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Human immunodeficiency virus type 1 (HIV-1) assembly occurs predominantly at the plasma membrane of
infected cells. The targeting of assembly to intracellular compartments such as multivesicular bodies (MVBs)
generally leads to a significant reduction in virus release efficiency, suggesting that MVBs are a nonproductive
site for HIV-1 assembly. In the current study, we make use of an HIV-1 Gag-matrix mutant, 29/31KE, that is
MYVB targeted. We previously showed that this mutant is severely defective for virus particle production in
HeLa cells but more modestly affected in primary macrophages. To more broadly examine the consequences of
MYVB targeting for virus production, we investigated 29/31KE particle production in a range of cell types.
Surprisingly, this mutant supported highly efficient assembly and release in T cells despite its striking MVB
Gag localization. Manipulation of cellular endocytic pathways revealed that unlike Vpu-defective HIV-1, which
demonstrated intracellular Gag localization as a result of Gag endocytosis from the plasma membrane,
29/31KE mutant Gag was targeted directly to an MVB compartment. The 29/31KE mutant was unable to
support multiple-round replication; however, this defect could be reversed by truncating the cytoplasmic tail
of the transmembrane envelope glycoprotein gp41 and by the acquisition of a 16EK change in matrix. The
16EK/29/31KE matrix mutant replicated efficiently in the MT-4 T-cell line despite maintaining an MVB-
targeting phenotype. These results indicate that MVB-targeted Gag can be efficiently released from T cells and
primary macrophages, suggesting that under some circumstances, late endosomal compartments can serve as

productive sites for HIV-1 assembly in these physiologically relevant cell types.

Human immunodeficiency virus type 1 (HIV-1) assembly is
driven by the synthesis of the Gag polyprotein precursor,
Pr5597¢, in the cytosol of the infected cell, followed by Gag
targeting to the site of virus assembly, Gag-membrane binding,
Gag multimerization, and virion release. Concomitant with
particle release, the viral protease (PR) cleaves Pr55°2¢ into
four major structural and functional domains: pl7 matrix
(MA), p24 capsid (CA), p7 nucleocapsid (NC), and p6 (1, 17,
26, 36, 68, 70). The N-terminal MA domain of Pr5592¢ directs
the binding of Gag to the plasma membrane (PM), CA and NC
domains are responsible for Gag-Gag interactions leading to
Gag multimerization, and p6 promotes the pinching off of
virions by interacting directly with cellular endosomal sorting
machinery (3, 10, 45).

Despite the significant progress that has been made in the
field of HIV-1 assembly in recent years, certain aspects of the
virus assembly pathway remain to be fully understood. In par-
ticular, the identity of the subcellular compartment in which
assembly takes place and the itinerary that Gag follows in
trafficking to the site of assembly continue to be investigated.
Considerable evidence suggests that in HeLa, 293T, Cos-7, and
T-cell lines, HIV-1 assembly occurs predominantly at the PM
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(16, 23, 38, 54, 61, 68). However, several groups have proposed
that late endosomal compartments serve as major or primary
sites for HIV-1 assembly (28, 31, 50, 51, 58, 64). Furthermore,
several cellular proteins and protein complexes that play im-
portant roles in protein sorting to and from the endosomal
pathway have been implicated in Gag trafficking and assembly.
Examples include the clathrin adapter protein complexes AP-1
(5), AP-2 (2), AP-3 (13); the Golgi-localized, y-ear-containing,
Arf-binding (GGA) proteins; and ADP ribosylation factors
(Arfs) (37). The site of HIV-1 assembly in monocyte-derived
macrophages (MDMs), a physiologically relevant cell type for
HIV-1 infection, is perhaps the least well defined. Numerous
electron microscopy (EM) studies have demonstrated that par-
ticle assembly in MDMs is evident predominantly in intracel-
lular compartments identified as late endosomes or multive-
sicular bodies (MVBs) (11, 24, 37a, 50, 57-59). Moreover,
virions released from infected macrophages are positive for
MVB markers including the tetraspanins CD63, CDS81, and
CD82 (7, 50, 58), further supporting the existence of an intra-
cellular assembly site in MDMs. This hypothesis, however, was
challenged by evidence that the tetraspanin-enriched, HIV-1-
positive internal compartments in MDMs are connected to the
PM via a thin channel, suggesting that these compartments
represent specialized PM invaginations rather than bona fide
MVBs (12, 71). Also consistent with the concept that the ap-
parently internal, virus-positive compartment in MDMs is dis-
tinct from MVBs is the observation that wild-type (WT) Gag in
MDMs is rapidly transferred to sites of cell-cell contact,
whereas an MVB-targeted Gag mutant is not transferred to
the synapse (29).
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Mutational analyses have indicated that the viral determi-
nant of Gag targeting to the PM lies in the MA domain (15, 22,
34, 56, 66, 75, 76). The membrane-binding activity of MA is
conferred by a myristic acid moiety covalently attached to the
N-terminal Gly and a highly basic patch of residues near the N
terminus of MA (residues 17 to 31) (4, 22, 56, 76). Point
mutations in the MA basic domain or between residues 84 and
88 redirect virus assembly to late endosomal or MVB compart-
ments (22, 54-56) and significantly reduce the efficiency of
particle production in HelLa cells (22, 54-56). Mistargeting
of Gag and defects in virus particle production are also
caused by a disruption in the levels or distribution of
phosphatidylinositol(4,5)bisphosphate [PI(4,5)P,], a PM
phosphoinositide (52). The latter study demonstrated that
PI(4,5)P, is a cellular cofactor for Gag trafficking to the PM,
and subsequent structural and virion incorporation analyses
revealed a direct binding between PI(4,5)P, and basic resi-
dues in MA (6, 18, 62, 63, 65). Liposome binding assays
confirmed the interaction between MA and PI(4,5)P, in the
context of a lipid bilayer and full-length Gag (8). HIV-1 Gag
can also be targeted to endosomal compartments by replac-
ing the MA domain with foreign, endosome-targeting sig-
nals (38). Again, this mistargeting phenotype is associated
with markedly impaired virus particle production (38). The
observation of severe virus release defects induced by Gag
targeting to late endosomes or MVBs (22, 38, 54) led to the
conclusion that assembly in late endosomal compartments
represents a dead end in the particle production pathway.
Interestingly, the impact of basic domain mutations on virus
release was significantly less severe in primary MDMs than
in HeLa cells despite the fact that the MA mutants were still
MVB targeted in MDMs (54).

In the current study, we made use of a previously described
MVB-targeted MA mutant, 29KE/31KE (54) (here abbrevi-
ated 29/31KE), as a tool to resolve whether late endosomal
membranes can serve as productive sites for HIV-1 assembly
and release. Because T cells are the major target for HIV-1
infection in vivo, we were particularly interested in the impact
of MVB targeting on virus production in this cell type. Our
data demonstrate that while the MVB targeting phenotype of
the 29/31KE MA mutant is maintained in HeLa, 293T, MDM,
and T-cell lines, virus release efficiency is severely compro-
mised only in HeLa and 293T cells. Most importantly, the level
of virus particle production for this mutant is not significantly
reduced in T cells. While the 29/31KE mutant displays a
marked defect in establishing a spreading infection in both
MDMs and T cells, by truncating the cytoplasmic tail of the
transmembrane glycoprotein gp41 and selecting for a second-
site mutation in MA (16EK), we were able to achieve efficient
virus replication in the MT-4 T-cell line without altering the
MVB-targeting phenotype. These results demonstrate that
MVB-targeted Gag can direct efficient assembly and release in
some cell types including T cells and primary MDMs.

MATERIALS AND METHODS

Cells, transfections, and infections. HeLa and 293T cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 5% or 10% fetal bovine
serum (FBS), respectively. T cells and MDMs were cultured in RPMI 1640
medium supplemented with 10% FBS. MDMs were obtained after culturing of
elutriated monocytes for 7 days. Isolation and culture of human peripheral blood
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lymphocytes (PBLs) and MDMs were described previously (19). Transfections of
HelLa and 293T cells were performed using Lipofectamine 2000 reagent (Invitro-
gen). MDMs and T cells were transfected with an Amaxa electroporator using
the programs Y-10 and X-01, respectively. Infection of HeLa, 293T, MDM, and
T cells and PBLs was performed with virus stocks pseudotyped with the vesicular
stomatitis virus G glycoprotein (VSV-G). Cells were cultured for 4 to 5 h with
high-titer virus stocks at 10 counts/min of reverse transcriptase (RT) activity/cell.
Before infection, PBLs were activated for 48 h with 2 ug/ml of phytohemagglu-
tinin (Roche) in the presence of 20 U/ml of interleukin-2. The pNL4-3/29/31KE
molecular clone (previously referred to as pNL4-3/29KE/31KE) was described
previously (53, 54). VSV-G-pseudotyped virus stocks were prepared by trans-
fecting 293T cells with pCMVNLGagPolRRE-, pHCMV-G-, and pNL4-3-de-
rived molecular clones (54, 73). The 16EK MA mutant and the 16EK/29/31KE
triple mutant were constructed by site-directed mutagenesis by using appropriate
primers; the BssHII-Sphl-mutagenized fragment was cloned back into the
pNL4-3 backbone. pNL4-3CTdel144-2 was described previously (48). Gp41-
truncated versions of the MA mutant clones were constructed by introducing the
EcoRI-BamHI fragment from pNL4-3CTdel144-2 into the MA mutant clones.

Abs and reagents. Mouse monoclonal antibodies (Abs) that recognize HIV-1
p17 (MA) or p24 (CA) were obtained from Advanced Biotechnologies (Colum-
bia, MD), and mouse anti-CD63 Ab was obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). The construct expressing dominant-negative dynamin,
green fluorescent protein (GFP)-dynamin-K44A, was kindly provided by M.
Caron (Duke University), and yellow fluorescent protein-tagged dominant-neg-
ative Eps15 was kindly provided by Paul Bieniasz (Aaron Diamond AIDS Re-
search Center, New York, NY). The HIV interdomain GFP (iGFP) molecular
clone was kindly provided by B. Chen (Mt. Sinai School of Medicine, New York,
NY) (35). The vpu-deficient (delVpu) molecular clone pNL4-3/U35 (67) was
kindly provided by K. Strebel (NIAID, NIH). HIV immunoglobulin (HIV-Ig)
was provided by the NIH AIDS Research and Reference Reagent Program.

Radioimmunoprecipitation, immunofluorescence, and EM. One day post-
transfection or after infection with VSV-G-pseudotyped virus stocks, cells were
metabolically labeled with [**S]Met/Cys (Perkin-Elmer) in RPMI 1640 medium
supplemented with 10% FBS but devoid of Met and Cys. Procedures for the
preparation of cell lysates, ultracentrifugation of virions, and immunoprecipita-
tion of cell- and virion-associated material with HIV-Ig were described elsewhere
previously (22). Virus release efficiency was calculated as the amount of virion
p24 divided by total Gag (cell Pr5592¢, cell p24, and virion p24). For virus release
in PBLs, culture supernatants were harvested from infected cells 24 h postinfec-
tion, and cell and virus lysates were analyzed for HIV-1 protein expression by
Western blotting using HIV-Ig. For Western blotting, protein lysates resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were
transferred onto polyvinylidene difluoride membranes (Millipore) and probed
with the indicated Abs. Western blot signals were quantified by using an Alpha
Innotech digital imager. For immunofluorescence analysis, transfected or in-
fected cells were cultured on glass slides, fixed with 3.7% formaldehyde in 100
mM sodium phosphate buffer, and stained with appropriate Abs. The protocol
for double staining with two different mouse monoclonal Abs was described in
detail previously (54). The Zenon One or Alexa Fluor 488 or 594 IgGl1 labeling
kit (Molecular Probes) was used according to the manufacturer’s protocol. Im-
ages were acquired using the DeltaVision RT deconvolution microscope, and
colocalization was measured using the softWoRx colocalization tool; R is the
Pearson coefficient of correlation. For EM analysis, cells were fixed at 24 to 48 h
posttransfection or postinfection in buffer containing 2% glutaraldehyde and 0.1
M sodium cacodylate. Fixed cells were then analyzed by transmission EM as
described previously (23).

Virus replication and isolation of viral revertants. T cells were transfected
using the DEAE-dextran transfection protocol (22). Every 2 days, culture super-
natants were harvested for measurement of RT activity, and cells were split. For
isolation of revertant viruses, DNA was isolated from infected cells using the
QIAamp DNA blood minikit (Qiagen), and Gag and Env coding regions were
PCR amplified using specific primers, followed by DNA sequencing.

Transferrin receptor internalization. Twenty-four hours posttransfection, cells
were washed three times with serum-free medium containing 20 mM HEPES
and 1% bovine serum albumin and incubated for 1 h at 37°C in the same
medium. Cells were then placed on ice for 5 min followed by incubation for 30
min at 4°C in serum-free medium containing 10 wg/ml fluorescently labeled
transferrin (Tr-594; Molecular Probes). Cells were washed three times with
phosphate-buffered saline and incubated at 37°C for 15 min. Finally, cells were
washed in phosphate-buffered saline, fixed, mounted, and examined with a
Deltavision RT microscope.
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FIG. 1. Release of the MVB-targeted MA mutant 29/31KE is severely impaired in HeLa and 293T cells but is efficient in MDM and Jurkat T cells.
The indicated cell types were infected with RT-normalized stocks of VSV-G-pseudotyped WT or 29/31KE mutant virus. (A, left) Twenty-four hours
postinfection, cells were metabolically radiolabeled with [*>S]Met/Cys, and cell and virus lysates were immunoprecipitated with HIV-Ig and resolved by
SDS-PAGE. (Right) Bands were quantified by fluorography, and virus release efficiency was calculated. Lanes 1 and black bars, WT; lanes 2 and gray
bars, 29/31KE. Error bars represent means = standard deviations (n = 3 for HeLa and 293T cells; n = 5 for MDMs). For analysis of virus release in
PBLs, cell and virus lysates were subjected to SDS-PAGE and then immunoblotted with HIV-Ig. Bands were quantified by using the Alphalnnotech
digital imager, and virus release efficiency was calculated. (B) Twenty-four hours postinfection, cells were fixed and labeled with anti-p17 (MA) and
anti-CD63 Abs, followed by image acquisition using a DeltaVision RT deconvolution microscope. Colocalization between Gag and CD63 was determined
using the SoftWorx colocalization module. R is the Pearson coefficient of correlation = standard deviations averaged for 10 to 15 cells. (C) Quantification
of Gag localization at the PM or intracellular (IC) sites for WT or 29/31KE Gag in an average of 10 to 15 cells. Gag localization was scored as PM or
intracellular only if >90% of the staining was observed on the PM or in internal compartments.
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(A) HeLa -WT

(B) HeLa - 29/31KE

(& e

FIG. 2. The 29/31KE mutant assembles predominantly in an internal compartment in all cell types tested. Shown is EM analysis of WT HIV-1 and
the 29/31KE mutant in HeLa (A and B), Jurkat (C and D), and MDM (E and F) cells. Cells were infected with VSV-G-pseudotyped WT HIV-1 or the
29/31KE mutant. Cells were fixed 24 to 48 h postinfection and analyzed by EM. N, nucleus. Insets represent magnified portions of the image with
corresponding numbers (I, II, and III). In E, the arrow indicates the channel connecting the internal virus-containing compartment and the PM.
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(C) Jurkat-WT

FIG. 2—Continued.

RESULTS

Virus production efficiency of the 29/31KE MA mutant is
markedly impaired in HeLa and 293T cells but not in T cells
or MDMs. There has been considerable debate as to whether
intracellular compartments can support the productive assem-
bly and release of HIV-1 particles. We previously reported that
a mutation of two basic residues in the MA domain of Gag to
Glu (29/31KE) led to a retargeting of assembly to MVBs and
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a severe reduction in virus production efficiency in HeLa cells
(54, 56). The impact of these mutations on virus production in
primary MDMs was markedly less severe than that in HeLa
cells (54). To further investigate the consequences of MVB
targeting on virus release, we examined the behavior of the
29/31KE mutant in a broader array of cell types. HeLa, 293T,
MDM, Jurkat, SupT1, and MT-4 T cells were infected with
VSV-G-pseudotyped WT or 29/31KE mutant HIV-1. Infected
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(E) MDM - WT
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FIG. 2—Continued.

cells were metabolically labeled with [**S]Met/Cys. Cell and
virus lysates were prepared and immunoprecipitated with
HIV-Ig followed by SDS-PAGE and PhosphorImager analysis.
Consistent with our previous findings (54, 56), the 29/31KE
mutant displayed a severe (about four- to fivefold) defect in
particle production in HeLa and 293T cells, but its release
efficiency was only minimally (~ 40% reduction) affected in
MDMs (Fig. 1A). Surprisingly, in the Jurkat (Fig. 1A), SupT1,
and MT-4 (data not shown) T-cell lines, no significant defect in

particle production was observed for 29/31KE. We also mea-
sured virus release in primary PBLs, and, as in the T-cell lines,
we observed no significant effect of the 29/31KE mutations on
particle production efficiency relative to that of the WT
(Fig. 1A).

The 29/31KE MA mutant localizes to an internal CD63™
compartment in a wide range of cell types including T cells.
We demonstrated previously that the 29/31KE MA mutant is
retargeted to an MVB compartment in HeLa cells and in
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primary macrophages (29, 54). Because the release efficiency
for the 29/31KE mutant was comparable to that of the WT in
T-cell lines, we asked whether this mutant is also targeted to
MVBs in T cells. Using an anti-pl7 (MA) Ab, WT Gag was
observed primarily at the PM in HeLa, 293T, and Jurkat cells
(Fig. 1B). In contrast, and consistent with data from our pre-
vious reports (29, 54), in MDMs, a large amount of internal
WT Gag staining was observed, and this staining overlapped
significantly with that of the tetraspanin MVB markers CD63
(Fig. 1B) and CD81 (see Fig. S1 in the supplemental material).
As we reported previously for HeLa cells and MDMs (29, 54),
we observed a marked intracellular staining of 29/31KE Gag in
T cells, with a high degree (R ~ 0.8) of colocalization with
CD63 (Fig. 1B) and CDS81 (see Fig. S1 in the supplemental
material). Similar results were seen with anti-p24 (CA) Ab
staining and with a 29/31KE MA mutant derivative bearing the
GFP coding region between the MA and CA domains of Gag
(HIV-iGFP-29/31KE) (data not shown). In PBLs, as in T-cell
lines, we observed predominantly PM staining for WT Gag
with limited CD63 colocalization (R = 0.17 = 0.13), whereas
the 29/31KE mutant displayed internal staining with a high
degree of overlap with CD63 (R = 0.75 = 0.21) (data not
shown).

To quantify these observations, we scored the Gag distribu-
tion pattern in a number of HeLa, 293T, Jurkat, and MDM
cells (Fig. 1C). The data demonstrated that >90% of HeLa,
293T, and Jurkat cells infected with WT HIV-1 displayed pre-
dominantly PM or mixed PM and intracellular Gag staining. In
MDMs, internal staining was markedly more prominent. In
contrast, in all cell types examined, >80% of cells expressing
the 29/31KE mutant showed a predominantly intracellular lo-
calization pattern (Fig. 1C). Together, the data from Fig. 1
indicate that the 29/31KE MA mutant is efficiently released
from MDM and T-cell lines despite being localized predomi-
nantly to an internal compartment that bears MVB markers.
This is in contrast to what is observed for HeLa and 293T cells,
from which the 29/31KE mutant is released poorly.

To corroborate the immunofluorescence data presented
above, we performed EM analysis comparing WT and 29/31KE
localization in HelLa, Jurkat, and MDMs (Fig. 2). In HelLa
(Fig. 2A) and Jurkat (Fig. 2C) cells, WT Gag assembly was
observed predominantly on the PM, although some intracellu-
lar foci of assembly were evident (Fig.2AIII). In contrast, in
MDMs, the assembly of WT particles was observed predomi-
nantly in an apparently internal compartment (Fig. 2E). Upon
careful observation, some of these internal compartments dis-
played narrow connections to the PM (Fig. 2E, arrow). In
contrast to the WT, and consistent with the immunofluores-
cence data presented above, the 29/31KE mutant showed pre-
dominantly intracellular virus assembly irrespective of the cell
type (Fig. 2B, D, and F). These EM data confirm the internal
location of virus assembly for the 29/31KE MA mutant in all
cell types tested.

Evidence that virus released from cells expressing 29/31KE
Gag is derived from an internal compartment. The data pre-
sented above demonstrate that the 29/31KE MA mutant is
released efficiently from T cells relative to the WT. Both im-
munofluorescence and EM data indicate that the predominant
site for 29/31KE Gag accumulation is in an internal, CD63™"
compartment. These results imply that the released 29/31KE
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mutant Gag assembles in an intracellular, late endosomal com-
partment. Indeed, in Jurkat cells expressing 29/31KE Gag,
involuted virus-containing structures were often seen at the
plasma membrane (Fig. 3A); these structures, which were not
observed in HeLa cells or in Jurkat cells expressing WT Gag,
could potentially represent virus-containing vesicles in the pro-
cess of releasing their contents. In MDMs, the release of “in-
ternal” virions was observed for both WT and 29/31KE mutant
Gag (data not shown), consistent with data from previous
studies that examined WT Gag in MDMs (59).

We also pursued a more biochemical approach to define the
subcellular origin of 29/31KE mutant virions in T-cell lines.
CD63 is known to be incorporated into virus particles (42, 50,
58, 59); one might therefore predict that virions originating in
CD63-enriched MVBs would incorporate more CD63 than
particles that assembled on the PM. To test this prediction,
Jurkat or MT-4 T cells were transduced with VSV-G-
pseudotyped WT and 29/31KE mutant virions. Virus prepara-
tions were then analyzed for CD63 incorporation and Gag
levels by Western blotting. As shown in Fig. 3B, 29/31KE
virions from both Jurkat and MT-4 cells incorporated mark-
edly higher levels of CD63 than did WT virions (Fig. 3B, top).
Levels of Gag were similar, consistent with the results shown in
Fig. 1A (Fig. 3B, bottom). These data suggest that the released
29/31KE virions are assembled in an intracellular CD63" com-
partment.

Inhibition of the cellular endocytic pathway does not pre-
vent accumulation of 29/31KE Gag in a late endosomal com-
partment. It is clear from the data presented above and from
our previous reports (54) that 29/31KE mutant Gag accumu-
lates in a late endosomal/MVB compartment in a diverse array
of cell types. In principle, 29/31KE Gag could be targeted
directly to MVBs or could arrive there after being internalized
from the PM. In the latter case, disruption of the cellular
endocytic machinery would be predicted to prevent MVB ac-
cumulation of 29/31KE Gag. To address this question, we
made use of several cellular protein expression constructs that
disrupt the endocytic pathway. It has been shown that the
expression of dominant-negative dynamin (K44A) and Eps15
disrupts clathrin-mediated endocytosis. To confirm a defect in
clathrin-dependent endocytosis with these inhibitors, we com-
pared the levels of uptake of a fluorescently tagged transferrin
receptor in HelLa cells that were untransfected or were trans-
fected with the dynamin-K44A or Eps15 expression vector. We
observed a marked defect in the uptake of the transferrin
receptor into cells expressing dominant-negative dynamin or
Epsl5 relative to control (untransfected) cells (see Fig. S2 in
the supplemental material), confirming the functionality of
these inhibitors. To examine the effects on Gag localization,
HeLa cells were cotransfected with WT pNLA4-3 or the 29/
31KE mutant derivative and yellow fluorescent protein- or
GFP-tagged protein expression constructs. Cells were then
fixed approximately 24 h posttransfection, stained with anti-
pl7 (MA) Ab, and analyzed by fluorescence microscopy. Sev-
eral studies previously reported that Gag expressed in the
absence of Vpu in HeLa cells undergoes endocytosis from
the PM (27, 32, 33, 40, 49); thus, as a control, we examined the
localization of Gag expressed from a Vpu(—) molecular clone
(67). As shown in Fig. 4, the disruption of clathrin-mediated
endocytosis by the expression of dynamin-K44A or dominant-
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negative Epsl5 did not alter the intracellular localization of
29/31KE Gag. The localization pattern of WT Gag was also not
affected by dynamin-K44A or dominant-negative Eps15 (com-
pare the Gag localization profiles in Fig. 4 with those presented
in Fig. 1C). In contrast, in the absence of Vpu expression, both
dynamin-K44A and dominant-negative Epsl5 increased the
fraction of PM-associated Gag and reduced intracellular Gag
localization (Fig. 4), consistent with data from a previous re-
port (49). These results suggest that MVB localization of 29/
31KE Gag is not a result of dynamin- or clathrin-dependent
internalization of Gag from the PM.

The 29/31KE mutant can replicate efficiently in the MT-4
T-cell line following truncation of the gp41 cytoplasmic tail
and acquisition of a 16EK MA mutation. As demonstrated
above, the 29/31KE mutant was efficiently released in T cells
despite its MVB Gag localization phenotype. However, this
mutant failed to initiate a spreading, multiple-round infection
in Jurkat or MT-4 T cells (data not shown). These results
suggested that the 29/31KE mutations may impose defects that
lead to entry or postentry defects in virus replication. We have
previously shown that point mutations in MA can block Env
incorporation into virions (20, 21, 55) and can disrupt posten-
try events (39). Env incorporation defects imposed by MA
mutations (21, 41) and infectivity defects resulting from a large
MA deletion (60) can be reversed by truncating the long cy-
toplasmic tail of the TM glycoprotein gp41. In an attempt to
obtain a 29/31KE derivative capable of initiating a spreading
infection, we introduced the gp41 truncation mutation CTdel-
144-2, which removes 144 amino acids from the C terminus of
gp41 (48), into pNL4-3/29/31KE. MT-4 cells were selected as
the target T-cell line because they are permissive for replica-
tion of the CTdel-144-2 mutant (48).

J. VIROL.
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FIG. 3. Evidence that released 29/31KE virions assemble in an internal CD63" compartment. (A) Jurkat T cells were infected with VSV-G-
pseudotyped 29/31KE virus stocks. Cells were fixed 24 to 48 h postinfection and analyzed by EM. Adjacent cells are indicated as cell 1 and cell
2. (B) Jurkat or MT-4 cells were infected with RT-normalized VSV-G-pseudotyped WT or 29/31KE virus stocks. Culture supernatants were
harvested 24 h postinfection, ultracentrifuged, and analyzed for CD63 incorporation into virions by Western blotting (WB) (top). The blot was
stripped and reprobed with HIV-Ig (bottom).

MT-4 T cells were transfected with WT pNL4-3, pNLA4-3/29/
31KE, and derivatives containing the gp41 CTdel-144-2 mutation.
Virus replication was monitored by RT assay. Cultures trans-
fected with WT or CTdel-144-2 molecular clones showed a peak
of virus replication at approximately 1 week posttransfection (Fig.
5A). The 29/31KE mutant failed to replicate. Interestingly, the
29/31KE derivative bearing the gp41 truncation showed a peak in
virus replication at approximately 4 weeks posttransfection, sug-
gesting the emergence of a viral revertant. Sequencing analysis of
DNA derived from cultures infected with the 29/31KE CTdel-
144-2 mutant revealed the maintenance of the 29/31KE muta-
tions and the appearance of a Glu-to-Lys change at MA amino
acid 16 (16EK). To test the ability of the 16EK mutation to
reverse the replication defect imposed by the 29/31KE mutations,
the triple mutant 16EK/29/31KE was constructed. The 16EK
change was also introduced by itself into pNLA4-3. Again, the
29/31KE mutant failed to replicate unless coupled with the gp41
truncation (Fig. 5B). The 16EK single mutant also replicated with
a pronounced delay; this defect was largely corrected by the CT-
del-144-2 mutation. Most interestingly, the 16EK/29/31KE triple
mutant, when coupled with the gp41 truncation mutation, peaked
on day 6 posttransfection, the same day as the CTdel-144-2 clone
expressing WT Gag.

We next examined the localization of the 16EK/29/31KE
mutant in both HeLa and MT-4 cells (Fig. 5C). In both cell
types, the WT displayed predominantly PM localization. In
contrast, as demonstrated above, 29/31KE Gag showed inter-
nal staining. The 16EK mutant was localized primarily to the
PM, similar to the WT. Significantly, the 16EK/29/31KE triple
mutant showed a localization pattern that was indistinguish-
able from that of the 29/31KE double mutant. Localization
patterns were not affected in any case by the gp41 CTdel-144-2
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FIG. 4. 29/31KE Gag is targeted directly to MVBs rather than belng internalized from the PM. HeLa cells were transfected with HIV-WT,
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truncation. These data demonstrate that MVB-targeted Gag
mutants not only can be released efficiently in T-cell lines but
also can establish a productive spreading infection.

To understand in more detail the mechanism by which the
16EK change in MA promotes the spreading infection of the
29/31KE mutant, we examined the effect of the 16EK substi-
tution on virus particle production in HeLa and MT-4 cells.
The 29/31KE mutant was again severely defective for particle
production in HeLa cells but not in the MT-4 T-cell line (Fig.
6). The 16EK substitution either by itself or in the context of
the 29/31KE mutations markedly enhanced (by a factor of two-
to threefold) the yield of cell-free virus. The gp41 truncation
had no effect on the efficiency of particle release in any context.
These results suggest that the 16EK mutation is acquired at
least in part to promote the production of cell-free virus. We
again note that although the 16EK mutation enhances particle
production (Fig. 6) and virus replication (Fig. 5A), it does not
change the internal assembly phenotype conferred by the 29/
31KE substitutions (Fig. 5C).

DISCUSSION

In this study, we investigated the consequences of intracel-
lular HIV-1 assembly by using a previously described MA
mutant, 29/31KE, that is targeted to MVBs (54, 56). We con-
firmed that in HeLa cells, the release of this MA mutant is
severely inhibited, whereas in primary MDMs, only a modest
reduction in the level of particle production is measured. Un-
expectedly, we observed that in T cells, the 29/31KE mutant is
released with efficiencies only slightly lower than those of the

WT. Disrupting the endocytic pathway with dominant-negative
dynamin or Epsl5 did not alter the MVB localization of 29/
31KE Gag, suggesting that the mutant Gag is targeted directly
to MVBs rather than trafficking there after internalization
from the PM. EM and CD63 incorporation data support the
hypothesis that the 29/31KE particles that are released from
the cell are derived from MVB-assembled Gag. Vpu-deficient
virus provided an important control for these experiments; in
the case of delVpu, we observed a loss of endosomal localiza-
tion in cells expressing dominant-negative dynamin and Eps15.
Although 29/31KE mutant Gag can be released efficiently in T
cells, the establishment of a spreading infection is impaired
due to a block early in the replication cycle. This early block
could be bypassed by the deletion of the gp41 cytoplasmic tail
and by the acquisition of a 16EK change in MA. Importantly,
the resulting virus could replicate efficiently in the MT-4 T-cell
line despite maintaining MVB-associated assembly. These data
suggest that intracellular compartments (e.g., MVBs) are ca-
pable of serving as sites for productive HIV-1 assembly in
MDMs and T cells.

The results obtained here with the 29/31KE MA mutant
differ in some respects from those of a recent study in which
Gag was targeted to endosomal compartments by replacing the
globular head of the MA domain with foreign endosome-tar-
geting signals (38). In that study, it was observed that endo-
somal targeting severely reduced particle production not only
in 293T cells (consistent with our findings) (54; this study) but
also in MDMs. Explanations for these divergent results with
MDMs include the following: (i) the compartment in MDMs
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to which 29/31KE Gag is targeted could differ from the site of
assembly of the MA-deleted Gag chimeras, and/or (ii) in
MDMs, replacement of the MA globular head with foreign
endosome-targeting domains may disrupt some aspect of as-
sembly or release distinct from Gag mislocalization. Jouvenet
et al. (38) did not examine the effect of endosomal targeting on
particle production in T cells; the behavior of these Gag chi-
meras in this cell type therefore remains to be determined.

We observed an efficient release of the 29/31KE mutant in T
cells and MDMs but not HeLa or 293T cells despite the uni-
form MVB localization of this mutant Gag in all cell types
tested. These findings suggest the existence of cell-type-specific
differences in virus release pathways in HeLa and 293T cells
versus T cells and MDMs. T cells and MDMs may possess a
more active secretory pathway than HeLa and 293T cells (25,
30, 43, 44, 69) and, hence, are more capable of releasing virions
assembled in intracellular compartments. This possibility is
supported by our EM data showing what might be internal
virus-containing compartments fusing with the PM in T cells
and MDMs. These structures were not observed in HeLa cells.
We also observed an increase in levels of the MVB-localized
tetraspanin CD63 in 29/31KE virions produced from Jurkat
cells, again suggesting an internal origin for this virus. Inter-
estingly, although 29/31KE mutant Gag is efficiently released
from MDMs as cell-free virus, we recently demonstrated that
this mutant Gag does not readily move to the virological syn-
apse formed between infected MDMs and uninfected T cells
or MDMs (29). These results suggest that the WT and 29/
31KE virus-positive compartments in MDMs are not function-
ally equivalent and that the signals that direct Gag movement
to the surface to regulate particle release in T cells and MDMs
differ from those that direct Gag/virus-like particle movement
to the virological synapse.

Mutations in the MA domain of HIV-1 Gag have been
shown to disrupt interactions with the viral Env glycoproteins,
leading to defects in Env incorporation into virions (14, 20, 21,
74) or impaired gp120-gp41 associations (9). Interactions be-
tween Gag and the gp41 cytoplasmic tail have also been shown
to suppress the fusogenic activity of Env (47, 72). These defects
can be reversed by deleting the gp41 cytoplasmic tail (9, 20, 21,
41, 46, 47, 60, 72). While gp41 truncation blocks the establish-
ment of a spreading infection in most T-cell lines, gp41 tail
truncation mutants can replicate efficiently in the MT-4 T-cell
line (48). Here we observed that the 29/31KE mutant is unable
to establish a spreading infection in T-cell lines; however, trun-
cation of the gp41 cytoplasmic tail allows replication to occur
in MT-4 cells with a pronounced delay relative to the WT.
Analysis of the virus replicating in the cultures infected with
the gp41-truncated 29/31KE mutant led to the identification of
a second-site compensatory mutation (16EK) that facilitated
replication such that the gp41-truncated 16EK/29/31KE triple
mutant replicated efficiently in MT-4 cells. Interestingly, the
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FIG. 6. The 16EK mutation significantly increases the level of pro-
duction of cell-free virus. HeLa and MT-4 cells expressing the indi-
cated pNL4-3 molecular clones, encoding WT or truncated (CTdel)
Env and WT or mutant MA domains, were metabolically labeled with
[**S]Met/Cys. Cell and virion lysates were immunoprecipitated and
analyzed as described in the Fig. 1 legend.

29/31KE mutant did not display a defect in Env incorporation
but was impaired in single-cycle infectivity assays (A. Joshi and
E. Freed, unpublished data). This infectivity defect could be
reversed by a gp41 truncation. These findings indicate that the
29/31KE mutant exhibits a complex entry or postentry defect
that involves the gp41 cytoplasmic tail and can be corrected by
the 16EK change. We also observed that the 16EK substitution
markedly increases the efficiency of cell-free virus particle pro-
duction, providing an explanation for its selection during prop-
agation of the 29/31KE mutant. Importantly, the gp41-trun-
cated 16EK/29/31KE mutant efficiently establishes a spreading
infection in MT-4 cells despite being MVB localized.

In conclusion, we demonstrate the efficient assembly and
release of an MVB-targeted mutant in MDMs and T cells but
not in HeLa or 293T cells. Although we favor the model that

FIG. 5. The 29/31KE mutant replicates in the MT-4 T-cell line after truncation of the gp41 cytoplasmic tail and acquisition of the 16EK
compensatory mutation despite being MVB localized. (A and B) MT-4 T cells were transfected with WT pNL4-3, pNL4-3 bearing the CTdel-144-2
gp41 truncation (CTdel), and/or the 29/31KE, 16EK, or 16EK/29/31KE MA mutation. Cells were split every 2 days, and supernatants were reserved
at each time point for RT assay. (C) HeLa (top) or MT-4 (bottom) cells were infected with the indicated VSV-G-pseudotyped virus stocks. Cells

were fixed 24 to 48 h postinfection and stained with anti-p17 Ab.
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the PM serves as the primary site for HIV-1 assembly in most
if not all cell types, these results indicate that internal CD63™*
compartments can serve as sites for productive HIV-1 assem-
bly in physiologically relevant cell types. The role that such
compartments play in the replication of WT HIV-1 warrants
further study.
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