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Rous sarcoma virus protein p10 is a gag component of the virion present in stoichiometric amount but of
unknown function. To characterize this protein, a series of mutants of p10 with linker insertions or deletions
was generated by site-directed mutagenesis of a cloned proviral DNA. The deletions and two of the linkers
insertions, which disrupted proline pairs, reduced the yield of virus particles upon transfection. These two
linker insertion mutants were moreover thermosensitive for this phenotype, producing fewer virus particles at
41°C than at 36°C. Examination of the intracellular viral proteins demonstrated that for all mutants, the
amount of gag precursor was similar to the wild-type level. Moreover, the amount of mature gag CA that could
be detected by this analysis was similar between each of the mutants and the wild type. This finding suggests
that the transport of gag to the membrane and the initial stages of maturation were not affected by the
mutations. The virus particles contained normal amounts of active reverse transcriptase, showing that the
gag-pol polyprotein was incorporated and cleaved properly. Viral RNA was quantitatively and qualitatively
similar in mutant and wild-type virions. However, the infectivity of the mutants virions differed; one of the
thermosensitive linker insertions that had no effect on particle production at 36°C was nevertheless
noninfectious at that temperature. Together, these data suggest that the p10 protein is involved in a late steps

of virus maturation, possibly budding, and perhaps also in an early event of viral infection.

All retroviruses express a gene encoding their structural
proteins (gag gene). In the case of Rous sarcoma virus
(RSV), gag is expressed by translation of the genomic 35S
mRNA in the cytoplasm of the infected cell. The product is
a polyprotein precursor of 76 kDa (Pr765°€) that migrates to
the plasma membrane of the host cell, where it is incorpo-
rated into growing virus particle and probably cleaved during
or just after budding into mature proteins. These proteins,
beginning from the N terminus of the precursor, are MA, the
matrix-associated protein; p2, a protein of unknown func-
tion; p10, also of unknown function; CA, the major struc-
tural component of the capsid; pl, of unknown function;
NC, the nucleocapsid protein; and PR, the protease respon-
sible for the stepwise proteolytic cleavage of the gag precur-
sor (for a review, see reference 37).

Sequencing of the RSV Prague C (PrC) strain genome as
well as amino acid sequence information revealed that in
Pr765°% between pl19 (MA) and p27 (CA) was the coding
sequence for a protein of 62 amino acids with a predicted
molecular weight of 6,800 (26). This protein (pl0) was
purified and sequenced from both avian myeloblastosis virus
and RSV PrC virions, and its amino acid sequence was found
to be consistent with that predicted from the genome of RSV
PrC (9, 26). Later, it was found that an additional small
peptide (p2) is present between MA and pl0 (23, 35). The
localization of protein pl0 within the virion has not been
determined but has been suggested to be between the
envelope and the core (24). The protein is very unusual in its
amino acid composition. It contains a large proportion of
proline (12%) and glycine (20%) residues but neither lysine
nor cysteine residues. In fact, metabolic labeling with [C]
glycine was shown to preferentially label pl0, and this
technique was used to purify pl0 (24). In sodium dodecyl
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sulfate (SDS)-gels, p10 migrates abnormally because of its
composition (it migrates like a 12- to 15-kDa protein); the
migration is even more bizarre in SDS-urea gels, with an
apparent molecular size weight of 40 kDa (24). Apart from
these biochemical properties, little is known about pl0,
including its function.

To investigate the function of this gag gene product in the
RSV replication cycle, we have generated a series of dele-
tion and linker insertion mutation of the pl0 region of a
cloned DNA copy of RSV PrC. These mutant DNAs were
transfected into chicken embryo fibroblast cells (CEFs), and
the effects of the mutations on viral proteins synthesis and
virion assembly were determined biochemically and biolog-
ically. Characterization of the mutant virions produced after
transient transfection suggested that p10 deletions and ther-
mosensitive (¢s) linker insertions reduced the yield of RSV
virions and that these virions were defective in some other
aspect, since they could not productively infect fresh CEFs.
This analysis suggests a role for p10 in the budding processes
and in an early step of infection.

MATERIALS AND METHODS

Cell culture. CEFs were prepared from virus-free embry-
onated eggs (Gs~ and Chf~; SPAFAS, Inc., Norwich,
Conn.) and grown in Dulbecco modified Eagle medium
containing 5% fetal calf serum (GIBCO Laboratories, Grand
Island, N.Y.) at 35.5 or 41°C in an atmosphere supplemented
with 5% carbon dioxide.

Bacterial strains. Escherichia coli DH5a (dut* ung*
RecA™) and CJ-236 (dut ung) were grown according to the
instructions included with the mutagenesis kit (Bio-Rad
Laboratories, Richmond, Calif.). E. coli DH5a was rendered
competent for transformation as previously described (25).
Plasmid DNAs were purified from either small- or large-scale
cultures by the alkaline lysis method and further purified for
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transfection either by density gradient centrifugation in
cesium chloride-ethidium bromide or by polyethylene glycol
precipitation (25).

Cloned DNAs. Plasmid pAPrc has already been described
(19). It contains a nonpermutated copy of the provirus RSV
PrC. Plasmid pAsPrc is a Sall-EcoRV subclone of pAPrc in
pBR322 containing the entire gag sequence (19). All muta-
tions were constructed in pBSgagR1, a 2,395-bp EcoRI-
EcoRI fragment cloned in the phagemid vector pBS(+)
(Stratagene, San Diego, Calif.). For the RNase protection
assay, plasmid pBSLSD was constructed as follows: an
EcoRI-BamHI fragment (nucleotides [nt] 9238 to 532 of
pAPrc) was cloned into pBS(+) such that transcription
under the control of the T3 promoter results in the synthesis
of an antisense RNA (this construct is analogous to the
previously described plasmid pAT-8K, in which the same
RSV-specific sequence was cloned into pGEM-2 [1]).

Site-directed mutagenesis. The following oligonucleotides
(with the restriction sites in bold and the mutated nucleotides
underlined) were synthesized on a 381A DNA synthesizer
(Applied Biosystems) and purified as previously described
(14) or by high-pressure liquid chromatography. The oligo-
nucleotides used were as follows: ML1 (3'-CCTCGAACGC
TCATGCGCAGGCGGGC-5'), ML2 (3'-CCCCCCACTGTG
TGGATGCGCAGGCCCCCGCC-5"), ML3 (3'-GGGACCG
CIGCGCACCCCACCC-5"), ML4 (3'-CCGGGACTGACTG
ACCCGTIGCGCATCCCAGTCCC-5'), and MLS5 (3'-CCC
GCCTCGGTIGCGCACCCGTACGCCC-5').

A modification of the selection method of Kunkel (13) was
used. Briefly, a single-stranded uracil-containing DNA tem-
plate was obtained by introducing the phagemid pBSgagR1
into E. coli CJ-236 and by coinfection with helper phage
M13K07 (Promega) as described by Vieira and Messing (34).
The mutagenic strand was synthesized according to the
mutagenesis kit instructions (Bio-Rad), the resulting double-
stranded DNA was introduced into E. coli DHS5a by the
calcium chloride transformation protocol, and transformants
were selected by growth on Luria-Bertani-ampicillin (100
ng/ml) plates (25). The introduction of all mutations was
confirmed by dideoxy-chain termination DNA sequencing of
plasmid DNA (38), using T7 DNA polymerase (Pharmacia).

Transfection and infectivity. CEFs, either freshly prepared
or frozen in 15% glycerol, were used after two to seven
passages. DNA transfection and virus infection were per-
formed as described previously (18, 19). The medium was
changed every 24 h and harvested between 2 and 3 days
posttransfection or between 2 and 9 days postinfection.

Exogenous template reverse transcriptase assay. The exog-
enous template reverse transcriptase assay was performed
on crude viral pellets (see below) by the method of Goff et al.
(6b). The viral pellets resuspended in NTE (100 mM NaCl,
10 mM Tris [pH 7.5], 1 mM EDTA), corresponding to 1
plate-day of the production of one 100-mm-diameter petri
dish in a transient assay, were lysed in 50 pl of a reaction
cocktail containing 50 mM Tris hydrochloride, 20 mM dithio-
threitol, 5 mM MgCl,, 50 mM NaCl, 0.05% Nonidet P-40, 5
mg of oligo(dT) per ml, 10 mg of poly(A) per ml, and 50 pn.Ci
of [a-3?P]dTTP (3,000 Ci/mmol) and incubated at 37°C for 1
h. Thereafter, 10 pl of the reaction mixture was spotted on
dry DEAE-paper (DE81; Whatman, Inc.). The paper was
then immediately washed three times in 2x SSC (0.3 M NaCl
plus 0.03 M sodium citrate) for 15 min and once in 95%
ethanol, dried, and counted (Cerenkov) or exposed.

Protein analysis. Viral particles produced by the trans-
fected or infected cells were purified by ultracentrifugation
through a 20% sucrose cushion, and their protein content
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was analyzed by immunoblotting with polyclonal antibodies
against RSV NC (p12), MA (p19), and CA (p27) as described
previously (19). Intracellular viral proteins, produced after
transfection, were analyzed by immunoprecipitation and
immunoblotting with antibodies against RSV CA as previ-
ously described (19).

Purification of viral RNAs. The viral particles produced
after transfection were purified by centrifugation through a
sucrose cushion, and the RNA was extracted by lysis of the
particles with SDS-proteinase K as described previously (5).

To quantitate the amount of RSV-specific RNA encapsi-
dated by the virus after transfection, RNase protection
assays were performed. Plasmid pBSLSD was digested with
BstEII and in vitro transcribed by using T3 polymerase and
a commercial kit (Promega) according to the kit instructions.
Virion-associated RNA was isolated as for Northern (RNA)
analysis. The RNase protection was performed as previously
described (25), the nuclease-resistant hybrid was analyzed
on a denaturing polyacrylamide gel, and the product was
detected by autoradiography. Transcription results in a
469-nt probe which after hybridization protects either a
429-nt (unspliced genomic RNA) or 293-nt (spliced RNA)
fragment. The strength of the signal detected was deter-
mined by densitometric scanning of the autoradiograph.

RESULTS

Construction of mutation in RSV protein p10. We chose to
insert linkers for the enzyme Miul in the coding region of p10
for the following reasons: first, Miul cuts only once the
wild-type genome of RSV PrC (at nt 7901) and was thus
practical for cloning purposes; second, the Mlul recognition
sequence introduces a basic Thr-Arg dipeptide, which would
be predicted to affect significantly pl0 since it is quite
hydrophobic in nature (24). It should be noted that the
insertion of linker ML2 disrupts a pair of proline residues
and that mutation ML1 is also adjacent to two prolines (Fig.
1A). Proline residues are known to interrupt B sheets or a
helices in protein structures (16); thus, we expected that
these mutants would have an interesting phenotype. Mutant
ML1 is a substitution of Gly-55 for Arg, but the mutation
creates an Miul restriction site. By in vitro recombination
between plasmids possessing the Mlul sites, it was possible
to make a series of deletions (Fig. 1B). Deletion D13
removes most of pl0 (47 amino acids deleted) from nt 934 to
1075. The other deletions were designed to encompass either
mostly hydrophobic regions (D23, 13 amino acids deleted;
D45, 15 amino acid deleted) or more hydrophilic regions of
p10 (D25, 10 amino acid deleted; D14, 9 amino acid deleted).
After being cloned back into our full-length RSV PrC DNA
clone (pAPrC) (19), all of the mutations were confirmed by
DNA sequencing to ensure conservation of the reading
frame and the correct mutagenesis, as described in Materials
and Methods.

Deletions were not introduced nearer the N terminus of
pl0 because we wanted to avoid possible inhibition of
Pr765°¢ cleavage by PR at the p2-p10 junction. For similar
reasons, we have left intact the last six amino acids at the C
terminus, which might be important for PR recognition.
Moreover, two regulatory elements have been described in
the pl0 region near its N terminus: an enhancer of long
terminal repeat activity (2) and a negative regulator of
splicing (1). The core sequence of the negative regulator of
splicing ends approximately at nt 930 (17); the gag enhancer
is less clearly defined, but strong activity is conferred by a
fragment between nt 776 and 952 (Fig. 1B).
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FIG. 1. (A) DNA and amino acid sequences of the p10 protein (26), with the 6-mer Miul linker insertions indicated. Protein p10 is located
between p2 and CA in the RSV Pr765%¢ polyprotein (23, 35). (B) Schematic representation of p10, with the positions of the linker insertions
(at 934, 973, 1003, and 1048) and of the single amino acid substitution ML1 at 1075 indicated. The deletions are shown as shaded boxes and
were obtained by in vitro recombination of the individual linker insertion mutants. The negative regulator of splicing (NRS) and gag enhancer
element described are represented above; the hatched region represents the possible core sequences of these elements, but they extend

further upstream into the MA-p2 region of the gag gene (1, 2).

Analysis of virion proteins. Viral mutant DNAs were
transfected into CEFs by the DEAE-dextran protocol; after
24 h to 48 h, viral particles were purified and analyzed by
immunoblotting with polyclonal anti-CA, anti-NC, or an-
ti-MA sera as described in Materials and Methods. We first
transfected our mutants at 36 to 37°C, which is the normal
temperature for avian retroviruses. The results are shown in
Fig. 2A and B and Table 1. The mutants with linker
insertions (ML1 to MLS5) did not show any significant
differences in the amount of virus protein released in the
medium compared with the wild type. The MA and CA
proteins appeared to be fully processed. This finding sug-
gests that cleavage between MA, p2, and pl0 was not
inhibited by the ML3 dipeptide insertion and that PR still
recognized the pl0-CA junction in mutant ML1. Thus, it is
likely that there is no inhibition of Pr765%¢ precursor pro-
cessing in these five mutants.

The deletion mutants produced fewer virus particles than
did the wild-type virus (Fig. 2A and B; Table 1); very weak
signals for CA and MA could be detected for these mutant
upon prolonged exposure of the blot (data not shown).

We repeated this test at a higher temperature to determine
whether some of the linker insertions could lead to condi-
tional mutants. Upon transfection at 41°C (nonpermissive
temperature for avian retroviruses), the deletion mutations
showed a phenotype similar to that at the permissive tem-
perature (Fig. 2; Table 1). Processed CA was quantified by

densitometric scanning of different autoradiographs obtained
from the analysis of transfections at 41°C (some variation
was observed between transfections). Deletion mutant D14
showed a 20- to 30-fold decrease in the amount of virus
released in the medium in comparison with the wild type,
while D13, D23, D25, and D45 produced 30- to 50-fold fewer
virus particles. CA was fully processed in these mutants
(Fig. 2C), suggesting that the proteolytic cleavage of the gag
polyprotein precursor was not impaired by the deletions in
pl0.

In contrast, a dramatic decrease in the number of virions
released into the medium was observed when the transfec-
tion was performed at the nonpermissive temperature for
two of the linker insertion mutants. ML1 and ML2 showed a
large reduction in the amount of virus produced at 41°C
compared with the wild type (2.5 to 5% for ML1 and 1 to 2%
for ML2). Thus, p10 mutants ML1 and ML2 are thermosen-
sitive for particle release.

Linker insertions mutants ML3, ML4, and ML5 showed
no difference in phenotype at 36 or 41°C; the differences in
NC protein level detected is not specific for these mutants
but is due to blotting problems, as NC does not adhere well
to nitrocellulose membrane (these three mutants are fully
infectious at both temperatures [see below]).

Synthesis of Pr76°*® precursor polyprotein in transfected
cells. Two possible explanations for the phenotype of the
deletion and #s linker insertion mutants are that they do not
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FIG. 2. Analysis of the virion gag-encoded proteins. Virions
produced by the transfected cells at 36 or 41°C were purified as
described in Materials and Methods. Viral proteins were resolved by
SDS-polyacrylamide gel electrophoresis and then immunoblotted
with polyclonal antibodies against RSV CA and NC for (A) or RSV
CA and MA (B) and '®I-labeled protein A. Cells were transfected
with the mutant DNAs indicated above the lanes as described in
Materials and Methods. C, control (cells transfected with no DNA);
WT, wild-type DNA transfection. Panel C is a longer exposure of
the blots shown in panel A.

synthesize Pr765°¢ in sufficient amounts and that Pr765°¢ is
trapped in cell cytoplasm. To test these hypotheses, we
transfected our mutants DNAs as described above at the
nonpermissive temperature; after 48 h, the cells from two
100-mm-diameter petri dishes were lysed, and the gag pre-
cursor was immunoprecipitated from the cell lysate with a
polyclonal antibody against CA. Eluted proteins were re-
solved by SDS-polyacrylamide gel electrophoresis and ana-
lyzed by Western immunoblotting with the anti-CA anti-
body. We have detected an antigenically related protein in
untransfected cells with a size slightly less than that of
Pr768°5. This band may be that of an endogenous gag protein
that is incompetent for budding or a nonspecific serum
protein, as it never interfered negatively or positively with
our mutants during weeks of wild-type or mutant infections.
All mutants synthesized gag-related proteins in amounts
comparable to those of the wild-type protein (Fig. 3A).
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TABLE 1. Structures and biological activities of mutants of

RSV p10 protein®
Virion
Deleted bases or .RT released from
Protein® position of proadtgf:ed infected CEFs at*:
linker insertion®
36°C 41°C 36°C 41°C
Prc6 (wt) + + +++ +++
tsMLY 1075 + - +++ -
tsML2 973 + - +/- -
ML3 934 + + +++ +++
ML4 1048 + + +4++ +++
MLS5 1003 + + +++ +++
D13 934-1075 - - - -
D14 1048-1075 - - - -
D23 934-973 - - + -
D25 973-1003 - - - -
D45 1003-1048 - - ++ -

“ For all mutants transiently transfected in CEFs, the relative reverse
transcriptase activity, determined as the amount of reverse transcriptase
activity released (in counts per minute) versus CA protein level (in densito-
metric units) detected by scanning densitometry of the protein immunoblot at
41°C, was 100% of the wild-type level (48 h after transfection).

& ML1 to MLS, linker insertions; D13 to D45, deletions.

€ Numbered from the sequence of RSV PrcC (26).

4 +, wild-type level; —, less than 5% of wild-type level.

¢ Reverse transcriptase (RT) activity as a proportion of the wild-type level.
+++, 100%; ++, 20 to 50%; +, 1 to 5%; +/—, low and sometime not above
background; —, not detected.

f A single-amino-acid substitution (Gly-55—>Arg) that introduced an Miul
restriction site.

Deletion mutant D13 synthesized a Pr765%¢ protein whose
mobility was significantly faster than that of the wild type but
whose size is consistent with the deletion of 47 amino acids,
migrating at about 70 to 72 kDa. In the case of mutants D14
and D23, mobility was also increased but appeared to be
greater than would be predicted from the 9- and 13-amino-
acid deletions, respectively. The novel gag precursors of
mutants D25 and D45 migrated approximately at the same
position as did the wild-type Pr765?¢. Mutants ML1 and ML2
synthesized a precursor with a mobility similar to that of the
wild type (mutants ML3, MLA4, and ML5 were not studied
because they displayed no alteration in particle formation).
With a longer exposure of this blot, processed CA protein
was detected for all mutants, with some variations in the
amount compared with the wild type (Fig. 3B). However,
these variations were not reproducible between transfec-
tions. From an average of 10 different transfections, the
amount of processed CA protein detected in these protocols
is not affected in the mutants. Thus, the observed differences
in virus particle release are not due to precursor accumula-
tion in the cell cytoplasm or precursor instability. Further-
more, it appears but needs to be confirmed that the precursor
is transported to the plasma membrane correctly, since the
interactions between gag precursors leading to particle
maturation and precursor cleavage (which occurs only dur-
ing or after budding) is not different from the wild-type
interactions in this analysis.

Infectivity of mutant viruses. To determine the infectivity
of the mutants, virus produced 48 h after transfection of
CEFs with the mutant plasmids was collected and used to
infect fresh CEFs. Equal numbers of virions were used for
the infection with each mutant, as determined by the level of
CA and reverse transcriptase activity in the medium. After 6
days, the culture medium above the infected cells was
analyzed for viral particle production by immunoblotting or
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FIG. 3. Intracellular viral proteins of cells transfected with viral
mutants. Cell lysates were immunoprecipitated with a polyclonal
antibody against CA (p27) and then subjected to protein A-Sepha-
rose adsorption. The eluted proteins were resolved by SDS-poly-
acrylamide gel electrophoresis and detected by immunoblotting with
anti-CA (p27) serum and '*I-labeled protein A. Cells were trans-
fected with the mutant DNAs indicated above the lanes. C, control
(cells transfected with no DNA); WT, wild-type DNA transfection.
Panels B represent a longer exposure of the blot shown in panel A.
Sizes are indicated in kilodaltons.

by measuring reverse transcriptase activity in the medium.
In the first set of infections, particles produced at 36°C were
used to infect CEFs at 36°C. Four linker insertion mutants
(ML1, ML3, MLA4, and MLS) and deletion mutant D45 were
similar in infectivity to the wild type (Fig. 4A and 5; Table 1).
The ¢s mutant ML2 released very few virus particles (Fig.
4A), and the reverse transcriptase activity was more than
100-fold lower (Fig. 5; Table 1). Cells infected with deletion
mutant D23 produced few virions (Fig. 4A and 5); cells
infected with mutants D13, D14, and D25 appeared to
release some particles (Fig. 4A), but no virion-associated
reverse transcriptase activity could be detected (Fig. 5;
Table 1).

In a second set of infections, virus particles produced by
transfection at 41°C were used to infect fresh CEFs main-
tained at 41°C during the whole infection time (6 days). As
above, the infection was standardized for the number of
particles before infection. Analysis of the medium for virion-
associated mature CA and NC proteins revealed that the s
mutants ML1 and ML2 were noninfectious whereas mutants
ML3, ML4, and MLS5 were similar in infectivity to the wild
type (Fig. 4B). Cells infected with the five deletion mutants
did not release any virus into the medium (Fig. 4B). For all
mutants, the results were confirmed by measuring the re-
verse transcriptase activity in the medium above these cells
(Fig. 5; Table 1).

From these results, it appears that the virions produced by
ML3, M1 A4, and MLS5 are wild type in phenotype. The virion
produced by mutants D13, D14, D23, and D25 were defec-
tive in some way so as to either reduce strongly or abolish
their infectivity in CEFs. We have no clues to the block of
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FIG. 4. Infectivity of virus mutants. CEFs were transfected with
the mutant plasmids as for a transient assay. The culture media were
collected after 48 h and analyzed for reverse transcriptase activity
and level of CA protein. Equal amounts of virus from each mutant
were used to infect fresh cells by diluting samples harvested from
the transfected cells. After 6 days, the culture medium above these
cells was analyzed for the presence of viral proteins by immuno-
blotting with anti-CA and anti-NC antibodies. Cells were infected
with the mutant DNAs indicated above the lanes. C, control
(mock-infected cells); WT, wild-type infection; WT 1/10, infection
with 10-fold fewer wild-type virus particles; WT 1/100, infection
with 100-fold fewer wild-type virus particles. (A) Transfection and
infection at 36°C; (B) transfection and infection at 41°C.

infectivity detected for these mutants. We do not know
whether the budding defect detected in transient transfection
accounts for this phenotype or whether other components or
structures of the virions are altered so as to lower their
infectivity (see below). Mutants zsML1 and tsML2 were
variously affected by temperature; zsML1 was fully infec-
tious at 36°C and noninfectious at 41°C, whereas ts ML2
showed a strong reduction in infectivity at both tempera-
tures. D45 was more infectious at 36°C than at 41°C and
might also be somehow thermosensitive.

Reverse transcriptase activity of the virions produced by
transient transfection. The lack of infectivity described for
most of our mutants could be explained if during virus
assembly the gag-pol precursor was excluded from virions

c DI3 C
MLI . Dl4 MLI
ML2 @ @ D23 ML2
ML3 D25 ®

ML D45 . ML&
ML5 w @) @ Ms
36°C L1°C

FIG. 5. Infectivity assay. Infections were performed as de-
scribed in the legend to Fig. 4; 6 days after infection, reverse
transcriptase activity was measured in the supernatant medium by
the dot blot procedure as described in Materials and Methods.
Nomenclature is as described in the legend to Fig. 4.
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FIG. 6. Exogenous reverse transcriptase assays on particle re-
leased by cells transfected at 41°C. Virus particles were purified by
centrifugation through a sucrose cushion, and the crude viral pellet
was resuspended in NTE. An aliquot was analyzed by Western
blotting to determine the quantity of CA present; the rest was used
in the assay as described in Materials and Methods. Cells were
transfected with the mutant DNAs indicated above the lanes. C,
control (cells transfected with no DNA); WT1/10, 10-fold dilution of
a wild-type DNA transfection. Relative amounts of CA protein (in
densitometric units) loaded: C, 0; ML1, 2.5; ML2, 2.4; ML3, 49.6;
MLA4, 34.3; MLS, 35.3; D13, 1.2; D14, 3.4; D23, 1.2; D25, 2.8, D45,
2.7; WT1/10, 5.2.

or was not processed correctly so as to either reduce or
abolish reverse transcriptase activity. Therefore, the reverse
transcriptase activity was determined for particles produced
by transfection at 41°C for each of the pl0 mutants and
wild-type virus, using the rapid dot assay described in
Materials and Methods, and quantitated by scintillation
counting (Fig. 6). Each of the deletion mutants released
reverse transcriptase activity into the medium. The zs mu-
tants also released some activity. The relative reverse tran-
scriptase activity of the mutant particles was similar to that
of the wild type (Table 1). The activity was expressed
relative to the number of virions in the medium, measured by
densitometric scanning of the autoradiographs of the immu-
noblots (Fig. 2C), using CA protein as the standard. Al-
though some variations were detected in the analysis of the
deletion mutants, it does not appear that the defect in the
infectivity of the deletion mutants and #s mutants could be
attributed to a defect in the synthesis, packaging, and
processing of the gag-pol polyprotein.

Analysis of viral RNA in mutant virions. To determine
whether the noninfectious mutant virions produced after
transfection contained viral genomic RNA, we purified virus
particles produced by a transfection at 36°C and extracted
their viral RNAs as described in Materials and Methods.
Cold viral RNA was then analyzed by RNase protection
assay using an in vitro-labeled RNA probe complementary
to part of the leader and gag gene, encompassing the splice
donor sequence. Viral genomic RNA was quantitated by
scanning densitometry of the autoradiograph and expressed
relative to the amount of CA determined by Western blotting
as described above. The results (Fig. 7) showed that s
mutants ML1 and ML2 contained wild-type levels of RNA.
The relative packaging of mutants D13 and D45 was similar
to that of the wild type. Thus, the particles produced in
transient transfection were not defective for viral RNA
packaging. Furthermore, the viral RNA isolated from these
mutants migrated as the 70S dimer in a nondenaturing
Northern blot (preliminary results).
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FIG. 7. Viral RNA content of virions produced after transient
transfection at 36°C. The virions were purified, and the viral RNA
was extracted as described in Materials and Methods. The RNA was
analyzed by RNase protection assay as described previously (25)
with a 469-nt probe complementary to the leader and the beginning
of the gag gene, encompassing the splice donor site. After hybrid-
ization, the 35S genomic RNA protects a fragment of 429 nt. Cells
were transfected with the mutant DNAs indicated above the lanes.
C, control (cell transfected with no DNA); WT, wild-type transfec-
tion. 469nts indicates the probe position; a 123-nt ladder was used as
a size marker. Relative amounts of CA protein (in densitometric
units) loaded: C, 0; ML1, 25; ML2; 23.5; D13, 3.34; D45, 2.8; WT,
22.9.

DISCUSSION

The mutations that we have generated in protein pl0
showed that although in some cases virus release was greatly
reduced, those viruses which were released appeared to be
correctly formed. Our data are consistent with previous
reports showing that the major assembly domains of the
RSV gag gene reside only in the MA, MA-p2, and CA-NC
domains (6, 36, 37), while the PR domain may enhance the
efficiency of virion assembly (21, 22, 32). One large deletion
of gag (mutant R-3C [37]), in which two amino acids of p2,
all of p10, and 26 amino acids of CA were removed, was
reported to have no effect on the rate of particle formation
and that the density of these core particles formed by
expressing the gag gene in a simian virus 40-based expres-
sion vector was the same as that for the wild type (37). Thus,
our results are different from these findings since in our case,
fewer virus particles were released into the medium than for
wild-type virus. Nevertheless, the amounts of processed
capsid and gag precursor in the cell lysate were the same as
for the wild type. We have not tested whether the mutant
particles sedimented at the same density as did the wild type
on a sucrose gradient, but since viral particles from the
deletion mutants could be pelleted through a 20% sucrose
cushion, there was not a gross reduction in their density.

We interpret these data as an indication that the gag
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precursor of the various pl0 mutants was correctly synthe-
sized and targeted to the plasma membrane and that at least
virus assembly and maturation were initiated, since the
presence of mature CA in wild-type amount is an indication
that the protease has been activated. Such an activation is
thought to take place only after or during budding. These
results need to be confirmed by examination of the subcel-
lular localization of the mutants precursor or by pulse-chase
experiments. Current models suggest that the dimerization
which is necessary for PR activation might be induced both
by a critical concentration of gag protein and by an activa-
tion signal (10, 11, 20). Alternatively, a repressor of PR
activity which prevents premature activation of the protease
might be present in avian cells. In type C retroviruses,
accumulation and alignment of gag proteins necessary for
PR dimerization start when dense aggregates appear at the
plasma membrane during the initiation of budding. Analysis
of viral proteins in cell lysates and both the protein and RNA
contents of the virions showed that CA was matured cor-
rectly and that the RNA was properly packaged and dimer-
ized. Whether the virions are completely matured requires
further investigation, such as analysis of the cell surface and
virion pellets by scanning and transmission electron micros-
copy to examine the morphology of bound and released
virions.

Reverse transcriptase assays revealed normal levels of
active enzyme in the virions. Thus, the gag-pol precursor is
also expressed and incorporated into the virions and is
probably proteolytically processed normally. This finding
again supports our hypothesis that qualitatively, virion mat-
uration is not impaired in our pl0 mutants. Similar pheno-
types for linker insertion and deletion mutants of pl2 of
Moloney murine leukemia virus (MoMuLV) (also rich in
proline and glycine) have been described. Particle formation
was unaffected by a deletion at the MA-p12 boundary (nt 944
to 1088), and the reverse transcriptase was fully active (4).
Similarly, with linker insertion in pl12, MoMuLV Gag-B-
galactosidase fusion constructs could be assembled into
mature virions (8). However, no defects in the budding
process were demonstrated for these mutants. It could be
that p12 of MoMuLV is a more flexible protein than p10 or
that regions other than those mutated would show similar
phenotypes (p12 is considerably larger than p10 and contains
the well-conserved retroviral sequence Pro-Pro-Pro-Tyr that
is present in p2 of RSV and therefore may have properties of
both proteins).

Three of the linker insertions in RSV p10 (ML3, MLA4, and
MLS5) had no apparent effect on virus phenotype. Some
linker insertions in MoMuLV pl2 have also been shown to
have no effect on the infectivity of MoMuLV (15).

Some of our mutants do not productively infect fresh
CEFs. It was reported several years ago that MoMuLV p12
specifically interacted with the homologous viral RNA and
that it was tightly bound to it (27-31). Sen and Todaro (30,
31) have proposed that p12 plays a role in encapsidation of
the genomic RNA. Thus, one possibility to explain the
phenotype of our mutants was that RNA packaging or
maturation was affected. However, we found that deletion
mutants D13 and D45, tsML1, and £sML2 contained normal
amount of viral RNA and that this RNA was correctly
matured (preliminary results). This finding strongly sug-
gested that pl0 is not involved in the selection, packaging,
and maturation of the RNA. Crawford and Goff (4) have
described pl2 deletion mutants that were demonstrated to
have normal endogenous minus-strand strong-stop DNA and
plus-strand DNA synthesis. They concluded that the C
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terminus of pl2 was not involved in the packaging and
maturation of the genomic RNA or in reverse transcription.
Nevertheless, no reverse transcription product was detected
in infected cells, leading to the proposal that an early step of
infection, probably uncoating, was impaired. The phenotype
of tsML2 is consistent with a similar block in early entry.
Virions produced by zsML2 appeared to be wild type-like for
all parameters tested at the permissive temperature but were
noninfectious. We are currently investigating £sML2 virions
for endogenous strong-stop DNA synthesis and intracellular
reverse transcription product in zsML2-infected CEFs to test
whether £sML2 can integrate in cells. The deletion mutants
and zsML1 do not productively infect CEFs at 41°C, proba-
bly as a result of the same block in virus budding observed
after transfection, but the data do not exclude the possibility
that there is also impairment of an early step of infection.
Even if mutant D45 does not produce more particles at 36°C
than at 41°C, it is more infectious at that temperature. We
have no hypothesis to explain this somewhat puzzling phe-
notype, but it would mean that the few particles that are
produced at 36°C are fully infectious while the rest are
trapped in the cell and that D45 is also a kind of s mutant. In
fact, if ML1 and D45 particles are produced at 36°C and then
shifted to 41°C, they can infect the cells at 41°C. Thus, it
appears that the s phenotype is not inducible after budding
(6a), supporting the view that pl0 may be involved in some
core protein folding and cell membrane-virus interactions.

It is interesting to note that the two s mutations are those
in the vicinity of pairs of proline residues. Mutant zsML1
changes a small glycine to a large basic arginine residue next
to the proline pair, while £sML2 introduced two amino acids
between the prolines. Proline is an amino acid which
strongly affects secondary structure. Proline-rich regions in
proteins may be particularly important since they usually
interrupt classic secondary structures like B sheets or a
helices and are associated with surface loops and turns,
proline pairs usually being present in B turns (16). The large
number of prolines in p10 suggests that this protein plays a
structurally important role in determining Pr765“8 conforma-
tion and is likely to play a regulatory role in the conforma-
tional switches that may control the budding steps. In human
immunodeficiency virus type 1, a lentivirus that buds simi-
larly to RSV, two polypeptide have been shown to be
implicated in budding: the auxiliary protein Vpu and the
C-terminal polypeptide p6 of the Pr555°% polyprotein. Dele-
tion of Vpu was shown to inhibit virion release at the
membrane, but the particles that did not detach appeared to
be mostly mature (12, 33). The Vpu deletion mutants were as
infectious as the wild-type virus, confirming that the matu-
ration steps necessary for infectivity were not affected (12).
Vpu is not related to gag proteins and is not proline rich but
rather is an integral membrane protein and is not incorpo-
rated into progeny virions. In contrast, human immunodefi-
ciency virus type 1 p6 is a proline-rich polypeptide and is
incorporated into virion. Complete deletion of p6 or substi-
tution of two adjacent proline residues with isoleucine was
shown to reduce the rate of budding (7). Virions that did not
detach from the cells were observed by electron microscopy
to be anchored to the cell membrane by a thin tether.
Additionally, most of these mutant virions appeared imma-
ture. Infectivity of the deletion mutant was greatly reduced,
while that of the proline mutant was reduced only slightly
(7). These phenotypes are strikingly similar to those of some
of the p10 mutants described here.

Two regulatory elements have been characterized in the
RSV pl0 region of the genome. At the DNA level, an
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enhancer has been mapped between nt 776 and 998 and
shown to increase chloramphenicol acetyltransferase activ-
ity by a factor of 20 in pSVCAT or only 3 in pRSVCAT
constructs (2). Footprinting analysis demonstrated protec-
tion of the sequence between nt 813 and 872 from the start
site of transcription, while chloramphenicol acetyltrans-
ferase assays indicated a significant drop in transcription
resulting from deletion of the region between nt 776 and 952
(less than 50%) (2, 3). At the RNA level, a negative regulator
of splicing has been mapped between nt 707 and 930;
deletion led to a decrease in the level of unspliced genomic
RNA to less than 10% of the normal level (1, 17). We do not
believe that these elements have had any significant effect on
the phenotype of our mutants; ML3, the mutant in which the
linker is inserted closest to these elements, is fully infec-
tious, while D13, a near-full-length deletion of p10, shows
neither a decrease in synthesis of Pr765* nor an imbalance
between the amounts of CA and RNA compared with the
wild type.

In summary, the mutational analysis of the pl0 coding
sequences reported here demonstrates that pl0 is required
for a late step in virus maturation, probably budding from the
cell surface, and that critical amino acid sequences and
motifs are required in the pl0 region of the Pr765°% polypro-
tein to control this final step of assembly. pl0 could be
needed to fold properly CA or the virion core; indeed, the
phenotype of zsML2 suggests a role for pl0 in an early step
of infection that might be due to a defect in some aspect of
core protein folding. Another explanation would be that the
mutants have some defects in glycoprotein packaging. Fur-
ther experiments are under way to fully answer these ques-
tions.
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