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The human immunodeficiency virus type 1 (HIV-1) Gag protein precursor, Pr55®, contains at its C-
terminal end a proline-rich, 6-kDa domain designated p6. Two functions have been proposed for p6: incor-
poration of the HIV-1 accessory protein Vpr into virus particles and virus particle production. To characterize
the role of p6 in the HIV-1 life cycle and to map functional domains within p6, we introduced a number of
nonsense and single and multiple amino acid substitution mutations into p6. Following the introduction of the
mutations into the full-length HIV-1 molecular clone pNL4-3, the effects on Gag protein expression and
processing, virus particle production, and virus infectivity were analyzed. The production of mutant virus
particles was also examined by transmission electron microscopy. The results indicate that (i) p6 is required
for efficient virus particle production from a full-length HIV-1 molecular clone; (ii) a Pro-Thr-Ala-Pro se-
quence, located between residues 7 and 10 of p6, is critical for virus particle production; (iii) mutations outside
the Pro-Thr-Ala-Pro motif have little or no effect on virus assembly and release; (iv) the p6 defect is manifested
at a late stage in the budding process; and (v) mutations in p6 that severely reduce virion production in HeLa
cells also block or significantly delay the establishment of a productive infection in the CEM (12D-7) T-cell line.
We further demonstrate that mutational inactivation of the viral protease reverses the p6 defect, suggesting a
functional linkage between p6 and the proteolytic processing of the Gag precursor protein during the budding

of progeny virions.

Retroviral Gag proteins are initially synthesized as a
polyprotein precursor which is proteolytically processed by the
viral protease (PR) to produce the mature matrix (MA), capsid
(CA), and nucleocapsid (NC) Gag proteins (33). In the case of
human immunodeficiency virus type 1 (HIV-1), the Gag pre-
cursor and the MA, CA, and NC have been designated, on the
basis of their apparent molecular weights, Pr5592¢, p17, p24,
and p7, respectively. A number of studies have demonstrated
that the expression of retroviral Gag precursors, in the absence
of other virally encoded proteins, is sufficient for the formation
of immature, noninfectious virus-like particles (for a review,
see reference 70).

The MA, CA, and NC domains of retroviral Gag protein
precursors are each involved in various aspects of virus assem-
bly. Mutations in the myristic acid acceptor sequence in the
N-terminal MA domain of Gag block virus assembly by per-
turbing the association of the Gag precursor with cellular
membranes (4, 7, 15, 19, 23, 42, 47, 56, 64). Single amino acid
changes in the central portion of the HIV-1 MA domain either
block virus assembly or redirect assembly to sites within the
cytoplasm (15), and deletions in the MA of murine leukemia
virus (24), Mason-Pfizer monkey virus (52, 53), Rous sarcoma
virus (71), and HIV-1 (5, 63, 75) interfere with virus assembly.
Single amino acid substitutions, multiple amino acid substitu-
tions, and deletions in MA can also block the incorporation of
HIV-1 envelope glycoproteins into virus particles (9, 14, 74).
Mutations in the CA of murine leukemia virus (17, 35, 57),
Mason-Pfizer monkey virus (59), and HIV-1 (5, 11, 40, 62) also
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disrupt virion formation. The NC is involved in RNA encap-
sidation into virus particles (10, 12, 18, 34, 43, 51) and in the
formation of virions with normal structure and density (2, 16,
25, 42, 46, 65).

In addition to MA, CA, and NC, retroviruses encode a
variety of other Gag proteins, the functions of which, in many
cases, have not been fully elucidated (for a review, see refer-
ence 70). For example, the gag genes of the avian retrovirus
Rous sarcoma virus and of murine leukemia virus contain
sequences, mapping between the MA and CA domains, that
encode proteins of 12 and 10 kDa, respectively. The type D
Mason-Pfizer monkey virus encodes two proteins of 16 and 12
kDa, specified by sequences located between the MA and CA
domains, and a protein of 4 kDa from a sequence situated at
the C terminus of Gag. In the lentiviruses HIV-1, HIV-2, and
the simian immunodeficiency viruses, a proline-rich, 6-kDa
domain, designated p6, is located at the C-terminal end of Gag.

Two functions have been proposed for the lentiviral p6<22
protein. p6 appears to be required for the incorporation of the
HIV-1 accessory protein Vpr and the HIV-2 accessory protein
Vpx into virus particles (30, 37, 48, 73). It has also been re-
ported that p6 plays a role in virus particle production at a late
stage in the budding process (20). This latter function is still in
question, however, as a number of groups, working with a
variety of systems, have not observed a requirement for p6 in
HIV-1 or HIV-2 particle production (21, 22, 25, 37, 38, 48, 55).

To assess the role of the HIV-1 p6°“¢ protein in virus par-
ticle production and to identify residues involved in p6 func-
tion, we introduced a number of truncation and amino acid
substitution mutations into p6. The effects of the mutations on
Gag expression and processing, virus particle production, and
virus replication were analyzed in the context of a full-length
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HIV-1 molecular clone. Virus assembly and virion morphology
were also examined by transmission electron microscopy. Our
results confirm a role for p6 late in the virus assembly process
and define a domain in p6 required for virion production. We
also demonstrate that mutational inactivation of the viral pro-
tease (PR) reverses the effect of p6 mutations on virus particle
production, suggesting a link between p6 and PR functions.

MATERIALS AND METHODS

Site-directed mutagenesis. The 1.2-kbp SphI-Ball fragment (nucleotide posi-
tions 1442 to 2619 [45]) from the full-length infectious molecular clone pNL4-3
(1) was subcloned into M13mp18, and oligonucleotide-directed mutagenesis was
performed as described previously (32). A 473-bp Apal-PpuMI fragment (nucle-
otides 2006 to 2483) carrying the correct mutation was introduced back into
pNL4-3. The entire Apal-PpuMI fragment was sequenced to confirm the pres-
ence of the desired changes and to determine that no additional changes had
been introduced during mutagenesis.

Cell culture, transfections, infections, and RT assays. HeLa and CEM(12D-7)
cells (54) were cultured as previously described (13). HeLa cells were transfected
by calcium phosphate precipitation (13); CEM(12D-7) cells were transfected by
the DEAE-dextran method (13). CEM(12D-7) cells were infected with equiva-
lent amounts (normalized for reverse transcriptase [RT] activity) of input virus as
previously described (15). RT assays were performed as reported previously (68),
with the addition of 0.8 mM EDTA to the reaction cocktail. The method for
measuring the release of particle-associated RT activity into the medium of
transfected HeLa cells has also been described previously (15).

Metabolic labeling and radioimmunoprecipitation. The procedure used for
metabolic labeling of transfected HeLa cells was described previously (13).
Briefly, at approximately 48 h posttransfection, cells from transfected cultures
were plated in 25-cm? tissue culture flasks in 2 ml of Met-free or Cys-free RPMI
medium supplemented with 10% fetal bovine serum. [**S]Met or [**S]Cys (500
wCi) was added, and the cells were incubated overnight at 37°C. After the
labeling period, the culture media were harvested, and unattached cells were
pelleted with a brief spin in a microcentrifuge. The cell-free supernatants were
filtered through a 0.45-um-pore-size filter, and virion-associated material was
harvested by pelleting for 30 min at 35,000 rpm in an SW50.1 rotor (Beckman).

Pulse-chase experiments were performed in suspension following the removal
of transfected cells by scraping at approximately 40 h posttransfection. Cells from
two transfected 60-mm-diameter plates for each clone were combined and trans-
ferred to 50-ml conical tubes. The remaining steps were performed as described
previously (67). At the end of pulse and chase periods, the cells were pelleted and
media were filtered. The virion-associated material was pelleted from the filtered
cell supernatant in a microcentrifuge as previously described (15). The cell-free,
virion-free supernatant fractions from the microcentrifugation were saved after
each spin.

Immunoprecipitation was done as described previously (13, 66) with AIDS
patient sera obtained from the National Institute of Allergy and Infectious
Diseases AIDS Research and Reference Reagent Program (human HIV im-
mune globulin; catalog no. 192). All precipitates were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis in 10
or 12% acrylamide-AcrylAide (FMC) gels. The gels were fixed in methanol and
acetic acid, treated with 1 M salicylic acid, dried at 100°C, and placed on X-Omat
AR film (Eastman-Kodak).

Sucrose gradients. The analysis of labeled transfected-cell supernatants by
sucrose gradient centrifugation was performed essentially as described previously
(67). Media harvested from metabolically labeled cells were spun briefly in a
microcentrifuge and filtered, as described above, to remove unattached cells and
cell debris. Aliquots (500 pl) of the filtered medium were layered onto a 10 to
60% (wt/vol) discontinuous 4-ml sucrose gradient and were centrifuged in an
SW50.1 rotor (Beckman) at 35,000 rpm for 90 min at 25°C. Twelve fractions of
equal volume were collected from the top of the tube. Fraction 1 thus represents
the material of lowest density; fraction 12 represents the most-dense material
from the bottom of the gradient. The collected fractions were immunoprecipi-
tated and analyzed by SDS-PAGE as described above.

Transmission electron microscopy. The procedures used to prepare and ex-
amine transfected cells by electron microscopy have been reported previously

(15).

RESULTS

Mutagenesis of the HIV-1 p6“ protein. An amino acid
sequence comparison of the p6 domains of Gag proteins from
a number of HIV-1 isolates (45) revealed the presence of
several highly conserved domains within p6, including a Pro-
Thr-Ala-Pro (PTAP) motif between p6 residues 7 and 10 and
a Leu-Phe-Gly-Ser-Asp sequence between residues 44 and 49
(45) (Fig. 1). To investigate potential functions of p6 and to
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determine the effects of mutations in highly conserved residues
within p6, we introduced a number of mutations in the p6 open
reading frame (Fig. 1A and B). Three truncation mutations
were constructed by introducing stop codons at p6 residues
1 (L1Term), 25 (S25Term), or 36 (Y36Term). Single amino
acid changes were introduced at highly conserved residues 2
(Q-2—A[Q2A)), 4 (R4S), 6 (E6G), 7 (P7L), 8 (T8I), 9 (A9R),
10 (P10L), 24 (P24L), 41 (L41R), 45 (F45C), 46 (G46D), and
48 (D48A). A 4-amino-acid substitution mutation (PTAP™) in
the highly conserved PTAP sequence was also made. When-
ever possible, we avoided introducing changes into the over-
lapping pol open reading frame; however, for the L1Term and
G46D mutants, such changes were unavoidable. To determine
what effect, if any, the pol changes might elicit, the pol/LT and
pol/R mutations were introduced into pol in the absence of p6
changes (Fig. 1B). All of the mutations were transferred to the
full-length HIV-1 molecular clone pNL4-3 (1) as described in
Materials and Methods. Mutations analogous to L1Term, pol/
LT, and Y36Term have been reported previously (20).

Effects of p6 mutations on virus particle production. To
determine whether p6 is required for virus particle production,
we transfected HeLa cells in parallel with wild-type pNL4-3 or
p6 mutant derivatives of pNL4-3. At 2 days posttransfection,
the amount of virion-associated RT activity released into the
medium of transfected cells was measured (Fig. 2). The
L1Term mutation resulted in a greater than 20-fold reduction
in the release of virion-associated RT activity. This reduction
was due to the p6 truncation and not to the mutations in pol,
since the pol/LT mutant, which contains the pol mutations
alone, produced wild-type levels of RT activity. Truncation of
p6 at amino acid 25 (S25Term) reduced RT production about
twofold, whereas truncation of p6 at residue 36 caused only a
slight reduction in the release of particle-associated RT activ-
ity, in agreement with a previous report (20). The domain
responsible for the effect of p6 on virus particle production
therefore appeared to reside near the N terminus of p6. Con-
sistent with this conclusion, mutations in highly conserved res-
idues near the C terminus of p6 (L41R, F45C, G46D, and
D48A) had little effect on virus particle production, whereas
single amino acid changes (P7L, T8I, A9R, and P10L) or a
multiple amino acid change (PTAP™) in the highly conserved
PTAP sequence resulted in a dramatic reduction in virus par-
ticle release. Other N-terminal point mutations (Q2A, R4S,
E6G, and P24L) did not significantly alter virus particle pro-
duction. These data suggest that p6 is required for virion pro-
duction and that the PTAP motif between p6 residues 7 and 10
is critical for this function. These results are in agreement with
those of a previous report (20), which demonstrated that si-
multaneous mutation of the two Pro residues at p6 positions 10
and 11 significantly reduced particle production from trans-
fected COS-7 cells.

Expression of cell- and virion-associated mutant p6“¢ pro-
teins. To exclude the possibility that the reduction in virion-
associated RT observed for the p6 mutants (Fig. 2) reflected a
defect in RT activity in virions rather than a failure to produce
virus particles, we examined by radioimmunoprecipitation the
cell-associated and virion-associated proteins expressed by
wild-type- and mutant-transfected HeLa cells (Fig. 3). The
results of this analysis demonstrated comparable levels of cell-
associated Pr559¢ expression in HeLa cells transfected with
wild-type or p6 mutant (P7L, T8I, A9R, P10L, PTAP, and
L1Term) molecular clones. An examination of the original
autoradiogram shown in Fig. 3A revealed an increase in the
ratio of p25 to p24 with these p6 mutants, consistent with a
previous report (20). Variations in the mobility of the Gag
precursor Pr5554¢ also resulted from the p6 truncation muta-
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FIG. 1. Mutagenesis of HIV-1 p6. (A) Organization of the matrix (MA), capsid (CA), p2, nucleocapsid (NC), p1, p6, protease (PR), RT, and integrase (IN) domains
of the HIV-1 gag and pol open reading frames. (B) Predicted amino acid sequences of wild-type (WT) and mutant p6 and the overlapping pol open reading frames.
The p6 sequences highly conserved among HIV-1 isolates are boxed. Dashes indicate amino acids identical to those of the wild type; asterisks indicate the positions
of stop codons. Residues are numbered with respect to the first amino acid after the cleavage site between p1 and p6, or the first amino acid in the pol frame (45). (C)
Nucleotide sequences encoding the wild-type PTAP domain and the PTAP domain mutants.

tion (L1Term) and from several of the PTAP domain muta-
tions.

In contrast to the comparable levels of cell-associated pro-
tein expression (Fig. 3A), the amounts of virion-associated
protein released into the medium of cells transfected with the
p6 mutants were markedly reduced (Fig. 3B). These results, in
agreement with those obtained by analyzing particle-associated
RT activity (Fig. 2), confirm that truncation of p6 or mutations
within the PTAP motif of p6 significantly reduced virus particle
production from transfected HeLa cells.

The proteins released into the medium of transfected, met-
abolically labeled HeLa cells were also examined by ultracen-
trifugation through a 10 to 60% (wt/vol) sucrose gradient (see
Materials and Methods). Twelve fractions of equal volume
were collected from the top of the gradient and were immu-
noprecipitated with AIDS patient sera. Free proteins were
present in the top gradient fractions, and virions were found
primarily in fractions 6 to 8, as reported previously (67). In the
wild-type gradient (Fig. 3C, top panel), significant amounts of
both free and virion-associated proteins were observed. In the

PTAP™ gradient (Fig. 3C, bottom panel), the amounts of free
HIV-1 proteins were comparable to those observed with the
wild type (compare fractions 1 to 3 in the top and bottom
panels of Fig. 3C). However, consistent with the data pre-
sented in Fig. 3B, the amount of virion-associated protein
present in the PTAP™ gradient (compare fractions 6 to 8 in
the top and bottom panels of Fig. 3C) was markedly re-
duced.

To analyze further the effect of p6 mutations on the kinetics
of Gag protein synthesis, processing, and virus particle produc-
tion, we performed a pulse-chase analysis of HeLa cells trans-
fected with either wild-type pNL4-3 or the PTAP™ mutant
(Fig. 4). HeLa cells transfected with wild-type pNL4-3 or the
PTAP™ mutant were metabolically labeled with [**>S]Cys for 30
min and then chased in unlabeled medium for 2, 4, 8, 20, or 30
h. Three fractions were immunoprecipitated with AIDS pa-
tient sera (Fig. 4): the cell-associated fraction, the virion-asso-
ciated fraction obtained by pelleting virions from the labeled
cell medium in a microcentrifuge, and the cell-free, virion-free
fraction obtained from the supernatant of the microcentrifuge
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FIG. 2. Production of virion-associated RT activity from HeLa cells transfected with the p6 and pol mutants. HeLa cells were transfected with wild-type (WT) or
mutant pNL4-3 molecular clones as indicated. Virions were pelleted from the transfected-culture supernatant and were analyzed for RT activity as described in
reference 15 and in Materials and Methods. The data represent the means from at least three experiments; error bars represent standard deviations.

spin. In cells transfected with wild-type pNL4-3, expression of
Pr552¢ was evident during the pulse period, and p24 and p17
were detected during the chase (Fig. 4, top left panel). Release
of p24 and pl7, much of which was particle associated, oc-
curred during the chase period (Fig. 4, left middle and bottom
panels). The intracellular expression and processing of the
PTAP™ mutant Pr5592¢ were normal, except that an increased
p25/p24 ratio was observed. As anticipated from the data pre-
sented in Fig. 2 and 3, there was no accumulation of virion-
associated proteins in the medium of mutant-transfected cells
(Fig. 4, right middle panel). The majority of p24 and pl7
released into the medium of mutant-transfected cells was not
virion associated but rather was present in the cell-free, virion-
free fraction (Fig. 4, bottom panel).

Ultrastructural analysis of virus assembly by electron mi-
croscopy. Compared with wild-type transfectants, in which all
of the characteristic stages of HIV-1 morphogenesis were seen,
transmission electron microscopic examination of HeLa cells
transfected with the p6 mutant molecular clones revealed an
accumulation of late budding forms tethered to the plasma
membrane (data not shown). This phenotype has been previ-
ously reported for HIV-1 p6 mutants (20). The few cell-free
particles observed had an immature morphology characterized
by an uncondensed, spherical nucleoid. These results are con-
sistent with the defect in virus particle release noted above
(Fig. 2 to 4) and suggest that the p6 mutant phenotype is
manifested at a very late stage in the budding process, imme-
diately prior to release from the plasma membrane.

Effects of p6 mutations on virus infectivity. To examine the
effect of p6 mutations on the establishment of a productive
infection, we transfected the mutants, in parallel with wild-type
pNL4-3, into the CEM(12D-7) T-cell line (Fig. 5). The
S25Term and Y36Term mutations caused a delay to peak RT
production of several days relative to that of the wild type.

Single amino acid changes outside the PTAP domain (e.g.,
Q2A, R4S, E6G, P24L, L41R, F45C, G46D, and D48A) had
no significant effect on the kinetics of virus replication. The
L1Term and PTAP™ mutations resulted in a complete block in
the establishment of a productive infection, as no progeny virus
was detected in either transfected culture for up to 3 months
posttransfection (Fig. 5; data not shown). Single amino acid
changes in the PTAP domain resulted in significant delays to
peak RT production relative to that of the wild type. These
results suggest that p6 mutations cause defects in virus particle
production not only in HeLa cells (Fig. 2 to 4) but also in the
CEM(12D-7) T-cell line.

To determine whether the appearance of RT activity in the
cultures transfected with the P7L, T8I, A9R, or P10L mutant
was due to the emergence of virus revertants, virus from wild-
type- and mutant-transfected cultures was harvested around
the peak of RT production (Fig. 5SD) and was used to infect
fresh CEM(12D-7) T cells. The repassaged virus derived from
cultures transfected with the P7L, T8I, and P10L mutants rep-
licated with kinetics comparable to those of the wild type; virus
derived from cultures transfected with the A9R mutant repli-
cated with a 1-week lag relative to the wild type but consider-
ably faster than the 6-week delay observed with the original
mutant (Fig. 5SE). The marked increase in the kinetics of virus
spread observed upon repassage suggested that the virus pro-
duction observed in the cultures transfected with the P7L, T8I,
A9R, and P10L mutants was due to the emergence of viral
revertants. We currently do not know whether these revertants
arose as a result of changes back to the original, wild-type
sequence or as a result of second-site changes. The fact that
the A9R repassaged virus grew with kinetics which were much
more rapid than those of the original mutant but slower than
those of the wild type suggests that second-site change(s) may
have occurred in the cultures transfected with the A9R mutant.
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FIG. 3. Radioimmunoprecipitation analysis of p6 mutants. HeLa cells transfected with wild-type (WT) or mutant pNL4-3 molecular clones were metabolically
labeled with [*>S]Cys. Cell-associated (A), virion-associated (B), and sucrose gradient-fractionated supernatant (C) proteins were immunoprecipitated with AIDS
patient sera and resolved on SDS-12% polyacrylamide-AcrylAide gels (see Materials and Methods). The mobilities of the envelope glycoprotein precursor (gp160),
surface envelope glycoprotein (gp120), Pr55%2¢ precursor (p55), CA (p24), and MA (p17) are indicated on the right; positions of molecular weight standards are shown

on the left.

Mutation of PR reverses the effect of p6 mutations on par-
ticle production. As mentioned in the introduction, even in the
absence of the viral PR, the expression of retroviral Gag pro-
teins results in the production of virus particles (70). However,
several studies have indicated that perturbation of Gag pre-
cursor processing can severely impair the assembly of infec-
tious virions (27, 28, 39, 42, 50). It is noteworthy that many
studies which concluded that p6 played no role in virus particle
production used expression systems in which PR was absent
(21, 22, 25, 37, 38, 55). Furthermore, from our experiments,
several observations suggested a link between PR activity and
the p6 defect: (i) the ratio of p25 to p24 was higher in p6
mutant-transfected cells than in wild-type-transfected cells, im-
plying an alteration in the pattern of Pr5592¢ processing; (ii)
the po6-defective particles had an immature morphology as
determined by transmission electron microscopy (data not
shown), reminiscent of particles formed in the absence of PR
(29, 49, 72); and (iii) the p6 defect appeared to manifest itself
at a late stage in the assembly and budding process when PR is
most active (26).

To understand the mechanism by which p6 mutations block
virus particle production in our assays and to determine

whether PR function was required for the effect of p6 muta-
tions to be revealed, we examined PTAP™ virus particle pro-
duction in the absence of PR activity. An Asp—Ala substitu-
tion at PR residue 25, which was previously shown to block PR
activity (36), was introduced in the context of both the wild-
type pNL4-3 (PR7) and the PTAP™ mutant (PR™/PTAP").
Following transfection of PR~ or PR"/PTAP™ clones into
HeLa cells, viral proteins were labeled, immunoprecipitated,
and analyzed by SDS-PAGE. As anticipated for a PR mutant,
no p24 or pl7 could be detected (data not shown). Interest-
ingly, the ratio of cell-associated to particle-associated Pr559=&
produced by the PR™/PTAP™ mutant was comparable to that
produced by the PR™ mutant (Fig. 6, right panel), an obser-
vation that was confirmed by Phosphorimager analysis of the
bands shown in Fig. 6 (data not shown). This finding demon-
strated that the PR mutation reversed the effect of the p6
mutation on virus particle production; p6 was not required for
virus particle assembly and release in the absence of PR activ-
ity. We also noted that the level of virion gp120 was reduced in
the PR™/PTAP™ mutant relative to the PR™ mutant (Fig. 6,
right panel). This effect was less pronounced, however, than
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FIG. 4. Pulse-chase analysis of viral protein expression and release from
transfected HeLa cells. HeLa cells transfected with wild-type (WT) or PTAP
mutant pNL4-3 molecular clones were pulse-labeled with [**S]Cys for 30 min and
chased in unlabeled medium for the times indicated. At each time point, equal
fractions were removed and separated into cell-associated, virion-associated, and
supernatant fractions as described in Materials and Methods. Lysates from each
fraction were immunoprecipitated with AIDS patient sera. The mobilities of the
envelope glycoprotein precursor (gp160), surface envelope glycoprotein (gp120),
Pr5592 precursor (p55), CA (p24), and MA (p17) are indicated on the left;
positions of molecular weight standards are shown on the right.

that we observed previously with specific single amino acid
changes in MA (14).

DISCUSSION

Conflicting reports concerning the role of p6 in virus particle
production have been published. Gottlinger et al. (20) re-
ported that mutations in p6, in the context of a full-length
HIV-1 molecular clone, blocked or reduced virus particle pro-
duction from transfected cells. A number of other studies,
however, found that expression of p6-deleted HIV-1 or HIV-2
Gag proteins resulted in efficient particle formation (21, 22, 25,
37, 38, 48, 55). In most of these latter studies, particle produc-
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tion was driven by the expression of Gag in the absence of
other virally encoded proteins (21, 22, 25, 37, 38, 55).

In this study, we introduced a number of single and multiple
amino acid substitution and nonsense mutations into HIV-1 p6
in the context of a full-length, infectious HIV-1 molecular
clone and analyzed the effects on the virus life cycle. Our
results indicate that p6 is required for efficient virus particle
production from HeLa cells transfected with a full-length
HIV-1 molecular clone and that a PTAP sequence, located
between p6 residues 7 and 10, is critical for efficient virus
particle production. The p6 defect occurs at a late stage in the
budding process, and mutations in p6 that severely reduce
virion production in HeLa cells also block or significantly delay
virus replication in the CEM(12D-7) T-cell line. Finally, mu-
tational inactivation of the viral PR reverses the effect of a p6
mutation on virion production.

As indicated in Fig. 1, proteolytic processing of HIV-1 Gag
occurs at five sites in Pr55928: between MA and CA, CA and
the spacer peptide p2, p2 and NC, NC and the spacer peptide
pl, and p1 and p6. Because of amino acid sequence differences
at the cleavage sites and differences in the accessibility of the
cleavage sites to PR, cleavage at each site occurs at a distinct
rate (44, 50, 61). As a result, Pr5592¢ processing occurs as a
sequential, stepwise process. Several studies have demon-
strated that even subtle alterations in Gag precursor process-
ing can lead to severe defects in the assembly of infectious virus
particles. Partial inhibition of HIV-1 PR function with PR
inhibitors or overexpression of PR in frans blocked virus as-
sembly or resulted in the formation of aberrant, noninfectious
virions (27, 28, 39, 41, 42, 58). Furthermore, mutations in the
HIV-1 p2 spacer peptide, which altered ordered Gag precursor
cleavage, resulted in defective virus particle production (31,
50), and premature Gag processing resulting from mutations in
the p2 spacer peptide between MA and p10 of Rous sarcoma
virus reduced particle release (3). In the latter study, the defect
caused by the p2 mutations could be reversed by abolishing PR
function (3). Thus, it appears that excessive, inadequate, or
mistimed PR activity can block the assembly and release of
infectious virions.

Several observations reported here suggest a link between
the role of p6 in particle production and PR function. First,
mutagenesis of p6 resulted in an increased ratio of p25 to p24,
presumably as a result of a reduced rate of cleavage between
CA and p2. It has been suggested that the cleavage of p25 to
P24 occurs very late in the assembly process, during or shortly
after budding (22). Second, transmission electron microscopy
indicated that p6-deficient virions possess an immature mor-
phology, reminiscent of PR-defective particles (29, 49, 72).
Third, and most important, mutational inactivation of PR re-
versed the virus production defect caused by p6 mutations. The
link between p6 and PR could result from a direct enhance-
ment or suppression of PR activity by p6, although a previous
study reported no effect of p6 on PR activity in vitro (60).
Alternatively, removal or mutagenesis of p6 might affect the
conformation of Pr55°2¢, as has been suggested previously
(55), thereby altering PR-mediated Gag processing. In any
case, these results indicate that p6 is not required for efficient
particle production from constructs expressing only the Gag
precursor protein but rather is required in the context of the
complete viral genome when PR is present. This observation
reconciles the finding that p6 deletion does not affect the
production of HIV-1 and HIV-2 Gag-only particles (21, 22, 25,
37, 38, 55) with results demonstrating that p6 is critical for
virion production from full-length HIV-1 molecular clones
(reference 20 and this report). These results also indicate that
data obtained with subgenomic Gag expression systems may
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not apply to systems using full-length, infectious molecular
clones.

The transmission electron microscopy observations (data
not shown) suggest that the p6 mutants proceeded through the
typical stages of morphogenesis but failed to complete the
budding process and remained tethered to the plasma mem-
brane. A similar p6~ phenotype was observed previously (20).
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FIG. 5. Replication kinetics of p6 and pol mutants in the CEM(12D-7) T-cell
line. CEM cells were transfected (A, B, C, and D) or infected (E) with the
indicated proviral DNAs or viruses as described in Materials and Methods. Cells
were split 1:3 every 2 days, and RT activity in the supernatant was monitored at
each time point. WT, wild type.

The electron microscopy data are consistent with our bio-
chemical data, which demonstrate that a severe reduction in
virus particle production results from p6 mutations (Fig. 2 to
4). The presence of a significant amount of soluble, virally
encoded protein in the medium of cells transfected with the
PTAP™ mutant (Fig. 4) raises the possibility that some p6
mutant particles are released from the cell and then rapidly
degraded or are degraded while still tethered to the plasma
membrane.

Recent studies have highlighted the importance of P-X-X-P
motifs (where P is Pro and X is a variable amino acid) in
protein-protein interactions involved in signal transduction
pathways (for a review, see reference 6). Since a domain that is
critical for p6 function (PTAP) is a P-X-X-P motif, it is possi-
ble that this region might interact with other viral or cellular
proteins during the assembly process. Alternatively, the Pro-
rich nature of the PTAP region (which is located within a
7-amino-acid sequence containing four Pro residues [Fig. 1])
suggests that it may function as a molecular hinge (8) during
assembly and budding. Such a hinge model has been proposed
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for a Pro-rich assembly domain in the Rous sarcoma virus p2
Gag peptide (69). Future studies will further characterize the
role of p6 in virus assembly and in other aspects of the HIV-1
life cycle.
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