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Mason-Pfizer monkey virus (M-PMV), the prototype type D retrovirus, differs from most other retroviruses
by assembling its Gag polyproteins into procapsids in the cytoplasm of infected cells. Once assembled, the
procapsids migrate to the plasma membrane, where they acquire their envelope during budding. Because the
processes of M-PMV protein transport, procapsid assembly, and budding are temporally and spatially un-
linked, we have been able to determine whether cellular proteins play an active role during the different stages
of procapsid morphogenesis. We report here that at least two stages of morphogenesis require ATP. Both
procapsid assembly and procapsid transport to the plasma membrane were reversibly blocked by treating
infected cells with sodium azide and 2-deoxy-D-glucose, which we show rapidly and reversibly depletes cellular
ATP pools. Assembly of procapsids in vitro in a cell-free translation/assembly system was inhibited by the
addition of nonhydrolyzable ATP analogs, suggesting that ATP hydrolysis and not just ATP binding is
required. Since retrovirus Gag polyproteins do not bind or hydrolyze ATP, these results demonstrate that
cellular components must play an active role during retrovirus morphogenesis.

Assembly and release of nascent retrovirus particles requires
that the viral precursor polyproteins and genomic RNAs, and
certain host cell tRNAs, migrate to the plasma membrane,
where budding occurs. Two discrete intracellular transport
pathways are utilized during the assembly of the infectious
virion. The viral glycoproteins are synthesized on membrane-
bound polysomes and are transported through the secretory
pathway of the cell to the plasma membrane, where they co-
localize with the immature capsid during the budding process
(20). The major structural proteins of the viral capsid and the
enzymatic proteins are synthesized in the cytoplasm on free
polysomes and are transported to the underside of the plasma
membrane (13, 36). While many of the details of the secretory
pathway have been established, the mechanisms for intracyto-
plasmic protein transport are poorly understood.

The major structural polyprotein (Gag) of a nascent retro-
virus capsid is encoded by the gag gene. Unlike most enveloped
RNA viruses in which the viral glycoproteins mediate assembly
by stabilizing the interactions between the capsid proteins and
the viral membrane, retroviral Gag proteins can drive capsid
assembly and budding in the absence of all the other viral gene
products (19, 55, 58). As such, they contain all cis-acting in-
formation necessary for intracytoplasmic transport, capsid as-
sembly, membrane binding, envelopment, and release from the
cell surface. Assembly of the immature retrovirus capsid begins
shortly after the Gag polyproteins are synthesized and modi-
fied by myristylation (15, 17, 40, 47–49). The Gag proteins of
most retroviruses (the type C avian and mammalian viruses,
lentiviruses, and human T-cell leukemia virus/bovine leukemia
virus-related viruses) migrate directly to the plasma mem-
brane, where they coalesce into spherical, immature capsids
and simultaneously bud through the lipid bilayer, thereby ac-
quiring their envelope. During or shortly after release, the Gag
protein is cleaved by the viral protease into the internal struc-

tural (NH2-MA [matrix], CA [capsid], and NC [nucleocapsid])
proteins of the mature, infectious virion (22). In contrast, the
Gag proteins of the mammalian and type B and D viruses
(mouse mammary tumor virus [MMTV] and Mason-Pfizer
monkey virus [M-PMV], respectively) accumulate in the cyto-
plasm, where they assemble into spherical structures in the
absence of membranes. These nascent particles have been re-
ferred to as intracytoplasmic type A particles, but by analogy to
other viruses and bacteriophages, we have redefined them as
procapsids (55). Once assembled, procapsids are transported
to the plasma membrane, from which they bud. Despite the
different assembly strategies, the processes whereby Gag pro-
teins assemble into procapsids are probably similar since a
single amino acid change near the amino terminus of the Gag
protein from M-PMV has been shown to convert it to the type
C morphogenic pathway (41).

Genetic analyses of the gag genes from different retroviruses
have shown that Gag proteins contain specific domains which
are required for capsid formation. A membrane binding (M)
domain has been located at the amino-terminal end of Gag of
several retroviruses (31, 43, 60, 61). A late (L) domain func-
tions during the budding and release. In Rous sarcoma virus
(RSV) and M-PMV, the L domain is located between the MA
and CA domains (57, 59). An equivalent domain in the lenti-
viruses has been found near the carboxy terminus of the Gag
precursor (34). A third domain (I), located near the CA-NC
junction, appears to be a region of interaction between Gag
proteins (3, 56). Despite the lack of any extensive sequence
similarities between different Gag proteins, there is functional
conservation between assembly domains. Chimeric Gag pro-
teins containing the M, L, and I domains from different retro-
viruses can assemble into capsid-like structures and mediate
budding at the plasma membrane (3, 9, 10, 34).

The M-PMV Gag protein contains additional assembly ele-
ments which influence procapsid assembly, stability, and trans-
port. This virus contains a region within Gag (known as p12)
that is not found in either the type C viruses or lentiviruses. It
has been suggested from biochemical data derived from stud-
ies with p12 deletion mutants that this domain assists in as-
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sembly by stabilizing intermolecular Gag associations (50).
Protein stability and protein/procapsid transport depend on
sequences in the MA domain which appear to be distinct from
the M domain. As mentioned above, a single point mutation in
MA at residue 55 results in a Gag protein that no longer
assembles in the cytoplasm but rather assembles at the plasma
membrane. This mutation lies within an 18-amino-acid region
of the MA domain that has sequence similarity only to the type
B retroviruses (41). The nuclear magnetic resonance-derived
solution structure of a nonmyristylated M-PMV MA protein
indicates that this region folds into a structured turn which is
solvent accessible in the monomer and trimer models (8).
Moreover, this structural feature is absent in human immuno-
deficiency virus (HIV), simian immunodeficiency virus, human
T-cell leukemia virus, and bovine leukemia virus MA proteins
(7, 18, 27–30, 37). It is reasonable, therefore, to suspect that
this region contains a cytoplasmic protein transport signal
which must interact with a cellular factor. In contrast, other
mutations in either the myristic acid addition signal or at a
variety of positions elsewhere in the MA coding region result
in Gag proteins that fail to be released as virus-like particles
despite assembling into procapsids in the cytoplasm (40, 43).
Thus, the M-PMV Gag protein appears to contain a second
cytoplasmic transport signal which normally directs assembled
procapsids and not unassembled Gag proteins to the plasma
membrane. It is implied in this model that the M-PMV Gag
protein must utilize multiple cellular components during the
different stages of assembly and release.

The type D retroviruses provide a useful system for studying
morphogenic events since procapsid assembly, protein trans-
port, and budding are temporally and spatially unlinked. We
report here that in infected cells and an in vitro translation/
assembly system, procapsid assembly and transport to the
plasma membrane require ATP. Thus, cellular proteins do play
an active role during at least two stages of M-PMV morpho-
genesis.

MATERIALS AND METHODS

Cells, viruses, and DNAs. CMMT cells, which produce infectious M-PMV,
were initially established by cocultivating rhesus mammary tumor cells with
rhesus monkey embryo cells (1, 6). Monolayers of CMMT cells were cultured in
RPMI 1640 supplemented with 5% tryptose phosphate broth and 10% fetal
bovine serum (regular growth medium). For ATP depletion studies, cells were
treated with 10 mM sodium azide and 6 mM 2-deoxy-D-glucose in glucose-free
RPMI 1640. Plasmid pTFCG (44) was used to program M-PMV Gag polyprotein
translations in vitro.

Radiolabeling. Confluent monolayers of CMMT cells in 100-mm-diameter
dishes were incubated for 20 min in methionine- and cysteine-free RPMI 1640.
Cells were then pulse-labeled for 30 min at 37°C with [35S]methionine-cysteine
protein labeling mix (0.2 mCi/ml, 1,175 Ci/mmol; NEN). In pulse-chase experi-
ments, pulse-labeled cells were chased for various times in either regular growth
medium or glucose-free RPMI 1640 containing the metabolic inhibitors de-
scribed above.

Cell lysis, immunoprecipitation, and gel electrophoresis. The proportion of
M-PMV Gag precursors that assembled into procapsids was monitored at vari-
ous times after labeling with [35S]methionine-cysteine as described previously
(40, 50). Briefly, radiolabeled CMMT cells were lysed on ice in TX-100 lysis
buffer (0.25 M sucrose, 1.0 mM EDTA, 10 mM Tris-HCl [pH 7.5], 0.14 M NaCl,
0.5% Triton X-100, 0.25% deoxycholate [DOC]). Assembled M-PMV procapsids
were separated from the bulk of the cellular proteins by centrifugation through
a 20% sucrose cushion at 350,000 3 g for 20 min at 4°C. The pellet was lysed in
1 ml of 13 lysis buffer B (0.1% sodium dodecyl sulfate [SDS], 1% Triton X-100,
1% DOC, 0.15 M NaCl, 0.05 M Tris-HCl [pH 7.5]). The supernatants containing
unassembled Gag precursor polyproteins were adjusted to 13 lysis buffer B by
the addition of SDS and DOC. Gag proteins present in the supernatant and
pelleted fractions were collected by immunoprecipitation using a rabbit anti-
Pr78gag antiserum (44). Immunoprecipitates were dissolved in sample buffer
(10% glycerol, 2.3% SDS, 63 mM Tris-HCl [pH 6.8], 5% b-mercaptoethanol,
0.01% bromophenol blue), boiled for 4 min, separated on an SDS–12% poly-
acrylamide gel (54), and visualized by fluorography. The band intensities on the
resulting fluorograms were quantitated by using a high-performance digital im-
aging system and AlphaImager 2000 software (Alpha Innotech Corp., San Le-

andro, Calif.). The intensities of each of the Gag precursor proteins and their
cleavage products (Pr95, p68, and p27 [CA]) were normalized to Pr78gag equiv-
alents from their relative methionine content.

Measurement of ATP in cells. The ATP levels in cells were measured as
described by Parker et al. (35). Briefly, 3 3 106 CMMT cells were collected by
centrifugation and incubated on ice for 10 min with 0.1 ml of ice-cold 0.5 M
perchloric acid. The acid-insoluble material was removed by centrifugation at
12,000 3 g for 2 min. The supernatant was removed and neutralized with 12.5 ml
of 4 M KOH and 7.5 ml of 1 M potassium phosphate (pH 7.5). Insoluble material
was removed by centrifugation at 12,000 3 g for 20 min, and the supernatant was
analyzed by high-pressure liquid chromatography (HPLC) using a Partisil-10
SAX anion-exchange column. The nucleotides were eluted with a 50-min linear
gradient from 5 mM NH4H2PO4 (pH 2.8) to 750 mM NH4H2PO4 (pH 3.7) with
a flow rate of 2 ml/min. The nucleotides were detected by their absorbance at 254
nm. The concentrations of ATP in the samples were calculated by comparison to
known ATP standards.

Electron microscopy. For analysis of procapsid assembly, CMMT cells were
fixed for 1 h in 1% glutaraldehyde in phosphate-buffered saline (pH 7.0) at room
temperature. The cells were removed from the plates, washed several times in
phosphate-buffered saline, and then postfixed in 1% buffered osmium tetroxide
for 1 h. The cells were rinsed again and then dehydrated with increasing con-
centrations of ethanol beginning with 50% and ending with 100%. The cells were
rinsed three times with propylene oxide and then embedded in Polybed. Ultra-
thin sections were made by using a Rechert-Jung Ultra Cut E ultramicrotome.
Sections were stained with uranyl acetate and lead acetate, examined, and pho-
tographed in a Hitachi-7000 transmission electron microscope.

Transcription, translation, and procapsid assembly in vitro. Simultaneous
transcription and translation reactions were performed from plasmid pTFCG in
the TNT coupled reticulocyte lysate system (Promega). For analysis of completed
in vitro assembly reactions by sucrose gradient analysis, lysates were diluted to a
total volume of 100 ml with 30% (wt/wt) sucrose in 20 mM Tris (pH 8.0)–100 mM
NaCl–100 mM dithiothreitol–0.1% Triton X-100 (gradient buffer) and loaded
onto 2.2 ml continuous 30 to 55% (wt/wt) sucrose gradients in gradient buffer.
Gradients were centrifuged in a TLS-55 rotor (Beckman Instruments) for 2 h at
55,000 rpm. Approximately 200-ml fractions were taken by hand from the top of
the gradient. The pellet was suspended in 200 ml of 55% (wt/wt) sucrose in
gradient buffer. Aliquots (10 ml) of each fraction were dissolved in SDS sample
buffer and then loaded onto an SDS–12.5% polyacrylamide gel. After polyacryl-
amide gel electrophoresis (PAGE), radioactive bands were visualized by fluo-
rography.

RESULTS

To determine whether M-PMV assembly, transport, and
release are active events that utilize cellular components and
not merely passive events such as diffusion and self-assembly,
we asked whether viral morphogenesis would still occur under
conditions where cell-specific processes are inhibited. Since
Gag proteins are not known to bind or hydrolyze ATP, we
specifically asked whether M-PMV procapsids could assemble
and bud from infected cells in the absence of ATP.

Sodium azide and 2-deoxy-D-glucose reversibly deplete ATP
levels in M-PMV-infected cells without affecting cell viability.
It has been shown that short-term exposure of certain cells to
a combination of sodium azide and 2-deoxy-D-glucose can rap-
idly and reversibly deplete ATP pools without adversely affect-
ing cell viability (25, 53). Given that the half times of procapsid
assembly and release are ;45 min and 3.5 h, respectively (42,
43), we initially determined whether these metabolic inhibitors
were lethal to M-PMV-infected (CMMT) cells within this time
frame. CMMT cells were incubated in either (i) normal growth
medium, (ii) glucose-free, serum-free medium, or (iii) glucose-
free, serum-free medium containing 10 mM sodium azide and
6 mM 2-deoxy-D-glucose. In each case, over 95% of the cells
remained viable after 8 h when examined by a trypan blue
exclusion assay. When the drugs were replaced after 4 h with
normal growth medium and the cells were incubated for an
additional 24 h, more than 95% of the cells were viable (data
not shown).

To determine whether ATP could be depleted prior to the
onset of procapsid assembly and release, cells were treated
with sodium azide and 2-deoxy-D-glucose for various times.
Equal numbers of cells were harvested, washed, and lysed
according to established protocols (35). The amount of ATP
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present in lysates was determined as described in Materials
and Methods. As shown in Fig. 1, ATP levels dropped 4-fold
within 1 h and more than 10-fold by 2 h. ATP remained at
barely detectable levels until the metabolic inhibitors were
removed at 4 h. Approximately 2 h after removal of the drugs,
ATP levels began to rise, and by 12 h (8 h after inhibitors were
removed), ATP levels had risen to within 70% of the mock-
treated control sample levels.

ATP depletion inhibits procapsid assembly and blocks virus
release. Having shown that the cellular ATP pools were rapidly
and reversibly depleted in the presence of the drugs, we asked
whether assembly, transport, or release could occur in the
absence of ATP. CMMT cells were pulse-labeled without
drugs for 20 min. The rates at which these labeled Gag proteins
were chased into procapsids and virus in either the absence or
presence of the metabolic inhibitors were examined. CMMT
cells produce three Gag-related polyproteins of 78, 95, and 180
kDa. The most abundant of these is the 78-kDa Gag polypro-
tein (Pr78gag). The 95- and 180-kDa proteins are the Gag-Pro
(Pr95gag-pro) and Gag-Pro-Pol (Pr180gag-pro-pol) proteins which
are synthesized via ribosomal frameshifting events. All three
precursors are incorporated into procapsids and virions, but
Pr180gag-pro-pol is made in very low amounts and is often diffi-
cult to detect by radiolabeling (see below). A smaller Gag-
related protein of 68 kDa (p68) is also detected in M-PMV-
infected cells. This protein originates from translational
initiation from the second methionine codon in gag which is
located at the end of the MA coding region (39).

As shown in Fig. 2 (lanes 1 to 3), the Gag precursor polypro-
teins Pr78gag, Pr95gag-pro, and p68 were detected in both the
soluble and pelleted fractions of pulse-labeled cells. These two
fractions have been shown previously to contain unassembled
Gag proteins and assembled procapsids, respectively (42). Of
the total amount of these Gag precursors in pulse-labeled cells,
38% had already assembled into procapsids (Fig. 3A). No
proteins were found in the virus pellet fraction at the end of
the pulse-label. Following a 2-h chase in the absence of drugs,
the total amount of cell-associated Gag precursors (both un-
assembled and assembled) had dropped to approximately 40%
of that detected in the pulse (Fig. 3A). Of this amount, 65%
was found in the procapsid-associated fraction. The decrease
in cell-associated Gag proteins was primarily due to virus re-
lease rather than degradation since the total amount of Gag
precursors and processed CA equivalents (normalized to
Pr78gag equivalents based on methionine content) present in
the cells and in virus is 95% of that in the pulse (Fig. 3C).

At the end of the 2-h chase, significant amounts of the
27-kDa mature CA were found in both cell lysates and virus.
The CA protein is derived from Gag following the action of the
viral protease. This processing of Gag takes place during or
shortly after budding at the plasma membrane. Mutations that
block transport to or budding from the plasma membrane
prevent Gag processing (40, 43). The presence of CA in the
cell-associated fraction is therefore a measure of virus budding
and probably represents virus particles that have budded from
the plasma membrane but remain cell associated during the
fractionation protocol. Finding the majority of the cell-associ-
ated CA in the soluble fraction is common since cleaved Gag
proteins in mature virions are easily solubilized with detergent
(51). After the 4-h chase, only 17% of the pulse-labeled Gag
precursors remained cell associated; of this amount, the ma-
jority (80%) fractionated with procapsids (Fig. 2, lanes 10 to
12; Fig. 3A). The reduction in total cell-associated Gag pre-
cursors and the increase in assembled procapsids were accom-
panied by increasing amounts of CA associated with cells and
virus pellets. The kinetics of M-PMV procapsid assembly and
release in CMMT cells (half-lives of 1 h and 3 to 4 h, respec-
tively) are consistent with that previously observed in COS-1
and HeLa cells (43).

In contrast to normal virus morphogenesis, procapsid assem-
bly and virus release were dramatically inhibited in cells
treated with sodium azide and 2-deoxy-D-glucose. After 2 h of
drug treatment, 99% of the Gag precursors present in the
pulse-labeled cells could still be precipitated from the cell
lysates (combined soluble and pelleted fractions) with the poly-
clonal antiserum (Fig. 3C). As was seen in the pulse-labeled
cell extracts, approximately 40% of the radiolabeled Gag pro-
teins had assembled into procapsids (Fig. 2, lanes 7 and 8; Fig.
3B). In contrast to the results observed after the 2-h chase in
the absence of drugs, no Gag cleavage products were detected
in either the cell lysates or virus pellets (Fig. 2, lanes 7 to 9).
The absence of CA in these fractions suggests that those pro-

FIG. 1. Effects of metabolic inhibitors on the ATP levels in M-PMV-infected
cells. CMMT cells were treated with 10 mM sodium azide and 6 mM 2-deoxy-
D-glucose for increasing amounts of time. At various times, 3 3 106 cells were
lysed and the amounts of ATP were measured by HPLC anion-exchange chro-
matography. The concentration of ATP in each sample was calculated based on
the concentrations of known ATP standards.

FIG. 2. Kinetics of M-PMV procapsid assembly and virus release in the
presence of the metabolic inhibitors. CMMT cells were pulse-labeled with
[35S]methionine and cysteine for 20 min (lanes 1 to 3) and then chased for 2 h
(lanes 4 to 9) and 4 h (lanes 10 to 15) in the absence (lanes 4 to 6 and 10 to 12)
or presence of 10 mM sodium azide and 6 mM 2-deoxy-D-glucose (lanes 7 to 9
and 13 to 15). Cells were fractionated in TX-100 lysis buffer by centrifugation as
described in Materials and Methods. Gag proteins present in the soluble (S
[unassembled molecules]; lanes 1, 4, 7, 10, and 13) and pelleted fractions (P
[assembled procapsids]; lanes 2, 5, 8, 11, and 14) and in virus (V; lanes 3, 6, 9, 12,
and 15) were immunoprecipitated with anti-Pr78gag polyclonal serum. The posi-
tions of the molecular mass protein markers are indicated, as are the positions of
Pr78gag and CA.
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capsids that had assembled during the pulse and the early time
points of drug treatment did not reach the stage of budding
from the plasma membrane. After 4 h of drug treatment,
virtually 100% of the pulse-labeled Gag precursors could still
be detected in the cell lysates (Fig. 3C). After subtracting the
nonspecific and abnormally high background from the pelleted
fraction (Fig. 2, lane 14), we found that the amount of cell-
associated Gag which had assembled into procapsids had risen
slightly to 48% (Fig. 3B). These procapsids, however, were not
released from the cell as virus particles (Fig. 2, lane 15). Since
Gag proteins are not known to bind or hydrolyze ATP, these
results suggest that procapsid assembly and either protein
transport to the plasma membrane or budding/release rely on
cellular proteins that utilize ATP.

Restoration of assembly and release by removing the meta-
bolic inhibitors. If the hypothesis that procapsid assembly,
transport, and/or membrane associations is ATP dependent is

correct, it would be reasonable to expect that these processes
would resume if the cells were allowed to regenerate ATP. To
examine this, parallel monolayers of pulse-labeled cells were
chased in the absence or presence of drugs as described above
except that after 4 h, the metabolic block was removed by
replacing the drug-containing medium with normal growth me-
dium. Cells were fractionated, and virus particles that had
accumulated during the initial 4-h chase (Fig. 4, lanes Va) and
during the following chase (Vb) were analyzed. After a 6-h
chase in the absence of the drugs, more than 95% of the
pulse-labeled Gag proteins had been processed (Fig. 3A), and
approximately 50% of these were released as free virus parti-
cles (Fig. 4A, lanes 1 to 4). Mature virions remained associated
with cells even after a 12-h chase, when 32% of the CA protein
was found in the cell lysates (Fig. 4B, lanes 5 to 8).

In the drug-treated plates, the block to procapsid assembly
and release was relieved by removing the metabolic inhibitors.
The amount of the labeled Gag precursors that remained sol-

FIG. 3. Graphic representation of the effects of metabolic inhibitors on M-
PMV morphogenesis. The fluorograms shown in Fig. 2 and 4 were quantitated as
described in Materials and Methods, and the band intensities of the Gag pre-
cursor polyproteins Pr95gag-pro, Pr78gag, and p68 as well as the processed p27
(CA) were normalized to Pr78gag equivalents with respect to their methionine
content. The percentages of the total Pr78gag equivalents present in the soluble
(solid bars) and pelleted fractions (open bars) and in virus pellets (cross-hatched
bars) at each time point during the mock treatment (A) and drug treatment (B)
are shown. (C) The amounts of Pr78gag equivalents in the soluble and pelleted
lysate fractions and in the viral pellets at each time point were combined and are
reported as the percentage of the initial pulse-labeled Gag proteins.

FIG. 4. Restoration of M-PMV morphogenesis by removing the metabolic
block. Plates of CMMT cells identical to those used for Fig. 2 were pulse-labeled
for 20 min and then chased in the absence (A, lanes 1 to 4 and 9 to 12; B, lanes
5 to 8) or presence of 10 mM sodium azide and 6 mM 2-deoxy-D-glucose (A,
lanes 5 to 8; B, lanes 1 to 4 and 9 to 12) for 4 h. The culture media were replaced
with normal growth medium without drugs, and the cells were further incubated
for either 2 h (A, lanes 1 to 8), 4 h (A, lanes 9 to 12; B, lanes 1 to 4), or 8 h (B,
lanes 5 to 12). Gag-specific proteins present in virus that had accumulated in the
culture media during the initial 4-h chase (lanes Va) and the subsequent chase
(Vb) and in the soluble (S) and pelletable (P [assembled procapsids]) fractions
of cell lysates were immunoprecipitated with anti-Pr78gag polyclonal serum.
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uble (40%) 2 h after the drugs were removed was less than that
seen (52%) after 4 h of continuous drug treatment. This de-
crease in soluble Gag was accompanied by an increase in pro-
capsid assembly but not virus budding (Fig. 4A, lanes 5 to 8;
Fig. 3B). Four hours after the drugs were removed, the amount
of unassembled Gag (23%) had decreased and there was a
significant increase in the cell-associated and virus-associated
CA protein (Fig. 4B, lanes 1 to 4). These changes are consis-
tent with the rise in ATP levels after the drugs were removed
(Fig. 1). By the point at which ATP levels had risen to within
70% of that of mock-treated cells (8 h after removal of the
drugs), only 26% of pulse-labeled Gag precursors were found
to be cell associated. The remainder of the Gag proteins had
been processed into CA; of these, .70% were found in the
virus pellets (Fig. 4B, lanes 9 to 12; Fig. 3B). The relative
difference in the amount of Gag proteins present in the various
fractions was not due to protein degradation but rather was
due to renewed procapsid assembly and virion release since the
total amount of labeled Pr78gag equivalents that was immuno-
precipitated with the polyclonal antisera varied by ,25% of
that detected after the initial pulse-labeling (Fig. 3C).

In vitro assembly of M-PMV procapsids is dependent on
ATP. To further confirm our observation that M-PMV procap-
sid assembly requires ATP, we assayed whether Pr78gag could
assemble into procapsids in vitro in the presence of a nonhy-
drolyzable ATP analog, ATPgS. We have shown previously
that Pr78gag and Pr95gag-pro proteins can assemble in vitro into
procapsid-like structures which are indistinguishable in density
and appearance from authentic procapsids produced in mam-
malian cells (44). Furthermore, since we have shown that anti-
Gag monoclonal antibodies can inhibit assembly, this system is
suitable for testing potential inhibitors of this process. Coupled
transcription and translation of Pr78gag and Pr95gag-pro was
initiated in reticulocyte lysates and allowed to proceed for 30
min at 30°C to allow enough time for sufficient protein synthe-
sis. At that time, cycloheximide and either ATPgS or water
were added to the reaction mixture. The lysate was then incu-
bated for an additional 90 min, after which the reactions were
analyzed for procapsid assembly by gradient analysis and SDS-
PAGE (Fig. 5). The absence of Pr78gag and Pr95gag-pro in the
middle of the density gradient shows that the addition of
ATPgS completely inhibited procapsid assembly (Fig. 5, top
panel). In contrast, ;50% of the Pr78gag and Pr95gag-pro pre-
cursors had assembled into procapsids that sedimented to a
density of ;1.2 g/ml in control samples (Fig. 5, bottom panel).
Identical results were obtained with the similar nonhydrolyz-
able ATP analog AMP-PNP (data not shown). These data
demonstrate that ATP hydrolysis and not just ATP binding is
required for procapsid assembly.

Analysis of procapsid transport and membrane associations
by electron microscopy. While the in vitro data demonstrated
that procapsid assembly requires ATP, the data from the pulse-
chase experiments in the presence of the metabolic inhibitors
indicated that a postassembly step was also dependent upon
ATP. However, it was not possible to distinguish whether (i)
transport of assembled procapsids to the plasma membrane,
(ii) stable associations between the procapsids and the mem-
brane, or (iii) budding was the ATP-dependent step. To dis-
criminate between these possibilities, mock-treated and drug-
treated cells were directly examined by electron microscopy. If
procapsid transport was inhibited in the presence of the drugs,
then one would expect to find a majority of the capsids in the
cytoplasm and not associated with membranes. If either mem-
brane association or budding was inhibited and procapsid
transport was not, the majority of the procapsids would be
expected to localize near the plasma membrane.

Numerous procapsids clustered in the cytoplasm and asso-
ciated with the plasma membrane were detected in mock-
treated cells (Fig. 6A and B). The cytoplasmic procapsids and
budding particles clearly display the electron-dense doughnut
shape characteristic of immature retrovirus cores. These struc-
tures were easily identified in essentially every cell examined.
In contrast, detection of cytoplasmic procapsids and especially
membrane-associated procapsids in drug-treated cells became
progressively harder the longer the cells were treated. In cells
that were treated for 1.5 h (Fig. 6C), several cytoplasmic pro-
capsids were detected in approximately half of the cells (n '
100 cells) that were examined. However, no membrane-asso-
ciated forms were found. As shown, a few cell-free virus par-
ticles were found in these samples, but these displayed a mor-
phology characteristic of mature particles (i.e., electron-dense
cores). These particles were more than likely released from the
cell prior to ATP depletion since the pulse-chase data demon-
strated that particle release and Gag processing were inhibited
in the presence of the inhibitors. After 3 h of drug treatment,
;40% of the cells (n ' 200 cells) contained cytoplasmic pro-
capsids. Out of all of these cells, only one membrane-associ-
ated procapsid was found (Fig. 6E). In contrast, multiple mem-
brane-associated procapsids were found in cells that had been
treated with drugs for 3 h and then incubated in their absence
for 90 min (Fig. 6F and G). These data are consistent with the
pulse-chase experiments (i.e., absence of cell-associated CA in
the drug-treated cell lysates), and they indicate that transport
of assembled procapsids to the plasma membrane is ATP de-
pendent.

DISCUSSION

According to current models, release of a type D retrovirus
particle requires at least six distinct posttranslational events: (i)
transport of nascent Gag proteins from their sites of synthesis
to the defined assembly domains in the cytoplasm, (ii) assem-
bly of the procapsid, (iii) transport of the assembled procapsid
through the cytoplasm to the plasma membrane, (iv) mem-

FIG. 5. Sucrose gradient analysis of M-PMV gag and gag-pro programmed in
vitro translations. Equal volumes of gradient fractions were separated by SDS-
PAGE (10% polyacrylamide gel) and visualized by fluorography. Lane numbers
represent the gradient fractions beginning from the top (lane 1). Lane L con-
tained an equivalent aliquot of the translation reaction mixture which was loaded
onto each gradient; lane P contained the material which had pelleted in the tube.
The electrophoretic positions of the molecular mass protein markers are indi-
cated in kilodaltons on the left, and the positions of Pr78gag and Pr95gag-pro are
shown on the right. The translation reactions which were treated with ATPgS
(top panel) or H2O (control; bottom panel) are indicated.
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FIG. 6. Electron micrographs of CMMT cells treated with the metabolic inhibitors. Thin sections of CMMT cells which had been mock treated or drug treated were
examined by electron microscopy to determine at which stage processed assembly or release was arrested. (A and B) Sections of mock-treated cells; (C to G) sections
of cells treated with drugs for 1.5 h (C), treated with drugs for 3 h (D and E), and treated with drugs for 3 h and then without drugs for 1.5 h (F and G). Arrow,
cytoplasmic procapsids; arrowheads, budding virions. Magnification, 351,000; bars, approximately 100 nm.
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brane binding, (v) capsid envelopment and budding, and (vi)
membrane fusion to release the virus particle. Based on ge-
netic evidence, some of these events are thought to be depen-
dent on host cell factors. The ability of a single point mutation
in the MA domain (R55W) to alter the site of assembly from
the cytoplasm to the plasma membrane suggests that wild-type
Gag proteins arrive at the cytoplasmic assembly sites by a
specific transport mechanism (41). Certain point mutations
elsewhere in the MA domain result in the accumulation of
procapsids in the cytoplasm (40, 43). Transport of these mu-
tant procapsids to the plasma membrane is apparently blocked.
Taken together, the phenotypes of these mutants suggest that
transport to and transport from the cytoplasmic assembly sites
are both active processes driven by cellular components rather
than a passive process such as diffusion. The data presented in
this report not only support the concept of active transport
through the cytoplasm but also provide evidence that cellular
factors play an active role during procapsid assembly.

Pulse-chase experiments in conjunction with cell fraction-
ation studies which separate unassembled (soluble) Gag pro-
teins from assembled procapsids indicate that procapsid as-
sembly can be inhibited with the metabolic inhibitors sodium
azide and 2-deoxy-D-glucose. During the pulse-labeling, a sig-
nificant proportion of the nascent Gag molecules had been
incorporated into procapsids that could be pelleted by centrif-
ugation. This was expected since previous work had shown that
in HeLa cells and COS-1 cells which express the M-PMV Gag
polyprotein, half of the newly synthesized Gag proteins are
incorporated into procapsids within 45 min (42, 43). In the
absence of drugs, there was a steady increase in procapsid-
associated and virus-associated Gag during the chases. In con-
trast, the amount of pulse-labeled Gag that fractionated with
assembled procapsids in the presence of drugs rose only
slightly, and none was found associated with released virus. In
fact, the block to assembly occurred within the amount of time
it took for the drugs to deplete the ATP pools approximately
fourfold. The ability to block assembly in vitro with nonhydro-
lyzable ATP analogs demonstrates that assembly itself requires
ATP hydrolysis. Since these experiments focus on the assembly
process itself, it is entirely possible that transport of newly
synthesized Gag proteins to the assembly sites also requires
ATP.

Because chaperonins facilitate protein folding in an ATP-
dependent manner (16, 52), the requirement for ATP during
M-PMV procapsid assembly raises the possibility that cytosolic
chaperonins play an active role during procapsid morphogen-
esis. Such a role for chaperone-assisted capsid assembly has
been demonstrated with hepatitis B virus (HBV). Lingappa et
al. (24) found that HBV core proteins translated in vitro could
assemble into structures which closely resembled authentic
HBV cores. They also demonstrated, using sucrose gradients
and coimmunoprecipitation experiments, that a significant
portion of the HBV core proteins colocalized with CC60 (a
TCP-1-related chaperone) in an ATP-dependent manner.
TCP-1 is a subunit of a large hetero-oligomeric ring complex
(CCT/TRiC) consisting of two rings of eight 55-kDa subunits
(14, 16). Like other chaperones, TRiC mediates protein fold-
ing and requires ATP for the release of its substrate. Clearly
the association of a substrate protein with TRiC would result in
a complex that could be easily pelleted by centrifugation. In
fact, HBV core proteins associated with CC60 were found at
the bottom of sucrose gradients. Also, the HBV core protein
could be chased out of the pellet (CC60 complex) and into
fractions containing either HBV capsids or unassembled core
proteins by manipulating the energy substrates (i.e., by addi-
tion of nucleoside triphosphates or apyrase) of the in vitro

extracts. We have also found in vitro-translated M-PMV Gag
proteins in the pellets of sucrose gradients (44). However,
unlike the HBV core protein, the pelleted M-PMV protein
appears to assemble into aberrant, dead-end structures that
bear no resemblance to M-PMV capsids or TRiC ring-like
structures. Since ATP is required to release substrate polypep-
tides from the TRiC complex, it would be expected that under
limited ATP conditions, there would be an increase in the
substrate-TRiC complex. To this end, addition of nonhydro-
lyzable ATP analogs to the in vitro translation resulted in an
increase of material at the top of the gradient and not in the
pellet. Thus, it is unlikely that Gag interacts with TCP-1. Other
candidate cytosolic chaperones include the Hsp70/Hsp90 fam-
ily. Determination of whether these cellular proteins assist in
procapsid assembly awaits further experimentation.

The requirement for ATP during M-PMV procapsid assem-
bly is not inconsistent with previous results which demon-
strated that other retroviral Gag proteins can be purified and
assembled into capsid-like structures under appropriate con-
ditions without an apparent need for ATP. Campbell and Vogt
have shown that RSV and HIV Gag proteins can be overex-
pressed in and purified from bacteria in a soluble form (4, 5).
By manipulating the pH and ionic strength and by including
RNA in the assembly reaction, it was shown that these proteins
could self-assemble into spherical capsid-like structures. Since
the RSV and HIV Gag proteins remained soluble in bacteria
rather than accumulating in inclusion bodies, it is entirely pos-
sible that these proteins had been properly folded into assem-
bly-competent forms by bacterial chaperone proteins prior to
their purification. Thus, the requirement for ATP had already
been met. In contrast, overexpression of the M-PMV Gag
protein in bacteria results in the accumulation of capsid-like
structures in inclusion bodies (21). Purification of Gag from
the insoluble inclusion bodies required denaturation using 8 M
urea. However, such denatured Gag proteins could be rena-
tured and assembled into capsid-like structures by slowly re-
moving the urea under the correct pH and ionic strength. This
slow, controlled renaturation of Gag could conceivably super-
sede the proposed requirement for ATP-dependent (chaper-
one-assisted) protein folding.

ATP-dependent assembly is not unique to the type D retro-
viruses. Lingappa et al. (23) demonstrated that HIV type 1
(HIV-1) Gag proteins translated in vitro can assemble into
capsids in a wheat germ extract but only in the presence of
ATP. They further showed that assembly is dependent on both
a detergent-insoluble and a detergent-soluble component pre-
sent in the extracts. However, since capsid assembly and bud-
ding occur concomitantly during lentivirus morphogenesis and
probably during assembly in vitro, it is difficult to distinguish at
which step these cellular factors are being utilized. In contrast,
we have shown directly that ATP hydrolysis is a prerequisite
for the assembly of precursor proteins into the procapsid shell.
In addition, we present several lines of evidence that assem-
bled M-PMV procapsids arrive at the plasma membrane by an
active process rather than by passive diffusion. While a portion
of the nascent Gag proteins had assembled into procapsids
during the pulse-labeling, these proteins failed to be released
as virus particles upon ATP depletion. Based on the absence of
cell-associated CA during the drug treatment and on the ab-
sence of membrane-associated procapsids in the electron mi-
crographs, the block to particle release appears to occur prior
to membrane binding. To this end, the phenotype of the pro-
capsids during the drug treatment resembles that of the trans-
port-defective mutant, A18V (43). Cells expressing this mutant
contain an array of procapsids in the cytoplasm but none in
association with the plasma membrane. Furthermore, the ab-
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sence of cell-associated CA in A18V-expressing cells or in cells
expressing a variety of other mutants that are incapable of
budding from the plasma membrane indicates that the viral
protease becomes active after binding the plasma membrane,
perhaps during either envelopment or release. Based on the
recent nuclear magnetic resonance-derived solution structure
of a nonmyristylated M-PMV MA protein, the arginine at
residue 18 lies within an alpha helix which has been proposed
to be located on the membrane-proximal surface of the MA
monomer and trimer models (8). Provided that a similar struc-
tural motif exists in the context of the myristylated Gag
polyprotein, this region would be solvent accessible and there-
fore available to associate with the cellular transport machin-
ery. This phenotypic similarity between the transport-defective
procapsids and what was observed with wild-type procapsids
during ATP depletion provides strong evidence that transport
to the plasma membrane is an active process requiring recog-
nition of procapsid structural elements by cellular components.

It has been suggested that elements of the cytoskeleton may
provide a motive force for delivering certain Gag molecules to
the site of assembly or for budding. Actin has been found in
purified HIV-1 and MMTV virions (2, 32), and cell fraction-
ation studies of HIV-1 and murine leukemia virus-infected
cells have shown that Gag proteins cosediment with detergent-
insoluble material which contains cytoskeletal proteins and
membrane components (11, 12, 26, 38). Furthermore, the ef-
ficiency of HIV-1, MMTV, and Moloney murine leukemia
virus particle release can be diminished (but not completely
blocked) pharmacologically by using cytochalasins, colchicine,
and wortmannin (26, 33, 38, 45, 46). These data suggest that
the cytoskeleton may play a role during capsid morphogenesis.
However, a specific interaction between the cytoskeleton and
Gag that is relevant to protein/procapsid transport or assembly
has not yet been demonstrated. Based on the electron micro-
graphs presented in this report as well as on numerous others
of M-PMV (both published and unpublished), we have not
observed procapsids in close association with either cytoskel-
etal elements or membranes other than the plasma membrane.
Nonetheless, we are exploring whether microtubule or micro-
filament destabilization has any effect on the efficiency or the
rate of M-PMV procapsid assembly and release.
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