., 1997) (Saifuddin et al., 1995). Vaccinia virus, HTLV-1 and HCMV that 

incorporated CD55 and CD59 were, in similar manner, more resistant to 

complement mediated lysis than control virions produced in cells lacking the 

CD55 and CD59 (Vanderplasschen et al., 1998) (Spear et al., 1995). 

 The incorporation of cellular proteins has been suggested to increase the 

infectivity of the virus. One example is the incorporation of HLA-DR1 into 

HIV-1. The infectivity was increased by a factor of 1.6 to 2.3 for virions 

bearing the HLA-DR1. The mechanism for the enhanced infectivity is not 

clear but is most likely due to an increase of the overall binding capacity of the 

virus to target cells via interactions of the incorporated HLA-molecules with 

cellular proteins (Cantin et al., 1997). Another example is the incorporation of 

ICAM-1 into HIV-1 virions. The incorporated ICAM-1 molecules increased 

the infectivity 4.6 to 9.8 fold (Fortin et al., 1997). The ICAM-1-mediated 



 78 

enhancement could be blocked by antibody-binding to the ICAM-1 receptor 

(Fortin et al., 1997) (Rizzuto and Sodroski, 1997). The mechanisms behind the 

beneficial effects by incorporated ICAM-1 proteins are not fully determined. 

However, attachment-and-entry assays and confocal fluorescence microscopy 

analyses indicated that both virus binding and uptake were markedly increased 

by insertion of ICAM-1 in the viral envelopes (Tardif and Tremblay, 2003). 

 The incorporation of ICAM-1 in HIV-1 viral envelopes occurred 

regardless of presence or absence of the Env-proteins. Besides, the ICAM-1 

bearing viruses were still infectious despite very low amount of incorporated 

Env-proteins (Beausejour and Tremblay, 2004) This suggests that the binding 

of incorporated ICAM-1 proteins to target cells can to some extent substitute 

for the binding of viral Env-proteins to the cells. Another cell adhesion 

molecule, CD44, is also probably incorporated in HIV-1 viral envelopes. The 

incorporated CD44 retained its biological activity and could mediate binding 

of HIV-1 virions to plates coated with the CD44 ligand hyaluronic acid (Guo 

and Hildreth, 1995). Interestingly, Mo-MuLV particles defective for Env-

proteins bind to cells as efficient as Env-bearing and hence infectious Mo-

MuLV particles (Pizzato et al., 1999). This demonstrates two things.  First, 

Env-proteins are not necessary for the initial binding of virus particles to cells 

and second, incorporated cellular proteins provide efficient binding capacity of 

virions to cells and hence increase viral fitness. 

  

5:6 Incorporated cellular proteins and negative effects for the host 

Everyone that has experienced the flu will probably agree in the statement that 

viruses are not always good for the host. However, viruses and their possibly 

incorporated host proteins might lead to worse scenarios than a couple of days 

with fever. One complication is virus-induced autoimmunity. This can be 

exemplified by the connection between chronic graft-versus-host disease and 

post-transplantation HCMV infections. The HCMV incorporates human CD13 

proteins and is thought to “accidentally” trigger antigen-presenting anti-CD13 

B-cells to become CD13-antibody producing plasma cells in collaboration 

with anti-HCMV T-helper cells. Many of HCMV-positive transplantation 

patients had both CD13-specific antibodies and developed chronic graft-
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versus-host disease compared to HCMV-negative patients (Naucler et al., 

1996).  

We are hypothesising that HHV-6A particles, produced in for example 

myelin producing oligodendritic cells, might trigger autoimmune reactions 

towards incorporated cellular proteins in a similar manner. One can imagine 

that incorporation of myelin in these virions, followed by activation of self-

reactive T-cells and/or antibody production of anti-myelin antibodies would 

either cause the demyelinating disease multiple sclerosis or perhaps make the 

outcome of the disease worse. We have not been able to analyse the protein 

content of HHV-6A produced in oligodendrocytes due to the difficulties in 

obtaining and propagating sufficient amount of these cells for our intended 

investigations. However, our results suggest that HHV-6A produced in 

JJHAN cells incorporate a number of cellular proteins during assembly and 

release of the virions (Paper III). Therefore it can be assumed that 

incorporation of cellular proteins is a common phenomenon and thus would 

also occur if the HHV-6A is propagated in oligodendrocytes.  

Another complication of viral infections is suggested by LeBlanc and 

colleagues. They found that retrovirus infection strongly enhanced the release 

of both normal prion proteins (PrPC) and the scrapie inducing variants (PrPSc) 

in cell cultures. The rational behind the investigation was that PrPC and PrPSc 

were released from scrapie-infected cells in association with exosomes. Since 

prion proteins and assembling retroviral particles seem to co-localise to and 

exploit the MVBs for their release, they analysed whether retroviral particles 

could recruit prion proteins during assembly and budding. The results 

indicated that both Mo-MuLV and HIV-1 virions incorporated PrPC and PrPSc 

and that Mo-MuLV induced a 20-fold increase in the release of PrPC and PrPSc 

from the cells. This increase might be due to released virions but also to the 

detected increased release of exosomes from the Mo-MuLV infected cells 

(Leblanc et al., 2006). Prion proteins might therefore be transferred between 

hosts via viral infections. 

 The large number of incorporated cellular proteins may also influence 

vaccination attempts. Macaques immunized with un-infected human cells, 

purified microvesicles released from human cells or with purified HLA class 

II proteins from the human cells were protected from a subsequent challenge 
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with infectious SIV grown in human cells. The animals were, however, not 

protected from SIV grown in macaque cells (Arthur et al., 1995). Therefore, 

the protection seemed to result from immune responses to the cellular proteins 

rather than to viral proteins. Furthermore, the results indicated that the 

protection was not due to epitopes cross-reactive between class II proteins and 

the viral proteins, since the viral proteins were the same regardless of which 

cells the virus had been propagated in. The negative effects of this is of course 

if inactivated-virus-vaccines produced in one species only gives immune 

protection if the infecting viruses happens to come from the same host species.  

 The incorporation of cellular proteins into viral particles should also be 

considered when generating viral based gene therapy vectors. For successful 

transfer and repeated injections of viral vectors to be functional, the vectors 

might have to be produced in the recipients own cells to avoid unwanted 

immune-reactions. On the other hand, un-specific incorporation of proteins 

present at high densities at the assembly and budding site of the vectors may 

offer possibilities to include specific targeting proteins for those cells that 

preferentially should receive these gene therapy vehicles. 
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6 Concluding remarks 

In this thesis, we have shown that the majority of cellular proteins, present in 

or near the assembly and budding site of retroviral virus-like particles, were 

passively incorporated into the viral envelopes. The cellular proteins then 

became a part of the released particles. We could also conclude that only a few 

of all the cellular proteins, detected in the membranes used for budding, were 

either specifically incorporated into or excluded from the virus-like particles. 

The protein content of HHV-6A virions was investigated as well. We 

identified a number of cellular proteins that were incorporated into the purified 

virus particles. 

 However, investigations of the incorporation of cellular proteins into 

enveloped viruses have to be done under certain restrictions. For example, 

high purity of the viruses has to be ensured. In addition, to judge specificity of 

incorporation, the protein pattern of viruses has to be compared with that of 

correspondingly isolated and purified “assembly-site”-structures or 

membranes in a quantitative manner, e.g. by using samples equalised to each 

other. We have developed and described methods that deserve to be used by 

other research groups to expand the knowledge of incorporation pattern of 

cellular proteins into viruses. 

 We concluded that Cyclophilin A and Tsg101, both with functions 

during the retroviral life cycle, were selectively incorporated into our HIV-1 

VLPs. We also detected other cellular proteins that were concentrated into the 

virus-like particles. I think that these proteins might perform crucial tasks 

during the virus life cycle and that the proteins certainly should be identified. 

Hopefully, more powerful detection- and identification-analyses, as mass 

spectrometry, of equalised budding-site samples and released virions could 

increase the list of selectively incorporated (or excluded) cellular proteins. The 

function of the identified proteins, during the viral life cycle, might then be 

determined by using small interfering RNAs. 

I am convinced that the incorporation of cellular proteins can not be 

neglected when the entire picture of viral life cycles should be determined. 

The incorporation of cellular proteins should also be considered during 

discussions of the role of viruses in diseases and possible transfer of cellular 
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material between hosts. Especially, the incorporation of cellular proteins into 

HHV-6A and the possible association of this virus with multiple sclerosis 

should be further exploited. 
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7 Summary in Swedish (Svensk sammanfattning) 

Det finns virus i olika storlekar och former och de kan vara försedda med ett 

membranhölje eller bara ha ett naket proteinhölje. Virusets genom, dvs dess 

genetiska material, kan bestå av antingen enkelsträngat eller dubbelsträngat 

DNA eller RNA. Trots att virus är så olika varandra har de en sak gemensamt, 

de är totalt beroende av en värd och värdens celler för att kunna föröka sig. De 

är intracellulära parasiter och man kan anse att de helt enkelt inte är något 

annat än döda proteinknippen utanför cellen. Under alla de miljoner år som 

virus och dess värdar har samsats, har virusen lärt sig att utnyttja och 

kontrollera cellulära funktioner för sina egna syften.  

 Syftet med arbetet i den här avhandlingen har varit att studera hur 

membranhöljeförsedda virus sätts ihop och hur de knoppar av från infekterade 

celler. Fokus har legat på vad som händer med alla de cellulära proteiner som 

befinner sig vid platsen för ihopsättning och avknoppning av viruset. Tidigare 

har man sett att små, kompakta virus, exempelvis alfavirus, med ett mycket 

tätt lager av virala proteiner på ytan av sitt hölje, närapå fullständigt utesluter 

cellulära proteiner från att komma med in i höljet. Dock började det komma 

ett växande antal publikationer som föreslog att retrovirus, varav det mest 

kända är HIV-1 som orsakar AIDS, inkorporerade ett antal cellulära proteiner. 

Eftersom man tidigare ansett att enbart virala proteiner togs med i 

avknoppande virus så trodde man att de nu funna proteinerna var specifikt 

utvalda och medplockade av retrovirusen. Det är dock inte helt lätt att rena 

frisläppta retrovirus från annat material som också lossnat från cellerna och en 

del av de inkorporerade proteinerna kanske egentligen var proteiner i skräp 

som följde med under uppreningen. En del av lösningen av problemet med 

kontaminerande cellulärt material var att rena virusen genom att låta dem 

sedimentera i iodixanolgradienter istället för sukrosgradienter som varit 

brukligt innan. Nu återstod att besvara frågan om de detekterade inkorporerade 

cellulära proteinerna faktiskt var specifikt utvalda och inplockade. Vår hypotes 

var att de inte är det utan det verkar mer troligt att de flesta proteinerna är 

ospecifikt inkorporerade, d.v.s. de kommer med för att de råkar befinna sig i 

membranet där viruset knoppar av. Det växande antalet av rapporterade 

proteiner låg till viss del som grund för vårt antagande. 
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 I den här avhandlingen kan vi visa, åtminstone för de studerade 

modellvirusen Moloney mus-leukemivirus (Mo-MuLV) och Humant 

immunbristvirus (HIV-1), att majoriteten av de cellulära proteiner som befann 

sig vid eller nära ihopsättnings- och avknoppningsplatsen var passivt 

inkorporerade i retrovirusen. Enbart några få proteiner visade sig vara 

specifikt inkorporerade alternativt, specifikt uteslutna från de avknoppande 

virusen. 

 För att kunna studera den här frågeställningen behövde vi utveckla och 

delvis uppfinna metoder för att kunna märka in både cellulära och virala 

proteiner med radioaktiva aminosyror, dvs proteinbyggstenar. Dessutom ville 

vi märka in lipiderna i cellerna. Vi behövde kunna isolera och rena de 

plasmamembran som virusen använde för sin avknoppning och därmed tog 

med sig som membranhöljen samt naturligtvis de frisläppta virusen. Vi 

behövde också kunna jämvikta de isolerade membran- och virusproverna 

gentemot varandra för att kunna jämföra vilka proteiner som fanns i lika stora 

delar plasmamembran från cellen som i virusmembranhöljen. 

 Vi började att analysera viruslika Mo-MuLV Gag-partiklar, dvs icke-

infektiösa partiklar som saknar virusproteiner för inbindning (Env-proteiner) 

till nya värdceller. Dessa partiklar visade sig i stort sett ha inkorporerat rubb 

och stubb av de cellulära proteinerna, dvs proteinmönstret i lika stora delar 

plasmamembran och virushölje var väldigt likt. Den här ospecifika 

inkorporeringen påverkades inte då vi sänkte nivån av ihopsättande och 

avknoppande partiklar i cellerna eller då vi såg till att Env-proteiner fanns 

närvarande och kunde sättas in i partiklarna i samma mängd som i 

vildtypvirus.   

I det andra delarbetet för den här avhandlingen upprepade vi våra 

analyser fast med Gag-partiklar från HIV-1 istället. Även dessa visade sig vara 

dåliga på att sortera vilka proteiner som skulle tas med eller inte. Vi testade 

olika celltyper och olika sätt att uttrycka de virala proteinerna i cellerna men 

den oselektiva inkorporeringen av cellulära proteiner kvarstod. Vi 

identifierade också några av de inkorporerade proteinerna. Clatrin och aktin 

visade sig vara passivt inkorporerade men två andra cellulära proteiner som 

visat sig vara funktionella och behövda under HIV-1 livscykel var selektivt 

inkorporerade. Dessa proteiner, cyklofilin A och Tsg101, var antingen lika 
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mycket koncentrade i partiklarna som det virala proteinet Gag eller till och 

med lite mer. Vi kunde dessutom visa att dessa båda proteiner som normalt 

befinner sig i cellens cytoplasma blev dragna till plasmamembranet av 

virusproteinerna. 

Inkorporering av cellulära proteiner kan vara nyttigt för virus. Till 

exempel kan inkorporerade proteiner öka inbinding av virus till nya värdceller, 

öka infektivitetsgraden eller skydda viruset från värdens immunsystem. För 

värden är detta kanske inte lika bra. En del virus har föreslagits inducera 

autoimmuna sjukdomar som exempelvis multipel skleros (MS). Ungefär ett 

20-tal virus har föreslagits vara associerade med MS men ännu finns inga 

klara bevis. Ett av dessa virus är humant herpesvirus 6A (HHV-6A).  En 

hypotes för att förklara kopplingen virusinfektion och autoimmun sjukdom är 

just att virus kan inkorporera cellulära proteiner. Man kan till exempel tänka 

sig att HHV-6A skulle kunna inkorporera myelin, det protein som isolerar 

våra nervtrådar och som försvinner vid MS. Bitar av det inkorporerade 

myelinet skulle  kunna presenteras tillsammans med bitar av virala proteiner 

för immunsystemets celler och leda till missriktade immunsystemsreaktioner. 

Dessa reaktioner skulle inte bara gälla viruset utan även myelinproducerande 

kroppsegna celler.  

HHV-6A är inte ännu lika välstuderat som Mo-MuLV och HIV-1. 

Dessutom har det här viruset en mycket mer komplicerad livscykel och därför 

kunde vi inte isolera de cellulära komponenter som används för ihopsättning- 

och frisläppande av det här viruset. Vi fick nöja oss med att rena frisläppta 

virus och undersöka om de hade några inkorporerade cellulära proteiner. Det 

hade de. Vi kunde identifiera några av dem, nämligen clatrin, ezrin, aktin, 

Tsg101 och CD46. Detta innebär att HHV-6A skulle kunna inkorporera även 

myelin. Tyvärr kunde vi inte direkt studera den frågan eftersom de celler som 

producerar myelin, oligodendrocyter, är svåra att odla och därmed att använda 

i sådana här undersökningar. 

Allt som allt, visar den här avhandlingen för första gången en metod 

som möjliggör nogranna och jämförbara studier av proteininnehållet i 

upprenade virus och dess avknoppningsmembraner. Våra resultat föreslår att 

majoriteten av de cellulära proteinerna som finns vid eller nära ihopsättnings- 

och avknoppningsstället för retrovirus är passivt inkorporerade i dessa virus. 
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Vårt arbete föreslår också att andra  membranhöljeförsedda virus än retrovirus 

inkorporerar cellulära proteiner. Detta öppnar upp för fortsatta studier av till 

exempel koppling mellan virus och autoimmuna sjukdomar. 
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deep friendship. You will always keep a very special place in my heart. 

Tina, I am happy to get to know such a warm, intelligent, sporty and fun 

person like you. It also makes me very happy to see the joy you have brought 

into Micke´s life and to see you two together. 

Pirkko, Manne, Martin and Gustav, a very, very big thank you for 

everything!!! 

 

Pierre, thank you for endless support and deep friendship. 

 

Björne, Kerstin, Janne, Sofia, Kim, Maria, Micke Moser, Tove, Lisa, 

Cagge, Jörgen, Putte for skiing, skating, dinners, movies, culture 

activities…… 

 

Catarina, you are a really good friend. Thank you for all the deep discussions 

and for all fika! 
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Ingrid, Debora, Malena, Charlotte, you strong, intelligent, warm hearted 

and beautiful glamour girls for keeping me alive ☺ The importance of our 

friendship can not be described in words!! Peter, Peo, Håkan, Lasse, Jenny 

and Robert for nice company on the journey. 

 

Anders, I appreciate your warm personality and our friendship. Thank you for 

the good times that we spent together.  

 

Gunilla and Kenneth, Wolfram und Gisela, people in HSIF, Tullinge SK, 

OK ÄÖ, my gympadeltagare, Pia Theander and others at substrat, other 

friends and neighbours in Småland and encouraging teachers during school 

times. Thank you. 

 

And now my family, 

 

Elam och Agnes, älskade föräldrar. Jag har er att tacka för så mycket så det 

skulle behövas flera avhandlingar för att få rum med det. Jag vill att ni ska 

veta att jag verkligen är glad över att vara just er dotter. Det smärtar mig att du 

inte kan uppleva det här tillfället på plats mor, men jag antar att du har koll på 

läget ändå. 

 

Agneta och Gunnar, ni betyder så oerhört mycket för mig. Jennie, Elin och 

Rickard, tack för alla roliga upptåg vi har gjort tillsammans och för att ni är 

”extrasyskon”. Tack Tobias, Amir och Louise för stöd och William och 

Alexander för att vara solstrålar. 

 

Eva och Sten, tack för alla långa samtal om ditt o datt och för 

pojkvänsintroduktioner. Thomas, Anders, Daniel, Gunnar och Gunilla för 

all livsenergi som ni ger. 

 

Bodil och Morgan, för att ni alltid finns där med värmande ord. Caroline och 

Marcus för bus och vackra halsband. 

 



 91

Andreas, min älskade lillebror, tack för att du finns och tack Kristin för ditt 

stöd. Olivia och Melvin för att vara ljus i tillvaron. 

 

Torbjörn, vi har precis startat vår resa tillsammans men jag ser verkligen 

fram emot den och vad den kan innebära. Jag är glad att du vill dela ditt liv 

med mig. Jag älskar dig. 
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