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Defective human immunodeficiency virus type 1 (HIV-1) assembly in murine cells is accompanied by poor
plasma membrane binding and proteolytic processing of the HIV-1 Gag precursor. Here, we show that such
defects are induced by the propensity of the HIV-1 MA globular head to inhibit membrane binding and particle
assembly, particularly at the low expression levels observed in murine cells. Simple additions to or deletion of
the MA globular head can improve the yield of infectious virions from murine cells by >50-fold. Expression
level and autoinhibition can be important confounding variables in studies of HIV-1 assembly and contribute
to defects encountered in murine cells.

The human immunodeficiency virus type 1 (HIV-1) replica-
tion cycle is blocked at several stages in murine cells, including
at binding and entry (11), postentry (1, 6), transcription (14,
21), late gene expression (2, 9, 25), and assembly (2, 12).
Expression of required human cofactors can overcome some
defects (4, 11, 26), and certain murine cells can be engineered
to support a partial HIV-1 replication cycle, up to and includ-
ing early gene expression (2, 5, 12). Defects in the late stages
of HIV-1 replication are substantially rescued by fusion with
human cells (2, 12, 25), suggesting that an additional required
factor(s) that act by unknown mechanisms is (are) absent or
nonfunctional in mice. In addition to low levels of late gene
expression in HIV-1-infected murine cells, defects in assembly
accompanied by reduced plasma membrane binding and pro-
teolytic processing of the HIV-1 Gag precursor (Pr55Gag) are
evident (2, 3, 9, 13). Pr55Gag-membrane interaction, process-
ing, and particle release are enhanced by replacing the HIV-1
matrix (MA) domain with that of murine leukemia virus
(MLV) (3, 18), and this has been interpreted to suggest that a
Pr55Gag-membrane targeting cofactor is defective in murine
cells. Conversely, recent studies have suggested that defects
are programmed by the Rev-dependent nuclear export path-
way taken by the HIV-1 Gag-Pol mRNA and can be corrected
by inducing it to follow the TAP/NFX1-p15-dependent export
pathway taken by conventional mRNAs (23). Other studies
have indicated that expression of p32, a factor that at least
partly corrects the tendency of the HIV-1 genome to be spliced
too efficiently in murine cells, can partly restore infectious
HIV-1 production therein (27).

Effects of MA manipulation on Pr55Gag-membrane binding
in murine cells. We recently found that membrane binding by
Pr55Gag is highly cooperative, i.e., dependent on its expression

level (17). Cooperativity is conferred by Gag oligomerization
and the propensity of the HIV-1 MA globular head to inhibit
membrane binding, particularly at low Pr55Gag expression lev-
els (17). This is likely a functional manifestation of the “myr-
istoyl switch” (15, 16, 22, 28), whereby the Pr55Gag N-terminal
myristate is largely sequestered within the MA globular head
when Pr55Gag is monomeric but becomes exposed upon oli-
gomerization (20, 24). Membrane binding is, therefore, likely
driven by Pr55Gag concentration-dependent oligomerization.

To determine whether such mechanisms, specifically a fail-
ure to trigger the myristoyl switch, could underlie the defect in
HIV-1 assembly observed in murine cells, we engineered
Pr55Gag proteins with modified MA domains (Fig. 1A). Spe-
cifically, the construct termed S-Gag expresses a full-length
Pr55Gag protein, appended at its N terminus by a 10-residue
myristoylated peptide (MGSSKSKPKD) from c-Src. Con-
versely, the �GH construct retains the authentic HIV-1 myris-
toylation sequence but has a deletion (amino acids 7 to 110)
which removes the MA globular head (Fig. 1A). Similarly large
deletions in MA have previously been shown to be compatible
with HIV-1 replication, at least in some contexts (19). These
modified constructs and an unmodified wild-type (WT) con-
struct were generated in the context of a HIV-1 proviral plas-
mid (R7/NL/�Env/GFP) (8) in which the env gene is defective,
and the green fluorescent protein (GFP) gene replaces nef.
Upon transfection of 293T cells with the proviral plasmids and
a vesicular stomatitis virus G protein (VSV-G) envelope ex-
pression plasmid, each construct yielded highly infectious viri-
ons (see below) which were used to inoculate human (HeLa)
and humanized cyclin T-expressing murine NIH 3T3 (3T3/
CycT) cell lines (2), such that approximately 50% of the cells
became infected. Forty-eight hours after infection, cell lysates
were subjected to membrane flotation analysis by using previ-
ously described procedures (16, 17, 22). As has been reported,
a substantial fraction of WT HIV-1 Gag was processed and
membrane associated when expressed in human HeLa cells
(16) (Fig. 1B). Conversely, Pr55Gag largely remained cytosolic
and unprocessed in murine 3T3/CycT cells. This was not a
consequence of defective Pr55Gag myristoylation, because im-
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munoprecipitation analysis of metabolically labeled cells
showed that the level of [3H]myristate incorporated into WT
HIV-1 Gag was indistinguishable in human and murine cells
(Fig. 1C), consistent with previous studies (9, 23). Nonetheless,
appending the HIV-1 Gag protein with a myristoylated c-Src
peptide or simply deleting the MA globular head dramatically
increased the proportion of HIV-1 Gag that was associated
with murine cell membranes (Fig. 1D and E). Indeed, the Gag
proteins expressed by the S-Gag and �GH constructs bound
membranes as efficiently in NIH 3T3 cells as they did in HeLa
cells. Thus, simple manipulations of Pr55Gag, in particular re-
moving the inhibitory influence on membrane binding im-
parted by the MA globular head, can rescue membrane bind-
ing and processing defects in murine cells.

Enhanced virion production resulting from MA modifica-
tion. Previous studies have shown that replacement of the
HIV-1 MA domain with that of MLV MA can improve HIV-1
assembly in murine cells (3, 18). However, such chimeric vi-
ruses are poorly infectious and no manipulation has yet suc-
ceeded in improving the yield of infectious HIV-1 virions from
murine cells. We next compared the properties of the S-Gag
and �GH proviral constructs with a counterpart, termed
M-MA, in which the MA domain of MLV Gag replaced HIV-1
MA. To facilitate comparisons of assembly in 3T3/CycT cells
with that in human cells, we identified a human cell line (HOS)
that could be transfected with virtually equivalent efficiency (by
using Lipofectamine Plus; Invitrogen). Cells were transfected
with VSV-G expression plasmids along with either R7/NL/
�Env/GFP-derived proviral plasmids or, as a control, previ-
ously described MLV-based packaging and GFP-expressing
vector plasmids (7). The levels of early gene expression (GFP)
in HOS and 3T3/CycT cells transfected with the various R7/
NL/�Env/GFP constructs were approximately equivalent (Fig.
2A). However, as has previously been reported, late gene ex-
pression (Gag) was markedly lower in 3T3/CycT cells than in
HOS cells (Fig. 2A) (2). This is likely due to the low level of
unspliced HIV-1 mRNA that is present therein (2, 25, 27).
Western blot and p24 enzyme-linked immunosorbent assay
analyses showed that the S-Gag, �GH, and M-MA constructs
generated higher yields of extracellular particles in both cell
lines (Fig. 2A). However, the effects of MA manipulation were
greater in 3T3/CycT cells, where the amounts of virion-associ-
ated p24 generated by S-Gag, �GH, and M-MA were 9- to
13-fold higher than WT levels (Fig. 2A). The effects of the
S-Gag and �GH manipulations were even more dramatic when
infectious particles were measured (Fig. 2B). Indeed, the �GH
proviral plasmid yielded 50- to 60-fold more infectious virions
than the WT equivalent in 3T3/CycT cells, while in HOS cells,
�GH yielded eightfold more infectious virions than the WT.FIG. 1. Simple modifications of HIV-1 MA markedly improve

membrane binding in murine cells. (A) Schematic representation of
the constructs used in this study. WT is wild-type unmodified Gag with
intact MA capsid (CA), nucleocapsid (NC), and p6 domains. S-Gag is
appended with a 10-residue peptide MGSSKSKPKD from c-Src, while
�GH lacks MA residues 7 to 110. (B) Flotation analysis of Gag mem-
brane interactions. Clarified homogenates of WT-infected HeLa (up-
per panel) and 3T3/CycT (lower panel) cells were mixed with 80%
sucrose and overlaid with 65% and 10% sucrose prior to ultracentrif-
ugation. A Western blot analysis using an �-CA antibody (183-H12-
5C) of gradient fractions is shown. Membrane-associated proteins ap-
pear in the top three fractions, while cytosolic proteins appear in the
bottom three fractions. Note that a longer exposure of the 3T3/CycT-
derived blot is shown. (C) Myristoylation of Pr55Gag in both human

and murine cells. [3H]myristate-labeled Gag proteins from WT HIV-
1-infected HeLa and 3T3/CycT cells were immunoprecipitated by us-
ing serum from an HIV-1-infected individual and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography
(upper panel). The lower pane shows the same immunoprecipitates
analyzed for Pr55Gag content by Western blotting with the 183-H12-5C
antibody (lower panels). (D and E) Modifications of Pr55Gag improve
membrane binding and processing. Analyses were carried out as de-
scribed for panel B except that the S-Gag and �GH viruses were used
to infect HeLa cells.
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Low expression level enhances MA-induced inhibition of
processing and virus-like particle (VLP) release. Analysis of
HIV-1 assembly defects in murine cells is complicated by the
aforementioned cooperativity in Pr55Gag-membrane binding
(17), coupled with the low Pr55Gag expression levels observed
when proviral constructs are used in murine cells (Fig. 2A) (2,

9, 25, 27). Therefore, we compared the assembly properties of
Gag-Pol expressed in human and murine cells by a plasmid
carrying a synthetic codon-optimized gag-pol gene (pSYNGP)
(10). In this case, Gag-Pol expression is not dependent on Rev
or regulated splicing of the HIV-1 genome and achieved sim-
ilar levels in murine 3T3/CycT and human HOS cells (Fig. 3).
Under these conditions, pSYNGP-derived Pr55Gag was pro-
cessed and released as particles, even in 3T3/CycT cells (Fig.
3A), as has been previously reported (23). Importantly, how-
ever, when the levels of Pr55Gag expression were decreased by
transfection with smaller amounts of pSYNGP, Pr55Gag pro-
cessing and particle release defects became evident. Notably,
these effects were similar in HOS cells and 3T3/CycT cells (Fig.
3B). Thus, Gag-Pol expression levels can significantly influence
Pr55Gag processing and release, and low-level expression by
Rev-independent constructs (Fig. 3B) could recapitulate the

FIG. 2. MA modifications enhance infectious virion release in
HOS and 3T3/CycT cells. (A) Western blot analysis of HOS cells (left)
and 3T3/CycT cells (right) using antibodies specific for late gene ex-
pression (Gag, upper panel) and early gene expression (GFP, center
panel). The lower panel shows Western blot analysis of Gag pelleted
through a 20% sucrose cushion following filtration (0.2 �m) of culture
supernatants. Also shown below the blots are the concentrations of p24
capsid (CA) (pg/ml) measured in the culture supernatants by enzyme-
linked immunosorbent assay. (B) Infectious virus yield from trans-
fected HOS and 3T3/CycT cells. The VSV-G-pseudotyped virions
were used to inoculate HOS cells, and the GFP-positive target cells
were enumerated 48 h later by fluorescence-activated cell sorter anal-
ysis, as previously described. Titers are given as infectious units (i.u.)
per ml of supernatant. Figures above the bars represent the increase
(n-fold) in titer over that of the WT construct.

FIG. 3. Efficiently expressed, codon-optimized Gag-Pol constructs
yield HIV-1 virus-like particles in murine cells, but MA-induced as-
sembly defects can be recapitulated by expression at lower levels.
(A) Western blot analysis of 3T3/CycT cell lysates (upper and middle
panels) and virions or VLPs pelleted through 20% sucrose (lower
panels) following transfection with 1 �g pSYNGP (cytomegalovirus
promoter) plus 1 �g pCMV/GFP (left lane) or 2 �g of the R7/NL/
�Env/GFP proviral plasmid (right lane). Western blots were probed as
described in the legend to Fig. 1. (B) Western blot analysis using an
�-capsid (�-CA) antibody (183-H12-5C) of cell lysates (upper panels)
and VLPs (lower panels) following transfection of HOS cells (left
panels) or 3T3/CycT cells (right panels) with pSYNGP-derived WT,
S-Gag, or �GH Gag-Pol expression vector. Each group of three lanes
shows cells transfected with decreasing amounts (from left to right, 1
�g, 0.5 �g, and 0.25 �g) of each pSYNGP-derived construct.
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processing and release defects encountered upon expression of
proviral constructs in rodent cells (Fig. 2A) (2, 13).

Upon the introduction of the S-Gag and �GH modifications
into pSYNGP, Gag processing and particle release were dra-
matically enhanced in both 3T3 and HOS cells (Fig. 3B). The
effects of these modifications were especially evident at lower
levels of Gag-Pol expression, at which very low levels of WT
VLPs were released, while S-Gag and �GH VLP release was
extremely efficient. Again, effects in HOS and 3T3/CycT cells
were similar (Fig. 3B), suggesting that the enhancing effects of
MA modifications on HIV-1 particle release are dependent on
expression level rather than host cell species.

Conclusions. These studies do not refute the notion that the
nuclear export pathway taken by HIV-1 mRNA influences
assembly or that required HIV-1 assembly cofactors are non-
functional in murine cells. However, they do show that expres-
sion level can be an important confounding variable in studies
of HIV-1 assembly and at least contribute to the assembly
defect encountered in murine cells. In particular, HIV-1 as-
sembly can be quite markedly inhibited by the MA globular
head, in both human and murine cells, and this effect is espe-
cially pronounced at low Gag-Pol expression levels. At present,
the role of concentration-dependent autoinhibition of mem-
brane binding in the viral replication cycle is unclear, but it may
provide a means by which HIV-1 assembly is temporally or
spatially regulated.
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