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A single protein, termed Gag, is responsible for retrovirus particle assembly. After the assembled virion is
released from the cell, Gag is cleaved at several sites by the viral protease (PR). The cleavages catalyzed by PR
bring about a wide variety of physical changes in the particle, collectively termed maturation, and convert the
particle into an infectious virion. In murine leukemia virus (MLV) maturation, Gag is cleaved at three sites,
resulting in formation of the matrix (MA), p12, capsid (CA), and nucleocapsid (NC) proteins. We introduced
mutations into MLV that inhibited cleavage at individual sites in Gag. All mutants had lost the intensely
staining ring characteristic of immature particles; thus, no single cleavage event is required for this feature of
maturation. Mutant virions in which MA was not cleaved from p12 were still infectious, with a specific
infectivity only �10-fold below that of the wild type. Particles in which p12 and CA could not be separated from
each other were noninfectious and lacked a well-delineated core despite the presence of dense material in their
interiors. In both of these mutants, the dimeric viral RNA had undergone the stabilization normally associated
with maturation, suggesting that this change may depend upon the separation of CA from NC. Alteration of
the C-terminal end of CA blocked CA-NC cleavage but also reduced the efficiency of particle formation and, in
some cases, severely disrupted the ability of Gag to assemble into regular structures. This observation
highlights the critical role of this region of Gag in assembly.

Retrovirus particles are released by budding from the
plasma membrane of the host cell. Expression of the major
viral structural protein, termed the Gag polyprotein, is suffi-
cient for assembly of retrovirus particles in permissive cells.
However, the particles are not infectious at the moment of
release: they must undergo an extracellular maturation event
before they are competent to infect a new host cell. This
conversion to an infectious particle is brought about by the
cleavage of viral proteins by the virus-encoded protease (PR).
During viral maturation, the Gag polyprotein is always cleaved
into at least three cleavage products, termed (from N to C
terminus) matrix (MA), capsid (CA), and nucleocapsid (NC)
(43).

Maturation causes a wide variety of changes in the particle.
Thus, the morphology of immature particles is totally different
from that of mature particles: the former are characterized by
a darkly staining ring under the viral envelope, enclosing an
electron-lucent core; in contrast, the interior of mature parti-
cles contains a condensed core. Immature particles are far
more stable under mild detergent treatment than are mature
particles (17, 20, 29, 41, 51). The conformation of the dimeric
genomic RNA is different within immature and mature parti-
cles, as demonstrated by differences in the electrophoretic mo-
bility and thermostability of the dimer (12, 42). In gammaret-

roviruses, the envelope glycoprotein of mature, but not
immature, particles is fusogenic (31, 35).

In the murine leukemia viruses (MLVs), Gag is cleaved at
three sites during maturation, resulting in the formation of
four cleavage products, i.e., MA, p12, CA, and NC (18). Thus,
concerted cleavage of each of the Gag proteins in a virion at
three sites induces multiple changes in the particle. It would be
of great interest to know which cleavage(s) is responsible for
each of the changes associated with maturation. As an ap-
proach to this question, we have introduced missense muta-
tions into each of the three cleavage sites. In each case, mu-
tations were identified that completely prevented cleavage at
the mutated site but had little or no effect on cleavage at the
remaining two sites. The properties of these mutants are de-
scribed below.

MATERIALS AND METHODS

Cells and viruses. All viruses used in this study were derived from the infec-
tious molecular clone of Moloney MLV we have referred to as pRR88 (12). The
plasmid was modified for these experiments by deletion of approximately 5 kb of
5�-flanking cellular DNA. In many experiments, mutant particles were compared
with those produced by the D32L mutant, which has a leucine in place of
aspartate at the active site of PR and produces completely immature particles
(12). In some experiments, a control MLV that produces no detectable virions
was used: this was the mutant in which the glycine codon at the N terminus of
Gag is replaced with alanine, so that Gag is not modified by myristic acid (34).
All experiments were performed with full-length proviral clones. Virus particles
were produced by transient transfection of 293T cells using the calcium phos-
phate method (16).

For analysis of RNA or protein within virions, particles were pelleted from
culture fluids through a cushion of 20% sucrose in TNE (100 mM NaCl–10 mM
Tris-HCl [pH 7.4]–1 mM EDTA) by centrifugation for 50 min at 25,000 rpm in
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a Beckman SW28 rotor at 4°C. They were then resuspended in TNE in 1/100 of
the original volume of culture fluid.

Site-directed mutagenesis. Site-directed mutagenesis was performed by over-
lap extension PCR (37). All mutant clones were verified by sequencing. In all
mutations described here, the residue at the P1 position of an MLV Gag cleavage
site was changed from the wild-type, hydrophobic amino acid to a charged amino
acid. The mutants are designated using “S” for the site that is modified, followed
by the one-letter code for the amino acid replacing the wild-type residue. For
example, S2D means that the tyrosine at the P1 position of site 2 (i.e., the
tyrosine at the C terminus of p12) has been replaced by aspartic acid. In some
cases the P2 or P2 and P3 residues, as well as the P1 residue, were changed; in
these cases, both or all three of the mutant residues are identified in the desig-
nation.

Infectivity assays. Replication-competent MLV was assayed using the S�L-
focus assay (2). Infectivity was also assayed using pLZRS-EGFP, an MLV-based
vector that directs the synthesis of green fluorescent protein (GFP) (6) (a gift of
Vineet KewalRamani, National Cancer Institute). These assays were performed
by cotransfecting 293T cells with the pLZRS-EGFP plasmid and the plasmid
containing the MLV genome being analyzed. The supernatant from this transient
transfection was used to infect NIH 3T3 cells. Two days later, the cells were
trypsinized and cells expressing EGFP were enumerated by flow cytometry anal-
ysis using a FACSCalibur instrument (Becton Dickinson). Titers of infectious
virus were calculated from the fraction of GFP-negative cells, using the Poisson
distribution.

Analysis of viral proteins. Proteins were characterized by either radioimmu-
noprecipitation or immunoblotting, using rabbit antisera against p15MA, p30CA,
or p10NC (obtained from the AIDS Vaccine Program, National Cancer Institute-
Frederick), or the mouse monoclonal antibody F548 directed against p12 (4). In
other immunoblotting experiments we used rabbit antisera against PR, reverse
transcriptase (RT)-integrase (IN) (19) (a kind gift of Judith Levin, National
Institute for Child Health and Human Development), and p15E. Immunoblot-
ting was performed as described previously (3, 36). For radioimmunoprecipita-
tion, transiently transfected 293T cells were starved for 1 h in methionine-
cysteine-free minimal essential medium and then labeled for 4 h with 50 �Ci
each of L-[35S-]methionine and L-[35S-]cysteine (Amersham)/ml in methionine-
cysteine-free minimal essential medium containing 10% dialyzed fetal calf serum
(Life Technologies). The supernatants were filtered through 0.45-�m filters, and
virions in the filtrate were pelleted through 20% sucrose and lysed in 0.8 ml of
TNT lysis buffer (200 mM NaCl–20 mM Tris [pH 7.5]–1% Triton X-100 con-
taining phenylmethylsulfonyl fluoride and aprotinin protease inhibitors). Viral
proteins were then precipitated out of 0.2 ml of lysate and analyzed by electro-
phoresis through NuPAGE gels (Novex), which were treated with Amplify (Am-
ersham) before autoradiography.

Detergent sensitivity of virions. Sensitivity of virions to disruption by nonionic
detergents was assessed by resuspending pelleted virions in TN buffer (0.1 M
NaCl–0.01 M Tris [pH 7.4]) and adding NP-40 to a concentration of 1%. The
suspension was incubated for 1 h at room temperature and then centrifuged for
1 h in an Eppendorf microcentrifuge at 20,800 � g. The supernatant and pellet
were analyzed by immunoblotting with antiserum against p30CA.

Analysis of viral RNA. RNA was extracted from viral pellets as described
previously (12). For determination of thermostability of RNA dimers, viral RNA
was incubated at a series of temperatures for 10 min using the temperature-
gradient setting of a DNA Engine thermocycler (MJ Research) and was then
analyzed by nondenaturing Northern analysis as described previously (12, 21).
The membrane was probed with a 32P-labeled probe containing sequences from
nucleotides (nt) 841 to 1325. The DNA probe was synthesized by PCR and
labeled using the random primer method (37).

Copies of MLV genomic RNA and 18S rRNA were enumerated by real-time
RT-PCR using the ABI 7700 instrument (Applied Biosystems). After digestion
with RNase-free DNase (Promega), the RNA was treated with 2.7 M guani-
dinium isothiocyanate and precipitated with ethanol in the presence of yeast
tRNA as carrier. The precipitate was redissolved in water containing RNasin
RNase inhibitor (Promega). RNAs used in the construction of the standard
curves were, for viral RNA, a 5-kb transcript of pMXH DNA (9) (a kind gift of
Catherine Hibbert) and rRNA purified from 293T cells as described elsewhere
(27). These standards were quantitated by their absorbance at 260 nm.

Tenfold serial dilutions of the RNAs were first copied into DNA in 30 �l
containing 5 mM MgCl2, 0.5 mM deoxynucleoside triphosphates, 1 mM dithio-
threitol, 0.15 �g of random hexamers (Promega), 1� TaqMan buffer A (Applied
Biosystems), 20 U of RNase Out (Invitrogen), and 20 U of Superscript II RT
(Invitrogen). These reactions were performed for 15 min at 25°C, 40 min at 42°C,
and 10 min at 85°C. Twenty microliters of PCR cocktail (1� PCR II buffer
[Applied Biosystems], 4.5 mM MgCl2, a 600 nM concentration each of the

forward and reverse primers, 100 nM probe, and 1.25 U of AmpliTaq Gold DNA
polymerase [Applied Biosystems]) was then added to each tube, and the tubes
were heated for 10 min at 95°C and then exposed to 45 cycles of 15 s at 95°C and
1 min at 60°C. For MLV RNA, the primers were 5�TCCAATAAACCCTCTT
GCAG (forward primer, nt 44 to 63) and 5�AGGAGACCCTCCCAAGGAAC
(reverse primer, complementary to nt 107 to 88) and the probe (modified at its
5� end with 6-carboxy fluorescein [FAM] and at its 3� end with 6-carboxy-
N,N,N�,N�-tetramethyl-rhodamine [TAMRA]) was 5�TTGCATCCGACTTGTG
GTCTCGC (nt 64 to 86). For 18S rRNA, the primers were 5�GCCGCTAG
AGGTGAAATTCTTG (forward) and 5�CATTCTTGGCAAATGCTTTCG
(reverse), and the probe was 5�-FAM-ACCGGCGCAAGACGGACCAGA-TA
MRA.

Total RNA concentrations were determined by Ribogreen fluorescence (Mo-
lecular Probes) as described previously (26).

Electron microscopy. For thin-section electron microscopy, MLV-infected
cells were harvested by scraping, centrifuged at 150 � g, and fixed in 2%
glutaraldehyde in cacodylate buffer (0.1 M; pH. 7.4). The cell pellet was postfixed
in 1% osmium tetroxide in the same buffer. Dehydration and infiltration were
carried out in a series of graded ethanols, propylene oxide, and an equal mixture
of propylene oxide and epoxy resin. The dehydrated pellet was embedded in
Beem capsules with pure resin and cured at 55°C. Thin sections were transferred
to copper grids and stained in uranyl acetate and lead citrate. Transmission
electron microscopy was performed at 75 kV.

The tannic acid staining procedure was previously described (40). Briefly, the
cell pellet was washed three times in cacodylate buffer after osmium postfixation
and then incubated in 1% tannic acid in the same buffer for 30 min. The cell
pellet was washed three times in the same buffer, then incubated in 1% uranyl
acetate for 60 min, and then washed three more times. It was dehydrated,
infiltrated, embedded, and sectioned as described above.

Released virus was examined after it was collected on protein G-Sepharose
beads (Amersham) as described elsewhere (3). Culture fluids were collected
from virus-producing cells every 24 h. Virus particles were harvested from these
fluids by pelleting through 20% sucrose, resuspended in TNE, and immunopre-
cipitated onto protein G-Sepharose beads with goat anti-gp70SU antiserum. The
beads with attached virus were dehydrated in a series of graded ethanols. After
dehydration with 100% ethanol, the beads were infiltrated with two changes of
pure resin and embedded and sectioned as described above.

Electron cryo-microscopy of isolated particles was performed as described
previously (48).

RESULTS

Generation of mutants. As discussed above, the MLV Gag
polyprotein is cleaved at three sites during virus maturation
(Fig. 1A). We introduced missense mutations into an infec-
tious MLV clone at each of these sites. In all cases, these
mutations replaced hydrophobic residues at the P1 position
with charged residues. The wild-type P1 residues were tyrosine
(site 1), phenylalanine (site 2), and leucine (site 3).

Cleavage patterns in mutant virions. The mutations studied
here were created with the intention of blocking cleavage at
the mutated sites. The respective fusion proteins expected if
cleavage failed to occur at sites 1, 2, and 3 are shown in Fig. 1A.
To determine whether the cleavages had been successfully
inhibited, we transfected the mutant plasmids into 293T cells.
Virus particles were collected from the culture fluids of the
transfected cells and initially characterized by immunoblotting
with antiserum against p30CA. We found (data not shown) that
the site 1 and site 2 mutants all released virions at levels
indistinguishable from wild type. All site 3 mutants were some-
what defective with respect to virus production; culture fluids
of S3R particles (i.e., the mutant in which the C-terminal
residue of CA had been replaced with arginine) contained
virus at levels 1/10 to 1/4 that of wild type, while all other site
3 mutants tested (S3K, S3KK, S3RR, S3D, S3DD, S3E, and
S3EE) produced far lower amounts of virus, roughly 1% of the
wild-type level. The defects in particle production presumably
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represented effects of the changes in Gag upon the assembly
process per se and were independent of the interference with
cleavage during maturation.

Immunoblotting profiles of virion proteins from selected
mutants are shown in Fig. 1B. It can be seen (lane 3) that the
site 1 mutant in this experiment (S1D) contained p30CA with
the same electrophoretic mobility as in the wild-type control
(lane 1). Thus, both of the cleavages that produced p30CA from
Pr65 (i.e., the site 2 and site 3 cleavages) occurred normally in
these mutant particles. In contrast, mutant S2D contained no
p30 but had a 42-kDa protein reacting with this antiserum
(lane 4). This result shows not only that cleavage at site 2 was
blocked, as anticipated (Fig. 1), but also that cleavage at sites
1 and 3 (generating the N and C termini of p42) was occurring.
Similarly, S3R particles contained no p30, but a 40-kDa pro-
tein was detected in the immunoblot (lane 5); production of

this protein results from inhibition of cleavage at site 3, and
requires cleavage at site 2. Similar results were also obtained
with the particles produced by all other site 3 mutants (data not
shown). Lane 4 of Fig. 1B also shows traces of a larger cleavage
intermediate in the S2D particles; this protein could be either
p15MA-p12-p30CA or p12-p30CA-p10NC; evidence presented
below (Fig. 1C) suggests that it is the latter.

Cleavage profiles in the mutant particles were further exam-
ined by both immunoblotting and radioimmunoprecipitation
using antisera against individual viral proteins. Several site 1
mutants (i.e., S1K, S1D, S1KK, and S1DDD) were metaboli-
cally labeled and tested for the presence of the expected 27-
kDa fusion protein by immunoprecipitation with anti-p15MA

and anti-p12 sera. As shown in Fig. 1C, all of these mutants
contained a 27-kDa protein that was precipitated with both of
these sera; the mutant particles also contained p30 and p10,
demonstrating that the mutation has no effect on cleavage at
site 3. Site 2 mutant particles contained p15MA, p10NC, and the
expected 42-kDa p12-CA fusion protein. However, they also
contained a larger intermediate that reacted with anti-p10NC

antiserum (p52, lanes 8 and 9), suggesting that separation of
NC from the p12-CA protein is somewhat inefficient in these
particles. We also found that cleavage at site 1 as well as at site
2 is efficient in S3R particles, since they contain p15MA and
p12, but no 27-kDa fusion protein (data not shown). We also
tested site 1, site 2, and site 3 mutant particles for the cleavages
in the Pol and Env proteins. In all cases, we found efficient
production of PR, RT, and IN and, as in wild-type particles,
partial removal of the R peptide from p15E (data not shown).

In summary, at each of the three cleavage sites, replacement
of the hydrophobic residue at the P1 position with a charged
residue completely prevented cleavage at that site; there was
no detectable effect on cleavages at the remaining two sites,
except that site 2 mutants exhibited slightly reduced cleavage at
site 3. Immunoblotting and radioimmunoprecipitation data
were in complete agreement in these experiments. While the
mutations at site 1 and site 2 had no detectable effects on virus
assembly and release, all site 3 mutations tested inhibited par-
ticle production.

Infectivity of mutant particles. Particles from each mutant
were tested for infectivity, using the S�L- focus assay. This
assay is analogous to a plaque assay: only viruses capable of
undergoing multiple replication cycles within a few days will
register in this assay. As shown in Table 1, we found that the
site 1 mutants were able to form foci; some of these mutants
had titers approximately 10-fold lower than that of the wild-
type control. No focus formation was observed with any site 2
or site 3 mutants.

It seemed possible that particles composed of site 2 or site 3
mutant proteins were capable of infecting cells at a low effi-
ciency. Such particles would not be detected by the S�L- focus
assay. Therefore, we also tested them for their ability to rescue
a GFP-expressing vector genome into infectious particles:
since this assay detects individual infectious events, any parti-
cle capable of successfully carrying out the infectious process
will register in this assay. As shown in Table 1, these mutants
were also negative in these tests. We estimate that the specific
infectivity of site 2 and site 3 mutant particles was at least 1,000
times lower than that of wild-type particles. In agreement with
the S�L- assay, the GFP assay also showed that site 1 mutant

FIG. 1. Mutants blocking cleavage at individual sites in MLV Gag.
(A) Cleavage scheme of MLV Gag. The top line shows the three
cleavage sites and the four Gag cleavage products found in mature
MLV particles. The next three lines show the fusion proteins expected
if cleavage at each of the three sites were prevented. (B) p30CA-
containing proteins in mutant particles. Proteins in wild-type and mu-
tant virions were analyzed by immunoblotting with anti-CA antiserum.
Lanes: 1, wild-type MLV; 2, PR� MLV; 3, S1D; 4, S2D; 5, S3R. (C)
Protein profiles of site 1 and site 2 mutant particles. Cells producing
wild-type or mutant particles were labeled with [35S]methionine-cys-
teine. Particles were collected and analyzed by immunoprecipitation
with monospecific antisera against MLV Gag proteins, followed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and auto-
radiography. The four panels show results of immunoprecipitation
with anti-p15MA, anti-p12, anti-p30CA, and anti-p10NC. Lanes: 1, wild-
type MLV; 2, supernatant from cells transfected with the empty vector
pGCcos3neo; 3, PR� MLV; 4, S1K; 5, S1D; 6, S1KK; 7, S1DDD; 8,
S2K; 9, S2D.
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particles infected cells roughly 10-fold less efficiently than wild-
type particles.

Morphology of mutant particles. It would be of great inter-
est to determine which of the three cleavage events in MLV
maturation is responsible for the striking change in morphol-
ogy associated with maturation. We therefore performed thin-
section electron microscopy on cells producing the cleavage
site mutants. As shown in Fig. 2C, particles of the site 1 mutant
S1KK were indistinguishable in overall morphology from wild-
type controls (Fig. 2A), and (as with wild type) both immature
and mature particles could be identified in these cultures.
Thus, cleavage between MA and p12 is unnecessary for mor-
phological maturation.

An image from a culture producing S2D mutant particles is
shown in Fig. 2D. Very few mature particles were observed in
an examination of over 100 site 2 mutant particles; these in-
cluded S2K as well as S2D particles. A quantitative comparison
between wild-type, PR�, and S2D particles in sections of virus-
producing cells is shown in Fig. 3A. It can be seen that the
majority of particles in both the wild type and S2D appeared
immature; however, the remainder in the wild-type culture
were typical, mature MLV particles, while those in the S2D-
producing cells were aberrant. Most often, they contained a
darkly staining interior, like typical mature particles, but this
densely staining material was not surrounded by a clear border.

We also examined S2D virions that had been released into
the supernatant over a 24-h period. These particles are shown
in Fig. 4C and can be compared with wild-type and PR�

particles processed in parallel (Fig. 4A and B, respectively).
The mutant particles were quite pleomorphic. The majority of
the S2D particles lacked the intact, darkly staining ring char-
acteristic of immature particles (Fig. 4B), but they also did not
exhibit the distinctly outlined, polygonal core seen in many

wild-type particles (Fig. 4A). Many of the mutant particles
contained a compact, darkly stained body in the interior; this
was roughly ovoid in some particles and fibrillar in others (Fig.
4C). Figure 3B shows the proportions of immature, mature,
and aberrant virions observed in these samples; it was evident
that the majority of S2D particles were converted, after re-

FIG. 2. Analysis of structure of cell-associated virions by electron
microscopy. Cells producing wild-type or mutant particles were fixed
and sectioned for electron microscopy. (A) Wild type; (B) PR�; (C)
S1KK; (D) S2D; (E) S3R; (F) S3KK. The samples shown in panels A
to E were processed by the tannic acid procedure, while that in panel
F is a conventional thin-section electron micrograph. Scale bar, 100 nm.

FIG. 3. Proportions of virions with immature, mature, and aberrant
morphologies in sections of virus-producing cells (A) and released
particles (B). For the section shown in panel B, particles were collected
onto beads by immunoprecipitation and processed as described in
Materials and Methods. Black bars, virions with immature morphology
(particles with a dark ring surrounding an electron-lucent center); light
grey bars, virions with mature morphology (particles with a densely
staining interior with a border around it); dark grey bars, virions with
aberrant morphology (generally particles with a densely staining inte-
rior that is not surrounded by a distinct border). The fact that some
PR� particles were scored as mature in panel B is an indication of the
level of inaccuracy in these profiles.

TABLE 1. Infectivity of cleavage-site mutants

Expt and virus Infectious units/mla Relative specific infectivityb

Expt 1
Wild type 1 � 105

S2D �2 � 100

S2K �2 � 100

S3K �2 � 100

Expt 2
Wild type 3 � 106 1
S1D 3 � 104 0.2
S1K 3 � 105 0.05
S1DDD 2 � 105 0.03

Expt 3
Wild type 9.8 � 105

S1K 6.8 � 104

Expt 4
Wild type 1.9 � 106

S2D �1.3 � 103

S3R �1.3 � 103

a Culture fluids were assayed for infectious MLV by the S � L � focus assay
(experiments 1 and 2) or by their ability to rescue the pLZRS-EGFP vector into
infectious virions (experiments 3 and 4).

b In experiment 2, the relative levels of virions in the culture fluids were
determined by immunoblotting with anti-CA antiserum, and these results were
used to determine the specific infectivities of the mutants, relative to wild-type
MLV.
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lease, from an immature morphology to an aberrant morphol-
ogy.

It will be recalled that the site 3 mutants all exhibited defects
with respect to virion production, with S3R the least severe in
this regard. Some S3R particles were clearly mature in appear-
ance. In �40% of the S3R particles observed, there was an
acentric accumulation of darkly staining material within the
otherwise-electron-lucent center (Fig. 2E). (Because the sec-

tions were nearly as thick as virions, we are confident that the
absence of this feature from the majority of the remaining
particles was genuine, rather than an artifact related to the
position of the section with respect to the particle.) When
cultures expressing other S3 mutants were examined, they were
found to contain obvious accumulations of Gag protein at their
plasma membranes. However, these accumulations did not
exhibit the characteristic radius of curvature required to pro-

FIG. 4. Analysis of structure of released virions by electron microscopy. (A) Wild type; (B) PR�; (C) S2D.
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duce a spherical particle of �100 to 120 nm in diameter.
Rather, they were extremely pleomorphic. In some fields, a
membrane appeared to be surrounded on both sides by a
darkly staining accumulation of Gag protein, as shown for the
S3KK mutant in Fig. 2F.

Sizes of mutant particles. To further characterize the mu-
tant particles, we also measured their external diameters. The
measurements were made on images obtained by electron
cryo-microscopy, so that there was no distortion associated
with the fixation, embedding, sectioning, or staining processes
used in conventional electron microscopy. We found that both
S1KK and S2D particles were slightly smaller than wild-type
particles: the mean diameter of wild-type virions was 122.6 �
14.3 nm (mean � standard deviation), while that of S1KK
virions was 117.0 � 9.6 nm and that of S2D particles was 111.2
� 9.9 nm. The differences from wild type were, in both cases,
highly significant, with a P value of �10�6 (Student’s t test).
Unfortunately, the low yield of S3R particles precluded the
measurement of significant numbers of S3R virions.

Detergent sensitivity of mutant particles. One striking dif-
ference between immature and mature retrovirus particles is
their sensitivity to disruption by mild detergents: the ribo-
nucleoprotein core of detergent-treated immature particles
remains intact, while disruption of mature particles by this
treatment solubilizes the core proteins. It was of interest to
determine whether preventing any of the normal cleavages
would produce a detergent-resistant structure within the
virion. We therefore exposed mutant particles, as well as wild-
type and PR� controls, to 1% NP-40 and then centrifuged the
extracts for 1 h at �20,000 � g. The retention in particulate
structures of p30 (and fusion proteins containing p30) was
determined by immunoblotting (Fig. 5). It can be seen that
treatment of site 1 mutant particles, like that of wild-type
particles, completely solubilized p30. Similarly, p42 was com-
pletely solubilized by exposure of site 2 mutant particles to the
detergent. However, a significant fraction of the p40 present in
S3R particles was found in the pellet in the detergent-treated
sample. Thus, separation of CA from NC is apparently re-
quired for the complete detergent susceptibility characteristic
of mature particles.

RNA in mutant particles. In all normal retrovirus particles,
the genomic RNA is in the form of a dimer in which two copies
of the RNA are presumably linked together by a limited num-
ber of base pairs (43). We previously reported that mature
retrovirus particles contain a more stable dimer of genomic
RNA than immature particles (11, 12). Therefore, viral matu-
ration involves not only a change in the viral proteins but also
a change in the conformation of the viral RNA. We termed this
change “maturation” of the dimer. In vitro experiments sug-
gest that maturation of the dimer is due to the action of the NC
protein on the nucleic acid (8, 25, 33). In order to determine
which of the three cleavages in Gag was required for RNA
maturation, we attempted to measure the thermostabilities of
dimeric RNAs isolated from site 1, site 2, and site 3 mutant
particles.

RNA was isolated from virions by proteinase K digestion
followed by phenol-chloroform extraction. It was then incu-
bated at various temperatures and analyzed by electrophoresis
under nondenaturing conditions, followed by Northern blot
analysis. The controls in Fig. 6 show the expected difference

between dimers from mature and immature particles: the RNA
from mature (wild-type) particles was almost completely
dimeric after exposure to 51.9°C and was only partly dissoci-
ated into monomers by treatment at 54°C. In contrast, RNA
from immature (PR�) particles was substantially dissociated
into monomers at 51.9°C and virtually all monomeric after
incubation at 54°C. Examination of the remaining two panels
in Fig. 6 shows that RNA from a site 1 mutant or a site 2
mutant had the same thermostability as the RNA of the wild-
type control. Therefore, neither site 1 nor site 2 cleavage is
essential for the maturation of the dimeric RNA.

When a similar analysis was attempted on RNA from S3R
mutant particles, the signal on the nondenaturing Northern
blots proved too weak for analysis of dimeric stability. To
determine whether these particles were deficient in viral RNA,
we therefore measured the level of viral RNA in these particles
using real-time RT-PCR. To estimate the background due to
release of viral RNA from cells not producing virions, we also
collected culture fluid from cells transfected with the G2A
mutation; this mutant Gag protein is not myristylated and, as

FIG. 5. Detergent sensitivity of mutant particles. Particles were
collected from culture fluids, treated with 1% NP-40, centrifuged, and
analyzed by immunoblotting with anti-CA antiserum as described in
Materials and Methods. (A) Lanes: 1 and 2, wild type; 3 and 4, PR�;
5 and 6, S1D; 7 and 8, S2D. Lanes 1, 3, 5, and 7, pellets; lanes 2, 4, 6,
and 8, supernatants. (B) Lanes: 1 and 2, wild type; 3 and 4, PR�; 5 and
6, S3R. Lanes 1, 3, and 5, pellets; lanes 2, 4, and 6, supernatants. In
control samples not exposed to NP-40, all of the CA-containing pro-
teins were found exclusively in the pellet fraction in all samples (data
not shown).
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far as is known, does not assemble into virions (34, 38). The
results of these tests are shown in Table 2. When the amounts
of viral RNA/ml of S3R culture fluid were adjusted for the low
levels of particles per milliliter (i.e., the amount of pelletable
p40/ml, compared to the amount of pelletable p30/ml in wild-
type culture fluid), the results indicated that these particles
packaged viral RNA �2.5-fold less efficiently than wild-type
particles. This RNA is apparently associated with virions, since
the level of viral RNA in culture fluid from cells expressing
unmyristylated Gag is far lower than that in the S3R culture
fluid.

We also assessed the genomic RNA content of S3R particles
by Northern blotting. The genomic RNA in the particles was
generally detectable but was significantly more degraded than
that extracted from wild-type particles (data not shown). In
some experiments, the viral RNA from S3R particles was dis-
tributed in a smear over a broad molecular weight range, while
that extracted in parallel from wild-type particles was almost
entirely in a discrete �8-kb band as expected.

When total RNA in virion preparations was measured by
Ribogreen analysis, we found that S3R particles contained (per
unit of Gag protein) approximately the same amount of RNA
as wild-type virions (data not shown). Thus, it appears that
some other RNA species compensates for the deficiency in
genomic RNA in S3R particles. We recently analyzed the RNA
content of MLV particles that failed to package genomic RNA
efficiently because of mutations in the NC domain. We found
that the principal RNA species in these virions was rRNA (27).
We therefore determined the rRNA content of S3R particles.
As shown in Table 2, these particles appeared to contain some-
what more rRNA per particle than wild-type particles.

DISCUSSION

Maturation converts an assembled retrovirus particle into an
infectious particle. Maturation occurs as a result of concerted
cleavages at a small number of sites within the Gag, Pol, and
(in some retroviruses) Env protein molecules of the virion, and
it is accompanied by a wide variety of changes in the particle.

Our goal in these experiments was to gain some insight into the
contribution that each of the three cleavages in MLV Gag
makes to the physical changes in the particle and in its acqui-
sition of infectivity.

One of the most striking changes associated with retroviral
maturation is the conversion from the immature morphology,
with a densely staining ring surrounding a relatively electron-
lucent interior, to the mature form, in which the ring is absent
and the center of the particle is filled with densely staining
material. We found that site 1, site 2, and site 3 mutants all
lacked the ring and contained densely staining material in their
interiors, in contrast to fully immature PR� particles. Thus, no
single cleavage event is absolutely required for the loss of the
ring or deposition of this material. Perhaps the interior core in
mature particles is composed of RNA associated with NC, and
cleavage anywhere in Gag is sufficient for the release of RNA,
together with RNA-bound proteins, from the membrane-asso-
ciated MA domain.

Our results with individual mutants can be briefly summa-
rized as follows. First, mutants at site 1 (preventing cleavage
between p15MA and p12) are released at essentially the same
level as wild-type MLV. S1KK particles (in which the leucine
and tyrosine residues at the C terminus of MA have been
replaced with lysines) are slightly smaller than wild type. (Ob-
viously, this is an effect of the change in Gag sequence on the
assembly process itself and tells us nothing about the signifi-
cance of site 1 cleavage.) Particles in which this cleavage was
blocked were still infectious (Table 1), with a specific infectivity
only �10-fold lower than that of wild-type control particles.
Thus, the cleavage event between MA and p12 appears to be
merely “fine-tuning,” improving the efficiency of replication by
roughly an order of magnitude. Perhaps this is not surprising,
since other studies have shown that a substantial portion of p12
is tolerant to alanine substitution (52), and under some con-
ditions virtually the entire MA domain of HIV-1 can be de-
leted without loss of infectivity (32).

In contrast, site 2 mutants displayed no detectable infectiv-
ity: their specific infectivity was at least 1,000-fold lower than
that of wild-type particles. Like site 1 particles, they were
slightly smaller than wild-type controls. Further, they were
frequently different in appearance from either mature or im-
mature particles: unlike wild-type particles, they did not pos-
sess a distinct outline or “capsid shell” around the core, but
unlike PR� particles they often contained a compact body
within the interior of the virion (Fig. 2 to 4). We also observed
that if cleavage at site 2 were blocked, then the cleavage be-

FIG. 6. Thermostability of dimeric RNAs extracted from site 1 and
site 2 mutant particles. RNAs from the mutant particles and from
wild-type and PR� MLV particles were extracted and heated to the
indicated temperatures before analysis by nondenaturing Northern
analysis as described in Materials and Methods.

TABLE 2. RNA packaged in S3R particlesa

Virus Particles/ml vRNA/ml vRNA/particle rRNA/ml rRNA/particle

Wild type 1 1 1 1 1
S3R 0.2 0.08 0.4 0.4 1.9
Myr�b ND 0.000015 0.08

a Copy numbers of MLV genomic RNA (vRNA) and 18S rRNA were deter-
mined in RNAs extracted from viral pellets as described in Materials and Meth-
ods. These values are expressed relative to wild-type values. The relative levels of
virions in the pellets were measured by immunoblotting with anti-CA antiserum
and are expressed relative to the wild-type values. Dividing copy numbers by
amounts of virus yielded relative copies of the RNA per particle. ND, not
detectable by immunoblotting.

b Expressing unmyristylated Gag.
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tween CA and NC was somewhat inefficient (for example, note
the accumulation of a larger intermediate, as well as p42, in
S2D particles [Fig. 1B]). This observation suggests that cleav-
age at site 1 and/or site 3 is partially dependent upon cleavage
at site 2. Indeed, in normal MLV maturation, cleavage at site
2 precedes that at sites 1 and 3 (28, 49, 50).

At site 3, replacement of the C-terminal leucine in CA with
arginine allowed the formation, at low efficiency, of virions
roughly similar to mature MLV particles (Fig. 2E). However,
many of these particles were abnormal in appearance, with a
small accumulation of electron-dense material acentrically
placed within the “core” of the particle. All of the other
changes that we made at the C terminus of CA reduced the
ability of Gag to assemble into released virions by a factor of
approximately 100. The amount of genomic RNA per amount
of Gag protein was somewhat lower in the S3R particles than
in wild type, and it also appeared to be more susceptible to
degradation than that in controls. The deficit in genomic RNA
in these particles may be partially compensated for by an in-
crease in rRNA content.

Particles in which cleavage was blocked at site 1 or 2 still
contained mature dimeric RNA, with the same thermostability
as that extracted from mature MLV particles (Fig. 6). The fact
that inhibition of cleavage at site 1 or site 2 still permits the
stabilization of genomic RNA dimers accompanying viral mat-
uration strongly suggests that the separation of CA and NC is
the event leading to stabilization of the viral RNA. (We cannot
exclude the alternate possibility that other PR-mediated cleav-
ages, such as those in the Pol region, are responsible for the
stabilization.) It would seem reasonable to imagine that when
NC is released from CA during maturation, it can coat the
genome and then, by virtue of its nucleic acid chaperone ac-
tivity, catalyze the conformational rearrangement of the
dimeric RNA. (In avian retroviral particles, chemical cross-
linking of NC to RNA in mature particles is several orders of
magnitude more efficient than cross-linking of Gag to RNA in
immature particles [41].) However, studies with recombinant
HIV-1 proteins have shown that the Gag polyprotein possesses
nucleic acid chaperone activity very similar to that of its cleav-
age product, NC (7). Indeed, both HIV-1 NC and the HIV-1
Gag polyprotein can stabilize dimeric linkages in transcripts
containing retroviral sequences in vitro (7, 8). Therefore, the
requirement that Gag be cleaved before the genomic RNA
within the virion attains its most stable conformation is prob-
ably due to a change in the access of the viral proteins to the
RNA accompanying maturation, rather than a difference in the
chaperone activities of Gag and NC. The present results sug-
gest that it is cleavage between CA and NC that affords the NC
domain increased access to the RNA. It is also possible, of
course, that Gag and NC differ quantitatively or qualitatively
with respect to their chaperone activity in ways that our in vitro
assays (7) failed to detect. Our results here would then imply
that the difference in activity depends upon cleavage of NC
from CA. A prior study with HIV-1 also concluded that cleav-
age of Gag at the N terminus of NC is critical for maturation
of the genomic RNA dimers (39).

It seems likely that the p10NC moiety of the p40 fusion
protein is bound to RNA within the site 3 mutant particles;
perhaps this is the acentrically located mass visible in electron
micrographs of these particles (Fig. 2E). The fusion protein is

apparently less effective than wild-type NC in protecting the
genomic RNA against nucleolytic degradation, either within
the particle or during extraction. The attachment of this pro-
tein to RNA may also explain the fact that a substantial frac-
tion of p40 remains pelletable after disruption of the particle
with NP-40 (Fig. 5).

We also found that the ratio of genomic RNA to Gag pro-
tein in S3R particles was somewhat lower than in wild-type
particles (Table 2). This observation implies that genomic
RNA encapsidation is reduced by the S3R mutation, and it
might suggest that the region of Gag responsible for the en-
capsidation extends a short distance into the CA domain. How-
ever, it is also possible that each S3R particle contains the
same amount of viral RNA as a wild-type particle but is, on
average, somewhat larger and contains two to three times as
much Gag protein as a normal particle. We also cannot com-
pletely exclude the possibility that some of the RNA detected
in viral pellets comes from cellular debris, not from virions.

It is interesting to compare our results with those of prior
studies on HIV-1 maturation. In HIV-1, the first cleavage
event is not at the N terminus of CA but at the N terminus of
NC (30). CA is directly linked to MA in HIV-1 Gag. Interfer-
ing with the cleavage between MA and CA prevents the for-
mation of the normal conical capsid shell, resulting instead in
particles with dense, acentric cores (15). One explanation for
this phenotype could be that the retention of CA at the mem-
brane, through its linkage to MA, prevents its condensation
into the normal mature core. Alternatively, the phenotype
might result from the lack of the normal CA N terminus.
Structural studies on the HIV-1 CA protein show that there is
a rearrangement of the N-terminal region of CA following the
release of the N terminus during maturation (13, 14, 24, 44)
and that this rearrangement (in which the conserved proline at
the N terminus forms a buried salt bridge with a conserved
aspartate or glutamate residue in CA) leads to new CA-CA
interactions (46). Virions in which the proline residue at the N
terminus is replaced by leucine, an alteration which does not
interfere with cleavage (10), have a morphology similar to
those in which the cleavage is blocked (15); this is also true if
the aspartate at position 51 in CA, the other partner in the
buried salt bridge, is changed to alanine (45, 46). These obser-
vations strongly support the idea that the morphogenesis of the
conical capsid shell in normal HIV-1 maturation depends upon
formation of the salt bridge between the N-terminal proline
and the internal aspartate residues. This salt bridge is not,
however, required for the deposition of dense material in the
interior of the particle.

The most dramatic effect of the S2D mutation upon the
morphology of MLV particles was the elimination of the bor-
der that surrounds the core of a normal mature particle. It is
important to remember that in MLV there is a protein be-
tween MA and CA and that cleavage at site 1 still occurs in site
2 mutant particles (Fig. 1). Therefore, the CA-containing fu-
sion protein (p42) is not tethered to the membrane in these
particles and should be free to “collapse” into the interior of
the particle. The absence of the outer boundary of the core in
S2D particles is thus not due to retention of CA at the mem-
brane; rather, these results are consistent with the hypothesis
that release of the normal N terminus of CA from Gag is
essential for formation of this border, in close analogy with
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those described above in HIV-1. While the densely staining
bodies seen within many S2D particles (Fig. 4C) may be NC-
RNA complexes, cleavage of NC from the p42 fusion protein
is somewhat inefficient in these particles (Fig. 1); thus, another
possibility is that these structures are composed of complexes
of the p12-CA-NC fusion protein with RNA.

Our observation that even small alterations at the C termi-
nus of MLV CA can drastically disrupt the normal process of
particle assembly (Fig. 2F) is similar to results with HIV-1; it is
clear that this region plays a critical role in determining both
the efficiency of assembly and budding and the radius of cur-
vature of the resulting particle (15, 22, 23). The effects of our
mutations on assembly are obviously due to the changes we
introduced into the Gag protein, not to the interference with
site 3 cleavage. In the case of HIV-1, it has been suggested that
a crucial element in this region is an 	-helical structure span-
ning the CA-spacer cleavage site (1). In MLV, the C-terminal
region of MLV CA is important for assembly (47) and contains
an extraordinary run of charged residues. Some deletions in
this region produce results very similar to those we observed
with point mutations at the extreme C terminus, with a dra-
matic loss of the ability of Gag to assemble into particles with
the normal radius of curvature. The properties of the deletions
in this region supported the hypothesis that it contains an
	-helix (5).

In conclusion, we have found that no individual cleavage
event is required for the loss of immature morphology of PR�

particles. However, cleavage between p12 and CA is essential
for formation of the normal core structure found in mature
MLV particles. Cleavage between CA and NC is probably
required for the stabilization of genomic RNA dimers associ-
ated with MLV maturation. Cleavage between MA and p12
plays no critical role in the conversion of MLV particles to an
infectious form.
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