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The nucleocapsid (NC) domain of retroviruses plays a critical role in specific viral RNA packaging and virus
assembly. RNA is thought to facilitate viral particle assembly, but the results described here with NC mutants
indicate that it also plays a critical role in particle integrity. We investigated the assembly and integrity of
particles produced by the human immunodeficiency virus type 1 M1-2/BR mutant virus, in which 10 of the 13
positive residues of NC have been replaced with alanines and incorporation of viral genomic RNA is virtually
abolished. We found that the mutations in the basic residues of NC did not disrupt Gag assembly at the cell
membrane. The mutant Gag protein can assemble efficiently at the cell membrane, and viral proteins are
detected outside the cell as efficiently as they are for the wild type. However, only ~10% of the Gag molecules
present in the supernatant of this mutant sediment at the correct density for a retroviral particle. The
reduction of positive charge in the NC basic domain of the M1-2/BR virus adversely affects both the specific
and nonspecific RNA binding properties of NC, and thus the assembled Gag polyprotein does not bind
significant amounts of viral or cellular RNA. We found a direct correlation between the percentage of Gag
associated with sedimented particles and the amount of incorporated RNA. We conclude that RNA binding by
Gag, whether the RNA is viral or not, is critical to retroviral particle integrity after cell membrane assembly

and is less important for Gag-Gag interactions during particle assembly and release.

The Gag proteins and viral RNA are the main structural
components of a retroviral particle (reviewed in reference 51).
The Gag proteins, which are crucial to viral assembly and re-
lease, are synthesized initially as a precursor polyprotein. This
precursor assembles with the viral RNA at areas of the plasma
membrane that are lipid rich and have a density that is higher
than that observed for rafts, probably because of the presence
of the Gag complexes (32, 43, 52). These raft-like microdomains
are called barges (32). During or after budding, the virion un-
dergoes a maturation process, during which the Gag polypro-
tein is cleaved by the viral protease (PR) into the subenvelope
matrix shell (MA), the central capsid shell (CA), the nucleo-
capsid core protein (NC), p6, and two small spacer peptides (SP1
and SP2) (22, 51). This proteolytic processing is not required
for the assembly process, as formation and release of immature
virus particles can be observed in the absence of an active
protease (51). The result of Gag processing is the maturation
of the virion with the condensation of its viral core, which is
composed of at least CA, NC, and the viral RNA (1, 20).

Three major regions of the Gag polyprotein, termed M, I,
and L domains for membrane binding, interaction, and late
budding, respectively, are required for retroviral particle as-
sembly and release (4, 9, 21, 22, 24, 44). A portion of the I
domain maps in the NC protein, which in human immunode-
ficiency virus type 1 (HIV-1) consists of at least the first 14
amino acids of NC (49). This portion of Gag is involved in
multiple functions during the retroviral life cycle, including
RNA binding, assembly, and chaperone activity during reverse
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transcription (reviewed in references 13, 19, and 48). The two
most striking features of NC are the presence of two zinc
binding motifs and a high content of basic residues, which are
important for the RNA binding properties of this protein (13,
46). Deletions in the NC domain or of the entire NC result in
severe viral assembly defects (7, 14, 16, 21, 23, 26, 28, 33, 53).
In addition, some investigators have reported a significant re-
duction in assembly of the basic residues of NC for mutants
(11, 15). However, defects in the assembly process are rarely
observed for most zinc finger mutants (14, 26, 28). Mutations
in the two zinc binding motifs or in the basic residues signifi-
cantly reduce RNA incorporation in vivo and RNA binding of
the mutant proteins in vitro (5, 6, 12, 25, 44, 45, 47, 50, 54). The
substitutions of basic residues in these viruses adversely affect
the general RNA binding properties of the NC domain, and
the substantial decrease in viral genomic RNA incorporation
observed with some of these mutants is likely to result from the
reduced RNA binding properties of NC (11, 12, 27, 45).
Molecular genetic analysis has revealed that RNA sequences
essential for packaging of the viral genomic RNA (W) occur
near the 5" end of the unspliced viral genome (5, 46). There are
additional regions of the genome that facilitate encapsidation
in the presence of ¥, and these are located proximal to the
major subgenomic splice donor and at the 5’ end of the Gag-
coding sequence (5, 35, 36, 46). The prevalent species present
in wild-type viral particles is the viral genomic RNA, with a
10-fold preference for the viral genomic RNA over the spliced
viral RNA in HIV-1 (44). In some NC mutants the ability to
preferentially package viral genomic RNA is reduced although
the total amount of viral RNA incorporated in the particle is
not (44). Alteration of NC can cause loss of packaging of
genomic RNA and increased packaging of spliced viral RNA

11853



11854 WANG AND ALDOVINI

Y Gag

J. VIROL.

Pol

pHXB2: [LTR [l{MA CcA NC P6| pR | AT

[ INT_J{ ENV

pM1-2BR: pn [ ar

[ INT_[{ ENV

pHDgpm2:

[CMV|MA cA NC P6] PR | RT

[ INT [ {POLYA

pHR': [LCTR [J{m|[ RRE_[{ cmv [ LAcz |
Le»

pGagAP15:

| LTR

FIG. 1. Schematic representation of the constructs. pHXB2gpt and the pM1-2/BR mutant are, respectively, a wild-type HIV provirus and an
HIV provirus with 10 mutations in NC (34, 45). pHDgpm2 expresses HIV Gag and Gag-Pol polyproteins from a sequence whose codons were
optimized according to the human codon usage. Although encoding the same protein, this gag sequence is 24% different from the original viral
sequence. pHDgpm?2 does not contain an HIV-1 packaging sequence, and gag gene expression is driven by the CMV promoter. pHR’ contains the
HIV-1 cis-acting sequences necessary for packaging (41). pGagA15 expresses an HIV-1 Gag truncated product (stop codon at the end of p2) in

a Rev-independent fashion (31). LTR, long terminal repeat.

and cellular mRNAs (6, 16, 17, 37-39, 44, 54), while alterations
of the basic residues affect the general ability to bind RNA (12,
45, 50). In the absence of an RNA containing the viral ¥
sequence (¥ RNA), cellular RNAs become incorporated in
virus-like particles (VLPs), and transcripts for housekeeping
genes and tRNAs can be detected among these RNAs (40).

A significant amount of in vivo and in vitro data support a
crucial role of RNA molecules in virus morphogenesis (10, 20,
40). Muriaux et al. reported that RNase treatment of viral core
preparations disrupts the cores almost entirely and that in the
absence of an mRNA species with a specific packaging se-
quence, cellular RNAs are incorporated in the virion (40).
Ganser et al. indicated that in vitro assembly of HIV-1 CA and
NC into core structures with the correct conical shape was
achieved under physiological conditions only in the presence of
RNA molecules, whether the RNA was viral or not. Cones
could also form in the absence of RNA but only under very-
high-ionic-strength conditions (20). In addition, Schmalzbauer
et al. reported that the presence of RNA facilitates Gag pre-
cursor cleavage in vitro (50). Although these results argue for
a role of RNA molecules in virus morphogenesis, it remains
unclear whether RNA is necessary for the assembly of the viral
particle or for its continued stability.

Here we show that in the absence of RNA incorporation,
Gag assembly at the cell membrane can occur efficiently, but
only a fraction of the Gag proteins found in the supernatant
can be sedimented as particles. Mutations in the basic amino
acids of NC that decrease Gag RNA binding may lead to a
significant reduction of particles of the appropriate density, not
because these amino acid residues are crucial in protein-pro-
tein interactions during assembly at the cell membrane but
because they are critical to RNA binding, which in turn is
critical to events in the virus life cycle that occur after cell
membrane assembly, such as budding or particle stability.

MATERIALS AND METHODS

Plasmid constructs. The constructs used in the experiments described in this
report are schematically represented in Fig. 1. The parental viral DNA clone
used in these studies is the biologically active plasmid pHXB2gpt, which pro-
duces a laboratory-adapted strain of HIV-1 (18). In pM1-2/BR, which was pre-
viously described, 10 positively charged residues present in the NC fragment that
contains the two zinc binding motifs of NC were changed to alanines (45). In
pCMVS5 GagAlS5 (abbreviated in this report to pGagA15), which was previously

described, the portion of the gag gene that encodes NC, pl, and p6 was deleted,
and therefore the Gag polyprotein is approximately 40 kDa (32). Although the
pol gene is present in this clone, the deletion of the sequences critical for
frameshifting prevents pol gene expression. pHR' is an HIV-based packaging
vector that does not encode HIV-1 proteins but contains the HIV-1 cis-acting
sequences necessary for packaging (41). Nearly 350 bp of the 5’ sequence of gag
as well as env sequences encompassing the Rev response element are included in
the pHR' vector, and a stop codon is introduced at the beginning of the residual
MA sequence. pHDgpm?2 was obtained from the Harvard Gene Therapy Initia-
tive. pHDgpm?2 expresses HIV-1 Gag and Gag-Pol polyproteins from a sequence
whose codons were optimized according to human codon usage. Although en-
coding wild-type Gag and Pol proteins, this gag sequence is different from the
original viral sequence in approximately 24% of its nucleotides. pHDgpm2 does
not contain an HIV-1 packaging sequence, and gag gene expression is driven by
the cytomegalovirus (CMV) promoter. A plasmid expressing HIV-1 Tat, pCV1
(3), and a plasmid expressing HIV-1 Rev, pcRev (34), were cotransfected with
pHDgmp?2 and pHR' to achieve gene expression from the HIV-1 long terminal
repeat of pHR'.

Cell lines, transfections, and assays. Transfection in 293T cells was carried out
by the calcium phosphate method, using 20 pg of DNA in a 100-mm-diameter
petri dish. When the two plasmids pHXB2 and pM1-2/BR were cotransfected at
different ratios, the total amount of DNA in the transfection was 40 ug. Cells
were maintained in high-glucose Dulbecco modified Eagle medium supple-
mented with 10% fetal bovine serum and in some experiments were switched to
serum- and protein-free medium (Cellgro-Free; Cellgro) after transfection.
Transfection efficiency was evaluated by fixing the cells on the plate with 1:1
methanol-acetone for 30 min at —20°C, followed by incubation with an HIV-1-
positive human serum (1:250 dilution). Antigen binding by this human serum was
detected with a horseradish peroxidase-conjugated secondary antibody. Electron
microscopy (EM) was carried out at Advanced Biotechnologies Inc. on sections
of embedded particles according to standard procedures. For protein analysis,
293T cells transfected with each mutant were lysed in Laemmli buffer (5%
glycerol, 1% sodium dodecyl sulfate, 31.875 mM Tris [pH 6.8], 0.005% bromo-
phenol blue) (31). Quantitative reverse transcriptase PCR (RT-PCR) assay was
carried out on cellular RNA extracted from 293T cells and DNase treated to
eliminate contaminating DNA according to a previously described procedure
(45). Supernatants cleared by low-speed centrifugation and filtered though a
0.45-pm-pore-size Millipore filter were utilized for sucrose gradient or sucrose
cushion centrifugation according to previously described protocols (2, 11, 14).
Viral pellets were resuspended in 0.1% Triton X-100 for p24 enzyme-linked
immunosorbent assay (ELISA) (p24 core profile kit; DuPont). p24 ELISA and
RT assay were carried out according to previously published procedures (2). The
proteinase K protection assay was conducted by incubation of supernatant ali-
quots with 10 g of protease K per ml (24). The reaction was stopped by adding
a protease inhibitor cocktail (catalog no. P8340; Sigma), followed by inactivation
at 65°C for 10 min and storage at —80°C before the analysis. For Western blot
analysis, cellular or viral samples containing equal amounts of p24 were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred
to nitrocellulose, and probed with HIV-1-positive human serum as described
previously (45). Protein labeling of cellular and viral proteins was carried out
with [**S]methionine and [*S]cysteine for 45 min, and chasing was with unla-
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beled medium for 1, 3, and 6 h, as previously described (2, 11, 14). Viral proteins
in cell and viral lysates were immunoprecipitated using HIV-1-positive serum
and protein-G agarose.

Isopycnic sucrose gradient analysis. Clarified supernatants (500 ul) were
directly layered on top of the 10 to 60% discontinuous sucrose gradients and
were centrifuged in an SW41 rotor at 80,000 X g for 24 h at 4°C (11, 14).
Eighteen fractions of 500 pl each were collected from top to bottom. The Gag
content in each fraction was assayed by p24 ELISA, and the peak fraction(s) was
collected for protein analysis.

Cellular fractionation and floatation assay. 293T cells were cultured in me-
dium containing the HIV-1 protease inhibitor Ritonavir (a gift from S. K. Bur-
chett; Children’s Hospital) at the final concentration of 10 wM, during and after
transfection (29, 42). Cell lysates were harvested at 30 h posttransfection. For
cellular fractionation, transfected cells were lysed in hypotonic buffer (20 mM
Tris-HCI [pH 7.8], 10 mM KCI, 1 mM EDTA, 0.1% 2-mercaptoethanol, and
protease inhibitors) in the presence or absence of nonionic detergent (1% Triton
X-100). The nuclei and unbroken cells were separated by low-speed centrifuga-
tion. The membrane-associated and cytosol proteins recovered in the superna-
tant after this centrifugation were further separated by ultracentrifugation at
100,000 X g to produce a membrane pellet (P100) and cytosol supernatant
(S100). The P100 fraction was resuspended in the original buffer volume. For
Optiprep gradient fractionation, the protocol described by Lindwasser and Resh
(32) was carried out with the following modification. Ritonavir (10 M) and the
protease inhibitor cocktail (Sigma) were present in all of the working reagents
and buffers during the preparation of the cell lysates. After centrifugation at
170,000 X g at 4°C for 4 h, eight 500-p.I fractions were collected and analyzed by
ELISA and Western blotting.

RT-PCR of particle-associated RNA. After clarification and evaluation of p24
in the media of all of the transfectants, supernatants corresponding to an equal
amount of p24 were centrifuged to pellet the virions. Viral RNA was extracted
and quantitative RT-PCR was performed according to a previously described
procedure (44, 45). RNA samples were obtained from three independent trans-
fections of each construct. RNA samples were reverse transcribed and were
subjected to an 18-cycle PCR. The primers used in the RT-PCR were Gag
primers specific for HIV MA (HIV910, 5'-CTAGAACGATTCGCAGTTAAT
CC-3'; HIV1110C, 5'-CTCTTCCTCTATCTTGTCTAAA-3"), Gag primers spe-
cific for the HDgpm2 MA sequence (HDgp1438, 5'-CTGGAGCGCTTCGCCG
TGAACCC-3"; HDgp1638C, 5'-CTCCTCCTCGATCTTGTCCAGG-3"); and
human B-actin-specific primers (5'-ATGTTTGAGACCTTCAACAC-3'; 5'-CA
CGTCACACTTCATGATGG-3"). Aliquots of particle-derived RNA samples
equivalent to 400 ng of p24 were used in RT-PCR carried out with human B-actin
primers. This PCR was carried out for 30 cycles. The negative controls included
a sample from an RT-PCR lacking input RNA and an RT-PCR with RNA
extracted from a mock-transfected supernatant. A PCR with an equivalent
amount of RNA that did not undergo reverse transcription was carried out for
each sample to exclude incomplete DNase I treatment.

RNA quantification in viral particles. Quantification of DNA-free viral RNA
samples extracted from viral particles was carried out according to the procedure
described by Muriaux et al. with some modifications (40). Briefly, viral particles
present in clarified transfection supernatants were concentrated with a Centri-
prep YM-30 concentrator (Amicon) and purified through a sucrose step gradient
(30). Amounts of viral particles equivalent to 4 ug of p24 were used for the RNA
purification, and linear acrylamide at final concentration of 0.02% (Ambion) was
added to the samples to facilitate the efficient recovery of the RNA. RNA sam-
ples were treated with 1U of RNase-free DNase RQ1 (Promega) per .l for 1 h at
37°C. The assay was validated by using aliquots of diluted RNA amounts in the
range between 10 to 100 ng. The absence of DNA contamination was confirmed
by PCR using HIV-1 MA-specific primers and [**P]dCTP in a 30-cycle reaction.
A Ribogreen quantification kit (Molecular Probes) was used to quantitate the
RNA according to the procedure suggested by the manufacturer, with some mi-
nor modifications. Sequentially diluted RNA samples were mixed with an equal
volume of the Ribogreen reagent in a final volume of 200 pl in 96-well plate
(Strip Plat-8; Costar). Quantification was carried out using the low range rRNA
standards that provide a linear readout at the RNA concentrations of the ex-
perimental samples. The emission of incorporated Ribogreen was measured at
535 nm with excitation set at 485 nm on an HTS7000plus Reader (Perkin-Elmer).

RESULTS

Particle production of M1-2/BR, a mutant virus that shows
reduced RNA incorporation. Seventeen of the 55 amino acid
residues in HIV-1 NC p7 are basic. Cimarelli et al. reported

RNA INCORPORATION AND RETROVIRAL PARTICLE INTEGRITY
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TABLE 1. Analyses of p24 and RT in culture supernatants®

p24 (ng/ml) RT (counts/ml, 10%)
Construct
Supernatant Pellet Supernatant Pellet
pHXB2 2,238 £ 186 1,833 =43 63 +0.2 59+04
pM1-2/BR 2,128 + 248 178 £ 6 39+03 0.4 =0.1
pGagAl5 5+4 1+1 ND” ND

“ Amounts of p24 and RT in the clarified supernatants and in the pellets after
centrifugation through a 20% sucrose cushion were estimated. Means * stan-
dard errors were derived from three independent transfections, and each super-
natant was evaluated in duplicate.

> ND, not done.

that replacement of positively charged residues with alanines
affects particle assembly (11). A number of experimental ob-
servations suggested to us that cell membrane assembly of the
Gag polyprotein with mutations affecting the basic NC residues
was unlikely to be altered significantly and that postassembly
defects were a more biologically plausible explanation for the
phenotype of these mutants.

We evaluated the amount of Gag protein released into the
supernatant from the transfection of pHXB2 (a wild-type clone
of HIV-1), pM1-2/BR, and pGagA15. In the M1-2/BR mutant
virus, 10 of the 17 positively charged residues were changed to
alanines, and incorporation of genomic and spliced mRNAs
was essentially abolished (45). In pGagAlS5, the NC and p6
proteins are deleted. Mutants with a similar deletion were
shown to be deficient in particle assembly and release (23, 26,
28, 33). The amount of Gag-associated p24 as evaluated by
ELISA and the RT activity measured in the clarified superna-
tants and in the viral particles sedimented through a sucrose
cushion are reported in Table 1. Cells transfected with pHXB2,
pM1-2/BR, and pGagA15 showed similar transfection efficien-
cies and similar accumulations of intracellular viral protein
(Fig. 2). Cells transfected with pHXB2 and pM1-2/BR released
comparable levels of Gag, suggesting similar levels of particle
release (Table 1). The RT activity measured for M1-2/BR was
approximately 70% of the activity detected for HXB2. How-

Poa—

FIG. 2. Analysis of intracellular viral protein accumulation. Equal
amounts of pHXB2, pM1-2/BR, and pGagA15 cell protein lysates were
analyzed by Western blotting, using an HIV-positive human antiserum.
The Gag precursor in the pGagA15 mutant is approximately 40 kDa
because the NC, pl, and p6 domains are deleted.
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ever, supernatants from cells transfected with pGagA15 con-
tained less than 1% of Gag-associated proteins relative to that
found in supernatants derived from cells transfected with
pHXB2 and pM1-2/BR. When the amount of Gag in the pellet
was evaluated after supernatant centrifugation, only about
10% of the Gag protein detectable in the pM1-2/BR superna-
tant could be recovered in the sedimented particles. This re-
covery was approximately 80% for the pHXB2 clone. These
results suggested that particle release is highly impaired in
pGagA1l5 and that a large fraction of Gag products released
from the M1-2/BR mutant were no longer particle associated
at the time of centrifugation.

To analyze the morphology of the particles produced by
pM1-2/BR and pHXB2, EM was carried out on transfected
293T cells. M1-2/BR particles were easily observed budding
from cells in the extracellular space; indeed, they were de-
tected as frequently as wild-type virus (Fig. 3). They were
distinct from cellular projections by the presence of a thick-
ened membrane and surface decoration. Although EM does
not provide a quantitative assay, significant quantitative differ-
ences can be appreciated during scanning. Thus, if M1-2/BR
particle production was reduced 10-fold, one would expect the
number of mutant particles detected in multiple EM fields to
be substantially reduced relative to that for the wild type, but
this was not the case. All of the mutant particles showed a
typical immature morphology and a slightly larger size than
that typical of the mature particle. No mature capsid cores
were observed in any of the particles, although some particles
contained amorphous matrix having moderate electron density
(data not shown).

To more thoroughly characterize the phenotype of the pM1-
2/BR mutant, and in particular the sedimentation characteris-
tics of viral proteins released by the mutant in culture super-
natant, isopycnic centrifugation of transfection supernatants
was carried out (Fig. 4A). Two major peaks of Gag-associated
p24 were observed in the gradient fractions. Peak 2 (p2) con-
tained typical retroviral particles, as the density of the fraction
corresponding to this peak falls into the normal range for the
density of retroviral particles (1.15 to 1.17 g/ml). Peak 1 (p1)
corresponded to low-density fractions, which most likely con-
tained monomeric and oligomeric Gag polyproteins. For the
wild-type virus, the amounts of Gag-associated p24 present in
pl and p2 fractions were approximately 20 and 80%, respec-
tively, of the total Gag-associated p24 present in the HXB2
supernatant. The values for pl and p2 were approximately 90
and 10%), respectively, for M1-2/BR. As expected, freeze-thaw
cycles, which disrupt viral particles, shifted the amounts of
Gag-associated p24 from p2 to pl in the gradients with wild-
type virus (data not shown). The amount of Gag-associated
p24 present in the p2 fractions of the two constructs, and
measured in our experiments, was consistent with the obser-
vations of Cimarelli et al. on viral particles after centrifugation
through a sucrose cushion (11). Those investigators focused
their analysis exclusively on sedimented virions; analysis of
non-pellet-associated viral proteins present in the supernatant
was not reported. We were therefore interested in further
investigation of the viral proteins present in the low-density
fraction of the gradient, where most of the mutant Gag protein
was present.

For both wild-type and mutant viruses, Western blot analysis
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revealed that the viral protein contents of the pl and p2 frac-
tions were similar (Fig. 4C). As a control, the levels of accu-
mulated intracellular viral protein and the proteolytic process-
ing pattern of HXB2 and M1-2/BR were determined and are
shown in Fig. 4B. These results, and additional considerations,
suggest that the proteins in the pl and p2 fractions may be
derived from particles. Considering that Gag has a myristoyl-
ation signal that targets it to the cell membrane but does not
have a secretion signal, it is unlikely that viral proteins present
in the pl fractions were derived from Gag molecules directly
secreted from the cell in the absence of particle assembly and
release. If this were the case, viral proteins should also be
found in the pGagA15 supernatant. Similar levels of cell death
were observed in the transfections of the three viral clones. In
addition, their supernatants were clarified by low-speed cen-
trifugation and by filtering through a 0.45-pm-pore-size Milli-
pore filter, significantly reducing the possibility that cell-asso-
ciated material was loaded on the gradient. Therefore, we can
exclude the possibility that these proteins were the result of cell
lysis, as the levels of these proteins are similar in the pHXB2,
pM1-2/BR, and pGagA15 supernatants. Taken together, these
results raise the possibility that M1-2/BR particles might be
assembled at a rate similar to that for wild-type particles and
that budding defects or particle instability after release could
account for the concomitant occurrence of normal amounts of
extracellular Gag and poor recovery of particles with the ap-
propriate density.

Intracellular distribution of mutated Gag complexes. To
exclude the possibility that the mutations in NC had an effect
on the assembly process, we studied the association of Gag
molecules of the wild-type pHXB2 and of the mutants pM1-
2/BR and pGagA15 with the cell membrane in 293T cells (Fig.
5). The amounts of Gag protein found in the cytosol-derived
S100 fraction after hypotonic lysis were similar for the wild
type and pM1-2/BR (approximately 20%), but this amount was
twice as much for pGagAl5 (40%) (Fig. 5, upper panel, lanes
2, 5, and 8). A higher percentage of Gag was present in the
P100 fractions of pHXB2 and pM1-2/BR (~80%), while this
percentage was around 60% for pGagA15 (Fig. 5, upper panel,
lanes 3, 6, and 9). These fractions showed similar profiles for
the wild type and mutant constructs when cell lysis was carried
out in the presence of a nonionic detergent (Fig. 5B, lower
panel). Similar results were observed with Cos-1 cells (data not
shown). These results indicate that a higher percentage of
pM1-2/BR Gag than of pGagA15 Gag is membrane associated.

We also evaluated whether the mutated M1-2/BR Gag mol-
ecules associate with fractions of the cell membrane that are
defined as barges or with rafts. Barges are membrane microdo-
mains that have a higher density than standard rafts, probably
due to the presence of the oligomeric Gag complexes, which
localize at these regions during virus assembly (32). When
assembly is impaired, as is the case with NC deletions, most of
Gag is found associated with standard raft fractions and not at
the density of the barge complexes (32).

We carried out a floatation experiment to determine which
fraction of M1-2/BR Gag molecules targeted to the cell mem-
brane associated with barges (Fig. 6). As our viruses carry the
gene for an active protease, and intracellular Gag processing
makes it difficult to estimate the total amount of Gag correctly
targeted to the cell membrane, we carried out transfections in
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FIG. 3. EM of M1-2/BR viral particles. The panels show particles from multiple fields of pM1-2/BR-transfected cells. The last panel at the
bottom on the right shows wild-type HIV-1 from pHXB2. Magnification, X47,000.

the presence of 10 pM Ritonavir, an inhibitor of the HIV-1 analysis of samples from fractions recovered from the Opti-
protease. When the total cell lysates derived from these trans- prep density gradient showed that the fraction richest in Gag
fections were analyzed by Western blotting, Gag processing molecules was fraction 5, both for wild-type virus and for
was found to be inhibited almost completely by this concen- M1-2/BR (Fig. 6B). This fraction contains the barge mem-
tration of HIV-1 protease inhibitor (Fig. 6A). Western blot brane microdomains (32). In addition, the distributions of the
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FIG. 4. Sucrose gradient and Western blot analyses of HXB2 and M1-2/BR viral particles. (A) Sucrose gradient fractionation of extracellular
Gag. Gag protein amounts in each fraction were measured by p24 ELISA and expressed as percentage of the total p24-assocated Gag harvested
from the gradient. The densities (in grams per milliliter) of p1 and p2 were 1.03 = 0.03 and 1.61 = 0.01 for HXB2 and 1.03 = 0.01 and 1.15 *
0.02 for M1-2/BR, respectively. (B) Western blots of pHXB2 and pM1-2/BR cell lysates. HIV-1 proteins were detected with an HIV-positive
human serum. (C) Protein profiles of HXB2 and M1-2/BR sucrose fractions corresponding to p1 and p2. M, markers.

residual Gag were very similar for the two viruses, with mini-
mal amounts of Gag associated with the more typical raft
fractions (fractions 2, 3, and 4) (32). Our data indicate that the
positive charge present in NC is not necessary for the protein-
protein interactions occurring at the cell membrane in which
NC is involved and that are critical to virus assembly. The
experiments presented so far are inconsistent with the possi-
bility that the lower recovery of sedimented particles in the
supernatant of M1-2/BR was due to an assembly defect, as has
been suggested previously (11). Although we cannot exclude
the possibility of defects in the assembly and budding occurring
after cell membrane Gag complex formation, as they are be-
yond the limits of this assay, the results presented in Fig. 5 and
6 led us to consider more seriously the possibility that the
defect exhibited by M1-2/BR virus might be due to particle
instability.

Mutations in charged residues of NC molecules and particle
stability. To evaluate how wild-type and mutant particle accu-
mulation is affected by time in cell supernatants, we analyzed
the protease K sensitivity of particles accumulated in the su-
pernatant for increasing increments of time. Viral proteins
contained within the viral particle are resistant to protease K
because they are protected by the cell membrane, while mo-
nomeric or oligomeric Gag that is not particle associated is
protease K sensitive (24). We treated the particles that had
accumulated in the supernatants for progressively longer peri-
ods of time (1, 5, 9, and 13 h) with protease K and determined
the percentage of the total Gag present in the supernatant
that was protease K resistant (Table 2). As expected, greater
amounts of Gag proteins were detected after longer time in-
tervals, suggesting the continuous accumulation of virus-asso-
ciated proteins. Approximately 20% of the Gag proteins from
HXB2 were protease K sensitive in all supernatants. In con-
trast, approximately 80% of the Gag proteins from M1-2/BR
were protease K sensitive. The percentage of protease K-sen-
sitive Gag was independent of the total amount of accumulated
Gag, and the percentage was the same whether virus produc-
tion had occurred for 1 h or for 13 h. Similar results were

observed when we carried out a pulse-chase experiment. As
the length of the chase increased, larger amounts of pelleted
particles were detected for both HXB2 and M1-2/BR. How-
ever, the amounts were consistently lower for M1-2/BR than
for HXB2 at each time point that we analyzed (data not
shown). The experiments described thus far suggest that the
Gag molecules detected in the supernatant of M1-2/BR could
be derived from released viral particles that are unstable and
that their disruption may occur rapidly, most likely in less than
an hour, after release.

To further evaluate the effects of the NC mutations on
particle production, we produced mosaic virions containing
different ratios of wild-type HXB2 and M1-2/BR mutant Gag,
allowing us to evaluate the influence of mutant Gag in the
context of wild-type, assembly-competent protein (Fig. 7). If

pHXB2 pMi1-2BR  pGagAP15
»
& S Q\@ & Q"@ & o Q"QQ
.- ” -—
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P39+
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FIG. 5. Cellular fractionation of transfected-cell lysates. The S100
and P100 fractions were obtained after ultracentrifugation of the clar-
ified cell lysates. (A) Transfected cells from the individual transfection
were lysed in hypotonic buffer in the absence of detergent. (B) Trans-
fected cells were lysed in hypotonic buffer in the presence of Triton
X-100.
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FIG. 6. Gradient fractionation of intracellular HXB2 and M1-2/BR Gag. (A) Western blotting of total HXB2 and M1-2/BR cell lysates. Lane
M, markers. The presence of Gag-related bands smaller than Pr55 could be due to less-than-optimal inhibition of the HIV protease and/or internal
initiation at the capsid Met142 (8). (B) Floatation of Triton X-100-extracted cell protein lysates in an eight-fraction Optiprep gradient. The
histogram illustrates the results derived from the Western blot and ELISA analyses of the fractions of eight independent gradients. Error bars

indicate standard deviations.

the NC mutations affect particle stability, one would expect
that an increase in the ratio of mutant to wild-type Gag in
mosaic particles would lead to a decrease in particle stability.
We carried out the cotransfections under six different condi-
tions, where the total amount of DNA was held constant and
the ratios of pHXB2 to pM1-2/BR were varied in each trans-
fection (lanes a, 5:0; lanes b, 4:1; lanes c, 3:2; lanes d, 2:3; lanes
e 1:4; lanes £, 0:5). Since the flotation experiment described
above did not reveal a cell membrane assembly defect for
M1-2/BR, we assumed that the ratio of wild-type and mutated
Gag molecules incorporated into particles would reflect the
intracellular ratio of the two species, and this was confirmed
experimentally (see below). Increasing amounts of M1-2/BR
did not result in any anomaly in Gag accumulation and pro-
cessing in cells, as judged by Western blot analysis of cell
lysates (Fig. 7A). The total amounts of accumulated Gag were
similar in all transfection supernatants (data not shown). As an
indication that the M1-2/BR Gag became incorporated into
the mosaic particles at increasing levels, a higher percentage of
unprocessed Gag could be detected as the ratio of M1-2/BR
DNA used in the transfection increased (Fig. 7B, lanes 2 to 5).
This reduced rate of Gag processing is a feature of M1-2/BR
Gag particles (Fig. 4C, peak 2) (45). To determine the relative
level of stable particles produced in each transfection, we ex-
amined the effect of protease K treatment on the mosaic par-
ticles containing different ratios of wild-type and mutant Gag
(Fig. 7 B and C). Despite the larger amounts of M1-2/BR Gag,
the majority of Gag present in the supernatants was associated
with protease-resistant particles. Since the increase in the ratio
of mutant to wild-type Gag in mosaic particles did not produce
a substantial decrease in the amount of pelleted particles, it is
unlikely that the NC mutations per se affected particle produc-
tion.

We entertained the possibility that the incorporation of
RNA, facilitated in mosaic particles by wild-type Gag, favors
post-cell membrane assembly events or particle stability. To
determine the extent to which the presence of HXB2 Gag
molecules in the mosaic particles influenced viral RNA incor-

poration, we measured the incorporation of viral genomic
RNA in the particles derived from the six different transfection
conditions (Fig. 7D). Viral genomic RNA incorporation varied
between 100 and 80% in the particles pelleted from superna-
tants a, b, ¢, and d and was approximately 65% in the particles
derived from supernatant e. Very little viral genomic RNA
could be detected in particles derived from supernatant f, as
shown previously (45). Thus, significant increases in the ratio
of mutant to wild-type Gag in the mosaic particles did not
result in a commensurate decrease in RNA incorporation. We
conclude that the presence of HXB2 Gag facilitated the incor-
poration of RNA in these mosaic particles and that the amount
of viral RNA present in these particles is a better predictor of
the amounts of particles that can be sedimented than the
amount of mutant Gag, suggesting a role for RNA in particle
stability.

There is evidence that nonviral RNA or DNA molecules can
be incorporated into viral particles (9, 10, 40). We have previ-
ously shown that M1-2/BR does not incorporate significant
amounts of genomic or spliced viral RNA (45), and others
have shown that mutations of positively charged residues de-
crease nonspecific RNA binding by NC (11, 50). It is possible

TABLE 2. Recovery of protease K-resistant p24 in
culture supernatants®

p24 (ng/ml) Protease K-resistant

Virus p24 (%)
production (h)
HXB2 MI1-2/BR HXB2 MI1-2/BR
1 555 103 = 11 79+ 6 12x2
5 263 = 17 636 = 46 90 =5 10+2
9 544 =51 1,149 = 154 90 =5 7x2
13 1,057 = 239 1,315 = 160 75*6 12+2

“ Amounts of p24 in the protease K-treated and nontreated supernatants were
estimated by ELISA. The recovery of p24 is defined as the amount of p24,
reported as percentage of the untreated supernatant, that could be measured in
the supernatant after the protease K treatment. Means = standard errors de-
rived from two independent experiments in which each sample was evaluated in
duplicate are reported.
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FIG. 7. Analysis of mosaic particles composed of HXB2 and M1-2/BR Gag molecules. In each panel lane a corresponds to a sample derived
from the transfection of pHXB2 alone; lanes b, ¢, d, and e correspond to samples derived from the transfection of pHXB2 and pM1-2/BR at ratios
of 4:1, 3:2, 2:3, and 1:4, respectively; and lane f shows the analysis of a sample derived from the transfection of pM1-2/BR alone. (A) Western blot
analysis of intracellular viral proteins. (B) Western blot analysis of mosaic viral particles. Particles were pelleted through a 20% sucrose cushion
after supernatant clarification. An amount of supernatant corresponding to 100 ng of p24 was used in the Western blotting of protease K-treated
samples (lanes 1 to 6) and of Triton X-100- and protease K-treated samples (controls, lanes 7 to 12). (C) Relative stability of mosaic particles. The
histogram shows the percentage of pellet-associated Gag and of protease K-resistant Gag present in each supernatant derived from the
cotransfection of different amounts of pHXB2 and pM1-2/BR. The percentage of particle-associated Gag was calculated relative to the amount
of Gag present in the untreated supernatant before centrifugation. Gag associated with protease K-resistant particles was evaluated directly in the
supernatant after protease K treatment. Three independent experiments were carried out and each supernatant was tested in duplicate. Error bars
indicate standard errors. (D) RT-PCR analysis of viral genomic RNA incorporation in pelleted viral particles. Standards for viral genomic RNA
were derived from twofold dilutions of the HXB2 RNA samples. The results of one representative experiment are shown here (for each sample,
the first lane corresponds to an RNA sample that was subjected to RT-PCR and the second corresponds to an RNA samples that was subjected
to PCR only). The percentage of RNA incorporation for each sample was evaluated by comparison to the standards in four independent
experiments and is reported with its standard error at the bottom.

that the protease K-resistant particles detectable in M1-2/BR
supernatants reflect the residual ability of this mutant to bind
and incorporate RNA molecules in a nonspecific fashion. The
M1-2/BR NC protein retains 7 of the 17 positively charged
residues present in the wild-type protein. It remains unclear
whether the absence of RNA and the presence of mutations in
positive residues of NC both contribute to particle instability or
if one of the two factors takes precedence over the other in
defining this phenotype. Given the phenotype of the mosaic
particles produced in cotransfection e, where M1-2/BR Gag
molecules are present in larger amounts than HXB2 Gag mol-
ecules (ratio of HXB2 to M1-2/BR, 1:4), we hypothesized that
the absence of RNA is more critical than the presence of an

intact NC for particle stability. The next set of experiments
addresses the individual roles of these two structural compo-
nents.

Role of NC integrity in particle stability. To distinguish
between the roles of RNA incorporation and NC integrity in
particle stability after budding, we evaluated the stability of
virion particles produced from a construct that expresses
wild-type Gag but does not express an mRNA with an HIV
packaging signal. We produced VLPs by using the construct
pHDgpm?2, which expresses HIV-1 Gag-Pol from a codon-
optimized sequence. This Gag-Pol sequence was synthesized
using oligonucleotides in which the sequence of each codon
was selected according to the preferential codon usage found
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in humans. The promoter that directs expression of this se-
quence is the CMV promoter. Therefore, the entire HIV pack-
aging sequence is missing, including the portion that extends
into the Gag-coding sequence, as this portion of the Gag se-
quence is different from that of HIV-1 in pHDgpm?2 and there-
fore is unlikely to fold into the same RNA secondary structure.
The particles produced from this vector were analyzed by
isopycnic sucrose gradient centrifugation and Western blotting
(Fig. 8A and B). In addition, we analyzed the association of
Gag complexes with the cell membrane by floatation assay
(Fig. 8C).

The pHDgpm?2 gag-pol gene expressed in 293T cells resulted
in the extracellular release of Gag at slightly higher levels than
pHXB2 Gag. This difference probably depends on the different
activities of the CMV and long terminal repeat promoters.
However, the amount of Gag sedimenting at the appropriate
density for a retroviral particle was approximately 50% of the
total (Fig. 8A). This amount is different than that observed for
a wild-type gag-pol gene expressed in a cell that also expresses
an RNA containing the entire HIV-1 packaging site (¥ RNA).
When pHDgpm2 and pHR'’ were cotransfected in the cells,
approximately 80% of Gag consistently sedimented at the ap-
propriate density for particles. Cotransfection of pHDgpm?2
with pHR’, a construct that expresses a ¥ RNA, resulted in a
larger amount of extracellular Gag being particle associated
(Fig. 8A), and this amount was similar to that observed for the
virus produced by pHXB2 (Fig. 4A). Intracellular viral protein
accumulation was similar in protein lysates from the transfec-
tion of pHDgpm?2 and pHDgpm2+pHR' (Fig. 8B). These pro-
files are comparable to those for the transfection of these cells
with pHXB?2 (Fig. 4B). When the pHDgpm?2 cellular lysate was
analyzed in a floatation assay, the distribution of Gag com-
plexes was similar to that for the wild-type virus (Fig. 8C and
6B). These data exclude the possibility that the small reduction
in levels of sedimented particles seen with pHDgpm2 com-
pared to pHXB2 is due to less efficient assembly at the cell
membrane.

Taken together, the experimental data described thus far
suggest that the presence of an intact NC protein in the Gag
molecule is insufficient to obtain wild-type levels of particles
after sedimentation in the absence of a ¥ RNA and, further-
more, that the level of RNA incorporation into particles may
be a critical factor for particle stability.

Role of viral and cellular RNA incorporation in viral parti-
cle stability. To evaluate further whether the stability of viral
particles correlates with the incorporation of ¥ RNA and
cellular RNA, we measured the amount of incorporated ¥
RNA and other mRNAs in sedimented particles (Fig. 9A).
Efficient ¥ RNA incorporation was detected in viruses pro-
duced by pHXB2 and by pHDgpm2-+pHR’ but not in those
produced by pM1-2/BR (Fig. 9A, lanes 1, 2, and 4). RT-PCR
carried out with primers corresponding to the HDgmp2 se-
quence produced a faint signal in RNA from virus produced
by pHDgpm2 but not in that from virus produced by
pHDgpm2+pHR' (Fig. 9A, lanes 7 and 8). Amplification of
the pHDgpm?2 gag mRNA, which does not contain an HIV ¥
sequence or a wild-type HIV-1 Gag sequence, was selected as
a means to detect possible incorporation of cellular messen-
gers. This analysis indicated that pelleted particles released
from HDgpm?2 incorporated cellular RNA species when a ¥
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FIG. 8. Gradient analysis of VLPs (pHDgpm2) and VLPs pro-
duced in presence of a W RNA (pHDgpm2+pHR'). (A) Gag distri-
bution in sucrose gradient fractions. The densities (in grams per mil-
liliter) of pl and p2 were 1.03 and 1.16 for the peak fractions of the
gradient loaded with particles from the pHDgpm?2 transfection and
1.04 and 1.16 for the peak fractions of the gradient loaded with par-
ticles from the pHDgpm2+pHR' transfection, respectively. This anal-
ysis was repeated three times with comparable results. (B) Western
blots of pHDgpm?2 and pHDgpm2+pHR'cellular lysates. Sucrose frac-
tion aliquots corresponding to 80 ng (peak 2) and 40 ng (peak 1) of p24
were analyzed. M, markers. (C) Floatation assay of Triton X-100-
extracted pHDgpm?2 cell proteins in an eight-fraction Optiprep. The
histogram illustrates the results derived from the Western blot and
ELISA analyses of the fractions of four independent gradients. Error
bars indicate standard deviations.

RNA was not present (Fig. 9A, lane 7). Incorporation of cel-
lular RNA was not favored when a ¥ RNA was present (Fig.
9A, lanes 4 and 8). The band intensity obtained with HDgpm?2-
specific primers cannot be quantitated, as the intensity of this
band cannot be compared to the intensity of the ¥ RNA.
Nevertheless, the detection of this RNA is a qualitative indi-
cation that mRNAs present in the cytoplasm can become in-
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FIG. 9. RNA incorporation in wild-type and mutant viral particles. (A) RT-PCR of particle-derived RNA. The results of one representative
experiment are shown. The mean and the standard error of the ¥ RNA content in samples analyzed in duplicate from three independent
experiments are reported under lanes 1 to 4 (HIV-1 MA-specific primers). Detection of RNA carried out with pHDgpm2-specific primers (lanes
5 to 8) and with B-actin-specific primers (lanes 9 to 13) is also shown. Lanes a, RNA samples subjected to RT-PCR; lanes b, RNA samples subjected
to PCR only. (B) RT-PCR of cellular RNA. Cellular RNA samples equivalent to equal amounts of total RNA were used in RT-PCRs with HIV-1
MA-, HDgpm?2-, or actin-specific primers. Transfection efficiencies were comparable for all of the plasmids. Lanes a, RNA samples subjected to

RT-PCR; lanes b, RNA samples subjected to PCR only.

corporated into the viral particle in the absence of ¥ RNA.
Therefore, it is likely that a variety of cellular mRNAs, in
addition to pHDgpm2 Gag-Pol mRNA, were incorporated

into these particles.

To further investigate the presence of cellular RNA in par-
ticle-derived RNAs from the different viruses, we carried out
an RT-PCR using actin-related primers (Fig. 9A, lanes 9 to
13). Our rationale was based on the fact that actin mRNA is
very abundant in the cytoplasm and therefore is a likely can-
didate for nonspecific RNA incorporation. Unlike the RT-
PCRs shown in Fig. 9A, lanes 1 to 8, which were carried out for
18 cycles, these reactions were carried out for 30 cycles. Actin
was more easily detected in sedimented particles that did not
contain a ¥ RNA. In M1-2/BR and HDgpm?2 particles, we
found amounts of B-actin RNA equivalent to, respectively,
seven- and fourfold the amount we found in HXB2, while the
amount found in HDgpm2+HR' was comparable to that in

The pulse-chase experiment and the experiments reported
in Table 2 show that time is not a factor affecting the recovery
of M1-2/BR particles, as we do not find a lower level of sedi-
mented particles over time. When considered with the exper-
iment presented in Fig. 9, these data support the conclusion
that the amount of protease-resistant Gag (or of stable parti-
cles) is determined by the presence of RNA in particles. The
percentage of particles incorporating RNA present in the su-
pernatant does not change with time, as it is determined at the
time of budding. Therefore, the percentage of protease-resis-
tant Gag also does not change with time and is independent of
the level of Gag accumulation. These data confirm that RNA
incorporation plays a role in the structural integrity of the viral
particle.

The data reported in Fig. 8 and Table 3 also show that the
relative amounts of viral proteins found in p2 and pl can
appear to redistribute when two different experiments are

HXB2. These data support the notion that cellular RNA is
present in the particles that can be pelleted by centrifugation

(Fig. 9A, lanes 10 and 11). Amplification of intracellular gag
mRNA was carried out to exclude the possibility of significant
differences in the amounts of transcribed Gag RNA for the
different constructs (Fig. 9B). Measurements of the total
amounts of RNA in aliquots of supernatants and pellets con-
taining equal amounts of p24 confirmed that RNA was present
in the pelleted M1-2/BR and HDgpm?2 virions in amounts
similar to those of pelleted HXB2 or pHDgpm2+pHR', which
preferentially incorporated ¥ RNAs (Table 3). There is a
direct correlation between the percentage of the amount of
RNA present in the supernatant and the amount of pelletable
Gag (Table 3). We conclude that the particles recovered in the
pellet after centrifugation contain RNA that is packaged spe-
cifically or nonspecifically. In the absence of a ¥ RNA, cellular

RNAs are incorporated.

TABLE 3. RNA content of viral supernatants and
pelleted particles”

Particle RNA

Extracellular Gag (% of ng of p24)

Construct
Supernatant Pellet
(ng/ml) (% supernatant) Supernatant  Pellet
pHXB2 2,574 = 43 754 100 100
pM1-2/BR 2,085 = 378 7+1 25*5 94+9
pHDgmp?2 1,994 = 204 5+3 64+10 958
pHDgmp2 + pHR 2,803 = 509 88 +9 106 =17  99=*5

“ All reported percentages and their errors were approximated to the closest
integer. RNA in aliquots of the clarified supernatants and of the pelleted virions
containing equal amounts of p24 was estimated. A Ribogreen quantification kit
(Molecular Probes) was used to quantitate the RNA. Means =+ standard errors
derived from three independent experiments are reported. The background from
mock-transfected cells was consistently lower than 7%.
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compared. When wild-type Gag is expressed in the presence of
a ¥ RNA, most of the of the viral proteins are in p2 (Fig. 8A,
pHDgpm2+pHR). When a smaller amount of cellular RNA
is incorporated by the particles produced in absence of a
¥ RNA, more viral proteins are found in pl (Fig. 8A,
pHDgpm?2). Under these two different experimental condi-
tions, the amount of Gag in the supernatant does not change
(Table 3). Different percentages of Gag are found in p2 or pl
fraction, depending upon the total amount of RNA present in
the particles (Table 3).

DISCUSSION

The retroviral NC protein appears to have roles at multiple
stages of the virus life cycle. As a domain of the Gag precursor,
it is involved in Gag-Gag interactions that are critical to as-
sembly and in RNA binding and packaging (see references 46
and 51 and references therein). The processed NC p7 may be
involved in early steps of the infection process (48). In this
report, we show that the basic charge present in NC is crucial
to NC-RNA interactions but not as crucial to Gag-Gag inter-
actions at the cell membrane. No major defects in membrane
association or in the amount of Gag released in the superna-
tant were observed for the pM1-2/BR mutant. Therefore, it is
unlikely that the basic residues present in the two zinc binding
motifs mediate the role played by NC in virus assembly. We
also show that there is a direct correlation between the per-
centage of Gag that is associated with RNA and the amount of
Gag that can be pelleted as particle associated. Particles that
band at the appropriate density for a retrovirus are particles
that incorporate RNA. Two possible interpretations can be
offered for the origin of the Gag proteins found in the super-
natant that are not particle associated. They can derive from
RNA-deficient, barge-associated Gag complexes that do not
complete the proper assembly and budding process and are
released in some manner from the cell. Alternatively, assembly
and budding are completed successfully, independently of the
presence of RNA in the barge complexes; particles that do not
package RNA are highly unstable after release and become
quickly disrupted, leading to the accumulation of viral proteins
in the supernatant. We favor the latter hypothesis.

The presence of an RNA species, perhaps in dimer form, is
critical for achieving correct particle morphology, as the RNA
functions as a scaffold in particle assembly and maturation (10,
20). Maturation of the particle is linked to postbudding pro-
cessing of the viral precursors Gag and Gag-Pol and to the
condensation of CA and NC on the RNA. When the particles
produced by pM1-2/BR were analyzed by EM, their morphol-
ogy was that of a PR-deficient virus for virtually all particles.
Similar particle morphology and frequency were reported for
Gag mutants truncated at the first or second zinc (26, 28). It is
difficult to know how many of these newly released particles
are among the few that package cellular RNA. It is quite
possible that only 10% of these particles have packaged RNA
and that the cell pellet EM detects both the particles that will
remain intact and those that disassemble in the supernatant,
immediately after their cellular release. Lack of an electron-
dense core could be due to the absence or incorrect positioning
of the RNA and/or to less efficient precursor processing.

We detected comparable amounts of Gag-associated p24
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in the supernatants of pHXB2 and pM1-2/BR. We could not
detect a similar amount of Gag in the supernatant of pGagAl5,
which is defective in assembly (32). This information, together
with the results of cell fractionation and flotation experiments,
suggests that M1-2/BR may not have a virus assembly defect.
This mutant was proposed to have an assembly defect because
the amounts of M1-2/BR pelleted particles observed in pulse-
chase experiments were significantly smaller than those for the
wild type (11). The relative amounts of pHXB2 and pM1-2/BR
Gag-associated p24 that we found in sucrose gradient fractions
13 and 14 (Fig. 4A) are consistent with the results observed by
Cimarelli et al., who focused on the analysis of pelleted mate-
rial (11). They interpreted the significant reduction in M1-
2/BR particle recovery after centrifugation to be a conse-
quence of an assembly defect of the mutant. The results
described here argue for a different interpretation: that pM1-
2/BR may assemble particles, but inefficient packaging of RNA
causes particles that are released into the extracellular super-
natant to be short lived.

We considered alternative explanations that might account
for the observations reported here. It is extremely unlikely that
the viral proteins that we detected in low-density fractions are
derived from active secretion, from cellular lysis with release of
viral proteins, or from cells contaminating the supernatant.
The analysis of pGagAl5 provides a direct control for all of
these possibilities. If the M1-2/BR mutant had a significant
assembly defect due to reduced Gag-Gag interactions, a higher
percentage of Gag would be found in the S100 fraction after
hypotonic buffer lysis, as we observed in the case of pGagAl5.
In addition, reduced levels of Gag complexes would have been
present in the barge fractions in the flotation experiment. The
nonassembled Gag would have been recovered in the lighter
raft-like fractions of the cell membrane or in the cytoplasmic
material. The profiles of the Optiprep gradient fractions that
contain barges were essentially identical for pM1-2/BR and
pHXB2 cell lysates and were similar to those reported by
others for HIV (32). Therefore, we concluded that this mutant
did not have a significant assembly defect, at least within the
limits of this assay, and that the soluble viral proteins present
in the supernatant of M1-2/BR could derive from disrupted
particles.

If M1-2/BR is indeed assembly competent and particles bud
from the cell membrane, the results presented in Table 2 show
that the disruption of the particles lacking RNA happens very
quickly, most likely as soon as the particle moves away from the
cell. One interpretation is that these particles without RNA
burst in the medium immediately after release. In this case,
these particles would not last long enough to band in high-
density fractions, and therefore only their protein components
can be detected in the low-density fraction. Interestingly, Gan-
ser et al. showed that under physiological conditions, core
assembly does not occur in the absence of RNA (20). The salt
concentration needs to be at least 1 M in order to obtain
assembled CA-NC cores in the absence of RNA. It is possible
that particles lacking RNA break down when the protease
initiates Gag processing. The Gag-Gag interactions provided
by the membrane-bound MA or MA-CA might not be suffi-
cient to retain the appropriate particle structure in the absence
of core condensation on the RNA.

We detected a higher accumulation of partially processed
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Gag fragments in the M1-2/BR virus than in the wild type, and
this was observed in pelleted virions that were found to contain
RNA and not intracellularly. It is possible that the Gag protein
mutations encoded in M1-2/BR affect the folding of this pro-
tein such that the cleavage sites in Gag are less accessible to
the viral protease. However, in this case reduced M1-2/BR
processing should also be detected within cells, but it was not.
Alternatively, the reduced affinity of the mutated M1-2/BR
Gag for the incorporated RNA could affect Gag-RNA protein
interactions and Gag folding, leading to reduced Gag process-
ing. Interestingly, the M1-2/BR Gag proteins that were found
in the low-density fractions of the gradient did not show higher
levels of partially processed Gag polyproteins than those of
HXB?2 (Fig. 4C, peak 1), suggesting that reduced Gag process-
ing occurs only in the pelleted M1-2/BR particles that incor-
porate RNA.

The analysis of VLPs produced by pHDgpm?2 was critical to
sort out whether the lack of RNA or the mutations in NC were
more critical determinants of the post-cell membrane assembly
defects of the M1-2/BR virions. This analysis also confirmed
that reduced RNA binding by Gag does not result in reduced
assembly at the cell membrane. When a similar analysis was
conducted on Moloney murine leukemia virus VLPs, Muriaux
et al. concluded that, in absence of a messenger with a virus-
specific packaging sequence, 60% of viral particles incorporate
cellular RNAs (40). Our data for HIV-based VLPs are in
agreement with those reported by Muriaux et al. for Moloney
murine leukemia virus. In addition, we have shown that even if
only 60% of these particles incorporate RNA and can sedi-
ment at the correct density, the amount of Gag present in
barge complexes is similar to that observed for the wild-type
virions that incorporate higher percentages of RNA. This ob-
servation rules out the hypothesis that the Gag molecules that
are not bound to RNA interact less favorably with other Gag
molecules at the cell membrane and therefore are excluded
from these high-density complexes. Muriaux et al. postulated a
role of RNA in particle assembly but did not address this
question experimentally. The fact that RNA binding is not
critical to assembly is also supported by the observation that
efficient particle formation and release can still occur when NC
is replaced with a non-RNA binding motif, a leucine zipper
domain (1, 55). This replacement did not disrupt assembly, as
the leucine zipper motif could provide the protein-protein in-
teractions normally provided by NC and necessary for the
formation of a multimeric Gag complex. In light of the RNA
incorporation data, it is possible that the particles that are
present in p2 fractions contain RNA and therefore are stable
and do not disassemble into the proteins that band in the pl
fractions. This may occur not just for the wild-type virus but
also for our mutant M1-2/BR or the virus with wild-type Gag
produced by pHDgpm?2, in absence of an RNA with a virus-
specific W site. Viral proteins present in pl fractions may
derive from particles that lack RNA and most likely disassem-
ble immediately after release.

Taken together, the data presented in this report suggest
that the portion of particles that are found in the supernatant
after cellular budding and release correlates well with the per-
centage of particles that have incorporated an RNA, whether
viral or cellular. The amount of RNA packaged reflects the
specific and nonspecific affinities of Gag for RNA and its total
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level depends on whether an RNA with a virus-specific pack-
aging sequence is present in the cytoplasm. In pHDgpm?2, the
NC protein is not mutated and the affinity of Gag for RNA is
intact. As this construct does not encode a ¥ RNA, only
nonspecific RNA binding can be achieved by Gag. The lower
affinity of Gag for RNA species without a virus-specific pack-
aging signal results in a lower percentage of particles incorpo-
rating RNA than when a W-containing RNA species is present.
In pM1-2/BR, the significant reduction of positive charge in
NC results in a substantial reduction of specific and nonspecific
RNA affinities. Therefore, incorporation of viral and cellular
RNAs is reduced, and a very limited number of particles that
are produced contain RNA. Structural features of the cellular
RNAs might be critical in determining the ratios of the differ-
ent cellular RNAs present in the particles when the NC protein
is intact. When NC is mutated and the affinity for RNA is
significantly reduced, the relative abundance of a certain mes-
senger in the cytoplasm might be the most significant determi-
nant for its particle incorporation.

The RNA, whether with a virus-specific packaging signal or
not, apparently provides the virus with a structural function
beyond a simple scaffold. RNA contributes importantly to
maintenance of particle integrity, whereas the concept of a
scaffold implies a temporary function that can be removed
after architectural assembly. The absence of RNA or its re-
moval by RNase treatment leads to particle collapse. Our ex-
periments suggest that RNA incorporation may be more im-
portant to stable particle structure than an intact NC protein.
At least 50% of Gag in the supernatant in pHDgpm?2 was not
particle associated, possibly because of loss of stability in the
absence of RNA. Particles lacking RNA may disassemble soon
after release, whether they consist of Gag molecules that were
wild type or have a mutated NC. Furthermore, short-lived
particles may account for the low-density viral proteins de-
tected in the sucrose gradients of pM1-2/BR and pHDgpm?2
supernatants. Alternatively, it is possible that the absence of
bound RNA in the Gag complexes present in the barges leads
to aberrant release of these complexes in the supernatant. The
reduction of positive charge in NC affects the levels of virus
recovery not because this feature of NC is critical to Gag-Gag
interactions at the cell membrane, but rather because it is
critical to RNA incorporation, which in turn is important for
postassembly and budding or particle stability.
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