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INTRODUCTION proteins. Budding ultimately results in pinching off of the vi-

Enveloped viruses possess a membrane that surrounds the
nucleocapsid (NC) or core. The membrane is acquired at a late
stage of virus assembly, which is referred to as budding (55). In
this process, the NC becomes progressively wrapped in a cel-
lular membrane that is modified by virus-specific envelope
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rion from the host membrane, thereby releasing the virus into
the extracellular space. Some viruses bud at the plasma mem-
brane (PM), whereas others are assembled at intracellular
membranes along the secretory pathway. Envelope proteins
serve to target the virion to specific receptors at the surface of
uninfected cells (291). They also direct virus penetration into
cells by inducing fusion between the viral and the host cell
membrane, either at the PM or in endosomes (284). The bud-
ding and entry processes of an enveloped virus are schemati-
cally shown in Fig. 1. For comparison, the release and entry
processes of naked viruses are illustrated as well. These viruses
are released from the infected cell by the disruption of the PM.
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FIG. 1. Replication of naked and enveloped viruses in eucaryotic cells.

Some naked viruses, e.g., adenoviruses, penetrate the cyto-
plasm of an uninfected cell through lysis of the endosomal
membrane (96, 198, 242) whereas others, e.g., picornaviruses,
may form a genome-conducting channel in the membrane
(205, 211). Thus, the budding and fusion reactions offer envel-
oped viruses the advantage to exit and enter cells without
disrupting the cellular membrane barriers.

In this review, we discuss the mechanisms underlying virus
budding. Important questions include (i) the viral proteins in-
volved in budding, (ii) the kind of protein-protein and protein-
lipid interactions that drive budding, (iii) the nature of these
interactions, (iv) how these interactions are controlled in virus
budding and penetration, (v) whether host proteins play a role
in budding, and (vi) how viral and host proteins are sorted in
the formation of the envelope. All these questions are dealt
with in this review. A concise overview of novel technology that
has been applied to address these questions is presented as
well. We discuss neither the synthesis of the viral proteins nor
their intracellular transport to the site of assembly in the cell.
Encapsidation of the genome is also outside the scope of this
review. In addition, we do not deal with the budding of large
and complicated enveloped DNA viruses, e.g., vaccinia virus
and herpesvirus. For these and other aspects of virus assembly,
the reader is referred to other reviews (17, 29, 55, 87, 99, 113,
127, 207, 235, 257, 285, 289).

GENERAL FEATURES OF ENVELOPED VIRUSES

Most of the new and interesting data about the budding of
simple animal viruses have been obtained with alphaviruses
(e.g., Semliki Forest virus [SFV], Sindbis virus [SIN], and Ross
River virus [RRV]), coronaviruses (e.g., mouse hepatitis vi-
rus [MHV]), retroviruses (e.g., human immunodeficiency
virus [HIV], simian immunodeficiency virus [SIV], Rous sar-
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coma virus [RSV], Mason-Pfizer monkey virus [MPMV], and
murine leukemia virus [MLV]), rhabdoviruses (e.g., rabies vi-
rus and vesicular stomatitis virus [VSV]), paramyxoviruses
(e.g., Newcastle disease virus and Sendai virus), orthomyxovi-
ruses (e.g., influenza A virus), and hepadnaviruses (e.g., hep-
atitis B virus [HBV] and duck hepatitis virus). Before discuss-
ing these data, we introduce some basic features of the listed
viruses.

Alphavirus particles (diameter, ~70 nm) contain an NC that
consists of a positive, single-stranded RNA genome complexed
with several copies of capsid (C) protein (257). The membrane
of the virion is covered with spikes. These consist of clusters of
three heterodimers that in turn are composed of two trans-
membrane proteins, E1 and E2. Virus maturation occurs by
budding at the PM.

Coronavirus particles (diameter, 80 to 120 nm) contain a
long, positive, single-stranded RNA genome that is complexed
with NC protein into an NC (55, 251). The membrane typically
contains large spikes that consist of homo-oligomers of the
transmembrane S protein. In addition, the envelope harbors an
abundant membrane protein (M) and a few copies of the small
envelope protein (E). The M protein traverses the membrane
three times and is predominantly embedded in the envelope.
Virus budding occurs intracellularly at membranes of the in-
termediate compartment between the endoplasmic reticulum
(ER) and the Golgi complex. Newly assembled virions are
transported by vesicular transport to the cell surface, where
they are released via exocytosis.

Retrovirus particles (diameter, 100 to 130 nm) contain an
internal core that is made of Gag and Gag-Pol protein enclos-
ing two copies of a positive, single-stranded RNA genome
(113, 289). The viral membrane accommodates trimeric clus-
ters of the Env protein (34). Virus budding occurs at the PM.
Characteristically, the cores of HIV, SIV, RSV, and MLV are
made concomitantly with budding (type C morphogenesis)
whereas the core of MPMYV is formed in the cytoplasm before
this process (type D morphogenesis). Gag and Gag-Pol mole-
cules are proteolytically processed during and/or shortly after
budding. The Gag cleavage products include a matrix (MA) pro-
tein associated with the viral membrane, a capsid (CA) protein
forming the shell of the core, and an NC protein complexed
with the genome inside the core. The Gag-Pol cleavage prod-
ucts also include three enzymes that are required for proteo-
Iytic cleavage, DNA synthesis, and integration (145).

Rhabdoviruses, orthomyxoviruses, and paramyxoviruses have a
negative, single-stranded RNA genome which is either linear
(rhabdoviruses and paramyxoviruses) or distributed over eight
separate segments (orthomyxovirus) (55, 125, 130, 274). Rhab-
dovirus particles are bullet shaped (180 nm long by 75 nm
wide), whereas orthomyxovirus and paramyxovirus particles
are spherical (diameter, 80 to 120 and 150 to 350 nm, respec-
tively). The genomes are packaged with nucleoprotein (NP)
into ribonucleoprotein cores (RNPs, sometimes called NCs).
Associated with the RNP are the polymerase proteins, which
are necessary to initiate replication and transcription early in
infection. A common feature of these viruses is the presence of
a so-called matrix protein (M or M,) lining the inner face of
the viral membrane. The transmembrane proteins of rhabdovi-
ruses (G protein), orthomyxoviruses (hemagglutinin protein
[HA] and neuraminidase protein [NA]), and paramyxoviruses
(hemagglutinin-neuraminidase protein [HN] and fusion pro-
tein [F]) all form homo-oligomeric complexes or spikes. RNA
replication and transcription take place in the cytoplasm (para-
myxoviruses and rhabdoviruses) or in the nucleus (orthomyxo-
viruses). All of these negative-strand RNA viruses are assem-
bled at the PM.
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Hepadnavirus virions (also called Dane particles in HBV)
measure about 42 nm in diameter and contain a circular, par-
tially double-stranded DNA genome (80, 81). Replication
starts in the nucleus and involves transcription of the genome
into an RNA molecule. This so-called pregenome is encapsi-
dated by NC protein into an NC. Within this structure, the
RNA is reverse transcribed and polymerized into partially dou-
ble-stranded DNA. The envelope accommodates three differ-
ent but related membrane proteins: the small (S), middle (M),
and large (L) proteins. These are synthesized from a common
coding unit by using different sites for initiation of translation.
Hepadnavirus assembly takes place intracellularly by budding
at membranes of the ER. Like coronavirions, hepadnavirus
particles use the constitutive secretory pathway to exit the cell.

Note that the description of subviral structures differs be-
tween viruses. For instance, surface protein is called spike or
Env protein and the internal structure of the virion is referred
to as NC, RNP, or core.

NEW TECHNIQUES IN RESEARCH ON BUDDING

Progress in research on the mechanisms of virus budding has
been dependent on the development of advanced technology.
One important breakthrough has been the construction of
c¢DNA clones of viral RNA genomes from which infectious vi-
rus can be expressed. This has opened the possibility of using
reverse genetics for testing several hypotheses about virus as-
sembly and entry mechanisms. The first infectious cDNA
clones were developed for alphaviruses (46, 131, 149, 220). The
complete genomes of these positive-strand RNA viruses have
been reverse transcribed and polymerized into double-strand-
ed DNA and subcloned into transcription vectors. From these
vectors, replication-competent RNA can be transcribed in vi-
tro. When cells are transfected with the RNA, infectious virus
is generated. The system can be used to study the assembly phe-
notypes of both viable and nonviable mutants of alphaviruses.

The generation of negative-strand RNA viruses from cloned
c¢DNA is more complicated; it requires both the viral transcrip-
tase and a structural framework in the form of an RNP (42).
The first important step towards an expression system for these
viruses was made by Palese and colleagues (160). They showed
that a recombinant influenza virus RNA segment that had
been transcribed in vitro from cDNA and complexed with poly-
merase and NP proteins into RNP was able to replicate when
introduced by transfection into cells that were infected with
helper virus. Moreover, the recombinant RNP was found to be
incorporated into progeny virus (the so-called transfectant),
demonstrating the functionality of the method. However, a
major problem with the influenza virus expression system is
that the eight genomic RNA segments have to be coexpressed
for virus production. Therefore, this system has been limited to
the generation of helper virus-recombinant RNP reassortants
that can be selected with, for example, antibodies or neurami-
nadase. Virus with lethal mutations in the structural protein
genes cannot be generated.

In contrast, for rhabdoviruses, which contain a nonsegment-
ed negative-sense RNA genome, it is possible to recover infec-
tious virus from recombinant DNA in the absence of helper
virus. This requires the transcription of full-length genomic
c¢DNA into positive-sense RNA that is complementary to the
genome. When coexpressed in cells with the NP and polymer-
ase proteins, the RNA transcripts are packaged into RNPs that
can start an infectious cycle resulting in the generation of
recombinant virus. In principle, nonviable virus with mutations
in the structural genes can be produced if the corresponding
wild-type (wt) genes are expressed in trans. This system was
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first developed by Conzelmann and colleagues for rabies virus
(238) and is now also available for VSV (137, 283). Recently,
similar expression systems have been developed for several
paramyxoviruses including measles virus (212), Sendai virus
(82, 122), human parainfluenza virus (58, 109), rinderpest virus
(9), and simian virus 5 (103).

It has been straightforward to recover retroviruses and he-
padnavirus from cloned DNA, since both viruses use DNA
templates in the replication of their genomes. Transfection of
cloned genomic DNA into susceptible cells results in the pro-
duction of infectious virus. However, the expression level is low
compared to that of alphaviruses and rhabdoviruses. There-
fore, efficient heterologous expression systems, like those
based on SFV, baculovirus, and vaccinia virus, have been
used to increase the production of these viruses in tissue
culture cells (101, 146, 294).

Another important new technique is cryoelectron micros-
copy (cryo-EM) in combination with computer-aided image
processing to determine the structure of a virion (5, 54, 74).
Among enveloped viruses, alphaviruses are particularly appro-
priate for this kind of analysis (36, 73, 195, 272). Alphavirus
particles are easily purified and have a homogeneous protein
composition, and the envelope and NC both display an icosa-
hedral symmetry. With conventional electron microscopes, the
resolution obtained is about 20 A. This can be improved by
using instruments with highly coherent electron beams (200- to
300-kV field emission gun electron microscope). Furthermore,
it is possible to determine the high-resolution structure of the
complete virion if the cryo-EM analysis data are combined
with data from the X-ray crystallographic or nuclear magnetic
resonance spectroscopy solution structure determination of
the individual viral proteins (36, 37). In the latter approach, the
atomic structures of the viral proteins are fitted into the EM
density map of the virion.

PROTEIN COMPONENTS OF THE
BUDDING APPARATUS

Early Model for Budding

An attractive model for budding was suggested in 1974 (84);
it was based on studies with SFV showing that the spikes are
composed of transmembrane proteins. It was assumed that the
cytoplasmic domain (tail) of the spike protein undergoes in-
teractions with the NC. Accordingly, budding is initiated by the
association of the NC with a few spikes in the membrane. Due
to its reduced mobility, the initial NC-spike complex stimulates
the binding of more spikes to the NC. The NC-spike associa-
tion subsequently induces the membrane to curve and to even-
tually enwrap the NC completely.

This model is very illustrative; it explains how an NC be-
comes surrounded by a membrane and how it chooses the
budding site by selective binding to the spikes. Furthermore, a
budding mechanism based on specific interactions between the
NC and the spikes explains how it is possible to form a virus
particle with a homogeneous protein composition. Because the
spikes of all enveloped viruses were later shown to consist of
transmembrane proteins, the NC-spike interaction was widely
believed to drive virus budding in general. The model reveals
a fundamental prediction that both the NC and spike proteins
are required for budding and particle release.

Budding of Retrovirus Particles Requires
Core Proteins Only

In 1989, the “early” budding model was clearly shown not to
apply to HIV-1 and SIV, because it was found that the Env
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protein is dispensable for budding of these viruses (48, 90).
This was demonstrated by independent expression of the gag
gene in insect cells with a baculovirus vector. The expression
resulted in the production of enveloped “Gag” particles which
strongly resembled immature virions. By using various heter-
ologous and homologous expression systems, it was subse-
quently shown that the Gag protein constitutes the budding
apparatus of all retroviruses (178, 217, 290). This finding em-
phasizes the importance of earlier studies showing that certain
defective retroviruses direct the formation of particles that do
not contain Env (124, 208, 233, 244).

Both Nucleocapsid and Spikes Are Prerequisites for
Budding of Alphavirus and Hepadnavirus

The results for retrovirus budding cast doubt on whether the
“early” budding model would apply to any virus. However,
studies with SFV unambiguously demonstrated the applicabil-
ity of this model to alphaviruses (262). This was shown by
expression of SFV genome variants that lacked either the spike
or the C coding region. It was observed that the NCs, assem-
bled in the cytoplasm, were not able to associate with mem-
branes in the absence of spikes. However, when the spikes
were coexpressed, the NCs were found to form spike-contain-
ing particles at the PM by budding. Furthermore, independent
expression of the genome variant lacking C resulted in the
production of spike protein that was unable to drive particle
formation by itself. Thus, these results clearly showed that
alphavirus budding is critically dependent on both internal (C)
and envelope proteins (Fig. 2). Similar interpretations were
made previously on the basis of studies of alphaviruses with
temperature-sensitive (fs) mutations in their spike proteins
(20, 232, 249).

Expression of HBV genome variants in hepatoma cells re-
vealed that both the NC and the membrane proteins are also
required for the budding of hepadnavirus. In particular, it has
been shown that NCs are not released from cells in the absence
of the envelope proteins L and S (M is dispensable, however)
(22). Furthermore, it has been found that the envelope pro-
teins also exhibit an independent budding activity because they
can efficiently form small (diameter, 22 nm) capsid-free mem-
brane particles by themselves (200).

Nucleocapsid-Independent Budding of
Coronavirus Envelopes

A novel budding principle was recently identified by Rottier
and colleagues in a study of the assembly of coronaviruses
(270). They found that coexpression of the MHV envelope
protein genes (S, M, and E) from transfected cDNA resulted in
the release of membrane particles morphologically indistin-
guishable from authentic virions. This clearly shows that the
membrane proteins can assemble into virtually bona fide en-
velopes without the NC. Like wt virions, the membrane parti-
cles contained much M protein and very little E protein. The S
protein was dispensable for particle formation but was incor-
porated when present. The apparent lack of a function for S in
budding confirms the results of earlier studies showing that
spikeless and hence noninfectious particles are released from
infected cells treated with tunicamycin (110, 225). Under these
conditions, the S protein is not available for assembly because
the drug, which inhibits N-linked glycosylation, induces its ag-
gregation and retention in the ER (270). Also, various fs
mutants of coronaviruses carrying defects in the S gene have
been reported to form particles with a spikeless phenotype
(159, 219). Together, these results point to a critical role of
the M and E proteins in coronavirus budding.
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Matrix Protein Plays a Key Role in
Rhabdovirus Budding

Studies dealing with rhabdoviruses, in particular, have given
new insight into the budding of negative-strand RNA viruses.
Conzelmann and colleagues have made recombinant rabies
virus lacking the gene encoding the G protein by use of the
cDNA expression system that they had developed previously
(170, 238). They found that this mutant virus was able to form
spikeless virus-like particles; however, the efficiency of particle
release was about 30-fold lower than that for wt virus. This
indicates that the RNP and the M protein together can medi-
ate budding in the absence of the G protein but that the latter
promotes this process remarkably. The critical role of M pro-
tein in budding is supported by earlier studies with s mutants
of VSV. For instance, cells infected with VSV tsG31, tsG33 or
tsM301-303 and incubated at the nonpermissive temperature
either do not produce particles or release noninfectious parti-
cles that contain reduced amounts of NP (10% of the amount
in wt virus) and that have a lower density than wt VSV (240).
VSV carrying ts mutations in the G gene has also been isolated
(68). The best-characterized one is VSV tsO45. The G protein
of this mutant virus is unstable and degraded at the restrictive
temperature, resulting in the production of spikeless particles
(239). For a long time, this result was taken as evidence that
VSV does not require its spike protein for budding. However,
this relation became unclear when it was shown later that the
spikeless VSV particles did contain a full complement of frag-
ments corresponding to the membrane-spanning and cytoplas-
mic parts of the G protein (175). Apparently, the ts045 G
protein is engaged in budding before degradation of its ectodo-
main, or, alternatively, the remnant membrane-spanning frag-
ment is assembly competent as such.

In more recent studies, Wagner and colleagues used bacu-
lovirus and vaccinia virus vectors to express the VSV M protein
in insect and mammalian cells, respectively (120, 147). The
analyses showed that the M protein binds to the PM and
induces slow but efficient release of M-protein-containing ves-
icles from cells. In the same studies, the G protein was also
coexpressed with the M protein. Surprisingly, the G protein
was not included in the M-protein-containing vesicles, suggest-
ing that the RNP is required to organize the M and G proteins
in such a way that they can collaborate in forming a complete
particle. Collectively, the data suggest that the M protein plays
a key role in the budding of rhabdoviruses but that the RNP
and the G protein are actively engaged in this process as well.

Role of Matrix and Spike Proteins in Orthomyxovirus
and Paramyxovirus Budding

The fact that orthomyxoviruses, paramyxoviruses, and rhab-
doviruses have a layer of M protein underneath the envelope
suggests that they all possess a similar mechanism for budding.
The role of the spike proteins in orthomyxovirus and paramy-
xovirus budding, however, has been a subject of controversy.
Earlier work indicated that one of the spike proteins, either
HA or NA, is not required for budding of orthomyxoviruses.
For instance, cells infected with influenza virus expressing a s
transport-defective HA protein release particles at the nonper-
missive temperature (199). The particles were devoid of HA
but contained more than normal amounts of NA. Other studies
showed that an influenza virus variant lacking the NA gene was
able to mature at the PM, although the released virions were
found to aggregate heavily (152, 153). Nevertheless, recent
discoveries point to a crucial role of the cytoplasmic portions of
these spike proteins in virus maturation. By using reverse ge-
netics, it has been possible to obtain influenza virus transfec-
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FIG. 2. Viral proteins that drive budding. (I) Spike (red)- and NC (blue)-dependent budding of alphaviruses. (Ila) Gag protein-driven budding of a type C
retrovirus. The membrane is shown in yellow, and the submembrane layer of Gag protein is depicted in blue. An RNA molecule (green) is also indicated, but it is unclear
whether this is necessary for budding. (IIb) Budding of a type D retrovirus “Gag” particle. In this case, Gag molecules are assembled into a complete core in the
cytoplasm prior to membrane attachment. (III) M (red, unfilled) and E (red, filled) membrane protein-driven budding of coronavirus. (IV) Rhabdovirus budding is
depicted as an efficient (left) or inefficient (right) process depending on the presence of the spike proteins (red). The M protein layer below the membrane is shown

in brown, and the RNP is depicted as a green helix with proteins (blue).

tants containing either NA or HA protein lacking their cyto-
plasmic tails (116, 176). Deletion of the tail of HA slightly
affected its incorporation into the envelope and modestly low-
ered the efficiency of budding but had no effect on virion
morphology. However, virus lacking the tail of NA exhibited a
tendency to form long, filamentous particles rather than the
spherical particles seen among wt virions, and the incorpora-
tion of the NA protein into the envelope was impaired. Even
more pronounced effects were observed with an influenza virus
reassortant lacking the tails of both proteins (117). The double
deletion rendered the virus 10-fold less infectious, and its ef-
ficiency of budding, compared to that of control virus possess-
ing intact membrane proteins, was decreased to the same ex-
tent. Most strikingly, the mutant virions formed a population
of very irregularly shaped particles with a greatly increased
length, clearly distinguishable from wt virions and from the
ones lacking only one of the spike protein tails. Thus, these
data suggest that the cytoplasmic portions of the spike proteins
are required for efficient budding and that they are necessary
for the formation of uniform, spherical particles. Nevertheless,
it seems that the spikes are not absolutely required for bud-
ding. Therefore, it is likely that orthomyxovirus budding is, like
that of rhabdovirus, directed predominantly by the M, protein.

The exact role of the paramyxovirus envelope proteins in
budding also remains to be determined. Studies of Sendai virus
and Newcastle disease virus with conditional defects in the HN
and F protein, respectively, indicated that each of these pro-
teins is dispensable for budding (166, 258). Similarly, a cold-
passaged respiratory syncytial virus variant which grows effi-
ciently in tissue culture although it lacks most of its attachment
protein gene has been isolated (121). In contrast, experiments
with mutant Sendai virus possessing a s M protein have clearly
shown that M plays an important role in paramyxovirus bud-
ding (300, 301).

General Conclusions about Budding Strategies

From the above data, it is evident that enveloped viruses use
different kinds of protein for budding. As a synopsis of our
survey of the structural components that play a key role in this
process, we have classified the types of budding strategies as
follows: type I, budding dependent on both capsid and spike
proteins (alphavirus and hepadnavirus); type II, budding me-
diated by capsid or core protein only (retrovirus); type III,
budding accomplished by membrane proteins only (coronavi-
rus); and type IV, budding driven by matrix protein with the
assistance of spikes and RNP (rhabdovirus and possibly para-
myxovirus and orthomyxovirus). This is schematically depicted
in Fig. 2.

Notably, it has been shown that recombinant SFV-driven ex-
pression of the gene encoding the VSV G protein or a trun-
cated form of the MLV Env protein can lead to the formation
of enveloped, infectious particles (138, 223, 224). These parti-
cles, also called minimal viruses, contain the respective pro-
teins as well as the SFV replicon encoding these proteins. This
phenomenon has sometimes been put forward to support a
theory assuming that these viral membrane proteins them-
selves possess a membrane-bending potential (29, 170). How-
ever, because such minimal viruses are heterogeneous in size
and are formed very inefficiently, we find it impossible to dis-
tinguish the process of their formation from that of PM-de-
rived vesicles. The latter has also been referred to as mem-
brane vesiculation, blebbing, or ectocytosis and seems to serve
important cellular functions (141, 172, 194, 214). Thus, mini-
mal viruses may arise accidentally if self-replicating RNA, cod-
ing for a viral membrane protein that can mediate receptor
binding and membrane fusion, and the encoded protein are
coincorporated into PM-derived vesicles.



1176 GAROFF ET AL. MICROBIOL. MOL. BIOL. REV.

FIG. 3. Reconstruction of an alphavirus (RRV) particle from cryo-EM analysis and image processing. (A) Three-dimensional surface structure of the virion
(diameter, ~70 nm) viewed along an icosahedral threefold axis. The spikes ([E1-E2]5), located at the threefold and quasi-threefold axes, have a flower-like head with
three bilobal petals. The spikes are engaged in extensive lateral interactions close to the lipid bilayer via their skirts. These parts of the spikes are colored bluish. The
lipid bilayer (yellow) is seen through openings in the spike-skirt protein layer at the twofold and fivefold symmetry axes. (B) Depth-cued representation of the structure
in panel A. Blue lines indicating the 7' = 4 lattice are superimposed. (C) Schematic representation of the interactions between the spikes (green) at the threefold
(circled 3) or quasi-threefold (circled Q3) axes and the C molecules (yellow) of the capsomers in the underlying NC. (D) Depth-cued representation of the
three-dimensional structure of the NC viewed along an icosahedral threefold axis. The COOH-terminal protease domains of the C molecules form hexameric
and pentameric capsomers at the twofold and fivefold axes. Red lines indicating the 7' = 4 lattice are superimposed. Modified from reference 36 with permission

of the publisher.

MOLECULAR INTERACTIONS INVOLVED
IN BUDDING

The series of events that lead to budding is governed by
complex molecular interactions between the structural compo-
nents. These interactions not only underlie the association of
the participating molecules but also control the timing and
location of the budding reaction. Moreover, they may provide
the forces that drive budding. An understanding of the mech-
anism of budding thus requires the characterization of all in-
termolecular interactions that are essential in this process. In
this section, we describe the features of the interactions which
have been identified so far and discuss models that explain how
they operate in the budding reaction.

Spike-Nucleocapsid Budding Apparatus
of Alphaviruses

Organization of the membrane protein heterodimers and C
protein in the virion. Recently, cryo-EM analysis and image
processing of alphavirus particles revealed the first detailed
structure of a complete enveloped virion (Fig. 3) (36). The
results showed unambiguously that the envelope as well as the
NC displays an icosahedral surface symmetry with a triangu-
lation number (7) of 4. This means that both structures are
composed of 240 building blocks, which in turn consist of an
E1-E2 heterodimer and a C molecule, respectively. Surpris-
ingly, the data showed that the C protein is organized in 12
pentameric and 30 hexameric capsomers whereas the E1-E2



VoL. 62, 1998

heterodimers appear as 80 trimeric projections or spikes. In
the virion, the spikes are located at the threefold and quasi-
threefold symmetry axes whereas the pentameric and hexam-
eric capsomers are situated around the fivefold and twofold
axes, respectively (Fig. 3B and D).

The way the spikes and capsomers communicate with each
other is most interesting. The analyses showed that the three
heterodimers of each spike diverge above the external surface
of the viral membrane, traverse the lipid bilayer individually,
and interact with three underlying C molecules that belong to
three separate capsomers (Fig. 3C). Thus, the spikes at the
quasi-threefold axes interact with C molecules of one pentam-
eric capsomer and two neighboring hexameric capsomers
whereas the spikes at the threefold axes interact with C mol-
ecules of three neighboring hexameric capsomers. This creates
a complex network of molecular interactions in which the
spike-C interactions not only mediate the binding of the NC to
the spikes but also stabilize the connections between the cap-
somers.

Furthermore, the cryo-EM analyses revealed that the skirts
of the heterodimeric subunits of neighboring spikes entertain
extensive lateral interactions with each other around the ico-
sahedral two- and fivefold axes (Fig. 3A). Thus, each mem-
brane protein heterodimer is involved in a trimeric structure
(i.e., the projecting part of the spike) as well as in a hexameric
or pentameric structure located between the projections, around
the two- or fivefold axes. The existence of spike-spike interac-
tions had been proposed much earlier on the basis of EM anal-
ysis of NC-free viral envelopes (273). These envelopes, which
were prepared by treating virus particles with small amounts of
a mild detergent, displayed a symmetrical spike lattice similar
to that of intact virus.

Structural features of the E2 tail-C binding. The molecular
domains engaged in the spike-C interaction have been mapped
by a combination of different techniques. The C protein of SIN
has been crystallized, and the structure of its COOH-terminal
protease domain has been resolved at high resolution by X-ray
diffraction (38). Because the amino acid sequence of this do-
main is highly conserved among various alphaviruses, it was
possible to fit the protease structure of the SIN C protein into
the cryo-EM-derived electron density map of the capsomer
monomers in the RRV NC (36). This has revealed the part of
the C protein surface which is exposed toward the tail domains
of the spike. Molecular modelling studies have been performed
to identify the amino acid residues involved in spike-C inter-
actions. For this purpose, a structure model of a portion of the
31 amino acid residues of the SFV E2 protein tail has been
used to find a binding site in the C protein (247). A region
around Tyr residue 399 of the E2 tail was chosen for modelling
because earlier data, especially genetic data, suggested that the
aromatic side chain of this amino acid residue represents a
central element in the spike-NC interaction (11, 77, 114, 157,
174, 307). The structure model for this peptide was obtained
by analyzing similar peptides that were present in proteins
whose structures had previously been determined. Subsequent
searching for a binding site at the surface of the C protein re-
sulted in the identification of a cavity that could accommodate
Tyr 399 and its flanking regions. The side chain of Tyr 399 is
predicted to interact with those of Tyr 184 and Trp 251 of the
C protein in this cavity. Therefore, it has been postulated that
these aromatic interactions underlie the binding between the
NC and the spikes (247).

It is also noteworthy that an anti-idiotype antibody approach
has been used to reconstruct the C-E2 interaction in SFV
(269). In this study, an anti-idiotype antibody was raised against
an E2 tail-specific (idiotype) antibody. The anti-idiotype anti-
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body was claimed to react with the C protein, suggesting that
the E2 tail is indeed involved in interactions with the C protein.
However, this conclusion appeared unjustified, since it was dis-
covered later that this antibody reacted with the C protein
nonspecifically and that it was instead directed against another
antigen present in viral RNA replication centers inside the in-
fected cell (261).

Interactions between E1-E2 heterodimers and their role in
budding. Although the E1-E2 heterodimers are obviously in-
volved in multiple kinds of lateral interactions to form spike,
hexameric, or pentameric structures, no information about the
nature of these interactions is available. The solution to this
problem awaits, above all, determination of the three-dimen-
sional structure of the E1-E2 heterodimer. It is also unclear
whether E1-E2 heterodimers bind to the NC during budding
individually or whether they form multimeric complexes (e.g.,
trimers or hexamers) beforehand. This question has remained
open mainly because the higher-order forms of the hetero-
dimers are unstable under mild-detergent conditions (221, 311,
312). Therefore, it has not been possible to investigate bio-
chemically the stage during virus assembly at which the com-
plexes of the heterodimers are formed. Nevertheless, mem-
brane protein complexes larger than heterodimers have been
detected by chemical cross-linking in SIN-infected cells (180).

The lateral interactions between the heterodimers in the
viral membrane probably facilitate budding in two ways. First,
they result in the formation of larger membrane protein units
displaying a polyvalent NC-binding site. Second, these inter-
actions most probably assist in the formation of the icosahedral
lattice of membrane protein heterodimers and may thereby
provide a force for membrane bending. The role of a polyva-
lent NC-binding site of a heterodimer cluster in budding is
supported by the results of several genetic studies. In one
study, a wt-like, budding-competent virus was expressed in
cells together with a budding-incompetent variant in which the
NC-binding site in the cytoplasmic tail of E2 had been knocked
out (65). It was found that the E1-E2 heterodimers with a
defective NC-binding site prevented the wt-like heterodimers
from participating in virus budding in a concentration-depen-
dent manner. This suggests that wt and mutant heterodimers
were preassembled into clusters that were mostly incompetent
for NC binding. Presumably, only clusters displaying a (nearly)
full complement of intact binding sites can stably associate with
the NC. In another study, the phenotype of an SFV variant
lacking the E1 gene has been characterized (10). It was ob-
served that E2 is able to reach the cell surface efficiently by
itself; however, the NCs failed to bind to the E2 protein at the
PM under these conditions. A possible explanation for this re-
sult is that separately expressed E2 does not oligomerize into
structures exposing a multivalent binding site for the NC.

There is still no direct experimental evidence for a mem-
brane-bending effect of the lateral interactions between the
membrane protein heterodimers. However, there are several
SIN heterodimer ectodomain mutants and a SIN chimera con-
taining E1 from RRV which have defects in the budding pro-
cess, although apparently normal heterodimers are expressed
at the PM. These phenotypes can be explained by the muta-
tions (or chimeric heterodimer) affecting interactions in the
spike projection or in the skirt region, with the result that they
cannot support the bending of the membrane (20, 102, 150,
256, 295, 296).

Preassembled NCs are not required for alphavirus budding.
The earliest EM examinations of alphavirus-infected cells re-
vealed the abundant presence of cytoplasmic NCs as free par-
ticles, groups of particles, and part of the budding structures at
the PM (1). Therefore, it has been postulated that the preas-
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sembled NC represents a pivotal element of the budding mech-
anism of this virus (19, 181, 246, 257). This theory was strength-
ened by biochemical analyses showing that the majority of the
cell-associated C protein is part of fully assembled NCs (250).
Surprisingly, it has recently been found that preassembled NCs
are not required for the budding of SFV (69). A small deletion
in the C gene, which did not affect the efficiency of budding,
completely abolished the preformation of cytoplasmic NCs.
Apparently, assembly of the mutant NC took place concomi-
tantly with budding at the PM. This phenotype can be ex-
plained if one assumes that the deletion in the C protein causes
a weakening of the C-C interactions so that stable NCs cannot
be formed in the cytoplasm. As a result, the assembly of the
mutant NC requires spike-C interactions, which decrease the
mobility of the C molecules (or complexes), thereby stabilizing
the C-C interactions.

Refined model for alphavirus budding. We propose that
alphavirus budding is initiated by binding of the NC to a cluster
of E1-E2 heterodimers at the PM. The cluster could represent
a spike-like trimeric complex or a multimer, e.g., a hexamer,
that is maintained through interactions found in the skirt re-
gion of the spikes. The multivalent nature of this initial mem-
brane protein-NC interaction is strong enough to maintain the
resulting complex until it is consolidated by the binding of
additional (clusters of) E1-E2 heterodimers. The latter are re-
cruited into the complex by cooperative heterodimer-hetero-
dimer and heterodimer-C interactions. This process continues
until envelopment is completed.

It is likely that the establishment of the icosahedral lattice of
E1-E2 heterodimers at the surface of the virion directly pro-
motes membrane bending. However, because the membrane
proteins are unable to support budding on their own, it is ev-
ident that lateral (sideward) heterodimer-heterodimer interac-
tions and heterodimer-NC interactions cooperate in the for-
mation of the surface lattice. At present, we do not know how
much of the membrane-bending force is derived from het-
erodimer-heterodimer interactions and how much is derived
from C-E2 interactions. It is conceivable that the former in-
teractions provide the main force for budding. The amount of
energy released from these interactions is unknown. It has
been calculated that covering the hydrophobic surfaces in the
cavity of the C protein and the E2 tail would correspond to 7.6
kcal mol ' (140).

Gag Budding Apparatus of Retroviruses

Submembrane Gag lattice. EM data of HIV-1-like “Gag”
particles, produced in insect cells by using a baculovirus ex-
pression vector, suggest that the Gag molecules are arranged in
an icosahedral network below the lipid bilayer (183, 184). The
network seems to consist of a lattice of hexameric and pen-
tameric Gag-rings with a 7" of 63. This organization of Gag
molecules was also observed beneath the PM of cells produc-
ing the Gag protein (184). The structure of the Gag lattice is
compatible with the crystal structures of the HIV-1 and SIV
MA proteins. These demonstrated that the MA molecules
formed trimers whose dimensions were such that they fit into
the Gag lattice observed by EM (108, 213). The MA lattice can
thus be depicted as a hexameric array in which each MA trimer
donates its monomers to three hexameric rings (Fig. 4). This
reconstruction model does not reveal any evident interactions
between the trimers. However, it is possible that these inter-
actions are primarily mediated by the CA domain of the Gag
protein and not by the MA domain. The latter has been shown
to have homo-oligomerization activities in its NH,- and
COOH-terminal parts (8, 32, 49, 51, 63,79, 112, 118, 177, 254).
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Gag-membrane interactions. In early studies, it was clearly
demonstrated that the Gag precursor and the MA protein bind
to membranes. In particular, it was shown that lipids in the en-
velope of avian and murine retroviruses can be coupled pref-
erentially to the MA protein with a cross-linking reagent (204).
Peptide mapping also revealed that it is the NH,-terminal part
of the MA protein that associates with the lipids (203). In addi-
tion, it has been possible to extract MA protein from a murine
retrovirus and to reconstitute it into artificial membranes (6).

The nature of the membrane affinity of the Gag molecule
has been studied more recently by using many different sys-
tems. These include (i) the expression of Gag precursors and
precursor variants in cells and the analyses of their membrane-
binding and particle-forming capabilities (90, 118, 215, 271,
310), (ii) in vitro synthesis of Gag related peptides and analysis
of their interaction with liposomes (309), and (iii) purification
of Gag precursors (and precursor variants) and analysis of
their interaction with liposomes (64). The results of these stud-
ies suggest that the Gag protein of most retroviruses possesses
a bipartite membrane-binding structure in its MA domain.
This consists of a myristate modification of the conserved NH,-
terminal Gly residue (106) and a cluster of basic amino acid
residues in the NH,-terminal part of the molecule. However, in
the RSV Gag protein, which is not myristoylated, other fea-
tures of its NH,-terminal part are responsible for membrane
binding instead (271). The bipartite membrane-binding struc-
ture is supposed to mediate interactions with the hydrophobic
interior of the lipid bilayer and with the negatively charged
phospholipid molecules in the cytoplasmic leaflet of the mem-
brane. These conclusions have been supported by the struc-
tural data on the MA protein of HIV and SIV (41, 108, 165,
167, 213). Both the X-ray crystal and nuclear magnetic reso-
nance spectroscopy solution structures of the MA proteins
revealed a globular molecule with a striking clustering of basic
residues at one part of the surface. Although these studies
focused on nonmyristoylated MA protein, a model has been
proposed in which an MA trimer is oriented below the lipid
bilayer in such a way that all three myristoyl groups and the
surface patches of basic amino acid residues interact with the
membrane, as suggested above (108).

Model for retrovirus budding. In type C retroviruses, the
Gag molecules most probably form complexes at the PM
through cooperative Gag-membrane and Gag-Gag interac-
tions. Such cooperation is expected on the basis of theoretical
considerations (202) and is also supported by studies showing
that particle formation through Gag-Gag interactions is depen-
dent on the myristate-mediated membrane binding of the Gag
protein (215, 226). Furthermore, the results of in vitro studies
suggest that the Gag protein increases its membrane affinity
through homo-oligomerization mediated by its CA and NC do-
mains (60, 210). After binding to the membrane, the Gag mole-
cules probably arrange themselves into a hexagonal lattice. Bud-
ding could then, for example, be initiated and possibly driven by
the introduction of Gag pentamers in such a lattice.

Formation of the core of type D retroviruses is thought to be
completed before it binds to the membrane (217). In this case,
budding is supposedly driven by Gag-membrane interactions
only. The driving force for budding would thus be provided by
the energy released from these interactions. This corresponds
to the sum of the energies obtained by burying the myristoyl
groups into the hydrophobic interior of the lipid bilayer (8 kcal
mol ') and by neutralization of the basic amino acid residues
by the negatively charged head groups of phospholipids (~1.4
kcal mol ™ for each positive charge) (309).

Most interestingly, Rhee and Hunter (218) have shown that
the morphogenetic pathway of MPMV, a type D retrovirus,



VoL. 62, 1998

VIRUS MATURATION BY BUDDING 1179

68 A

FIG. 4. MA protein trimers organized in a hexameric lattice. The MA protein monomers are shown as red, blue, and green polypeptide chain drawings. They form
trimeric clusters in a hexameric lattice. One hexameric ring is indicated by the dashed line. The center-to-center distance between neighboring hexameric rings is 68

A. Modified from reference 213 with permission.

can be switched to that of a type C retrovirus by changing a
single amino acid residue in the MA domain of the Gag pro-
tein. The authors suggested that the mutation had inactivated
a putative cytoplasmic retention signal in the MPMYV Gag pro-
tein and, as a result, the mutant Gag molecules were directly
targeted to the PM before they engaged in core assembly.
Analogous to the explanation for the NC assembly mutant of
SFV (69), we would like to offer the hypothesis that the MA
point mutation had caused a weakening of the Gag-Gag inter-
actions, thereby preventing the formation of stable cores in the
cytoplasm, but that core assembly can still take place at the cell
surface, where the Gag-Gag contacts are stabilized through
Gag-membrane interactions.

Role of RNA in retrovirus budding. Although the Gag pro-
tein can drive budding in the absence of viral genomic RNA, it
may, under these conditions, interact with cellular RNA in-
stead. In keeping with this possibility, the binding of Gag to the
viral RNA, which is mediated by the NC domain, involves both
specific and nonspecific interactions (45, 228, 263). Moreover,
several studies have shown that foreign RNA molecules can be
incorporated into retrovirus particles (40, 75, 78, 92, 143, 144,
173). Hence, it cannot be excluded that Gag-RNA interactions
are involved in the budding of type C retroviruses. These
interactions might, for instance, cooperate with Gag-lipid and
Gag-Gag interactions in forming and curving the submem-
brane Gag lattice. Interestingly, it has been shown that Gag
protein lacking the complete NC domain, or parts of it, can

also drive the budding of particles. These particles, however,
had a significantly lower density than those formed by intact
Gag protein (13, 118, 119, 282). The “light” particles presum-
ably lacked RNA, since the mutant Gag protein was most
probably crippled in its ability to bind nucleic acid. Neverthe-
less, the change in the density of the particle is probably not
caused by the lack of RNA alone, because the RNA constitutes
only ~1% of the mass of a retrovirus particle (266). Therefore,
the particles may have contained a less densely packed Gag
lattice due to the absence of Gag-RNA interactions. In vitro
studies have also suggested a role for RNA in assembly, since
it was found to facilitate the formation of cylindrical structures
(diameter, 30 nm) from purified CA-NC fragments of both
RSV and HIV-1 Gag proteins. These structures were sensitive
to RNase, protease, and nonionic detergent, and their lengths
were determined by the size of the RNA (32). Recent assembly
studies dealing with p10-CA-NC fragments of the RSV Gag
protein have shown the formation of predominantly spherical
virus-like particles (31). This was also dependent on the addi-
tion of RNA to the reaction mixture.

Role of actin in retrovirus budding. There are several stud-
ies suggesting the participation of the host cytoskeleton, espe-
cially actin, in the budding reaction. For instance, the HIV Gag
protein is associated with polymerized actin (F actin) in cells
and binds F actin in vitro (216). Furthermore, muscle and non-
muscle actin, as well as regulatory and structural actin-binding
proteins, have been found in HIV preparations (3, 191). Fi-
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nally, preparations of mouse mammary tumor virus have been
shown to contain actin (44). In the latter study, morphological
observations suggesting the involvement of actin filaments in
the budding process have been reported as well. One possibil-
ity is that the Gag protein has similarities to the cytoplasmic
ERM (ezrin-radixin-moesin) proteins, which link the PM to
actin filaments (267), and that actin polymerization serves as
an additional force for membrane bending during budding.

M-E Budding Apparatus of Coronaviruses

It has been suggested that coronavirus envelope formation is
dominated by laterally interacting M molecules that form a
two-dimensional lattice in intracellular membranes (187). This
model is supported by biochemical analyses of M protein in
cells. The MHV M protein has been found to form higher-
order complexes when expressed in the absence of other corona-
virus proteins (129). Interestingly, the association of M molecules
could be detected only under specific detergent conditions; a
mixture of nonionic (Nonidet P-40) and ionic (deoxycholic acid)
detergents, or 3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate (CHAPS) alone, was found to be optimal whereas
nonionic detergents (Nonidet P-40 or Triton X-100) alone
failed to preserve the complexes. Multimeric complexes of the
M protein also occur in infected cells and virions (186, 187).
However, these complexes also contain the S protein and are
maintained by both M-M and M-S interactions.

It is unknown how the M and E proteins cooperate in bud-
ding. Because there are no indications that the M protein causes
bulging of the membrane by itself, it is believed that the involve-
ment of the E protein in the M lattice is decisive in inducing
curving and budding of the membrane (270).

Function of M Protein in Budding of
Negative-Strand RNA Viruses

Submembrane layer of M protein. EM analyses of several
negative-strand RNA viruses have demonstrated that the M
protein forms a dense layer tightly associated with the inner
leaflet of the lipid bilayer (27, 182). Indeed, results of morpho-
logical examinations of the influenza virus envelope suggest
that the M, protein replaces the inner lipid leaflet completely
(72). These observations fit with the results of biochemical
studies of purified virions. In particular, studies with VSV have
shown that membrane-reactive photoactivatable probes can be
coupled preferentially to the M protein (142). In addition,
treatment of rhabdovirus and paramyxovirus particles with bi-
functional protein-reacting reagents results in the efficient
cross-linking of M protein into homo-oligomers (56, 163).

The association of M with lipids has been directly studied
in vitro with purified M protein and liposomes. The results
showed that the M protein of all negative-strand viruses binds
efficiently to liposomes (25, 67, 97). The interactions are hy-
drophobic and, at least for VSV, also electrostatic. By using
fragments of the M protein, it has been possible to map the
regions in the influenza virus and VSV M molecules that me-
diate the hydrophobic interactions (98, 297, 298). Not surpris-
ingly, these regions were found to be enriched in hydrophobic
amino acid residues. They did not, however, contain stretches
of amino acid residues that are long enough to span the lipid
bilayer as a typical o-helical transmembrane peptide (201).
The electrostatic interaction of the VSV M protein with lipids
has been shown, as in the case of retrovirus Gag proteins, to be
mediated by a cluster of positively charged amino acid residues
located at the NH, terminus of the molecule (39, 298).

Recently, the crystal structure of an NH,-terminal fragment
of the influenza virus M, protein has been solved (243). The
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fragment, which encompasses residues 2 to 158 of the 252-res-
idue M, polypeptide, was found to be folded into two domains,
an N (NH,-terminal) domain and an M (middle) domain, each
consisting of four a-helices. The N domain contains a region
with potential lipid-binding properties, and the M domain
possesses a positively charged region that might interact with
the viral RNA. These regions correspond roughly to the lipid
and RNA binding M, peptides mapped by biochemical exper-
iments (see below).

The crystal structure of the influenza virus M, protein frag-
ment also provided some clues about how this protein associ-
ates with itself. The fragment formed dimers which, in the
crystal, were stacked on one another in a way suggesting that
M, can form a polyprotein ribbon along the RNP. There are
also several biochemical results suggesting the existence of
interactions between M; molecules. For instance, it has been
shown that M, protein, which had been isolated from virions
by using high-salt buffer and detergent, self-associates when
the salt concentration is lowered (104, 234). Furthermore,
studies dealing with the VSV M protein have demonstrated
that polymerization in vitro, in the presence of ZnCl,, is de-
pendent on the formation of a nucleation site consisting of
three or four M molecules (85). Finally, expression of influenza
virus M, in BHK-21 cells by using a SFV vector has shown that
this protein forms homomultimers (307a). The tendency of M
protein to polymerize both in vitro and in vivo might be indic-
ative of a lattice-forming function during budding.

M-spike interactions. Early reassociation studies with frac-
tionated Sendai virus NCs and M and spike proteins suggested
the existence of M-spike interactions. These studies revealed
that the M protein is required for spike-NC complex formation
(301). Later, specific M-spike interactions were identified bio-
physically in studies demonstrating that the oligomeric form of
the VSV G protein is stabilized by the M protein (161). In
addition, M-spike interactions in orthomyxoviruses and para-
myxoviruses have been demonstrated by flotation analysis.
Studies in which the Sendai virus HN and M genes (231) or the
influenza virus HA, NA, and M genes (66) were expressed
have shown that the fraction of membrane-bound M molecules
clearly increases in the presence of the spikes. It should be
noted, however, that the latter results could not be reproduced
by other groups (128, 306).

The nature of M-spike interactions has not been solved yet
for any of the negative-strand RNA viruses. Genetic data, how-
ever, suggest that the cytoplasmic domain of the rhabdovirus G
protein is involved in M-spike interactions. For example, it has
been shown that the HIV-1 Env protein is incorporated into
the rhabdovirus envelope only when its cytoplasmic tail is re-
placed by that of the G protein (169, 193). The presence of an
“incorporation signal” in the G-protein tail was also suggested
by transcomplementation studies which revealed that at least
the nine membrane-proximal amino acid residues of the tail
(with a total length of 29 residues) are required for efficient
incorporation of G into VSV sO45 particles (286).

It has also been shown that the cytoplasmic tail of the G
protein is required for efficient virus budding (170). A recom-
binant rabies virus lacking the G-protein tail was found to pro-
duce about fivefold less virus particles than the wt virus did.
Intriguingly, recent studies have suggested that it is the length
rather than the amino acid sequence of the G protein tail that
determines the budding facilitation effect (236). For instance, a
chimeric G protein carrying the tail of CD4 seemed to facili-
tate budding to the same extent as wt G protein did. These data
are difficult to interpret and obscure our understanding of the
mechanism by which the G and M proteins cooperate in bud-
ding. Interactions between G and M are even more puzzling
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since immuno-EM analysis of isolated VSV skeletons has sug-
gested that the M protein resides predominantly inside the
RNP and that it is exposed only at the surface of the RNPs
curved extremity (7). Possibly, the interactions between the M
and G proteins that facilitate budding are required only at the
beginning of virus maturation, i.e., during the formation of the
hemispheric part of the bullet-shaped virion.

The tails of the influenza virus HA and NA proteins are not
strictly necessary for incorporation of the spikes into the viral
envelope (116, 176). However, as with the VSV G protein, they
seem to be involved in budding, since it has been shown that
influenza virus encoding tail-less HA and NA proteins was sig-
nificantly impaired in budding whereas influenza virus coding
for either a complete HA or NA protein was able to bud ef-
ficiently (117). Thus, the presence of either tail appears to be
sufficient for efficient budding. Clearly, further studies are also
required to solve the question how the influenza virus spikes
communicate with M, during budding.

M-RNP interactions. Binding of M protein to the RNP has
been convincingly shown by treating virus particles with deter-
gents and salt (134, 245). Treatment of virions with a mild
detergent alone solubilizes the lipid bilayer and the spikes but
leaves the M proteins attached to the RNP. The M proteins
can be released by further treatment of the particles with
high-salt buffers. For influenza virus, it has been shown that
M,-RNP interactions are also sensitive to low pH (26, 308).
Additional evidence for M-RNP interactions was obtained in
reassembly studies with VSV, which showed that the M protein
was required for condensation of the RNP (185). The M-pro-
tein extraction studies indicate that M-RNP interactions are
electrostatic. The binding is probably to the RNA of the
RNP. Indeed, it has been clearly shown that influenza virus M,
binds to RNA in vitro and that this binding is mediated by a
positively charged peptide segment (residues 80 to 111) in the
M, molecule (276, 277, 299). In addition, the crystal structure
of the dimer of M, revealed that 10 positively charged amino
acid side chains are exposed to a platform surface, formed by
a-helices of the M (middle) domain, that can interact with the
negatively charged phosphate groups of the viral RNA (243).

Model for the budding of negative-strand RNA viruses. The
structural organization of M in the virion and its involvement
in multiple interactions with other viral proteins and RNP
support the assumption that budding of negative-strand RNA
viruses is orchestrated by this protein. M protein may self-
assemble into a membrane-associated lattice with the assis-
tance of both RNP and spikes. The involvement of the latter
components in the formation of the M lattice may promote its
curving as well. It is also possible that actin plays a role in this
process. As in retroviruses, actin has been found in purified
paramyxovirus particles (133, 189, 268) and actin filaments
have been seen by EM in association with budding virions (16).
Furthermore, the formation of complexes between the para-
myxovirus M protein and actin has been demonstrated in vitro
(100).

General Concept of Budding

For a long time, it was thought that budding in general is
driven by interactions between the spikes and the internal
components of the virion. It is now becoming clear that various
other types of intermolecular interactions are engaged in bud-
ding as well. These include lateral (sideward) interactions be-
tween core (Gag), matrix, or membrane proteins and interac-
tions between core or matrix proteins and the lipid bilayer.
Each virus has evolved a unique fine mechanism of budding
directed by one or more of these kinds of interactions (Fig. 2).

VIRUS MATURATION BY BUDDING 1181

Interestingly, the budding processes of the different viruses
have in common the fact that they involve a peripheral or
integral membrane protein that is engaged in lateral interac-
tions. A clear example is coronavirus budding, which seems to
be directed entirely by lateral interactions between the enve-
lope proteins. It is therefore tempting to speculate that the
budding of most viruses is mastered by lateral interactions
between integral or peripheral membrane proteins. According
to this model, establishment of lateral interactions between the
membrane proteins results in the formation of a protein lattice
within or at the surface of the membrane. Hence, the budding
reaction is in essence the result of the association of membrane
proteins. Notably, the lateral interactions between the mem-
brane proteins in many viruses is controlled by additional pro-
tein-protein or by protein-RNA interactions. For example, ret-
rovirus Gag protein possesses a strong self-assembly capacity
yet the density of the Gag lattice and its curvature may be
influenced by Gag-RNA interactions. The budding activity of
the M proteins of negative-strand RNA viruses seems to be
highly dependent on the RNP and the spikes. The latter com-
ponents interact with the laterally interacting M molecules and
may thereby assist in the formation of the M lattice and induce
its curving. The formation of the alphavirus membrane protein
lattice might be controlled largely by interactions between the
NC and the membrane protein heterodimers. The association
of the NC with a cluster of E1-E2 heterodimers might offer a
nucleation site for the assembly of the membrane protein lat-
tice, and NC-heterodimer interactions could assist in the fur-
ther recruitment of membrane protein heterodimers into this
lattice. It is even possible that the attraction of membrane
protein heterodimers to the NC directly results in bending and
curving of the membrane. However, by analogy to the pro-
posed budding mechanisms of other viruses, we expect that the
establishment of lateral interactions between the membrane
protein heterodimers at the outer surface of the membrane
also has a pivotal function in the budding of alphaviruses.

PINCHING-OFF REACTION

The process of budding is completed when the virus particle
has pinched off from the membrane. One can imagine that the
pinching-off reaction includes two dynamic steps: (i) formation
of a budding pore and (ii) membrane fission. The budding pore
represents the narrow aqueous connection between the inte-
rior of the virion and the cytoplasm at the stage at which the
viral and host membranes are still continuous. In the fission
reaction, the lipids surrounding the pore mix and reorganize
into separate membranes. The pinching-off reaction possibly
requires special functions mediated by viral proteins. For in-
stance, alphaviruses might use some structurally altered mem-
brane protein heterodimers for pore formation and membrane
fission. These processes could be similar to membrane fusion
during virus entry; the reactions just occur in the opposite
direction. In retroviruses, which do not require spikes for bud-
ding, similar pore-forming and fission functions might be car-
ried out by the Gag protein.

Alternatively, host proteins may assist in these reactions. In
this respect, the finding by Wills and collaborators about a late
assembly domain in the p2b region of the RSV Gag protein is
interesting (288, 293). Mutations in this region seem to cause
a block in the pinching-off reaction because the mutant virions
remain attached to the PM by a thin membrane “stalk.” The
domain contains a Pro sequence motif, Pro-Pro-Pro-Pro-Tyr,
which is also found in the Gag protein of many other retrovi-
ruses although not in HIV-1. In the latter virus, another Pro-
rich domain with similar late assembly functions has been
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identified instead (93, 196). Surprisingly, the common Pro se-
quence motif is identical to the binding site of the Trp-Trp
(WW) motif found in certain cellular signalling and cytoskel-
eton proteins. It is therefore possible that the Gag precursors
interact with such proteins for the purpose of pinching off.
Indeed, an interaction between the RSV Gag protein and the
WW domain of Yap has been demonstrated in vitro (83). Yap
is a signalling molecule that interacts with Yes, which in turn is
a PM-associated tyrosine kinase (260).

CONTROL OF ACTIVITIES THAT DRIVE BUDDING

Control Mechanisms in the Infected Cell

Virus assembly occurs at distinct places in the cell and re-
quires the colocalization of the structural components. Newly
synthesized proteins are therefore prevented from initiating
budding reactions until they have been transported to the site
of assembly. Thus, the budding-driving activity of viral proteins
is strictly regulated in time and space. When different compo-
nents cooperate in budding, e.g., the membrane protein het-
erodimers and the NC of alphaviruses, it is probably enough to
control the binding activity of only one of the partners. In fact,
it has been shown that the tail of the SIN E2 membrane
protein is not exposed to the cytoplasm when the protein is still
located at the beginning of the secretory pathway (154). This
should effectively prevent premature association between the
NC and the heterodimers. Similar conclusions have been drawn
about the exposure of the tail of the VSV G protein (162). The
question how the corresponding control mechanism operates
for retroviruses is intriguing. It is particularly difficult to un-
derstand how the membrane-binding activity of the type D
retrovirus core is suppressed before it reaches the PM. It might
involve shielding of the NH,-terminal myristic acid of the Gag
protein (168).

Recent studies have revealed an interesting kind of fine-tun-
ing of the budding process in hepadnaviruses (89). By use of
polymerase mutants of HBV and duck hepatitis virus, it has
been demonstrated that budding occurs only if the proviral
genome has been reverse transcribed inside the NC. This sug-
gests that the latter process primes the NC to interact with the
envelope proteins. Accordingly, capsids lacking the genome
and/or polymerase cannot be used for budding.

Control Mechanisms during Virus Entry

An important step in virion maturation is that the budding-
driving interactions have to be weakened or abrogated at some
stage after the virion has formed. This is necessary to enable
the NC of the incoming virion to penetrate the cytoplasm of an
uninfected cell after fusion. At present, we can only speculate
how the strength of the envelope-NC interactions is controlled.
By analogy to the well-defined control mechanisms in virus-
mediated membrane fusion (28, 33, 105, 229, 275), those of NC
uncoating are probably based on specific triggers that change
the structure and hence the function and activity of the pro-
teins that were engaged in budding. To understand how the
trigger might control the budding-driving activity, it is impor-
tant to consider two general aspects of budding. First, budding
is driven by numerous repetitive protein-protein and/or pro-
tein-lipid interactions. Small changes in the strength of these
interactions may therefore have a drastic impact on the stabil-
ity of the particle whose integrity is maintained by the con-
certed forces of these interactions. Second, a newly formed
virion is stabilized through its closed structure. Therefore, the
envelope-NC interactions may be abrogated after the virion
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has pinched off while the envelope remains intact. Below, we
describe how the envelope-NC interactions might be con-
trolled in some viruses.

Hepadnaviruses may exploit a novel mechanism to control
the strength of envelope protein-NC interactions during virus
maturation and entry. Binding of envelope protein to the NC
is mediated by the NH,-terminal, pre-S portion of the L pro-
tein (21, 24, 59). Translocation of this multispanning mem-
brane protein is initiated by an internal signal sequence which
is located downstream of the pre-S region (61, 62). This leaves
the pre-S region exposed to the cytoplasm available for inter-
action with the NC. However, in about half of the L molecules,
pre-S is translocated posttranslationally to the luminal side of
the membrane (23, 264). Consequently, about half of the pre-S
regions is exposed at the surface of virus particles, where they
function as ligands for receptors on host cells (126). It is pos-
sible that a high concentration of L molecules with a cytoplas-
mically exposed pre-S region is required to initiate binding to
the NC. Translocation of the pre-S region might then occur
before or shortly after completion of budding. This should
weaken the NC-envelope protein interaction inside the virion
and thereby facilitate membrane fusion and subsequent release
of the NC into the cytoplasm during virus entry.

Unwrapping the retrovirus envelope is probably facilitated
through cleavage of the Gag protein. The enzyme responsible
for this cleavage is an aspartyl protease, which resides in the
Gag-Pol fusion protein (123). It becomes active upon its dim-
erization after incorporation of Gag-Pol into the Gag lattice.
One result of the cleavage is that the membrane-interacting
part of the Gag lattice, i.e., the MA domain, is released from
the other Gag products (17, 88). There are reasons to believe
that the remaining layer of MA protein underneath the enve-
lope is less stable than the original Gag lattice (108, 184, 213).
First, it lacks the CA domain, which is, as already discussed,
supposedly engaged in extensive intermolecular interactions in
the Gag lattice. Second, the cleavage of Gag possibly induces
structural changes in the MA protein that loosen its association
with the membrane. This is supported by membrane-binding
studies that have been done with the Gag precursor and MA
protein of HIV both in cells that express these proteins and in
vitro with purified proteins and liposomes (64, 310). The re-
sults showed clearly that the MA protein binds less efficiently
to membranes than the Gag precursor does. Therefore, the
cleavage of the Gag protein most probably represents the trig-
ger controlling the membrane-core interactions in retroviruses.
This model predicts that the core of immature retrovirus par-
ticles is unable to penetrate the cytoplasm during entry.

The penetration of influenza A virus into new host cells is
probably facilitated by a structural change in the submembrane
layer of M, protein. This might be triggered by the low pH that
the incoming virion encounters in endosomes. Protons are
probably transported across the viral membrane into the inte-
rior of the virion through the ion channel formed by the minor
envelope protein, M, (132, 209). This model is supported by
indirect evidence. For instance, it has been shown that the
activity of the M, channel is important for the disruption of
M,-RNP interactions in incoming virus. If the channel activity
is inhibited by the drug amantadine M,-RNP dissociation does
not occur and the RNP cannot be routed to the nucleus to start
replication (164). In addition, it has been demonstrated that
the M,-RNP interaction is pH sensitive (26, 308). However, it
is not yet clear whether acidification also affects M;-M; or
M,-membrane interactions. Nevertheless, a strong indication
that this might be true for M,-lipid membrane interaction is
obtained from X-ray analysis of the M, protein crystal (243).
This revealed that the proposed membrane-binding region of
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the N domain is buried within the interface of the N and M
domains at pH 4.0. It has been proposed that the hydrophobic
region is exposed to interactions with the membrane during
virus assembly and that the low pH in the endosome triggers a
conformational switch, i.e., flipping of the N domain, that leads
to the structure found in the crystal (243).

ASSEMBLY OF VIRAL COMPONENTS THAT
DO NOT DRIVE BUDDING

Many viruses possess structural components that are not
actively engaged in budding but are essential in other processes
of the virus life cycle. These include, for retroviruses, the Env
and Gag-Pol proteins and the genome and, for coronaviruses,
the S protein and the NC. To become part of the virion these
components have to interact with the budding driving proteins.
Below, we discuss the mechanisms that control the inclusion of
the additional components into the virion.

Incorporation of Genomes, Env, and
Gag-Pol into Retroviruses

The mechanism for uptake of Env protein into the retroviral
membrane has been rather puzzling for a long time, since it
was very difficult to identify Env-Gag interactions. This issue
was initially addressed by studying the effects of genetic engi-
neering of the tail of the Env protein. The rationale of the
approach was that disruption or deletion of a potential Gag-
binding site in the Env tail would prevent the incorporation of
Env into the virion. Surprisingly, it was found that the tailless
form of the RSV, HIV, and SIV Env proteins is assembled into
the envelope of the respective viruses with an efficiency at least
as high as that for the wt Env protein (76, 206, 287, 313). A
glycosylphosphatidylinositol (GPI)-anchored version of the
HIV-1 Env protein was also found to enter virus particles
(230). This suggested that Env is incorporated into the virion
not through specific interactions with the Gag protein but by
some other, nonspecific mechanism instead. However, it has
also been shown that many irrelevant PM-resident proteins are
not excluded from the retrovirus envelope (see below). This
means that the incorporation assay with engineered Env pro-
teins would probably fail to reveal any specific Env-Gag inter-
actions. The results of the above-described experiments are
therefore inconclusive. However, other studies provided con-
vincing evidence for the existence of Env-Gag interactions.

First, Cosson (43a) has obtained biochemical data for HIV
Env-Gag interactions in an in vitro binding assay in which sol-
uble MA-B-galactosidase fusion proteins were bound to glu-
tathione S-transferase—Env tail fusion proteins. It was found
that a peptide corresponding to the 67 COOH-terminal amino
acid residues of the Env tail (comprising 150 residues) can bind
to the MA protein. The reaction was specific, since several mu-
tations in the Env tail and MA protein abolished the interac-
tion.

Second, Compans and coworkers have used polarized epi-
thelial MDCK cells to study Env-Gag interactions in HIV
(192). They found that the expression of gag alone results in
the release of Gag particles from both apical and basolateral
membranes. However, when env was coexpressed budding was
restricted to the basolateral membrane. Since the Env protein
is intrinsically targeted to the latter membrane, it is likely that
the location of budding was determined by specific Env-Gag
interactions. This explanation has been supported by analyzing
Env tail and Gag-MA mutants in a similar assay (155).

Third, primary dorsal root ganglion cells have been used to
show that the MLV and HIV Env proteins can restrict the sub-
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cellular localization of the homologous Gag protein to the so-
matodendritic region (278). When expressed separately, the Env
proteins are localized to the somatodendritic regions whereas
the Gag protein is found in the axons as well.

Fourth, several reports describe the introduction of point
mutations and deletions in the MA coding region of the HIV-
1, SIV, and MPMV genomes (52, 71, 139, 218, 303). Expres-
sion of many of these mutant genomes resulted in the pro-
duction of Gag particles containing little or no Env protein,
suggesting that an Env-binding site in the MA domain of the
Gag protein had been inactivated by the mutations.

Finally, it should be mentioned that some mutant Env pro-
teins of HIV, MPMYV, and MLV having point mutations, par-
tial deletions, or linker insertions in the tail domain, respec-
tively, fail to be incorporated into the viral membrane (18, 53,
94, 95, 115, 304). Although these results fit with the existence
of an MA-binding site in the Env tail, it should be noted that
there are alternative explanations for the lack of incorporation.
For instance, similar results would have been obtained if the
mutations affected the transport of Env to the budding site
(e.g., by causing a change in the protein’s properties of being
subjected to exo- or endocytosis).

The mechanism of incorporation of Gag-Pol into retrovirus
particles has been studied in cells coexpressing wt and mutant
forms of Gag and Gag-Pol. The results showed that the Gag
molecules trap Gag-Pol protein into the particles through spe-
cific interactions mediated by the CA domain (197, 248, 253).
It has also been demonstrated that the NC domain of the Gag
protein interacts specifically with an encapsidation signal, {s, in
the genome (2, 12, 14, 45, 47, 57, 173, 179, 228, 235).

Incorporation of S Protein and the Nucleocapsid
into Coronavirus Virions

The coronavirus NC presumably needs to interact with the
envelope proteins to ensure its uptake into virions. A likely
partner engaged in such interactions is the M protein because
of its abundance and its prominent role in assembly. Although
M-NC interactions have not been characterized in detail, it has
been demonstrated that the NC and the M protein of deter-
gent-solubilized virions associate at 37°C (259). In addition, M
protein has been found in purified NCs derived from virus
particles that had been mildly treated with detergents (222).

The S protein seems to be incorporated into virions through
specific interactions with the M protein. Heteromultimeric
complexes of M and S proteins have been identified in lysates
of infected cells and virions by use of coimmunoprecipitation
and sedimentation assays. The two envelope proteins also as-
sociate into large complexes when they are coexpressed in the
absence of other coronavirus proteins (187). Under these con-
ditions, the S protein is prevented from being transported to
the PM, but instead it is retained intracellularly by the M
protein (M accumulates within cells by itself). Thus, specific
M-S interactions determine the intracellular transport of the S
protein and direct its assembly into virus particles. Accord-
ingly, the incorporation of spikes into virions does not depend
on the NC. This has been verified in studies showing that S is
also assembled into envelopes that are formed in the absence
of the NC (270).

PROTEIN SORTING IN BUDDING

The formation of the viral membrane is thought to be a
process of stringent protein sorting during which cellular pro-
teins are displaced by viral envelope proteins. Indeed, highly
purified preparations of SIN virions are virtually devoid of host
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contaminants (255). The efficient exclusion of host proteins is
probably due to the extensive and specific interactions formed
between the membrane protein heterodimers and between the
latter and the NC (36, 73). This leaves little space for host
membrane proteins.

However, other viruses may be less selective in the assembly
of their envelope. For instance, it has been shown in a large
number of studies that foreign membrane proteins are fre-
quently taken up into retrovirus particles. Phenotypic mixing
observed in cells coinfected with RSV and VSV exemplifies
that retroviruses allow the incorporation of foreign spike pro-
teins (280, 281). In an extreme case, foreign spike protein can
completely substitute for homologous Env protein, resulting in
the generation of so-called pseudotyped virions. This phenom-
enon has been repeatedly noticed in studies in which Env-
defective retroviruses were coexpressed with heterologous env
or foreign spike protein genes (50, 135, 136).

Retroviruses tolerate also the incorporation of several host
PM proteins. For instance, significant amounts of HLA DR
protein (about 15% of the Gag content) have been detected in
HIV-1 particles produced in H9 cells (3). Similarly, host cell
adhesion receptors, Thy-1, and CD4 molecules have been
found in the envelopes of HIV-1, MLV, and avian leukosis
virus, respectively (30, 70, 188, 190, 302).

However, serious criticism has recently been raised against
the finding of foreign membrane proteins in retrovirus parti-
cles, particularly in HIV-1. Studies of HIV-1-producing lym-
phocytes demonstrated that these cells endogeneously release
PM-derived microvesicles which copurify with virus particles
(15, 91, 214). Therefore, the amounts of foreign proteins in
retrovirus particles might be overestimated and should be re-
considered. Nevertheless, the phenomenon of incorporation of
unrelated proteins most probably remains true. This is con-
vincingly illustrated by the fact that retroviruses can be neu-
tralized, both in vitro and in vivo, with antibodies specific for
foreign membrane proteins (4, 35, 280, 281). Moreover, for-
eign proteins have been detected in situ, i.e., at the surface of
the virions, by immunogold labelling and EM analysis (86, 107,
171).

Foreign membrane proteins have also been found in the
envelopes of rhabdoviruses. For instance, phenotypically
mixed VSV particles are formed in cells coinfected with VSV
and other enveloped RNA viruses (279, 292). Furthermore,
cell surface iodination revealed that some host-specific PM
proteins enter the VSV envelope during budding (156). Simi-
larly, CD4 molecules, expressed by a recombinant vaccinia
virus, are incorporated into VSV 15045 particles (241). Finally,
Rose and colleagues have studied a recombinant VSV express-
ing the CD4 and measles virus H and F genes (237). They
found that the foreign proteins were expressed at levels corre-
sponding to 25 to 60% of that of the G protein and that all of
them entered the VSV envelope to a significant extent (20 to
30% of G) without displacing any of the homologous spikes.
Collectively, these results suggest that budding of rhabdovi-
ruses is not accompanied by extensive extrusion of foreign
membrane proteins from the viral envelope. The fact that
phenotypic mixing occurs in both paramyxoviruses and ortho-
myxoviruses suggests that these viruses also fail to exclude
irrelevant membrane proteins during budding (305).

Taken together, these data suggest that envelope formation
is not generally accompanied by stringent protein sorting. In-
stead, the extent of sorting varies between viruses. The effi-
ciency of sorting most probably depends on the specificity of
the molecular interactions involved in the formation of the
particle. These interactions underlie the specific association of
the structural components, thereby displacing nonrelated pro-
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teins. In addition, the structural organization of the viral pro-
teins plays an important role in sorting. Basically, envelope
assembly can be envisaged as the formation of a lattice by
integral or peripheral membrane protein. Such a lattice offers
room to the full complement of structural envelope compo-
nents that are incorporated through specific molecular inter-
actions. If not all positions are occupied by viral proteins or
when additional space is available, nonrelated proteins may
remain in the membrane. Accordingly, foreign membrane pro-
teins are expected to be passively incorporated into the enve-
lope if they do not sterically hinder the process of envelope
formation.

Protein sorting in budding presumably forms a primary con-
straint on virus evolution. Viruses may often have the oppor-
tunity to diverge through mutation and recombination. Muta-
tions in the structural proteins are tolerated if they do not
interfere with the formation of viable progeny. It is also pos-
sible that viruses assume a nonrelated protein, for instance
from another virus during mixed infections or from the host
cell, to supplement the virion. Complementation of a virus with
a nonrelated structural protein, however, largely depends on
whether this protein withstands the pressure of sorting. The
rate at which the nature and diversity of structural components
evolve is therefore particularly determined by the selection
criteria imposed by viral sorting mechanisms.

In this context, it is interesting that some coronavirus vari-
ants are complemented with a fourth structural envelope pro-
tein, the hemagglutinin-esterase (HE) protein (111, 251). This
protein may facilitate infection and has a significant homology
to the HE protein of influenza C virus. It has been speculated
that coronaviruses acquired the HE-encoding gene by recom-
bination with the latter virus (158) or through recombination
with a host mRNA (43). Liao et al. (148) have shown that
exogeneously expressed HE protein is also incorporated into
the progeny of an HE-defective virus. Apparently, the corona-
virus envelope has the flexibility to accommodate a variable
number of different proteins. It is perhaps because of this
feature that coronaviruses could adopt a nonrelated structural
protein during evolution.

CONCLUDING REMARKS AND PROSPECTS

Most significantly, the progress in research on virus budding
has changed the idea that the capsid simply recruits a mem-
brane around itself by attracting virus-specific proteins associ-
ated with the membrane. Rather, formation of the envelope
appears to be a distinct step in virion assembly that requires
specific functions of one or a few structural proteins. These
proteins can be either spike proteins (alphavirus), matrix pro-
teins (orthomyxoviruses, paramyxoviruses, and rhabdovirus),
membrane proteins (coronavirus), or core (Gag) proteins (ret-
rovirus) that engage in lateral interactions. They thereby pack
into lattices to form a cage-like construction at the outer sur-
face of, within, or underneath the membrane. The budding
reaction as such is fully integrated into this process; the mem-
brane adopts the curvature of the “cage” while it is being as-
sembled.

Clearly, detailed characterization of the proteins and molec-
ular interactions involved in budding, as well as structural
analysis of the assembled virion, has proven to be invaluable in
providing insights into the budding of the viruses described in
this review. Nevertheless, the picture of the budding mecha-
nism of these viruses, even of those that have been very exten-
sively studied, is still incomplete. Thus, it will be of great im-
portance to obtain detailed information about the structure of
the entire membrane-associated protein lattice or cage and to



VoL. 62, 1998

unravel the process by which it is assembled during virus mat-
uration and disassembled during virus entry. For instance, de-
termination of the ultrastructure of the alphavirus hetero-
dimeric membrane protein subunit (E1-E2) would probably
illuminate the nature of the heterodimer-heterodimer interac-
tions at the external surface of the viral membrane. For retro-
viruses, it will be necessary to resolve the structure of the Gag
lattice to high resolution in order to establish its geometry and
to determine how the postulated Gag trimers interact with
each other. Structural determination of the membrane-associ-
ated protein lattices in other viruses is still in its infancy. It is
expected that concerted efforts to solve the structures of these
lattices by cryo-EM and by high-resolution analysis of individ-
ual proteins or protein domains will be amply rewarded with
novel insights in the budding mechanism of these viruses.

It will be a great challenge to develop a system in which bud-
ding can be reconstituted in vitro by using purified viral con-
stituents and artificial membranes. This approach might be
most feasible for retroviruses. Such a system could, for in-
stance, be used to directly test the involvement of RNA in
budding. In vitro-reconstituted budding would also open the
possibility of measuring the effects on budding of various fac-
tors and conditions, such as protein concentration, lipids, ions,
and temperature. It should be noted that some promising at-
tempts in establishing in vitro assembly systems for retroviruses
have been reported (31, 151, 227, 252, 265).

Some aspects of budding have remained almost completely
mysterious. In particular, the pinching-off reaction and the role
of host components (e.g., actin) in budding have not been
elucidated. The use of perforated cells in which budding can be
controlled by conditioning the cytoplasm from outside could be
one approach to studying these subjects.

Finally, it will be of interest to investigate whether and how
host proteins and lipids are sorted during envelope formation.
For this purpose, the protein and lipid composition of the viral
envelope and the donor (host) membrane should be compared
quantitatively and qualitatively. One of the major precondi-
tions for these studies is that the viral envelopes and the cel-
lular host membranes can be purified from contaminants.
Analysis of the criteria by which proteins and lipids are exclud-
ed from the envelope would be informative in identifying the
mechanism of sorting.

Overall, we conclude that there are still many important and
interesting questions about virus budding. The field of virus
budding will therefore remain the subject of intensive study in
the future.
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