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The human immunodeficiency virus type 1 (HIV-1) Gag precursor, Pr55%°2, is necessary and sufficient for
the assembly and release of viruslike particles. Binding of Gag to membrane and Gag multimerization are both
essential steps in virus assembly, yet the domains responsible for these events have not been fully defined. In
addition, the relationship between membrane binding and Gag-Gag interaction remains to be elucidated. To
investigate these issues, we analyzed, in vivo, the membrane-binding and assembly properties of a series of
C-terminally truncated Gag mutants. Pr55%*¢ was truncated at the C terminus of matrix (MAstop), between
the N- and C-terminal domains of capsid (CA146stop), at the C terminus of capsid (p41stop), at the C terminus
of p2 (p43stop), and after the N-terminal 35 amino acids of nucleocapsid (NC35stop). The ability of these
truncated Gag molecules to assemble and release viruslike particles and their capacity to copackage into
particles when coexpressed with full-length Gag were determined. We demonstrate that the amount of trun-
cated Gag incorporated into particles is incrementally increased by extension from CA146 to NC35, suggesting
that multiple sites in this region are involved in Gag multimerization. Using membrane flotation centrifuga-
tion, we observe that MA shows significantly reduced membrane binding relative to full-length Gag but that
CA146 displays steady-state membrane-binding properties comparable to those of Pr55*¢, The finding that
the CA146 mutant, which contains only matrix and the N-terminal domain of capsid, exhibits levels of
steady-state membrane binding equivalent to those of full-length Gag indicates that strong Gag-Gag interac-
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tion domains are not required for the efficient binding of HIV-1 Gag to membrane.

The production of lentivirus particles from infected cells
involves multiple steps, including viral protein transport to and
association with the plasma membrane, assembly of the struc-
tural proteins, encapsidation of the genomic RNA, and particle
release (for reviews, see references 11 and 49). The Gag
polyprotein precursor plays a central role in these events and,
in fact, is both necessary and sufficient for the assembly and
release of immature viruslike particles (VLPs). The human
immunodeficiency virus type 1 (HIV-1) Gag precursor,
Pr552¢, is composed of four major domains: matrix (MA or
pl7), capsid (CA or p24), nucleocapsid (NC or p7), and p6.
Two spacer peptides are also present within Pr5592€: p2, lo-
cated between CA and NC, and pl, located between NC and
p6. Pr559°¢ is cleaved by the viral protease (PR) during or
immediately after virus budding from the cell to produce the
mature Gag proteins.

The primary determinants of Gag membrane binding appear
to lie within MA. This domain contains a signal for N-terminal
myristylation, and it is well established that the covalent mod-
ification of Gag with myristic acid is essential for efficient
membrane binding of Pr559%¢ (11). Accumulating evidence
suggests that not only the presence but also the degree of
exposure of this fatty acid is important for Gag membrane
binding and that the latter may be controlled by the confor-
mation of MA. This hypothesis, referred to as the myristyl
switch model, originally derived from studies involving cellular
proteins (e.g., recoverin) that bind membrane in a reversible
manner (3, 34). The myristyl switch model has been applied to
HIV-1 Gag to explain the observation that membrane binding
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of mature p17(MA) is much weaker than that of Pr5592&,
According to this model, the myristate moiety is highly exposed
in the context of Pr559¢ but is sequestered within p17(MA)
following proteolytic cleavage of the precursor by PR (21, 48,
63). We have shown that single amino acid substitutions in MA
can increase or decrease membrane binding of Pr559?¢ in a
manner dependent on myristylation, perhaps by changing the
degree of myristate exposure (37).

Although the myristic acid moiety attached to the N termi-
nus of the MA domain is clearly critical for Gag membrane
binding, thermodynamic considerations suggest that the myris-
tate alone cannot provide sufficient binding energy to anchor
Pr552¢ at the lipid bilayer (41). It therefore seems likely that
domains elsewhere in the protein contribute to Gag membrane
binding. Indeed, structural (22, 32) and biochemical (62) data
have implicated a highly basic domain spanning MA amino
acids 17 to 31 in membrane binding. However, seemingly con-
tradictory results have been reported from deletion mutagen-
esis studies in which Gag proteins lacking most or all of MA
are able to efficiently produce virus particles (29, 46, 53, 55).
We recently reported that mutations in the MA basic domain
influence both membrane binding and the targeting of Gag to
the plasma membrane and that the roles of MA in membrane
binding and Gag targeting are genetically separable (38).

Multiple domains in Pr55¢ have been proposed to mediate
Gag multimerization. Based on X-ray crystallography studies,
both HIV-1 and simian immunodeficiency virus (SIV) MA
were reported to form trimers (22, 44), and biochemical assays
utilizing MA expressed in bacteria or in a baculovirus system
also suggested the ability of MA to trimerize (35, 36). Al-
though mutations that disrupted MA trimerization impaired
virus particle assembly in a baculovirus overexpression system
(36), the biological relevance of MA trimerization in virus
replication remains in question since, as mentioned above,
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deletion mutants lacking most or all of MA are able to effi-
ciently assemble and release virus particles. A number of stud-
ies utilizing various expression systems have suggested a role
for Gag domains spanning CA, p2, and NC in virus assembly
(for a review, see reference 11). However, the relative contri-
bution of each of these domains in promoting Gag-Gag inter-
actions is unclear. Bacterially expressed CA has been shown to
assemble in vitro (10, 20, 51), and the C-terminal domain of
CA dimerizes in the crystal structure in the absence of other
domains (16). Mutations affecting the C-terminal domain of
HIV-1 CA have also been shown to disrupt virus assembly (8,
26, 45, 50, 54, 59). In contrast, mutations in the N-terminal
domain of CA generally do not disrupt virus assembly but
rather perturb proper virion maturation (45, 52). In some re-
ports, the p2 spacer peptide was observed to play a major role
in VLP assembly (1, 25, 28, 35, 53), although another study
observed a role for p2 in virion morphogenesis but not in Gag
assembly itself (42). It has been proposed that basic domains in
NC are essential for retroviral Gag-Gag interaction (4-6), and
data from several groups have suggested that HIV-1 NC pro-
motes efficient virus particle assembly (7, 9, 17, 23, 53, 60, 61).
In some cases, however, NC appears to be dispensable for
efficient VLP assembly and release (25, 35). The latter studies
were performed using a high-level baculovirus overexpression
system in which Gag concentrations are likely to substantially
exceed physiological levels.

In addition to its proposed role in promoting Gag-Gag in-
teractions, it has also been reported that NC is critical for
high-level binding of Gag to membrane (43, 47). Together with
the reports implicating NC in Gag multimerization, these find-
ings suggested the possibility that Gag multimerization is a
prerequisite for efficient membrane binding.

In this study, we examine the relationship between Gag
multimerization and membrane binding by analyzing C-termi-
nally truncated Gag proteins for their ability to form VLPs
when singly expressed, to copackage into VLPs when coex-
pressed with full-length Gag, and to bind membrane. Since
some of the discrepancies in previous studies regarding the
mapping of Gag multimerization domains likely resulted from
the use of different expression systems, we expressed the Gag
mutants under relatively physiological conditions, i.e., in hu-
man (HeLa) cells in the context of HIV-1 proviral clones. We
demonstrate, in vivo, that strong interactions between Gag
proteins are promoted by multiple determinants within the
C-terminal region of CA, p2, and the N-terminal region of NC.
Significantly, we observe that a truncated Gag protein lacking
these sequences, and containing only MA and the N-terminal
domain of CA, binds membrane at levels comparable to those
of full-length Pr559%¢, These results indicate that neither NC
nor other strong Gag multimerization domains are required
for efficient binding of HIV-1 Gag to membrane.

MATERIALS AND METHODS

Cell culture and transfection. HeLa cells were maintained as previously de-
scribed (12). Transfection of HeLa cells was performed by the calcium phosphate
precipitation method as reported before (13).

Plasmids, mutagenesis, and DNA cloning. Construction of the derivative of
the HIV-1 proviral molecular clone pNL4-3 (2) containing a Gly—Ala change at
MA amino acid 1 (the 1GA mutant) has been reported previously (13). The
pNL4-3/PR™ molecular clone, which contains a PR active-site mutation
(Asp—Asn change at PR amino acid 25), has been described previously (24).
The pNL4-3 derivatives pNL4-3/p41stop and pNL4-3/MAstop, which contain
stop codons in the sequences encoding p2 amino acid 1 and CA amino acids 1
and 2, respectively, have been described previously (37). Construction of the
double mutants pNL4-3/1GA/MAstop, pNL4-3/1GA/p41stop, and pNL4-3/1GA/
PR has been detailed previously (37).

The pNL4-3 derivatives pNL4-3/CAl46stop, pNL4-3/p43stop, and pNL4-3/
NC35stop, which contain stop codons in the sequences encoding CA amino acids
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146 and 147, NC amino acids 1 and 2, and NC amino acids 35 and 36, respec-
tively, were constructed by oligonucleotide-directed mutagenesis using an
M13mp18 subclone harboring the 1.4-kbp Sphl-PstI fragment from pNL4-3 (nu-
cleotides 1443 to 2839) as a template. The following oligonucleotides were used
in the mutagenesis reactions: for pNL4-3/CA146, 5'-AGAATGTATTAATAAA
CCAGCATT-3'; for pNL4-3/p43stop; 5'-GCTACCATAATGTAATAGAAAG
G-3'; and for pNL4-3/NC35stop, 5'-AGGAAAAAGTGATGATGGAAATGT-
3’. Nonmyristylated (1GA) versions of molecular clones containing the
CA146stop, p43stop, and NC35stop mutations were constructed by introducing
the Sphl-EcoRI fragments (nucleotides 1443 to 5743) from pNL4-3/CA146stop,
pNLA4-3/p43stop, and pNL4-3/NC35stop, respectively, into pNL4-3/1GA.

VLP incorporation assay and Western blotting. HeLa cells were cotransfected
with pNL4-3 derivatives expressing truncated Gag proteins and pNL4-3/PR™
(expressing full-length Pr5592¢) at a DNA ratio of 1:1. Two days posttransfec-
tion, virions were pelleted from culture supernatants; VLP and cell lysates were
prepared as detailed previously (12, 57). Cell and VLP lysates were analyzed by
Western blotting essentially as previously described (27). Gag proteins were
detected with a mixture of three mouse monoclonal antibodies against MA (from
Advanced Biotechnologies, Columbia, Md.; Cellular Products, Buffalo, N.Y.;
and Capricorn, Scarborough, Maine) as primary antibodies and horseradish
peroxidase-conjugated anti-mouse immunoglobulin (Ig; Amersham) as a second-
ary antibody. Detection was performed with enhanced chemiluminescence West-
ern blotting reagents (Amersham). To avoid overexposure of blots of cell-asso-
ciated material, eightfold less lysate was loaded for cell- than for VLP-associated
material. For quantification of Gag proteins, alkaline phosphatase-conjugated
anti-mouse Ig (Amersham) was used as a secondary antibody; detection with
enhanced chemifluorescence Western blotting reagents (Amersham) was per-
formed in accordance with the manufacturer’s instructions using a Fuji FLA-
2000 image analyzer.

Confocal microscopy. The methods used to examine transfected HeLa cells by
confocal microscopy have been described recently (38). Briefly, HeLa cells were
cultured in chamber slides (Nunc) and transfected by the calcium phosphate
precipitation method without glycerol shock. Two days posttransfection, cells
were fixed with 3.7% formaldehyde, permeabilized with phosphate-buffered sa-
line (PBS) containing 0.1% Triton X-100, and incubated with anti-p17 mono-
clonal antibody (Cellular Products, Inc.) and Texas red-conjugated anti-mouse
IgG. Cells were mounted with Fluoromount G (Virotech International) and
examined with a Zeiss LSM410 laser scanning microscope.

Analysis of VLP density. VLPs were pelleted from the culture supernatant of
transfected HeLa cells and resuspended in 0.4 ml of PBS. Resuspended VLPs
were placed onto a sucrose gradient composed of 20, 30, 40, 50, and 60% sucrose
layers in PBS (0.95 ml each). The gradients were centrifuged at 100,000 X g for
16 h at 4°C in a Beckman SW55Ti rotor. Eleven fractions were collected from the
top of the centrifuge tubes. Fractionated samples were analyzed as described
above.

Membrane-binding assay. Membrane flotation centrifugation was performed
as detailed previously (37, 38). Briefly, HeLa cells were collected in PBS, washed
once with 10 mM Tris-HCI (pH 7.5) containing 1 mM EDTA and 1 mM EGTA,
and resuspended in 10 mM Tris-HCI containing 1 mM EDTA, 6% (wt/vol)
sucrose, and Complete protease inhibitor cocktail (Boehringer Mannheim).
Postnuclear supernatants obtained after sonication of cell suspensions were
mixed with 85.5% (wt/vol) sucrose and placed on the bottom of a centrifuge tube.
On top of this postnuclear supernatant-containing 73% (wt/vol) sucrose mixture
was layered 65 and 10% (wt/vol) sucrose. The gradients were centrifuged at
100,000 X g for 18 h. Ten fractions were collected from the top of the centrifuge
tube. Fractionated samples were analyzed by Western blotting as previously
described (27). Quantitation of Western blotting data was performed by densi-
tometry scanning. Similar results were obtained when Pr5592-expressing cells
were disrupted by homogenization rather than sonication (unpublished results).

RESULTS

Construction of HIV-1 Gag truncation mutants. To examine
the relationship between Gag-Gag interaction and membrane
binding, we constructed a series of C-terminal Gag truncation
mutants (Fig. 1). To minimize the disruption of native Gag
conformation, stop codons were introduced either immediately
following Pr55%¢ cleavage sites or adjacent to known struc-
tural domains. The NC35stop mutant is truncated just before
the second NC zinc finger and thus includes the two highly
basic domains of NC (located at the NC N terminus and
between the two zinc finger motifs). The p43stop mutant is
truncated immediately after the p2/NC cleavage site to pro-
duce an MA-CA-p2 Gag protein. p41stop contains all of MA
and CA, while CA146stop is truncated at CA amino acid 146
(in the linker region between the N- and C-terminal domains
of CA [15, 58]) and therefore contains MA and the N-terminal
domain of CA. The MAstop mutant expresses only pl7(MA).
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FIG. 1. Schematic representation of HIV-1 Gag C-terminal truncation mutants. The domain structure of the Gag precursor Pr5592¢ is shown at the top. The regions
expressed in the truncation mutants analyzed in this study are indicated. The two heavy lines over CA represent the two structural domains of this protein. The zinc

finger motifs (Zn) of NC are represented by stippled boxes.

These mutations were introduced into the HIV-1 molecular
clone pNL4-3 (2). All Gag proteins were synthesized in the
absence of PR; to express full-length Pr559°¢, we used a PR~
version of pNL4-3, pNL4-3/PR™ (24). The truncated clones
were also PR™, since the stop codons in Gag prevented the
synthesis of Pr1609=&F°!,

Sequences within the NC domain of HIV-1 Gag are essential
for efficient VLP assembly. We first tested the ability of the
Gag truncation mutants to form VLPs. HeLa cells were trans-
fected with pNL4-3/PR™ or pNL4-3 derivatives expressing the
Gag truncation mutants. Cell and VLP lysates prepared 2 days
posttransfection were analyzed by Western blotting with a mix-
ture of monoclonal antibodies against MA (Fig. 2). Approxi-
mately 28% of the total amount of full-length Gag expressed
was VLP associated. Relative to full-length Gag, pNL4-3/
NC35stop-transfected cells produced a reduced but readily
detectable amount (12%) of VLP-associated Gag protein. Ap-
proximately 2% of p43 Gag was recovered in the medium in a
pelletable form. Less than 1% of p41 and CA146 Gag proteins
were found in the pelleted medium. We observed a low level
(approximately 2%) of pelletable material released into the
medium of cells expressing MA alone (MAstop). These results
are in agreement with studies (7, 9, 60) suggesting that do-
mains within HIV-1 NC play an important role in VLP assem-
bly and release.

Gag multimerization is promoted by the C-terminal domain
of CA and by p2 and NC. To analyze Gag-Gag interaction
further, we next assessed the ability of the truncated Gag
mutants to be assembled into VLPs when coexpressed with
full-length Gag. HeLa cells were transfected with a 1:1 ratio of
pNL4-3/PR™ and pNL4-3 derivatives expressing the truncated
Gags. Cell and VLP lysates were analyzed by Western blotting
using a mixture of monoclonal antibodies against MA (Fig. 3).
Release of VLP-associated Pr55°?¢ was not affected by coex-
pression of any of the truncated Gag proteins, indicating that,
at least at a 1:1 DNA ratio, the truncated Gag molecules did
not transdominantly interfere with wild-type assembly and re-
lease. When NC35, p43, and p41 were coexpressed with full-
length Gag, approximately 27, 21, and 12%, respectively, of the
total amount of truncated Gag expressed was incorporated
into VLPs. In contrast, only a very small amount of CA146 and
MA were VLP associated (approximately 3 and 4%, respec-
tively). Consistent with data obtained using similar constructs
in an in vitro binding assay (6), these results suggest that the

CA146 and MA proteins lack domains involved in promoting
strong Gag-Gag interactions in vivo.

The finding that p43 and p41 do not efficiently form VLPs
when expressed alone (Fig. 2) yet are readily detected in VLP
preparations produced upon coexpression with full-length Gag
(Fig. 3) suggests that these truncated proteins coassemble with
full-length Gag via Gag-Gag interactions. However, it is for-
mally possible that expression of full-length Gag in some man-
ner stimulates assembly and release of VLPs composed solely
of truncated molecules. To test this possibility, and to demon-
strate that p41 Gag is copackaged into VLPs with full-length
Pr559¢, we analyzed the density of p41-containing VLPs re-
leased in the presence and absence of coexpressed Pr5592&
(Fig. 4). HeLa cells were either singly transfected with pNL4-
3/PR™ or pNL4-3/p41stop or cotransfected with these two mo-
lecular clones. VLP preparations recovered from the culture
supernatants were analyzed by sucrose density gradient cen-
trifugation. Eleven fractions were recovered, and the amount
of Gag in each fraction was determined by Western blotting.
VLPs derived from cells expressing full-length Pr5594¢ dis-
played a density characteristic of retroviral particles; Gag was
found primarily in fractions 6 to 9, with the peak in fraction 7
(corresponding to 1.17 g/em?) (Fig. 4, top panel). In contrast,
VLP-associated Gag derived from cells singly transfected with
the pNL4-3/p41stop clone peaked in fraction 5 (1.13 g/cm?)
(Fig. 4, second panel), consistent with previous reports (47,
53). The distinct density of Pr559“¢ and p41 VLPs was also
observed when VLPs produced from cells singly transfected
with pNL4-3/PR™ or pNL4-3/p41stop were mixed (Fig. 4, third
panel). However, when Pr559°¢ and p41 were coexpressed, the
distribution of p41 in the sucrose gradient matched that of
singly expressed Pr5592¢ (Fig. 4, bottom panel). These results
demonstrate that the presence of p41 Gag in VLP preparations
derived from cells cotransfected with pNL4-3/PR™ and pNL4-
3/p4lstop is due to the coassembly of p41 and full-length Gag
molecules.

In the experiment presented in Fig. 3, the truncated Gag
proteins could be incorporated into VLPs via direct interaction
with full-length Gag or by a more passive mechanism resulting
from their association with the plasma membrane. In addition,
as indicated in Fig. 2, NC35 Gag produces significant amounts
of VLP-associated material when singly expressed. To examine
Gag-Gag interactions more directly, we coexpressed pNL4-3/
PR~ with nonmyristylated (1GA) versions of truncated Gag
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FIG. 2. VLP production of singly expressed truncation mutants. (A) HeLa
cells were transfected with pNL4-3/PR™ or pNL4-3 derivatives expressing the
indicated truncated Gag proteins. VLPs were pelleted from the supernatant of
transfected cells by ultracentrifugation. Cell-associated (assoc., left panel) and
VLP-associated (middle and right panels) material was analyzed by Western
blotting with a mixture of three monoclonal antibodies against MA. As a per-
centage of total material recovered, eightfold more VLP-associated than cell-
associated material was loaded onto the gels. The rightmost panel shows a longer
exposure (exp.) (12-fold) of the middle panel. The positions of the full-length
Gag precursor Pr55622, NC35, p43, p41, CA146, and MA proteins are shown.
The positions of molecular size markers are indicated at the right (in kilodal-
tons). (B) Percentage of total Gag expressed that is released from the cell in a
pelletable form. Data represent averages of three experiments; standard devia-
tions are indicated by error bars.

proteins. The 1GA mutation largely abolishes the ability of
full-length or truncated Gag proteins to bind membrane and
produce VLPs (37) (data not shown). We then examined the
incorporation of the nonmyristylated, truncated Gag proteins
into VLPs (Fig. 5). Nonmyristylated NC35, p43, and p41 were
incorporated into VLPs when coexpressed with full-length
Gag; approximately 12, 6, and 2% of these proteins, respec-
tively, were VLP associated. These results suggest that NC35,
p43, and p41 are incorporated into VLPs in this assay by their
interaction with full-length Gag. In contrast, CA146 and MA
were largely unable to become incorporated into VLPs, con-
firming that these truncated Gag proteins lack the ability to
interact tightly with Pr5592¢, Taken together, these results
suggest that the C-terminal domains of CA, p2, and NC func-
tion cooperatively to promote strong Gag-Gag interactions.
The ability of the nonmyristylated Gag proteins to become
incorporated into VLPs also confirms that membrane binding
is not a prerequisite for HIV-1 Gag multimerization (6, 31, 40).
However, the increased incorporation of myristylated versus
nonmyristylated Gags (compare Fig. 3 and 5) suggests that
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membrane binding may enhance the formation of Gag-Gag
contacts (see Discussion).

A possible explanation for the lack of efficient VLP incor-
poration of the truncated Gag mutants (e.g., CA146 and MA)
is that they might be targeted to a location in the cell distinct
from the site to which full-length Gag is localized. We recently
demonstrated that a mutant Gag that is targeted to the Golgi
apparatus rather than the plasma membrane still interacts ef-
ficiently with wild-type Gag and is rescued into VLPs when
coexpressed with wild-type (38). This observation suggests that
Gag multimerization takes place early after synthesis, before
targeting differences are imposed. Nevertheless, we wished to
examine directly whether differences in Gag localization might
account for the low efficiency of nonmyristylated (1GA) MA
and CA146 Gag incorporation into VLPs upon coexpression
with full-length Gag. To this end, we used confocal microscopy
to examine cells expressing full-length, myristylated Gag or
nonmyristylated full-length, NC35, or CA146 Gag proteins.
The results demonstrated that cells transfected with pNL4-3/
PR~ showed the punctate staining pattern characteristic of
HIV-1 Gag (Fig. 6A), whereas cells expressing nonmyristylated
versions of full-length (Fig. 6B) or truncated (Fig. 6C and D)
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FIG. 3. Coexpression of full-length Gag with the myristylated (WT) forms of
the truncated Gag proteins. (A) HeLa cells were singly transfected with pNL4-
3/PR™ (lanes -) or cotransfected with pNL4-3/PR™ and pNL4-3 derivatives
expressing the indicated truncated Gag proteins. Cell- (left panel) and VLP-
(right panel) associated material was analyzed as described in the legend to Fig.
2. The positions of the full-length Gag precursor Pr5592, NC35, p43, p4l,
CA146, and MA proteins are shown. (B) Percentage of total truncated Gag
expressed that is released from the cell in a pelletable form. Data represent
averages of three experiments; standard deviations are indicated by error bars.
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FIG. 4. VLP density analysis. HeLa cells were singly transfected with pNL4-
3/PR™ (top panel) or pNL4-3/p41stop (second panel) or cotransfected with both
pNL4-3/PR™ and pNL4-3/p41stop (bottom panel). VLPs recovered from the
transfected cell supernatants were loaded onto 20 to 60% sucrose gradients. In
the third panel, VLPs derived from pNL4-3/PR™-transfected cells were mixed
with those from a fourfold-greater number of pNL4-3/p41stop-transfected cells
before sucrose gradient centrifugation. The second and third panels were inten-
tionally overexposed to allow visualization of the low-level p41 VLP-associated
material. Gag proteins were detected as described in the legend to Fig. 2.
Pr5592¢ and p41 are shown.

Gag displayed the hazy, diffuse localization pattern typical of
nonmyristylated Gag mutants (47, 48, 54). No differences in
localization pattern were observed between cells expressing a
mutant that is readily incorporated into VLPs (1GA/NC35,
Fig. 6C) and cells expressing a truncated Gag that is not effi-
ciently incorporated (1GA/CA146, Fig. 6D). Thus, we con-
clude that differential Gag localization does not explain the
inability, evident in Fig. 5, of IGA/MA or 1GA/CA146 Gag to
interact with full-length Gag and become incorporated into
VLPs.

Strong Gag-Gag interaction domains are not necessary for
efficient binding of HIV-1 Gag to membrane. To examine the
relationship between Gag-Gag interaction and membrane
binding, we next measured the ability of the truncated Gag
proteins to bind membrane. We performed membrane flota-
tion centrifugation (Fig. 7), which we and others have previ-
ously used to analyze steady-state HIV-1 Gag membrane bind-
ing (37, 39, 48). This method can distinguish oligomeric, non-
membrane-bound Gag complexes from membrane-bound
Gag, a separation that cannot be achieved by conventional
subcellular fractionation techniques. In a previous study, we
used this approach to confirm that MA binds membrane much
less efficiently than does full-length Gag and to demonstrate
that mutations near the N terminus of MA impair Gag mem-
brane binding without affecting the addition of myristate (37).
HeLa cells were transfected with pNL4-3/PR™ or pNL4-3 de-
rivatives expressing the C-terminal Gag truncation mutants.
Postnuclear supernatants of cell homogenates were subjected
to membrane flotation centrifugation, followed by Western
blotting analysis of the fractions derived from the centrifuga-
tion (Materials and Methods). Fractions 3 and 4 contain mem-
brane-bound material; non-membrane-bound proteins are re-
covered in fractions 9 and 10 (37) (see Materials and
Methods). Consistent with previous data obtained in HeLa
cells (37, 39) approximately 40% of full-length Pr559?¢ was
recovered in the membrane-containing fractions (Fig. 7),
whereas approximately 3% of MA floated to fractions 3 and 4.
NC35, p43, and p4l showed approximately 75, 50, and 25%
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FIG. 5. Coexpression of full-length Gag with nonmyristylated (1GA) forms
of the truncated Gag proteins. (A) HeLa cells were singly transfected with
pNL4-3/PR™ (lanes -) or cotransfected with pNL4-3/PR™ and pNL4-3 deriva-
tives expressing the indicated truncated Gag proteins. Cell- (left panel) and VLP-
(right panel) associated material was analyzed as described in the legend to Fig.
2. The positions of the full-length Gag precursor Pr556, NC35, p43, p4l,
CA146, and MA proteins are shown. (B) Percentage of total truncated Gag
expressed that is released from the cell in a pelletable form. Data represent
averages of three experiments; standard deviations are indicated by error bars.

membrane binding, respectively. Interestingly, CA146 was re-
covered in membrane fractions to the same extent as full-
length Pr559“¢ (approximately 40%). These results, together
with the data presented in Fig. 2, 3, and 5, indicate that strong
Gag-Gag interaction domains are not required for HIV-1 Gag
to achieve a high level of membrane binding.

The data presented in Fig. 3 and 5 indicate that truncation
mutants lacking NC and the C terminus of CA are very inef-
ficiently incorporated into VLPs upon coexpression with
Pr55922, These results suggest that these mutants are unable to
interact strongly with full-length Gag. To examine whether MA
and CA146 might interact with Pr559¢ in the cell but not be
incorporated into VLPs, we performed the following experi-
ment. pNL4-3PR™ was cotransfected with 1GA (nonmyristy-
lated) derivatives of pNLA4-3/MAstop, CA146stop, or NC35stop.
Postnuclear supernatants were subjected to membrane flota-
tion centrifugation, and the distribution of Gag was deter-
mined by Western blotting. The results indicated that 1GA/
NC35 Gag was recruited by Pr559°¢ into the membrane
fraction with an efficiency that was markedly higher than the
efficiency with which either 1GA/MA or 1GA/CA146 was re-
cruited to the membrane (data not shown). These observations
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FIG. 6. Confocal microscopy of Gag-expressing cells. HeLa cells were transfected with pNL4-3/PR™ (A), pNL4-3/1GA/PR™ (B), pNL4-3/1GA/NC35stop (C), or
pNL4-3/1GA/CA146stop (D) and examined by confocal microscopy as described in Materials and Methods.

support the conclusion, drawn from the VLP incorporation
data, that MA and CA146 interact only weakly with full-length
Gag.

DISCUSSION

In this study, we demonstrate that the region of HIV-1 Gag
spanning the C-terminal domain of CA, p2, and the N-terminal
35 amino acids of NC promotes strong Gag-Gag interaction
(Fig. 2, 3, and 5). Extension of Gag from amino acid 146 of CA
(CA146) to residue 35 of NC (NC35) incrementally increases
truncated Gag incorporation into VLPs through interaction
with full-length Pr552¢. It is therefore likely that multiple
sequences act cooperatively to promote Gag multimerization
during assembly, either by contributing directly to Gag-Gag
interaction or by influencing the conformation of interacting
sequences. Although truncations that remove the C-terminal

domain of CA and downstream sequences block the ability of
truncated molecules to interact with full-length Pr55°¢ and
become packaged into VLPs, a truncated version of Gag con-
taining only MA and the N-terminal domain of CA (CA146) is
capable of high-level membrane binding (Fig. 7). These results
indicate that strong Gag-Gag interaction domains are not re-
quired for efficient binding of Gag to membrane.

It is well established that MA binds membrane quite weakly
relative to full-length Pr5592¢ (21, 37, 48, 63). It has been
proposed that after Pr5592 cleavage, MA undergoes a con-
formational transition that results in the sequestration of the
N-terminal myristate moiety and a reduction in membrane-
binding potential (see Introduction). The difference between
MA and CA146 in membrane-binding ability can also be ex-
plained by this conformational switch model: the addition of
the N-terminal domain of CA to MA may induce a conforma-
tional change in the MA domain that exposes membrane-
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FIG. 7. Effects of C-terminal truncation on Gag membrane (memb.) binding.
HeLa cells were transfected with pNLA4-3/PR™ (Pr5592) or its derivatives ex-
pressing the indicated truncated Gag proteins. Postnuclear supernatants were
prepared and subjected to equilibrium flotation centrifugation (Materials and
Methods), during which membrane-bound material floated to the interface be-
tween 10 and 65% sucrose (fractions 3 and 4). Gag proteins were detected as
described in the legend to Fig. 2.

binding determinants, including the N-terminal myristate. We
consider it unlikely that the N-terminal domain of CA itself
functions directly in promoting membrane binding, since cryo-
electron microscopy of immature HIV-1 particles suggests that
Gag sequences C-terminal to MA are oriented away from the
membrane in a rod-like fashion (14). The hypothesis that ef-
ficient membrane binding of CA146 is highly dependent on its
conformation is supported by our observation that the addition
of a short polypeptide sequence (the FLAG epitope tag) to the
C terminus of CA146 significantly reduces its membrane-bind-
ing ability (A. Ono and E. O. Freed, unpublished data). In an
attempt to define further the amount of CA sequence neces-
sary to obtain high-level membrane binding, we constructed
Gag truncation mutants which terminated at CA residue 14
(CA14) or 93 (CA93). However, poor detection or instability
of these truncated molecules hampered our efforts to defini-
tively determine their membrane-binding properties (unpub-
lished data).

Although the MA and CA146 Gag proteins are unable to
coassemble with full-length Gag into VLPs, we cannot exclude
the possibility that they may retain some ability to form low-
order multimers. It has been reported that p17(MA) as well as
p41 (MA-CA) Gag proteins can form trimers in a baculovirus
overexpression system (35), and SIV MA is reportedly capable
of forming VLPs (18, 19). HIV-1 MA has also been observed
by some (56) but not by others (18) to form low-density par-
ticles. We find a low level of pelletable material produced by
expression of MA. Nevertheless, it is clear that the determi-
nants for strong Gag-Gag interaction (as defined by the ability
to promote copackaging with full-length Gag in VLPs) are
located downstream of the sequences present in CA146. Con-
sistent with these results, Gag molecules truncated after MA or
between the N- and C-terminal domains of CA did not interact
with full-length Gag in an in vitro multimerization assay (6),
and a truncated Gag molecule (p41) lacking NC was unable to
form high-molecular-weight, detergent-resistant complexes in
Gag-expressing cells (30). We also observed that 1GA/NC35
was recruited into membrane fractions much more efficiently
than 1GA/MA or 1GA/CA146 when coexpressed with full-
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length Pr559¢ (Ono and Freed, unpublished data). This in-
tracellular interaction assay confirms the data obtained with
the VLP incorporation studies and supports the conclusion
that the region of Gag spanning the C terminus of CA to the
N terminus of NC promotes strong Gag-Gag interactions.

The inability of myristylated or nonmyristylated MA and
CA146 to become incorporated into VLPs upon coexpression
with full-length Gag does not appear to be due to differential
subcellular localization of the truncated and full-length mole-
cules. Examination by confocal microscopy of cells expressing
1GA/NC35 (which is readily incorporated into VLPs) and
1GA/CA146 (which is not efficiently incorporated) revealed no
differences in subcellular localization (Fig. 6). In addition, sev-
eral lines of evidence suggest that Gag multimerization may
occur efficiently between two Gag molecules which, when ex-
pressed alone, are differentially targeted. (i) As demonstrated
here and previously (6), nonmyristylated HIV-1 Gag readily
interacts with myristylated Gag and becomes packaged into
VLPs despite the fact that the nonmyristylated protein displays
a diffuse, cytoplasmic localization pattern, whereas the myri-
stylated protein shows a punctate, largely plasma membrane-
associated distribution (Fig. 6) (38). (ii) We recently demon-
strated that mutant Gags that are retargeted to the Golgi as a
result of substitutions in MA are efficiently rescued into VLPs
when coexpressed with the wild type (38). (iii) A study of the
incorporation of HIV-1 Gag-B-galactosidase fusion proteins
into VLPs indicated that the ability of various truncated mol-
ecules to become incorporated did not correlate with their
patterns of subcellular localization (54). Together, these re-
sults suggest that Gag-Gag interactions may take place early
after synthesis before sorting to different subcellular compart-
ments takes place.

It is noteworthy that incorporation of truncated Gag pro-
teins, especially NC35, p43, and p41, into VLPs is higher for
myristylated than for nonmyristylated forms of the truncated
molecules (Fig. 3 and 5). This observation suggests that mem-
brane binding may facilitate Gag-Gag interaction by concen-
trating Gag molecules on the cytoplasmic surface of the plasma
membrane. Thus, although membrane binding is clearly not
required for Gag multimerization to occur (Fig. 5) (6, 31), it
may enhance the efficiency of Gag-Gag interaction. The higher
levels of VLP-associated Gag observed with myristylated forms
may also reflect the passive incorporation of molecules solely
due to their presence on the plasma membrane where virus
particle formation occurs.

It has been reported that sequences in the HIV-1 NC known
to promote Gag-Gag interaction (6, 7; this study) are required
for HIV-1 Gag to bind membrane at levels observed for full-
length Pr5592& (43, 47). These results led to the proposal that
NC is essential for efficient membrane binding or for the stable
retention of Gag at the membrane (43, 47). However, our
finding that the CA146 Gag protein, which lacks NC se-
quences, was recovered in membrane fractions to the same
extent as full-length Pr559?¢ (Fig. 7) clearly indicates that
strong Gag-Gag interactions promoted by NC are not neces-
sary for Gag to achieve a high level of membrane binding. The
discrepancy between these results in terms of a requirement
for NC in Gag membrane binding can be explained by two
major differences in the studies: (i) a Gag truncation mutant
analogous to CA146stop was not analyzed in the studies that
observed a low membrane-binding ability of Gag molecules
lacking NC sequences (43, 47), and (ii) we used membrane
flotation centrifugation instead of traditional fractionation
techniques to measure membrane binding. As we have dem-
onstrated previously (37), membrane flotation centrifugation
can separate membrane-bound material from non-membrane-
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bound Gag complexes, whereas standard fractionation tech-
niques fail to achieve this separation. Since NC promotes the
formation of Gag complexes, it increases the amount of pel-
letable Gag in fractionation assays. While CA146 binds mem-
brane at levels comparable to those of Pr5592¢, the increased
membrane-binding ability of p43 versus p41 and NC35 versus
p43 (Fig. 7) suggests that Gag multimerization may enhance
membrane-binding potential to some extent.

During the course of HIV-1 replication, Gag membrane
binding and virus assembly are driven not by the mature Gag
proteins but by the Pr552¢ precursor. Thus, information re-
lating to the structure of the MA domain of Pr559¢ would be
highly informative for the understanding of the late stages of
the virus replication cycle. At this time, the structure of only
the mature, nonmyristylated MA protein is available (22, 32,
33, 44). Because of its large size, attempts to obtain nuclear
magnetic resonance spectroscopy or X-ray crystallography data
with full-length Pr55%%¢ would be a technically daunting task.
However, since it binds membrane at levels comparable to
full-length Pr552¢, the myristylated CA146 protein may prove
useful in solving the structure of the membrane-binding-com-
petent form of HIV-1 MA.
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