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Assembly of the HIV-1 Core Particle
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Abstract

The core particle of HIV-1 assembles at the membrane of the host cell as the virus
buds from the surface. The structural proteins and enzymes that comprise the
core are translated as part of two polyprotein precursors, Gag and GagPol. The
Gag precursor contains the structural proteins of the core and is both necessary
and sufficient for directing particle assembly and budding. Over the past few
years, significant progress has been made in our understanding of the
interactions that drive particle assembly. Specifically, determinants within the Gag
precursor that direct membrane association, Gag-Gag interactions and particle
budding have been identified and partially characterized. Subdomains of the host
cell membrane that favor particle assembly and budding have also been
described. Finally, a potential role for cellular processes in mediating the final
stages in particle release has recently been proposed and a cellular protein that
appears to bind directly to the Gag precursor has been identified. Each of these
observations helps to clarify previously obscure aspects of viral replication and
points towards potential targets for the design of novel therapies.
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Overview

Viral assembly is the process by which all of the
components of the viral particle come together at
the end of the life cycle to form a replic tlon -com-
petent virus. For the hu € r
type 1 (HIV-1), as is the ca rl’cgj”q% tyP)e lr\gt
viruses, this occurs largely at the me 6:ﬁjme of, the
infected cell and involves| @eraCt
plasma membranes, the intracellular tracking appa-

e@r

ratus and viral proteins. The infectious viral particle
that ultimately arises from this complicated, ordered
process.is.enveloped.and approximately.80-100.nM
in diameter'. It contains two identical positive-

tranded copies of the viral genomic RNA within a
E}Jﬁ{@]ﬁp@(ﬂelm@ deyee core structure.

As an enveloped vifus, HIV-1 buds from the sur-
face O]E the infected cell, in the process acquiring

EI el Wdr o fards that surround the mature
V|ral particle. Associated with the membrane are
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glycoproteins are translated as a precursor of
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Figure 1A. Distribution of core protein coding domains within the gag and pol reading frames. The structural proteins of the core
(MA — matrix, CA — capsid, and NC — nucleocapsid) are contained within the gag reading frame. The core enzymes

(PR — protease, RT — reverse transcriptase, and IN — integrase) are encoded within pol. There are several additional coding
domains/protease cleavage products (p2, p1 and TF — transframe) whose role in virus replication is uncertain. p6 appears to play
a role in the late steps of particle release of the particle from the surface of the host cell.

Figure 1B. Distribution of Gag and GagPol proteins within
a mature, fully assembled core particle.

teins with a related activity, cleave the envelope
precursor®.

The structural proteins and enzymes that com-
prise the core particle are translated as part of the
two polyprotein precursors, Gag and GagPol (Fig. 1
a,b)’®. The gag and pol genes overlap near the 3’
end of gag and the 5" end of pol; the pol reading
frame is shifted-1 relative to that of Gag. GagPol is a
fusion of the protein products of the gag and pol
genes and is translated at a level about 5% that of
Gag. This larger precursor arises from a -1 riboso-
mal frameshift. The structural proteins associated
with the viral core are encoded by the Gag precur-
sor. These include the matrlx protein MA) that lines
the inner face of the
protein (CA) that makes up t
particle, the nucleocapsid protem
acts with the viral single- stravﬁ@
p6, a protein that appears to be mvolved both in the
incorporation of the virien SSOCI t chprotem VPR
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processes that are only now being elucidated. The
nascent viral particle then buds from the surface of
the cell. At around the time of budding, the Gag and
GagPol precursors are processed by the viral pro-
tease that is contained within GagPol'®.

What becomes clear from even this cursory
overview is that the successful assembly of a viral
particle requires the resolution of a number of compli-
cated problems. Conceptually, these problems may
be grouped into those related to the interaction of viral
proteins with each other, and the interaction of viral
proteins with normal cellular processes. Although the
complete characterization of viral assembly is an
endeavor that appears to be in its infancy, recent
insights from studies in both in vitro and in vivo
assembly systems have shed new light on critical fea-
tures of assembly. These include the identification of
domains within the viral core precursors that are
involved in important protein-protein interactions, as
well as potential cellular partners that appear to play
crucial roles in the process of assembly. Overall,
these findings deepen our understanding of this intri-
cately choreographed process and raise the promise
of alternate targets for drug therapies. This review will
focus on recent advances in our understanding of the
assembly of the core particle of HIV-1. Several excel-
lent summaries have recently reviewed the structure
and function of the viral envelope proteins'® and pack-
aging of the viral genomic RNA'".

Assembly Domains within the Gag
Precursor

For all retroviruses studied, the determinants of

sence of other viral proteins results in the bud-
tF‘({)}i@@@ S‘Wn’ ike particles (VLPs) from
eIIs78 In fact, several groups have designed and
ssed mlnlmal Gag constructs that are compe-

L ﬁ&ﬂm:l bl @[3tudies in which only

native HIV sequences are used, the 55-kDa precur-

encodes several viral enzymes includi tcifag{seb L@Psh}tééeplaced by a deleted 28-kDa protein™. =
protease (PR) as well as the reverse transcript L! terologous sequences in the place of N
(RT) and integrase (IN). some functional sequences, a precursor as small as “
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Assembly of the Gag precursor into particles may
be conceptualized as a series of steps: interaction
of the Gag precursors with the cell membrane, inter-
action of the precursors with each other, and
release of the particle from the cell surface. Recent-
ly, each of these steps in capsid assembly has been
mapped to specific domains within Gag (Fig. 2).

M-domain. Membrane association of the precur-
sor is, to a large part, determined by the M-domain,
which is comprised of the first 32 residues in MA
and the myristate that is added to the N-terminal
glycine™®. The M-domain contains a stretch of basic
amino acids between residues 15 and 31'%. Sub-
stitution of these basic residues impairs membrane
binding of Gag; structural studies of the mature MA
protein suggest that these residues form a charged
patch in a globular domain of the protein that stabi-
lizes the association of the membrane and precur-
sor by interacting with membrane phospholipids®™.
Of note, comparative studies of other retroviruses
suggest that anchoring of the Gag precursor to the
membrane through interactions between basic
amino acids in MA and membrane phospholipids
may be a conserved feature of retroviral assem-
bly'®7. However, these studies also indicate that
membrane targeting of the precursor is, at least in
some cases, species specific. For example, mouse
cells are unable to support replication of HIV, even
when species-specific blocks to early steps in the
viral life cycle are bypassed®®. Inappropriate
membrane targeting of the precursor has been not-
ed in a number of murine cell lines. By substituting
MA sequences from the Moloney murine leukemia
virus (M-MuLV), this block to appropriate membrane
targeting could be overcome?'.

The role of the myristate moiety is more complex.
Itis clear that myristoylation of the N-terminus of the
precursor promotes efficient association of the pre-
cursor with the membrane'. However, once the viral
PR cleaves the MA from the precursor, this associa-
tion is considerably weakened®. It has been sug-
gested that this is consistent with a myristyl switch
model®. In this scenario, cleavage of the precursor
produces a conformational change in MA that
reduces the exposure of the hydrophobic myris-
tate™2+% Sequestration of the myristate, in turn,
decreases the affinity of the mature matrix protein

L L

for the membrane. Such a model would help explain
the proposed requirement that MA disengages from
the membrane upon infection of susceptible cells to
participate in early steps in viral replication, includ-
ing nuclear import of the viral genome (for review,
see 27). Evidence that the precursor interacts pref-
erentially with specific regions of the membrane is
reviewed below.

I-Domain. A portion of the Gag precursor that is
important for Gag-Gag interactions has been
mapped to two discontinuous regions stretching
from the C-terminal portion of the CA protein into the
viral NC protein. This has been termed the “I” or
“Interaction” domain?%, Equilibrium density mea-
surements demonstrate that retroviral particles have
a density of about 1.16 g/ml and mutational analy-
ses suggest that residues in this region play a role in
determining particle density?®. Although there is a
consensus that residues involved in this domain do
not overlap with the amino acids that comprise the
Zn-finger motifs of the NC protein, mapping studies
have yielded somewhat conflicting results regard-
ing the role of basic residues within NC®'.

Several studies of viral particles assembling in
vitro suggest that viral RNA may play a role in Gag-
Gag interaction®*®. Expression of HIV-1 CA-NC
constructs in E. coliresult in the generation of cylin-
drical protein aggregates. Additional findings
include the observation that RNA is required for the
production of these cylinders and that the length of
the cylinders is dependent on the length of the RNA.
Further, it was demonstrated that any RNA, and not
necessarily viral RNA, is sufficient for cylinder pro-
duction®. Finally, expression of either Gag or
Gag/Pol in COS7 cells produces complexes that are
pelletable in the presence of 1% Triton X-100%.
These complexes are destabilized when exposed
to RNase. Interestingly, this requirement for the
presence of RNA is independent of HIV-1 RNA; non-
viral RNA appears to be adequate to support pre-
cursor multimerization®. Overall, these studies sug-
gest a model in which RNA acts as a scaffold that
promotes Gag multimerization.

L-Domain. The presence of a domain within Gag
that plays a role late in viral assembly was suggest-
ed by early deletion studies. Gag constructs lacking
the C-terminal p6 protein produced unusual-looking
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viral particles that remained attached to producer
cells by what appeared to be thin cytoplasmic
extensions or “stalks™®. Partially assembled viral
particles could also be seen accumulating at the
plasma membranes of the transfected cells. It
appeared from EM studies that the final stages of
assembly in which the cellular membrane “pinches
off” and the viral particle is released were, in some
way, defective for these mutants. Since that time, the
nature of this domain and the mechanism of particle
release have been the subject of intense scrutiny.
The precise mechanism by which the assembling
particle separates from the cell surface remains
obscure, but several features of particle separation
and the L-domain have been characterized.

Firstly, separation of the particle involves fusion of
the membranes that ultimately surround the viral
particle and is likely to be an energetically unfavor-
able process. As expected, VLP production is dra-
matically decreased in Gag-producing cells that are
pharmacologically depleted of ATP%. Further, viral
assembly intermediates stalled late in the assembly
process were identified by density centrifugation®.
Additional evidence supporting this conclusion
comes from EM studies that reveal incompletely
budded particles lining the surface of these ATP-
depleted cells®.

Secondly, the critical residues within the C-termi-
nal p6 protein have been more completely charac-
terized. It appears that a proline-rich sequence
(Pro-Thr-Ala-Pro) the N-terminus of the protein is
critical for this late assembly function*#?, Deletion of
sequences downstream of this so-called “PTAP”
motif appeared to have no effect on this late assem-
bly function.

Finally, late domains with similar activities have
been identified in other retroviruses. These include
a proline-rich region of the p2b protein (PPPY) of
Rous sarcoma virus (RSV)*, an identical sequence
in the Moloney murine leukemia virus (M-MulV)*
and the p9 protein (YPDL) of the equine infectious
anemia virus (EIAV)*. Particularly intriguing are the
observations that, not only can these L-domains
from diverse viruses replace one another, but that
they may function in a positionally independent
manner. For example, it has been demonstrated
that deletion of the YPDL late domain sequence
from EIAV has dramatic effects on both viral assem-
bly and infectivity*. However, if one replaces the
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retroviruses, but it also seems likely that the L-
domains mediate distinct functions related to
assembly and infectivity.

Other Gag Domains. Although much work has
focused on these three regions of the Gag precur-
sor, it is important to note that several other regions
of Gag have been implicated in genetic studies as
assembly determinants. For example, several stud-
ies have identified mutations within the HIV CA pro-
tein that lie outside of the recognized assembly
domains, yet still have profound effects on particle
assembly“®'. These include substitutions within
and just C-terminal to the major homology region
(MHR) of CA®2. As its name suggests, the MHR is a
conserved sequence found in the Gag precursor of
all retroviruses. Genetic studies suggest that the
MHR plays a role in assembly and infectivity®?; bio-
chemical studies in in vitro model systems indicate
that Gag precursors lacking the MHR bind less effi-
ciently to membranes®. In vitro studies have also
demonstrated that Gag-Gag interactions are
impaired for purified precursors lacking the MHR®.
In addition, structural studies of the HIV capsid
have identified a dimerization domain that is critical
for particle assembly in vitro®.

Another part of the Gag precursor that is impor-
tant in directing assembly is the p2 spacer peptide
that is present at the C-terminus of CA. These small
peptides are a common feature of the Gag precur-
sors in many retroviruses. Mutations in this region
diminish particle release and produce aberrantly
assembled, non-infectious particles®.

Finally, the protease-mediated processing of Gag
also plays a role in the appropriate particle assem-
bly in addition to the myristyl switch mechanism
proposed above. Although unprocessed Gag pre-
cursors may produce VLPs, the particles formed
lack the condensed, electron-dense core seen in
mature particles. Inhibition of the viral protease pro-
duces particles with a similar morphology®’. Assem-
bly of fully infectious particles appears to be exquis-
itely sensitive to protease inhibition; even minimal
inhibition of the protease produces profound
deficits in infectivity™. Studies of in vitro particle
assembly also suggest a role for the protease.
Although expression of CA alone can result in the
production of hollow, cylindrical particles, a short N-
terminal extension of capsid into the matrix protein
converts these cylinders into spherical particles®.
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This is supported by the observation that actin
appears to be concentrated within the particle
itself®®. Perhaps the most compelling evidence for a
necessary “human factor” in HIV assembly comes
from studies of mouse-human heterokaryons. In
these experiments, the block to proper assembly of
HIV particles in murine fibroblasts was overcome by
fusing the murine cells with transformed human T-
cell lines®".

The cell membrane is the site at which the final
steps in HIV particle assembly occur. Although
membrane-based particle assembly would seem to
require active processes with a relatively high
degree of specificity, the available data present a
somewhat complicated picture. Despite the compli-
cated nature of the choreography that must occur
between retroviral core precursors, viral core and
envelope proteins and the membrane itself, studies
indicate that many aspects of the Gag-membrane
and Gag-envelope interaction are relatively non-
specific. These include the observation that foreign
glycoproteins can be readily incorporated into viral
particles and that incorporation of the native enve-
lope glycoproteins is independent of the length of
the envelope’s cytoplasmic tail'.

In contrast, several lines of evidence suggest that
the Gag precursor is targeted to a specific region of
the membrane. First, EM studies of budding parti-
cles reveal that budding appears to occur in non-
uniformly distributed patches of the cell mem-
brane'. In addition, biophysical studies indicate that
the lipid composition of the viral membrane does
not reflect the cells in which they were produced®®,
Further support for a specific interaction between
precursor and envelope proteins and the cellular
membrane comes from experiments in which viral
proteins are expressed in polarized epithelial cells.
When the Gag precursor is the only viral protein
expressed in these cells, VLPs are seen budding
from both the basolateral and apical surfaces of the
monolayer®. In contrast, expression of viral enve-
lope proteins alone is restricted to the basolateral
surface of the cells. Co-expression of viral envelope
and Gag proteins produces particles that bud from
the basolateral surface®. As expected, expression
of the complete retroviral genome in polarized cells
results in budding particles restricted to the baso-
lateral surface of the polarized cell monolayer®.
Overall, these results suggest that there is some
specific interaction b
directs particle format
plasma membrane.

to those found in other viruses®. It was also report-
ed that the ratio of cholesterol to phospholipid (C/P
ratio) was unexpectedly high and that these mem-
branes were extremely ordered when evaluated by
electron spin resonance®¢. Direct comparisons
between viral membranes and the membranes of
their host cells indicated that the viral membranes
had a C/P ratio that was 2.5 times that of the host
cell and that the membranes of the viral particles
were significantly more ordered than the host cell
membranes®.

Several conclusions were suggested by this non-
uniform distribution of lipids between producer cells
and viral particles. Firstly, these observations sug-
gest that there exists a mechanism that directs the
viral precursors towards regions of the membrane
rich in these particular components. Secondly, this
arrangement of lipids in the host cell membrane
must either somehow promote budding of the new-
ly formed viral particle or in some other way be ben-
eficial to viral replication. Finally, since host cell pro-
teins are often incorporated into viral particles, it
seems possible that the membrane-associated host
cell proteins found in these regions may also play a
role in promoting viral replication.

The observation that the cell-derived membrane
of HIV is rich in cholesterol and sphingolipids was
made coincident with the evolution of the notion that
membranes may be organized into structures
known as “rafts” (for review, see 68, 69). It has been
recognized for some time that, despite the relatively
fluid nature of the membrane bilayer, different lipid
species are non-uniformly distributed. Membrane
fractions that are insoluble in the presence of the
detergent Triton X-100 were identified and were
characterized as being composed of interacting
sphingolipids and cholesterol components™. The
sphingolipid-cholesterol  interactions  serve to
exclude glycerophospholipids; specific proteins are
excluded from these microdomains as well. In addi-
tion, membrane rafts are enriched for several pro-
tein families, including glycophosphotidylinositol
(GPI)-linked proteins and the doubly acylated tyro-
sine kinases of the Src family’™”. Evidence has
accumulated that these membrane rafts and their
associated proteins play an important role as cell
surface platforms involved in signaling®. Of particu-
lar interest, rafts appear to be a membrane assem-
bly focal point for a diverse group of enveloped
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membranes and oligomeric Gag-gag assembly
complexes have imaginatively been termed
“barges’”. As expected, raft association appears to
be mediated by the Gag M-domain and binding is
depressed by treating the host cell with cholesterol
depleting agents’. Further, CD45, a membrane
phosphatase that is relatively under-represented in
the membrane of viral particles, is excluded from
both viral particles and plasma rafts™.

It is tempting to speculate on the role that these
membrane microdomains play in viral replication.
Interventions that redirect Gag from binding to rafts
decrease particle production”’. Expression of a
Gag fused to the N-terminus of Fyn, a raft-associat-
ed member of the Src family, increased particle pro-
duction™. Taken together, these studies suggest
that this association is critical in allowing the particle
to bud from the surface of the cell. Additionally, it is
plausible that, by targeting assembly and budding
to a specific region of the cell, particular proteins
are incorporated into the viral membrane. These
membrane-associated proteins may play a role in
subsequent steps in viral replication. It has also
been reported that the viral Nef protein interacts
with membrane rafts and that association with rafts
allows Nef to interact with signaling proteins”.
Therefore, in this case it appears that association of
this viral protein with membrane rafts promotes
priming of T-cells.

Particle Assembly and the Vacuolar
Protein Sorting Pathway

The recent focus on the final steps in virus
assembly in general, and L-domain function in par-
ticular, has led to a search for cellular proteins that
interact with the PTAP sequence in the HIV-1 p6 pro-
tein. As release of the assembled viral particle from
the host cell membrane requires membrane fission,
and membrane fission is not a known property of
any HIV protein, it seemed likely that a cellular part-
ner was involved. In addition, since mutations with-
in the PTAP motif block these membrane fission-
associated final stages in particle release, it also
seemed likely that this motif might represent the
docking site for such cellular partner(s). Recently,
using the yeast two-hybrid screen with either the
PTAP sequence or the entire p6 protein as bait, two
groups have independ
lar protein, human tu
(Tsg101)87, In a series of subsequen
these investigators demonst
acts directly with the PTAP m that
Tsg101 blocks buddi

xpenments
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to help select membrane-associated proteins for
ubiguitination and sorting into the lysosomal degra-
dation pathway®'. Ubiquinated proteins enter the
pathway via endocytosis into multivesicular bodies
(MVB). It has been suggested that the Gag precur-
sor “hijacks” this normal cellular process and
results in the exocytosis of the viral particle through
the cellular membrane rather than endocytosis into
the MVB. In support of this hypothesis, inhibition of
VPS through the expression of a dominant negative
mutant of a protein in the pathway resulted in arrest
of particle assembly™.

Conclusions

The assembly of HIV-1 particles reflects a com-
plex interaction between viral proteins and cellular
processes. It has become clear that a successful
response to the challenge of assembly requires
both carefully controlled interactions between
viral proteins as well as co-opted normal cellular
processes. Genetic, biophysical and functional/bio-
logical studies have been used to identify domains
within the viral Gag precursor that direct each of the
required steps of assembly. Cellular partners that
interact directly with viral proteins and support viral
assembly have recently been identified. Given the
indispensable nature of these domains for viral
assembly, as well as the evolving structural informa-
tion that is becoming available, these interactions
should make attractive targets for the development
of novel therapeutics.
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