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The nucleocapsid (NC) domain of the retrovirus Gag protein plays several important roles in the viral life
cycle, including virus assembly, viral genomic RNA encapsidation, primer tRNA placement, and enhancement
of viral reverse transcription. In this study, deletion of NC domain of human immunodeficiency virus type 1
(HIV-1) Gag was found to drastically reduce virus particle production in CD4* T cells. Cellular fractionation
experiments showed that although most of the uncleaved wild-type HIV-1 Gag, unmyristylated Gag, and p6%*2
domain-truncated Gag molecules copurified with the host cell cytoskeleton, most of the mutant Gag molecules
lacking both the NC and p6©*¢ domains failed to cofractionate with cytoskeleton. In wild-type virus-infected
cells, in which the viral protease was active, the cleaved NCp7 copurified with the cytoskeleton, whereas most
of the MAp17 and CAp24 did not. Monoclonal antibody against actin coimmunoprecipitated full-length Gag
and p6©*¢ domain-truncated Gag molecules from cell lysates but failed to precipitate the truncated mutant
Gag molecules lacking NC plus p6%?¢. Purified recombinant NCp7, but not CAp24, was able to bind F-actin
in cosedimentation experiments. Furthermore, wild-type NCp7 and a zinc finger mutant NCp7(F16A), like a
cellular actin-binding protein (the villin headpiece), bound F-actin in a dose-dependent fashion in vitro.
Taken together, these results suggest that HIV-1 NCp7 can bind F-actin directly and that interaction between
HIV-1 Gag and the actin cytoskeleton through the NC domain may play an important role in HIV-1 assembly

and/or other steps of the viral life cycle.

In the case of most retroviruses, with the possible exception
of foamy viruses (3, 23), the Gag molecule can act alone to
direct the assembly and release of immature virus-like particles
(32, 60, 62). Several functional virus assembly domains in Gag,
including a membrane binding domain (M), an interaction
domain (I), and a late virus budding domain (L) (32, 60, 62),
have been proposed to exist. However, with the exception of
membrane targeting and binding, the functions of virus assem-
bly domains I and L remain to be defined.

The Gag molecule of human immunodeficiency virus type 1
(HIV-1) is initially synthesized as a 55-kDa polyprotein pre-
cursor (Pr559?€) and subsequently cleaved by the viral pro-
tease encoded in the pol gene region to yield the matrix
(MAp17), capsid (CAp24), nucleocapsid (NCp7), p6<?¢, and
two spacer peptides P2 and P1 (30). MAp17 contains a major
determinant for plasma membrane targeting and binding (35),
the M domain; both the N-terminal myristylation (8, 28, 58, 66,
69) and internal (20, 24, 58, 66, 69) amino acid sequences of
MAp17 are important for plasma membrane targeting and
binding. NCp7 can function as an I domain when fused with
the Rous sarcoma virus Gag molecule (5) and is known to be
critical for HIV-1 assembly (15, 19, 54, 67, 68). The L domain
of HIV-1 Gag maps to the p6°?¢ region, which is required for
efficient virus release (27, 31, 47, 57, 65).

Retroviral Gag molecules are first synthesized in the cyto-
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plasm and then subsequently transported to the site of virus
budding on the plasma membrane. During transport, Gag mol-
ecules directly or indirectly encounter the host cell cytoskel-
eton, which comprises microtubule filaments, intermediate
filaments, and actin microfilaments. Increasing evidence is ac-
cumulating to indicate that cytoskeleton components, espe-
cially actin microfilaments, play an important role in HIV-1
assembly. In HIV-1-infected T cells and macrophages, actin
and HIV-1 Gag proteins are colocalized in the pseudopod
structures, where virus budding is concentrated (48, 50), and
interaction between HIV-1 Gag precursor molecules and actin
has been reported (52). Cytochalasin D, which alters intracel-
lular actin structures (13), also affects the intracellular distri-
bution of HIV-1 Gag (52) and partially inhibits HIV-1 produc-
tion (55). Finally, purified HIV-1 virions have been shown to
contain actin and several actin-binding proteins (46).

In this study we have analyzed and compared the effects of
the three assembly domains of HIV-1 Gag on virus assembly in
CD4™" T cells, and we have investigated the possible interac-
tions of these assembly domains with the host cell cytoskeleton.
We found that the NC domain and myristylation of HIV-1 Gag
were essential for virus production from CD4™" T cells, whereas
the L domain in p6°*¢ enhanced virus production. Mutations
that destroyed myristylation of HIV-1 Gag or the p6“*¢ do-
main did not affect cofractionation of the mutant Gag with the
host cell cytoskeleton, whereas deletion of the NC domain
significantly reduced the cofractionation of the mutant Gag
with the cytoskeleton. We found that purified NC protein was
able to bind F-actin directly in vitro. Furthermore, interaction
between full-length HIV-1 Gag and truncated Gag containing
NC but not NC truncated Gag molecules and actin in H9 cells
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was detected by coimmunoprecipitation experiments, suggest-
ing a possible link between actin binding and HIV-1 replica-
tion.

MATERIALS AND METHODS

DNA constructs and cells. The wild-type infectious proviral plasmid HXB2Neo,
the myristylation-minus mutant proviral plasmid (Myr-), and the pol region de-
letion mutant HXB2NeoAPol (Pr55) proviral plasmid have been previously
described (40, 41). The Pr48 construct is isogenic to HXB2Neo, except for the
presence of a premature stop codon at the beginning of p694¢ coding region (64).
The Pr41 construct is also isogenic to HXB2Neo, except for a premature stop co-
don at the end of CAp24 coding region (15). H9 cell lines expressing each of the
viral constructs were generated and maintained as previously described (40, 41).

Virus production analysis by immunoblotting. Virus produced from H9 cells
over a period of 24 h was harvested. Cells were washed twice with phosphate-
buffered saline (PBS) to remove released virions and then resuspended in fresh
RPMI 1640 with 10% fetal bovine serum and antibiotics. After 24 h supernatants
were cleared of cell debris by centrifugation for 10 min at 3,000 rpm in a Sorvall
RT 6000B centrifuge, filtered through 0.2-wm-pore-size filters (Millipore, Bed-
ford, Mass.), and then centrifuged at 100,000 X g over a 20% sucrose cushion in
a Sorvall ultracentrifuge with an AH-629 rotor. Viral pellets were resuspended in
radioimmunoprecipitation assay buffer (0.05 M Tris [pH 7.2], 0.15 M NaCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) at
approximately 1/1,000 of the starting supernatant volume, and the samples were
mixed with loading buffer for SDS-polyacrylamide gel electrophoresis (PAGE)
(12% gel). Cell pellets were collected and lysed in a small volume of radioim-
munoprecipitation assay buffer (approximately 1/100 of the starting supernatant
volume). Cell lysates were cleared by centrifugation at 12,000 X g in Eppendorf
tubes for 30 min in a tabletop microcentrifuge; the supernatant from this spin
was removed to a fresh tube and mixed with sample loading buffer for SDS-
PAGE (12% gel). Immunoblotting of cell lysates and viral lysates was performed
as previously described (40, 41).

Cell fractionation by detergent extraction. The procedure for detergent ex-
traction was modified from that of Rey et al. (52). Cells (5 X 10°) were washed
once with 1 ml of PBS by centrifugation at 1,500 rpm for 10 min in a Sorvall RT
6000B centrifuge and then twice with 50 pl of cytoskeleton stabilizing buffer
[CSB; 100 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES; pH 6.9) with
1 mM EGTA, 3% polyethylene glycol 8000, and 66 wg of phalloidin/ml]. Cell
pellets were collected by centrifugation at 800 X g for 2 min and lysed with 50 .l
of CSB containing 1% Triton X-100, 2 mM GTP, aprotinin (2 pg/ml) phenyl-
methylsulfonyl fluoride (50 wg/ml), and leupeptin (2 wg/ml) by gentle pipetting
10 times. Cell lysates were centrifuged at 800 X g for 5 min. The supernatants
(enriched for cytoplasmic and detergent-soluble membrane fractions) were care-
fully separated from the pellets and clarified for 5 min at 1,500 X g, and the
resulting supernatants were termed soluble fractions. The detergent-insoluble
pellets were washed twice with 50 wl of CSB (insoluble fraction). The soluble and
insoluble fractions were dissolved in equal volumes of 1X sample buffer (0.08 M
Tris-HCI [pH 6.8] with 2.0% SDS, 10% glycerol, 0.1 M dithiothreitol, and 0.2%
bromophenol blue) and analyzed by SDS-PAGE and immunoblotting with a
rabbit polyclonal anti-CAp24 serum (AIDS Research and Reference Reagent
Program, National Institute of Allergy and Infectious Diseases, National Insti-
tutes of Health), a sheep polyclonal anti-MAp17 serum (AIDS Research and
Reference Reagent Program), a monoclonal anti-NCp7 antibody (a gift from
Larry Arthur), an HIV-1-positive human antiserum, or a monoclonal antiactin
antibody (Sigma, St. Louis, Mo.).

Coimmunoprecipitation experiments. Cells (5 X 10°) were lysed by incubation
at room temperature for 10 min in 100 pl of PBS containing 1% Triton X-100,
and the cell lysates were clarified by centrifugation at 8,000 X g for 20 min. The
supernatants were incubated overnight at 4°C with protein A-Sepharose beads
that had been preincubated with a monoclonal antiactin antibody (Sigma) or a
monoclonal antitubulin antibody (Sigma). The unbound fractions were separated
from the Sepharose beads by centrifugation at 1,000 X g for 2 min. Pellet samples
were washed five times with 500 wl of PBS containing 1% Triton X-100. To
release the immunoprecipitates (bound fraction), the Sepharose beads were
boiled in 1X sample buffer for 5 min and then briefly centrifuged at 12,000 X g.
The unbound and bound fractions were adjusted to equal volumes with 1X
sample buffer and separated by SDS-PAGE, and the viral proteins were visual-
ized by immunoblotting with an HIV-1-positive human serum.

F-actin cosedimentation. Actin polymerization and F-actin cosedimentation
were performed according to the traditional methods (43). Chicken muscle actin
(Sigma) was stored in monomeric form in buffer G (5 mM Tris-HCI [pH 7.5] with
0.1 mM CaCl, 0.1 mM ATP, and 10 mM 2-mercaptoethanol). For measuring the
dose response of wild-type NCp7 (AIDS Research and Reference Reagent
Program), F16A mutant NCp7 [NCp7(F16A)], or villin headpiece (a gift from
James McKnight) binding to actin, G-actin at concentrations of 0, 1.25, 2.5, 5, 10,
and 20 pM was subjected to polymerizing conditions (addition of 50 mM KClI,
1 mM MgCl,, and 1 mM ATP) and incubated for 1 h at room temperature.
Purified NCp7 (2.5 wM) or villin headpiece (2.5 nM) in buffer G was then added
to each actin sample, and the mixtures were incubated for 30 min at room
temperature and then centrifuged at 150,000 X g for 30 min. The supernatants
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and pellets were separated for subsequent analysis by 15% tricine SDS-PAGE,
and the proteins were visualized by Coomassie blue staining. To compare the
actin-binding capacities of CAp24 and NCp7, 50 uM G-actin was subjected to
polymerization and then mixed with 1 wg of CAp24 or NCp7 before ultracen-
trifugation.

Preparation of NCp7(F16A) protein. Mutant NCp7 protein was prepared from
a thioredoxin-NCp7 fusion protein as follows. The coding region for the
NCp7(F16A) protein was obtained by PCR amplification of an HIV-1 MN
proviral clone, using the primers F16A-sense (5'-ATG CCG GGG TAC CGA
CGA CGA CAA GAT GCA GAG AGG CAA TTT TAG GAA TCA AAG
AAA GAT TAT CAA GTG Cgc CAA TTG TGG CAA AGA AGG-3') and
F16A-antisense (5'-GGG TAC GGT CGA CCT AAT TAG CCT GTC TCT
CAG TAC AAT CTT TCA TTT GG-3'), obtained from Operon Technologies,
Inc., Alameda, Calif. Oligonucleotide F16A-sense contains a KpnlI site (under-
lined) and the sequence that codes for the enterokinase cleavage site (Asp-Asp-
Asp-Asp-Lys); the remaining 63 nucleotides (3’ end) code for the 21 N-terminal
residues of the HIV-1 NCp7(F16A) protein from the MN proviral clone (NC
protein starts with a Met residue). The location of the F16A mutation is indi-
cated in lowercase. Oligonucleotide F16A-antisense contains a Sa/l site (under-
lined), the complement of a TAG stop codon (lowercase), and the complement
of the sequence that codes for the 11 C-terminal residues of NCp7 ending with
an Asn residue. The fragment that codes for the 55-amino-acid NCp7 protein
with the enterokinase cleavage site at the N terminus and the flanking KpnI and
Sall sites was prepared by PCR as follows. The HIV-1 MN proviral plasmid (~50
ng) was amplified by using AmpliTaq core reagents (Perkin-Elmer, Roche Mo-
lecular Systems, Inc., Branchburg, N.J.), 4 mM MgCl,, 2 pM each oligonucleo-
tides F16A-sense and F16A-antisense, and AmpliTaq Gold according to the
manufacturer’s procedures. Amplification was performed in a Perkin-Elmer
PE9600 thermocycler as follows: incubation at 94 for 9 min; 35 cycles of 94°C for
10 s, 65°C for 15 s, and 70°C for 30 s; and incubation at 70°C for 8 min. The
primers and nucleotides were removed from the PCR products by dilution to 200
wl of 10 mM Tris-1.0 mM EDTA (pH 8.0) and centrifugation through a Micro-
con 50 column until the volume was ~0.1 that of the starting volume. This wash
procedure was repeated. The retentate was then digested with Kpnl and Sal/l.
The fragment containing the NCp7 coding region was then ligated into the
homologous sites of the pET32a vector (Novagen, Inc., Madison, Wis.). Plasmids
were screened, and sequences were verified by nucleotide sequence analysis.

Competent Escherichia coli BL21(DE3) was transformed with plasmid pET32a
containing the NCp7(F16A) gene. In a 4-liter Erlenmeyer flask, 500 ml of LB
broth containing 100 pg of ampicillin per ml was inoculated with the transformed
bacteria and grown at 37°C with shaking to an optical density at 600 nm of 0.6.
Cultures were stored at 4°C without shaking overnight. The next day, bacteria
were collected by centrifugation at 3,600 X g in a Beckman (Fullerton, Calif.)
JS-4.2 rotor for 20 min at 4°C. The cell pellet was suspended in 1 liter of LB broth
containing 100 pg of ampicillin per ml and grown at 37°C with shaking until an
optical density at 600 nm of 0.6 was reached. Isopropylthio-B-galactoside was
added to a final concentration of 0.4 mM, and the culture was incubated with
shaking for an additional 3 h. Bacteria were pelleted at 3,600 X g in a Beckman
JS-4.2 rotor for 30 min at 4°C. The pellet was suspended in 40 ml of 100 mM
CAPS buffer (pH 10) and sonicated for ~1.5 h in a model SC 101TH sonicating
bath (Sonicor Instrument Corp., Copiague, N.Y.) in two 50-ml polypropylene
conical tubes. The sonicated material was centrifuged 3,600 X g in a Beckman
JS-4.2 rotor for 20 min at 4°C, and the pellet was discarded.

To 10 ml of the supernatant containing the fusion protein, 106 wl of 4 M Tris
buffer (pH 8.5), 213 pl of 5 M NaCl, 0.7 pl of 30 mM zinc acetate, and 21 pl of
1 M CaCl, were added. The solution was slowly stirred on a magnetic stirrer, 7 U
of EKMax enterokinase (Invitrogen Corporation, Carlsbad, Calif.) was added,
and the solution was digested for 3 h at room temperature. Treatment of the
fusion protein with enterokinase liberates NCp7(F16A) mutant protein of the
correct amino acid sequence for the 55-amino-acid form (30). NCp7(F16A) was
purified by reverse-phase high-pressure liquid chromatography using a C,g re-
verse-phase column as described previously (30a). The purified NCp7(F16A) was
analyzed for the correct molecular mass by matrix-assisted laser description
ionization time-of-flight mass spectrometry using a Shimadzu Kompact Maldi-1I
laser desorption mass spectrometer. Quantitation of the purified protein was
performed by amino acid analysis on a Beckman System 6300 amino acid ana-
lyzer (Beckman Coulter, Inc., Fullerton, Calif.). Purified protein was aliquoted,
one equivalent of zinc acetate per Zn>* finger was added, and the sample was
lyophilized. The dried NCp7(F16A) sample was stored at —70°C. The mutant
protein was dissolved in buffer G.

RESULTS

Mutant constructs and virus production from CD4™" T cells.
We established CD4 " T cells (H9) containing various mutant
constructs as a means of evaluating the effect of specific as-
sembly domains of HIV-1 Gag on virus production (Fig. 1A).
The full-length HIV-1 Gag containing all three assembly do-
mains was expressed from the Pr55 construct (Fig. 1). This
construct contains a point mutation that destroyed the activity
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FIG. 1. (A) Diagram of truncation mutants of HIV-1 Gag. For details on
construction of mutants, see Materials and Methods. Construct Pr55 expresses
full-length HIV-1 Gag. Myr-contains a mutation that destroyed the signal for
myristylation. Construct Pr48 contains a stop codon at the beginning of the
p6<°¢, while Pr41 has a stop codon at the end of the CAp24. LTR, long terminal
repeat. (B) Virus production from H9 cells. Cell and virus lysates from H9 cells
expressing Pr55 and mutant Gag constructs were separated by SDS-PAGE,
transferred to nitrocellulose filters, and analyzed by immunoblotting with an
HIV-1-positive human serum. (C) Cellular fractionation of viral proteins. Triton
X-100-insoluble (I) and -soluble (S) materials from uninfected H9 cells (H9), and
from H9 cells expressing Pr55 and mutant Gag constructs were prepared as
described in Materials and Methods. Lysates were separated by SDS-PAGE,
transferred to nitrocellulose filters, and analyzed by immunoblotting with a
rabbit polyclonal anti-CAp24 serum.

of viral protease (41). The M-domain mutant was represented
by the Myr- construct. Pr48 contained a truncation of the
p6°°¢, the L domain, and the Pr41 contained a truncation of
both the I domain (NCp7) and the L domain.

H9 cell lines carrying each of the DNA constructs were
generated, and virus production was evaluated. Consistent with
previous observations in a variety of target cells other than
CD4" T cells, virus production in cells expressing mutant
forms of Myr- (Fig. 1B, lane 3) or Pr41 (Fig. 1B, lane 4) Gag
molecules was much lower than that in cells expressing wild-
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type Gag molecules (Fig. 1B, lane 5). The virus yield from the
cells expressing the mutant Pr48 (Fig. 1B, lane 2) Gag mole-
cules was slightly less than that from cells expressing wild-type
Gag molecules. It is expected that there is no Gag processing
in H9 cells expressing Pr55, Myr-, and Pr41 constructs. The
PrS55 construct contains a point mutation that has destroyed
the activity of viral protease (41). Our previous observations
have indicated that the Myr- construct has a defect in Gag
processing in H9 cells (39). The Pr41 construct does not ex-
press Pol because of a premature stop codon before the frame-
shifting signal. Our group and others have previously reported
that truncation of p6“*¢ (Pr48 construct) results in reduced
Gag processing in COS and HeLa cells (31, 64). It seems that
this construct also has a defect in Gag processing in H9 cells
(Fig. 1B).

Cofractionation of various forms of HIV-1 Gag molecules
with the host cell cytoskeleton. It has been reported that HIV-1
Gag cofractionates with host cell cytoskeleton (52). To address
the question of whether mutant Gag molecules could influence
cofractionation with the host cell cytoskeleton, we extracted
HO cells expressing various forms of the Gag molecules with
nonionic detergent and separated the cell extracts into deter-
gent-insoluble (cytoskeleton-enriched) and detergent-soluble
(cytosolic and membrane) fractions. Most of the wild-type Gag
molecules (Pr55) fractionated with the detergent-insoluble cy-
toskeleton fraction (Fig. 1C, lane 3); a small fraction of the
wild-type Gag molecules (Pr55) was associated with the deter-
gent-soluble fraction (Fig. 1C, lane 4). A similar distribution
was observed for the mutant Myr- (Fig. 1C, lanes 5 and 6) and
Pr48 (Fig. 1C, lanes 7 and 8) Gag molecules. In contrast, most
of the mutant Pr4l Gag molecules cosedimented with the
detergent-soluble fraction (Fig. 1C, lane 10), although some
still remained associated with the detergent-insoluble fraction
(Fig. 1C, lane 9). The cytoskeleton fraction purified in this
manner contains both cytoskeleton, cytoskeleton-associated
complexes, and unbroken nuclei. We have examined H9 cells
expressing various Gag constructs by immunofluorescence and
have not detected significant accumulation of wild-type or mu-
tant Gag molecules in the nuclei (data not shown). Therefore,
cofractionation of HIV-1 Gag molecules with the cytoskeleton
fraction is not the result of a nuclear localization of HIV-1 Gag
molecules. However, cofractionation experiments cannot ad-
dress whether HIV-1 Gag molecules bind directly or indirectly
to the cytoskeleton or associate with noncytoskeleton com-
plexes which copelleted with the cytoskeleton.

Cofractionation of various cleaved HIV-1 Gag molecules
with the host cell cytoskeleton. To identify which domain(s)
of the HIV-1 Gag molecule might contribute to cofraction-
ation with cytoskeleton, we also fractionated HIV-1-infected
HO cells as described above. In HIV-1-infected H9 cells that
expressed active viral protease, the uncleaved Gag precursor
Pr55 as well as the cleaved Gag proteins MAp17, CAp24, and
NCp7 could be detected. Although most of the uncleaved Gag
precursor Pr55 cosedimented with the cytoskeletal proteins
as described above, most of the CAp24 cosedimented with
the detergent-soluble fraction (Fig. 2A, upper panel, lane 4).
MAp17 was largely detected in the detergent-soluble fraction
(Fig. 2A, middle panel, lane 4), whereas NCp7 was detected
only in the cytoskeleton fraction (Fig. 2A, lower panel, lane 3).
When we analyzed the distribution of actins in uninfected and
HIV-1-infected H9 cells, we observed that most of the intra-
cellular actins cosedimented with the detergent-insoluble cyto-
skeleton (Fig. 2B). HIV-1 infection did not drastically change
the distribution of intracellular actin. These data suggest that
NCp7 is a major determinant for cofractionation of HIV-1 Gag
molecule with the host cell cytoskeleton.
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FIG. 2. Cellular fractionation of cleaved HIV-1 Gag proteins. Triton X-100-
insoluble (I) and -soluble (S) materials from uninfected H9 cells (H9) or from
wild-type HIV-1-infected H9 cells (H9/HIV-1) were prepared as described in
Materials and Methods. (A) Lysates were separated by SDS-PAGE, transferred
to nitrocellulose filters, and analyzed by immunoblotting with an HIV-1-positive
human serum (top panel), a sheep anti-MAp17 antiserum (middle panel), or a
monoclonal anti-NCp7 antibody (lower panel). (B) Lysates were separated by
SDS-PAGE, transferred to nitrocellulose filters, and analyzed by immunoblot-
ting with a monoclonal antiactin antibody.

Coimmunoprecipitation of HIV-1 Gag and actin from in-
fected cells with a monoclonal antibody against actin. To
determine whether HIV-1 Gag molecules could bind actin
in infected cells, we performed coimmunoprecipitation exper-
iments. Cells were lysed with 1% Triton X-100 in PBS, and the
detergent-soluble cell lysates were immunoprecipitated with a
monoclonal antiactin antibody that had been preadsorbed onto
protein A-Sepharose beads. The bound and unbound fractions
were dissolved in equal volumes of sample buffer, separated by
SDS-PAGE, and analyzed by immunoblotting with an HIV-1-
positive human serum. The wild-type Gag molecules (Pr55)
from H9 cells were precipitated with the antiactin antibody
(Fig. 3A, upper panel, lane 3); some wild-type Gag molecules
(Pr55), however, were not (Fig. 3A, upper panel, lane 4). Sim-
ilarly, the mutant Pr48 Gag molecules from H9 cells were
precipitated with the antiactin antibody (Fig. 3A, lower panel,
lane 5). Since Pr48 comigrated with a protein from mock-in-
fected H9 cells on SDS-12% polyacrylamide gels (Fig. 3A, up-
per panel), the original samples were rerun on SDS-10% poly-
acrylamide gels (Fig. 3A, lower panel). On 10% gels, both Pr48
and Pr41 could be clearly separated from background protein
bands. In contrast to the results obtained for Pr55 and Pr4S,
none of the mutant Pr41 Gag molecules were precipitated with
the antiactin antibody (Fig. 3A, lower panel, lane 7). In control
experiments, neither wild-type Gag molecules (Pr55), mutant
Pr48 Gag molecules, nor mutant Pr41 Gag molecules were
immunoprecipitated with a monoclonal antitubulin antibody
(Fig. 3B). Furthermore, when no antibody was added to the
protein A-Sepharose beads, neither wild-type Gag molecules
(Pr55), mutant Pr48 Gag molecules, nor mutant Pr41 Gag
molecules were detected in the pellet fractions (Fig. 3C). A
50-kDa protein was detected in all of the protein A-Sepharose
beads pellet fractions (even that from the uninfected H9 cells)
after incubation with antitubulin antibody (Fig. 3B). The pre-
cise nature of this protein band is unknown; it was not detected
in the absence of antibody (Fig. 3C) and thus may represent
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FIG. 3. Coimmunoprecipitation analysis. Cell lysates from uninfected H9
cells (lanes 1 and 2) and H9 cells expressing Pr55 (lanes 3 and 4), Pr48 (lanes 5
and 6), and Pr41 (lanes 7 and 8) were prepared by lysing the cells in PBS
containing 1% Triton X-100, followed by immunoprecipitation with a monoclo-
nal antiactin antibody (A), a monoclonal antitubulin antibody (B), or no antibody
(C). The immunoprecipitated (bound [B]) and unprecipitated (unbound [U])
materials were separated by SDS-PAGE on a 12% (A, upper panel) or 10% (A,
lower panel) gel and transferred onto two nitrocellulose filters. Viral proteins on
the filters were visualized by immunoblotting with an HIV-1-positive human
serum.

the heavy chain of the mouse immunoglobulin precipitated by
the protein A-Sepharose beads. The presence of this protein in
the immunoblot did not alter the conclusion drawn from these
experiments: that some Pr55 and Pr48 molecules were associ-
ated with actin in H9 cells, while the majority of the Pr41l
molecules were not associated with actin in H9 cells.

Direct binding of NCp7, but not CAp24, to F-actin. Since
NCp7 and, to a lesser extent, CAp24 copurified with the cyto-
skeletal components, we asked whether purified CAp24 and
NCp7 could bind actin directly. Binding of CAp24 and NCp7
to actin was assayed by measuring cosedimention with in vitro-
polymerized F-actin. Most of the CAp24 did not cosediment
with F-actin after ultracentrifugation (Fig. 4, lane 3) and re-
mained in the supernatant (Fig. 4, lane 4). At the same time,
most of the NCp7 cosedimented with the F-actin pellet (Fig. 4,
lane 5), and very little remained in the supernatant (Fig. 4, lane
6). When CAp24 or NCp7 was incubated in the same buffer in
the absence of actin, no significant amount of CAp24 (Fig. 4,
lane 7) or NCp7 (Fig. 4, lane 8) could be pelleted, suggesting
that under these experimental conditions there was no signif-
icant aggregation of CAp24 or NCp7.

A more quantitative analysis of NCp7 binding to actin was
accomplished by cosedimentation with various concentrations
of F-actin. With increasing concentrations of actin, NCp7 was
progressively depleted from the residual supernatant following
ultracentrifugation (Fig. SA). Although some binding of NCp7
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FIG. 4. F-actin cosedimentation. Chicken muscle actin (50 pM) was poly-
merized as described in Materials and Methods and then mixed with buffer
alone, 1 ng of CAp24, or 1 ug of NCp7 before ultracentrifugation. The same
amount of CAp24 or NCp7 was also incubated in the actin polymerization buffer
in the absence of actin. The supernatants (S) and pellets (P) were separated after
ultracentrifugation and analyzed by 15% tricine SDS-PAGE; the proteins were
visualized by Coomassie blue staining.

(2.5 uM) to F-actin in the ultracentrifugation pellet was de-
tected when 1.25 and 2.5 uM G-actin was used for polymer-
ization (Fig. 5A, lanes 8 and 9), increased binding of NCp7 to
F-actin was detected when 5 pM or more G-actin was used for
polymerization (Fig. 5A, lanes 10 to 12). Approximately 40%
of the NCp7 bound to F-actin when 10 pM G-actin was poly-
merized to F-actin (Fig. 5A, lane 11). When 20 uM G-actin
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FIG. 5. Dose-dependent F-actin binding determined by cosedimentation.
Actin at concentrations of 0, 1.25, 2.25, 5, 10, and 20 pM was subjected to
polymerizing conditions and incubated with 2.5 wM purified wild-type NCp7 (A),
villin headpiece (B), or mutant NCp7 (C) before ultracentrifugation. The super-
natants (S) and pellets (P) were separated after ultracentrifugation and analyzed
by 15% tricine SDS-PAGE; the proteins were visualized by Coomassie blue
staining.
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was used to polymerize F-actin, more than 70% of the NCp7
was fractionated with the F-actin pellet (Fig. 5A, lane 12). The
dose-dependent F-actin binding by NCp7 was very similar to
that of a known cellular F-actin-binding protein, villin head-
piece (Fig. 5B). Although the actin binding experiments per-
formed here represent a traditional method for testing and
confirming putative actin-binding proteins (44, 51), it remains
to be demonstrated that NCp7 and actin binding are relevant
in HIV-1-infected cells.

We also studied whether certain mutations in NCp7 could
affect actin binding. Zinc fingers of HIV-1 NC have been
shown to be critical for viral genomic RNA packaging but
not for virus assembly and release (32, 60, 62). We tested the
F-actin binding of one such mutant form of NCp7F16A (19).
The dose-dependent F-actin binding by the mutant NCp7
(F16A) was very similar to that of the wild-type NCp7 (Fig.
5A). These results indicate that certain mutations in NC that
inhibited viral genomic RNA packaging did not affect F-actin
binding (Fig. 5C), suggesting that there may not be a direct link
between actin binding and viral RNA packaging. Further study
is under way to identify structural features of NCp7 that are
critical for F-actin binding.

DISCUSSION

In this study, we demonstrated that the NC domain of HIV-1
Gag is a major determinant in the process of viral protein
association with the host cell cytoskeleton. Mutations in the
other two virus assembly domains, M (myristylation) and L
(p6°2#), had little effect on the association of mutant Gag
molecules with cytoskeletal components. Cellular fractionation
experiments using wild-type virus-infected cells which express
active viral protease indicated that cleaved NCp7 almost ex-
clusively fractionated with the cytoskeleton. In contrast, the
most of the mature MAp17 and CAp24 molecules were not
associated with cytoskeleton.

It is possible that the association of HIV-1 Gag molecule
with the cytoskeleton is mediated by the NC domain through
actin binding. This argument is supported by our observation
that HIV-1 Gag could be coprecipitated with actin in cell
lysates and that purified NCp7 could bind directly to F-actin in
vitro. The observation that HIV-1 Gag and actin colocalize to
the pseudopod structures of virus-infected T cells and macro-
phages (48, 50) is also consistent with the concept that HIV-1
Gag binds to actin filaments in vivo (52). It is worth noting that
small amounts of MAp17 plus CAp24 (Fig. 1, Pr41) and ma-
ture CAp24 (Fig. 2A) cofractionated with cytoskeletal compo-
nents. The crystal structure of the carboxy-terminal region of
CAp24 (amino acids 151 to 231) resembles the putative actin-
binding subdomain of myosin (26). Although we did not ob-
serve direct binding of CAp24 to F-actin in vitro (Fig. 4), it is
still possible that CAp24 or MAp17 plus CAp24 can bind to
actin or actin-binding proteins in vivo and become associated
with the cytoskeleton of the host cell. Alternatively, CAp24
might bind to other components of the cytoskeleton, such as
microtubules or intermediate filaments, either directly or indi-
rectly.

Previous studies have indicated that the retroviral NC do-
main plays several important roles in the life cycle of the virus.
However, the functional significance of the interaction be-
tween HIV-1 NC and actin remains to be characterized. Bind-
ing of the NCp7 domain to actin filaments could be involved
in intracellular transport of HIV-1 Gag molecules; this idea
would be consistent with the observation that HIV-1 Gag mol-
ecules are colocalized with actin to the pseudopods in virus-
infected T cells and macrophages (48, 50). Truncation of NCp7
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also resulted in a lower degree of association of mutant Gag
molecules with the plasma membrane than was observed for
the full-length HIV-1 Gag molecules (54).

Actin binding through the NCp7 domain of HIV-1 Gag
molecules could also play a role in virus assembly and budding.
One proposed role for the retroviral Gag assembly domain I
(NC) is to stimulate intermolecular interaction (5, 62); dele-
tion of the NC domain of HIV-1 Gag has been shown to
drastically reduce virus production (15, 34, 54, 67, 68). Substi-
tution of the HIV-1 NC domain with protein modules known
to interact fully or partially restored virus assembly and release
(68). Interaction among HIV-1 Gag molecules during virus
assembly might be enhanced by binding to actin polymers.
Actin and associated actin-binding proteins might also serve as
nucleation sites for the assembly of Gag molecules. Consistent
with this idea, it has been shown that cytochalasin D, a drug
that interferes with cellular actin structures (13), partially re-
duces virus production (55).

It is also possible that actin may serve as a structural com-
ponent of HIV-1 particles. Actin has been detected in purified
HIV-1 virions at approximately 10% of the molar concen-
tration of Gag (46). The virus-like structures that are released
from cells expressing NC deletion mutant Gag molecules have
a density lower than those of viruses containing the NC domain
(5, 15, 34, 54, 67, 68). Interaction of the NC domain with actin
may influence the packing density (amount of viral protein per
unit of lipid) of the HIV-1 Gag molecules during assembly (5,
62). The interaction among Gag molecules that is mediated
through the MA and CA domains alone might be less tight
than that mediated by MA and CA plus NC and actin. It is
worth mentioning that interaction of NC with RNA has also
been proposed to play a role in virus assembly and in control-
ling particle density (5, 7, 10, 15, 34). Interactions between
cleaved NCp7 and actin may also play a structural role in the
formation of HIV-1 core, since NCp7 mutants frequently dis-
play abnormal core structures (1, 6, 12, 19).

Extensive mutational analyses have indicated that the retro-
viral NC protein is necessary for encapsidation of viral geno-
mic RNA (56), annealing of the primer tRNA to the viral ge-
nomic primer binding site (4, 17), and formation of the viral
genomic RNA dimer (14, 22). In addition to their structural
roles in virus assembly and maturation, nucleocapsids from
several viruses have been shown to be important during early
stages of viral replication, including minus-strand DNA trans-
fer during viral DNA synthesis (2, 29, 53), prevention of non-
specific reverse transcription (29, 37, 42), and enhancement of
the processivity of reverse transcriptase activity (33, 49, 53, 61,
63). As a component of the viral nucleocapsid, NC protein, by
interacting with actin and cellular actin-binding proteins, may
enhance the penetration of the viral nucleocapsid into the
cytoplasm after virus fusion and uncoating. NC is also a mem-
ber of the viral reverse transcription complex (59). Therefore,
it is also intriguing to consider that the transport of the com-
plex from the site of virus entry to the nucleus could be en-
hanced by interaction between NC and actin filaments, a strat-
egy used also by other viruses such as baculoviruses (11, 36).

The complete and partial structures of several cellular F-
actin-binding proteins including the C-terminal 36 amino acids
of villin headpiece (45), yeast cofilin (21), and gelsolin (9), have
been determined by X-ray crystallography or nuclear magnetic
resonance spectroscopy. Among them, no common structural
motif that is critical for F-actin binding has been identified (44,
51). However, the C-terminal a-helix of the villin headpiece
(18, 25), cofilin (38), and the F-actin binding S2 subdomain of
gelsolin (44, 51) have been found to be important in the inter-
action with F-actin, as demonstrated by mutagenesis studies
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(18) and synthetic peptide binding experiments (25). In the
case of the villin headpiece, both positively charged amino
acids in the C-terminal a-helix and positively charged amino
acids in the N-terminal region are critical for F-actin binding
(18). The nuclear magnetic resonance structure of the HIV-1
NC-RNA complex reveals beta sheets representing the zinc
knuckle domains and an N-terminal 3-10 helix (16). NCp7
exhibits very low homology to all known F-actin-binding pro-
teins and did not reveal any significant structural similarities
with other known F-actin-binding proteins. However, there are
several positively charged amino acids in the 3-10 helix as well
as in the linker region between the two zinc fingers. By analogy
to villin headpiece, some of these positively charged residues in
NCp7 could be involved in F-actin binding. Further study is
required to map the NCp7 recognition site for F-actin.
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