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Human immunodeficiency virus type 1 (HIV-1) Gag multimerization and membrane binding are required for
particle formation. However, it is unclear what constitutes a minimal plasma membrane-specific targeting signal
and what role the matrix (MA) globular head and other Gag domains play in membrane targeting. Here, we use
membrane flotation and microscopic analysis of Gag deletion mutants to demonstrate that the HIV-1 MA globular head
inhibits a plasma membrane-specific targeting signal contained within the six amino-terminal MA residues. MA-
mediated inhibition is relieved by concentration-dependent Gag multimerization and imparts a high degree of cooper-
ativity on Gag-membrane association. This cooperativity may confer temporal and spatial regulation on HIV-1 assembly.

Various protein, nucleic acid, and lipid components are assem-
bled during retroviral particle morphogenesis, but the Gag pre-
cursor is the only viral protein that is required for particle forma-
tion. While most retroviruses assemble on cellular membranes,
the temporal relationship between the association of Gag with
itself and the association of Gag with membranes can vary. Hu-
man immunodeficiency virus type 1 (HIV-1) Gag multimerization
occurs primarily on cellular membranes (3, 23), but some degree
of multimerization may occur prior to membrane association (1,
11), and it is controversial whether Gag multimerization is nec-
essary for membrane binding (8, 12, 19–21). Here, we show that
Gag multimerization is indeed required for efficient membrane
binding in cells, because it overcomes an activity in the globular
head of HIV-1 matrix (MA) that inhibits membrane association.
These effects confer concentration dependence on the HIV-1
Gag-membrane interaction and are consistent with the notion
that multimerization triggers the “myristoyl switch” (18, 22, 25),
thereby imparting a high degree of cooperativity on HIV-1 Gag
trafficking to membranes.

HIV-1 Gag binding to cellular membranes is cooperative.
Previous studies have employed membrane flotation and im-
munofluorescence assays to determine the degree to which
HIV-1 Gag is membrane associated in cells at steady state,
with varied results (3–5, 11, 16, 20). To reexamine this issue, we
expressed an HIV-1 Gag-green fluorescent protein (GFP) fu-
sion protein by using a pCR3.1-based expression vector (In-
vitrogen) containing codon-optimized HIV-1 Gag (6) and en-
hanced GFP (Clontech) sequences. A similar vector expressed
unfused Gag. In 293T cells, unfused Gag and Gag-GFP were
expressed at similar levels (Fig. 1A) and formed extracellular
particles with similar efficiencies (data not shown). Moreover,
Gag and Gag-GFP associated with cell membranes to similar
degrees. This conclusion was based on membrane flotation
analyses, carried out by loading lysates of transfected cells at
the bottom of a 90%–65%–10% sucrose step gradient, centri-

fuging them at 35,000 rpm in an SW41 rotor for 18 h, and
performing a Western blot analysis of gradient fractions (20)
(Fig. 1B). Thus, the GFP tag should provide a good surrogate
for Gag localization within cells.
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FIG. 1. HIV-1 Gag and Gag-GFP expression and membrane associ-
ation. (A) 293T cells were transfected with the indicated amounts of
HIV-1 Gag or Gag-GFP expression plasmid, and cell lysates were sub-
jected to Western blot analysis using an HIV-1 Gag-specific monoclonal
antibody. (B) Dounce-homogenized cells transfected with 100 ng of Gag
or Gag-GFP expression plasmids per well were subjected to membrane
flotation analysis. The leftmost lane in each panel was loaded with an
aliquot of the total cell lysate, while the remaining lanes contain samples
of proteins precipitated from each of 10 fractions of the sucrose gradient,
beginning with the least-dense (membrane [memb]-containing) fractions
on the left and ending with the most-dense cytoplasm-containing fractions
on the right. The panels show Western blots probed with an HIV-1
Gag-specific monoclonal antibody, and the scale to the left of the blots
indicates the positions of molecular weight markers (in thousands).
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At low levels of expression (100 ng of expression plasmid
transfected per 5 � 105 cells per well of a 24-well plate), the
fraction of Gag or Gag-GFP that associated with membranes
was modest (Fig. 1B and 2A). However, if the number of GFP
tags was held constant (by transfecting a fixed quantity [100 ng]
of the Gag-GFP expression plasmid) and the total level of Gag
was varied (by cotransfecting 900 ng of a control vector or a
Gag expression plasmid), the fraction of Gag that was mem-
brane associated varied dramatically (Fig. 2A). Membrane flo-
tation assays and deconvolution microscopy, performed as pre-
viously described (10, 20), showed that Gag was largely diffuse
and cytoplasmic at low expression levels but almost entirely
associated with the plasma membrane at high expression levels
(Fig. 2A). Similarly, flotation analysis revealed that unfused
Gag was almost entirely associated with cell membranes at
high, but not at low, expression levels (Fig. 2B). Thus, HIV-1
Gag trafficking to the membranes is cooperative.

The globular head of MA inhibits and induces cooperativity
in Gag-membrane interactions. To determine which features
of Gag were responsible for cooperative membrane binding,
we first focused on the MA globular head because point mu-
tations in this domain can enhance membrane binding (5, 13,
16). Moreover, large deletions in, or the complete removal of,
MA are compatible with HIV-1 assembly and replication (7,
17). A fusion protein, termed Gag�GH-GFP, containing a
deletion of Gag residues 7 through 110, which encode the MA
globular head, was almost completely membrane bound, even
at low Gag expression levels (Fig. 2C). Thus, removal of the
HIV-1 MA globular head relieves a barrier to membrane as-
sociation at low Gag expression levels (compare Fig. 2A and
C). Furthermore, Gag�GH-GFP localized primarily to the
plasma membrane, indicating that the MA globular head is
dispensable for specific Gag targeting. While the levels of as-
sociation of Gag�GH-GFP with membrane were not quantita-
tively different under conditions of high Gag coexpression, the
more punctate distribution of Gag�GH-GFP was converted to
a uniform Gag-GFP-like membrane distribution by coexpres-
sion with excess unfused Gag protein, suggesting that the two
proteins formed heteromultimers. Despite the differential dis-
tribution, the deletion in the Gag�GH Gag protein was com-
patible with infectious virion production in the absence of the
HIV-1 gp41 cytoplasmic tail. Indeed, a proviral plasmid carry-
ing a GFP reporter gene in place of Nef and the Gag�GH Gag

FIG. 2. Cooperative association of Gag with the plasma membrane
(memb). (A) A schematic representation of the intact Gag-GFP fusion
protein is shown. CA, capsid; NC, nucleocapsid. 293T cells were trans-
fected with 100 ng of a plasmid expressing Gag-GFP, along with 900 ng
of either an empty expression vector (left panels) or a Gag expression

plasmid (right panels). For each combination, deconvolved micro-
scopic images of representative cells are shown, with Gag-GFP local-
ization shown in green and DAPI (4�,6�-diamidino-2-phenylindole)
staining of cell nuclei shown in blue. Western blots of gradient frac-
tions following membrane flotation analysis, probed with an anti-GFP
monoclonal antibody, are shown for each combination of transfected
plasmids. The leftmost lane of each blot contains an aliquot of unfrac-
tionated cell lysate. (B) Membrane flotation-Western blot analysis of
unfused Gag expressed at low levels (100 ng of expression plasmid per
transfection; left panel) or high levels (1 �g of expression plasmid per
transfection; right panel). Blots were probed with an anti-HIV-1 Gag
monoclonal antibody, and the leftmost lane of each blot contains an
aliquot of unfractionated cell lysate. (C) A schematic representation of
the Gag�GH-GFP fusion protein, which lacks MA residues 7 to 110, is
shown. 293T cells were transfected and analyzed by deconvolution
microscopy and membrane flotation-Western blotting with an anti-
GFP monoclonal antibody as described for panel A.
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protein generated 9.8 � 105 � 2.1 � 105 infectious units/ml
upon transfection of 293T cells, while an otherwise identical
proviral plasmid encoding an intact Gag protein generated 3.1
� 106 � 0.1 � 106 infectious units/ml. A similar lack of re-
quirement of the MA globular head in spreading HIV-1 rep-
lication has been previously reported by using similar proviral
plasmid-based constructs (17).

A 6-residue myristoylated peptide sequence at the amino
terminus of HIV-1 Gag is a specific plasma membrane target-
ing signal. Previously, sequences within the globular head of
HIV-1 MA, including basic residues within MA residues 15 to
31, have been reported to be important for targeting Gag
specifically to the plasma membrane (2, 14, 15, 24). However,
because Gag proteins entirely lacking the MA globular head
appeared to target the plasma membrane (Fig. 2C), we exam-
ined which HIV Gag sequences were responsible for this spec-
ificity. We first fused a 6-residue sequence from the amino
terminus of MA (MGARAS) that can support myristoylation
and HIV-1 particle formation (7) directly to GFP. Biochemical
and microscopic assays showed that these residues were fully
sufficient to direct GFP specifically to the plasma membrane
and that they did so more efficiently than did the intact HIV-1
Gag protein (Fig. 3A).

HIV-1 Gag multimerization is required to overcome the
inhibitory effect of the MA globular head on plasma mem-
brane binding. Previously, studies that investigated the re-
quirement for HIV-1 Gag multimerization in membrane asso-
ciation have reached opposing conclusions (12, 19). Based on
the fact that HIV-1 Gag contains a fully functional plasma
membrane targeting signal (Fig. 2C and 3A), whose activity
was dependent on the concentration of Gag only when the MA
globular head was present (Fig. 2A), we reasoned that mul-
timerization might be required for efficient membrane binding
in this context. Consistent with this idea, a truncated Gag-GFP,
termed MACA-GFP, which lacked the C-terminal Gag se-
quences bound to membrane with about the same efficiency as
intact Gag at low concentrations (Fig. 3B). However, unlike
that of wild-type Gag-GFP, MACA-GFP membrane binding
could not be enhanced by an increased Gag concentration (Fig.

FIG. 3. A small peptide sequence at the amino terminus of HIV-1
Gag is a fully functional plasma membrane (memb) targeting signal
whose activity is masked in the context of a poorly multimerizing Gag

protein. (A) 293T cells were transfected with 100 ng of a GFP expres-
sion plasmid (left panels) or 100 ng of a plasmid expressing GFP fused
to the amino-terminal HIV-1 Gag residues MGARAS (right panels).
For each protein, deconvolved microscopic images of representative
cells are shown. In addition, Western blots of gradient fractions fol-
lowing membrane flotation analysis that were probed with an anti-GFP
monoclonal antibody are shown. The leftmost lane of each blot con-
tains an aliquot of unfractionated cell lysate. (B) A schematic repre-
sentation of the MACA-GFP fusion protein, which lacks the p2-NC-
p1-p6 Gag domain, is shown. 293T cells were transfected with 100 ng
of a plasmid expressing this protein, along with 900 ng of either an
empty expression vector (left panels) or a Gag expression plasmid
(right panels). Shown are deconvolution microscopic images and the
results of membrane flotation-Western blot analysis with an anti-GFP
monoclonal antibody carried out as described for panel A. The left-
most lane of each blot contains an aliquot of unfractionated cell lysate.
(C) Western blot analysis of 293T cell lysates and glutathione-bound
proteins following transfection of 293T cells with plasmids expressing
Gag and/or MACA fused to GFP or GST, as indicated, and precipi-
tation with glutathione-agarose beads. Blots were probed with anti-
GFP monoclonal antibody. MACA-GST and unfused GST were ex-
pressed at least as abundantly as Gag-GST (data not shown).
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3B), because MACA-GFP lacks sequences necessary for Gag
multimerization, as assessed by a previously described gluta-
thione S-transferase (GST)-fusion protein coprecipitation as-
say (9) (Fig. 3C).

Conclusions. There are at least two ways in which Gag
multimerization may induce membrane binding. Multimeriza-
tion of low-affinity membrane-binding moieties may increase
the overall membrane-binding affinity of the complex. Alter-
natively, multimerization may induce an increase in the intrin-
sic membrane-binding affinity of each Gag molecule. Clearly,
each Gag monomer contains a signal that is fully sufficient to
direct a heterologous protein to the plasma membrane (Fig.
3A). However, the MA globular head partly masks the activity
of this signal, particularly at low concentrations of Gag (Fig. 2).
This inhibitory property is relieved at high Gag concentrations,
but only if Gag is able to multimerize (Fig. 2A, 3B, and 3C).
While this paper was in preparation, the structures of myris-
toylated MA in monomeric and trimeric forms were solved
(22), and they confirm the previously proposed notion that MA
can exist in two conformations, distinguished by the degree of
myristate exposure (25). Moreover, MA trimerization was cor-
related with the “myristate-exposed” conformation (22). Thus,
it seems likely that at low concentrations in the cell cytoplasm,
Gag is primarily monomeric, with myristate being concealed by
the MA globular head, and is therefore largely cytoplasmic. As
the Gag concentration is increased, a greater fraction is driven
into multimeric forms, resulting in myristate exposure and
efficient membrane binding. Such a mechanism might be ex-
ploited by HIV-1 to confine Gag-membrane binding and virus
assembly in infected cells to a short “burst” and/or to specific
cellular locations where high levels of Gag expression are
reached.
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