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Rous sarcoma virus (RSV), a member of the avian sarcoma and leukosis family of retroviruses, has long been
known to be capable of infecting and transforming mammalian cells; however, such transformed cells do not
release virus particles. The RSV gag product (Pr765*%) produced in these cells is not released into the culture
medium or proteolytically processed to release mature products. Thus, the behavior of Pr76°* in mammalian
cells is much like that of mammalian retroviral Gag proteins which have been altered so as to block the addition
of myristic acid at residue 2 (Gly). Because the RSV gag product does not possess a myristic acid addition site,
we hypothesized that the creation of one by oligonucleotide-directed mutagenesis might permit particles to be
released from mammalian cells. Two myristylated forms of Pr76 were created. In Pr76™"7 the first 10 amino
acids have been exchanged for those of p60*", which are known to be sufficient for myristylation. In Pr76™"2,
the Glu at the second residue has been substituted with Gly. The alleles encoding the modified and wild-type
forms of Pr76 have been expressed at high levels in mammalian (CV-1) cells by using an SV40-based vector.
Surprisingly, we have found that expression of high levels of the unmodified (wild-type) product, Pr76™"7,
results in low levels of particle formation and precursor processing. This indicates that myristic acid is not the
sole determinant for targeting. However, the addition of myristic acid to Pr76™"’ or Pr76™" resulted in a
fivefold enhancement in Gag function. In all aspects examined, the behavior of myristylated Pr76 was identical
to that of the authentic product produced in avian cells. We also show that processing is mediated by the
gag-encoded protease and that removal of the amino terminus to create Pr762*¢* results in an inability to form
particles or be processed. This suggests that proper targeting is prerequisite for activation of the RSV protease

in mammalian cells.

It has long been established that certain strains of Rous
sarcoma virus (RSV), an avian retrovirus, will infect and
transform mammalian cell cultures (reviewed in reference
50). Such transformed cells carry an integrated proviral
DNA, but they do not release infectious or noninfectious
virus particles. This failure to produce particles is not due to
alteration of the proviral DNA sequences, because infec-
tious virions can be obtained if the transformed cells are
injected into chickens, cocultivated with chicken cells, or
fused to uninfected avian cells (2, 40). The blocks to RSV
replication that exist in mammalian cells are poorly under-
stood but are of great interest because of the potential for
shedding light on the normal process of RSV assembly (in
avian cells) and for revealing differences between avian and
mammalian retroviruses. We are interested in relieving the
blocks to RSV replication that exist in the mammalian cell
and focus here on the RSV gag gene and its product,
Pr76%4#,

The gag gene (which encodes five RSV structural pro-
teins) is one of three genes common to all replication-
competent retroviruses, the others being pol (which codes
for the reverse transcriptase and related functions) and env
(which codes for the envelope glycoproteins). RSV is unique
in that it also carries an oncogene, src, alongside these three
structural genes. A great deal of genetic evidence, obtained
through the characterization of spontaneous mutations, has
suggested that gag is the only viral gene needed for budding
and particle formation (reviewed in reference 4). That is,
noninfectious particles can be released from the cells in the
absence of reverse transcriptase, envelope glycoproteins,
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tumor-inducing protein, or genomic RNA. It is only when
gag is mutated that the ability to form particles is lost.

Pr76%°# is a polyprotein precursor which is synthesized on
cytoplasmic ribosomes from an unspliced proviral transcript
that is identical to the viral genome (4). It is subsequently
targeted to the plasma membrane (the site of virus assembly)
by a mechanism that is not understood. Like all type C
retroviruses, RSV does not preassemble core structures in
the cytoplasm, but rather these arise concurrently with the
envelopment or budding process. The five internal virion
proteins that arise through proteolytic processing of Pr76%“#
are designated as follows (20), according to their order in the
precursor: NH,-p19 (the matrix or membrane-associated
protein [MA]), pl0 (of unknown function), p27 (the capsid
protein [CA]), pl2 (the nucleocapsid protein [NC]), and
pl15-COOH (the protease [PR]). As for other retroviruses,
the processing of Pr76“¢ is poorly understood, but it is
believed to occur after the arrival of the precursor at the
plasma membrane (reviewed in reference 18). However,
processing itself does not appear to be a prerequisite to the
budding process, since RSV mutants have been found that
synthesize truncated forms of Pr76%“# which are not cleaved
but are released from the cells in the form of particles (48). It
is not clear what minimal portion of the gag product can still
promote budding.

In RSV-transformed mammalian cells, the levels of
Pr76%“# expressed are low, and detection generally requires
the sensitive method of immunoblotting rather than meta-
bolic labeling followed by immunoprecipitation. In those
cases in which analysis has been successful, mature cleavage
products have been detected neither in the cells nor in the
cell culture medium (6, 44). The nonfunctional precursors
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apparently are conformationally correct, since they seem to
be cleaved properly if the cells are injected with the prote-
ase, pl5 (47). These observations have led to the interesting
hypothesis that the block to RSV replication in mammalian
cells may be due to a failure to initiate particle formation as
a result of improper targeting of Pr76*“* to the plasma
membrane (44).

It is not at all clear how retroviruses target their gag
products to the plasma membrane, though it is widely
believed that the MA protein plays a critical role. For
example, cross-linking experiments with RSV have shown
that p19 is associated with the viral membrane (28, 29).
Among mammalian retroviruses, almost all encode Gag
proteins having a 14-carbon fatty acid, myristate, at the
amino terminus, and this hydrophobic moiety may play a
role in membrane interactions during targeting (11, 36). The
addition of myristic acid appears to occur cotranslationally
(24, 51) and results in an amide bond between the acyl group
and the a-amino group of glycine after removal of the
initiation methionine (reviewed in references 35, 38, and 42).
Elimination of the myristic acid addition site on the Gag
protein of Mason-Pfizer monkey virus (M-PMV) by means of
site-specific mutagenesis abrogates M-PMV particle release
and Gag precursor processing (33); similar results have been
found for murine leukemia virus (32). Conversely, the cre-
ation of a myristic acid addition site on the Gag protein of an
endogenous murine leukemia virus, Emv-3, has enabled
virus expression (14).

The observations reported for the nonmyristylated mam-
malian Gag proteins were striking to us since those mutant
precursors seem to behave like the wild-type RSV Gag
precursor in RSV-transformed mammalian cells. Since the
RSV Gag protein does not have glycine at position 2 and is
not myristylated but is instead acetylated (25, 36), we
hypothesized that the failure of Pr76¢“* to be targeted,
processed, and released by budding from mammalian cells
might be due to a requirement for myristic acid addition. The
primary goal of the experiments described below was to
determine whether the block to Pr76¢“# function that exists
in mammalian cells could be alleviated by the creation of an
amino-terminal myristic acid addition site. The results dem-
onstrate that is so. Furthermore, we have found that low, but
easily detected, levels of particle formation occur when the
wild-type (unmodified) Pr76 is expressed at high levels in
mammalian cells.

MATERIALS AND METHODS

DNAs, viruses, and cells. The wild-type RSV gag gene was
obtained from pATV-8 (16), a molecular clone containing an
infectious, sequenced copy of the RSV Prague C genome
(37). Plasmid pJD100 carries an infectious but unsequenced
copy of the Prague A strain of RSV (41). The RSV protease
mutant, D371 (in which the aspartic acid at residue 37 is
changed to isoleucine), was kindly provided by Volker M.
Vogt, Cornell University, Ithaca, N.Y., and was contained
in pSR.gag, a plasmid bearing the Schmidt-Ruppin A gag
gene. D371 has been shown to lack protease activity when
expressed in avian cells (V. M. Vogt, personal communica-
tion) or Escherichia coli cells (17). RSV was grown in turkey
cell cultures which were prepared from fertile eggs (Hudson
Farms, Muskogee, Okla.) and propagated in supplemented
F10 medium (primary growth medium) by previously pub-
lished methods (12). The turkey cell cultures were found to
contain no sequences capable of recombining with RSV gag
sequences and produced no RSV-specific antigens. Prague A
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(JD100) and Prague C (ATV-8) viruses were obtained by
transfecting secondary turkey cell cultures with pJD100 or
pATV-8 DNA, respectively. Recombinant plasmids were
propagated in E. coli DH-1 (8), using solid or liquid Luria
broth medium containing 25 g of ampicillin per ml. Recom-
binant M13 bacteriophages were propagated in Luria broth
medium without ampicillin. The simian virus 40 (SV40)
vector used for the expression of wild-type and mutant RSV
gag genes in mammalian cells was derived from a previously
described construction (52, 53), as explained below. African
green monkey kidney cells (CV-1) used for the transfection
of SV40-gag DNAs were propagated in Dulbecco modified
Eagle medium supplemented with 3% fetal bovine serum and
7% adult bovine serum (Hyclone Laboratories, Inc., Logan,
Utah).

Oligonucleotide-directed mutagenesis. The coding se-
quence for the gag gene lies between nucleotides (nt) 380
and 2482 in the RSV genome (37). The Sacl-HindIIl frag-
ment containing this region (nt 255 to 2740, respectively) was
cloned into the polylinker region of M13mp19. The resulting
clone was named MGAG. Mutagenesis of MGAG was
accomplished by the method of Kunkel et al. (19). Briefly,
MGAG phage was sequentially propagated three times in
CJ236, a dut ung strain of E. coli, in order to replace thymine
with saturating amounts of uracil. Single-stranded DNA was
then isolated for use as the template for mutagenesis. Muta-
genic oligonucleotides were synthesized by using an Applied
Biosystems DNA synthesizer, gel purified, phosphorylated
with T4 polynucleotide kinase, hybridized with the uracil-
containing template, made double-stranded by using T4
DNA polymerase, and sealed by using T4 DNA ligase. The
products of these reactions were transfected into a Dut*
Ung* strain and plated to allow selection and segregation of
the mutations. The resulting plaques were picked and the
phages were grown to obtain replicative-form DNA and
single-stranded DNA. Clones containing the desired muta-
tions were identified by means of the dideoxy method of
DNA sequencing of single-stranded DNA (34).

To substitute the first 10 codons of gag for those of RSV
src, a 57-mer was used (5'-CCCGGTGGATCAAGCATGG
GATCCAGCAAAAGCAAGCCTAAGGACGCGTGTAAAA
CC-3') which was designed to maximize complementarity
(Fig. 1). As this change is rather complex, presumptive
clones were initially identified by the presence of a newly
introduced Mlul site (ACGCGT) contained in the 57-mer.
The resulting allele, confirmed by DNA sequencing, is
designated myr;. To change the second codon of gag so that
it codes for Gly, a single point mutation (A to G) was
required (Fig. 1). This was accomplished by using a 24-mer
(5'-CAAGCATGGGAGCCGTCATAAAGG-3'), and the re-
sulting allele is designated myr,. Fragments containing the
gag mutations were excised from the replicative-form DNAs
by digestion with Sacl and BglII (nt 1630) for transfer to the
mammalian expression vector.

Construction of the SV40-gag expression vectors. The wild-
type (myr,) and mutant (myr, and myr,) gag genes were
transferred to an SV40-based vector called pASV.Myr, to
allow high levels of transient expression in mammalian cells.
In this vector, transcription is driven from the SV40 late
promoter. The parent of pASV.Myr, is pASV.GAGX, which
expresses a truncated Gag protein whose amino terminus is
altered presumably because of the presence of an upstream,
out-of-frame initiation codon in the SV40 sequence (see
Results). A description of these two vectors follows.

(i) pASV.GAGX. Plasmid pASV.GAGX contains DNA
fragments from three sources: the RSV genome, the SV40
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met glu ala val ile 1lys val ile ser ser ALA CYS
gag-atggaagccgtcataaaggtgatttcgtccgcgtgt

myr,- ATGGGATCCAGCAAAAGCAAGCCTAAEGACGCGTGT

..........................

vsrc- atggggagcagcaagagcaagcctaaggacceccage
6LY SER SER LYS SER L S PRO LYS ASP pro ser
Myristic Acid
Addition Site

met glu ALA VAL ILE LYS VAL
gag-atggaagccgtcataalggtg

LR T I

myry- ATGGGAGCCGTCATAAAGGTE
6Ly

Myristic Acid
Addition Site

FIG. 1. Creation of myristic acid addition sites at the amino
terminus of Pr76. (Top) The 5' nucleotide sequences for RSV gag
and v-src aligned with the relevant sequence of the mutagenic
oligonucleotide used to create myr,. The complete oligonucleotide
(Materials and Methods) was designed such that the first 10 amino
acids of Pr76#?¢ would be exchanged for those of p60Y~" while the
maximum amount of base pairing with gag was maintained. (Bot-
tom) The single nucleotide change in the second codon of gag to
change Glu and Gly in Pr76™"2. The predicted amino-terminal
sequences of Pr76™"! and Pr76™" are represented with uppercase
amino acid names, and the sites for addition of myristic acid are
indicated. Colons indicate positions having identical nucleotides.

genome, and the bacterial plasmid pAT153. The RSV frag-
ment, Sacl to HindIII (see above), contains the gag gene and
was modified by inserting an Xbal linker (5'-CTCTAGAG-
3’) into the Hpal site (nt 2731) by means of blunt-end
ligation. The Sacl end was made blunt by using the Klenow
fragment of E. coli DNA polymerase I, and a Clal linker
(5'-CATCGATG-3') was attached by using T4 DNA ligase.
The HindIII end was not modified. The SV40 fragment was
obtained from dI2005, an SV40 mutant lacking approxi-
mately 230 base pairs of the T-antigen intron (39). This viable
mutant produces fully functional T antigen. The fragment
used in our study extends from the BamHI site (wild-type
SV40 nt 2533) to the Hpall site (nt 346) and includes the
early region, replication origin, and late promoter; the por-
tion of the SV40 genome which codes for capsid proteins is
missing. The Hpall end was made blunt by using the Klenow
fragment of DNA polymerase I, and the Clal linker was
attached with T4 DNA ligase. The BamHI end was modified
with a polylinker, resulting in the following sequence of
sites: BamHI-Xbal-BamHI-Clal. The portion of pAT153
used lacks the 6-base-pair region between the Clal and
HindlII sites, and the EcoRI site has been removed by using
EcoRl, Klenow fragment, and T4 DNA ligase. Several
subcloning steps were required to assemble pASV.GAGX
(22), but the final product is linked as follows. The destroyed
Hpall end near the SV40 late promoter is joined to the
destroyed Sacl end of the RSV fragment by means of the
Clal linker. The 3’ end of the RSV fragment is joined to
pAT153 via their intact HindIII sites. The intact Clal end of
the pAT153 sequence is joined to the SV40 fragment via the
Clal site of the polylinker BamHI-Xbal-BamHI-Clal.

(ii) pASV.Myr,. Because the RSV Sacl site was destroyed
during the construction of pASV.GAGX, a new Sacl site
was inserted adjacent to the SV40 late promoter to permit
the transfer of myr,, myr,, and myr, into the expression
vector. For this purpose, pASV.Myr, was created by digest-
ing pASV.GAGX with Asp718I (a Kpnl isoschizomer), mak-
ing the ends blunt by using Klenow fragment, and then
adding a Sacl linker (5'-CGAGCTCG-3’), using T4 DNA
ligase. This manipulation did not destroy the Asp718I (or
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Kpnl) site. Digestion of pASV.Myr, with Sacl and BglIl
removed the 5’ end of the gag gene as well as the upstream,
out-of-frame SV40 initiation codon, but it had no effect on
the SV40 late promoter. Replacement with the Sacl-Bglll
fragments from MGAG.myry,, MGAG.myr,, or MGAG.myr,
created pASV.Myr,, pASV.Myr,, and pASV.Myr,, respec-
tively. The restriction map of pASV.Myr,, which was used
for most of the experiments, is illustrated in Fig. 2.

Transfection of mammalian cells. Prior to transfection, the
SV40-gag DNAs were digested with Xbal to remove the
bacterial plasmid sequence (Fig. 2) and then ligated at low
DNA concentrations to connect the 3’ end of the gag gene
with the late SV40 polyadenylation signal. CV-1 cells were
transfected by using a variation of the DEAE-dextran and
chloroquine method previously described (53). Briefly, 60-
mm plates containing 90 to 95% confluent monolayers were
washed twice with phosphate-buffered saline and twice with
Tris-buffered saline (TBS) (12) immediately before 500 pl of
the DNA mixture (TBS containing 1 to 2 pg of ligated DNA
and 0.5 mg of DEAE-dextran) was added. After incubation
at 37°C in a CO, incubator for 45 to 60 min, the DNA was
removed from the monolayers and replaced with regular
CV-1 growth medium containing 100 wM chloroquine for 4 h.
The latter step enhances the delivery of the transfected DNA
to the nucleus (21), and we have found it to be essential for
high levels of gag expression. After chloroquine treatment,
the monolayers were returned to normal CV-1 growth me-
dium.

Transfection of avian cells. Turkey cells were transfected
in 60-mm plates (80 to 90% confluent), using the DEAE-
dextran method described above, except that only 100 pg of
DEAE-dextran was used per 500 pl of DNA in TBS, and the
cells were incubated in serum-free medium, instead of me-
dium with chloroquine, for 4 h before being returned to
normal growth medium. Cells transfected with infectious
RSV DNA by this procedure exhibit complete morphologi-
cal transformation after 3 to 4 days.

Metabolic labeling of transfected cells. CV-1 cells were
labeled with radioisotopes 48 h after transfection, and trans-
fected turkey cells were labeled after the monolayers had
become completely transformed. For labeling with L-
[**S]methionine (>1,000 Ci/mmol; ICN Biomedicals), the
cells were washed once with phosphate-buffered saline, and
then 800 pl of methionine-free, serum-free medium contain-
ing 50 wCi of [>**S]methionine was added. After 30 min of
labeling, cold methionine was added to a final concentration
of 1/10 the amount found in normal Dulbecco modified Eagle
medium, and the labeling was continued for 2 h more.

Transfected CV-1 cells were labeled with [9,10(n)->H]
myristic acid (47.5 Ci/mmol; Amersham International) by the
general method of Rhee and Hunter (33). [*H]myristic acid
was dried under a gentle stream of nitrogen to evaporate the
toluene solvent and dissolved in dimethyl sulfoxide at a
concentration of 30 wCi/pl. The isotope was then added to
complete CV-1 growth medium to give a final concentration
of 1 mCi/ml. Each 60-mm plate was labeled with 400 pl (0.4
mCi) of this medium for 1 h at 37°C.

Treatment of particles with trypsin. The culture fluid was
collected from pASV.Myr,-transfected CV-1 cells and
pJD100-transfected turkey cells after radiolabeling for 2.5 h
with [**SImethionine in serum-free medium as described
above. Any loose cells present in the medium were removed
by centrifugation at 15,000 X g for 5 min, and the superna-
tant was immediately divided into six equal portions and
processed as follows. Portion 1 received nothing further,
portion 2 received soybean trypsin inhibitor (500 p.g/ml, final
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FIG. 2. Vector used for expression of Pr76”"/. DNA sequences derived from the RSV genome are represented by the solid line from Sacl
to HindIIl. The beginning and end of the gag coding sequence are indicated within this region. The Mlul site near the 5' end of gag was
created as a result of the mutagenesis. SV40 sequences containing the T-antigen gene, the origin of replication (ori), and the late promoter
are indicated by the open double line extending from Clal to Kpnl. This arrangement places the gag coding sequence downstream from the
late promoter (P,). T antigen is expressed from the SV40 early promoter (Pg). Sequences from the bacterial plasmid pAT153, necessary for
the propagation of the plasmid in E. coli, are represented by the thin line from HindIII to Clal. Sites in parentheses (EcoRI and Hpal) were
destroyed during the construction. Unique sites are indicated (%). The position of a noninterfering deletion within the intron of the T-antigen
gene is indicated (A). Substitution of the appropriate gag alleles allows the expression of Pr76™ and Pr76™"2. kbp, Kilobase pairs.

concentration), portion 3 received Triton X-100 to 1%,
portion 4 received 200 pg of trypsin per ml, portion 5
received Triton X-100 plus trypsin, and portion 6 received
soybean trypsin inhibitor plus trypsin. The activity of the
trypsin was 11,500 U/mg, and a sixfold excess of soybean
trypsin inhibitor activity was used. All of the samples were
incubated for 30 min at room temperature, and then trypsin
inhibitor was added to the tubes that had previously received
none. The treated samples were mixed with 5x lysis buffer B
(125 mM Tris hydrochloride [pH 8.0], 0.75 M NaCl, 0.5%
sodium dodecyl sulfate [SDS], 5% Triton X-100, 5% deoxy-
cholate) for immunoprecipitation.

Fractionation of cell cultures. After the labeling, the me-
dium from each plate (800 pl) was removed and mixed with
200 wl of 5x lysis buffer B containing 5 protease inhibitors
(500 g of phenylmethylsulfonyl fluoride per ml, 5 pg of
pepstatin per ml, 5 pg of leupeptin per ml). Monolayers were
lysed by using 500 pl of 1x lysis buffer A (25 mM Tris
hydrochloride [pH 8.0], 0.15 M NaCl, 1% Triton X-100, 1%
deoxycholate) containing 1X concentrations of protease
inhibitors. The plates were washed again with 500 pl of lysis
buffer A, and nuclei were removed from the 1 ml of lysate by
centrifugation at 15,000 X g for 1 min. The supernatant was
transferred to a clean tube and mixed with 10 wl of 10% SDS.

Immunoprecipitation of Gag proteins. Samples (500 )
were incubated with an excess of antiserum at 4°C for 12 to
16 h. For most of the experiments, rabbit anti-p27 serum was
used. This antiserum (generously provided by Eric Hunter,
University of Alabama at Birmingham) recognizes primarily

the RSV capsid protein and processing intermediates that
contain p27, but it also has low reactivity with other RSV
gag products. To better collect other gag products, goat
antiserum against whole RSV (Microbiological Associates,
Inc.) was used, followed by a 2-h incubation with rabbit
serum against goat immunoglobulin G (Cooper Biomedical,
Inc., West Chester, Pa.). All antigen-antibody complexes
were collected with fixed Staphylococcus aureus by using
standard procedures (10). The complexes were washed twice
with 1x lysis buffer B and once with 20 mM Tris hydrochlo-
ride (pH 8.0) and then disassociated in 20 pl of sample buffer
(60 mM Tris hydrochloride [pH 6.8], 10% glycerol, 2% SDS,
2% B-mercaptoethanol, 0.001% bromophenol blue) by being
heated at 90°C for 1 to 2 min. Immediately prior to electro-
phoresis, the free S. aureus cells were removed by centrif-
ugation.

SDS-polyacrylamide gel electrophoresis. Immunoprecipi-
tated proteins were electrophoresed in 1.5-mm-thick SDS-
polyacrylamide gels by standard methods (10). Resolving
gels and stacking gels were prepared by using a 29:1 ratio of
acrylamide monomer and cross-linker (N,N’-methylenebis-
acrylamide). The resolving portion of the gels contained
acrylamide (7, 10, or 15% as noted), 0.1% SDS, and 400 mM
Tris hydrochloride (pH 8.8). The stacking gels contained 3%
acrylamide, 0.1% SDS, and 60 mM Tris hydrochloride (pH
6.8). After electrophoresis, the separated proteins were fixed
and stained with Coomassie blue R250 (0.003% Coomassie
blue in 10% acetic acid-50% ethanol). Subsequently, the gels
were destained in a solution of 5% methanol-7% acetic acid.
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The radioactive bands were detected by fluorography, using
Fluoro-Hance (Research Products International, Inc.) and
X-OMAT ARS film (Eastman Kodak Co., Rochester, N.Y.)
at —70°C. Typically, exposures of 1 to 16 h were required for
the detection of [**S]methionine-labeled proteins, while
[*H]myristic acid-labeled proteins required exposures of 1 to
2 weeks.

RESULTS

Oligonucleotide design and mutagenesis. The acyl group of
myristylated proteins is always added to an amino-terminal
glycine which becomes exposed after the removal of the
initiator methionine. This absolute requirement for glycine at
residue 2 might explain why Pr76%?4, which has glutamic
acid at this position, is not myristylated. To test this idea,
myr, was constructed (Fig. 1) by changing the second codon
of RSV gag from GAA (Glu) to GGA (Gly). On the other
hand, since the importance of residues adjacent to Gly-2 for
the recognition by N-myristyl transferase is not fully under-
stood (35), it was not certain that this simple substitution
would be sufficient for myristylation. Therefore, myr, was
made (Fig. 1), in which the first 10 codons of gag are
changed so as to encode the first 10 amino acids of p60¥-*"<.
Pr76™" would be expected to be myristylated since it has
been shown that the first 14 amino acids of p60¥™="c are
sufficient for myristylation, even when attached to a heter-
ologous protein (26). The oligonucleotide used to create myr,
was designed to maximize homology with the first 10 codons
of gag by making use of the redundancy of the genetic code.
This oligonucleotide also introduced new restriction endo-
nuclease sites, one of which, Mlul, was used for the identi-
fication of presumptive mutants. Because this new Mlul site
is unique, it provides access to the 5’ coding sequence for
future alterations.

The template for mutagenesis was single-stranded DNA
from MGAG, an M13mpl9 recombinant bearing the gag
gene on a Sacl-HindIll fragment from the RSV genome.
After mutagenesis (see Materials and Methods), approxi-
mately 75% of the resulting clones were found to possess the
desired mutations, as analyzed by restriction mapping and
DNA sequencing. To guard against the effects of errant
mutations at other sites, two steps were taken. First, only a
segment of the mutant gag gene was transferred to the
expression vector so that mutations outside that segment
would be left behind, and second, multiple clones from each
mutagenesis were tested in mammalian cells to make sure
that they exhibited identical phenotypes. :

Transfer of the mutant gag genes to a mammalian expres-
sion vector. Though it would be interesting to study the
effects of Pr76 myristylation in RSV-transformed mamma-
lian cells, several considerations made it unlikely that infec-
tious particles could be obtained from transfected avian cells
by using RSV genomes that contain myr; or myr,. The most
serious problem, in the case of myr;, is that the mutation
eliminates an essential splice donor site required for the
synthesis of env mRNA (37). Also, since there are no avian
sarcoma or leukosis viruses known to encode myristylated
gag products, it might well be the case that Pr76™"' or
Pr76™2 would be deleterious to RSV replication in avian
cells. Finally, since RSV-transformed mammalian cells syn-
thesize only small amounts of Pr76%“4, a vector with reliably
high expression levels was preferred. For these reasons, we
developed an SV40-based, transient expression vector sim-
ilar to that used previously for the expression of the RSV env
gene (9, 30, 52, 53).
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The 5’ portion of each of the gag alleles was transferred
from mutant MGAG replicative-form DNA into the SV40
vector, using Sacl and Bgl/Il. As an example, the restriction
endonuclease map for the resulting construction made by
using myr,, pASV.Myr,, has been illustrated (Fig. 2). In this
plasmid, the myr, allele is placed downstream from the SV40
late promoter such that there are no initiation codons up-
stream from that of gag (at nt 380). Also present are the
SV40 early region (which codes for T antigen) and origin of
replication, both of which are needed for DNA replication in
monkey cells. Though the early region is not needed if the
vector is used in COS-1 cells (which constitutively express T
antigen [7]), including it allows gag expression in the less
metabolically active CV-1 cell line. This ability becomes
important when labeling with [*H]myristic acid, which can
be converted by the cell into radioactive amino acids upon
extended labeling periods (see below). Sequences from the
bacterial plasmid pAT153 separate the 3’ end of gag from the
polyadenylation signal of the SV40 late region and were
removed prior to transfection by digestion with Xbal. Liga-
tion at low DNA concentrations allows circularization of the
SV40-gag fragment.

As mentioned above, this vector has two important ad-
vantages over other approaches for the expression of gag in
mammalian cells. First, by placing the gag alleles under the
control of the SV40 late promoter, very high levels of
expression can be achieved. This was important because we
wished not only to examine effects of myristylation but also
the effects of high concentrations of wild-type gag products
on particle formation in mammalian cells. That is, the block
to processing and particle formation in RSV-transformed
mammalian cells might be due to low (below-threshold)
levels of Pr76#¢% and might be overcome simply by produc-
ing a lot of protein (17, 44). The second advantage of the
vector is that it enables rapid analysis of mutants, since gag
products are analyzed only 48 h after transfection.

Have myristylation sites been created? To determine
whether myr; or myr, encodes myristylated products, dupli-
cate plates of CV-1 cells were transfected with either no
DNA or pASV.Myr, (wild-type), pASV.Myr,, or pASV.-
Myr, DNA. After 48 h, one plate of each pair was labeled
with [>°S]methionine (to determine the relative levels of gag
expression) or with [*H]myristic acid for 1 h. After labeling,
the medium was discarded, the cells were lysed, and nuclei
were removed by centrifugation. The gag products were
collected from the lysates by immunoprecipitation with an
anti-p27 antibody, separated by SDS-polyacrylamide elec-
trophoresis in a 10% gel, and visualized by fluorography.

It is clear from the [>*SImethionine results (Fig. 3A) that
each of the SV40-gag DNAs expressed a full-length product
(Pr76), whereas untransfected cells showed only nonspecific
background bands. The differences in intensity between
Pr76”>"°, Pr76™", and the two clones of Pr76™" reflect
differences in the amounts of DNA used in this particular
experiment. Results from many other experiments have
shown that the DN As that encode these proteins have equal
expression potential. Labeling with [*H]myristic acid dem-
onstrates that both Pr76™" and Pr76™" indeed are myri-
stylated (Fig. 3B). A comparison of the relative band inten-
sities obtained with [>**S]methionine and [*H]myristic acid
suggests that the myristic acid addition site on Pr76™"2 is
less frequently used than that of Pr76™"/. Also apparent are
bands that probably represent proteolytic processing inter-
mediates (Fig. 3, arrowheads). Those detected with the
[*H]myristic acid label presumably represent intermediates
that contain the amino-terminal portion of Pr76. (The broad
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FIG. 3. Labeling of transfected cells with [*H]myristic acid.
Untransfected CV-1 cells (lanes 1) and cells transfected with
pASV.Myr, (lanes 2), pASV.Myr, (lanes 3), and two clones of
pASV.Myr, (lanes 4 and 5) were labeled for 1 h with [**S]methionine
(A) or with *Hlmyristic acid (B). Gag proteins in the cell lysates
were immunoprecipitated with anti-p27, electrophoresed in a 10%
SDS-polyacrylamide gel, and detected by fluorography. The posi-
tions of Pr76 and p27 in transfected cells are indicated. The positions
of myristylated processing intermediates are shown at the right (<€).

band present at the bottom of all the lanes is due to the
binding of unincorporated but hydrophobic [*H]myristic acid
to S. aureus.)

When using [*H]lmyristic acid, lengthy labeling periods
must be avoided; otherwise the labeled molecules may be
metabolized by the cells, and the tritium may be incorpo-
rated into nonmyristylated proteins. It is evident that the
conditions used here avoided that problem because of the
lack of labeling of the wild type, Pr76”"°. We have obtained
identical results with periods of up to 2 h; however, trace
amounts of *H-labeled proteins that are known to be non-
myristylated can be seen after 2.5 h (data not shown).

Does myristylation enable the release and processing of gag
products? To further characterize the abilities of the various
forms of Pr76 to be processed and released by budding,
transfected CV-1 cells were labeled for 2.5 h with
[>*SImethionine, and the culture media were analyzed along
with the cell lysates, using antibodies against p27 (Fig. 4B).
Turkey cells infected with RSV were also labeled to obtain
authentic gag products for comparison and to show the
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antibody specificity (Fig. 4A). Preliminary experiments (re-
sults not shown) revealed half-lives on the order of 30 min
for all of the forms of Pr76. The continued presence of
labeled precursors in the cell lysates at the end of our
standard 2.5-h labeling conditions suggests that steady-state
conditions were approximated.

For the RSV control experiment, two molecularly cloned
RSV strains were used, JD100 (Prague A) and ATV-8
(Prague C). Both gave identical profiles of radiolabeled
proteins on the fluorogram (Fig. 4A). (The uppermost band
seen even in the uninfected control is fibronectin, which
binds to S. aureus cells during the immunoprecipitation.) In
the lysates, the most conspicuous bands are Pr762¢¢, two
processing intermediates of approximately 60 and 47 kilodal-
tons, and a characteristic doublet of bands running at the
expected position of p27. We always observe these five
bands with these two widely used infectious clones. The
“‘p27- doublet’ represents mature products, since it is also
seen in the medium samples, whereas the three larger
polypeptides are not. The lack of significant amounts of
processing intermediates in the medium has been confirmed
in pulse-chase experiments (data not shown) and is indica-
tive of the efficiency of cleavage during the budding process.

Positive identification of the proteins in the p27 doublet
awaits further experimentation, but on the basis of the
apparent difference in molecular mass between the two
proteins (approximately 1 kilodalton), it is plausible that the
lower band represents p27 proper and the upper band
represents p27 with a 9-amino-acid extension corresponding
to the peptide located between p27 and p12 (37). That is, the
doublet may arise because of incomplete processing of Pr76.
This interpretation is confounded by the presence of a
myristylated cleavage product from Pr76""' and Pr76™" in
this region of the gel (Fig. 3). Thus, it is possible that one of
the bands represents a cleavage product containing p19 and
pl0 that was copurified with p27 during preparation of the
antiserum. We could not, of course, specifically label this
amino-terminal product from the authentic Pr76 in turkey
cells (or Pr76™ in CV-1 cells), since the wild-type product
does not contain a site for myristylation.

With the authentic RSV protein profile in mind, the
products produced in CV-1 cells were examined after trans-
fection with two clones of pASV.Myr, and two clones of
pASV .Myr,. Three striking observations were obtained from
the experiment. First and perhaps most important, it can be
seen that products of the wild-type protein (Pr76™"°) were
released with low efficiency into the CV-1 culture medium
(Fig. 4B, lanes 3 and 4). This indicates that Pr76 can function
in mammalian cells, at least if expressed at high levels.
Second, placement of the p60¥-*" myristic acid addition site
onto Pr76 resulted in a great enhancement (fivefold) in its
ability to be released from the cell (Fig. 4B, lanes 5 and 6).
An identical result was obtained with the point mutation (Glu
to Gly) that creates Pr76™"2 (Fig. 5). In conjunction with the
first observation, this suggests that myristic acid is an
important component but not the sole determinant for tar-
geting of gag products to the plasma membrane. The third
striking result was that processing of Pr76”>"° and Pr76™"’
in mammalian cells occurred in a manner very similar, if not
identical, to that of authentic RSV. The five p27-related
bands described above for RSV were also seen in the
mammalian cell lysates. Furthermore, the processing effi-
ciency is quite high, since almost no intermediates were
detected in the medium (Fig. 4B).

Since the ability of Pr76“# to function in mammalian cells
may be dependent (in part) on the levels of expression, it was
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FIG. 4. Comparison of Gag proteins expressed in avian and mammalian cells. (A) Uninfected turkey cells (lanes 1) and cells transformed
with RSV strain ATV-8 (Prague C, lanes 2) or JD100 (Prague A, lanes 3) were labeled with [>*S]methionine. Gag proteins were
immunoprecipitated from the cell lysates and culture media with anti-p27, electrophoresed in a 10% SDS-polyacrylamide gel, and detected
by fluorography. (B) Cell lysates and media from untransfected CV-1 cells (lanes 1) and cells transfected with pASV.GAGX (lanes 2), two
clones of pASV.Myr, (lanes 3 and 4), or two clones of pASV.Myr, (lanes 5 and 6) were analyzed for Gag proteins in the same manner used
for turkey cells. The positions of Pr76 and p27 are indicated. The samples from the turkey cells were not run on the same gel as those from

the mammalian cells in this particular experiment.

of interest to estimate how much protein is produced by the
SV40 vector. For this purpose, the efficiency of transfection
was measured by an indirect immunofluorescence assay with
anti-p27. Typical for the CV-1 cell line and the DEAE-
dextran and chloroquine method of transfection (21), it was
found that approximately 30% of the cells expressed Gag
antigens (data not shown). Taking this efficiency into ac-
count, we calculated that the amount of gag products
released into the medium during a 2.5-h labeling period (at 48
h posttransfection) is approximately equal (on a per cell
basis) to that released from RSV-infected turkey cells during
the same period. Consistent with this estimate, we have
noticed that the amount of Myr, protein released in 2.5 h
from monolayers on 60-mm plates generally can be detected
by Coomassie blue staining after immunoprecipitation and
electrophoresis (data not shown).

Are the gag products released by budding? To test the
hypothesis that Pr76™"/ cleavage products are released by
an actual budding process, their containment within a viral
membrane was assessed by means of their susceptibility to
trypsin. Transfected CV-1 cells and JD100-infected turkey
cells were radiolabeled, the medium was collected and
divided into six portions for the various treatments, and the
surviving gag products were immunoprecipitated and sepa-

rated by electrophoresis. The resulting fluorogram (Fig. 6)
shows that the released products of Pr76™"/ and authentic
Pr76%“¢ were completely stable during incubations in the
presence of nothing (lanes 1), trypsin inhibitor alone (lanes
2), Triton X-100 alone (lanes 3), trypsin (lanes 4), and trypsin
plus inhibitor (lanes 6). For both samples, the gag products
became susceptible to the protease only when the mem-
brane-dissolving agent and trypsin were present together
(lanes 5).

Further evidence that Pr76™”/ products are released
within a viral envelope was obtained by sedimentation
analysis. It was found that conditions suitable for pelleting
authentic RSV (45 min at 70,000 X g) also quantitatively
pelleted the Myr, particles out of the CV-1 medium (data not
shown). Preliminary experiments also indicate that Myr,
particles have a density in sucrose gradients that is similar to
that of RSV run in parallel gradients, and the proteins
present in the gradient-purified Myr, particles include the
mature p27 doublet, which can be detected after electropho-
resis by Coomassie blue staining (data not shown).

Is the amino terminus required for particle formation? The
results described above for Pr76™ "¢ show that myristylation
of Pr76 is not an absolute requirement for targeting, budding,
and processing in the mammalian cell. Moreover, from the
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FIG. 5. Release of Pr76™"? products from CV-1 cells. CV-1 cells
were transfected with nothing (lane 1), pASV.GAGX (lane 2),
pASV.Myr, (lane 3), pASV.Myr, (lane 4), or a clone of pASV.Myr,
(lane 5). After being labeled with [**S]methionine, Gag proteins
present in the media were immunoprecipitated by using anti-p27,
electrophoresed in a 10% SDS-polyacrylamide gel, and detected by
fluorography. The position of p27 is indicated. Bands near the top of
the figure correspond to fibronectin.

results for Pr76™"! and Pr76™", it would appear that the
precise sequence of the first 10 amino acids of Pr76 is
nonessential for these events. These observations led us to
consider the possibility that the various forms of Pr76 might
be released by a nonspecific, cell-blebbing mechanism per-
haps driven by high expression levels. The entrapment and
release of cytoplasmic proteins by such a nonspecific event
would be ruled out by the identification of an altered but
cell-bound form of Pr76. To explore this possibility, we
characterized the product of an SV40-gag vector called
pASV.GAGX which expresses a product whose amino ter-
minus is truncated.

In essence, pASV.GAGX differs from pASV.Myr, (and
also from pASV.Myr, and pASV.Myr,) only by the presence
of an additional 52 base pairs from the SV40 late region.
More specifically, the SV40 sequences from Kpnl to Hpall
are present, with a Clal linker inserted at the junction of
SV40 and RSV sequences (Fig. 7). This fragment contains
the initiation codon for the SV40 agnoprotein which we
previously have found to be used efficiently in late-region
replacement vectors (30). This codon is out of reading frame
with the gag initiation codon (nt 380), and any translation
initiated at the agno-ATG would not be expected to termi-
nate until the gag ATG had been passed. If translation was
to resume at the next internal methionine codon (nt 464),
then Pr76%“¢X would lack the first 28 amino acids of Pr76
(Fig. 7). When Pr76%“¢X was compared with Pr76”>?,
Pr76™"', and authentic Pr76*“¢ (from JDI100) on a 7%
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SDS-polyacrylamide gel, it was indeed found to be shorter
by an amount consistent with a 28-amino-acid truncation
(Fig. 8).

The behavior of Pr762“#X is quite distinct from that of
Pr76">"° and Pr76™". It is very poorly released into the
medium and very poorly processed to give products that
migrate at the position of p27 (Fig. 4B, lanes 2). Indeed, a
rather overexposed film was required to reveal the small
amount of p27 in the lysate. The inability of Pr76¥¢* to be
released from the cells indicates that blebbing does not occur
and suggests that the ability of the other forms of Pr76 to be
released (e.g., Pr76™"/) is due to the structure of their amino
termini.

If translation reinitiation accounts for the smaller size of
Pr76¢“#X  then the predicted sequence at the amino terminus
is uncertain, since another ATG is located only 11 codons
downstream (nt 497). It also could be imagined that an
RNA-splicing event is involved in the truncation. In any
case, it is clear that Pr76¢¢#X is truncated. The truncation
appears to reside at the amino terminus, since exchange of
the 5’ gag sequence of pASV.GAGX (to create myr, or myr,
and remove the 52 base pairs of SV40 DNA mentioned
above) confers the ability to form particles and activate the
protease.

Is cleavage of Pr76™" accurate and accomplished by the
viral protease? To corroborate the suggestion that myristy-
lated forms of Pr76 are properly processed in mammalian
cells, two experiments were performed. The purpose of
one was to seek the full complement of Pr76™"' cleav-
age products. Labeled gag proteins in the medium of
pASV .Myr,-transfected cells were immunoprecipitated, us-
ing an anti-whole RSV antibody, and electrophoresed on a
15% SDS-polyacrylamide gel. The Pr76™" cleavage prod-
ucts were found to comigrate with the authentic RSV prod-
ucts obtained from turkey cells infected with either JD100
(Fig. 9) or ATV-8 (data not shown). The pattern observed
with JD100, ATV-8, and Myr, is similar to previously
reported profiles (6, 46), though it should be noted that
variations exist between these and other RSV strains (1, 6,
45, 46). (As before, the uppermost band in Fig. 9 corre-
sponds to fibronectin.)

The other experiment which was designed to test the
hypothesis that processing in the mammalian system is
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FIG. 6. Trypsin resistance of Pr76""/ particles and RSV virions.
JD100-infected turkey cells (A) and pASV.Myr,-transfected CV-1
cells (B) were labeled with [>*S]methionine. The medium was
harvested, divided into six equal portions, and treated with nothing
(lanes 1), trypsin inhibitor (lanes 2), Triton X-100 (lanes 3), trypsin
(lanes 4), trypsin plus Triton X-100 (lanes S), or trypsin plus inhibitor
(lanes 6). Subsequently, trypsin inhibitor was added to each of the
samples, and the surviving Gag proteins were collected, using
anti-p27. The immunoprecipitates were analyzed by electrophoresis
in a 10% SDS-polyacrylamide gel, followed by fluorography.
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FIG. 7. Comparison of pASV.GAGX and pASV.Myr,. RSV sequences are indicated by the shaded bars, within which the gag coding
sequence is indicated by the wider bars. SV40 sequences are indicated by the thin lines. Transcription occurs from the SV40 late promoter
(P,). The Sacl site of gag (in parentheses) and the Hpall site of SV40 were destroyed, and the ends were joined to a Clal linker during the
construction of pASV.GAGX. In this construction, an upstream ATG from the SV40 agnoprotein gene lies out of frame with the gag initiation
codon. Ribosomes initiating at the upstream site bypass the normal gag initiation codon and terminate as a result of the indicated TAA. The
next available initiation codon lies within the gag reading frame. Reinitiation at this internal site would result in the synthesis of a Gag
precursor that is truncated by 28 amino acids. Another possible internal site for reinitiation (not indicated) is located 11 codons further
downstream. The Kpnl to Clal region of pASV.GAGX was removed during the construction of pASV.Myr, (and also pASV.Myr,; and
pASV.Myr,). This eliminates the upstream ATG and allows proper initiation and synthesis of full-length Pr76.

accurate and virally encoded involved the transfer of an
inactive RSV protease into Pr76™"!. In this protease mu-
tant, the codon for aspartic acid at residue 37 of the active
site has been changed to encode isoleucine, and it is referred
to here as D371. The BgllI-BssHII fragment bearing this
mutation was engineered into pASV.Myr; to replace the
wild-type RSV Prague C fragment (Fig. 2) and create
pASV.D371. Because the original mutation was contained in
the gag gene of the Schmidt-Ruppin strain of RSV, control
plasmids were constructed which likewise possess 5’ se-
quences from Prague C (Sacl to BglIl) and 3’ sequences
from wild-type RSV Schmidt-Ruppin A (Bg/II to BssHII).
These control plasmids were designated pASV.D37.

Two clones of pASV.D37 and two clones of pASV.D371
were transfected into CV-1 cells. Other plates received no
DNA, pASV.GAGX, or pASV.Myr,. As expected, the ex-
change of Prague C residues for those from wild-type
Schmidt-Ruppin A had no effect on targeting, budding, and
processing (Fig. 10A and B, lanes 3, 4, and 5). That is,
Pr76P37, like Pr76™"/, was processed to mature products (as
indicated by the p27 doublet) and formed particles that were
released into the medium. Also, Pr762“¢X again failed to form
particles or mature products (Fig. 10, lanes 2), and untrans-
fected cells resulted in the appearance of only nonspecific
bands (Fig. 10, lanes 1).

The results with the protease mutant were considerably
different (Fig. 10A and B, lanes 6 and 7). The major product
was a precursor of 76 kilodaltons, but also apparent was a
small amount of a protein of higher molecular mass imme-
diately above Pr76°37! (arrowhead). We interpret the latter
protein to be a product of ribosomal frameshifting (13)
between the gag coding sequence and the truncated pol
sequence that remains in our vectors, but confirmation of
this awaits further experimentation. More relevant here,
however, is that Pr76P37! did not give rise to the p27 doublet;
it was completely absent in the cell lysate (Fig. 10A) and the
culture medium (Fig. 10B). Smaller cleavage products also
have not been detected by using antibodies against whole
RSV and higher-percentage gels (data not shown). This
demonstrates that the viral protease is indeed responsible for
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FIG. 8. Comparison of Pr76%“¢X with other Gag precursors.
CV-1 cells transfected with nothing (lane 1), pASV.GAGX (lane 2),
pASV.Myr, (lane 3), or pASV.Myr, (lane 4) and JD100-infected
turkey cells (lane 5) were pulse-labeled with [>**S]methionine. Gag
precursors were collected from cell lysates by immunoprecipitation
with anti-p27, electrophoresed in a low-concentration (7%) SDS-
polyacrylamide gel, and detected by fluorography. Pr76¢“¢X appears
to be about 3,000 daltons smaller than the other forms of Pr76.
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FIG. 9. Identification of other cleavage products of Pr76™"/.
CV-1 cells transfected with pASV.Myr, and JD100-infected turkey
cells were labeled with [**S]methionine. The Gag proteins released
into the medium were immunoprecipitated with goat anti-RSV and
analyzed by electrophoresis in a 15% SDS-polyacrylamide gel
followed by fluorography. The positions of the authentic RSV
cleavage products (p27, CA; p23 and p19, MA; pl12, NC and plS§,
PR) are indicated.

the production of mature cleavage products in mammalian
cells. Moreover, the release of unprocessed Pr76°*"! con-
firms previous results, obtained with this mutant in avian
cells, that show processing not to be prerequisite for budding
(V. Vogt, personal communication).

While it is clear that the viral protease is essential for
processing the various forms of Pr76 to mature products in
mammalian cells, it nevertheless appears that another pro-
tease activity, presumably cellular in origin, could be in-
volved. This can be seen by the presence of gag-specific
products of a size intermediate between those of Pr76 and
p27 which are detected with all forms of Pr76, including
Pr76®37!, when labeled for extended periods (Fig. 4 and 10).
These cleavage products seem to be the same processing
intermediates as those observed with JD100 and ATV-8 in
avian cells (Fig. 4), not only because of their size but also
because they are not seen after shorter labeling periods (Fig.
3 and 8 and data not shown). It is also interesting that these
bands correspond, at least in size, to the muyristylated
intermediates noted above (Fig. 3). Further investigation will
be required to determine whether this additional protease
activity plays a role in particle formation and processing.

DISCUSSION

The Gag protein plays a central role in the assembly of
infectious retroviruses, and our experiments directly confirm
the findings of others that it is the only viral protein required
for particle formation (4). In order for Gag to make particles,
three poorly understood but distinct molecular events must
occur. Specifically, the Gag protein must (i) be synthesized
and folded, (ii) be targeted to the plasma membrane, and (iii)

A. & B. &
x 9 o B D
o h 6 a9
S xere v So%T s 132
- a Al <
- - wegpd —Pr6- v
LR pe’ - e

1.2 3.6 5 8.7/ 1234 5 67

Media

FIG. 10. Effects of a protease mutation on Pr76™"! processing.
pASV.D37 encodes a functionally wild-type but hybrid form of Pr76.
The amino-terminal portion is from RSV Prague C while the
carboxy-terminal portion is from RSV Schmidt-Ruppin A.
pASV.D37I is identical except for a mutation that changes aspartic
acid to isoleucine at residue 37 in the active site of the RSV
protease. CV-1 cells were transfected with nothing (lanes 1),
pASV.GAGX (lanes 2), pASV.Myr, (lanes 3), two clones of
pASV.D37 (lanes 4 and 5), and two clones of pASV.D37I (lanes 6
and 7). Cells were labeled with [**S]methionine, and the Gag
proteins were immunoprecipitated with anti-p27 from cell lysates
(A) and from media (B). Proteins were analyzed by electrophoresis
in a 10% gel and fluorography. The position of presumptive Pr76
fusion proteins arising by ribosomal frameshifting into the adjacent
pol sequences is indicated ().
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form intermolecular connections to cause the membrane
evagination that results in budding. There are, of course,
many other steps required for the assembly of infectious
virions (for example, packaging of reverse transcriptase,
viral RNA, and glycoproteins), but these three steps are
prerequisite to and independent of all other steps in assem-
bly.

Myristylation and particle formation. The primary purpose
of the experiments described here was to determine whether
particle formation by the RSV gag product, Pr76, could be
promoted in mammalian cells by the creation of a myristic
acid addition site at its amino terminus. We have shown that
this is indeed the case. Pr76™"! and Pr76™"? appear to be
remarkably proficient in their ability to induce budding and
virus-specific processing. Furthermore, we have been un-
able to find any aspect of their behavior that differs from that
of the authentic Pr76 produced in avian cells. Because the
amino termini of Pr76™"/ and Pr76™"? are so different (Fig.
1), the increased activity (over that of the nonmodified
Pr76™) seems almost certain to be due to the presence of
myristate. Whether the enhancing effects of myristic acid
addition can be mimicked by other amino-terminal alter-
ations will require further experimentation.

It should be mentioned that a personal communication
cited within another work (3) suggested that high-level
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expression of Pr76 in mammalian cells, using an SV40
vector, did not enable particle formation. That preliminary
information was based on results for pASV.GAGX, which at
the time was thought to produce the wild-type RSV gag
product. The experiments presented here, however, show
that Pr762°¢X is truncated at its amino terminus. Experi-
ments are in progress to elucidate the precise structure of
this protein.

The creation of a myristic acid addition site by changing
the second residue from glutamic acid to glycine (Pr76™"2)
could not have been predicted with surety, since the impor-
tance of adjacent amino acids is poorly understood. In fact,
a very recent compilation of known addition sites (42)
predicts that Pr76™"? would not be a good substrate for
myristylation since it possesses a large, positively charged
residue (lysine) at the fifth position after the initiator codon.
Our experiments show that the site on Pr76" is quite
adequate for the addition of myristic acid, though somewhat
less efficient than that on Pr76™"’,

That the less highly myristylated Pr76™"? forms particles
as readily as Pr76™"/ leads to the interesting hypothesis that
nonmyristylated precursors can find their way into particles
by interacting with myristylated partners in the molecular
population. Previously reported cross-linking data are con-
sistent with, but of course do not prove, this suggestion of
cooperative interactions among Pr762“¢ molecules (27). The
alternate hypothesis would be that only the myristylated
proteins within the population are capable of budding from
the cell. One way to distinguish between these two possibil-
ities would be to perform complementation experiments in
which attempts are made to rescue nonmyristylated, cell-
bound mutant proteins such as Pr762“¢X, We have recently
obtained data (to be presented elsewhere) that show that
Pr762°2X can be rescued (i.e., released in particles) from the
mammalian cell when coexpressed with properly targeted
Pr76 molecules. Further investigation of the minimum num-
ber of myristylated molecules needed for particle formation
is warranted.

We were surprised to find that the unmodified Gag protein,
Pr76™9, is capable of promoting 20% of the level of particle
formation of the myristylated forms. This result was unex-
pected for two reasons. One reason is that previous studies
of RSV-transformed mammalian cells failed to show any
processing or release of Pr764“¢ (6, 44). Because of this
observation, it has been widely held that a fundamental
difference exists between the avian and mammalian cell with
regard to Gag function. Our results suggest that the basic
cellular machinery exploited by retroviruses for particle
formation is the same from one cell species to another. The
reason that others have not observed particle formation in
RSV-transformed mammalian cells may be in part due to the
very low levels of Pr76%“* protein made. As has been
suggested previously (17, 44), there may be a critical thresh-
old amount of Pr76 below which particle formation is unable
to proceed. The low-level production of particles obtained
when Pr76™ is expressed at high levels supports this
suggestion to some degree. But since the addition of myristic
acid leads to a fivefold increase in particle formation, levels
of gag expression cannot account entirely for the previously
observed lack of particle formation in RSV-transformed
mammalian cells. Nevertheless, the idea of threshold levels
deserves further investigation. It would be enlightening, for
example, to modulate the expression of Pr76™"? in a single
cell type and determine how the rates of budding correlate
with the amounts of protein made.

The other reason that particle formation with Pr76™"? was
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unexpected is that mammalian retroviruses that normally
synthesize myristylated Gag proteins fail to make particles
when acylation is disrupted. This has been demonstrated for
murine leukemia virus, a C-type retrovirus (32), and M-
PMV, a D-type retrovirus (33). It may be that the alterations
that were placed into the Gag proteins of those viruses
happened to more thoroughly disrupt the function of the MA
domain. It would be of interest to determine whether other
substitutions within the MA domains of MuLV and M-PMV
can lead to an intermediate ability for particle formation.

Role of the amino terminus. How are Gag proteins targeted
to the plasma membrane? What forces drive the budding
process? What are the roles of myristic acid and the amino
terminus in these functions? Gag proteins are too poorly
understood for these questions to be answered. However,
there are good reasons to expect that retroviruses utilize
existing cellular machinery, and not simple diffusion, for
dispatching their Gag proteins to the site of assembly. For
example, nonmyristylated forms of M-PMV assemble parti-
cles that appear to be trapped deep within the cell rather than
throughout the cytoplasm (33). Furthermore, there is evi-
dence that suggests that the Gag proteins of murine retrovi-
ruses may interact with cytoskeletal elements (5).

Our results with Pr76™"? demonstrate that myristic acid is
not the primary determinant for enabling Gag proteins to
interact with the machinery of the mammalian cell. This idea
is strongly supported by the fact that many nonviral myri-
stylated proteins are targeted to compartments other than
the plasma membrane; some are not even membrane asso-
ciated (42). Furthermore, the Gag proteins of some mamma-
lian retroviruses (e.g., equine infectious anemia virus and
visna virus) are not myristylated at all (42), while those of
certain avian retroviruses unrelated to RSV (e.g., reticuloen-
dotheliosis virus) are myristylated (43). Nevertheless, our
experiments with the truncated protein, Pr76¢¢#X, do seem
to suggest that the amino terminus of Pr76 carries a function
essential for targeting or particle formation. Since myristy-
lation seems only to enhance Pr76 function, it may be that
there is nothing special about myristic acid, but rather the
important feature at the amino terminus simply might be
hydrophobicity, for example. This idea could be tested by
progressively altering the amino terminus of Pr76™ such
that it became increasingly more hydrophobic but not myri-
stylated.

We are unaware of any data that unequivocally demon-
strate a direct role for the amino terminus of Gag in the
targeting process. An alternate role would be to stabilize the
Gag protein at the plasma membrane or initiate the budding
process once the protein arrives there. It might even be that
the amino terminus serves only indirectly by enabling the
proper folding of an important functional domain elsewhere
on the molecule. That is, myristylation of Pr76 might en-
hance particle formation by satisfying a conformational
requirement that permits better interaction of the polypep-
tide with the machinery of the mammalian cell. For example,
the addition of myristic acid might permit a minor adjust-
ment in the structure of a domain to allow it to fit more
perfectly into a mammalian cell ‘‘chaperon protein’’ situated
along the pathway to the plasma membrane.

Ideas about the conformation of retrovirus MA proteins
require careful consideration. An amino terminus possessing
a very hydrophobic, 14-carbon fatty acid would not be
expected to remain exposed to the aqueous environment but
rather to be buried within the Gag protein, within another
protein, or within a membrane. The latter possibility can be
eliminated, at least immediately after protein synthesis,
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since Gag proteins are made on free ribosomes (4) and are
most likely myristylated cotranslationally (24, 51). Distin-
guishing between the former two possibilities is not straight-
forward.

Activation of the protease and processing. Consistent with
the findings of others (15, 48), we have shown that process-
ing of Pr76 is not prerequisite to particle formation, since
inactivation of the viral protease did not abolish budding. In
contrast, targeting and particle formation appear to be pre-
requisites to processing. By cleaving the Gag proteins late in
assembly (concurrent with or after budding), the need for
each of the mature cleavage products to be targeted sepa-
rately to the plasma membrane is eliminated. As a conse-
quence of this strategy, retroviral proteases must be tightly
regulated to prevent premature cleavage. The protease of
RSV (and other members of the avian sarcoma and leukosis
virus family) might be expected to be even more tightly
controlled than those of other retroviruses, since it is en-
coded as part of the gag gene and produced in equimolar
amounts relative to its substrate. All other retroviruses
encode their protease in a downstream reading frame and
produce amounts that are on the order of 20-fold less
(reviewed in reference 18).

Though it is not understood why RSV must produce such
large proportions of protease, it is clear that the proteolytic
activity is tightly and properly controlled in mammalian
cells. Inspection of Fig. 4 reveals the clear correlation of
processing with particle formation. Virtually no protease
activity is seen with the cell-bound Pr765“5X; low activity is
seen with the poorly released Pr76™; and the highest
protease activity is seen with Pr76™"/, which also most
readily forms particles. The failure of Pr765“¢X (which car-
ries a wild-type protease sequence) to be cleaved suggests
that even high levels of expression in a eucaryotic cell are
insufficient to activate the RSV protease if it is not properly
targeted to the plasma membrane. Consistent with this
hypothesis, we have found that when Pr76*“¢X is rescued
(see above), its protease is activated (to be presented else-
where). Thus, it may be that membrane targeting is required
to allow formation of protease (p15) dimers which constitute
the active form of the RSV protease (23, 49). That we
observe small amounts of Gag intermediates in the absence
of viral protease activity leaves open the possibility for the
involvement of a cellular protease in initiating the processing
pathway.

Whatever the means by which RSV regulates its protease,
once it is activated it is exceedingly efficient in producing the
mature cleavage products. In our mammalian expression
system, as in RSV-infected avian cells, almost no intact
precursors or processing intermediates could be detected in
the medium even during steady-state labeling conditions.
The efficiency and speed of the protease are highlighted by
the 30-min half time of particle formation. Is processing
accurate in our mammalian system? It certainly seems likely
to be. Each of the Pr76™"/ cleavage products comigrated
with an authentic RSV cleavage product, and the kinetics of
cleavage appear to be the same between the two. However
accurate, it is clear that processing is mediated by the viral
protease, since mature cleavage products were no longer
produced when the active site of the protease was disrupted.

We are presently investigating whether the gag products
produced in our mammalian system are biologically active.
Specifically, we have exchanged the myr, allele for the
wild-type gag gene in pJD100 and are testing the ability of
the recombinant RSV genome to cause the release of parti-
cles, from mammalian cells, which are infectious for avian
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cells. These experiments are not straightforward, and many
potential problems can be imagined. In particular, it may be
that a multitude of blocks to RSV replication in mammalian
cells exist, each sufficient to prevent the production of
particles that are infectious for avian cells. For example, it
has been reported that RNA splicing in RSV-transformed
mammalian cells is anomalous and results in reduced levels
of genomic (35S) RNA (31). Furthermore, since wild-type
RSV does not encode a myristylated Gag protein, the
synthesis of such a protein as a result of the myr,-gag
exchange might interfere with replication in avian cells.

In any case, aside from myristylation, we have not yet
found any differences in the behavior of Pr76™"’ and
Pr76™"2 relative to that of authentic Pr76 produced in avian
cells. The ease and efficiency of our mammalian system
should allow rapid analysis of the effects of gag mutations on
particle formation and processing, without the rather difficult
task of obtaining cell clones that harbor integrated copies of
the mutant genomes.
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