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The p6 domain of human immunodeficiency virus type 1 (HIV-1) is located at the C terminus of the Gag
precursor protein Pr55%2, Previous studies indicated that p6 plays a critical role in HIV-1 particle budding
from virus-expressing HeLa cells. In this study, we performed a detailed mutational analysis of the N terminus
of p6 to map the sequences required for efficient virus release. We observed that the highly conserved P-T/S-A-P
motif located near the N terminus of p6 is remarkably sensitive to change; even conservative mutations in this
sequence imposed profound virus release defects in HeLa cells. In contrast, single and double amino acid
substitutions outside the P-T/S-A-P motif had no significant effect on particle release. The introduction of stop
codons one or two residues beyond the P-T/S-A-P motif markedly impaired virion release, whereas truncation
four residues beyond P-T/S-A-P had no effect on particle production in HeLa cells. By examining the effects of
p6 mutation in biological and biochemical analyses and by electron microscopy, we defined the role of p6 in
particle release and virus replication in a panel of T-cell and adherent cell lines and in primary lymphocytes
and monocyte-derived macrophages. We demonstrated that the effects of p6 mutation on virus replication are
markedly cell type dependent. Intriguingly, even in T-cell lines and primary lymphocytes in which p6 mutations
block virus replication, these changes had little or no effect on particle release. However, p6-mutant particles
produced in T-cell lines and primary lymphocytes exhibited a defect in virion-virion detachment, resulting in
the production of tethered chains of virions. Virus release in monocyte-derived macrophages was markedly
inhibited by p6 mutation. To examine further the cell type-specific virus release defect in HeLa versus T cells,
transient heterokaryons were produced between HeLa cells and the Jurkat T-cell line. These heterokaryons
display a T-cell-like phenotype with respect to the requirement for p6 in particle release. The results described
here define the role of p6 in virus replication in a wide range of cell types and reveal a strong cell type-
dependent requirement for p6 in virus particle budding.

The human immunodeficiency virus type 1 (HIV-1) Gag
precursor Pr5592€, like those of other retroviruses, is necessary
and sufficient for the production of noninfectious virus-like
particles. Pr559°¢ is composed of four major domains, ordered
from the N to the C terminus, matrix (MA, p17), capsid (CA,
p24), nucleocapsid (NC, p7), and p6 (for reviews, see refer-
ences 8 and 56). Previous studies have indicated that deletion
of p6 markedly inhibits virus particle production from Gag-
expressing cells (19, 24). A highly conserved motif, P-T/S-A-P,
located near the N terminus of p6 is particularly critical for the
p6 virus release function. Examination of Gag-expressing
HeLa and COS cells by electron microscopy (EM) indicates
that p6 mutation blocks a very late step in virus release; p6-
mutant particles fail to bud and remain tethered to the plasma
membrane (19, 24).

Domains have been identified in the Gag proteins of other
retroviruses that, like HIV-1 p6, appear to be required for virus
release. These proteins include p2b of the avian retrovirus
Rous sarcoma virus (RSV) (61, 62), p12 of murine leukemia
virus (MuLV) (67, 68), p9 of equine infectious anemia virus
(47), and ppl6 of Mason-Pfizer monkey virus (63). To reflect
the function of these sequences late in the virus release pro-
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cess, these domains are collectively referred to as late, or L,
domains (43). A similar function appears to be encoded by the
matrix protein of the rhabdoviruses and filoviruses (4, 20, 21,
25).

All retroviral and nonretroviral L. domains characterized to
date contain motifs recognized as being involved in protein-
protein interactions among cellular proteins; in each case, this
motif has been reported to be critical for L domain function.
These motifs include P-X-X-P in HIV-1 p6 (19, 24), Y-X-X-L
in equine infectious anemia virus p9 (47), and P-P-P-Y in the
L domains of MuLV (68), RSV (62), Mason-Pfizer monkey
virus (63), the rhabdoviruses (4, 21), and the filoviruses (20).
Among cellular proteins, P-X-X-P, Y-X-X-L, and P-P-P-Y mo-
tifs interact with Src homology region 3 (SH3) domains, clath-
rin-associated adapter protein complexes, and WW domains,
respectively (3, 38, 45, 58).

In some cases, interactions or subcellular colocalization be-
tween L domain proteins and predicted cellular partners have
been demonstrated (18, 20, 21, 48). These observations suggest
that L domains may function by interacting with host factors to
promote virus release. However, the relevance of these inter-
actions in the L domain virus release function remains unclear.
In addition, the HIV-1 L domain can substitute for the L
domain of the distantly related RSV (43) and MuLV (67),
despite the lack of sequence homology between these L do-
mains.
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Our understanding of p6 function is complicated by studies
that failed to observe a role for p6 in virus release (22, 23, 27,
32, 33, 46, 49, 52). In some cases, the lack of a requirement for
p6 might be explained by differences in Gag expression sys-
tems, Gag expression levels, and cell types used in the various
studies. The observation that inactivation of the viral protease
(PR) mitigated the p6-imposed defect in virus release (24)
suggests that PR may also be a factor in differences among
studies, since in some cases p6 mutations were evaluated in the
context of full-length molecular clones, whereas other studies
examined the role of p6 in Gag-only expression systems. How-
ever, in another report, PR was not observed to significantly
affect p6 L domain function (1). Mutations in p6 have also
been reported to reduce levels of pol-encoded enzymes in
virions (65) and to affect HIV-1 particle size (16, 17). Finally,
a Leu repeat sequence near the C terminus of p6 appears to be
necessary for the incorporation of the HIV-1 accessory protein
Vpr into virions (30, 46).

To clarify the role of p6 in HIV-1 replication, we performed
a detailed mutational analysis of the N terminus of p6 within
and surrounding the P-T/S-A-P motif. The effects of the mu-
tations on virion production in HeLa cells and virus replication
in the CEM(12D-7) T-cell line were determined. In addition,
we evaluated the role of p6 in particle release and virus repli-
cation in a panel of T-cell and adherent cell lines and in two
primary cell types, peripheral blood lymphocytes (PBLs) and
monocyte-derived macrophages (MDM). The results of this
study provide a detailed mapping of residues required for the
L domain function of p6 and demonstrate intriguing cell type-
dependent effects of p6 mutation on virion release and virus
replication. To our knowledge, this is the first detailed evalu-
ation of the role that p6 plays in virus production and replica-
tion in primary cell types that serve as targets for HIV-1 in-
fection in vivo.

MATERIALS AND METHODS

Cells, viruses, and plasmids. Cell lines were maintained as described (37). The
isolation and culture of human peripheral blood mononuclear cells (PBMC) and
primary MDM have been reported in detail elsewhere (9). Primary cells (a kind
gift from K. Fields) were purified as previously described (9). PBMC were
activated for 48 h with 2 pg of phytohemagglutinin (PHA) (Roche) per ml in the
presence of 20 U of interleukin-2 per ml. CD4* PBLs were purified from PBMC
by magnetic cell sorting using CD4 MicroBeads (Miltenyi) according to the
manufacturer’s instructions. Elutriated monocytes were plated for 2 h in serum-
free medium to facilitate attachment. Human serum was added to 10%, and
monocytes were differentiated to macrophages for 8 days at 37°C.

For pseudotyping with the vesicular stomatitis virus G glycoprotein (VSV-G),
wild-type (WT) and mutant molecular clones were cotransfected with plasmids
encoding VSV-G (pHCMV-G [64]) and the Gag-Pol expression vector
pCMVNLGagPoIRRE. This latter clone (kindly provided by A. Ono) was con-
structed by introducing the 2.4-kb BssHII-EcoRV region from pNL4-3 into
plasmid pCMVGagPolRRE (53) (kindly provided by D. Rekosh). For
pseudotyping of tat-negative molecular clones, in addition to the Gag-Pol- and
VSV-G-encoding plasmids, cells were cotransfected with the Tat expression
plasmid pSVtat2 (26) (kindly provided by K.-T. Jeang). The gag/pol-deleted
molecular clone pEvdl443 was kindly provided by J. Silver. An env-negative
version of pEvdl443, pEvd1443/KFS, was constructed by introducing into
pEvd1443 the env gene from pNL4-3KFS (14), which contains a frameshift
mutation near the 5" end of the env gene.

Site-directed mutagenesis and cloning. The 1.4-kb Sphl-Sdal fragment of the
full-length infectious molecular clone pNL4-3 (nucleotides [nt] 1443 to 2838;
GenBank accession number M19921) was subcloned into M13mp19 between the
Sphl and PstI sites and mutagenized (Table 1). Oligonucleotide-directed mu-
tagenesis was performed as previously described (31). Whenever possible, we
changed multiple nt for a given codon to minimize the rate of reversion in
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TABLE 1. Site-directed mutagenesis of the
p6 L domain®
nt 21432178 CCAGAGCCAACAGCCCCACCAGAAGAGAGCTICAGG
pbaa 516 P E P T A P P E E S F R
polaa2l-32 T R A N S P T R R E L Q
PSE GaR

E6A GCT
P7L TTG
T8S TCT
T8A GCT
T8I ATC
A9T ACT_
P10L TTG
P11E GRA
E12V GIC
PE(11/12)EV
P11Term TGA
E12Term TAG-
S14Term TGA

R16Term TAG
- - - - - - - - - - -7

¢ Underlined nucleotides encode the PTAP motif. A
backslash denotes truncation in the p6 open reading frame,
and a dash indicates identity with the WT sequence.

infected cultures back to the original sequence. The entire Sphl-Pst] region was
sequenced, and fragments carrying the correct sequence were recloned back into
the pNL4-3 or pNL(AD8) molecular clone. Macrophage-tropic molecular clones
were constructed by replacing the 2.7-kb Sall-BamHI fragment in pNL4-3-de-
rived constructs (nt 5785 to 8465) with that of pNL(ADS). env-negative molec-
ular clones were constructed by substituting the same region from the pNL4-
3KFS molecular clone (9).

Transfections and infections. Adherent cells were transfected by the calcium
phosphate method, and T-cell lines were transfected by the DEAE-dextran
procedure as previously described (11). For infection of adherent cell lines,
T-cell lines, and PBMC, virus was obtained by transfecting 293T cells with the
T-cell line-tropic molecular clone pNL4-3 (2) and p6-mutant derivatives.

For macrophage infectivity analyses, we used the macrophage-tropic molecu-
lar clone pNL(ADS) (9, 12). Pseudotyped virus stocks were prepared by co-
transfecting 293T cells with the corresponding molecular clone, pHCMV-G,
pCMVNLGagPoIRRE, or, when specified, pSVtat2. Supernatants from trans-
fected cultures were harvested and filtered. Virus stocks were normalized by
reverse transcriptase (RT) activity and used in infections as indicated. Infections
of adherent cells, T-cell lines, PBLs, PBMC, and MDM were performed as
described (9, 28, 37). Replication kinetics of p6 mutants were monitored for 2
months in T-cell lines and for 1 month in primary cells (PBMC and MDM). RT
assays were performed as reported (11).

Analysis of viral revertants. Genomic DNA was purified from infected cells 2
days before peak virus replication using the QIAamp DNA minikit (Qiagen)
under the manufacturer’s instructions. A 1.4-kb fragment of viral DNA (Sphl-
SdaT; nt 1407 to 2984) was amplified with Elongase PCR mix (Life Technology)
in the presence of 2 mM MgSO,, 0.2 mM each of the four deoxynucleoside
triphosphates, 0.2 pM primer, 5 pl of genomic DNA, and 1 pl of Elongase
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enzyme mix. The forward primer was 5'-GGAAGCTGCAGAATGGGATA-3’
(pNL4-3 nt 1407 to 1426), and the reverse primer was 5'-AAAATATGCATCG
CCCACAT-3' (nt 2984 to 2875). Reaction mixes were placed on a thermal cycler
preheated to 95°C (hot-start PCR). Reaction conditions were 4.5 min at 95°C for
template denaturation, followed by 25 cycles of 30 s at 95°C, 30 s at 55°C, and 90 s
at 72°C, and a final extension of 4.5 min at 72°C. PCR products were purified
using the QIAquick PCR purification kit (Qiagen) and sequenced.

Metabolic labeling and radioimmunoprecipitation. We routinely used 10°
cells for labeling. For infections with VSV-G pseudotypes, we used 10’ RT cpm
of each virus stock. One day postinfection, cells were labeled in 2 ml of RPMI
medium lacking Met and Cys and supplemented with 10% fetal bovine serum.
Upon plating of MDM, the medium was supplemented with 10% human serum
(Omega). Cells were labeled with 500 pCi of [**S]Met/Cys for 16 h at 37°C.

Preparation of cell lysates, pelleting of labeled virions, and immunoprecipita-
tion of cell- and virion-associated proteins have been described previously (11).
Lysates were immunoprecipitated with HIV-1 immunoglobulin (HIV-Ig) or anti-
p24 antiserum (National Institutes of Health AIDS Research and Reference
Reagent Program). Quantitative analysis of bands visualized by radioimmuno-
precipitation was performed on a FujiX BAS2000 Bio-image analyzer. Virus
release efficiency was calculated by determining the percentage of virion-associ-
ated Gag proteins as a fraction of total (cell plus virion) Gag.

Transmission EM. The procedures used to prepare and examine virus-ex-
pressing cells by EM have been reported previously (15).

Analysis of virus release from transient heterokaryons. HeLa cells were in-
fected with virus stocks obtained by transfecting 293T cells with pEvd1443 (or
pEvd1443/KFS for the negative control), pHCMV-G, and pCMVNLGagPoIRRE.
Jurkat cells were infected with virus stocks obtained by transfecting 293T cells
with a fat-negative pNL4-3 molecular clone (bearing a stop codon at nt 5861 and
containing a WT or p6-mutant gag gene), pHCMV-G, pSVtat2, and pPCMVNL
GagPolRRE. One day postinfection, HeLa and Jurkat cells were washed three
times with phosphate-buffered saline and cocultivated for 6 h at 37°C to allow cell
fusion. Media were removed, and the cells were labeled as above. Cell and viral
lysates were immunoprecipitated with rabbit anti-p24 antiserum.

RESULTS

Role of p6 L domain in virus release in HeLa cells. We
previously demonstrated that mutations within the highly con-
served P-T/S-A-P motif near the N terminus of HIV-1 p6
profoundly disrupted virus production in transfected HelLa
cells (24), and a similar defect has been observed in COS cells
(19). To map in greater detail the sequence requirements for
the p6 virus release function, we introduced a number of ad-
ditional mutations in and around the P-T/S-A-P motif (Table
1; Fig. 1); these included single and double amino acid substi-
tutions and a series of premature termination codon muta-
tions. Several of the mutations reported in our previous study
(24) were reconstructed with a larger number of nucleotide
changes to minimize the potential for primary-site reversion in
culture. In many cases, the changes in the p6 open reading
frame also resulted in substitutions in pol (Table 1).

The changes were cloned into the full-length infectious mo-
lecular clone pNL4-3, and the effects on virus particle produc-
tion in transfected HeLa cells were determined (Fig. 2). Single
and double amino acid substitutions N- and C-terminal to the
P-T/S-A-P motif had no significant effect on virus particle
production, as monitored by the levels of virion-associated
protein released into the medium. A Thr—Ser substitution at
residue 8 (T8S) had no effect on the efficiency of virus release.
In contrast, all other mutations that fell within the P-T/S-A-P
motif markedly reduced virion production. PhosphorImager
analysis of the gels shown in Fig. 2 indicated that the single
amino acid changes in the P-T/S-A-P motif reduced the effi-
ciency of Gag release five- to eightfold (Fig. 2 and data not
shown). The premature termination codon mutations varied in
the degree to which they affected the release of virion-associ-
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FIG. 1. Schematic representation of p6 mutants analyzed in this
study. The arrangement of the HIV-1 Gag domains is depicted at the
top. The amino acid sequence of the N-terminal region of p6 encom-
passing the L domain is shown below. The P-T/S-A-P motif is boxed.
Backslashes represent stop codons; dashes denote amino acid se-
quence identity with the WT. The columns at the right summarize the
phenotypes of the mutants in HeLa and CEM(12D-7) cells: +, virus
release or replication kinetics similar to WT; —, severe defect in virus
release or a block in virus replication; D, delayed virus replication. The
L1Term, Q2A, R4S, E6G, A9R, and PTAP ™ mutants were constructed
previously (24) and were analyzed in more detail in this study. P7L,
T8I, and P10L (24) were reconstructed here to increase the number of
nt substitutions. (Table 1).

ated Gag; the P11Term and E12Term mutations markedly
disrupted particle production, whereas S14Term and R16Term
had no effect on the efficiency of virus assembly and release
(Fig. 2).

Role of p6 L domain in virus replication in CEM(12D-7)
T-cell line. The p6 mutants described above were analyzed for
their ability to establish a productive spreading infection in the
CEM(12D-7) T-cell line (Fig. 3). Cells were transfected in
parallel with WT or mutant molecular clones, and RT activity
was monitored over time. All transfections were performed in
duplicate or triplicate. The results confirmed our previous ob-
servation (24) that clones bearing mutations within the P-T/S-
A-P motif failed to replicate efficiently in CEM(12D-7) cells.
Only the T8S mutant replicated with WT kinetics (data not
shown). In several cases, virus replication was observed with a
significant delay relative to the WT (Fig. 3A and data not
shown).

Mutations outside the P-T/S-A-P sequence were also evalu-
ated for their effect on virus replication in the CEM(12D-7)
T-cell line. These transfections were performed in triplicate.
The single and double amino acid substitution mutants repli-
cated with WT kinetics (data not shown). P11Term and
E12Term, which as indicated above markedly reduced virus
release in HeLa cells, failed to produce any detectable RT
activity or replicated with a significant delay relative to the WT
(Fig. 3B and data not shown). Interestingly, the S14Term mu-
tant, which released WT levels of virus in transfected HelLa
cells, completely failed to replicate (data not shown). The
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FIG. 2. Immunoprecipitation of cell- and virion-associated proteins produced in HeLa cells. Transfected cells were metabolically labeled
overnight with [?>S]Met/Cys; cell and virion lysates were immunoprecipitated with anti-HIV-Ig. For the mutants containing termination codons,
Term is abbreviated t. At the left side of each panel are indicated the positions of the Gag-Pol precursor Pr1609“€7°! (Pr160); the Env glycoproteins
gp160 and gp120; the Gag precursor (PrGag); the Gag processing intermediate p41; and the CA protein (p24).

R16Term mutant, which also showed no impairment in virus
production in HeLa cells, consistently replicated with a signif-
icant delay relative to the WT (Fig. 3B). When virus from the
RT peak was repassaged, it replicated with WT kinetics (data
not shown), suggesting the emergence of viral revertants.

To identify the location of genetic changes present in the
putative revertant virus populations, we PCR amplified and
sequenced viral DNA obtained from infected cultures near the
peak of RT production. In every case, reversion events were
evident; for the P-T/S-A-P motif mutants, the revertants con-
tained changes back to the original or synonymous codon, so
that the WT Gag amino acid was restored (Table 2). The
P11Term revertants encoded a Pro at position 11. In one
R16Term-infected culture (R16Term-1), a revertant emerged
that contained a Trp codon at residue 16; in the other culture
(R16Term-2), a 12-nt deletion appeared that removed the
codon 16 stop, thereby reopening the reading frame (Table 2).

Role of p6 in virus replication in T-cell lines, PBMC, and
MDM. To extend the analysis of replication kinetics to other
T-cell lines, we examined in parallel the effect of the L1Term

and PTAP™ mutations on virus replication in the CEM(12D-
7), Jurkat, MOLT-4, and MT-4 T-cell lines. Cells were trans-
fected with WT or mutant molecular clones, and RT activity
was measured over time (Fig. 4). In addition to CEM(12D-7)
cells, MOLT-4 cells were also restrictive for p6-mutant virus
replication. In MT-4 cells, both p6 mutants replicated, al-
though with a delay relative to the WT. Jurkat cells were
partially permissive; the PTAP™ clone replicated with a delay
of 6 days relative to the WT, while L1Term failed to produce
detectable RT activity. The inability of L1Term to replicate in
Jurkat has been noted previously (19).

When virus stocks were obtained from the delayed virus
peak and repassaged in parallel with the WT, the mutants
again replicated with similarly delayed kinetics (data not
shown). This observation suggested that the delayed peaks
observed in Fig. 4 were not due to the emergence of viral
revertants or recombinants. This was confirmed by PCR am-
plifying and sequencing the viral DNA from the mutant-in-
fected cultures; in each case, the original changes remained
intact.
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FIG. 3. Replication kinetics of p6 mutants in the CEM(12D-7) T-cell line. CEM(12D-7) cells were transfected in parallel with the indicated
molecular clones. Cells were split every 2 days, and RT activity was determined at each time point. Only those mutants that replicated with a delay
relative to the WT (i.e., that reverted in culture) are shown. (A) Point mutants within P-T/S-A-P; (B) truncation mutants. p.t., posttransfection.

We also examined the phenotype of the L1Term and
PTAP™ mutations on virus replication in two primary cell types
that serve as natural targets for HIV-1 infection, PBMC and
MDM. Because primary cell types generally cannot be trans-
fected with high efficiency and p6-mutant virus stocks cannot
be generated readily by transfection because of their virus
release defect, we developed the following approach to mon-
itor p6-mutant replication kinetics. 293T cells were cotans-
fected with WT or p6-mutant molecular clones, a cytomegalo-
virus (CMV) promoter-driven Gag-Pol expression vector, and
a plasmid expressing VSV-G (Materials and Methods). Virus
stocks were harvested and used to infect PBMC and MDM.
For the MDM infections, the WT and p6-mutant molecular
clones were modified by the introduction of the M-tropic
NL(ADS) env gene (9, 12).

Infections of PBMC and MDM were performed over a
three-log range of virus input (Fig. 5). In PBMC, WT virus
replication was observed at each input level; peak RT produc-
tion was observed between day 6 (for the 10° RT cpm input)

TABLE 2. Sequence analysis of viral revertants*

WT nt 2149-2187 CCAACAGCCCCACCAGAAGAGAGCTTCAGGTTTGGGGAA
pfaa7-19 P T A P P E E S F R F G E
polaa23-35 A N S P T R R E L Q0 V W G
T8A-1 ACA

T8A-2 ACT
T8I ACC
A9T GCT_
AYG GCC
P11Term
R16Term-1 TGG

R16Term-2

- - - - - - - * % R * x _

“ See Table 1, footnote a. Asterisks indicate deletions.

and day 14 (for the 10° input) postinfection (Fig. 5). Virus
replication in PBMC cultures infected with the PTAP~ p6
mutant peaked on day 14 (for the 10° RT cpm input) or day 20
(for the 10* input) postinfection. No virus replication was ob-
served when PTAP ™ infections were performed with a 10> RT
cpm input. Low but readily detectable virus replication was
observed in PBMC cultures infected with L1Term at the high-
est input; however, no replication was observed for this mutant
at the 10* and 10° inputs. While we cannot exclude the possi-
bility that the virus replication observed in PBMC might have
been the result of reversion or recombination, when this pos-
sibility was directly investigated in the T-cell line experiments,
the original mutations were found to be intact (see above). In
primary MDM, virus replication was observed in all cultures
infected with WT virus (Fig. 5). In contrast, even at the highest
inputs, the p6 mutations completely abolished virus replica-
tion.

The VSV-G pseudotyping system used here to analyze rep-
lication kinetics in primary cell types is very efficient. We ob-
served that in CEM(12D-7) cells transfected with PTAP™ or
L1Term, no virus replication could be detected (Fig. 4); how-
ever, when this cell line was infected with a high input of
VSV-G-pseudotyped virus stocks (>10* cpm/10° cells), virus
replication was observed (albeit with delayed kinetics relative
to the WT) (data not shown).

Biochemical analysis of role of p6 in virus production in
diverse cell types. We have shown here (Fig. 2) and previously
(24) that p6 is critical for efficient virus release in HeLa cells.
We have also demonstrated that virus replication in most T-
cell lines and in PBMC and MDM is profoundly impaired by
mutations in p6 (Fig. 3 to 5). We next sought to determine
what step in the virus replication cycle is disrupted by p6
mutations in T-cell lines and primary cell types. In particular,
we wished to assess the role of p6 in virus production. To
perform this analysis, we again used virus stocks obtained by
triple transfection of 293T cells with WT and mutant pNL4-3
molecular clones, a Gag-Pol expression vector, and a VSV-G
expression plasmid (Materials and Methods). T-cell lines were
infected at a high input and metabolically labeled overnight
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FIG. 4. Replication kinetics of the L1Term and PTAP™ mutants in
T-cell lines. The indicated T-cell lines were transfected in parallel with
WT or mutant molecular clones. Cells were split every 2 days, and RT
activity was determined at each time point. Untransfected cells (mock)
and cells transfected with the env-negative molecular clone pNL4-
3KFS (KFS) served as negative controls. p.t., posttransfection.

with [*>S]Met/Cys. Cell- and virion-associated proteins were
immunoprecipitated with HIV-Ig.

Surprisingly, the L1Term and PTAP™ mutations had no
significant effect on virus particle production from MOLT-4,
MT-4, and Jurkat cells, as determined by the ratios of cell-
associated to virion-associated Gag (Fig. 6A). In CEM(12D-7),
these p6 mutations caused a modest (approximately twofold, as
determined by PhosphorImager analysis) reduction in the lev-
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els of virion-associated Gag proteins. Two other interesting
observations could be made from this analysis (Fig. 6A): (i) the
p6 mutations, in particular L1Term, caused defects in Gag
processing, as indicated by the increased levels of the Gag
processing intermediates p41 and p25 (35) in virus particles,
and (ii) levels of the pol-encoded enzymes p66 (RT) and p32
(IN) were reduced in p6-mutant virions. Again, this phenotype
was most dramatic for L1Term.

The results presented above indicate that while p6 plays a
crucial role in virus release in HeLa cells, it is not required for
efficient particle production from T-cell lines. To examine fur-
ther the cell type-dependent nature of the p6 L domain func-
tion, we expanded our analysis of virus release to include
several additional adherent cell types commonly used in virus
assembly studies: COS-7, CV-1, and 293T. For these experi-
ments, we again used VSV-G-pseudotyped virus stocks, pre-
pared as described above. Since the possibility existed that the
differences we observed between HeLa cells and T-cell lines
were not due to differences in cell type but rather depended on
the expression system used (i.e., transfection versus VSV-G
pseudotype infection), we also retested HeLa cells in parallel
with COS-7, 293T, and CV-1.

Consistent with the results obtained by transfection, the p6
mutants showed a severe defect (more than 10-fold reduction,
as determined by PhosphorImager analysis) in virus produc-
tion in HeLa cells (Fig. 6B). A reduced efficiency of virus
production was also observed in 293T cells; this defect was also
evident in transfection experiments (data not shown). Phos-
phorImager analysis of the gel shown in Fig. 6B indicated that
in 293T cells the PTAP™ and L1Term mutations reduced virus
production by approximately two- and sixfold, respectively.
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FIG. 5. Replication kinetics of the L1Term and PTAP™ mutants in primary cell types. In each case, 10° cells (PBMC or MDM) were infected
at the indicated RT input with virus stocks prepared by triple transfection of 293T cells with WT or mutant molecular clones, pHCMV-G, and
pCMVNLGagPolRRE (Materials and Methods). pNL4-3 and pNL(ADS) were used as the parental molecular clones in PBMC and MDM
infections, respectively. Supernatants from infected cells were collected every 2 days postinfection (p.i.) for measurement of RT activity. Virus
inputs (in RT cpm) per 10° cells are indicated as follows: white symbols, 10%; gray symbols, 10%; and black symbols, 10°. WT, PTAP~, and L1Term

are indicated by circles, squares, and triangles, respectively.
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FIG. 6. Immunoprecipitation of cell- and virion-associated proteins produced in diverse cell types. In each case, 10° cells were infected with 107
cpm of virus stocks prepared by triple transfection of 293T cells with WT or mutant pNL4-3 molecular clones, pHCMV-G, and pPCMVNLGag
PolRRE (Materials and Methods). At 24 h postinfection, cells were labeled overnight with [**S]Met-Cys; cell and virion lysates were immuno-
precipitated with anti-HIV-Ig. (A) T-cell lines; (B) adherent cell lines; (C) MDM; (D) CD4" PBLs. In panel A, 12-h and 1-h exposures are shown.
The positions of the following viral proteins are indicated: the Env glycoproteins gp160 and gp120; the Gag precursor (PrGag); the Gag processing
intermediates p41 and p25; the CA protein (p24); and (in virions) p32 (IN) and p66 (RT).

Reduced virus release was also observed in COS-7 and CV-1
cells; we measured a three- to fourfold reduction in virus re-
lease efficiency in these cell lines.

Finally, it was of interest to determine the effect of p6 mu-
tations on the efficiency of virus particle production in primary
cell types. To this end, we infected primary MDM with VSV-
G-pseudotyped virus stocks and analyzed virus release early
postinfection. The results indicated that mutation of p6 mark-
edly impaired (by approximately fivefold) virus particle release
in primary MDM (Fig 6C). To examine the effect of p6 muta-
tions on virus release in primary CD4" lymphocytes, we puri-
fied CD4" T cells from activated PBMC (see Materials and
Methods) and infected them with VSV-G-pseudotyped virus
stocks. As was observed in the majority of T-cell lines tested,
the L1Term and PTAP™ mutations had only a minor effect on
virus particle production (Fig. 6D).

From the data presented above, it appears that, in general,
adherent cell lines and cell types are more sensitive to virus
release inhibition by p6 mutation than are nonadherent cells.
To address the possibility that the differences we observed in
the virus release phenotype were dependent on the state of
adherence of each particular cell type, we tested the effect of
p6 mutations on virus release in an adherent derivative of the
CEM T-cell line (CEM-A) (57). As we observed in nonadher-
ent T-cell lines, the L1Term and PTAP™ mutations did not
induce a virus release defect in CEM-A (data not shown). We
also labeled HeLa cells in suspension and observed a potent

virus release defect with L1Term and PTAP™ (data not
shown). Thus, the virus release phenotype of p6 mutants varied
between cell types regardless of whether the cells were adher-
ent or in suspension. Together, these results clearly demon-
strate that the requirement for p6 in virus particle release is
strongly cell type dependent.

Examination of virus release in HeLa cells, T-cell lines,
MDM, and primary CD4" lymphocytes by EM. The data pre-
sented in the previous section reveal some striking cell type-
dependent effects of p6 mutation on virus particle production.
Most notably, we were intrigued by the lack of a requirement
for p6 in virion release from T-cell lines. However, both our
biological and biochemical data in T-cell lines indicated a va-
riety of p6-imposed defects. To address these issues in more
detail, we examined cells expressing WT and p6-mutant mo-
lecular clones by EM. In agreement with our previous obser-
vations (24), p6-mutant virions in HeLa cells remained largely
tethered to the plasma membrane, consistent with a defect late
in the budding process (Fig. 7).

To examine virus assembly and release in T-cell lines and in
primary lymphocytes, we infected Jurkat and purified primary
CD4* T cells with VSV-G pseudotypes under conditions sim-
ilar to those used in the radioimmunoprecipitation assays pre-
sented above. In both T-cell lines and in the primary T cells,
considerable amounts of released virion-associated material
were observed (Fig. 7), in agreement with the radioimmuno-
precipitation data. Remarkably, however, many of these viri-
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WT PTAP- L1Term

Jurkat

CD41PBL

FIG. 7. Visualization of virus assembly and budding in diverse cell types by EM. The WT and mutant molecular clones were introduced into
Jurkat cells, MDM, and PBLs as indicated in Fig. 6; clones were introduced into HeLa cells by transfection. Solid arrows indicate particles tethered
to the plasma membrane or (in MDM) intracellular membranes. Open arrows indicate particles tethered to each other, occasionally forming long
chains (e.g., L1Term in Jurkat). Bar, 100 nm.
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ons were tethered to each other in long chains. Doublet par-
ticles were also seen frequently. The morphology of the
released particles was largely immature.

Consistent with a previous report (40), WT HIV-1 assembly
in primary MDM occurred predominantly within intracytoplas-
mic vesicles (Fig. 7). Interestingly, in p6-mutant-expressing
MDM, we observed a marked increase in the number of par-
ticles that remained tethered to the luminal surface of these

FIG. 8. Immunoprecipitation of cell- and virion-associated proteins
produced in transient HeLa/Jurkat heterokaryons. (A) Strategy for
generating and expressing WT and p6-mutant Gag in heterokaryons.
Details are provided in the text (Materials and Methods and Results).
(B) Immunoprecipitation analysis. Cocultivated cells were metaboli-
cally labeled for 16 h with [**S]Met/Cys. Cell- and virion-associated
proteins were immunoprecipitated with rabbit anti-p24. The positions
of the Gag precursor (PrGag) and CA (p24) are shown.

intracytoplasmic vesicles, consistent with the virus release de-
fect observed in our immunoprecipitation analyses (Fig. 6C).
These observations confirm the cell type-dependent nature of
the p6-mutant phenotypes and reveal a novel p6-mutant defect
in T-cell lines and PBLs.

Requirement for p6 in virus release from transient HeLa/
T-cell heterokaryons. The data presented above indicate that
p6 is required for budding from HeLa cells but that in T-cell
lines virus release is not significantly impaired by p6 mutation.
To explore further the basis for this cell type-specific differ-
ence, we analyzed the effects of p6 mutation on virus produc-
tion in transient heterokaryons formed between Hela and
Jurkat cells. We developed a system in which Gag expression is
dependent on cell-cell fusion (Materials and Methods) (Fig.
8A). HeLa cells were infected with virus stocks obtained by
cotransfecting the NLA4-3-derived gag/pol deletion construct
pEvd1443 (7), a CMV-Gag-Pol expression vector, and pH-
CMV-G. Jurkat cells were infected with virus stocks obtained
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by cotransfecting a fat-negative molecular clone containing
either a WT or p6-mutant gag gene, the CMV-Gag-Pol expres-
sion vector, the VSV-G expression vector, and pSVtat2.

Prior to cocultivation, the infected HeLa cells expressed
high levels of Env glycoproteins, Rev, and Tat but no Gag; the
Jurkat cells did not express HIV-1 proteins because they har-
bor fat-negative clones (data not shown). Upon cocultivation of
the HeLa and Jurkat cells, cell-cell fusion was induced by
Env-CD#4 interactions, and Gag expression was transactivated
by Tat present in the HeLa partner. As a negative control, an
env-negative version of pEvd1443 was constructed by introduc-
ing the env gene from pNL4-3KFS into pEVdI443.

Cocultivated cells were metabolically labeled, and cell and
virion proteins were immunoprecipitated with anti-p24 anti-
serum. In the absence of Env expression, Gag proteins were
not synthesized (Fig. 7B, pEvd1443/KFS + pNL4-3Atat lanes).
When the Hela partner expressed Env, cocultivation with
Jurkat cells harboring the tat-negative molecular clone resulted
in the expression of the appropriate (WT or p6-mutant) Gag
proteins. In this context, the L1Term and PTAP™ mutations
reduced virus production by only 20 to 30% relative to the WT.
Thus, in HeLa/T-cell line heterokaryons, the T-cell line phe-
notype is dominant, and p6 is not required for efficient virus
release.

DISCUSSION

As a first step towards revealing the mechanism of p6 L
domain-mediated virus release, we performed extensive site-
directed mutagenesis of the region comprising and surround-
ing the P-T/S-A-P motif (Table 1, Fig. 1). The mutant molec-
ular clones were used to transfect Hela cells, in which we
previously observed a marked virus release defect with p6
mutants (24). Our initial observation of a strong requirement
for the Pro-rich domain was confirmed in this study. While the
T8S mutant was released with WT efficiency, all other muta-
tions within P-T/S-A-P markedly impaired virus release.
Sequences flanking the Pro-rich domain were dispensable.
Although we did not identify any particular sequence require-
ment for the residues flanking P-T/S-A-P, we found that to
retain function, this motif must be followed by at least four
amino acid residues.

The Pro-rich motif in the L domain of HIV-1 p6 matches the
consensus sequence (Pro-X-X-Pro) found in proteins interact-
ing with SH3 domains (51). Currently, these Pro-rich ligands
are divided into two general classes, I and II, based on the
position of a basic residue N- or C-terminal to the core Pro-
X-X-Pro motif (34). As the P-T/S-A-P motif of p6 is preceded
by an Arg residue (Arg4) (Fig. 1), one might assume that the
Pro-rich L domain of p6 functions as a class I SH3-binding
motif (consensus Arg-X-X-Pro-X-X-Pro [34]). However, we
observed previously (24) and now (Fig. 2) that mutation of
Arg4 does not affect virus release, suggesting that the L do-
main of p6 may represent a separate class of ligands for inter-
action with SH3 domains (5) or that this motif does not func-
tion as an SH3 binding domain.

Previously, we found that p6-mutant clones that failed to
bud efficiently from HeLa cells were unable to replicate in the
CEM(12D-7) T-cell line (24). We reasoned that L domain
mutants that are replication defective might occasionally give
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rise to revertants, the characterization of which could provide
interesting clues to p6 function. In this study, we isolated and
characterized a series of p6 revertants. These revertants arose
either by regenerating the original P-T/S-A-P sequence (with
either the same or a synonymous codon) or by acquiring point
mutations or in-frame deletions that removed stop codons
(Table 2). The absence of second-site changes distal to the site
of the original mutation, which we have observed frequently
with mutations in MA and Env (10, 11, 36, 39), highlights the
importance of the P-T/S-A-P motif in HIV-1 replication and is
consistent with the hypothesis that the p6 L domain functions
by interacting with a host factor (see below).

The cell type-specific differences in replication kinetics ob-
served with the L1Term and PTAP ™ mutants (Fig. 4) prompted
us to examine the efficiency of virus release from four different
T-cell lines and from primary PBLs and MDM. Interestingly,
we found that the L1Term and PTAP™ mutations had no effect
on virus release in three of four T-cell lines tested and reduced
virus production by only twofold in the fourth T-cell line
[CEM(12D-7)]. In primary lymphocytes, the L1Term and
PTAP™ mutations caused only a slight reduction in virus pro-
duction. The lack of a strong virus release defect induced by
these p6 mutations in T cells was confirmed by EM (Fig. 7).

In contrast to the phenotype observed in HeLa cells, in T
cells the p6-mutant particles were released abundantly into the
medium. The mutant particles displayed a predominantly im-
mature morphology and frequently formed clusters of two or
more particles that failed to detach from each other. Interest-
ingly, a similar tethered phenotype has also been reported for
MuLV L domain mutants (67). Thus, while p6 is not strictly
required for virus release from T cells, it nevertheless pro-
motes proper virion-virion detachment and core maturation in
this context.

Although WT and mutant virus particles were released with
similar efficiency in most T-cell lines and in primary lympho-
cytes, we observed differences in the amounts of both RT and
IN in the mutant particles (Fig. 6A), a defect that was partic-
ularly striking with L1Term. A similar effect of p6 mutation on
the levels of pol products in virions has been observed previ-
ously (6, 65, 66). It is not clear how p6 L domain mutations
cause a reduction in pol-encoded enzymes in virions. This
phenotype cannot be explained by a defect in the synthesis of
Pr16092P°! since the levels of this precursor protein are not
diminished by the p6 mutations (Fig. 2). Also, in the absence of
PR, levels of Pr16092e¥°! incorporated into virions are not
affected by the PTAP™ mutation (65). Although levels of re-
leased virions were not significantly reduced in T-cell lines in
steady-state assays, it remains possible that the kinetics of virus
production may be slightly delayed even in these cell lines.
Such a delay in the kinetics of virus pinching off from the cell
surface could result in PR-mediated cleavage of Pr16092P!
before the connection between the host cell cytoplasm and the
virion has been broken. Cleavage of the Gag-Pol precursor
while the particles are still tethered to the plasma membrane
could result in the “leakage” of mature pol products back into
the cytoplasm of the virus-producing cell. We should note in
this context that the levels of RT and IN in virions were
similarly decreased by p6 mutation in all four T-cell lines tested
(Fig. 6A and longer exposures thereof). This phenomenon is
therefore unlikely to explain the cell type-specific differences
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observed in virus replication in these cell lines (Fig. 4). Inter-
estingly, longer exposures of the gels presented in Fig. 2 indi-
cated that while release of virion-associated S14Term and
R16Term Gag occurred with WT efficiency, the released viri-
ons contained reduced levels of both RT and IN (unpublished
data). This reduction in virion-associated pol products might
well contribute to the replication defect observed with
S14Term and R16Term in CEM(12D-7) cells.

It has been suggested, based on the observation that p6-
mutant virions appeared very large in rate zonal sucrose gra-
dients, that p6 is a determinant of HIV-1 particle size (16, 17).
In light of the EM observations presented here, it is possible
that the behavior of p6-mutant particles in velocity gradients
reflects their failure to detach from each other, since tethered
particles would be indistinguishable from large particles in
velocity sedimentation analyses.

HIV-1 p6 contains near its C terminus a Leu-rich motif
implicated in the incorporation of the accessory protein Vpr
into virus particles (30, 46). A variety of roles have been pro-
posed for Vpr, including the stimulation of nuclear import in
nondividing cells (e.g., MDM) (13). Since the L1Term mutant
would be predicted to disrupt Vpr incorporation, this defect
may contribute to the replication block observed with L1Term
in MDM. However, the Vpr defect in MDM is relatively mod-
est (a severalfold reduction in peak RT production [9]) and, in
addition, the PTAP ™ mutant, which is also replication incom-
petent in MDM, would not be predicted to possess a Vpr
incorporation defect. Thus, it appears likely that the inability
of the p6 mutants to replicate in MDM is primarily caused by
the p6 mutation itself.

We should note that a number of the p6 mutations intro-
duced in this study also result in changes in the pol open
reading frame in a region upstream of PR (referred to as p6™)
(Table 1). Several observations suggest that these pol changes
have little or no effect on the phenotype of the p6 mutants
analyzed here. (i) Similar L domain defects were observed
whether or not pol was altered. In fact, the PTAP™ mutation is
silent in pol. (ii) Several of the mutants that we analyzed
previously (e.g., P7L, T8I, and P10L [24]) were reconstructed
in this study to increase the number of nucleotides changed.
The virus release phenotypes of the original mutants (which
were silent in pol) and the reconstructed mutants (which con-
tained pol changes) were essentially identical. (iii) In our pre-
vious study, the pol changes that resulted from mutation of p6
were introduced and analyzed in the absence of the gag
changes. Invariably, the pol mutants replicated with WT kinet-
ics (24). (iv) The revertants that arose during passage of sev-
eral of the p6 mutants showed a restoration of the WT p6
coding region, whereas in the case of the T8I revertant, a pol
change remained. (Table 2). Finally, (v) both the T8S mutant
and the R16Term-2 revertant contained pol changes, yet rep-
licated with WT kinetics. Together, these results highlight the
importance of the gag mutations and suggest a minimal con-
tribution of the pol changes to the phenotypes observed in this
study.

To explore further the intriguing cell type-specific differ-
ences in the effect of p6 mutation on virus release, we con-
structed transient heterokaryons between HeLa cells (which
displayed a strong requirement for p6 in virus release) and
Jurkat cells (which released high levels of p6-mutant virions).
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The strategy used (Fig. 8A) ensured that Gag would be ex-
pressed only in cells that had undergone fusion between HeLa
and Jurkat partners. Interestingly, the Jurkat phenotype was
dominant in this context, as only a slight reduction in particle
production was observed with PTAP™ and L1Term (Fig. 8B).
Although at this time we cannot formally exclude the possibil-
ity that the permissive phenotype is in some way a consequence
of heterokaryon formation, these results suggest that T cells
may harbor a factor that overcomes the requirement for p6 in
virus release from the plasma membrane. Alternatively, the
T-cell membrane itself may be more permissive for the extru-
sion of p6-mutant particles, and this property may dominate in
the heterokaryons. In any case, further analysis of HeLa/Jurkat
heterokaryons as well as analogous heterokaryons formed be-
tween different cellular partners will be useful in future studies
of p6 function.

Although the physiological ligand for p6 has not been de-
finitively identified, a variety of observations suggest that ret-
roviral L domains function by interacting with the host ubig-
uitination machinery (reviewed in reference 60): (i) The L
domain-containing proteins of MuLV (p12) and HIV (p6) are
ubiquitinated (42), (ii) depletion of free ubiquitin in virus-
producing cells with proteasome inhibitors impairs retrovirus
budding (44, 50), (iii) the presence of L domains in HIV-1
minimal Gag constructs induces ubiquitination of the minimal
Gag proteins (54), (iv) the ubiquitin ligase Nedd4 interacts
with the RSV L domain (29), and (v) the cellular protein
TSG101, which contains at its N terminus a ubiquitin-conju-
gating enzyme-like sequence, interacts with HIV-1 Gag in a
p6-dependent fashion (59).

Interestingly, we have observed that overexpression of the
ubiquitin-conjugating enzyme-like domain of TSG101 inhibits
HIV-1 budding in a manner dependent on a functional p6 L
domain (D. G. Demirov, A. Ono, and E. O. Freed, Cold Spring
Harbor Retroviruses Conference, abstr. 7, 2001; D. G. Demi-
rov, A. Ono, J. M. Orenstein, and E. O. Freed, submitted for
publication). We should note that S14Term and R16Term,
which lack the Lys residues that serve as targets for p6 ubiq-
uitination, are released with WT efficiency in HeLa cells. This
observation is consistent with the finding of Ott et al. (41) that
p6 ubiquitination is not required for HIV-1 budding.

Although it is currently not clear how the interaction of
retroviral L domains with proteins of the host ubiquitin path-
way would promote virus budding, it is intriguing to speculate
that by recruiting a ubiquitin-conjugating enzyme or ubiquitin
ligase to the site of budding, the L domain could stimulate the
ubiquitination and internalization of a host plasma membrane
protein(s) (55), thereby modifying the protein composition at
the site of budding. Future efforts will be aimed at further
understanding the relationship between host proteins and ret-
rovirus budding. The panel of mutants and the cell type-spe-
cific phenotypes described here will be useful is this regard.
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