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Recently, it was shown that actin molecules are present in human immunodeficiency virus type 1 (HIV-1)
particles. We have examined the basis for incorporation and the location of actin molecules within HIV-1 and
murine retrovirus particles. Our results show that the retroviral Gag polyprotein is sufficient for actin uptake.
Immunolabeling studies demonstrate that actin molecules localize to a specific radial position within the
immature particle, clearly displaced from the matrix domain underneath the viral membrane but in proximity
to the nucleocapsid (NC) domain of the Gag polyprotein. When virus or subviral Gag particles were disrupted
with nonionic detergent, actin molecules remained associated with the disrupted particles. Actin molecules
remained in a stable complex with the NC cleavage product (or an NC-RNA complex) after treatment of the
disrupted HIV-1 particles with recombinant HIV-1 protease. In contrast, matrix and capsid molecules were
released. The same result was obtained when mature HIV-1 particles were disrupted with detergent. Taken
together, these results indicate that actin molecules are associated with the NC domain of the viral polyprotein.

Retrovirus morphogenesis requires transport of virion com-
ponents to the site of assembly and subsequent release by
budding at the plasma membrane. The major internal struc-
tural proteins of all retroviruses are initially translated as the
Gag precursor polyprotein (Pr65%*¢ in Moloney murine leuke-
mia virus [MoMuLV] and Pr55%“¢ in human immunodeficiency
virus type 1 [HIV-1]), containing the domains matrix (MA),
capsid (CA), and nucleocapsid (NC). Each Gag precursor also
contains another small domain which is not conserved between
the viruses. Domain p12 (MoMuLV) lies between MA and CA,
while domain p6 (HIV) lies carboxy terminal to NC. Particle
formation does not absolutely require the presence of these
small domains or the incorporation of other viral components,
such as those of the envelope, although they may play some
role in assembly and budding (11).

The Gag polyproteins of type C retroviruses, including len-
tiviruses, are transported to the inner face of the plasma mem-
brane, where assembly occurs concomitantly with budding.
Budding virions have an immature morphology, characterized
by an electron-opaque ring surrounding an electron-lucent
center. During or shortly after release, the domains of the Gag
polyprotein are separated by the proteolytic activity of the viral
protease, allowing a morphological rearrangement and the
generation of mature virions, characterized by an electron-
opaque center with an electron-lucent periphery.

The cell membrane is the location of type C particle forma-
tion. It is supported from the inside by a specialized region of
the cytoskeleton (18) defining a microenvironment in which
the assembling Gag polyproteins are inserted. It seems likely
that a number of interactions of viral proteins with the sur-
rounding cytoskeletal elements which may help to stabilize the
assembling virus particle have evolved. Several studies have
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suggested a functional role of the actin cytoskeleton in virus
assembly and budding (reviewed in reference 3). Rausch mu-
rine leukemia virus Gag was found to be associated with the
cytoskeleton after detergent extraction of infected cells (5).
Further, colocalization of MoMuLV structural proteins with
actin was observed after microfilament disruption with cyto-
chalasin D (12). Treatment with cytochalasin D also resulted in
a marked decrease in MoMuLV (12), mouse mammary tumor
virus (13), and HIV-1 (22) particle release. Type B and C ret-
roviruses have been observed at the tips of long actin-contain-
ing projections in occasional images (4, 13, 14, 22). Recent data
from cosedimentation assays showed a direct interaction be-
tween in vitro-translated HIV-1 Gag polyprotein and F-actin
filaments (19).

While several lines of evidence support a functional role of
the cytoskeleton at the stage of assembly and budding, less is
known about its fate at late stages of budding and in released
virus particles. Detection of the cleavage products of vimentin,
desmin, and actin in the lysate of HIV-1-infected cells suggests
that the barrier of the submembrane network is overcome by
partial cleavage of these structures (10, 11, 23, 24). However,
incorporation of considerable amounts of uncleaved cytoskel-
etal proteins, particularly actin, into retroviral particles opens
the possibility of a continuing functional and structural role for
cytoskeletal proteins within the virion (1, 4, 17, 26). A continu-
ing functional role would require specific interaction with the
viral structural proteins and hence a specific location for actin
within the virion.

Localization has been proposed on the basis of morpholog-
ical evidence (15). It has been suggested that an actin layer is
intermediate between the viral envelope and the MA pro-
tein and accounts for the poorly staining region just inside
the MoMuLV and HIV-1 membranes (16).

Here, we present experiments that define the location of
actin within the retroviral particle and identify the viral com-
ponent responsible for its incorporation.

MATERIALS AND METHODS

Preparation of Gag particles. Gag particles were produced by expression of
HIV-1 Gag with the recombinant baculoviruses AcNPVgag12myr (for full-length
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HIV-1 Gag expression [21]), AcNPVgag13myr (for HIV-1Ap6 Gag expression),
and AcNPVgagd140-143myr (for HIV-1 AMA Gag expression), which were
generously provided by P. Boulanger (INSERM, Montpellier, France), or
MoMuLV Gag (ecotropic MoMuLV Gag), which was kindly provided by S.
Morikawa (National Institute of Health, Tokyo, Japan) in BTI-TN-5B1-4 cells
(“High 57). Virus-containing cell culture supernatants were harvested at 22 to
24 h postinfection and treated as described previously (7, 28).

Preparation of mature and immature HIV-1 from MT-4 cells. HIV particles
were produced by infection of MT-4 cells with the infectious clone pNL4-3 for 20
to 24 h in the presence or absence of 5 nM protease inhibitor Ro31-8959 (20, 28).
The medium was cleared by two debris spins (10 min at 2,000 rpm followed by
30 min at 6,000 rpm in a Heraeus Christ centrifuge) at 4°C. The particles were
then isolated by layering the supernatant above 2 ml of 30% (wt/wt) sucrose in
phosphate-buffered saline (PBS) in an SW40 tube and spinning at 40,000 rpm for
3 h. Pellets were resuspended either in ice-cold PBS containing 1% paraformal-
dehyde (wild type mature) or in 0.5% Triton X-100 (wild type immature) and
allowed to stand for 30 min on ice prior to further biochemical analysis.

Rate zonal centrifugation. One hundred microliters of concentrated particles
was carefully loaded above a 1.2-ml sucrose gradient (20 to 55% or 30 to 60%
[wt/wt] in PBS) and spun in a Beckman Tabletop TL 100 ultracentrifuge (TLS55
rotor) for 30 min at 4°C at 260,000 X g. Fractions were collected from the top to
the bottom of the gradient. The refractive index of each fraction was determined.
Sodium dodecyl sulfate sample buffer (4X) was added to each fraction before
electrophoresis (27).

Detergent treatment and in vitro proteolytic processing. For particle disrup-
tion, the virus suspension was incubated for 30 min at room temperature (RT) in
the presence of 0.5% (wt/vol) Triton X-100 (in a 100-pl final volume) prior to
centrifugation. For proteolytic processing with recombinant HIV-1 protease
(kindly provided by Hans-Georg Krausslich, Hamburg, Germany), samples were
incubated at 37°C in the presence of 0.05 g of recombinant protease per ml in
0.5% Triton X-100 in PBS.

Western blotting. Particle lysates were separated on Laemmli gels and blotted
onto nitrocellulose, essentially as described previously (27). Viral and cellular
proteins were detected by using a specific sheep antiserum against the HIV-1
MA protein (AIDS Research and Reference Reagent Program, National Insti-
tutes of Health, Bethesda, Md.), specific rabbit antisera to the HIV-1 CA and NC
proteins (kindly provided by Hans-Georg Kréusslich), mouse monoclonal an-
ti-CA (“Kal-17; ScheBoTech, Wettenburg, Germany), or actin (A-2066; Sigma-
Aldrich Chemie GmbH, Deisenhofen, Germany) at a 1:500 dilution for 3 h at
RT. The bound antibodies were visualized by using the appropriate secondary
antibody labeled with alkaline phosphatase (Sigma-Aldrich Chemie GmbH),
according to the manufacturer’s instructions.

Immunocytochemistry and microscopy. The location of viral or cellular anti-
gens was analyzed by using the polyclonal antisera described above. The protocol
was based on our postsectioning fixation technique for freeze-substituted sam-
ples (6, 8). Primary antibodies (described above) were visualized by labeling with
protein A-colloidal gold conjugates (5 and 10 nm in diameter). Electron micros-
copy was performed as described previously (6, 8) by using either a Philips
EM400 microscope operated at 80 kV or a Philips CM20 microscope operated at
80 kV at a magnification of either X27,000 or X33,000. The measurements
shown in Fig. 3 were taken from images digitized on a Zeiss SCAI scanner (Ober-
kochen) with a step size of 14 wm. The positions of the gold-labeled antibodies
were measured with respect to the particle center and the particle membrane.
This was done by drawing a line through the particle center and the gold and
recording its length (R,) and the distance from the center to the membrane (R,,).
Plots of R,, versus R, could be fit with lines that had slopes equal to 1 and
intercepts which varied with the label. This is the behavior expected from sec-
tions of structures of variable diameters in which the gold and the membrane
have a constant separation. The variability due to variations in particle diameter
was compensated for by presenting the data in reduced coordinates (R, — R,)
as described in the legend to Fig. 3.

Negative staining of detergent-treated particles was performed with carbon-
coated Formvar grids and a 1.0% (wt/vol) solution of uranyl acetate (Sigma-
Aldrich Chemie GmbH).

RESULTS

Actin is incorporated into retroviral particles. Western blot-
ting of mature HIV-1 particles revealed the presence of actin
(not shown), confirming recent observations (17). Immature
HIV-1 particles (i.e., produced in the presence of protease
inhibitor) also contained actin, indicating that the activity of
the protease is not required for actin incorporation. We incu-
bated HIV-1 particles in the nonionic detergent Triton X-100
to investigate this association and the location of actin within
the virus particle. Under these conditions, immature retroviral
particles lose the enveloping lipid bilayer yet retain their char-
acteristic size and shape (see below), a behavior which has also
been reported also for avian retroviruses (25). The detergent-
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treated immature HIV-1 particles were separated on sucrose
gradients, and the protein content of the individual fractions
was analyzed by Western blotting (Fig. 1). The majority of
detectable Gag antigen migrated in sodium dodecyl sulfate-
polyacrylamide gels at a position corresponding to the un-
cleaved precursor polyprotein Pr55%“¢ (Fig. 1A) due to the
presence of protease inhibitor. The minor bands of lower mo-
lecular weight seen in Fig. 1A reflect residual protease activity.
Approximately 50% of the actin was released from the parti-
cles and found as soluble protein in the top fractions of the
gradient. The remaining actin was resistant to detergent treat-
ment and comigrated with the structural proteins of the virus,
consistent with a tight association.

We used the production of particles in an insect cell system
to determine the minimal requirements for incorporation. Par-
ticles produced by expression of the gag gene in insect cells
with recombinant baculovirus were analyzed in a similar ex-
periment. Expression of the Gag polyprotein resulted in effi-
cient release of Gag particles. The particles remain immature
since no protease is expressed, and hence no mature viral
structural proteins were detected. Actin molecules cofrac-
tionated with the Gag polyprotein of HIV-1 (Fig. 1B) and
MoMuLV (not shown) in a sucrose gradient. We took advan-
tage of the availability of systems which express mutant Gag
particles to examine the requirements for actin incorporation
more closely. The fact that MoMuLV has no domain corre-
sponding to p6 of HIV suggests that this domain plays no role
in actin incorporation. Further, the lack of a requirement for
the MA and p6 domains was demonstrated by the presence of
actin in particles produced by expression of Ap6 and AMA Gag
(Fig. 1C). Similar analysis of mock-infected supernatants by
gradient centrifugation and Western blotting revealed no actin
(data not shown).

The presence of actin in both the viral and subviral Gag
particle samples reveals that the retroviral Gag polyprotein is
sufficient for actin incorporation; the presence and activity of
the protease have no major effect on this phenomenon. Its
presence in Ap6 and AMA Gag indicates that these domains
play no role in incorporation.

Immunolabeling of immature MoMuLV and HIV-1 parti-
cles. Biochemical results indicated that actin molecules are
associated with the Gag polyprotein of retroviral particles;
however, it was still unclear whether actin is distributed
throughout the particle or localized to a specific site. We used
immunocytochemistry to determine the distribution of actin
within the immature virus particle. Previous work (17) yielded
an estimate of ~200 actin molecules for each virus particle;
therefore, only a few (<10) molecules can be expected to be
present in an individual thin section of a fixed particle (9). We
employed an antigen-preserving, postembedding immunola-
beling procedure (6, 8) to enhance labeling efficiency. Figure
2A shows ultrathin sections of actin-immunolabelled immature
MoMuLV Gag particles. An average of three to eight gold
particles per virion were detected in a section, reflecting effi-
cient immunological detection by actin-specific antibodies.
Most of the actin was found to be clearly displaced from the
membrane and close to an electron-dense structure, presum-
ably the NC-RNA complex. When several gold labels were
present in a section, their position at a specific radius was more
apparent (Fig. 2A). When the same antibody was used to
detect actin molecules in ultrathin sections of immature HIV-1
particles, an average of two to five gold particles per virion
were detected. As expected, the radial position of the antigens
varied with the diameter of the particle in the section (which in
turn reflects the height of the section within the particle), yet
the position of the label was relatively constant with respect to
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the viral membrane. This perception is confirmed by plotting
the gold position (distance of gold from the center [R,]) as a
function of particle size (distance of the membrane from the
center [R,,]) (Fig. 3). Despite this reduced labeling efficiency,
most particles contained gold label which was well inside the
virus membrane (Fig. 2B). We investigated the radial positions
of the domains of the Gag polyprotein by immunolabeling of
HIV Gag particles with antibodies directed against the MA,
CA, and NC domains and against RNA. Again, when several
gold particles were present, their azimuthal arrangement was
apparent. While MA antibodies resulted in gold labeling near
the virus membrane, the average label corresponding to the
other antigens lay at lower radii, closer to the center of the
particle. The graphs in Fig. 3B and C show the distribution of
antigen labeling as a function of the distance below the mem-
brane. The length of the detecting antibody or protein A-gold
complexes and presentation of the antigen in different orien-
tations spread the label around the true position of the antigen
so that the means of the distributions must be compared. This
is reflected in the widths of the distributions seen in Fig. 3. It
confirms the visual impression of the antigen location and

FIG. 1. Immature HIV-1 and subviral HIV-1 Gag particles incorporate actin
molecules. (A) Immature HIV-1 particles were harvested after treatment of
infected T cells with protease inhibitor and then incubated with 0.5% Triton
X-100 prior to centrifugation on a 30 to 60% (wt/wt) sucrose gradient for 30 min.
The lower panel shows a Western blot probed with rabbit antiactin, and the
upper (larger) panel shows the same blot subsequently probed with mouse
anti-CA. 1 and 13 indicate the top and bottom fractions, respectively. The peak
fraction containing p55 and actin corresponded to 42.5% sucrose on this rate
zonal gradient. (B) HIV-1 Gag particles were harvested after expression of the
Gag open reading frame in insect cells and separated on a 30 to 60% (wt/wt)
sucrose gradient for 30 min. The lower panel shows a Western blot probed with
rabbit antiactin, and the upper (larger) panel shows a parallel blot probed with
mouse anti-CA. 1 and 16 indicate the top and bottom fractions, respectively. The
peak fraction containing p55 and actin corresponded to 37.5% sucrose on this
rate zonal gradient. (C) Gradient-purified Gag particles from an experiment
similar to that shown in panel B using the wild type (lane 1), AMA (lane 2), and
Ap6 (lane 3). The lower panel shows a Western blot probed with rabbit antiactin,
and the upper (larger) panel shows a parallel blot probed with mouse anti-CA.

shows that MA antigens are predominantly detected in prox-
imity to the virus membrane, while NC antigens are found
further inside the virus particle. The separation of NC, CA,
and MA (Fig. 3) is confirmed by a Student’s t test (MA/NC, ¢t =
6.6; MA/CA, t = 2.4; NC/CA, t = 6.59; P =3 X 1071, 1 X
1072, and 3 X 10~ '2, respectively, for equal means). The ¢ test
indicates that only the colocalization of actin with domain NC
is significant (MA/actin, t = 8.67; CA/actin, t = 10.43; however,
t was 1.544 for NC/actin, with corresponding P values of 3.0 X
10715, 1.8 X 1072, and 0.12, respectively). Figure 3C shows
the overlap of the distribution of actin and NC with the much
broader distribution of RNA labeling. Although the overlap is
apparent, the platykurtic RNA distribution does not lend itself
to a simple Student’s ¢ test of association.

Actin cofractionates with the NC cleavage product. The im-
munolabeling experiments showed that actin molecules local-
ize to a specific position within the immature retroviral particle
but did not clarify the basis for this spatial arrangement. It
could reflect either an interaction between actin and the Gag
polyprotein or nonspecific trapping between two protein lay-
ers. Therefore, Gag particles were treated with 0.5% nonionic
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FIG. 2. Immunogold detection of viral and cellular antigens in Gag particles. The images reveal individual Gag particles labeled with specific antibodies and
visualized with colloidal gold-protein A (5 nm in panels A and B and 10 nm in panels C and D). (A) MoMuLV Gag particles labeled with antiactin. (B to D) HIV-1
Gag particles labeled with antiactin (B), anti-MA (C), and anti-NC (D). Bars, 100 nm.

detergent Triton X-100, and the release of actin molecules
from the disrupted particles was analyzed by separating the
viral proteins in a sucrose gradient. While detergent treatment
of immature (protease inhibitor-treated) wild-type viral parti-
cles had little effect on the organization of the internal imma-

ture core, the subviral Gag particles were clearly disrupted by
the treatment (7).

This difference can be seen in electron micrographs of neg-
atively stained detergent-treated particles (Fig. 4). Detergent
treatment of protease inhibitor-treated virions leaves a large
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FIG. 2—Continued.

fraction in a compact form (Fig. 4A) similar in size and shape
to the immature membranous particle visualized by cryoelec-
tron microscopy (7). Faults between the hemispherical do-
mains are visible, but the particle remains relatively intact. In
contrast, removal of the membrane from the subviral Gag
particles causes their dissociation (Fig. 4B), and elongated
strings of RNP can be visualized (Fig. 4C). Detergent treat-

ment compromises the particle’s integrity; however, it does not
disrupt the interaction of Gag molecules with the RNA of the
particle itself. The Gag polyprotein easily penetrated the high-
sucrose-concentration regions of the gradient and was found
almost exclusively in the bottom fractions (Fig. 5A). Trace
amounts of Pr55%“¢ protein were detected in the top fractions.
Detergent treatment of Gag particles still allowed a consider-
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FIG. 3. Quantitation of immunogold-labeled viral and cellular antigens. The variable diameter of the retrovirus particle (6) motivates the use of reduced coordinates
for comparison of the positions of label in different particles. Our previous work indicated that the positions of Gag protein domains relative to the membrane are
invariant between particles of different diameters (6). Hence, we measured the distances from the center of the virus particle to the center of the gold particle
corresponding to the specific label (R,) and to the position of the membrane (R,,) along a line passing through the gold particle and the center of the virus particle,
as shown in the inset in panel B. (A) A plot of R, versus Ry, for HIV-1 MA and NC revealed a straight line with a slope close to 1 and an intercept which varied with
the antigen labeled. Similar data were obtained for the other antigens of HIV-1 and MoMuLV (not shown in this representation but vide infra). The labeling data
plotted in reduced coordinates (R,, — R,) reveal the variations in intercept for the different labels and hence their positions relative to the average position of the
membrane. This is shown for HIV-1 MA, CA, NC, and actin (B) and for NC, actin, and RNA (C). The application of Student’s 7 test to the reduced coordinates confirms
the visual impression of the significance of the variation in the average positions of the label. The mean position of the MA label is different from that of NC and actin
(equal means with P of 2.29 X 107! and 1.26 X 10~'3, respectively), as is CA (equal means with P of 10! and 10~23, respectively). The NC, RNA, and actin means

are not distinguishable. The shaded bars show the position of the membrane.

able portion of the actin molecules to cofractionate with the
unprocessed Gag precursor protein, suggesting that these mol-
ecules were still bound to the disrupted immature particles.
Significant but variable amounts of actin molecules were also
released from the treated particles and were found in the top
fractions of the gradient. Typically, 50% of the total actin was
lost from the disrupted HIV-1 Gag particles. The components
of the detergent-lysed immature viral particles were detected
in lighter fractions of the gradient than in the parallel experi-
ment with Gag particles. This difference between immature
viral particles (produced in the presence of protease inhibitor)
and the Gag particles may be related to their differing stabil-
ities upon detergent treatment. The reason for this differential
effect on immature particles may be that proteins from the pol
open reading frame confer added stability on immature viral
particles.

Detergent treatment of Gag particles showed that a consid-
erable fraction of the actin was still tightly associated with the
disrupted particles (Fig. SA). To extend this observation, Gag
particles were disrupted with 0.5% Triton X-100 and incubated
with recombinant HIV-1 protease. The detergent completely
removes the virus membrane so that the Pr55%“® precursor
protein is processed efficiently by the viral protease. The cleav-
age products were separated on a sucrose gradient, and gradi-
ent fractions were analyzed in Coomassie-stained gels and
Western blots with polyclonal antisera specific for actin and the
NC protein. Addition of exogenous HIV-1 protease resulted in
proper proteolytic processing to produce mature MA, CA, and

NC (Fig. 5B). No proteolytic processing was observed in the
absence of either HIV-1 protease or detergent (data not shown).
After centrifugation of detergent- and HIV-1 protease-treated
particles, MA and CA remained in the top fractions of the
gradient, indicating that both cleavage products had been re-
leased from the disrupted particles. In contrast, roughly three-
fourths of the NC protein accumulated at the bottom of the
gradient, presumably because it remained bound to the RNA
of the subviral particle. Western blotting with polyclonal anti-
serum specific for actin (Fig. 5B, lower panel) demonstrated
that actin cofractionated with the NC protein with only minor
amounts at the top of the gradient.

The gradient result demonstrates that actin is associated
with the NC protein or an NC-RNA complex. It suggests that
actin incorporation is mediated through an interaction with the
NC domain (or an NC-RNA complex) within the viral polypro-
tein, which is retained after cleavage. Further experimentation
is required to define the nature of the association. Exogenous
addition of viral protease only mimics the process of pro-
teolytic modification, which takes place naturally within the
well-ordered environment of the enveloped immature virus
particle. Similar experiments were performed with particles
released after an infection of CD4-positive MT-4 cells to de-
termine whether actin is also associated with the NC cleavage
product in the mature HIV-1 virion. Mature virions were col-
lected through a cushion of sucrose, inactivated for 30 min in
1% paraformaldehyde, and banded on a sucrose gradient. Pro-
longed treatment with high concentrations of paraformalde-
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hyde could result in cross-linking of the internal proteins of the
virus. No evidence for significant cross-linking was found under
our conditions of treatment. Cross-linking sufficient to cause
adventitious colocalization of actin and Gag would result in a
dramatic reduction in the levels of both proteins on the gels as
well as a visible cross-linked product. Banded particles were
isolated and incubated in 0.5% Triton X-100 for 30 min at RT
prior to rate zonal centrifugation. Gradient fractions were an-
alyzed by gel electrophoresis followed by Coomassie staining
and Western blotting (Fig. 5C). As in the detergent- and pro-
tease-treated Gag particles, most of MA and CA remained at
the top of the gradient. The NC protein and roughly half of the
actin molecules comigrated to high-density fractions. The com-

ponents of the mature particles were detected in lighter frac-
tions of the gradient than in the parallel experiment with pro-
tease-treated Gag particles. Whatever the origin of the shift,
the fact that the actin and NC distributions shift together in-
dicates their association and rules out the possibility that they
comigrate adventitiously under our gradient conditions.

DISCUSSION

Several experiments suggest that the actin cytoskeleton may
be important for retroviral particle morphogenesis (3, 11, 19,
22). While this work provides some insight into the role of the
actin cytoskeleton in the transport and assembly of Gag mol-
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FIG. 4. Effects of detergent treatment on immature HIV-1 particles and Gag
particles. Negatively stained preparations of detergent-treated immature (pro-
tease inhibitor-treated) HIV-1 particles (A) and of HIV-1 Gag particles treated
with detergent (0.5% [wt/vol] Triton X-100) under the same conditions (B and
C). Note the relatively intact appearance of the particles in panel A and the fact
that the Gag proteins appear to remain linked, presumably due to the presence
of RNA, in the more dissociated Gag particle preparations in panels B and C.
Bars, 100 nm in A and B; 10 nm in C.

ecules, it does not characterize its role at late stages of budding
and in the virus particle after release. Actin and actin-associ-
ated proteins are present within HIV-1, mouse mammary tu-
mor virus (3, 17), and several other enveloped viruses (14, 26),
opening the possibility of a structural role in the virion. An
interaction between in vitro-translated HIV-1 Gag polyprotein
and actin has been reported previously (19).

Our experiments demonstrate actin incorporation into
MoMuLV and HIV-1 Gag particles and so rule out a crucial
role for the products of the env and pol open reading frames in
this process. Our experiments with mutant Gag particles de-
leted in MA or p6 indicated that neither of these domains was
involved in incorporation.

Immunolocalization within the particle was based on our
previous conclusion that the domains of Gag in the immature
particle are arrayed radially (7). This was originally based on
an interpretation of the radial density distribution of particles
in cryoelectron micrographs and is now confirmed by our im-
munolocalization of the domains within the particle. Our im-
munolabeling and quantitative analysis of the results (6, 8, 9)
demonstrate that actin colocalizes with the NC domain of the
Gag polyprotein. It is clearly separated from the virus mem-
brane and the underlying MA protein layer (Fig. 3).

J. VIROL.

An internal actin protein layer has been proposed for im-
mature and mature wild-type MoMuLV virions by Nermut and
Hockley (16). They hypothesize that actin contributes to a lay-
er between the virus membrane and an internal Gag protein
shell which is responsible for the poorly staining “intermediate
layer,” a characteristic of images of sectioned MoMuLV (14a).
Their proposal is not supported by our observations with im-
mature HIV-1 Gag particles. Our images and distance mea-
surements on immature MoMuLV particles (Fig. 2A) clearly
indicate a similar arrangement of actin molecules in these two
retroviral systems.

The proximity of actin and the NC domain as revealed by
immunolabeling studies suggests a direct or indirect associa-
tion of these proteins in immature retroviral particles. Indeed,
when disrupted immature HIV-1 Gag particles were treated
with recombinant HIV-1 protease, actin molecules remained
in a stable complex with the NC cleavage product, whereas MA
and CA molecules were released (Fig. 5B). Interestingly, the
separation of detergent-treated mature HIV-1 virions led to
similar results, suggesting that the actin-NC interaction is pre-
served in mature virions (Fig. 5C). Whether it has a functional
role there which is distinct from its role in immature particles
remains open.

None of the evidence presented here distinguishes between
the interaction of actin with NC and with an NC-RNA com-
plex. RNase treatment of detergent-solubilized Gag particles
does not cause release of actin (26a); however, the interaction
of RNA with NC appears to protect RNA from efficient diges-
tion and hence is not definitive.

The role of actin-binding proteins in this interaction cannot
be ruled out, since ezrin and moesin, which are actin mem-
brane associated, and cofilin, a small actin-severing protein, are
present in pure preparations of HIV-1 (17). However, these
proteins are present in small amounts relative to actin (17),
and hence their role in efficient incorporation would demand
a multimeric arrangement of actin molecules. We have per-
formed electron microscopy of detergent-disrupted immature
and mature HIV-1 virions under a variety of conditions and
found no evidence for a filamentous arrangement of actin mol-
ecules (26a). The role of cytoskeletal elements in virus parti-
cles is unclear. They may even be a residue of an interaction
during budding, as the presence of the actin membrane com-
ponents ezrin and moesin suggest. The submembrane network
is generally regarded as a barrier that has to be overcome
before virus particles can be released from the infected cells. In
a wild-type infection, the cortical cytoskeleton may be weak-
ened by the proteolytic activity of the viral protease. The iden-
tification of several cytoskeletal proteins (e.g., actin, moesin,
and vimentin) as targets for the HIV-1 protease (10, 23, 24)
and the detection of small amounts of related cleavage prod-
ucts in HIV-1 particles (17) support this model. As a conse-
quence, it could be argued that detection of cytoskeletal pro-
teins reflects only the adventitious uptake of a fragmented
cytoskeleton present at the location of virus assembly. How-
ever, treatment of HIV-1-infected cells with an inhibitor of the
viral protease had no negative effect on actin incorporation,
demonstrating that the presence of actin in virions does not
rely on the disrupting activity of the viral protease. Further-
more, actin incorporation was also observed when the Gag
polyprotein alone was assembled into immature retroviral par-
ticles (Fig. 1B). MoMuLV and HIV-1 assembly and budding
proceed at the inner face of the plasma membrane. It is con-
ceivable that the Gag polyprotein is integrated into a well-
structured submembrane network, displacing existing interac-
tions between cytoskeletal proteins by competing for binding
sites while allowing a remaining network to support the viral
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organization. The formation of type B and D particles deep
within the cytoplasm probably rules out such an interaction
with the submembrane network as a necessary part of assembly
for these retroviruses.

The specific localization of actin molecules within the virion
suggests a structural role of cytoskeletal proteins in imma-
ture retroviral particles. Nevertheless, it is well established
that particles resembling the internal portion of immature
virions can be assembled from Gag proteins produced in bac-
teria (2), arguing against an absolute requirement for actin
in particle assembly. Work is in progress to better charac-
terize this interaction and its role in virion formation and
function.
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