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Retroviruses are produced as immature particles containing structural polyproteins, which are subsequently
cleaved by the viral proteinase (PR). Extracellular maturation leads to condensation of the spherical core to
a capsid shell formed by the capsid (CA) protein, which encases the genomic RNA complexed with nucleocapsid
(NC) proteins. CA and NC are separated by a short spacer peptide (spacer peptide 1 [SP1]) on the human
immunodeficiency virus type 1 (HIV-1) Gag polyprotein and released by sequential PR-mediated cleavages. To
assess the role of individual cleavages in maturation, we constructed point mutations abolishing cleavage at
these sites, either alone or in combination. When all three sites between CA and NC were mutated, immature
particles containing stable CA-NC were observed, with no apparent effect on other cleavages. Delayed matu-
ration with irregular morphology of the ribonucleoprotein core was observed when cleavage of SP1 from NC
was prevented. Blocking the release of SP1 from CA, on the other hand, yielded normal condensation of the
ribonucleoprotein core but prevented capsid condensation. A thin, electron-dense layer near the viral mem-
brane was observed in this case, and mutant capsids were significantly less stable against detergent treatment
than wild-type HIV-1. We suggest that HIV maturation is a sequential process controlled by the rate of cleavage
at individual sites. Initial rapid cleavage at the C terminus of SP1 releases the RNA-binding NC protein and
leads to condensation of the ribonucleoprotein core. Subsequently, CA is separated from the membrane by
cleavage between the matrix protein and CA, and late release of SP1 from CA is required for capsid conden-

sation.

The retroviral Gag polyprotein and its proteolytic cleavage
products are the major structural components of the virion,
and Gag is sufficient to direct the assembly and release of
virus-like particles in the absence of any other viral protein (17;
reviewed in references 7 and 64). For human immunodefi-
ciency virus (HIV) and other lentiviruses and type C retrovi-
ruses, the accumulation of Gag proteins at the plasma mem-
brane leads to the assembly of immature virions that bud from
the cell surface. Immature particles contain a spherical protein
shell closely apposed to the lipid membrane (12, 15, 42).
Within the nascent virion, the Pr55%“¢ polyprotein of HIV is
cleaved by the viral proteinase (PR) into the matrix (MA),
capsid (CA), nucleocapsid (NC), and C-terminal p6 domain
(for nomenclature, see reference 38). Gag processing induces
a dramatic reorganization of the internal virion structure,
termed maturation (61). In mature HIV particles, MA lines
the inner surface of the membrane, while CA forms the conical
capsid shell which encases the genomic RNA complexed with
NC (16). Cleavage and maturation are not required for particle
formation but are essential for infectivity (31). Mature cores
are readily dissociated by detergent-mediated removal of the
viral membrane, while immature cores are significantly more
stable (44, 51, 53, 58), suggesting that maturation is important
for uncoating. However, the relevance of individual cleavages
and the precise functions of the cleavage products in the entry
process are currently not known.
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Specific functions have been assigned to individual Gag do-
mains. The myristoylated MA domain directs intracellular tar-
geting of polyproteins (36), NC is tightly bound to the genomic
RNA and is important for RNA packaging and reverse tran-
scription (2), and the C-terminal p6 domain is involved in
particle release (19) and mediates the incorporation of Vpr
(45). CA plays essential roles early and late in infection. The
C-terminal segment of CA appears to contain an important
assembly domain (8, 62, 65) and is required for Gag oligomer-
ization (11, 65) and CA dimerization (14). Mutations in the
N-terminal part of CA did not block the assembly or release of
virions but nevertheless abolished viral infectivity (8, 51, 63).

Sequence analysis of proteins from mature HIV type 1
(HIV-1) particles as well as in vitro processing experiments
showed that CA and NC as well as NC and p6 are separated on
the polyprotein by short spacer peptides of 14 and 10 amino
acids, respectively (spacer peptide 1 [SP1] and SP2, respec-
tively) (Fig. 1) (25, 26, 40). These spacer peptides are released
by PR-mediated cleavages at their N and C termini during
maturation. Similar spacer peptides separating CA and NC
have been observed for simian (24), bovine (59), and feline (9)
immunodeficiency viruses, for equine infectious anemia virus
(27), and for avian retroviruses (6, 47).

Deletion of spacer peptides in Rous sarcoma virus (RSV) (6,
47) or HIV-1 (34, 48) led to the production of noninfectious
virus particles. For RSV, extracellular virions appeared mor-
phologically normal but exhibited significantly reduced stabil-
ity of the mature core (6, 47) and size heterogeneity (36a).
Mutant HIV-1 particles, on the other hand, were morpholog-
ically aberrant and heterogeneous in size (34), indicating an
important function of SP1 in ordered particle assembly. Size
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FIG. 1. Schematic representation of various mutants. At the top, the coding
region of the HIV-1 genome is shown, with the different open reading frames
depicted as boxes. The 3’-terminal part of the CA coding region and the NC
coding region of the gag reading frame, including SP1, are expanded in the
middle. Cleavage sites for HIV-1 PR are indicated as open triangles. The signal
for translational frameshifting is also marked (black arrow). At the bottom, the
amino acid sequence of wild-type (WT) SP1 and flanking cleavage sites as well
as the altered sequences of the various mutant constructs are shown. The name
of each construct is indicated on the left. Mutated amino acids are underlined.
Large open triangles indicate cleavage sites that are processed by HIV-1 PR;
large closed triangles represent sequences that are not cleaved by HIV-1 PR. The
smaller triangles correspond to a cryptic PR cleavage site within SP1 which is
cleaved much more slowly.

heterogeneity was also observed with a linker insertion within
SP1 (51), and a dramatic alteration of the internal core struc-
ture was seen with a nonconservative amino acid substitution
in this region (20). Furthermore, C-terminal deletions of Gag
affecting SP1 were shown to abolish the formation of regular
virus-like particles following expression of the mutant Gag
proteins by recombinant baculoviruses (17, 29). Mutation of
the N- and C-terminal cleavage sites of HIV-1 SP1 led to
severely reduced or completely abolished viral infectivity (34),
but a detailed analysis of the morphological phenotype of these
mutant virions was not reported.

Individual cleavage sites on the HIV Gag and Gag-Pol
polyproteins are processed at different rates which can be re-
produced in in vitro reactions (10, 32, 35, 48, 60). Sequential
processing of the Gag polyprotein results in discrete interme-
diates appearing transiently before the final products. Such
intermediates may be important for virion morphogenesis or
maturation but are incompatible with the structure of the ma-
ture virion. The initial cleavage occurs at the C terminus of SP1
and separates an N-terminal MA-CA-SP1 intermediate and a
C-terminal NC-SP2-p6 intermediate (Fig. 1). Subsequent
cleavages separating MA from CA-SP1 and NC-SP2 from p6
occur at an approximately 10-fold-lower rate (48). Cleavage of
SP1 from the C terminus of CA is a late event, and C-termi-
nally extended CA species can be observed in virions or virus-
like particles with reduced PR activity (39, 53). Cleavage at the
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CA-SP1 site occurred at a 400-fold-lower rate than that at the
SP1-NC site in an in vitro processing reaction (48).

To investigate the role of individual cleavages in the CA-NC
region, we introduced point mutations abolishing cleavage at
these sites, either alone or in combination. We report here that
the separation of CA from NC is required for condensation of
the immature core. Cleavage of SP1 from the C terminus of
CA, which appears to be the last event in the processing cas-
cade, is not needed for condensation of the ribonucleoprotein
(RNP) core but is essential for condensation of the capsid
shell. These results indicate that HIV maturation is a sequen-
tial process which is kinetically controlled by the rate of pro-
teolytic processing at individual cleavage sites.

MATERIALS AND METHODS

Cells, transfections, and infections. COS-7 cells were maintained in Dulbecco
modified minimal Eagle’s medium supplemented with 10% heat-inactivated fetal
calf serum, 100 U of penicillin per ml, 100 pg of streptomycin per ml, and 2 mM
glutamine. For transfections, cells were seeded in 10-cm culture dishes and
transfected with 15 g of plasmid DNA by a modified calcium phosphate method
(5). To normalize for transfection efficiency, 5 pg of an expression vector con-
taining the lacZ gene under the control of the cytomegalovirus immediate-early
promoter-enhancer was cotransfected, and cell extracts were normalized for
B-galactosidase activity. Cells and culture media were harvested 72 h after trans-
fection. HIV-1-permissive MT-4 (23) and C8166 (54) cells were maintained in
RPMI 1640 with the supplements listed above and infected with culture medium
from transfected cells which had been filtered through a 0.45-pm-pore-size filter.
Productive infection was scored by indirect immunofluorescence with serum
from an HIV-positive person and by an enzyme-linked immunosorbent assay
(ELISA) for CA antigen.

Expression plasmids. All mutations were made with a subclone of the full-
length infectious provirus pNL4-3 (1) containing the PstI-4pal fragment (nucle-
otides [nt] 1415 to 2006 of pNL4-3) in a pBluescript vector (Stratagene) (pBS-
HIVP/A). Site-directed mutagenesis was performed with a single-stranded DNA
template by the method of Kunkel (37). The CA1 mutation, encoding a Leu-to-
Ile substitution in the P1 position (nomenclature according to reference 56) of
the first cleavage site at the C-terminal end of CA (Fig. 1), and the CA2
mutation, encoding a Met-to-Val substitution in the P1 position of the second
cleavage site (Fig. 1), have been described elsewhere (34). The CAS5 mutation
encodes the same Leu-to-Ile substitution as CA1l and in addition a Met-to-Ile
substitution (nt 1888 to 1891) four codons downstream in the P1 position of a
cryptic cleavage site within the spacer peptide (Fig. 1). Like CAl (34), CAS
contains a substitution of nt 1869 and 1870 from AA to TC, which does not
change the coding sequence but which creates a new Xhol site at nt 1869 to 1873
of pNL4-3. Mutation CA6, combining all three cleavage site substitutions, was
created by PCR with plasmid pBS-HIVP/A containing the CA2 mutation as a
template, the CAS primer (5'GGCCATAAAGCTCGAGTTATCGCTGAAGC
AATCAGCCAGGTAACCAATCCAGCTACC3') as the forward primer, and
an oligonucleotide complementary to the p6 region at the 3’ end of gag as the
reverse primer. The PCR product was subsequently cleaved with Xhol (see
above) and Apal, and the resulting fragment (corresponding to nt 1869 to 2006
of pNL4-3) was inserted into plasmid pBS-HIVP/A containing the CA1 mutation
and cleaved with Xhol and Apal as well. The entire HIV-specific region was
sequenced in all mutant plasmids, and the respective Sphl-Apal fragments (nt
1443 to 2006 of pNL4-3) were cloned into pNL4-3.

Purification and detergent treatment of virus particles. Extracellular particles
were collected from cleared media (10 min at 400 X g followed by filtration
through a 0.45-wm-pore-size filter) by centrifugation through a 2-ml cushion of
20% (wt/wt) sucrose in phosphate-buffered saline (PBS) at 130,000 X g for 90
min at 4°C. Pellets were resuspended in PBS and analyzed by gel electrophoresis
and Western blotting.

For detergent treatment of virus particles, cleared culture medium from trans-
fected COS-7 cells was divided into two aliquots, and one was treated with 0.5%
Triton X-100 for 10 min at 37°C. Detergent-treated and untreated samples were
subsequently layered over a cushion of 20% (wt/wt) sucrose in PBS and centri-
fuged at 130,000 X g for 90 min at 4°C. Alternatively, cleared culture medium
from transfected cells was centrifuged through preformed step gradients con-
taining a cushion of 20% (wt/wt) sucrose in PBS and a 1-ml layer of 10% sucrose
in PBS with or without 0.5% Triton X-100. Centrifugation was performed at
130,000 X g for 120 min at 4°C. The pellets from both sets of experiments were
resuspended in PBS and analyzed by polyacrylamide gel electrophoresis and
Western blotting.

Analysis of expression products. HIV-1 antigens were analyzed by a quanti-
tative ELISA for the viral CA protein (33). For protein analysis, cell or particle
extracts were separated on sodium dodecyl sulfate (SDS)-17.5% polyacrylamide
gels (200:1 ratio of acrylamide to N,N-methylenebisacrylamide) and stained with
Coomassie blue or silver stain (28). For immunoblot analysis, proteins were
transferred to nitrocellulose membranes (Schleicher & Schuell) by electroblot-
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FIG. 2. Western blot analysis of gag and pol gene products after transient transfection. COS-7 cells transfected with pNL4-3 or derivatives and media were harvested
72 h after transfection. Lysates of transfected cells (A) or viral particles collected by centrifugation through a sucrose cushion (B and C) were resolved by
SDS-polyacrylamide gel electrophoresis, and Western blots were reacted with polyclonal antiserum against CA (A and B) or RT (C) and tested with chemilumines-
cence. The wild-type (WT) and mutant proviral constructs are indicated above each lane. Molecular mass standards (in kilodaltons) are indicated on the left.
HIV-specific precursor proteins, intermediate processing products, and cleaved proteins are indicated on the right.

ting. Membranes were blocked with 10% lowfat dry milk in 0.1 M Tris-HCI (pH
7.5)-0.15 M NaCl (TBS) for 1 h and subsequently reacted with rabbit polyclonal
antiserum against HIV-1 CA or reverse transcriptase (39). The antisera were
diluted 1:2,000 in TBS containing 5% lowfat dry milk and 0.025% Tween 20.
Incubation was done overnight at room temperature with shaking. After three
washes with TBS containing 0.05% Tween 20 and blocking for 30 min with TBS
containing 5% lowfat dry milk, peroxidase-conjugated antibody against rabbit
IgG (Jackson Immunochemicals Inc.; dilution, 1:10,000) was used as a secondary
antibody; incubation was done for 90 min at room temperature. Immune com-
plexes were visualized by enhanced chemiluminescence (ECL system; Amer-
sham) according to the manufacturer’s instructions.

Electron microscopy. At 60 h after transfection, cells were fixed in situ for 20
min with cold 2.5% glutaraldehyde in 100 mM PIPES [piperazine-1,4-bis(2-
ethanesulfonic acid); pH 6.9]. Fixed cells were scraped from the plate with a
rubber policeman, collected by low-speed centrifugation at 4°C, washed three
times in cold PIPES, and postfixed with 1% osmium tetroxide in PIPES for 30
min at 4°C. After extensive washing in PIPES, cells were embedded in agarose
(low gelling temperature; Sigma) and further treated with 1% tannic acid for 10
min. Finally, agar blocks were washed in water, stained with 1% uranyl acetate
for 30 min in the cold, dehydrated in ethanol, and embedded in ERL resin (57).
Silver-grey sections were stained with lead citrate and uranyl acetate. Sections
were examined in a Philips CM120 electron microscope at 60 kV.

RESULTS

Construction of CA cleavage site mutations and analysis of
protein expression and processing. In a previous study, we had
shown that the presence of SP1 is essential for the regular
assembly of immature HIV-1 particles and that cleavages on
both sides of SP1 are important for viral infectivity (34). To
analyze the role of sequential cleavages of Gag and to deter-
mine whether the release of SP1 from the C terminus of CA is
important for capsid maturation, we constructed additional
point mutations in this region. In each case, the amino acid in
the P1 position of the respective cleavage site was altered into
a residue with a B-branched side chain, since HIV PR will not
cleave such sequences (48-50, 52). Mutants CAl and CA2
(Fig. 1) were described previously (34) and caused the loss of
cleavage at either the N terminus (mutant CAl) or the C
terminus (mutant CA2) of SP1. Blocking the N-terminal SP1
cleavage site had revealed an additional cryptic site which was
processed by HIV-1 PR in mutant particles and yielded a CA
species extended by 4 amino acids (34). We therefore con-
structed a Met-Ile substitution in the P1 position of this cryptic
site, in addition to blocking the N-terminal SP1 cleavage site
(mutant CAS; Fig. 1). Finally, a combination of all three mu-
tations was constructed (mutant CA6; Fig. 1) to completely
block the separation of CA and NC. All mutations were cloned
into the infectious proviral clone pNL4-3, and polyprotein syn-
thesis and processing as well as particle release and infectivity
were analyzed following transient transfection of the respective
plasmids into COS-7 cells.

The expression of HIV-1-specific proteins was analyzed 72 h
after transfection. Western blot analysis of transfected cells

with antiserum against CA revealed comparable amounts of
immunoreactive material in wild-type- and mutant-transfected
cells. Major immunoreactive products in pNL4-3 (wild-type)-
transfected cells corresponded to the Gag polyprotein Pr555%,
the intermediate cleavage product MA-CA, and the cleaved
CA protein (Fig. 2A, lane 2). A similar pattern was seen with
the CAl mutant (Fig. 2A, lane 3), while the CA2 mutant
yielded an additional product, CA-NC, which had been re-
ported previously (Fig. 2A, lane 4) (34). Thus, blocking the
cleavage site between SP1 and NC significantly reduced cleav-
age that would create the N terminus of SP1. The CA-NC
product was the predominant immunoreactive product in the
case of the CA6 mutation, and no completely processed CA
protein was observed with this mutation (Fig. 2A, lane 6). The
CAS mutation yielded an extended CA protein, corresponding
to CA-SP1 (Fig. 2A, lane 5), which migrated slightly slower on
SDS gels than CA.

The reduced mobility of the extended CA species was more
obvious on immunoblot analysis of particle fractions showing
CA (wild type; Fig. 2B, lane 2), CA extended by 4 amino acids
(mutant CAl; Fig. 2B, lane 3), and CA-SP1 extended by 14
amino acids (mutant CAS; Fig. 2B, lane 5). These results in-
dicate that the introduced mutations abolished cleavage at the
respective sites. Accordingly, CA-NC was the predominant
immunoreactive species in particles derived from pNL43-CA6-
transfected cells (Fig. 2B, lane 6). CA-NC was also detected in
CA2-derived particles (Fig. 2B, lane 4). The predominant im-
munoreactive species in this case was completely processed CA
(Fig. 2B, lane 4), indicating that N-terminal cleavage of SP1
occurred at a reduced rate but was not blocked by the down-
stream mutation. Only minor differences in the relative
amounts of extracellular particle-associated antigen were ob-
served for wild-type HIV-1 and the four mutants, indicating
that the cleavage site mutations did not affect Gag polyprotein
assembly or particle release. Consistently, the signal for the
CA-NC product in the case of mutant CA6 appeared slightly
more intense than that for the other CA products, a result
which is most likely due to an increased stability of the imma-
ture CA6-derived particles (see below). To analyze processing
at other sites of the Gag-Pol polyprotein, we subjected particle
fractions from wild-type- and mutant-transfected cells to West-
ern blot analysis using an antiserum against reverse transcrip-
tase for detection. All samples contained predominantly the
completely processed heterodimer of reverse transcriptase
(p66-p51), and no significant alterations in Pol domain pro-
cessing were observed (Fig. 2C). Similar results were obtained
when an antiserum against integrase was used (data not
shown).

To assay for the infectivity of mutant viruses, HIV-1-permis-
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FIG. 3. Electron micrographs showing thin sections of COS-7 cells transfected with pNL4-3 and mutant derivatives at 72 h after transfection. (a and b) Overview
(a) and higher-magnification view (b) of wild-type-transfected cells and extracellular particles. (c and inset) Mutant pNL43-CA1l. (d) Mutant pNL43-CAS. (e) Mutant

pNL43-CA2. (f and inset) Mutant pNL43-CAG6.

sive MT-4 and C8166 cells were infected with cleared culture
medium from wild-type- and mutant-transfected COS-7 cells.
No infection was detected by indirect immunofluorescence or
an ELISA with undiluted or diluted medium from three inde-
pendent transfections with the proviral constructs pNL43-CA2,
pNL43-CAS5, and pNL43-CA6 during an observation period of

up to 28 days. Coculturing of these cells with fresh MT-4 cells
also did not lead to infection, and no reversion was observed.
In contrast, medium from wild-type-transfected cells contained
infectious HIV-1 particles with a titer of approximately 10° to
10 per ml, and infection was always detectable after 2 to 5 days
(data not shown). As reported previously, considerably delayed
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FIG. 4. Comparative analysis of particle morphology of HIV-1 wild-type (WT) and mutant CA5 particles. Electron micrographs of WT particles show an
electron-dense centrally located nucleocapsid surrounded by a conical capsid shell (best seen in the particle at the left). For the CA5 mutant, particles are of a similar
size and also contain a centrally located electron-dense nucleocapsid but lack the conical capsid structure. Instead, a thin electron-dense layer is observed in the vicinity
of the viral membrane but clearly separated from it. Schematic representations of the morphologies of the different particles are shown on the right.
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infectivity and reduced titers were observed with the CAl
mutant (34).

Effect of cleavage site mutations on particle morphology and
maturation. To analyze the morphogenesis and morphology of
mutant viruses, we performed thin-section electron micro-
scopic analysis of COS-7 cells transfected with pNL4-3 and
derivatives. Cells transfected with the wild-type proviral con-
struct showed many particles of immature and mature mor-
phology in the vicinity of the cell surface as well as some
budding structures (Fig. 3a). Extracellular virions of regular
size and of a morphology typical of mature HIV-1 were readily
observed (Fig. 3b and 4, lowest panel on left). Mature wild-
type particles contained an electron-dense internal structure
corresponding to an RNP complex consisting of the genomic
RNA and the NC protein surrounded by a thin electron-dense
capsid shell. This capsid structure may appear conically shaped
or circular, depending on the plane of the section (Fig. 3b).

Different morphologies were observed for mutant viruses
(Fig. 3). Extracellular particles derived from CAG6-transfected
cells containing uncleaved CA-NC were of regular size but
showed a membrane-apposed electron-dense structure with an
electron-lucent interior (Fig. 3f). No condensed RNP core and
no mature capsid structure were observed. Electron-dense
rings were not completely closed, and many particles exhibited
a crescent-shaped structure. Morphologically similar particles
containing immature core structures were also observed for the
CA2 mutation (Fig. 3e, particles at the left). Other CA2-de-
rived particles exhibited more diffuse electron-dense material
inside the viral membrane (Fig. 3e, particles at the right) but
neither a defined RNP core nor a typical condensed capsid
structure.

Mutations affecting the release of SP1 from the C terminus
of CA resulted in a different phenotype. Formation of the
electron-dense RNP core was observed in these cases, but
condensation of the capsid shell was blocked (Fig. 3c and d and
4). This phenotype was more obvious for the CA5 mutant (Fig.
3d and 4, upper panels), which showed normal budding struc-
tures (Fig. 4) and normal amounts of regularly sized extracel-
lular particles. All particles contained a tightly condensed in-
ternal RNP core with a size and morphology similar to those of
wild-type particles (Fig. 4, compare upper panels with lower
panel). However, CA5-derived particles never contained a
condensed capsid shell. Instead, a thin electron-dense layer in
the vicinity of the viral membrane but clearly separated from it
was observed (Fig. 3d and 4, upper panels). Most likely, this
electron-dense layer corresponded to a homomultimer of the
unprocessed CA-SP1 intermediate, which was blocked in the
process of capsid maturation (Fig. 4, upper schematic draw-
ing). A less severe phenotype was observed for the CA1 mu-
tant containing a CA protein extended by only 4 amino acids.
Again, regularly sized particles with a condensed internal RNP
structure but no regular capsid structure were observed (Fig.
3c and inset). Capsid condensation appeared to be less affected
than that of the CAS mutant, and the thin electron-dense layer
was separated further from the membrane (Fig. 3¢, left particle
in inset). As in the case of the CAS mutant, no conically shaped
or round capsid structures were detected.

Effect of cleavage site mutations on core stability. Immature
retroviral cores have been shown to be stable against detergent
treatment, while mature capsids are readily solubilized in Tri-
ton X-100 (44, 51, 53, 58). In order to analyze alterations in
mutant capsid stabilities, we collected wild-type and mutant
particles and subjected them to brief detergent treatment prior
to centrifugation. Figure 5A shows that detergent-stripped
capsids from PR-defective HIV-1 particles (33) containing
only uncleaved Gag polyprotein were stable (lanes 9 and 10),
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while wild-type capsids were almost completely solubilized
(lanes 1 and 2). Detergent-stripped capsids from CA6-derived
particles were much less stable than those from PR-defective
virions (Fig. 5A, compare lanes 8 and 10), although the mor-
phological appearances of these particles were similar. Deter-
gent treatment of CAl- and CAS-derived particles completely
solubilized the capsid structures (Fig. 5A, lanes 3 to 6), as for
wild-type particles.

To detect more subtle alterations in capsid stability, we cen-
trifuged wild-type and mutant particles through a layer of su-
crose either containing or lacking detergent. This treatment
results in a brief contact time for particles and detergent and
should therefore be less destabilizing. Approximately 20 to
30% of CA protein (as detected by an ELISA) remained as a
stable complex after centrifugation of wild-type HIV-1 through
a detergent layer (Fig. 5B and C, lanes 1 and 2). The mem-
brane-associated MA protein, which is not part of the inner
capsid structure, was completely solubilized under these con-
ditions (Fig. 5C, lane 2). Centrifugation through a detergent
layer abolished viral infectivity, also indicating that viral mem-
branes were effectively stripped. Centrifugation of either PR-
defective particles (Fig. 5B, lanes 7 and 8) or CAG6-derived
particles (Fig. 5B and C, lanes 5 and 6) through a detergent
layer did not solubilize the stripped capsids. The levels of CA
antigen were not reduced in the pellet fraction relative to
lipid-containing particles (Fig. 5B), while MA was completely
solubilized (Fig. 5C, lane 6). For the CAS5 mutant, however, no
CA-reactive material was observed in the pellet fraction after
detergent treatment, indicating that mutant capsids were com-
pletely solubilized and were significantly less stable than wild-
type capsids.

DISCUSSION

In this study, we have shown that sequential processing of
cleavage sites separating the CA and NC domains on the
HIV-1 Gag polyprotein is required for ordered maturation of
the viral core and for the generation of infectious virus. When
the two regular sites and a cryptic site within the intervening
SP1 region were mutated, no condensation of the viral core
was observed (mutant CAG6). Extracellular particles exhibited
crescent-shaped electron-dense structures near the viral mem-
brane, similar to those in PR-defective HIV-1 mutants (46)
and PR inhibitor-treated virions (30, 55). The same immature
core morphology was also found for a small number of wild-
type particles, indicating that the crescent-shaped core repre-
sents a normal intermediate in HIV-1 morphogenesis (43).
Analysis of proteins from mutant CA6-derived particles re-
vealed a stable CA-NC product, whereas all other cleavages of
the Gag and Gag-Pol polyproteins proceeded normally. This
CA-NC product was also detected with mutant CA2, albeit at
a much lower level, and extracellular particles in this case
appeared to have a delay or reduction in core maturation.
These results suggest that the separation of NC from CA is
necessary for condensation of the electron-dense RNP core.
Some condensation occurs when N-terminally extended NC is
released, but the core structure appears less tightly organized
(mutant CA2) than that of the wild-type virus. If CA-NC is not
cleaved at all, the stable intermediate cleavage products are
likely to remain attached to the viral nucleic acid through
NC-mediated interactions. The long genomic RNA may link
these proteins together and maintain a rigid shell that cannot
undergo ordered maturation. Such a restriction would also be
consistent with the suggested organizing role of RNA in the
assembly of the spherical core shell (12).

Recently, the in vitro assembly of helically organized hollow
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FIG. 5. Analysis of detergent stability of wild-type and mutant HIV particles. (A) Virus particles collected from the medium of transfected COS-7 cells were treated
with 0.5% Triton X-100 for 10 min or left untreated, and both samples were subsequently centrifuged through a sucrose cushion. (B and C) In a second experiment,
virus particles were layered on a sucrose step gradient containing a layer of 10% sucrose with or without 0.5% Triton X-100 on top of a 20% sucrose layer as described
in Materials and Methods. Pellet fractions were resolved by SDS-polyacrylamide gel electrophoresis followed by silver staining (C) or Western blot analysis with
polyclonal antiserum against CA and chemiluminescence detection (A and B). The wild-type (WT) proviral construct and the respective mutants are indicated above
each lane. The presence or absence of 0.5% Triton X-100 is indicated by + or —, respectively. Molecular mass standards (in kilodaltons) are indicated on the left.

HIV-specific precursor proteins and cleavage products are identified on the right.

cylinders which are likely to be related to mature viral capsids
was reported, both for RSV and for HIV-1 (3, 21). In contrast
to the situation with virion maturation, purified CA-NC pro-
teins readily formed tubular structures in vitro in an RNA-
dependent manner (3, 21). Morphologically indistinguishable
structures were observed when HIV-1 CA with or without the
adjacent NC domain was used, and no difference was observed
for CA proteins containing or lacking SP1 (21). Spherical par-
ticles were found when N-terminally extended forms of RSV
CA containing the p10 domain of RSV (4) or of HIV-1 CA
containing part of the MA domain of HIV (22) were used for
in vitro assembly. These experiments showed that CA-NC can
form helically organized nucleocapsid structures when synthe-
sized and assembled without flanking domains. The production
of CA-NC by proteolytic cleavage from the Gag polyprotein,
on the other hand, is not sufficient for condensation of the
spherical immature core to the conical mature core, and the
separation of CA from NC is required in this case. It is likely
that the release of NC and genomic RNA from the membrane-
attached MA-CA intermediate is an essential first step in
virion maturation which induces condensation of the RNP
core. This cleavage also relieves the CA domain from RNA-
induced restrictions, permitting subsequent condensation of
the capsid shell. The separation of CA from NC is not required
if the upstream MA domain is absent and if tubular particles
are produced in the first place (in the in vitro assembly system).
The requirement for the rapid release of the NC-RNA com-
plex may also explain why the SP1-NC cleavage site is pro-
cessed approximately 10-fold faster than other sites on the Gag
polyprotein.

In a study of sequential Gag polyprotein processing in vitro,
Pettit et al. (48) reported that mutation of the SP1-NC cleav-
age site accelerated upstream cleavage at the CA-SP1 site
20-fold, presumably by blocking the formation of a CA-SP1
intermediate. In our experiments, however, reduced process-
ing at the CA-SP1 site was observed for a downstream cleavage
site mutant (CA2) and led to an increase in CA-NC levels in
both transfected cells and virus particles and to an increased
number of immature viruses. A possible explanation for this
discrepancy is that the CA-SP1 site is not easily accessible to
PR in the assembled immature core shell, while this restriction
does not apply when Gag is translated in vitro and remains in
a largely monomeric form. Conceivably, SP1 may also slow
cleavage at the C terminus of CA during virion maturation, but
it appears unlikely that the main function of this peptide is to
inhibit its own removal from CA.

Cleavage at the MA-CA site is needed for the release of CA

from the membrane-bound MA protein and is therefore a
prerequisite for condensation of the capsid shell. Accordingly,
mutation of the MA-CA site gave rise to noninfectious parti-
cles containing an electron-dense RNP core but no conical
capsid shell and a thickening of the viral membrane, most
likely due to the additional presence of CA (20). Structure
determination of a fragment of HIV-1 CA (18, 41) revealed an
N-terminal B-hairpin stabilized by hydrogen bonding involving
the amino group of proline 1 of CA, which is only exposed after
proteolytic cleavage (13, 18). This hairpin is part of a larger
CA-CA interaction domain, and it has been proposed that a
conformational change in this domain is necessary for conden-
sation of the conical capsid shell (18). In agreement with this
hypothesis, mutations in the N-terminal segment of CA yielded
morphologically aberrant particles which did not exhibit regu-
lar core structures (8, 51), while mutations in the C-terminal
dimerization domain severely reduced or abolished particle
assembly (8, 62, 65). Our results show, however, that the re-
lease of NC and cleavage at the MA-CA site, which allow the
separation of CA-SP1 from the membrane and the formation
of the N-terminal hairpin structure, are not sufficient for capsid
maturation. Electron microscopy of mutant CAS-derived par-
ticles revealed a regular electron-dense RNP core and a thin
layer in the vicinity of the viral membrane, most likely corre-
sponding to uncleaved CA-SP1. In contrast to the situation for
a mutant in which the MA-CA cleavage site was blocked (20),
this layer was clearly separated from the membrane, indicating
that condensation of the capsid shell had been initiated but was
arrested at an intermediate stage. It is interesting to note that
the morphology of this mutant and especially of mutant CA1
bears some resemblance to the morphology of wild-type RSV,
an avian type C retrovirus (6).

Cleavage between CA and SP1 appears to be the last event
in the proteolytic cascade, and the CA-SP1 product trapped in
the case of mutant CAS5 probably corresponds to a regular
maturation intermediate, although we cannot rule out a direct
effect of the point mutation on capsid condensation. Conceiv-
ably, the transient presence of SP1 retains CA in an immature
conformation until rearrangement of the N-terminal interac-
tion domain has been completed and subsequent cleavage of
SP1 relieves the final restriction. SP1 may exert its inhibitory
function either by directly interlocking C-terminal domains of
adjacent CA molecules or by keeping the C-terminal domains
of CA in a conformation not compatible with the condensed
capsid structure. In the latter case, sequential cleavages at the
N and C termini of CA may trigger sequential conformational
changes of the two-domain CA molecule (18), eventually lead-



VoL. 72, 1998

ing to morphological maturation. The three-dimensional struc-
ture of the C-terminal fragment of CA was determined re-
cently, revealing the primary dimer interface (14). However,
the last 11 residues of CA were not ordered in this structure,
and it is therefore not possible to draw any conclusions regard-
ing the potential mechanism of SP1-mediated inhibition of
maturation.

Detergent-stripped cores from CAS5-derived particles were
significantly less stable than those from wild-type particles,
which were in turn much less stable than those from PR-
defective particles. A similar observation was made for RSV:
detergent treatment of extracellular particles led to a complete
loss of C-terminally extended CA species, while a significant
proportion of completely cleaved CA remained in particulate
form (6, 47) and immature cores were largely stable against
detergent (58). These results indicate that a stable assembly
product (the immature spherical core) proceeds through a very
unstable intermediate to the mature core of increased stability,
and this stabilization appears to be required for early steps in
viral infection. Conceivably, the capsid shell does not immedi-
ately dissociate upon fusion of viral and cellular membranes
but may need to remain intact in the early phase of entry, and
a capsid structure of intermediate stability would therefore be
essential for early replication.

Based on this study and previous results summarized in this
paper, we suggest that maturation of the HIV-1 core is an
ordered process involving sequential steps which are kinetically
controlled by the rate of processing at individual cleavage sites
on the Gag polyprotein. Initial rapid cleavage at the C termi-
nus of SP1 releases the RNA-binding NC protein and leads to
condensation of the RNP core. Subsequently, CA is separated
from the membrane by cleavage between MA and CA, leading
to an altered CA-CA interface, while late (maturation) cleav-
age of SP1 from the C terminus of CA is required for final
capsid condensation. It is possible, therefore, that changing the
rate of processing at individual cleavage sites could disrupt the
regular maturation process even if the specific mutations do
not alter protein folding or interaction domains.
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