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The human immunodeficiency virus type 1 (HIV-1) Gag precursor Pr55%“¢ by itself is capable of assembling
into retrovirus-like particles (VLP). In the present study, we attempted to identify the minimal Gag sequences
required for the formation of VLP. Our results show that about 80% of Pr55°*¢ can be either deleted or replaced
by heterologous sequences without significantly compromising VLP production. The smallest chimeric mole-
cule still able to efficiently form VLP was only about 16 kDa. This minimal Gag construct contained the leucine
zipper domain of the yeast transcription factor GCN4 to substitute for the assembly function of nucleocapsid
(NC), followed by a P-P-P-P-Y motif to provide late budding (L) domain function, and retained only the
myristylation signal and the C-terminal capsid-p2 domain of Pr55¢“¢. We also show that the L domain function
of HIV-1 p6°“ is not dependent on the presence of an active viral protease and that the NC domain of Pr55%“¢
is dispensable for the incorporation of Vpr into VLP.

The gag gene is translated into a polyprotein that is sufficient
to mediate the formation of retrovirus-like particles (VLP) in
the absence of other viral proteins. Subsequent to the assembly
of an immature virus particle, the Gag polyprotein is cleaved
by the viral protease (PR) to yield the structural proteins of the
mature virion. For human immunodeficiency virus type 1
(HIV-1), the major cleavage products are matrix (MA), capsid
(CA), nucleocapsid (NC), and p6 (11, 26). MA remains asso-
ciated with the host cell-derived lipid envelope of the virion,
CA condenses into the characteristic conical core, and NC
covers the genomic viral RNA within the core (11, 26).

Several regions of the 55-kDa HIV-1 Gag polyprotein
(Pr55%%) have been reported to be crucial for particle forma-
tion (11, 13). The N-terminal MA domain harbors a myristy-
lation signal which is essential for virus particle production (3,
19). Furthermore, a basic patch on the surface of the globular
core of MA appears to contribute to the selective association
of Pr55%“¢ with the plasma membrane by interacting with acidic
phospholipids (63). However, several studies have shown that
MA can be largely deleted or even entirely replaced by a
heterologous myristyl anchor without compromising the for-
mation of extracellular particles (33, 47, 54).

CA, which follows MA in the context of Pr55“¢, can by itself
assemble in vitro into hollow cylindrical particles reminiscent
of viral cores, but the protein concentrations required are
relatively high (20, 21, 51). Interestingly, the addition of as few
as four MA residues to the N terminus of CA resulted in the
assembly of spherical rather than cylindrical particles, indicat-
ing that cleavage at the MA-CA junction results in conforma-
tional changes that govern the rearrangement of CA into a
conical structure during virus maturation (20, 51). CA is a
largely a-helical molecule with two distinct domains that can
fold independently (12, 16, 38). The larger, N-terminal domain
is required for core formation and virus infectivity but is dis-
pensable for particle assembly in vivo (2, 8, 45, 46, 52). In
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contrast, mutations in the C-terminal third of CA, which in-
cludes the uniquely conserved major homology region (MHR),
often interfere with particle assembly (2, 8, 10, 12, 37, 46).
Additionally, certain substitutions or deletions which affect the
N terminus of p2, the 14-amino-acid peptide that separates CA
from NC, have been reported to induce grossly aberrant bud-
ding structures and to reduce the number of extracellular par-
ticles (1, 32).

The NC domain contains two copies of a conserved zinc
finger-like motif which are required for the encapsidation of
the genomic viral RNA (11). In the presence of RNA, NC can
dramatically increase the efficiency of in vitro assembly reac-
tions (4, 21), suggesting that NC serves to concentrate Pr555%¢
on viral RNA during assembly. Mutagenic analyses support
this concept by showing that NC is critical for HIV-1 assembly
in vivo (6, 9, 61).

The C-terminal p6 domain, which is found only in primate
lentiviruses, facilitates the separation of virus particles from
the cell (17, 25, 60). Additionally, p6 is required for the incor-
poration of the accessory viral protein Vpr (30, 35, 43) and has
also been implicated in the incorporation of the viral Pol and
envelope proteins (41, 59) and in the control of particle size
(14, 15). Although p6 is the most variable Gag domain among
primate lentiviruses, two highly conserved motifs can be dis-
cerned. One of these is located near the C terminus of the
domain and, in HIV-1, is essential for the incorporation of Vpr
(30, 31, 35). The second conserved motif (P-T/S-A-P-P), lo-
cated near the N terminus of p6, is crucial for the role of p6 in
virus release (17, 25). Domains which function at a late step of
the budding process, referred to as L domains, have also been
identified in other retroviruses (44, 56, 58) and, most recently,
in rhabdoviruses (5). Most of these harbor a sequence which
resembles the P-P-P-P-Y motif originally identified at the core
of the L domain of Rous sarcoma virus (RSV) (57). However,
lentivirus Gag proteins lack the P-P-P-P-Y motif but usually
contain one or more copies of the P-T/S-A-P-P motif. As first
shown by Parent et al. (42), L domains can act in a positionally
independent manner and can be exchanged between unrelated
retroviruses.
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We recently reported that the C-terminal half of Pr555%¢ is
sufficient for the efficient in vivo assembly and release of VLP
(2). Interestingly, it was also recently shown that the roles of
the C-terminal NC and p6 domains of Pr55%“¢ in particle pro-
duction can both be replaced by a leucine zipper domain (62),
a sequence which promotes dimerization (40). In the present
study, we combine these findings and demonstrate VLP for-
mation by a small chimeric molecule which harbors a leucine
zipper domain in place of NC and in which the only HIV-1 Gag
components are the six-amino-acid myristylation signal and the
C-terminal CA-p2 domain. Efficient VLP formation also re-
quired the presence of L domain function, but this function
could be provided by a short peptide which contained the
P-P-P-P-Y motif.

MATERIALS AND METHODS

Plasmids. HXBH10-PR ™, which was used to express Pr55%“, is identical to
HXBHI0, a vpu-positive variant of the HXB2 clone of HIV-1, except for a point
mutation that inactivates PR (18). Site-directed mutagenesis was used to create
the p41 mutant, which differs from HXBH10 only by a premature termination
codon in gag that replaces the codon for the first residue of NC. Similarly, the
p6~ mutant harbors a premature termination codon in place of codon 1 of p6
(17). The APTAPP mutant is a variant of HXBH10 with an in-frame deletion of
codons 7 though 11 of p6 (31). The p6~ and APTAPP mutations were also
introduced into HXBH10-PR™ to prevent proteolytic processing of the mutant
Gag precursor. The ANC-pl mutant is a variant of HXBHI10 with an in-frame
deletion in gag which results in the coding regions for p2 and p6 being fused. The
nucleotide sequence at the junction is 5" TCA GCT ACC ATA ATG CTG CAG
AGC AGA CCA 3’ (with p2 sequences in lightface type and p6 sequences in
boldface type).

To obtain the chimeric Zy,t variant of HXBHI10, site-directed mutagenesis
was used to introduce a PstI site into the HXBH10 gag gene immediately 3’ to the
p2 coding region. By making use of a natural PstI site in the GCN4 coding
sequence, we fused GCN4 codons 247 through 280 to the 3’ end of the p2 coding
region. The nucleotide sequence at the fusion site is 5" TCA GCT ACC ATA
ATG CTG CAG CGT ATG AAG 3’ (with HIV-1 gag sequences in lightface type
and GCN4 sequences in boldface type). In Zy,, GCN4 codon 280 is immediately
followed by a PCR-generated termination codon, which in turn is followed by
HIV-1 sequences, starting with the Ncol site at nucleotide (nt) 5678 of HXBH10.
The Z;; construct is identical to Zyr, except that the GCN4 sequence was
derived from a synthetic fragment which has both the a and the d positions of the
coiled coil heptad repeats mutated to isoleucine (55). To obtain the Zy,-p6 and
Z1; -p6 constructs, Sacl cloning sites were generated by standard PCR methods,
which allowed us to directly fuse the p6 coding sequence to the 3’ end of the
GCN4 sequence in the Zyw and Z;; constructs. The nucleotide sequences at the
junctions are 5" AAG CTT GTG GGT GAG CTC CAG AGC AGA CCA 3’ for
Zw1-p6 and 5’ AAA CTG ATC GGT GAG CTC CAG AGC AGA CCA 3’ for
Zy -p6 (with GCN4 sequences in boldface type and p6 sequences in lightface
type). The A-Zyr, A-Zw1-p6, and A-Zj; -p6 constructs are variants of the pre-
viously described A8-277 mutant (2); they were obtained by standard cloning
methods, making use of an Agel site in the coding region for the C-terminal CA
domain. The A-Zy,-p6(t) construct is a derivative of A-Zy,-p6 which harbors a
premature termination codon in place of codon 15 of p6. The A-Zy-p2b
construct was derived from A-Zy, by inserting a synthetic sequence which codes
for RSV p2b, followed by a stop codon, between the 3’ end of the GCN4
sequence and an Ncol site (nt 5678 of HXBH10). Vpu-negative variants of Zy,
and A-Zy-p2b were obtained by replacing a SalI-Nhel fragment (nts 5789 to
7263 of HXBH10) with the corresponding fragment from HXB2, which harbors
a defective vpu gene.

Cell culture, transfection, and viral protein analysis. HeLa cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum.
Cells (1.4 X 10°) were seeded into 80-cm? tissue culture flasks 24 h prior to
transfection. The cultures were transfected with 15 pg of proviral constructs by
a calcium phosphate precipitation technique and metabolically labeled with
[**S]methionine (50 Ci/ml) from 48 to 60 h posttransfection. Supernatants were
clarified by low-speed centrifugation and passaged through 0.45-pm-pore-size
filters. VLP released during the labeling period were spun through 20% sucrose
cushions (in phosphate-buffered saline) for 2 h at 4°C and 27,000 rpm in a
Beckman SW28 rotor. Pelleted VLP were lysed in radioimmunoprecipitation
assay buffer (140 mM NaCl, 8 mM Na,HPO,, 2 mM NaH,PO,, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.05% sodium dodecyl sulfate [SDS]), and viral
proteins were directly analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE).

To control for intracellular expression levels, the labeled cells were lysed in
radioimmunoprecipitation assay buffer, and viral proteins were immunoprecipi-
tated with AIDS patient serum as described previously (9). For immunoblot
analysis, transfected cells were lysed directly in SDS sample buffer (156 mM
Tris-HCI [pH 6.8], 2.5% SDS, 12.5% glycerol, 6% B-mercaptoethanol). The
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samples were then heated to 100°C for 5 min, resolved by SDS-PAGE, and
electroblotted onto Hybond-C Extra membranes (Amersham Pharmacia Bio-
tech). The membranes were incubated overnight at 4°C with rabbit anti-CA
polyclonal antiserum (1:2,000; Advanced Biotechnologies) in the presence of 2%
milk to block nonspecific sites, followed by incubation for 1 h at 37°C with a
peroxidase-conjugated goat anti-rabbit immunoglobulin G antibody (1:2,000;
Cappel). The blots were developed with enhanced chemiluminescence reagents
(Amersham Pharmacia Biotech).

Sucrose density gradient fractionation. [**S]methionine-labeled VLP ob-
tained from transfected HeLa cells were concentrated by centrifugation through
20% sucrose cushions, resuspended in Dulbecco’s modified Eagle’s medium, and
layered on top of a preformed 20 to 60% sucrose gradient (in phosphate-buffered
saline). Following centrifugation at 40,000 rpm in an SW41 rotor for 19 h at 4°C,
16 0.5-ml fractions were collected. The fractions were precipitated with 10%
trichloroacetic acid and analyzed by SDS-PAGE. The density of each fraction
was determined on an Abbe MARK II refractometer.

RESULTS

Dimerization and trimerization domains differ in their abil-
ity to substitute for NC-p1-p6 in particle formation. Several
studies have demonstrated that the C-terminal NC and p6
domains of the HIV-1 Gag polyprotein Pr55%“¢ are crucial for
particle assembly and release. Interestingly, Zhang et al. (62)
recently reported that particle production can be rescued by
replacing the NC-p1-p6 region of Pr55%“¢ with a coiled coil
sequence capable of forming parallel homodimers. To explore
whether the ability of the coiled coil to assume a particular
oligomerization state is crucial, we chose to use versions of the
GCN4 leucine zipper domain which form either dimers or
trimers in solution and in crystal structures (22, 23, 39). In one
case, the coding region for NC-p1-p6 was replaced with the 33
codons for the wild-type GCN4 dimerization domain, yielding
the Zy 1 construct (Fig. 1A). A second construct, Z;, , harbors
a GCN4 zipper variant with isoleucine substitutions at four a
and four d positions of its heptad repeats. It has been shown
that the presence of isoleucine residues at these positions di-
rects trimer formation (22, 23, 55).

To examine whether these modifications affect particle for-
mation, proviral constructs harboring the chimeric gag genes
were transfected into HeLa cells. After metabolic labeling with
[>*S]methionine, extracellular particles were pelleted through
sucrose cushions, and their protein content was then directly
analyzed by SDS-PAGE. As expected, a mutant which ex-
pressed a C-terminally truncated Gag precursor that corre-
sponded precisely to the authentic Gag cleavage intermediate
p4l (MA-CA-p2) (Fig. 1A) produced virtually no particles
(Fig. 1B, lane 2), despite efficient expression of the truncated
Gag product (Fig. 1C). In accordance with the finding that the
CREB leucine zipper domain can replace the assembly func-
tion of NC-p1-p6 (62), fusing the wild-type GCN4 dimerization
domain to the C terminus of p41 dramatically improved par-
ticle formation (Fig. 1B, lane 3). Taking into account the num-
ber of methionine residues present in each Gag construct, the
release levels of Zy, protein in the experiment shown in Fig.
1B, as quantified by PhosphorImager analysis, were about two-
thirds those obtained for Pr55%*¢ and were even closer to wild-
type levels in other experiments. In contrast, the Z;; construct
produced only about 10% the amount of particulate Gag pro-
tein seen with the provirus expressing wild-type Pr55%“¢ (Fig.
1B, compare lanes 1 and 5).

Dimerization and trimerization domains are equally capa-
ble of substituting for NC-pl. The chimeric constructs de-
scribed above lacked both NC and the C-terminal p6 domain
of Pr55%“¢. The p6 domain is found only in primate lentiviruses
and has been implicated in the final release of assembled
particles from the cell surface (17, 25, 42, 60). To determine
whether the absence of a p6 domain contributed to the rela-
tively low particle yields obtained with the Z;; construct, the p6
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FIG. 1. Replacement of the assembly functions of NC and p6 by GCN4
zipper sequences. (A) Comparison of the domain organizations of the HIV-1
Gag precursor Pr55%° and of mutant Gag molecules. The wavy line at the N
termini indicates the presence of a myristylation signal. The position of the MHR
within the CA domain is indicated by a cross-hatched box. Horizontal lines
denote in-frame deletions, and wild-type or mutant GCN4 zipper (Z) domains
inserted in place of Gag sequences are represented by a gray box. (B) VLP
formation. HeLa cells were transfected with a PR-defective HIV-1 provirus
expressing wild-type Pr55%* or with the indicated Gag mutants, followed by
metabolic labeling with [>*S]methionine. VLP released during the labeling pe-
riod were pelleted through sucrose and analyzed by SDS-PAGE. The migration
positions of the wild-type and mutant Gag precursors are indicated. (C) Com-
parison of cell-associated Gag protein levels by Western blotting (WB) with
anti-CA antiserum (lanes 1 to 6) or by immunoprecipitation (IP) with patient
serum from [*S]methionine-labeled cell lysates (lanes 7 and 8).

coding sequence was fused in frame to the 3’ terminus of the
variant GCN4 zipper sequence, yielding Z;; -p6 (Fig. 1A). An
analogous construct (Zy-p6) harboring the wild-type GCN4
leucine zipper sequence in place of NC-pl was also made. Of
note, the MA, CA, p2, and p6 regions encoded by the Z,-p6
and Z;; -p6 constructs are predicted to be identical to those
encoded by the parental HXBH10 provirus.

In contrast to Z and Z;;, the Z-p6 and Z; -p6 con-
structs retained the coding sequence for PR. However, because
of the absence of the frameshift site required for the expres-
sion of PR (27), the chimeric Gag precursors produced by
Zwr-p6 and Z;; -p6 were expected to remain unprocessed.
Therefore, the ability of the chimeric constructs to produce
particles was again compared to that of a full-length HIV-1
provirus which encodes an inactive PR. After transfection into
HeLa cells, the Zy,-p6 and Z;; -p6 constructs both produced
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amounts of particles similar to those produced by the control
expressing wild-type Pr55%*¢ (Fig. 1B, compare lanes 1, 4, and
6). Cells transfected with the ANC-p1 construct (Fig. 1A) ef-
ficiently expressed a shortened Gag polyprotein but released
about 40-fold less particulate Gag protein into the medium
than cells expressing Pr55%* (Fig. 1B and C, lanes 7 and 8),
confirming the critical role of NC in VLP formation. We con-
clude that the wild-type and mutant GCN4 zipper domains
were both fully capable of replacing the assembly function of
NC.

The NC domain is dispensable for Vpr incorporation. Vpr is
a small accessory protein of primate lentiviruses which is spe-
cifically incorporated into virions. Mutagenic analyses have
shown that the incorporation of HIV-1 Vpr into VLP depends
on the presence of a C-terminal region of p6 (30, 31, 35).
However, in in vitro binding studies, HIV-1 Vpr displayed a
significantly higher affinity for NC than for p6, prompting the
suggestion that NC cooperates with p6 in the encapsidation of
Vpr (7, 34, 49). The availability of the Z, and Z,-p6 con-
structs allowed us to test this model, because they efficiently
form VLP in the absence of NC. Because the parental provirus
expressing Pr55%“¢ and the Z, and Zy-p6 chimeras were all
vpr negative, each of these constructs was cotransfected with a
plasmid providing HIV-1 Vpr in trans. As a control, the two
Gag chimeras were transfected alone. As expected, VLP pro-
duced by the Zy, chimera, which lacks a p6 domain, failed to
incorporate Vpr (Fig. 2, lane 3). In contrast, VLP formed by
the Zy-p6 chimera incorporated at least as much Vpr as
particles produced by full-length Pr55%“¢ (Fig. 2, compare lanes
1 and 5). These results confirm the central role of p6 in the
incorporation of Vpr and demonstrate that NC is dispensable.

Efficient VLP formation in the absence of MA, the N-termi-
nal CA domain, and NC. We recently reported that the HIV-1
gag sequences coding for MA and for the N-terminal domain
of CA are not required for efficient particle assembly or release
(2, 47). Taken together with the observation that Pr55%* se-
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FIG. 2. Vpr incorporation in the absence of NC. (A) Schematic representa-
tion of the Gag constructs used. See the legend to Fig. 1 for details. (B) Analysis
of Vpr incorporation. HeLa cells were transfected with vpr-negative proviral
constructs expressing wild-type or mutant Gag precursors. Where indicated, a
construct expressing a hemagglutinin epitope-tagged version of HIV-1 Vpr was
cotransfected. [*>S]methionine-labeled particulate material released into the su-
pernatant was pelleted through sucrose and analyzed directly by SDS-PAGE.
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FIG. 3. Efficient VLP formation by minimal HIV-1 Gag constructs. (A) Schematic drawing illustrating the Gag regions retained and the position of the GCN4 zipper
domain used to replace the assembly function of NC. See the legend to Fig. 1 for details. (B) VLP formation by transfected HeLa cells. VLP released during metabolic
labeling were pelleted through sucrose and analyzed by SDS-PAGE. The positions of wild-type Pr55%“¢ and of chimeric Gag molecules are indicated on the left. The
migration positions of molecular mass markers (in kilodaltons) are indicated on the right.

quences distal to p2 can be replaced by a coiled coil, these
results raised the possibility that the C-terminal domain of CA
may be the only component of Pr55%¢ necessary to obtain
particle formation.

To test this hypothesis, we deleted gag codons 8 through 277
from Zy. The resulting A-Z, 1 construct codes for a 14-kDa
protein composed of the six-residue Gag myristylation signal,
the C-terminal domain of CA-p2, and the wild-type GCN4
leucine zipper domain (Fig. 3A). Additionally, the A8-277 mu-
tation was introduced into the Zy-p6 and Z,; -p6 constructs,
yielding A-Zy,-p6 and A-Z;, -p6 (Fig. 3A). We demonstrated
previously that the A8-277 deletion, when introduced into a
wild-type HIV-1 gag gene, had only moderate effects on par-
ticle yields (2). However, in the context of the Z, construct,
the A8-277 deletion reduced VLP production more than 15-
fold (Fig. 3B, lane 2). Interestingly, fusing the p6 domain to the
C terminus of the Zy protein increased VLP production to
levels which approached those obtained with wild-type Pr555%¢
(Fig. 3B, lanes 1 to 3). Comparable levels of VLP production
were also obtained with the A-Z;; -p6 construct (Fig. 3B, lane
4), demonstrating that the oligomerization preference of the
coiled coil replacing NC was not crucial. All quantitations take
into account the fact that Pr55%“% has 15 methionine residues,
whereas the mutant Gag forms shown in Fig. 3 contained only
6 methionines. While the intensities of Pr55%* and of the
deletion mutants containing p6 appeared similar in Fig. 3B, the
mutant bands in fact yielded about threefold fewer counts, as
determined by PhosphorImager analysis.

To confirm that the A-Z,-p6 molecule was released in the
form of VLP, we compared the density of the particulate struc-
tures produced by the chimeric construct to that of authentic
immature HIV-1 virions. HeLa cells transfected with the
A-Zw1-p6 construct or with a provirus expressing full-length
Pr55%“¢ were metabolically labeled with [>*S]methionine, and
particulate material released into the supernatant was pelleted

through 20% sucrose. The pelleted material was pooled and
fractionated by sucrose density gradient centrifugation. La-
beled proteins were then recovered from each fraction by tri-
chloroacetic acid precipitation and separated by SDS-PAGE.
As shown in Fig. 4, the A-Zy,-p6 protein was released in
particles of uniform density, with a peak at 1.15 g/ml. On
average, particles formed by the A-Zy,-p6 construct had a
somewhat lower density than authentic HIV-1 virions pro-
duced by the HXBH10-PR ™ provirus, consistent with a lower
ratio of protein to lipid mass. Taken together, these results
show that the C-terminal domain of CA-p2, in combination
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FIG. 4. Comparison of particle densities. [**S]methionine-labeled VLP
formed by wild-type Pr55%* and by the chimeric A-Zy-p6 molecule were
pooled and fractionated in a 20 to 60% sucrose gradient. Sixteen fractions were
collected, precipitated with 10% trichloroacetic acid, and analyzed by SDS-
PAGE. The peak Gag protein fractions are shown, and the densities of individual
fractions are indicated above each lane. Numbers at right are in kilodaltons.
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with a membrane anchor, a protein-protein interaction do-
main, and p6, can direct the efficient formation of VLP.

Requirement for L domain function. Previous studies have
shown that p6 facilitates the final separation of HIV-1 virions
from the cell surface (17, 25, 60). This so-called L domain
function is critically dependent on the presence of a highly
conserved P-T/S-A-P-P motif near the N terminus of p6 (17,
25). Furthermore, the first 12 residues of p6, which include the
P-T/S-A-P-P motif, can to some extent replace the L domain of
RSV (42). To examine whether this N-terminal region of p6 is
capable of rescuing VLP production by the A-Zy chimera,
the first 14 residues of p6 were fused in frame to the C termi-
nus of the GCN4 zipper sequence. In contrast to full-length p6,
the N-terminal p6 fragment only modestly increased VLP pro-
duction in repeated experiments (data not shown), indicating
that the P-T/S-A-P-P motif is not sufficient for full L domain
function.

The potent enhancement of VLP production by full-length
p6 suggested that the A-Zy chimera is defective at a late
stage of budding. However, it also remained possible that the
full-length p6 domain contributed additional Gag-Gag contact
sites that became critical for early assembly steps in the ab-
sence of large portions of Pr55%“¢. In an effort to distinguish
between these possibilities, we examined whether the defect of
the A-Zy, chimera could be corrected by the entirely unre-
lated L domain of RSV. The RSV L domain has been fine
mapped to a conserved P-P-P-P-Y motif in the p2b region of
the Gag precursor and has been shown to function in a posi-
tionally independent manner (42, 57). Remarkably, when fused
to the C terminus of the A-Zy molecule (Fig. 5A), the 11-
amino-acid RSV p2b peptide enhanced VLP formation as ef-
fectively as the entire HIV-1 p6 domain, causing an approxi-
mately 20-fold increase in the release of particulate Gag
protein (Fig. 5B, lane 4). As expected, this result was not due
to increased expression levels, because the intracellular steady-
state levels of the A-Zy, and A-Zy,-p2b molecules, as de-
tected by immunoblotting with anti-CA antiserum, were com-
parable (Fig. 5C). In addition to the predicted 16-kDa product,
VLP formed by the A-Z-p2b construct contained several
slower-migrating species (Fig. 5B, lane 4) whose identities are
currently under investigation. Taken together, our results sup-
port the notion that the 14-kDa A-Z,, Gag protein is assem-
bly competent but requires an L domain for efficient VLP
release.

Requirement for Vpu. Vpu, a small accessory protein unique
to HIV-1, can significantly enhance the release of virus parti-
cles from the cell surface (18, 29, 50). To determine whether
the effect of Vpu depends on specific Gag domains, variants of
the Zy and A-Z,-p2b constructs lacking a vpu initiation
codon were made. Consistent with previous work (18), HeLa
cells transfected with a vpu-negative variant expressing full-
length Pr55%“ released 25-fold less particulate Gag protein
than cells transfected with the vpu-positive version (Fig. 6,
lanes 1 and 2). In the absence of Vpu, the levels of the Zy, -
and A-Zy-p2b proteins in the particulate fractions were
higher than those of full-length Pr55%¢ (Fig. 6, lanes 1, 3, and
5), indicating that the presence of the GCN4 leucine zipper
reduced the requirement for Vpu for efficient VLP release.
However, the Z, and A-Z,-p2b constructs both remained
responsive to Vpu (Fig. 6, lanes 3 to 6), indicating that neither
MA, the N-terminal domain of CA, NC, nor p6 is required.

A role for p6 in particle release by full-length proviruses in
the absence of PR. It has been reported that p6 is required for
efficient particle formation by full-length HIV-1 proviruses but
becomes dispensable in the absence of PR activity (25). How-
ever, the results described above show that, at least under
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FIG. 5. Rescue of VLP formation by the L domain of RSV. (A) Schematic
presentation of the Gag constructs used. The RSV p2b peptide attached to the
C terminus of the wild-type GCN4 leucine zipper (Z) is represented by a black
box, and the amino acid sequence of p2b is given in the one-letter code. See the
legend to Fig. 1 for other details. (B) VLP formation by transfected HeLa cells.
[>S]methionine-labeled particulate material released into the medium was pel-
leted through sucrose and analyzed directly by SDS-PAGE. Numbers at right are
in kilodaltons. (C) Cell-associated Gag detected by Western blotting (WB) with
anti-CA antiserum.

certain circumstances, p6 can significantly enhance particle
production in the absence of PR. To determine how this PR-
independent effect of p6 compares to its role in a full-length
provirus, we used variants of the infectious HXBH10 molecu-
lar clone and of its PR-negative variant HXBH10-PR™~ which
harbor a premature termination codon that prevents the syn-
thesis of p6 (17). We also made versions of HXBH10 and of
HXBH10-PR ™ that lack the codons for the highly conserved
P-T-A-P-P motif in p6, which is required for L domain function
(17, 25). Consistent with previous reports (17, 25), particle
formation by full-length proviruses encoding active PR de-
creased dramatically in the absence of the P-T-A-P-P motif or
if the p6 domain was missing entirely (Fig. 7A, lanes 1 to 3).
However, the p6 mutants also exhibited significant defects in
particle formation if PR was inactive (Fig. 7A, lanes 4 to 6), in
spite of efficient expression of the mutant Gag proteins (Fig.
7B). Indeed, in the PR-negative context, the absence of the
P-T-A-P-P motif reduced particle production by about as much
as a lack of Vpu (Fig. 7A, compare lanes 5 and 7), whose effect
is independent of PR (18). Thus, at least in our experimental
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conditions, p6 was required for efficient particle production by
full-length proviruses lacking active PR.

DISCUSSION

This study demonstrates efficient VLP production by mini-
mal HIV-1 Gag constructs which have NC replaced by a
leucine zipper domain and retain only the myristyl anchor, the
C-terminal third of CA-p2, and a late assembly domain. In a
previous study, the smallest HIV-1 gag gene product capable of
forming VLP was a 28-kDa protein which contained the entire
CA-p2 region (53). However, the efficiency of VLP formation
was low. In the present study, the use of heterologous se-
quences to replace NC and p6 allowed efficient VLP formation
even by a 16-kDa protein that retained only the 6-amino-acid
myristylation signal, CA residues 146 to 231, and the 14-amino-
acid p2 peptide from the HIV-1 Gag precursor.

The crystal structure of CA residues 146 to 231 shows a
globular domain composed of four helices which form a dimer,
and equilibrium sedimentation analyses indicate that CA res-
idues 146 to 231 dimerize with an affinity similar to that of the
full-length CA protein (12). The MHR, which lies at the N
terminus of the domain, does not contribute to the dimer
interface (12) but is nevertheless essential for HIV-1 particle
assembly (37). In a recent study, we found that all of the MHR
had to be retained for efficient VLP formation, even though
MA and the entire N-terminal CA domain were dispensable
(2). We also retained the p2 “spacer” peptide in our minimal
Gag constructs, because it has been shown that mutations in p2
can cause severe defects in the assembly of uniformly curved
buds and, as a consequence, in the formation of extracellular
particles (1, 32). In the context of Pr55%“¢, the CA-p2 boundary
is predicted to form an additional a helix which is not present
in mature CA, and our recent mutagenic analysis supports the
view that the propensity of the N terminus of p2 to adopt an
a-helical conformation is crucial for its role in assembly (1).

The present study confirms that the NC and p6 domains of

J. VIROL.

Pr55%“¢ are both critical for particle formation. However, in
accord with previous observations (62), the entire C-terminal
NC-pl-p6 region of Pr55%% became dispensable for particle
production if a leucine zipper domain was inserted in its place.
A mutant zipper domain which forms trimers rather than
dimers was also fully capable of replacing NC-p1, suggesting
that the role of NC in assembly is mainly to induce proximity
and that the oligomerization preference of the region is not
crucial. Interestingly, the mutant GCN4 zipper form was
clearly less efficient than the wild-type form in replacing the
role of p6 in particle formation. A requirement for p6 was even
more apparent with Gag constructs which lacked the N-termi-
nal half of Pr55%“, except for six amino acids that provided a
myristyl anchor for membrane attachment. In the latter con-
text, even the wild-type leucine zipper domain was unable to
replace the role of NC-p1-p6 in assembly or release. However,
a dramatic increase in VLP production was obtained if p6,
which includes the L domain of Pr55%“%, was fused to the C
terminus of the zipper sequence. Furthermore, the unrelated
11-amino-acid p2b peptide from the RSV Gag precursor,
which also functions as an L domain (42, 56, 57), was as
effective as the entire HIV-1 p6 domain in rescuing VLP for-
mation. Taken together, these results indicate that our mini-
mal Gag construct, which retains only the myristyl anchor and
the C-terminal CA-p2 domain of Pr55%*, is assembly compe-
tent but highly dependent on the presence of an L domain for
the final release of VLP.

The role of p6 in virus release has been subject to contro-
versy, as several groups failed to detect a clear requirement for
po (24, 28, 36, 43, 48). One study appeared to reconcile these
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FIG. 7. PR-independent requirement for p6 in the context of a full-length
provirus. (A) VLP formation. HeLa cells were transfected with the replication-
competent HXBH10 molecular clone (lane 1), with the PR-deficient HXBH10-
PR™ provirus (lane 4), with a vpu-deficient variant of HXBH10 (lane 7), or with
versions of HXBH10 and HXBH10-PR ™ harboring the indicated mutations in p6
(lanes 2, 3, 5, and 6). [**S]methionine-labeled particulate material released by
the transfected cells was sedimented through sucrose and analyzed by SDS-
PAGE. Numbers at right are in kilodaltons. (B) Cell-associated Gag protein
levels determined by immunoprecipitation (IP) from [**S]methionine-labeled
cell lysates with patient serum (lanes 1 to 3) or by Western blotting (WB) with
anti-CA antiserum (lanes 4 to 7). WT, wild type; Gag PR, Gag precursor.
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observations by showing that p6 is required for particle pro-
duction in the context of a full-length HIV-1 molecular clone
but becomes dispensable if proteolytic processing of the Gag
precursor is prevented (25). However, our results with minimal
Gag constructs demonstrated that p6 and the unrelated L
domain of RSV can both significantly enhance VLP formation
in the absence of proteolytic processing. Because of these
observations, we reexamined the requirement for p6 in a full-
length HIV-1 provirus. In the absence of the p6 domain or of
the conserved P-T-A-P-P motif near the N terminus of the
domain, substantial defects in particle production remained,
even after PR was inactivated. One possible explanation for
this discrepancy between our results and those of Huang et al.
(25) is that the requirement for p6 depends on Gag expression
levels. In support of this possibility, we previously observed
that deletions in MA can significantly enhance particle produc-
tion but that this effect becomes less evident at high Gag
expression levels (47).

Intriguingly, while the use of L domains appears widespread,
if not universal, among retroviruses, efficient virus release can
evidently be achieved in other ways, as exemplified by the
ability of leucine zipper domains to replace p6. However, the
use of an L domain may allow Gag-Gag interactions to remain
sufficiently flexible to permit not only virus assembly and re-
lease but also the subsequent rearrangements required for
virus maturation and uncoating. Because of their exquisite
dependence on the presence of an L domain, the minimal Gag
constructs described here should be useful tools for the iden-
tification of viral sequences with L domain function.
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