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Abstract

The X-ray crystallographic structure of HIV-1 capsid protein suggests that the dimer interface of the
dimerization domain is mainly formed from a putative a-helix structure of 14 amino acids (Gag residues
311–324) and lies directly C-terminal to the capsid major homology region. We found that a deletion
mutation in the a-helix drastically reduces virus particle production. Alanine-scanning mutagenetic analysis
indicated that substitution mutations at residues Q311, V313, K314, W316, and M317 all impair virus
particle production markedly. Membrane flotation assays suggested that some mutations in the dimer
interface have slight effects on the efficient binding of Gag to membranes. Indirect immunofluorescence
studies revealed that mutants defective in virus production exhibit a subcellular distribution pattern similar
to that of wild-type. However, velocity sedimentation analysis showed that mutations significantly
impairing virus particle production were also detrimental to Gag multimerization, suggesting that the
impaired virus production may be due to a defect in Gag multimerization. These results support the
proposal that residues in the capsid dimer interface play a crucial role in promoting Gag multimerization,
possibly by facilitating stable Gag–Gag interactions.

Introduction

The major structural protein of all retroviruses,
including human immunodeficiency virus (HIV), is
encoded by gag [reviews, 1–3]. In HIV, the Gag
sequence is synthesized initially as a polyprotein
precursor, Pr55gag. During or after virus budding,
Pr55gag is proteolytically processed by the viral
protease (PR) into four major products: matrix
(MA; p17), capsid (CA; p24), nucleocapsid (NC;
p7), and the C-terminal p6 [4–7]. In addition, there
are two small spacer peptides termed SP1 and SP2
which separate NC from CA and p6, respectively.

The PR-mediated processing of virus particles is
not required for virus particle assembly, but is
essential for virus infectivity [8–11]. Besides PR,
the enzymes required for virus replication are also
encoded by pol. These include the reverse trans-
criptase (RT), RNase H, and integrase (IN). The
HIV-1 Pol sequence is synthesized as a Gag-Pol
polyprotein [12] and is incorporated into virions
by interaction with Pr55gag through its N-terminal
Gag domain [13–16].

In the absence of other viral components,
expression of gag alone is sufficient for production
of virus-like particles, which suggests that the Gag
precursor contains the information necessary to
direct virus particle assembly and budding [17, 18].
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Functions involving Gag transport, assembly, and
budding have been ascribed to specific domains,
referred to as the membrane binding (M), interac-
tion (I), or late assembly (L) domains. In HIV-1,
the M domain, located at the N-terminal end of
MA, consists of a co-translationally modified
myristylation signal and a cluster of basic residues.
Mutations at the M domain disrupt membrane
association and plasma membrane targeting of
Gag, resulting in disruption of virus particle
production [19–22]. The I domain, thought to be
responsible for Gag–Gag interaction, mainly lies
in NC. NC mutations result in reduction of virus
particle production and affect virus particle den-
sity, presumably by interfering with proper Gag
packaging [23–26]. In addition to NC, HIV-1 CA
is also functionally involved in Gag–Gag interac-
tions that are required for virus assembly [27–30].
The HIV-1 L domain containing the PT/SAP
motif lies in the p6. Removal of p6 or mutations in
the L domain do not affect virus particle assembly
significantly, but markedly block the release of
virions from the cell membrane [review, 31].

A number of studies have shown that the gag
coding sequence can be extensively deleted without
significantly affecting virus-like particle assembly
and budding [32–34]. HIV gag mutants lacking the
sequence upstream of the CA major homology
region (MHR), but retaining the N-terminal my-
ristylation signal and the C-terminal L domain,
could still produce virus particles efficiently [35].
These data suggest that the C-terminal one-third
of the gag sequence contains domains necessary
for Gag assembly and release. There is an increas-
ing amount of published data on mapping of the
domains responsible for Gag–Gag interactions,
and such studies have implicated the C-terminal
CA and the downstream NC [36–39]. In particular,
it has been shown that deletion or some substitu-
tion mutations in MHR markedly reduce virus
particle production [27, 38, 40]. Several recent
studies have shown that the extreme C-terminal
sequence of CA and also SP1 play a key role in the
process of Gag multimerization and virus assem-
bly in HIV [36, 39, 41, 42]. In a previous study, we
found that a 14-codon deletion directly C-terminal
to MHR not only markedly reduced virus particle
production, but also significantly affected the
incorporation of HIV-1 Gag-Pol into wild-type
Gag particles [43], suggesting that this region may
be functionally involved in both Gag/Gag and

Gag-Pol/Gag interaction. Crystallography has
revealed that the dimer interface of the C-terminal
dimerization domain is formed by a putative
a-helix, which lies adjacent to the C-terminus of
MHR and consists of 14 amino acid residues [28,
44]. Point mutations in this region have been
reported to reduce virus particle production and
block CA dimerization in vitro [28], indicating that
the a-helix contributes to Gag–Gag interaction
during virus assembly. We extended the previous
study to elucidate the role of the a-helix in the
process of virus assembly. Our results indicate that
substitution mutations in this region can disrupt
virus assembly without significantly affecting the
subcellular distribution of Gag. However, the
oligomerization of Gag into high molecular weight
complexes is markedly affected by the mutations,
suggesting that the a-helix directly C-terminal to
the capsid MHR is required for efficient Gag
multimerization.

Methods

Plasmid construction

The HIV gag deletion mutants were derived from
recombination of BamHI-containing constructs.
Initially, a number of BamHI sites were created at
the following nucleotide positions by PCR-medi-
ated mutagenesis: 1715, 1758, 1802, 1884 and
1923. Recombination of the BamHI linker con-
structs 1715 and 1758, 1758 and 1802, 1802 and
1884, 1884 and 1923 yielded constructs D310–323,
D322–338,D339–365, and D368–378, respectively
(Figure 1). The D281–308 mutation, with a dele-
tion of the whole CA major homology region
(MHR), has been described previously [13]. To
construct alanine substitution mutants S310A,
Q311A, E312A, V313A, K314A, N315A,
W316A, M317A, T318A, and E319A, DNA frag-
ments containing the mutations were first gener-
ated by each of the mutation-containing primers
(Table 1) and a reverse primer, 2577–51 (50-ACT
GGTACAGTCTCAATAGGGCTAATG-30), using
HIVgpt [45] as template. Each of the resulting PCR
products was then used as a megaprimer for a
second round of PCR by using the forward primer
G80 (50-ATGAGAGAACCAAGGGGAAGTGT
GA-30). The PCR products were then digested
with Spe1 and BclI and ligated into HIVgpt. Each
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of the mutant constructs was analyzed by restric-
tion enzyme digestion and its identity confirmed
by DNA sequencing. The myristylation-minus
(Myr)) mutation, in which the second glycine
residue has been replaced by alanine, blocks Gag
membrane binding and virus production [46].

Each of thegag mutations was also introduced
into an HIV-1 Pr55gag expression vector, pGAG
[47], yielding a set of PR-defective versions

Cell culture and transfection

293T cells and HeLa cells were maintained in
DMEM supplemented with 10% fetal calf serum.
Confluent 293T cells were trypsinized, split 1:10
and seeded onto 10-cm plates 24 h before trans-
fection. For each construct, 293T cells were
transfected with 20 lg of plasmid DNA by the
calcium phosphate precipitation method [48], with
the addition of 50 lm chloroquine to enhance
transfection efficiency. For transfection of HeLa
cells, plasmid DNAs were mixed with lipofect-
amine 2000 (Invitrogen) at a ratio of 1 (lg):
2.5 (ll), and the transfection procedure followed
the manufacturer’s protocol.

Western immunoblot analysis

Culture media from transfected 293T cells were
filtered through 0.45-lm pore-size filters, followed
by centrifugation through 2 ml of 20% sucrose in
TSE (10 mM Tris–HCl, pH 7.5, 100 mM NaCl,
1 mM EDTA) containing 0.1 mM phenylmethyl-
sulfonyl fluoride (PMSF) at 4�C for 40 min at

Figure 1. Schematic representations of wild-type and mutant HIV-1 expression constructs. The wild-type (WT) Gag protein
domains MA (matrix; p17), CA (capsid, p24), major homology region (MHR), NC (nucleocapsid, p7) and p6; and the two small
spacer peptides SP1 and SP2 are indicated. The numbers indicate the Gag amino acid residue positions, and are used to denote
each of the mutant constructs with a deletion mutation in Gag. The boundaries of deleted Gag sequences are indicated (solid lines
and arrowheads). Asterisk (*) denotes the point mutation with alanine substitution at residues 310–319. The sequences and the
altered amino acid residues (boldface) in the mutated region are given.

Table 1. Nucleotide sequences of the primers used to create
the mutations.

Mutations Oligodeoxynucleotide

sequence (sense)

Altered

restriction

sites

S310A 50-gagc aagctgcacaggaggta-30 HindIII(-)

Q311A 50-gagcaagctt cagctgaggtaaaaaat-30 PvuII

E312A 50-gagc aagcatcacaggcggtaaaaaat-30 HindIII(-)

V313A 50-caa gctagccaggaggcaaaaaattg-30 NheI

K314A 50-tcacaggagg tggccaattggatgaca-30 MscI

N315A 50-c aagcatcacaggaggtaaaagcat

ggatg-30
HindIII(-)

W316A 50-aaaaatgagatgacaga aacgttgttg-30 AclI

M317A 50-taaaaaattgggcgacaga aacgttgttg-30 AclI

T318A 50-tggatggcaga aacgttgttggtc-30 AclI

E319A 50-tggatgacagc aacgttgttggtc-30 AclI

Nucleotides altered to create the alanine substitution mutants
are shown in boldface. The nucleotides underlined indicate a
silent mutation that creates a new restriction site or destroys the
original one (-).
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274,000� g (SW41 rotor at 40,000 rpm). The viral
pellets were then suspended in IPB (20 mM Tris–
HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1%
SDS, 0.5% sodium deoxycholate, 1% Triton
X-100, 0.02% sodium azide) containing 0.1 mM
PMSF. The cells were rinsed with ice-cold phos-
phate-buffered saline (PBS), scraped from the
plates, collected in 1 ml PBS, and pelleted at
2,500 rpm for 5 min. The cell pellets were resus-
pended in 250 ll of IPB containing 0.1 mM
PMSF, and then subjected to microcentrifugation
at 4 �C for 15 min at 13,700� g to remove cell
debris. The supernatant and cell samples were
mixed with equal volumes of 2� sample buffer
(12.5 mM Tris–HCl, pH 6.8, 2% SDS, 20%
glycerol, 0.25% bromophenol blue) containing
b-mercaptoethanol (5%), and boiled for 5 min.
Samples were subjected to SDS-PAGE and elec-
troblotted onto nitrocellulose membranes. The
membranes were blocked with 3% gelatin in
Tris-buffered saline containing 0.05% Tween 20
(TBST), followed by incubation with the primary
antibody in 1% gelatin-TBST for 1 h on a rocking
platform at room temperature. The membranes
were then washed three times for 10 min each with
TBST, and rocked for 30 min with the secondary
antibody in 1% gelatin-TBST. The blots were
again washed three times in TBST for 10 min each,
and the membrane-bound antibody-conjugated
enzyme activity was detected by an enhanced
chemiluminescence (ECL) detection system or by a
colorimetric method. For detection of HIV Gag
proteins, we used an anti-p24gag monoclonal
antibody (mouse hybridoma clone 183-H12–5C)
at a dilution of 1:5,000 from ascites, or an anti-
HIV-1 p24 monoclonal antibody (NEA-9306,
NEN Life Science Products Inc.) diluted 1:2,000.
The secondary antibody was either a horse anti-
mouse IgG alkaline phosphatase conjugate at
1:5,000 dilution (Vector Laboratories) or a sheep
anti-mouse horseradish peroxidase- (HRP)-conju-
gated antibody at 1:15,000 dilution. The Gag
proteins were visualized with a color reaction
solution of NBT/BCIP (Promega), or with an
enhanced chemiluminescence (ECL) kit according
to the manufacturer’s protocol (Pierce).

Indirect immunofluorescence

The protocol used for immunofluorescence was as
described previously [34]. Briefly, confluent HeLa

cells were split 1:80 and seeded onto coverslips
24 h before transfection. Two days after transfec-
tion, the cells were fixed at 4�C for 20 min in ice-
cold PBS containing 3.7% formaldehyde. They
were then washed once with PBS and once with
DMEM containing 10% heat-inactivated calf
serum (DMEM/calf serum) and permeabilized at
room temperature for 10 min in PBS containing
0.2% Triton X-100. The samples were incubated
with primary antibodies for 1 h and with second-
ary antibodies for 30 min. Following each incuba-
tion, the slides were subjected to three 5- to 10-min
washes with DMEM/calf serum. The primary
antibody was a mouse anti-HIV-1 CA monoclonal
antibody at 1:500 dilution, and the secondary anti-
body was a rabbit anti-mouse rhodamine-conju-
gated antibody at 1:100 dilution (Cappel). After
the last DMEM/calf serum wash, the coverslips
were washed three times with PBS and mounted in
50% glycerol in PBS for viewing. Images were
taken using an Olympus AX-80 fluorescence
microscope.

Membrane flotation assays

At 48 h posttransfection, 293T cells were rinsed
twice, pelleted in PBS, and resuspended in TE
buffer (10 mM Tris–HCl, pH 7.4, 1 mM EDTA)
containing 10% sucrose, and Complete protease
inhibitor cocktail (Roche). Cell suspensions then
were homogenized in a Wheaton dounce type A
pestle followed by microcentrifugation at
3,000 rpm for 5 min at 4�C to remove nuclei and
cell debris. The postnuclear supernatants col-
lected were subjected to ultracentrifugation at
55,000 rpm for 15 min at 4�C (TLS-55 rotor,
Beckman). The pellets then were suspended in
TEN buffer (50 mM Tris–HCl, pH 7.4, 2 mM
EDTA, 150 mM NaCl) containing 10% sucrose
and Complete protease inhibitor cocktail. Two
hundred ll of the suspension was mixed with
1.3 ml of 87.5% sucrose in TEN buffer and placed
at the bottom of a centrifuge tube. Sucrose
solutions of 7 ml 65% sucrose and 1.5 ml 10%
sucrose in TN buffer were then layered on top of
this 1.5-ml mixture. The gradients were centrifuged
at 100,000� g for 16–18 h at 4�C. Ten 1-ml
fractions were collected from the top of the
centrifuge tube. The proteins in each of the
fractions were precipitated with ice-cold 10%
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trichloroacetic acid (TCA) and analyzed by
western immunoblot.

Velocity sedimentation analysis of cytoplasmic Gag
proteins

We adopted the protocol of Melamed et al. [39] to
analyze the cytoplasmic Gag complex. Briefly, cells
were rinsed twice with PBS, pelleted and resus-
pended in 1 ml TEN buffer containing Complete
protease inhibitor cocktail followed by homogeni-
zation as described above. The cell lysates then
were centrifuged at 3000 rpm for 20 min at 4 �C.
Five hundred microliter of the postnuclear super-
natants were mixed with an equal amount of TEN
buffer, and were then applied to the top of a pre-
made 25–45% discontinuous sucrose gradient.
This gradient was prepared in TEN buffer con-
taining 1 ml of each of 25%, 35%, and 45%
sucrose. The gradient was then centrifuged at
130,000� g for 1 h at 4�C. Four 1-ml fractions
were collected from the top of the centrifuge tubes.
The proteins present in aliquots of each fraction
were precipitated with 10% TCA and subjected to
western blot analysis as described in the membrane
flotation assay.

Results

Deletion or substitution mutations in the a-helix
directly C-terminal to the CA MHR diminish virus
particle production markedly

We have found previously that a deletion of 14
amino acid residues (D310–323) immediately
C-terminal to the major homology region
(MHR) of HIV-1 CA dramatically blocks virus
assembly, and it also markedly affects the incor-
poration of Gag-Pol into Gag particles when
introduced into an HIV-1 Gag-Pol expression
vector [43]. This suggests that the sequence span-
ning the 14 amino acid residues may be function-
ally involved in the process of virus assembly.
Since the C-terminal CA domain including the
MHR is the domain primarily responsible for Gag
assembly, we initially constructed a number of
C-terminal CA deletion mutations (D281–308,
D322–338, and D339–365; Figure 1), and com-
pared the effect of these mutations on virus
assembly with that of D310–323. Because the

sequence covering the CA-SP1 boundary has
recently been reported to play a crucial role in
virus assembly [32, 41, 42], a construct with
deletion of the SP1 domain (D368–378) was also
included in this study.

Wild-type (wt) and mutant constructs were
transiently expressed in 293T cells, and virus
particle assembly and processing were analyzed
by western immunoblot. The results shown in
Figure 2 suggest that all the mutations affected
virus assembly, in accordance with the proposal
that the C-terminal CA domain is critical for virus
assembly. Mutations D310–323, D281–308, and
D368–378 appear to be more detrimental to
virus production than mutations D322–338 and
D339–365. Most of the mutants were defective in
particle processing, as substantial quantities of
Gag remained in unprocessed or partially pro-
cessed forms (Figure 2A, lanes 2–5).

Since the MHR is well-known for its impor-
tance in virus assembly, and since the roles of the
C-terminal sequence of CA and the CA-SP1
boundary in virus assembly have been both well
established, we concentrated on elucidating the
role of the Gag residues 310–324 in the process of
HIV assembly. To this end, we employed alanine-
scanning mutagenetic analysis. Each of the Gag
residues from 310 to 319 was individually replaced
with alanine (Figure 1), and the resultant mutants
were examined for their ability to assemble and
process virus particles. The results shown in
Figure 3 indicate that all of the mutants had a
steady-state expression level comparable to that of
wt; however, some of the mutations had moder-
ately to significantly impaired virus particle pro-
duction. In particular, mutants Q311A, K314A,
and W316A were markedly defective in virus
production, all producing virions at a level below
30% of that of wt. This suggests that residues
Q311, K314, and W316 are critical for virus
particle production. Compared to the processing
profile of wt, where the mature p24gag represents
the major species of virus-associated Gag, mutants
Q311A and M317A both had substantial amounts
of Gag unprocessed or incompletely processed
(Figure 3A, lanes 4 and 11; Table 2). To test
whether PR activity has any effect on virus particle
production, all the mutants were expressed in a
PR-defective version. We found that the level of
virus-associated Gag precursor for each of the
mutants was not significantly increased (data not
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shown), suggesting that the defect in virus particle
production is independent of the PR-mediated
particle processing

Most of the mutations reducing virus particle
production have no significant effects on the
membrane binding and subcellular distribution
of Gag

Because membrane association is a prerequisite for
HIV Gag assembly and budding, and because
point mutations in the MHR [49] or in the CA-SP1
boundary have been reported to diminish mem-
brane binding of Gag [37, 41, 42], we performed
membrane flotation assay to assess the membrane

binding capacity of our mutants. To distinguish
membrane-associated Gag from free cytoplasmic
oligomerized Gag, crude membrane pellets were
prepared and subjected to membrane flotation as
described in Methods. Band densities in fractions
1–3 were divided by the total band densities of
factions 1–10 and multiplied by 100 to obtain
percentage of membrane-bound protein for each
construct (Figure 4). Analysis indicates that over
90% of the pelletable S310A, Q311A, and M317A
were membrane-associated, a result that is com-
parable to that of wt. In contrast, less than 5% of
the myristylation-minus (myr-) Gag, which has
been shown to be defective in membrane binding
[46], is membrane-associated. The D310–323

Figure 2. Assembly and processing of wild-type and mutant HIV Gag proteins. (A) 293T cells were transfected with 20 lg of
the designated plasmid. At 48 h posttransfection, culture supernatants and cells were collected and prepared for protein analy-
sis as described in Materials and methods. Viral pellet samples (lanes 1–6) corresponding to 50% of the total samples, and cell
lysate samples (lanes 7–12) corresponding to 5% of the total samples, were fractionated by SDS-PAGE (10%) and electroblot-
ted onto a nitrocellulose filter. HIV Gag proteins were probed with a mouse monoclonal antibody directed against the N-ter-
minal part of CA (p24gag). The positions of HIV Gag proteins Pr55, p41, p24/25, and p24 are indicated on the left. (B)
Relative levels of virus particle production. Virus-associated Gag proteins were quantified by scanning mutant and wild-type
p24gag-associated band densities from immunoblots. The total arbitrary densitometer units of each mutant were normalized to
that of the wild type in parallel experiments. Values of the ratios indicate the relative levels of virus particles released. Error
bars indicate standard deviation.
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showed moderately reduced membrane affinity,
with about 30% of Gag aggregates were unable to
bind to membranes. Mutants V313A, K314A, and
W316A also exhibited a slightly reduced mem-
brane binding capacity, with 5–15% of the cyto-
plasmic Gag were membrane-free. These results
suggest that some mutations in the region adjacent
to the C-terminus of MHR can affect the mem-
brane binding of Gag. We also performed indirect
immunofluorescence experiments to determine the
subcellular distribution of the mutants. Figure 5
shows that mutants Q311A (B), K314A (C),
W316A (D), M317A (E), and D310–323 (F), which
were defective in virus particle production, all
exhibited a fluorescence staining pattern similar to
that of wt (A), with a heterogenous cytoplasmic
staining and perinuclear ring, suggesting that the
mutations do not significantly affect the subcellu-
lar distribution of Gag.

The substantially reduced ability of the mutants to
produce virions is probably due to a defect in Gag
multimerization

Since most of the point mutations showed no
significant effects on the membrane association
and intracellular distribution of Gag, the dimin-
ished ability of the Gag mutants to produce virus
particles may be due to a failure of the Gag
molecules to undergo appropriate multimerization
required for virus-like particle formation, as a

consequence of impaired Gag–Gag interactions
induced by the point mutations. To test this
possibility, cell lysates containing Gag proteins
were subjected to velocity sedimentation analysis
by centrifugation through a 25–45% sucrose
gradient. Gag mutants defective in oligomerization
would be unable to form higher molecular-weight
complexes required for particle formation, and
thus they would remain in the lower sucrose
density fractions. As shown in Figure 6, wt virus-
like particles (VLP) and cytoplasmic Gag were
recovered mostly in the high sucrose density
fractions (fractions 3 and 4), which is consistent
with a previous report [39]. The assembly-compe-
tent mutant E312A and the mutant E319A which
produced virions at a level over 70% of that of wt,
showed sedimentation of cytoplasmic Gag mostly
in fractions 3 and 4. In contrast, most of the
mutants that were markedly defective in virus
production (below 50% of the wt level), S310A,
Q311A, V313A, K314A, W316A, M317A, and
D310–323, could not undergo multimerization as
well as the wt, as most of them were afloat in
fractions 1 and 2. Although E312A and E319A
had similar sedimentation pattern, the E312A
produced much more virus particles than
E319A. This suggests that E319A may have a
defect in the process of virus budding though it can
undergo multimerization efficiently. These data
support the conclusion that the reduced efficiency
of virus production in these mutants is mainly due
to a defect in the process of multimerization of
Gag into virus-like particles.

Discussion

We have demonstrated that removal of 14 amino
acid residues adjacent to the C-terminus of the
HIV-1 CA major homology region (MHR) dras-
tically reduces virus particle production. The HIV-1
capsid C-terminal domain (CTD), including the
MHR and the adjacent downstream sequence, is
required for capsid dimerization and has been
referred to as the dimerization domain. The
dimerization domain contains four a-helices fol-
lowed by a structurally disordered segment that
consists of the last 12 or 13 residues of CA [28, 44,
50]. Although the CTD has been well known for its
importance in HIV assembly, the extent of damage
to virus particle production may vary depending

Table 2. Processing of HIV-1 Gag mutants.

WT S310A Q311A E312A

Pr55 26±1 24±1 40±2 23±1

p41 21±1 17±2 19±4 25±1

p24 52±3 61±4 41±3 50±2

V313A K314A N315A W316A

Pr55 22±1 31±2 22±1 23±1

p41 14±4 22±7 22±1 9±3

p24 64±5 46±5 55±2 68±3

M317A T318A E319A

Pr55 36±4 24±1 19±1

p41 31±2 13±1 20±2

p24 33±2 63±1 60±1

Virus-associated Gag proteins were quantified by a densitom-
eter as described in the legend to Figure 2B. Percentages of
Pr55gag, p41gag, and p24gag were obtained by dividing the
individual density unit by the total Gag protein density units
and multiplying by 100. All were derived from at least three
independent trials each

651



on the boundary of gag coding sequence that has
been deleted. Deletion of the MHR or the region
adjacent to MHR (D310–323) seems to be more
detrimental to virus production than the other three
deletions (D322–338, D339–365, and D368–378)
located distal to the MHR. The severe defect of
D310–323 in virus particle production is not
surprising, as a number of studies have demon-
strated the importance of the MHR in virus
assembly [27, 38, 40]. Contrary to our results, an

HIV mutant lacking the MHR (D283–305) has
previously been shown to be capable of producing
virus particles at a level over 50% of that of wt
[16]. This discrepancy could be due to our MHR
deletion mutant (D281–308) having a more exten-
sive deletion that includes the sequence flanking
the MHR. In addition, the possibility that the
discrepancy can be attributed to the different
systems employed cannot be excluded. The
D310–323 mutant containing a replacement of

Figure 3. Effects of alanine substitutions on assembly and processing of HIV Gag proteins. (A) 293T cells were transfected with
20lg of the designated plasmids. At 48 h posttransfection, culture supernatants were collected, filtered, and pelleted through 20%
sucrose cushions. Viral pellet samples (lanes 1–13) and cell lysate samples (lanes 14–26) were prepared for protein analysis as de-
scribed in the legend to Figure 2. Membrane-bound HIV proteins were probed with a mouse anti-HIV-1 CA monoclonal antibody
followed by a horse anti-mouse alkaline phosphatase-conjugated antibody as secondary antibody. Positions of the HIV Gag pro-
teins Pr55, p41, p24/25, and p24 are indicated on the left. (B) Relative levels of virus-associated Gag proteins. Virus-associated
Gag proteins in each sample were quantified by scanning p24gag-associated band densities on the immunoblot. Ratios of total Gag
protein levels were calculated for each of the samples, and normalized to that of the wild type in parallel experiments. Error bars
indicated standard deviations.
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deleted sequence with two foreign residues, R and
I, has the a-helix 2 (residues 311–324) almost
deleted. Crystallography studies have suggested
that the CTD (residues 278–363) dimerizes by
parallel packing of a-helix 2 across the dimer
interface [28]. Thus, removal of a-helix 2 may
disrupt Gag–Gag interaction and consequently
abolish production of virus particles.

The disordered region at the C-terminal do-
main of CA contains a highly conserved glycine-
rich domain, 353-GVGGPG-358, and the residues
359-HKARVL-364 which constitutes the N-termi-
nal portion of a putative a-helix extending to SP1.
Point mutations at these regions have been shown
to markedly reduce particle production [32, 36, 37,
39, 41]. In addition, point mutations in SP1
impaired both membrane binding and multimeri-
zation of Gag [41]. However, either the D339–365,
which lacks the disordered region, or the D368–
378, does not eliminate virus particle production
(Figure 2). To test whether this discrepancy is due
to a difference in the system employed, we created
a number of alanine substitution mutants H359A,
K360A, and M368A, and compared the effects of
these mutations on virus production with those of
D339–365 and D368–378. We found that H359A

Figure 4. Membrane flotation analysis of HIV Pr55gag pro-
teins. 293T cells were transfected with the PR-defective ver-
sion of the wild type or designated mutants. Two days after
transfection, the harvested cells were homogenized and the
cell lysates were subjected to equilibrium flotation centrifuga-
tion analysis as described in Materials and methods. A total
of 10 fractions were collected, from the top downwards. Ali-
quots of each fraction were resolved by SDS-PAGE (10%),
and probed with a monoclonal antibody directed against
HIV-1 CA. During ultracentrifugation, membrane-bound Gag
proteins floated to the 10–65% sucrose interface and became
enriched in fraction 2.

Figure 5. Detection of HIV Pr55gagproteins in HeLa cells by indirect immunofluorescence. HeLa cells grown in coverslips were
transfected with the PR-defective version of the wild type (A) or mutants Q311A (B), K314A (C), W316A (D), M317A (E), and
D310–323 (F). At 48 h posttransfection, the cells were fixed and permeabilized for immunofluorescence assays as described in
Materials and methods. The primary antibody was a mouse monoclonal antibody directed against HIV-1 CA (1:500), and the sec-
ondary antibody was a 1:100 dilution of a rhodamine-conjugated rabbit anti-mouse antibody. Mock-transfected HeLa cells and
cells not exposed to the primary antibody yielded no signals (data not shown).
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and M368A both diminished virus production
profoundly at a level comparable to that of the
same point mutations in previous reports [39, 42].
Compared with the deletion mutations D339–365
and D368–378, point mutations H359A and
M368A appeared to cause more severe damage
to virus production (data not shown). It is
conceivable that potentially deleterious interac-
tions induced by the point mutations may have
been removed altogether in the D339–365 and
D368–378 mutations.

Of the N-terminal 10 amino acid residues
deleted in D310–323 residues S310, E312, V313,
W316, M317, and E319 have been proposed to lie
in the C-terminal dimer interface shown by crys-
tallographic studies. It has been demonstrated
previously that alanine substitutions at either
residue W316 or M317, both located at the center
of the dimer interface (a-helix 2), block CA
dimerization in vitro [28] or markedly reduce virus
particle production, while mutations E312A and
Q324A, both located in the peripheral dimer
interface, have no adverse effects on particle
production [28, 30]. We observed similar results
by alanine substitution at residues E312, W316, or
M317 (Figure 3). However, in contrast to the
E312A mutation, mutations Q311A and K314A
markedly impair virus particle production, even
though neither is located at the center of the a-
helix and neither belongs to the dimer interface
residues [50]. Velocity sedimentation analysis of
the intracellular Gag mutants indicated that there
is good agreement between the degree of impair-
ment in virus particle production and the extent of
the defect in Gag multimerization (Figure 6).
These data support the idea that the CA residues
of a-helix 2 play a role in facilitating Gag
multimerization, possibly by promoting or stabi-
lizing the Gag–Gag interactions. Residues Q311
and K314 may make a significant contribution to
the stability of the dimer through hydrophobic
interactions with the dimer interface residues.
Thus, mutations in either residue could disrupt
Gag multimerization by reducing the intermolec-
ular Gag–Gag interaction, thus resulting in abol-
ishment of virus particle production.

Mutations in the C-terminal disordered region
of CA or in SP1 have been shown to impair both
membrane binding and multimerization of Gag,
and consequently, to reduce virus particle produc-
tion [37, 41]. However, another research group [39]

has demonstrated that the same C-terminal point
mutations have no significant effect on the mem-
brane-binding ability of Gag although, in agree-
ment with the previous report, they are
detrimental to both Gag multimerization and
virus particle production. Electron microscopy
revealed that rod-like structures protrude from
cells that express the multimerization-defective
mutants, suggesting a defective budding of the
C-terminal CA mutants [39]. It remains to be
determined whether mutations in a-helix 2 have
any effect on the process of virus budding.
However, it is clear that point mutations either
in the center or at the periphery of the dimer
interface appears to have no great effect on the

Figure 6. Velocity sedimentation analysis of cytoplasmic Gag
precursor complexes. 293T cells were transfected with 20 lg
of the PR-defective version of the constructs indicated. Two
days after transfection, the cells were homogenized and ex-
tracted cytoplasmic lysates were centrifuged through a 23, 35,
and 45% sucrose step gradient at 130,000� g for 1 h. As a
control, ‘VLP’ (virus-like particle)-containing pellets derived
from concentrated wild-type HIV Gag particles were centri-
fuged through the gradient in parallel. Fractions were col-
lected from the top of the gradient. Aliquots of each fraction
were subjected to SDS-PAGE (10%), and probed with a
monoclonal antibody directed against HIV-1 CA.
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membrane binding and subcellular distribution of
Gag, despite the fact that the mutations have
affected Gag multimerization significantly (Fig-
ures 4–6). This supports the notion that strong
Gag–Gag interaction may not be required for the
efficient binding of HIV-1 Gag to membranes [51,
52]. However, there is a possibility that Gag
multimerization may promote or stabilize the
binding of Gag complexes to membranes under
certain circumstances [53]. This may explain in
part why the multimerization-defective D310–323
mutant had slightly reduced membrane binding
capacity. In conclusion, our results suggest that
residues situated in the a-helix directly C-terminal
to the MHR are required for efficient Gag multi-
merization, a critical step in virus assembly during
virus replication.
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