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During the process of virus maturation, all the viral structural components accu
mulate at the cell surface in order to interact and assemble into mature virions. The 
majority of the negative stranded RNA viruses have been shown to assemble and 
bud from the cell surface (CADD et al. 1997; GAROFF et al. 1998). In contrast, 
viruses of the family Bunyaviridae are characterized by an unusual pattern of 
intracellular maturation where the bilipid envelope of the virus particles is derived 
from the membranes of the endoplasmic reticulum-Golgi compartment (MURPHY 
et al. 1973; PETTERSSON and MELIN 1996). Due to this charactelistic feature, Golgi 
maturation has been used as one of the criteria for classification of viruses as 
members of the family Bunyaviridae. 

Hantaviruses are members of the family Bunyaviridae (SCHMALJOHN and 
DALRYMPLE 1983; SCHMALJOHN et al. 1985). Despite being rodent-borne viruses 
rather than arthropod-borne like the members of the other genera, the hantaviruses 

Special Pathogens Branch, Division for Viral and Rickettsial Diseases, Centers for Disease Control and 
Prevention, 1600 Clifton Rd NE Atlanta, GA 30333, USA 

C. S. Schmaljohn et al. (eds.), Hantaviruses
© Springer-Verlag Berlin Heidelberg 2001



34 c.P. Spiropoulou 

nevertheless have the same genomic structure and site for virus maturation. The 
functional genome is composed of three circularized RNA segments encapsidated 
in the N protein, forming the nucleocapsid structure. The nucleocapsid is packaged 
into the virus particle at the bilayered envelope where the two virus surface 
glycoproteins G1 and G2 are embedded (SCHMALJOHN 1996a). Extensive work on 
hantavirus ultrastructure and maturation was done during the 1980susing electron 
microscopy (EM) mainly on Hantaan virus (HTN) , the prototype of the genus 
(HUNG et al. 1985). Intracellular maturation of hantaviruses can be observed, but 
not as easily as with some other members of the family Bunyaviridae. It was only 
recently, with the discovery of the New World hantaviruses, that the intracellular 
maturation of the hantaviruses has been questioned. EM studies on Sin Nombre 
(SNV) and Black Creek Canal (BCCV) viruses have suggested that the maturation 
of these viruses did not occur intracellularly in the Golgi compartment. This con
clusion was based on the observation that the majority of the virus particles were 
present extracellularly, with only rare virus-like particles observed inside the cell 
(GoLDSMITH et al. 1995; RAVKOV et al. 1997). However, EM pathogenesis studies 
have revealed intracellular hantavirus-likeparticles in the microvascular lung 
endothelium and interstitial macrophages of HPS patients (ZAKI et al. 1995). 

It. is still a matter of some debate whether or not hantaviruses acquire their 
envelope from the Golgi apparatus or plasma membrane, or whether maturation 
occur$ at both Golgi and plasma membranes. 

We will discuss our current understanding of the hantaviruses' assembly and 
matUl[ation, addressing the steps individually. 

2 Virus Particle Morphology 

The hantavirus particle consists of the nucleocapsid arranged internally as circular 
coils and the surface glycoproteins, G 1 and G2, appearing as fuzzy surface pro
jections, approximately 7nm in length (GOLDSMITH et al. 1995). The virion surface 
projections are composed of 01igomers of the two glycoproteins. However, we do 
not yet know whether they are heterodimers or multimers (ANTIC et al. 1992). In 
EM negative staining, hantavirus virions appear with an unusual square grid-like 
structure on the surface. The virus particles are generally spherical in shape, with 
quite broad size variation, ranging from 70 to 210nm (HUNG 1988; GOLDSMITH 
et al. 1995). The presence of pleomorphic-sized particles could be explained by the 
addition of more than one copy of a genomic segment in the virion particle 
(RODRIGUEZ et al. 1998). Elongated virus-like particles are also seen, both in New 
and Old World hantaviruses, budding into the cisternae of the Golgi apparatus 
(GOLDSMITH et al. 1995). These show the same distinctive cross-striations, but are 
narrower (approximately SOnm ) than the mature virus particles. 

Unusually elongated tubular projections have also been observed at the surface 
of infected Vero E6 cells (Fig. 1), most prominently with the New World hanta-
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Fig. 1. Accumulation of extra
cellular SNV particles grown in 
Vero E6 cells (arrow). Numerous 
tubular projections are also pre
sent along the cell surface 
(arrowheads), and are specific for 
SNV glycoproteins as shown by 
immunogold labeling (not 
shown). Rare single virus parti
cles are observed extracellularly 
in SNV infections of primary 
lung microvascular endothelial 
cells (insert). Bar: IOOnm. 
(Courtesy of C.S. Goldsmith and 
L.H. Elliott; C.S. Goldsmith and 
C.F. Spiropoulou) 

viruses (GOLDSMITH et al. 1995). Occasionally, these projections are also associated 
with virus particles. Structurally, they appear to be tubules 28nm wide and up to 
550nm long. They can be immunostained for the virus glycoproteins but not the 
nucleocapsid. Their function, if any, is currently unknown. 

3 Structural Organization 
of the Hantavirus Nucleocapsid Protein 

In recent years, viral nucleocapsid proteins have been described as playing a pro
tagonistic role in virus assembly and budding (MEBATSION et al. 1996; GARNIER 
et al. 1998). In hantaviruses, nucleocapsid mRNA is the first viral RNA that 
accumulates during infection, with detectable amounts appearing as early as 6h 
post-infection (HUTCHINSON et al. 1996). Accordingly, virus nucleocapsid (N) 
protein also appears about the same time, as has been shown in immunofluores
cence and immunoprecipitation studies (SCHMALJOHN 1996b). The N protein is the 
most abundant viral protein synthesized early in infections. In EM studies using 
immunogold labeling techniques, the nucleocapsid appears as granular and fila
mentous formations. These formations, called inclusion bodies, are very charac
teristic of hantavirus infections. The initial function assigned to the nucleocapsid is 
the protection of the virus genomic RNA from nuclease degradation, and parti
cipation in the formation of the ribonucleoprotein core (RNP) (SCHMALJOHN 
1996b). The hantavirus nucleocapsid also plays an active role in the virus assembly. 
Unlike most of the other negative-stranded RNA viruses, the hantaviruses do not 
possess a matrix protein. It has been suggested that the nucleocapsid interacts 
directly with the cytoplasmic tail of the G 1 for virus assembly to occur (PETTERSSON 
and MELIN 1996). However, direct interaction of the nUcleocapsid with either the 
G 1 or the cytoplasmic tail of G 1 has not yet been shown for any member of the 
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family Bunyaviridae. The participation of the nucleocapsid in the virus assembly 
has also been implicated by an interesting study showing that the viral nucleocapsid 
associates with actin filaments during virus infections (RAvKov and COMPANS 
1998). The authors observed reduction of virus yields following treatment of the 
infected cells with cytochalasin D, an actin depolymerizing agent. They hypothe
sized that actin depolymerization influenced the virus production at the final steps of 
assembly and release, and that intact actin micro filaments are important in hanta
virus morphogenesis. However, in other RNA viruses, cytochalasin D treatment was 
shown to reduce virus production at the stage of virus RNA replication, a step 
before virus assembly and release (GUPTA et al. 1998). This may be an alternative 
explanation for the observed reduction in virus titer. Involvement of actin in virus 
maturation has been shown for other viruses, such as alphaviruses and retroviruses 
(LAAKKONEN et al. 1998; Lm et al. 1999), and actin polymerization could also serve 
as an additional force for the membrane bending during budding (TsUKITA et al. 
1997). Recently however, Ravkov and colleagues have reported the accumulation of 
expressed hantavirus nucleocapsid in the Golgi complex (RAVK.oV and COMPANS 
2000). The association of the nucleocapsid with the Golgi apparatus has also been 
shown previously in infections with Uukuniemi virus (UUK), another member of 
the family Bunyaviridae, which clearly matures in the Golgi (PETTERSSON and MELIN 
1996; JANTTI et al. 1997). Expression of the Hantaan virus nucleocapsid protein 
alone, in insect or mammalian cells can lead to the formation of virus nucleocapsid
like structures without the assembly of virus-like particles (VLPs) (BETENBAUGH 
et al. 1995). Together, the above studies support the view that the nucleocapsid 
protein likely plays an important role in hantavirus assembly, but not as dominant a 
role as in the maturation of the retroviruses (GARNIER et al. 1998). 

4 Synthesis and Trafficking of the Two Glycoproteins 

4.1 Synthesis 

The hantavirus M segment is relatively simple compared with that of some of the 
other members of the family Bunyaviridae in that only the Gland G2 glyco
proteins, but no NSm non-structural proteins, are encoded (SCHMAUOHN et al. 
1987). The G1 and G2 proteins are generated by co-translational cleavage of the 
glycoprotein precursor (GPC), presumably by cellular signal peptidases present 
in the lumen of the endoplasmic reticulum (ER). No uncleaved GPC molecule 
has been detected in virus-infected cells or in cells expressing the M segment 
from a cDNA clone (SCHMALJOHN et al. 1987; PENSIERO et al. 1992). A schematic 
presentation of the GPC molecule and the Gland G2 proteins is shown in Fig. 2. 
Based on direct sequencing of the amino terminus of the Hantaan virus G2 gly
coprotein (SCHMAUOHN et al. 1987), it is presumed that the cleavage site for all 
hantaviruses is located immediately downstream of the conserved W AASA amino 
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Fig. 2. Schematic diagram of the GPC precursor and G I(G2 glycoproteins 

acid motif at the end of the G2 signal peptide. It is quite intriguing that although 
Gland G2 are formed by cleavage from the GPC, they both possess their own 
functional signal sequences (SCHMALJOHN 1996b). The carboxy terminus of the 
mature Gl is not precisely known, but it appears to extend up to approximately 15 
amino acids from the start of the G2 signal sequence (SCHMALJOHN et ai. 1987; C.F. 
Spiropoulou et aI., unpublished data). It is unknown if the G2 signal sequence is 
part of the mature G 1, as has been shown for the G 1 of UUK virus (ANDERSSON 
et ai. 1997a). Interestingly, G2 can be expressed from a GPC clone even when the 
initiation codon for the Gl has been eliminated (KAMRUD and SCHMALJOHN 1994). 
This may be an artifact of the expression system used. However, the potential to 
synthesize G2 in the absence of G 1 during infection may have some biological 
significance as G2 maturation appears to be the rate-limiting step in the correct 
folding of GI/G2 and their trafficking to the Golgi (see below). 

4.2 Protein-Protein Interactions 

In both Punta Toro and UUK viruses G I/G2 heterodimerization has been shown to 
be essential for their correct folding and transport from the ER to the Golgi 
apparatus (CHEN et ai. 1991; PERSSON and PETTERSSON 1991). There are two 
findings suggesting protein-protein interactions between the hantavirus glycopro
teins. Immunoprecipitation experiments, in which monoclonal antibodies either to 
G 1 or G2 can co-precipitate both glycoproteins, even without prior cross-linking 
(ARIKAWA et ai. 1989; ANTIC et ai. 1992), is one. The other involves neutralizing 
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epitope mapping studies. These also strongly suggest an interaction between Gland 
G2, since most of the neutralizing epitopes are conformational epitopes, which are 
dependent on the presence of both proteins (WANG et al. 1993). In addition, the 
epitope mapping studies indicate that both G 1 and G2 are present at the surface of 
the mature virions. 

The Gl protein has an unusual tendency to aggregate (RUUSALA et al. 1992; 
C.F. Spiropoulou et al., unpublished data). The tendency of Gl to form self 
aggregates is prominent in sodium dodecyl sulfate (SDS) buffers during immuno
precipitation reactions in high temperatures and the presence of reducing agents. 
Similarly, aggregation has been seen for the equivalent of Gl protein of the 
Bunyamwera virus, in the Bunyavirus genus (NAKITARE and ELLIOTT 1993), the M 
protein of some of the coronaviruses (ROTTIER 1995), and the glycoproteins of 
hepatitis C virus (CHOUKHI et al. 1999). 

The hantaviral G 1 and G2 glycoproteins are both type I integral transmem
brane proteins with C-terminal hydrophobic anchor domains. This means that their 
N-termini are facing towards the ER lumen and their C-termini are in the cyto
plasm. Gl possesess an unusually long cytoplasmic tail (approx. 150 amino acids 
long), whereas G2 has a short, but highly charged cytoplasmic tail (less than 9 
amino acids long). It has been speculated that the lengthy G 1 cytoplasmic tail 
substitutes for the function of the matrix (M) protein which is present in many 
other RNA viruses. Even when viruses possess an M protein (e.g., rabies), the 
glycoprotein cytoplasmic tail seems to be involved in budding, as viruses with 
truncated forms of the glycoproteins bud relatively inefficiently (MEBATSION et al. 
1996; SCHNELL et al. 1998). Also, by analogy with the model proposed for the 
maturation for alphaviruses, the hantavirus GI tail would be expected to interact 
with the nucleocapsid (LOPEZ et al. 1994). The G 1 tail could even interact directly 
with virion RNA, as has been seen with influenza virus (YE et al. 1999). 

4.3 Glycosylation 

Both Gl and G2 glycoproteins are modified by N-linked glycosylation. There are 
four potential N-glycosylation sites, which are conserved among all hantaviruses. 
Three of these are located in G 1 (positions 142, 358, and 410 in SNV) and one in G2 
(position 939; SPIROPOULOU et al. 1994). The G 1 and G2 proteins acquire their sugars 
co-translationally in the ER. In general, their glycosylation status would be expected 
to change from high mannose to the complex type during their transport from the ER 
to the Golgi. Endo-H treatment, which cleaves high mannose-linked oligosaccha
rides, is frequently used to monitor the transport of the glycoproteins out of the ER 
to the Golgi complex. Analysis of transiently expressed SNV G 1 and G2 glycopro
teins by pulse-chase 35S_Cys labeling and Endo-H treatment has shown that the 
proteins remain Endo-H sensitive even after a 6h chase (C.F. Spiropoulou et al., 
unpublished data). Identical results were seen with Gl and G2 proteins synthesized 
in SNV-infected Vero-E6 cells. Similar findings have been reported in earlier studies 
for Hantaan virus (SCHMALJOHN et al. 1986; ANTIC et al. 1992). The Endo-H sen-



Hantavirus Maturation 39 

sitivity of the hantavirus glycoproteins is not restricted to only the glycoprotein 
present in infected cells, in that purified virion glycoproteins also remain Endo-H 
sensitive (ANTIC et al. 1992). Based on these results, it appears that the oligosac
charides linked to the hantavirus glycoproteins remain in the high mannose fonn, 
despite their apparent transport to the Golgi complex and possibly to the cell surface. 

4.4 Glycoprotein Trafficking 

As previously mentioned, one of the basic hallmarks of the members of the family 
Bunyaviridae is their unusual property of maturing at the Golgi apparatus 
(PETTERSSON and MELIN 1996). Golgi maturation is thought to be due to the 
retention and accumulation of the two viral glycoproteins, Gland G2, in the 
Golgi complex (PETTERSSON and MELIN 1996). Based on this model, a number of 
studies have been done on members of the family Bunyaviridae to detennine the 
characteristics of the two glycoproteins that contribute to their Golgi retention 
(MATSUOKA et al. 1988, 1992; PENSIERO and HAY 1992; RUUSALA et al. 1992; 
Nakitare and ELLIOTT 1993; ANDERSSON et al. 1997b). In general, it is thought that 
the glycoprotein closest to the N-terminus of the GPC precursor (equivalent to the 
G I in the case of the hantaviruses) possesses the signal for Golgi localization 
(PETTERSSON and MELIN 1996). For example, the Golgi retention signal of Punta 
Toro virus has been mapped to the transmembrane domain and the first ten amino 
acids of the cytoplasmic tail of the G 1 protein (MATSUOKA et al. 1994; MATSUOKA 
et al. 1996). For UUK virus, the Golgi retention signal has been mapped to the 
last 50 amino acids of the cytoplasmic tail of Gl (ANDERSSON et al. 1997b). These 
two examples illustrate that the Golgi retention signal is not sequence specific, 
since even Punta Toro and UUK viruses, which are both members of the 
Phlebovirus genus, use different amino acid sequences and even different domains 
of the G 1 proteins. These findings are consistent with earlier studies, such as those 
with glycosyltransferases and coronavirus glycoproteins, which revealed that while 
retention in the Golgi apparatus is primarily mediated by the glycoprotein 
transmembrane domains, it does not require a precise amino acid sequence 
(MACHAMER and ROSE 1987; NILSSON et al. 1991; COLLEY et al. 1992; WONG et al. 
1992). Taken together, these data suggest that knowledge of the retention signal 
for one of the bunyaviruses can not be generalized for the other members of the 
family Bunyaviridae. 

A major limitation on the hantavirus maturation studies has been the diffi
culties in obtaining full-length clones for the GPC ORF from some hantaviruses. 
Panels of monoclonal antibodies needed f,or detection of different conf,ormational 
stages during the glycoprotein maturation also are limited. Consequently, until 
recently studies have been limited to Hantaan virus, the prototype of the genus. 
However, there has been a recent surge of interest in the trafficking of hantavirus 
glycoproteins due to the discovery of HPS-associated hantaviruses (NICHOL et al. 
1993) and the cell surface as the proposed site of virus maturation (GOLDsMITH 
et al. 1995; RAVKOV and COMPANS 1998). 
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If the intracellular localization of the glycoproteins is what defines the site of 
virus maturation in the family Bunyaviridae, it is of interest to determine whether 
the glycoproteins of the New or the Old World hantaviruses are retained in the 
Golgi complex or reach the cell surface before assembly and release. In addition, 
if the glycoproteins expressed from the GPC precursor are co-localizing in the 
Golgi complex, it is reasonable to assume that G1, G2 or both possess the Golgi 
retention signal. As far as the Old World hantaviruses are concerned, conflicting 
data exist concerning the individually expressed glycoproteins. In one study, the 
Hantaan virus G 1 protein was reported to accumulate in the Golgi complex when 
expressed alone, while the G2 protein expressed alone was retained in the ER. 
(PENSIERO and HAY 1992). In another study, either Hantaan virus G1 or G2 
expressed alone was reported to be retained in the ER (RUUSALA et al. 1992). 
However, both of these studies reported the Golgi localization of Gland G2 
proteins when the two proteins were co-expressed. In a more recent report, indi
vidually expressed G 1 or G2 proteins of Hantaan virus were shown to exit the ER 
and reach the Golgi apparatus (ANHEIER et al. 1999). The domains of the two 
glycoproteins responsible for the exit from ER and their retention in the Golgi were 
identified in the cytoplasmic tail and the transmembrane domain, based on chimeric 
molecules and carboxy-end truncations. In our studies with Sin Nombre virus, we 
have found that both Gland G2 glycoproteins expressed from the GPC precursor 
can exit the ER and become co-localized with the mannosidase II, a medial Golgi 
marker (Fig. 3D). There was no detection of the expressed glycoproteins at the cell 
surface. Interestingly, both Gl and G2, expressed individually, gave an immuno
fluorescence pattern quite different from that observed when they are expressed 
from the GPC precursor. Their exact localization was puzzling for some time. 
Partial co-localization with Golgi markers could be observed, but was dependent 
on the tissue culture cell lines used and the time course of the expression. However, 
the predominant immunofluorescence staining of the expressed proteins was 
observed in a defined area in close proximity to the Golgi complex (C.F. Spiro
poulou et al., unpublished data). It appears the observed area represents the 
aggresome, a recently defined area where excess misfolded proteins accumulate 
(GARCIA-MATA et al. 1999). 

While the fate of the individually expressed glycoproteins remains a topic for 
debate, there appears to be general agreement that virus glycoproteins of both the 
New and Old World hantaviruses, either expressed in infected cells, or from full
length GPC expressing clones, are retained in the Golgi (PENSIERO and HAY 1992; 
RUUSALA et al. 1992; C.F. Spiropoulou et al., unpublished data). This is also in 
accordance with the intracellular accumulation of the glycoproteins early on in the 
course of the hantavirus infection (Fig. 3A). It is only later in infection when the 
surface fluorescence labeling of the glycoproteins is observed (RAVKOV et al. 1997). 
This is no different from what is reported even with bunyaviruses, which are 
considered classic examples of viruses that mature at the Golgi (e.g., Uukuniemi 
virus), where surface labeling can also been seen in advanced stages of infection 
(PETTERSSON and MELIN 1996). In addition, while EM studies showing the pres
ence of a "dense fuzzy layer" on the surface of Hantaan virus-infected cells had 
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Fig. 3A,B. Time course of the SNV infection of primary human lung microvascular endothelial cells 
(HMVEC). Immunofluorescence staining using rabbit anti-SNV serum at day 1 (A) and day 5 (B). The 
immunofluorescence viral staining at day 1 was shown to be exactly co-localized with P58, a cis-Golgi 
marker (not shown). The co-localization was only partial by day 5, where more dispersed staining is seen. 
C Immunofluorescence on SNV-infected HMVEC cells stained with GI monospecific antibody at day 5 
post-infection shows the presence of G 1 aggregates. D Localization of the expressed glycoproteins from 
the GPC clone. NRK cells were infected with vTF7-3 and transfected with a GPC-expressing clone. At 
12h post-transfection, cycloheximide was added to the medium for 5h and then the cells were stained 
using rabbit anti-SNV serum. In double-stained experiments the glycoproteins where co-localized with 
mannosidase II, a medial Golgi marker (not shown) 

earlier been interpreted as evidence of possible accumulation of virus antigens at 
the cell surface (HUNG 1988), later studies using immunogold-labeled hantavirus
specific antibodies showed no virus antigens associated with such layers (GOLD
SMITH et al. 1995). Given the complex and sometimes contradictory data regarding 
a possible hantavirus Golgi retention signal, it remains unclear what the exact 
mechanism of Golgi retention may be. One possible mechanism of Golgi retention 
is that within the Golgi complex microenvironment G 1 may form oligomers or 



42 C.F. Spiropoulou 

lattice structures that are incompatible with transport (WEISZ et al. 1993; NILSSON 
et al. 1994). 

Although the Golgi retention signal appears to be independent of precise 
primary amino acid motifs, there are conserved sequence-specific signals at the 
end of the Gl and G2 cytoplasmic tails, which may influence the trafficking and 
localization of the glycoprbteins. The cytoplasmic tail of the G 1 glycoprotein 
contains a tyrosine-based motif (YXXL). This motif has been implicated in the 
internalization of surface glycoproteins, intracellular signaling and cell-to-cell 
spread of a number of viruses (OHNO et al. 1995; TIRABASSI et al. 1998; DELAMARRE 
et al. 1999). The cytoplasmic tail of G2 possesses an ER-retention signal KKXX 
(JACKSON et al. 1993). It had been suggested in earlier studies that this signal is 
functional when G2 is expressed alone, but during the interaction of G2 with G I, 
this signal is somehow hidden, allowing the G2 to exit the ER and enter the Golgi 
complex (PENSIERO and HAY 1992). Recent studies have shown that such a signal is 
not functional when located within the 13 amino acids adjacent to the transmem
brane domain (VINCENT et al. 1998). This is likely the case in the hantaviruses, since 
the KKXX signal in G2 is directly adjacent to the transmembrane domain. 

5 Possible Model of the Hantavirus Assembly and Release 

With the recent surge in interest in hantaviruses, the assembly and maturation of 
the hantaviruses has been studied in detail. However, the accumulation of new data 
has challenged some of the early models and shown the overall picture to be much 
more complicated than originally thought, making it difficult to draw firm con
clusions concerning the hantavirus assembly and maturation processes. There is a 
study directly addressing the involvement of the nucleocapsid and the two glyco
proteins in Hantaan virus assembly (BETENBAUGH et al. 1995). Its main purpose 
was to reconstitute virus-like particles (VLPs) from the virus' structural compo
nents and to use them in vaccine studies. The authors tried to produce VLPs using 
baculovirus or vaccinia virus recombinants expressing the N, Gl, and G2 proteins 
in insect or mammalian cell lines, respectively. The outcome was that either the two 
glycoproteins or the nucleocapsid were unable to support budding on their own. 
Only when all three proteins were co-expressed in mammalian cells were they able 
to form VLPs. Unfortunately, the vaccinia recombinants used as the expression 
system are highly cytopathic, precluding studies of intracellular maturation by EM. 
In any case, the above results indicate that virus assembly is dependent on the 
nucleocapsid and both glycoproteins. 

From the trafficking studies, it has been also shown that, in both the New and 
Old World hantaviruses, the expressed nucleocapsid and glycoproteins are accu" 
mulating intracellularly in the Golgi apparatus and that they could not be detecte,d 
at the cell surface. The above information would support a model for intracellul,ar 
maturation of the hantaviruses. However, such a picture would be incomplete. We 
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also know that in advanced stages of virus infection, there is undeniable detection 
by immunofluorescence staining of substantial amounts of glycoproteins at the cell 
surface. Possible explanations for the presence of the twoglycoproteins at the cell 
surface include: (a) The model for the New World hantavirus cell surface matu
ration is correct, in that actin interacts and transports the virus nucleocapsids to the 
plasma membrane, where the final step of virus assembly and release takes place 
(RAVKOV and COMPANS 1998). (b) Excessive accumulation of the G1 and G2 in the 
Golgi leads to saturation and leakage to the cell surface. (c) The glycoproteins 
recycle from the cell surface to the Golgi due to the presence of a recycling signal on 
the cytoplasmic tail of G 1. (d) Already-released mature virions can reassociate with 
the cell surface. Taking all the above in consideration, it is possible that there are 
dual sites for hantavirus assembly. However, more studies are clearly needed before 
definitive conclusions can be drawn. 

As for the site of virus release, studies have been limited to one member of the 
hantavirus genus. It has been shown that BCCV is released apically during infection 
of polarized Vero kidney epithelial cells (RAVKOV et al. 1997). Considering that 
hantavirus infection of humans is believed to be through aerosol transmission, 
apical release could make sense in terms of facilitating cell-to-cell spread of the 
virus in the respiratory tract. However, it is difficult to understand how the systemic 
part of the infection is initiated in this manner. Macrophages or dendritic cell 
populations on the epithelium may be the Trojan horses allowing the virus to reach 
its major target, the endothelium. 

6 Concluding Remarks 

During the last decade, many new hantavirus sequences have been accumulated 
in the databases. New hantaviruses are continually being identified, and their 
phylogenetic relationship characterized in detail. However, we are only beginning 
to understand some of the cellular mechanisms by which the hantaviruses mature 
into infectious particles. Basic questions concerning virus maturation remain open. 
Does virus maturation occur intracellularly or at the cell surface? Do the Old 
World hantaviruses have a different mode of assembly than the New World viruses? 
What factors determine the site of virus maturation? Which one of the three major 
structural proteins is the driving force for virus maturation? Considering how 
complicated the field of virus maturation is in general, one can appreciate the 
amount of work still needed to answer these important questions. One of the 
desired approaches to tackle the virus maturation questions will be the future 
establishment of a reverse genetic system for hantaviruses similar to those deve
loped for several other negative-stranded RNA viruses (SCHNELL et al. 1994; 
GARCIN et al. 1995; DURBIN et al. 1997; NEUMANN et al. 1999; PEKOSZ et al. 1999). 
Unfortunately, reverse genetics approaches have failed so far for members of the 
family Bunyaviridae, except for one member of the genus Bunyavirus (BRIDGEN and 
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ELLIOTT 1996). Accumulating knowledge on virus maturation and assembly is very 
important in order to understand basic aspects of the hantavirus life cycle and 
pathogenesis. These studies could also give us insights for blocking different steps 
of virus maturation, and possibly giving rise to treatments for hantavirus diseases. 
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