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The expression of the pol gene of human immunodeficiency virus type 1 occurs via a ribosomal frameshift
between the gag and pol genes. The resulting protein, a Gag-Pol polyprotein, is produced at a level 5 to 10%
of that of the Gag protein. The Gag-Pol polyprotein is incorporated into virions and provides viral protease,
reverse transcriptase, and integrase, which are essential for infectivity. It is generally believed that the Gag-Pol
polyprotein is incorporated into virions via interaction with the Gag protein, although the details of the
mechanism are unknown. To further study this problem, we have constructed a human immunodeficiency
virus type 1 proviral genome which overexpresses the Gag-Pol polyprotein (Pr160°*¢-**)), Transfection of this
proviral genome (pGPpr—) into COS-1 cells resulted in the expression of full-length Pr1605°¢*°! polyprotein.
Although the majority of the Pr160°°6** was confined to the cells, low levels of reverse transcriptase activity
were detectable in the cell supernatants. The cotransfection of pGPpr— with a second plasmid which expresses
only the Pr555°¢ precursor (pGAG) resulted in a significantly higher level of Pr160°°¢-** in the medium of
transfected cells. Sedimentation analysis using sucrose density gradients demonstrated that most Pr1605°>>
was found in fractions corresponding to the density of virion particles, indicating that the Pr1605s-7°
polyprotein was released in association with a Pr55%°¢ viruslike particle. To further characterize the
requirements for the release, a mutation was constructed to express an unmyristylated Pr160°°¢°! polyprotein.
Coexpression with Pr555*¢ demonstrated that the unmyristylated Pr1605°¢-7*' was also incorporated into virion
particles. Subcellular fractionation experiments revealed that the distributions of the Pr160°*¢*'myr— and
Pr160°*¢** in the membrane and cytosol were similar under low- or high-ionic-strength conditions. Taken
together, these results suggest that myristylation of the Pr160°*¢**' polyprotein is not required for the

interaction with the Pr555*¢ necessary for packaging into a viruslike particle.

The genome of human immunodeficiency virus type 1
(HIV-1) contains three major genes, gag, pol, and env,
which are common to all retroviruses (24, 31, 35, 44). The
gag proteins are produced initially as a precursor protein,
Pr55%78, which is cleaved into the major gag proteins (p17
[MA], p24 [CA], and pl5 [NC] [p9/p6]) by the HIV-1
protease during virion morphogenesis (5, 14, 23). The pol
proteins are synthesized as a Gag-Pol polyprotein precursor
(Pr160%°57°"y which results from a ribosomal frameshift
between the gag and pol genes (10, 15, 48). Because of a low
frequency of frameshifting, this Pr1605°¢** polyprotein is
synthesized at a level approximately 5 to 10% of the level of
the Pr558“€ polyprotein, and it provides viral protease (p10),
reverse transcriptase (p66/51), and integrase (18).

The Pr1605°87°! polyprotein plays a central role in the
HIV-1life cycle. Since it is difficult to detect this polyprotein
in infected cells, previous studies have relied on the use of
mutants that positioned the gag and pol genes in the same
open reading frame (22, 25, 39). From the results of these
studies, it was found that the expression of Prl160%es»°!
resulted in the activation of the viral protease and subse-
quent proteolytic processing of the polyprotein. Cells over-
expressing the Prl605“8#>" polyprotein did not produce
immature virions or infectious virus (22, 25, 39). In contrast,
cells expressing the gag precursor Pr555° produced and
released immature or mature virions, depending on the
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presence of protease, even in the absence of the env gene
product (12, 17, 40, 46).

Since the expression of Pr160%°€#° resulted in the activa-
tion of the viral protease and extensive proteolytic process-
ing, it has been difficult to study the molecular features of the
intact polyprotein. Early studies reported that the transfec-
tion of HIV-1 proviral or subviral genomes with mutations to
inactivate the protease resulted in the production of imma-
ture virus particles containing low but significant levels of
reverse transcriptase activity (22, 27, 28). These results
suggested that Pr1605°€7° possesses reverse transcriptase
activity, although the levels are considerably lower than that
for the mature reverse transcriptase. The Gag-Pol polypro-
tein from murine leukemia virus has also been found to
possess a low but significant level of reverse transcriptase
activity (8).

The structural features of Pr1608°€7*! which are essential
for the interaction with Pr55%“¢ and targeting into virions are
unknown. Both Pr55%9€ and Pr1602°¢7°! are modified by the
cotranslational addition of N-myristic acid to the amino-
terminal glycine residue (4, 13, 25). Previous studies have
found that myristylation of the Pr555% protein of HIV-1 is
required for the assembly and release of immature virus
particles (12, 13). The role that myristylation of Pr555% plays
in assembly is not clear, although it has been suggested that
myristylation facilitates the stable association of proteins
with the membrane components (4). The myristylation of
proteins, though, is not a general signal for the targeting of
proteins to the plasma membrane. Indeed, all retroviral
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gag-related polyproteins are not myristylated, and many
other myristylated proteins are not bound to the plasma
membrane but are found in the cytosol, in the secretory
pathway, or in the nucleus (1, 2, 6, 26, 43).

To further study the targeting of the Prl605%¢** into
HIV-1 virions, we constructed a proviral genome containing
double mutations to position the gag and pol genes in the
same translational reading frame and to inactivate the viral
protease. The mutant proviral genome was transfected into
cells, and the expression and release of Pr1608°€*° in the
presence and absence of Pr55° were determined. Oligonu-
cleotide site-directed mutagenesis was used to create a
mutation which removed the myristylation signal from the
Pr1602°€+°! polyprotein. The results of these experiments
suggest that Pr160°€7 js incorporated into virions and
released from cells when coexpressed with Pr555#8. Further-
more, the myristylation of Pr1608°?°! is not required for the
protein-protein interactions between Prl60f%€?% and
Pr55%%8 necessary for inclusion of Gag-Pol into viruslike
particles.

MATERIALS AND METHODS

Materials. All chemicals, unless otherwise noted, were
purchased from Sigma Chemical Co. Tissue culture reagents
were obtained from GIBCO/BRL. Restriction enzymes and
DNA modification enzymes were purchased from New
England Biolabs. The plasmid, pCH110, was purchased
from Pharmacia, and the anti-B-galactosidase antibody was
obtained from Promega. The reagents for polymerase chain
reaction were purchased from Perkin-Elmer Cetus. Seque-
nase enzyme was obtained from U.S. Biochemicals. The
[”Slmethionine (Translabel) was purchased from ICN;
La-3 S]ATP was obtained from Amersham, Inc.; [9,10-

H(N)]myristic acid and [a->S]TTP were purchased from
Dupont-NEN. The immunoassay for HIV-1 p24 was ob-
tained from Abbott Laboratories. The DNA oligonucleotides
used in this study were obtained from the University of
Alabama at Birmingham (UAB) Cancer Center Oligonucle-
otide Synthesis Core facility. The antibodies specific for
HIV-1 p24/25 proteins were obtained from the NIH AIDS
Repository (41), while sera from AIDS patients were ob-
tained through the Center for AIDS Research, UAB.

Methods: tissue culture cells. The COS-1 cells were main-
tained in Dulbecco modified Eagle medium (DMEM) with
5% newborn calf serum-5% fetal calf serum (complete
medium).

Construction of mutations in the HIV-1 proviral genome.
The majority of the techniques for isolation and manipula-
tion of plasmids DNAs were done by standard protocols
(21). For site-directed oligonucleotide mutagenesis, DNAs
containing nucleotides 1 to 2201 of the wild type or the
genome containing a mutation at the site of ribosomal
frameshifting (FS2) were used (25). The DNAs containing an
EcoRI-Ball restriction fragment were ligated into the EcoRI-
Smal site of the replicative form of M13mpl9 and trans-
formed into the duz-minus ung-minus mutant host CJ236.
The resultant uracil-rich single stranded DNA was used as
the template for oligonucleotide site-directed mutagenesis
(19).

Two different oligonucleotide site-directed mutants were
constructed with the wild-type or FS2 templates. The first
mutant was designed to inactivate the viral protease by a
substitution of an asparagine for the aspartic acid (amino
acid 25) by using the following oligonucleotide: 5'-GAAGC
TCTATTAAATACAGGAGCAG-3'. A second mutant was
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constructed to substitute an alanine for the glycine amino
acid at the second position of the gag gene by using the
following oligonucleotide: 5'-GGAGAGAGATGGCTGCG
AGAGCGTC-3'. Previous studies have established that
expression of gag genes containing this mutation prevents
cotranslational myristylation (4, 13). The conditions for
mutagenesis were as previously described (19). Following
mutagenesis and transformation into Escherichia coli
DHS5aF', the desired recombinant phages were screened for
the presence of the correct mutation by the dideoxynucle-
otide chain termination method for sequencing DNA (36).
The resulting phages were designated M13HXBPRO(—) and
M13FS2MYR(-).

Construction of HIV-1 proviral genomes for expression of
gag and gag-pol precursor proteins. The plasmid pHXB2 gpt
contains a complete HIV-1 proviral genome which is infec-
tious even though it does not encode a Vpu protein (30). We
will refer to this plasmid as pHXB2. The construction of
pHXB2FS2, in which the gag and pol genes are in the same
translational reading frame, has also been described in detail
(25). To reconstruct the protease or myristylation mutations
into these proviral genomes, polymerase chain reaction was
used to amplify DNA flanking the region of the mutation
(34). For the construction of plasmids containing the prote-
ase mutation, a BssHI (nucleotide 255)-to-Bcll (nucleotide
2009)-amplified DNA fragment from the replicative form of
M13HXBPRO(—) was ligated into the proviral genomes; for
the mutation to prevent myristylation of the Gag and Gag-
Pol polyproteins, a BssHII (nucleotide 255)-to-Clal (nucleo-
tide 375)-amplified DNA fragment from the replicative form
of MI13FS2MYR(-) was ligated into similarly digested
pHXB2 and pHXB2FS2. The plasmids containing the muta-
tion were screened by restriction digestions, followed by
direct sequencing using the dideoxy sequencing method (36).
The proviral genomes with a mutation in the protease gene
are identified as pro—, while those with a mutation designed
to prevent myristylation are denoted by myr—.

To construct HIV-1 proviral genomes which would ex-
press unprocessed Pr55%% polyprotein, pHXB2 was di-
gested with Bcll and the resulting ends were filled in by using
avian myeloblastosis virus reverse transcriptase. The plas-
mid was digested with Ball, the resulting blunt ends were
ligated with T4 ligase, and the plasmid was transformed into
E. coli. The resulting plasmid, named pGAG, contains a
deletion between nucleotides 2009 and 4133; this deletion
results in the loss of the coding region for the majority of the
pol gene so that no functional protease, reverse tran-
scriptase, or integrase is expressed. The construction of the
mutant to remove the myristylation signal in pGAG was
performed by the BssHII-Clal DNA fragment exchange as
described for the plasmid containing the wild-type proviral
genome. The resulting plasmid was named pGAGmyr—.

DNA transfections and metabolic labelings. The COS-1
cells were passaged 24 h prior to transfection and were 50%
confluent at the time of transfection. Transfections were
performed with 5 pg of CsCl-purified plasmid DNA per ml
by using DEAE-dextran (molecular mass, 500,000 Da) at 500
ng/ml as a facilitator (20, 25). After 3 h with the DNA-
DEAE-dextran mixture, the cells were washed and placed in
complete medium with chloroquine (20 pg/ml) for an addi-
tional 2 h. Following a 10% dimethyl sulfoxide shock for 2
min, the cells were washed with DMEM and incubated at
37°C for 48 h in complete medium.

For metabolic labeling, the transfected COS-1 cells were
washed with DMEM and incubated for 1 h in DMEM minus
methionine. The medium was then removed and replaced
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with DMEM minus methionine supplemented with [>*S}jme-
thionine (Translabel) at 50 pCi/ml. For labeling with
[*H]myristic acid, the cells were incubated in complete
medium with [*H]myristic acid (100 pCi/ml) for 4 h as
previously described (33). After the labeling period, the
medium was removed and the cells were washed once with
DMEM. The cells were lysed by incubation in radioimmu-
noprecipitation assay (RIPA) buffer (1% Triton X-100, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS],
150 mM NaCl, 25 mM Tris-HCI [pH 7.34]) on ice for 5 min.
Following removal of high-molecular-weight DNA and cell
debris by centrifugation, the specified antibodies were added
and allowed to react at 4°C for 12 h. The immunoprecipitates
were collected by addition of protein A-Sepharose (20 pl of
a 1:10 dilution [wt/vol] in RIPA buffer) for 1 h at room
temperature, followed by centrifugation and three washes
with RIPA buffer. To release the immunoprecipitates, the
beads were boiled in gel sample loading buffer (50 mM
Tris-HCI [pH 6.8], 5% SDS, 5% B-mercaptoethanol, and
0.1% bromophenol blue) for 5 min and then briefly centri-
fuged. The immunoprecipitated proteins were analyzed by
SDS-polyacrylamide gel electrophoresis followed by fluo-
rography and subsequent autoradiography using Kodak
X-Omat AR film with intensifier at —70°C. In some in-
stances, the radioactivity was also quantitated with a Phos-
phorimager system (Molecular Dynamics).

Density gradient analysis of virus from transfected cells.
The supernatants from the COS-1 cells mock transfected or
transfected with plasmids containing the HIV-1 proviral
genomes were collected at 2 days posttransfection. The
medium was clarified by centrifugation at 1,000 x g for 5
min, followed by filtration through a 0.2-um-pore-size Acro-
disc (Gelman Sciences). The supernatant was layered on 4
ml of 20% sucrose cushion and centrifuged in an SW41 rotor
at 120,000 x g for 2 h. The pellet was resuspended in 200 pl
of phosphate-buffered saline (PBS) and stored at —20°C for
further assay. In some cases, the pelleted material was
layered on top of a 20 to 60% sucrose gradient. After
centrifugation at 100,000 x g for 18 h in an SW41 rotor, 24
equal fractions were collected starting from the bottom of
the tube. Sucrose densities for each fraction were deter-
mined with a refractometer.

Subcellular fractionations. All cell fractionations were per-
formed at 4°C by previously described techniques (4, 32).
The transfected COS-1 cells were metabolically labeled with
100 u.Ci of [**S]methionine per ml for 2 h. The labeled cells
were washed with cold PBS and scraped into swelling buffer
(10 mM KCl, 20 mM Tris-HCI [pH 7.8], 1 mM EDTA, 0.1%
2-mercaptoethanol, 1 pM aprotinin). After 20 min at 4°C, the
cells were lysed with 50 strokes of a tight-fitting B glass
Dounce homogenizer. The nuclei were pelleted by centrifu-
gation for 10 min at 1,000 x g after the final salt concentra-
tion was adjusted to 0.15 M NaCl. The supernatant from this
spin was centrifuged at 100,000 x g for 30 min to prepare
membrane and soluble fractions. The resulting supernatant
fraction and membrane fraction were designated S-100(—)
and P-100(—), respectively, to indicate low-ionic-strength
conditions. The membrane fraction, P-100(—), was resus-
pended in swelling buffer, and half of the fraction was saved
for immunoprecipitation. The remaining half fraction was
adjusted to 1 M NaCl and centrifuged again at 100,000 x g
for 30 min. The new fractions were designated P-100(+) and
S-100(+), respectively, to indicate the high-ionic-strength
conditions. The cytosolic fractions were adjusted with 5x
RIPA buffer to make a 1x RIPA buffer final concentration.
The membrane fractions were resuspended directly in 1x
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RIPA buffer. The HIV-1 proteins were then immunoprecip-
itated with anti-p24/25 antibody.

Reverse transcriptase assays. For the analysis of virion-
associated reverse transcriptase activity, 25-ul samples from
the pelleted particles were placed in a well of a 96-well plate
and 75 pl of a reaction cocktail containing 50 mM Tris-HCl
(pH 8.0), 5 mM dithiothreitol, 5 mM MgCl,, 150 mM KCl,
0.1% Triton X-100, 0.5 mM EGTA [ethylene glycol-bis(f-
aminoethyl ether)-N,N,N’,N'-tetraacetic acid], 1.25 pg of
poly(A) - oligo(dT), and 5 wCi of [a-3S]TTP (25). The reac-
tion was allowed to proceed for 90 min at 37°C, and then the
mixture was directly spotted onto NA-45 paper (Schleicher
& Schuell). The samples were washed once with 0.2 M
NaPO, (pH 7.5) and air dried, and the radioactivity was
quantitated with an AMBIS densitometer.

p24 antigen capture assay. The p24 antigen assay was
performed by using a kit by Abbott Laboratories according
to the manufacturer’s instructions. An assay with known
amounts of p24 was used to generate a standard curve in
which to extrapolate the samples. All samples were diluted
so that the values obtained were in the linear portion of the
standard curve.

RESULTS

Characterization of HIV-1 provirus with a defective prote-
ase. To characterize the Gag-Pol polyprotein, we con-
structed a mutation in the infectious HIV-1 proviral genome
(pHXB2) (30) which resulted in the inactivation of HIV-1
protease (pHXB2pro—) (Fig. 1). The expression of HIV-1-
specific proteins in COS-1 cells transfected with the wild-
type or mutant proviral genome was analyzed 48 h posttrans-
fection by immunoprecipitation using anti-p24 antibody or
anti-reverse transcriptase antibody (Fig. 2). In the cells
transfected with pHXB2 (wild type), the proteolytically
processed product p24 and the gag gene precursor, p55,
were immunoprecipitated. In contrast, the unprocessed
Pr55%8 precursor and a larger protein consistent with the
molecular mass of the Pr1608#¢°! polyprotein were detected
in cells transfected with protease mutant pHXB2pro—. The
proteins in the lysates were also immunoprecipitated with
antibodies specific for reverse transcriptase. In the cells
transfected with pHXB2 (wild type), Pr160°€7°! and p66
(reverse transcriptase) as well as several probable proteo-
lytic processing intermediates were evident, while only
Pr160%°67°! was detected from the cells transfected with
pHXB2pro— (Fig. 2A). The medium from the transfected
cells was next analyzed for release of HIV-1 virus particles.
For these studies, we first clarified the medium by a low-
speed centrifugation, followed by ultracentrifugation
through a 20% sucrose cushion. The pelleted viral proteins
were then analyzed by immunoprecipitation with anti-p24 or
anti-reverse-transcriptase antibodies. We readily detected
the proteolytically processed gag product, p24, in the pellets
of cells transfected with pHXB2. In contrast, predominantly
unprocessed Pr552%€ and Pr1605°€7°! were immunoprecipi-
tated from the pellets of cells transfected with pHXB2pro—.
At present, we do not know whether the additional proteins
immunoprecipitated with the anti-Gag antibodies are a result
of de novo synthesis (23) or proteolytic processing by
cellular proteases (14). Using anti-reverse transcriptase an-
tibodies, we detected the mature reverse transcriptase, p66,
in virions derived from transfection of pHXB2 (wild type),
while only Prl60°°€7* was detected in virions from
pHXB2pro— (Fig. 2B). These results indicated that the
Pr1602°57°! expressed from pHXBpro— was incorporated
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FIG. 1. HIV-1 proviral genome and location of the mutation in
the protease gene. (A) HIV-1 proviral genome. The organization of
the HIV-1 proviral genome is shown with the relevant restriction
sites, BssHII at nucleotide 255 and Bcll at nucleotide 2009. The
expression of the gag gene results in the synthesis of a precursor
protein, pr55, which is subsequently processed by the viral prote-
ase, pl0, to release the mature gag proteins (p17, p24, p9, and p6).
The translational reading frame of the pol gene is in a minus one
position from the gag gene, and expression occurs via a ribosomal
frameshift to produce a gag-pol polyprotein which is subsequently
processed by the viral protease to produce mature gag and pol gene
products (viral protease [p10], reverse transcriptase [p66/p51), and
integrase [p31]). The asterisk refers to the position at which ribo-
somal frameshift occurs (nucleotide 1635). (B) pHXBpro—. A point
mutation was introduced by site-directed mutagenesis to change the
aspartic acid in the active site of protease to the asparagine. LTR,
long terminal repeat.

into virion particles which could be pelleted through a
sucrose cushion. The virus particles from the cells trans-
fected with wild-type or mutant provirus were next analyzed
for in vitro reverse transcriptase activity. As expected, the
virus from cells transfected with pHXB2 had substantial
enzymatic activity, while the pelleted viruslike particles
from cells transfected with pHXB2pro— contained reverse
transcriptase activity at a level generally 1/10 of that of the
wild type (data not shown).

Expression and characterization of Gag and Gag-Pol poly-
protein from pGAG and pGAGPOL. To investigate the
requirements for incorporation of the Pr160°€?°! polypro-
tein into virion particles, we constructed mutants which in-
dependently expressed either the Pr555°€ or the Pr160528-7!
polyprotein. Previously, a proviral genome (pHXB2FS2)
was created by insertion of a single-base adenine at the site
of ribosomal frameshifting to position the gag and pol genes
in the same translational reading frame (25). To inactivate
the protease, a second mutation in which the aspartic acid
was changed to asparagine was constructed in pHXB2FS2
(9, 18); the resulting plasmid was named pGPpr— (Fig. 3). A
proviral mutant which expressed the Pr555“% polyprotein in
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FIG. 2. Analysis of HIV-1-specific proteins from COS-1 cells
transfected with wild-type or mutant proviral genomes. COS-1 cells
were transfected with the designated plasmids. At 48 h posttrans-
fection, the cells were metabolically labeled with [**S]Translabel
(100 wCi/ml) for 15 h. The cell lysates were analyzed by immuno-
precipitation with rabbit anti-p24 antibody (A) or anti-reverse tran-
scriptase antibody (B) followed by SDS-10% polyacrylamide gel
electrophoresis and autoradiography. The media from COS-1 trans-
fected cells which had been metabolically labeled with [*S]Trans-
label were clarified by a low-speed centrifugation followed by
ultracentrifugation through a 20% sucrose cushion. The pellets were
resuspended in RIPA buffer and analyzed by immunoprecipitation.

the absence of pol gene products was constructed by dele-
tion of the wild-type proviral DNA such that no functional
protease, reverse transcriptase, or integrase would be ex-
pressed (pGAG). Previous studies have established that
myristylation of the Pr55%°%, and possibly Pr1605°"*°!, was
essential for the formation of infectious virions (4, 13). To
evaluate the effect of myristylation in our system, two
proviral genomes in which the second amino acid glycine
was mutated to an alanine (P GAGmyr— and pGPpr—myr—)
were constructed. Previous studies have found that this
mutation prevents the myristylation of the gag-related pro-
teins from the HIV-1 proviral genome (4, 13).

The expression of polyproteins was analyzed by metabolic
labeling of COS-1 cells with [**S]methionine and immuno-
precipitation of HIV-1-specific proteins from cell lysates
with anti-p24 antibody 2 days posttransfection (Fig. 4A). The
cells transfected with pGAG and pGAGmyr— synthesized
the Pr55%“# polyprotein, while cells transfected with pGPpr—
or pGPpr—myr— expressed the Prl605€7°! polyprotein.
These results demonstrated that unprocessed Pr555%¢ and
Pr160%°&+°! polyproteins were exclusively expressed from
separate proviral genomes and that removal of the myristy-
lation signal from pGAG or pGPpr— did not affect the
expression of individual polyproteins. For the analysis of
myristylation of the Pr55°€ and Pr1605°€° polyproteins,
the COS-1 cells were transfected with myr+ or myr— pGAG
and pGPpr— proviral mutants and metabolically labeled with
[®H]myristic acid and proteins in cell lysates were immuno-
precipitated with serum from AIDS patients (Fig. 4B). The
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FIG. 3. HIV-1 proviral genomes which express Pr55¥?¢ and
Pr160%°87°'_ (A) The proviral genome in which the gag and pol genes
are positioned in the same translational reading frame is depicted.
pHXB2FS2 was constructed by insertion of a single adenine residue
at the proposed site of ribosomal frameshifting at nucleotide 1635,
which results in a gag-pol polyprotein identical to that from the
wild-type genome (25). (B) pGPpr— was constructed by introducing
a second mutation in the protease gene into pHXB2FS2. By
site-directed mutagenesis on the protease gene, the codon for
aspartic acid in the active site of protease was changed to aspara-
gine. (C) pGAG was made by deletion of the Bcll-Ball fragment
from pHXB2 (wild type), which deletes most of pol gene (nucleo-
tides 2009 to 4133). The mutations to change the codon for the
second amino acid in pGPpr— and pGAG from glycine to alanine are
described in the text. LTR, long terminal repeat.

Pr55%°¢ and Pr1605°87°! polyproteins expressed by myr+
proviral mutants could readily be detected by metabolic
labeling with [*H]myristic acid, while those polyproteins
expressed by the myr— proviral mutants, which lack a
myristylation signal, were not detected. Thus, the removal
of the myristylation signal in both pGAG and pGPpr—
effectively eliminated the cotranslational addition of myristic
acid to these proteins.

Incorporation of Pr160°¢”° into viruslike particles. To
determine whether the Pr1608?° polyprotein can be incor-
porated into virion particles and released, experiments in
which pGAG and pGPpr— were cotransfected into COS-1
cells were performed. At 48 h posttransfection, the cells
were metabolically labeled, and the intracellular proteins
were analyzed by immunoprecipitation with anti-p24 anti-
bodies (Fig. 5A). The expression of the Pr555“¢ precursor
and Pr1605°7>" was evident in the cells transfected with
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FIG. 4. Analysis of Pr555°¢ and Pr1605°¢?° proteins expressed
in COS-1 cells transfected with wild-type or mutant proviral ge-
nomes. (A) COS-1 cells were transfected with the designated
plasmids for 48 h and then metabolically labeled with [*°S] Translabel
(50 wCi/ml) for 4 h. The intracellular proteins were then immuno-
precipitated with rabbit anti-p24 antibody and analyzed by SDS-
polyacrylamide gel electrophoresis and autoradiography. The rele-
vant proteins are noted. Lane 1, pHXB2 (wild type); lane 2, pGAG;
lane 3, pPGAGmyr—; lane 4, pGPpr—; lane 5, pGPpr—myr—. (B)
Mpyristylation of HIV-1 proteins expressed in COS-1 cells trans-
fected with wild-type or mutant proviral genomes. COS-1 cells
transfected with the designated plasmids were metabolically labeled
with [*H]myristic acid. Following labeling, the cell extracts were
immunoprecipitated with pooled sera from AIDS patients and
analyzed by SDS-12% polyacrylamide gel electrophoresis and sub-
sequent autoradiography. The relevant proteins are noted. Lanes
are as in panel A.

pHXB2pro—. The Pr55%%% precursor was present in cells
transfected with pGAG or pGAGmyr—, and the Pr1605°€7°!
precursor was present in cells transfected with pGPpr— or
pGPpr—myr—. The media from the transfected cells were
analyzed by ultracentrifugation through a 20% sucrose cush-
ion followed by immunoprecipitation with anti-p24 antibod-
ies (Fig. 5B). We detected both Pr5582€ and Pr1605°¢° from
cells transfected with pHXB2pro—. Only Pr55%?% was
present in the medium from cells transfected with pGAG,
and consistent with the results of previous studies, very low
levels of the unmyristylated Pr555¢ were released from the
transfected cells (13). No Pr1605%€7°! was detected in the
medium of cells transfected with pGPpr— or pGPpr—myr—.
The cotransfection of pGAG and pGPpr— resulted in levels
of Pr558°¢ and Prl160°°€7* immunoprecipitated from the
medium of cells nearly identical with that obtained from the
transfection with pHXB2pro—. Similar levels of the
Pr1605°&-7°! polyprotein were also detected from the medium
of cells cotransfected with pGAG and pGPpr—myr—. Us-
ing the Phosphorimager, we quantitated the amounts of
radioactivit?r in the bands corresponding to Pr55%“¢ and
Pr160%°87°/, Setting the ratio of Pr558°5 to Pr1605°¢° found
in pHXBpro— at 100%, we determined that the ratio of the
Pr558°€ to Pr1605°87° for the cotransfected pPGAG/pGPpr—
and pGAG/pGPpr—myr— ranged from 67 to 75%. Interest-
ingly, we also observed a slight increase in the levels of
Pr55%*#myr— in the medium of cells cotransfected with



VoL. 66, 1992

CELL i
>
¢ WG
I -
£ o o
L 53
& & Ec Tk
é 5 g ¢ ¢ 5 &
S & E. - 0r KT 8oE] B
E Qg0 aa U 00O
S EEETRELE
oﬂgggnnnnn
—— = -Pri60-
= P —— A c——— - Pr55 —
1 23 4 5 67 8 910

Gag-Pol POLYPROTEIN OF HIV-1 6309

MEDIUM .

>

; 3

F SRR TR -

> Q.

£ f£ia

L @G Q

, & 8 8 &

: L 5 & a I g

) > g @ 9 > >

- E.,n.ﬂ. EE
o & L L

ST@m 0o O g 8 @O g O

S 3§33 §3g a9

on-g.n.a.n.n.ﬂ- n.‘g-
JEe—— Pe——.

.. 2.-3.4.5.6 7+ 8:4.9:.10

FIG. 5. Coexpression of Pr55°€ and Prl608°€7°!. COS-1 cells were transfected with individual plasmids or cotransfected with the
designated plasmids. After 48 h, the cells were metabolically labeled with [3S]Translabel. After 15 h, the cell lysates or supernatants were
analyzed by immunoprecipitation with anti-p24 antibodies and SDS-polyacrylamide gel electrophoresis with subsequent autoradiography. (A)
Intracellular proteins immunoprecipitated. The appropriate viral proteins are noted. (B) Labeled particles in the medium were ultracentrifuged
through a 20% sucrose cushion, lysed in RIPA buffer, and analyzed by immunoprecipitation with rabbit anti-p24 antibody. The relevant

proteins are noted. Control, mock transfected.

PGAGmyr—/pGPpr— compared with those in the medium of
cells transfected with pGAGmyr— alone. Furthermore, the
medium of cells cotransfected with pGAGmyr—/pGPpr—
contained approximately three times the amount of Pr555%%
(as determined by the Phosphorimager) than that from cells
cotransfected with pGAGmyr—/pGPpr—myr—. These re-
sults suggest that Pr1608?€7°' has the capacity to interact
with Pr55%“fmyr— resulting in the release of low levels of
Pr55%°€ into the medium.

Analysis of reverse transcriptase activity from virions ob-
tained from cotransfected cells. To further characterize the
complementation of the proviral genomes expressing Pr55°%
and Pr1608°€°', we analyzed the released virus particles for
reverse transcriptase activity. For these studies, viruses in
the medium from cotransfected cells were pelleted through a
20% sucrose cushion prior to analysis for in vitro enzyme
activity (Table 1). The pellets from medium of cells trans-
fected with pHXB2pro— contained significant levels of re-
verse transcriptase activity. In contrast, the pellets from
cells transfected with pGAG alone gave background levels of
activity. A low but significant level of activity was detected
in the medium of cells transfected with pGPpr— alone. The
normalized reverse transcriptase activity (counts per minute
per nanogram of p24) from cells cotransfected with pGAG/
pGPpr— was lower than that of cells transfected with the
control plasmid pHXB2pro— but clearly above the back-
ground levels obtained from analysis of the medium of cells
transfected with pGAG. The normalized level of reverse
transcriptase activity obtained from cultures cotransfected
with pGAG/pGPpr—myr— was comparable to that for cells
transfected with pGAG/pGPpr—. This demonstrated that
Pr160%°8-7°’myr— was released from the cells in association
with Pr5589% which could be pelleted by ultracentrifugation.
The level of reverse transcriptase activity obtained from the
medium of cultures cotransfected with pGAGmyr—/pGPpr—
varied from experiment to experiment; sometimes these
values were no different from that for pGPpr— alone, while

in a few instances increased activity was detected. In all
cases tested, though, the levels obtained from the medium of
cells transfected with pGAGmyr—/pGPpr— were lower than
those from the medium of cells transfected with pGAG/
pGPpr—myr—. The requirement for myristylation was evi-
dent in that cotransfection of pGAGmyr—/pGPpr—myr—

TABLE 1. Analysis of reverse transcriptase activity from media
of COS-1 cells transfected with mutant proviral genomes®

Reverse transcriptase activity

DNA Total cpm/ng
cpm? of p24°
None 529 ND
pHXBpro— 54,428 117,122
pGAG 583 ND
pGPpr— 6,341 ND
pGAGmyr— 459 ND
pGPpr—myr— 835 ND
pGAG/pGPpr— 154,163 83,784
pGAGmyr—/pGPpr— 3,944 ND
PGAG/pGPpr—myr— 52,002 60,467
PGAGmyr—/pGPpr—myr— 687 ND

2 COS-1 cells were transfected with the designated plasmids or cotrans-
fected with equal amounts of the designated plasmids. At 48 h posttransfec-
tion, the culture media were clarified by a low-speed centrifugation followed
by ultracentrifugation through a 20% sucrose cushion as described in Mate-
rials and Methods. The values are from a single experiment. Two subsequent
experiments using the same DNA preparations gave a similar pattern of
results.

® The reverse transcriptase activities of the ultracentrifuged pellets were
measured as described in Materials and Methods. The values represented are
for the total sample (counts per minute of [>*S]TTP incorporated using the
standard assay).

¢ The amounts of p24 antigens in the medium of cells transfected with the
designated plasmids were determined by antigen capture assay. The amounts
of reverse transcriptase were normalized to p24 antigen detected in the culture
medium. ND, not determined.
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FIG. 6. Sucrose density gradient analysis of viruslike particles
released from COS-1 cells transfected with mutant proviral ge-
nomes. COS-1 cells were transfected with designated mutant provi-
ral genomes. After 3 days, the medium of transfected COS-1 cells
was clarified by low-speed centrifugation followed by ultracentrifu-
gation to pellet the viruslike particles. The pellets were resuspended
in PBS and layered into a 20 to 60% linear sucrose density gradient.
Following centrifugation, 24 fractions were collected from the
bottom of the tube and odd-numbered fractions were analyzed for
reverse transcriptase as described in Materials and Methods. The
density of each fraction was determined by a refractometer. The
gradient samples are presented from the bottom (left) to the top

(right). O, pHXB2pro—; X, pGAG/pGPpr—; A, pGAGmyr+/
pGPpr—myr—; @, pGAGmyr—/pGPpr—myr+; O, pGPpr—; +,
pGAG.

resulted in no reverse transcriptase activity detected in the
medium over the background level.

To further characterize the association of Pr555%¢ and
Pr160%°57° in the released particles, the pelleted material
from the medium of transfected cells was analyzed by
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[ S(-) P(-) S(+)P(+)

GAGmyr-
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sucrose density gradients (Fig. 6). A single peak of enzyme
activity was detected for the particles obtained from the
medium of cells transfected with pHXB2pro— correspond-
ing to a buoyant density of 1.16 g/ml, which is consistent
with that for HIV-1 virions (29). Similar peaks were found
for the pelleted material from medium of cells cotransfected
with the various pGAG/pGPpr— combinations. The overall
levels of reverse transcriptase activity detected from the
gradient analysis were consistent with that presented in
Table 1. Interestingly, a very minor peak of reverse tran-
scriptase activity was detected from cells transfected with
pGPpr— alone, suggesting that particles might be present.
We are in the process of further exploring this result by an
electron microscopic analysis of transfected cells to deter-
mine what, if any, structures are present.

Subcellular distribution of the Pr55%°¢ and Pr160£s-°
polyproteins. Previous studies have demonstrated that the
myristylation of the Pr555%¢ is a requirement for the release
of immature virus particles and that the myristylation is
important for the stable association of the Pr55%“¢ protein
with intracellular membranes (4, 12, 13). To extend these
studies, we performed similar experiments for the Pr55%°%
expressed from transfection of pPGAG and pGAGmyr— (Fig.
7A). For an internal control, we cotransfected the cells with
a plasmid which expresses B-galactosidase (pCH110). We
utilized the Phosphorimager to quantitate the amount of
B-galactosidase in the soluble and pellet fractions. Consis-
tent with the results of previous studies, we found that over
80% of the B-galactosidase partitioned to the soluble frac-
tion, indicative of a cytoplasmic location (16). Upon the
initial fractionation of the transfected cells into cytoplasmic
and membrane fractions, a small difference was observed in
the distribution between the wild-type and nonmyristylated
Pr558° proteins. The pellets were subjected to a high-salt
wash to remove loosely bound Pr555%€, followed by recen-
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FIG. 7. Subcellular localization of Pr553“5|0-and-llﬂ60ﬂ&’pelyprotem_cos¢ceusmnsfected with mutant proviral genomes. (A)
COS-1 cells were cotransfected with pCH110 and ?GAG (lanes 1 to 4) or pCH110 and pGAGmyr— (lanes 5 to 8) plasmids. At 48 h

posttransfection, transfected cells were labeled with [

5S]methionine for 2 h. The labeled cells were fractionated into cytosolic and membrane

fractions under low-ionic-strength conditions (0.15 M NaCl in swelling buffer) as described in Materials and Methods. The resulting fractions
were designated S(—) (cytosolic) and P(—) (membrane). The P(—) fractions were resuspended in swelling buffer and recentrifuged at 100,000
X g for 30 min under high-ionic-strength conditions (1 M NaCl in swelling buffer). The resulting fractions were designated S(+) (soluble) and
P(+) (pellet). Each fraction was immunoprecipitated with rabbit anti-p24 antibody and monoclonal anti-B-galactosidase antibody and analyzed
by SDS-polyacrylamide gel electrophoresis. The pr555°% and B-galactosidase proteins are noted. (B) COS-1 cells were cotransfected with
pGPpr— and pCH110 plasmids (lanes 1 to 4) or pGPpr—myr— and pCH110 (lanes 5 to 8), and the expressed Pr1605*7°' and B-galactosidase
were analyzed by subcellular fractionation and immunoprecipitation as described for panel A. The relevant viral proteins are noted.
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trifugation and immunoprecipitation. In this case, a greater
difference was observed between the wild-type and nonmyri-
stylated Pr555%8 proteins as evident by partitioning of wild-
type Pr555%8 to predominantly the membrane (pellet) frac-
tion (80% by Phosphorimager), while nonmyristylated
protein was found equally in the soluble and pellet fractions.
We next performed the same subcellular fractionation exper-
iments with wild-type and nonmyristylated Pr160267° poly-
proteins (Fig. 7B). A small difference was observed in the
distribution of Pr160%?¢”* found in the high-salt washes
between the cells transfected with pGPpr— and pGPpr—
myr—. Quantitation of the amounts by Phosphorimager
revealed that 60% of the Prl605%€”°' and 50% of the
Pr160%°87°/myr~ associated with the membranes after a
high-salt wash. Interestingly, this slight difference observed
in the association with intracellular membranes correlated
with the difference in the levels of reverse transcriptase
measured from the medium of cells transfected with pGAG/
pGPpr— and pGAG/pGPpr—myr—. Taken together, these
results demonstrate that myristylation of the Pr1605257°! is
not absolutely required for the stable association with intra-
cellular membranes or association with Pr555?¢ needed for
inclusion in a viruslike particle.

DISCUSSION

In this study, we describe the construction and character-
ization of HIV-1 proviral genomes containing mutations
which result in the overexpression of the Pr1605°€7° poly-
protein. We demonstrate that most of the Pr1605?6+°" was
confined within the cells; a low but significant level of
Pr1608987°! was released from transfected cells, as evident
by reverse transcriptase activity in the supernatant of cells.
When coexpressed with Pr5582€, the Pr1605°87° polyprotein
was incorporated into viruslike particles and released from
transfected cells. The myristylation of Pr1605987° was not
required for incorporation into particles. There was no
significant difference between the myristylated and nonmyri-
stylated Pr1605°¢°! with respect to the subcellular localiza-
tion and stable association with intracellular membranes.

Previous studies have described the characterization of a
HIV-1 proviral genome containing single amino acid changes
to inactivate the viral protease (13, 27, 28). In these studies,
as with those presented here for pHXB2pro—, transfection
of proviral genomes containing these mutations resulted in
the release of particles containing the Pr1608?¢?°! polypro-
tein. From these early studies, it was not clear whether
expression of Pr160%°57°! alone induced particle formation.
We demonstrated that complete HIV-1 proviral genomes
with mutations to inactivate the viral protease and to posi-
tion the gag and pol genes in the same translational reading
frame resulted in the exclusive expression of the Pr160557>
protein. The majority of the Pr1605°€7* was confined within
the cell, although a low level was released from the trans-
fected cells. At present, we do not know whether this is due
to cell death or whether Pr1605°67* alone can form particles
at a low frequency. Our results are consistent, though, with
those of previous studies with murine leukemia virus (11)
and Rous sarcoma virus (3, 7, 42) which reported that
proviral genomes which overexpressed Gag-Pol resulted in
the intracellular accumulation of the polyprotein without
release of virus. As suggested by Craven et al., this defect
could be due to steric interference by the pol domain in
particle formation (7). It is also possible that gag protein p15,
which is disrupted in the Pr1605°+°' polyprotein, is impor-
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tant for virion formation. Further experiments are under way
to investigate this question.

The Pr1608°&-7°! polyprotein was efficiently released from
the cells when coexpressed with the Pr55%%% protein. From
the sucrose density gradient analysis, Pr1608°7° was asso-
ciated with particles formed from the Pr55%%¢ protein. The
fact that the Pr160%°87° precursor contains enzymatic ac-
tivity but approximately 1/10 that of p66/51 mature reverse
transcriptase in viruses derived from transfection of pHXB2
is consistent with previous reports from other groups (13, 22,
27, 28). Previous studies have described the enzymatic
activity for the Gag-Pol polyprotein of murine leukemia virus
in a range similar to that for HIV-1 (8), while enzymatic
activity of the Gag-Pol polyprotein from Rous sarcoma virus
was negligible (7, 42). Since each of these viruses relies on a
different strategy for the expression of Gag-Pol and contains
mature reverse transcriptases with different physical prop-
erties, it is probably not surprising that the Gag-Pol polypro-
teins from each virus might have a different capacity for
reverse transcription. The role that the enzymatic activity of
the Gag-Pol polyprotein might play in reverse transcription
of the viral genome is unknown. It is tempting to speculate
that the Gag-Pol polyprotein might facilitate the initiation of
reverse transcription, possibly by positioning the cellular
tRNAY® primer on the viral genome and initiating the
reverse transcription. Further studies are needed to test this
possibility.

The mechanism by which Pr555°€ and Prl160%°%°' are
targeted to the appropriate intracellular membrane and re-
leased from the cell is, at present, unknown. Previous
studies have demonstrated that the cotranslational addition
of N-myristic acid to Pr555# is essential for the release of
immature virus particles (12, 13). In previous studies, the
nonmyristylated Gag of murine leukemia virus was excluded
from virus assembly (37). In contrast, Wills et al. have
demonstrated that myristylation of the Gag protein is not the
sole determinant for targeting to the plasma membrane and
release of virions (47). The results of our studies demon-
strate that the Pr1605°7% of HIV-1 can be rescued into
particles regardless of the myristylation state. The role that
myristylation of the Pr1602%5%°! polyprotein plays in intra-
cellular transport and membrane association is not clear. We
observed no significant differences between the partitioning
of myristylated and unmyristylated Pr160%°¢*°! into the
cytoplasmic or membrane fractions, although identical pro-
cedures found a difference between the myristylated and
unmyristylated Pr55528. This difference may be due in part to
the ability of the myristylated Pr555°¢ to form particles (13).
That is, the Pr558°% probably forms a tighter association with
the plasma membrane as a consequence of the virus assem-
bly and release process. In support of this idea is the fact that
the subcellular distribution of the nonmyristylated Pr555¢,
which is not released from cells, was similar to that for the
myristylated or unmyristylated Pr1602?€#°', It is possible
that Pr160%67° is incapable of the stable association with
the plasma membrane and must interact with Pr555%¢ at the
plasma membrane or in the cytoplasm for incorporation into
virions. Although we do not know the nature of the protein-
protein interactions required for the incorporation of
Pr160%°87°! into virions, we anticipate that the interaction
between Pr555%€ and Pr1605°¢-7°' might involve the matrix
and capsid regions shared between the two polyproteins (16,
38, 45). Further experiments using the complementation
system described in the report will be needed to identify the
essential regions for Pr555°-Pr1608°€#°' interactions in-
volved in the incorporation of Pr1605¢?° into virions.
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