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After their release from host cells, most retroviral particles undergo a maturation process, which includes
viral protein cleavage, core condensation, and increased stability of the viral RNA dimer. Inactivating the viral
protease prevents protein cleavage; the resulting virions lack condensed cores and contain fragile RNA dimers.
Therefore, protein cleavage is linked to virion morphological change and increased stability of the RNA dimer.
However, it is unclear whether protein cleavage is sufficient for mediating virus RNA maturation. We have
observed a novel phenotype in a murine leukemia virus capsid mutant, which has normal virion production,
viral protein cleavage, and RNA packaging. However, this mutant also has immature virion morphology and
contains a fragile RNA dimer, which is reminiscent of protease-deficient mutants. To our knowledge, this
mutant provides the first evidence that Gag cleavage alone is not sufficient to promote RNA dimer maturation.
To extend our study further, we examined a well-defined human immunodeficiency virus type 1 (HIV-1) Gag
mutant that lacks a functional PTAP motif and produces immature virions without major defects in viral
protein cleavage. We found that the viral RNA dimer in the PTAP mutant is more fragile and unstable
compared with those from wild-type HIV-1. Based on the results of experiments using two different Gag
mutants from two distinct retroviruses, we conclude that Gag cleavage is not sufficient for promoting RNA
dimer maturation, and we propose that there is a link between the maturation of virion morphology and the

viral RNA dimer.

During or soon after the assembly of most retroviral parti-
cles, viral protease (PR) cleaves the viral proteins. Gag
polyproteins are the main structural proteins in the virion (55).
In all retroviruses except spumaviruses, cleavage of Gag
polyproteins generates mature proteins including the matrix
(MA), capsid (CA), and nucleocapsid (NC) (28, 52, 61). Ad-
ditionally, Gag polyproteins generate other cleavage products,
which vary in number and size depending on the virus. For
example, Gag cleavage also generates p12 in murine leukemia
virus (MLV) and p2, pl, and p6 in human immunodeficiency
virus type 1 (HIV-1) (28).

The newly generated virion undergoes a maturation pro-
cess after PR-mediated Gag polyprotein cleavage. Morpho-
logically, the virus particle changes from immature to ma-
ture (25, 54, 59); the immature virion has a translucent
center, whereas the mature virion has a condensed core (35,
54, 62). During the maturation process, viral proteins un-
dergo changes that are detectable by biochemical and struc-
tural analyses. For example, cross-linking experiments indi-
cate that the cleaved CA alters points of protein-protein
contact (12, 21); mutational and structural analyses define a
major conformational change at the N terminus of the ma-
ture HIV-1 CA protein after Gag cleavage (57). It is thought
that in the mature virion, MA proteins are associated with
the lipid membrane, CA proteins define the outer shell of
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the core structure, and NC proteins are bound to the viral
genomic RNA inside the core (15, 61). During virus matu-
ration, properties of the viral RNA are also altered: in the
immature virion, the two copies of RNA form a more fragile
dimer that is less stable than that in the mature virion;
during maturation, the dimeric RNA acquires a higher ther-
mostability (16, 18, 50).

The virion maturation process can be blocked by abolishing
the PR activity. PR-deficient (PR™) mutant virions have im-
mature morphology and fragile RNA dimers. Many aspects of
virion maturation are currently unknown; for example, it is
unclear which factors mediate the maturation of the viral RNA
dimer. It is possible that protein processing releases mature
viral proteins to promote the stabilization of viral RNA dimers.
With its proposed nucleic acid chaperone activity, NC protein
is considered the leading candidate to play a role in RNA
dimer stabilization (13, 41, 48). However, it is possible that
factors other than protein processing are also required for
virion RNA maturation.

In this report, we describe a mutation in MLV CA that
caused the virion to present an immature morphology and the
RNA dimer to have a lower thermostability despite the cleav-
age of Gag polyproteins. This observation suggests that viral
protein processing alone is not sufficient to promote viral RNA
maturation. To extend these results, we also examined
genomic RNA dimers isolated from a well-characterized
HIV-1 PTAP mutant that produces immature virions without
major defects in Gag cleavage (9, 23). We found that RNA
dimers from the PTAP-mutant-derived virions had a lower
thermostability than that of wild-type virions.
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MATERIALS AND METHODS

Plasmids and plasmid construction. Standard cloning techniques were used
for plasmid construction (44). The general structures of all plasmids constructed
were characterized by restriction enzyme mapping, whereas all regions of the
plasmids that have undergone PCR amplification were further characterized by
DNA sequencing.

MLV gag-pol expression constructs were derived from pLGPS (31, 32), which
contains a truncated 5’ long terminal repeat (LTR) and gag-pol, as well as
deletions of most of the packaging signal, env, and a 3’ LTR. Plasmid
pPMLVCAA12 was constructed by PCR-mediated mutation: a DNA fragment
containing the deletion was generated by overlapping PCR, digested with BsrGI
and Xhol, and inserted into BsrGI-Xhol-digested pLGPS. The PR mutant
PMLVPR™ contains an inactivating mutation (D27A) in the PR active site, and
was generated by inserting a Clal-PflmI-digested PCR fragment containing the
mutation into Clal-PflmI digested pLGPS. Similarly, a mutated Clal-PfimI-
digested PCR fragment was cloned into pMLVCAA12 to generate the CA and
PR double-mutant pMLVCAA12/PR ™.

HIV-1 vectors were derived from pON-TO (a kind gift from Olga Niko-
laitchik), an NL4-3-based HIV-1 vector that contains the two LTRs, cis-acting
elements essential for viral replication; expresses functional gag-pol, tat, and rev;
and has disabling deletions in vif, vpu, vpr, and env. Additionally, pON-T0
contains a functional mouse thy-1.2 gene (thy), internal ribosomal entry site, and
a mutated green fluorescent protein gene (gfp). The previously described HIV-1
vectors pNL4-3-PTAP™, pNL4-3-PR™, and pNL4-3- PTAP /PR~ (23) con-
tained inactivating mutations in the PTAP motif (PTAP to LIRL) and/or PR
active site (D25N). The SphI-Sbfl fragments containing mutations in HIV-1
gag-pol were isolated and subcloned into SphI-Sbfl-digested pON-TO to generate
plasmids pTO-PTAP~, pT0-PR ™, and pTO-PTAP /PR".

Plasmid pSV-A-MLV-env expresses amphotropic MLV env (27). MLV vector
PpSR2-2GFP (6) contains all the cis-acting elements essential for viral replication
and encodes the hygromycin phosphotransferase B gene (fygro) and gfp. Plasmid
pCMVRAS.2 expresses all of the HIV-1-encoded proteins except Env and lacks
many cis-acting elements, including part of the packaging signal (34). Plasmid
pHCMV-G expresses the vesicular stomatitis virus G glycoprotein (VSV-G)
(63).

Cell culture, transfection, and infection. D17 is a dog osteosarcoma cell line
permissive to MLV infection (43), and 293T is a human embryonic kidney cell
line (11, 38). As previously described, 293T/SR2 is a cell line that consists of a
pool of SR2-2GFP-provius-containing 293T cells (7).

D17 and 293T cells were maintained at 37°C with 5% CO, in Dulbecco’s
modified Eagle’s medium supplemented with 6% calf serum (D17) or 10% fetal
calf serum (293T) and penicillin (50 U/ml) plus streptomycin (50 mg/ml). Hy-
gromycin selection was performed at a final concentration of 120 wg/ml.

DNA transfection was performed using the calcium phosphate method (44).
To generate MLV virions, 293T cells were cotransfected with MLV gag-pol
expression constructs, pPSR2-2GFP, and pSV-A-MLV-env at a 2:2:1 weight ratio.
To generate HIV-1 virions, 293T cells were transfected with pON-TO or its
derivatives, pPCMVRAS.2, and pHCMV-G at a 3:3:1 weight ratio. Supernatants
were harvested from the transfected 293T cells 2 days after transfection, and
cellular debris was removed by filtration through a 0.45-mm filter. MLV stocks
were used to infect D17 cells, and viral titers were determined by the numbers of
hygromycin-resistant D17 cell colonies. HIV-1 virions were used to infect 293T
cells; 3 days after infection, cells were stained with allophycocyanin-conjugated
a-Thyl antibody (eBioscience) as previously described (42). Generally, more
than 80% of the 293T cells were infected by HIV-1 vectors in all experiments.
Virions were collected from these infected 293T cells and used for further
analyses.

Western blotting analyses, RT assays, virion RNA analyses, and transmission
electron microscopy (EM). Virions derived from MLV and HIV-1 vectors were
concentrated by centrifugation at 25,000 rpm for 90 min at 4°C using a Surespin
630 (Sorvall) rotor and a Discovery 100S Sorvall ultracentrifuge. Virion proteins
were examined by Western blotting analyses as previously described (17). To
detect MLV proteins, polyclonal rabbit anti-MLV-CA and anti-MLV-MA anti-
bodies were used (kind gifts of the AIDS Vaccine Program, Science Applications
International Corporation —Frederick). AIDS patient sera (obtained from the
National Institutes of Health AIDS Reagent Program) were used to detect HIV
proteins. Reverse transcriptase (RT) activity was measured by exogenous RT
assays using standard procedures (6).

Viral RNA was extracted from cell-free virus particles as previously described
(17). The amounts of SR2-2GFP vector RNA encapsidated by MLV proteins
were determined by quantitative real-time RT PCR using primers and probe
derived from hygro sequences and an ABI 7700 sequence detector (PerkinElmer)
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MLV ESVLLTHQPTWDDCQQLLOALLTS
MDEV ESLMFSHQPTWDDCQQLLOVLETT
FelLV ESILVTHQPTWDDCQQLLOALLTG
GalLVv ESLMFSHQPTWDDCQQLLOTLFTT
BaEV ESILLTHQPTWDDCQQLLOVLLTT
KoRV ESLMFSHQPTWDDCQQLLOVLETT
PERV ESLMFSHQPTWDDCQQLLOTLETT
SNV ESVFYTHQPTWDDCQQLLRTLFTT

FIG. 1. Location and sequence of the 12-amino-acid motif. (A) Lo-
cation and sequence of the motif in MLV (amino acid 48 to 59 of MLV
CA). MHR, major homology region. (B) Comparison of sequences in
the motif among several gammaretroviruses. MDEV, Mus dunni en-
dogenous virus; FeLV, feline leukemia virus; GaLV, gibbon ape leu-
kemia virus; BaEV, baboon endogenous virus; KoRV, Phascolarctos
cinereus (koala) retrovirus; PERV, porcine endogenous virus; SNV,
spleen necrosis virus. The 12-amino-acid motif is shown in bold letters.

as previously described (7, 17). Plasmid pSR2-2GFP was used as a template for
standard curves for SR2-2GFP RNA detection in the real-time RT PCR. RNA
samples isolated from mock-transfected SR2/293T cells were used as negative
controls.

To analyze the thermostability of the virion RNA dimer, RNAs were isolated
from virus particles and analyzed by nondenaturing Northern analyses as previ-
ously described (18). Briefly, RNA samples were incubated at specified temper-
atures for 10 min, quenched on ice, and separated by electrophoresis using 1%
agarose gels in TBE (89 mM Tris, [pH 8.3], 89 mM boric acid, 2.5 mM EDTA).
These gels were then soaked in 6% formaldehyde for 30 min at 65°C and the
RNAs were transferred onto nylon membranes. The RNAs were cross-linked to
the wet membranes using a UV Stratalinker 1800 (Stratagene) for 2 min prior to
hybridization. For MLV and HIV-1 Northern analyses, the membranes were
probed with 3?P-labeled hygro and gag riboprobes, respectively. A hygro-contain-
ing PCR DNA fragment was generated using plasmid pSR2-2GFP as template
and primer sets T7SR2Hyg1655 (5'-TAATACGACTCACTAGTGCTAGAGT
CGAC CTGCAGCCC-3") and SR2Gyh2640 (5'-CGCTTCTGCGGGCGATTT
G-3'). Similarly, an HIV-1 gag-containing PCR fragment was generated using
plasmid pON-TO0 and primer sets TTHIVGag790 (5'-TAATACGACTCACTAG
TGATGGGTGCGAGA GCGTCGGTA-3") and GagVIH2071 (5'-CAGTACA
ATCTTTCATTTGG-3'). The 986-bp hygro-containing PCR fragment or the
1280-bp gag-containing PCR fragment served as the template for T7 transcrip-
tion, using the MAXIscript T7 kit (Ambion) in the presence of [a->’P]JUTP
(3,000 Ci/mmol) to generate the hygro or gag riboprobe.

EM analyses were performed as previously described (7). Transfected cells
were harvested 48 h after transfection, washed once with phosphate-buffered
saline, pelleted by low-speed centrifugation, and resuspended and fixed in 2%
glutaraldehyde in cacodylate buffer (0.1 M, pH 7.4).

RESULTS

Analyses of the effects of a conserved 12-amino-acid deletion
mutation on viral replication in gammaretroviruses. During
amino acid sequence alignment, we observed a highly con-
served motif (HQPTWDDCQQLL) near the N terminus of
CA of many gammaretroviruses (Fig. 1). To determine the
possible function of this motif, we modified the MLV gag-pol
expression construct pLGPS (31, 32) to generate a deletion
mutant, pMLVCAA12, that lacked these 12 amino acids
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(amino acids 263 to 274 in MLV Gag or amino acids 48 to 59
in MLV CA). To examine the phenotypes of this deletion
mutant, we transfected pMLVCAA12 into 293T cells along
with the MLV vector pSR2-2GFP (6) and the amphotropic
MLV env-expressing construct pSV-A-MLV-env. Superna-
tants were harvested from the transfected cells; a portion was
used for biochemical analyses and the other portion was used
to infect D17 cells. Because the cotransfected MLV vector
pSR2-2GFP encodes hygro, viral titers were determined by the
numbers of hygromycin-resistant cell colonies as previously
described (6).

In four sets of independent experiments, transfection with
pLGPS, which encodes the wild-type MLV gag-pol, generated
viral titers between 5 X 10* and 8.5 X 10* CFU/ml. In contrast,
transfection with pMLVCAA12 did not yield any detectable
viral titers, indicating that deletion of the 12 amino acids se-
verely affected the generation of infectious virions. Western
analyses and RT assays were performed on the cell-free super-
natants to examine the production of wild-type and mutant
virions. A representative Western blotting analysis is shown in
Fig. 2A. This and other western analyses revealed that pLGPS-
and pMLVCAA12-transfected cells generated similar amounts
of virions; furthermore, Gag polyproteins were cleaved in both
types of virions. Results from RT assays indicated that within
each experiment, pLGPS- and pMLVCAA12-derived superna-
tants generated similar levels of RT activity, which is in agree-
ment with the western analyses (data not shown).

The ability of pLGPS- and pMLVCAA12-derived virions to
package RNA derived from MLV vector pSR2-2GFP was an-
alyzed by quantitative real-time RT PCR using primer and
probe annealed to hygro as previously described (17). Data
from three independent experiments are summarized in Fig.
2B; as indicated, these two types of virions packaged similar
amounts of vector RNA.

Many CA mutants have defects in reverse transcription (1,
14, 22, 53). To explore whether reverse transcription was af-
fected in the deletion mutant, we examined the reverse tran-
scription products generated by infection of the pLGPS- and
pMLVCAA12-derived virions by quantitative real-time PCR
(17). Results from five sets of independent experiments indi-
cated that pMLVCAA12-derived viruses have drastic defects
in the generation of both early and late reverse transcription
products (Fig. 2C and D).

Taken together, the 12-amino-acid deletion in MLV CA did
not have an observable effect on virion assembly and release,
Gag polyprotein cleavage, and the specific packaging of vector
RNA; however, this deletion did cause a block(s) prior to or at
the initiation of reverse transcription.

EM analyses of virion morphology. The cleaved CA proteins
constitute the outer shell of the core of a mature virion; there-
fore, mutations in CA could cause aberrant morphology of the
virion core. To further characterize the 12-amino-acid dele-
tion, we examined the morphology of the virions produced by
293T cells transfected with pLGPS or pMLVCAA12; repre-
sentative EM pictures are shown in Fig. 3. As expected, we
found that most of the pLGPS-derived particles were mature
virions (73%). However, most of the pMLVCAA12-derived
particles were immature virions (83%) (Table 1), which were
reminiscent of PR™ virions. The observation that the CA mu-
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FIG. 2. Analyses of the protein and RNA contents of cell-free
virions and viral DNA generated by infection. (A) Western analysis of
the cell-free virion proteins. Cell-free virions were harvested 2 days
after transfection and examined by Western blotting using rabbit anti-
MLV MA and CA antibodies. (B) Comparison of the amounts of
MLV vector RNA packaged in cell-free virions. RNAs isolated from
virions with similar levels of RT activity were used in the real-time RT
PCR analysis; primers and probes in Aygro were used to detect SR2-
2GFP vector RNA. The amount of SR2-2GFP RNA packaged in
pLGPS-derived virions was set to 100% in each experiment. Data from
three independent experiments are shown as means * standard errors.
(C) Synthesis of vector DNA upon infection. Quantitative real-time
PCR analysis of the early (RUS5; left panel) and late (U5W; right panel)
viral DNA products generated by viral infection. Viral DNAs from
D17 cells infected by viral stocks with similar levels of RT activity 6 h
and 12 h postinfection were used in the real-time PCR analysis. RUS
and U5V copy numbers synthesized by pLGPS-derived virions were
set to 100% in each experiment. Data from five independent sets of
experiments are shown as means * standard deviations. WT, pLGPS;
A12, pMLVCAA12; A12/PR™, pMLVCAA12/PR™; PR™, pMLVPR™;
mock, mock transfection.

tant virions presented immature virion morphology led us to
directly compare CA and PR mutant virions.

We generated two PR mutants, each containing an inacti-
vating mutation (D27A) in the active site of PR; pMLVPR™
and pMLVCAA12/PR™ were derived from pLGPS and
PMLVCAA12, respectively. The phenotypes of both PR mu-
tants were examined; as expected, the mutants did not gener-
ate detectable viral titers (data not shown), Gag polyproteins
were not processed (Fig. 2), and EM analysis demonstrated
that both mutants generated only immature particles (Fig. 3,
Table 1).

Analyses of the thermostability of virion RNA dimers. Ear-
lier studies indicated that immature virus particles isolated
from PR-deficient mutants contain unstable viral genomic
RNA dimers (16, 18), which dissociate into monomers at a
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FIG. 3. Electron micrographs of virions derived from MLV wild-
type or mutant gag-pol expression constructs. Virions were derived
from pLGPS (WT), pMLVPR™ (PR™), pMLVCAA12 (A12), and
PMLVCAA12/PR™ (A12/PR7). Scale bars represent 100 nm (all pan-
els).

lower temperature compared with the RNA dimers from wild-
type viruses. However, it was not clear whether protein pro-
cessing per se is sufficient for promoting RNA dimer matura-
tion. Analyses of the pMLVCAA12-derived virions revealed
that, although their Gag polyproteins were processed, these
particles were largely immature in morphology. Therefore, this
mutant provides an excellent tool to examine factors required
for viral RNA dimer maturation. If Gag processing and the
release of the mature NC protein are sufficient for RNA dimer
maturation, then pMLVCAA12-derived virions should contain
mature dimers. In contrast, if other factors are needed for
dimer maturation, then it is possible that pMLVCAA12-de-
rived virions contain immature dimers.

We compared the thermostability of the viral RNA dimers
isolated from virions derived from wild-type and mutant gag-
pol expression constructs. To avoid complications from the
contamination of the transfected vector DNA in these exper-
iments, we used 293T/SR2 cells, which are 293T cells that
express proviruses derived from vector pSR2-2GFP. 293T/SR2
cells were transfected with pLGPS, pMLVCAA12, pMLVPR ™,
or pMLVCAA12/PR™, supernatants were collected, and cell-
free virion RNAs were isolated and analyzed by nondenaturing
Northern blotting as previously described (18).

As shown in a representative Northern analysis in Fig. 4A,
cell-free virion RNAs derived from cells transfected with wild-
type or mutant gag-pol expression constructs were in dimer

TABLE 1. Electron microscopy analyses of virions derived from
wild-type and mutant gag-pol expression constructs

No. of virions

Construct
Mature Immature Total
pLGPS 73 27 100
PMLVCAA12 17 83 100
pPMLVPR"™ 0 100 100
pPMLVCAA12/PR™ 0 100 100
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FIG. 4. Nondenaturing Northern analyses of cell-free virion RNAs
from MLV. (A and B) Representative nondenaturing Northern blots
of cell-free virion RNAs. RNAs were either not heated (25°C) or
heated for 10 min at the indicated temperatures prior to electrophore-
sis; riboprobes containing /ygro sequences were used in these analyses.
(C) Thermostability of the virion RNA dimer from wild type or mutant
MLYV particles. The proportions of dimeric and monomeric RNAs in
the Northern analyses were quantified by a Phospholmager. Data from
three independent experiments are shown as means * standard devi-
ations.

form at 25°C; these dimers dissociated into monomers after the
RNA samples were heated to 85°C. The thermostability of
these dimeric RNA samples was analyzed by heating the RNAs
to different temperatures, performing nondenaturing Northern
analyses, and quantifying the RNA by Phosphorimaging anal-
ysis. A representative Northern analysis is shown in Fig. 4B,
and data summarized from three independent experiments are
shown in Fig. 4C. RNA isolated from pLGPS-derived virions
remained mostly as dimers after heating to 65°C, but dissoci-
ated to monomers after heating to 75°C. In contrast, cell-free
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virion RNA isolated from pMLVPR ™ -derived virions had a
lower thermostability; nearly half of the RNA became mono-
mers at 55°C, and most of the RNA was in monomer form after
the RNA samples were heated to 65°C. RNA isolated from
virions derived from pMLVCAA12 or pMLVCAA12/PR™ had
a thermostability indistinguishable from that of RNA iso-
lated from pMLVPR ™ -derived virions and was different
from that of RNA isolated from pLGPS-derived virions. The
melting temperature, in which half of the viral RNA re-
mained dimeric, was higher than 65°C for pLGPS-derived
virion RNA, and was close to 55°C for the pMLVCAA12-,
PMLVPR -, or pMLVCAA12/PR -derived virion RNA
(Fig. 4C).

Taken together, our data demonstrate that virions generated
by pMLVCAA12 had cleaved Gag proteins but displayed im-
mature virion morphology and immature RNA dimers. These
observations suggest that Gag cleavage alone is not sufficient to
promote RNA maturation. We speculate that the maturation
of the virion morphology is linked to the increased stability of
the virion RNA dimer.

Examining the thermostability of RNA dimers from an
HIV-1 gag mutant. To extend our observations and test our
hypothesis that virion and RNA dimer maturation are linked,
we examined the RNA dimer stability of a well-characterized
HIV-1 gag mutant in which the PTAP motif in p6 was changed
to LIRL (23). This mutant can generate virions, albeit at a
lower level than wild type in some cells, and can cleave the Gag
polyproteins but does not form a condensed core (9, 23).

We modified HIV-1 vector pON-TO to contain the PTAP-
to-LIRL mutation; the resulting vector is termed pTO-PTAP .
The NL4-3-based pON-TO contains all of the cis-acting ele-
ments essential for virus replication and encodes gag-pol, tat,
rev, and a functional thy marker gene. We also generated two
additional pON-T0-derived vectors containing a mutation in
PR (pTO-PR™) or dual mutations in PTAP and PR (pTO-
PTAP/PR").

To avoid possible complications from contaminated trans-
fected DNA, we generated the virus using a two-step method.
We first transfected into 293T cells the vector plasmids along
with two helper plasmids, pPCMVRAS8.2 and pHCMV-G, which
express HIV-1 proteins and VSV G protein, respectively. We
harvested the resulting viruses and infected fresh 293T cells to
generate infected cell pools. Using this approach, we generated
multiple 293T cell pools, each having more than 80% of the
cells infected with a particular TO virus as determined by flow
cytometry analysis of Thy expression. Cell-free supernatants
were harvested from these infected producer cell pools; virion
morphology was analyzed by EM, viral proteins were examined
by Western blotting, and virion RNAs were isolated and ana-
lyzed by Northern analyses.

The morphology of the various mutant virions was con-
firmed by EM. Representative electron micrographs are shown
in Fig. 5. We observed both mature and immature virions in
particles generated by ON-TO0, which contained wild-type Gag/
Gag-Pol. Consistent with the literature, we observed immature
virions in particles generated by TO-PTAP~, TO-PR™ or TO-
PTAP /PR, and virions tethered to one another or to the cell
from TO-PTAP~ and TO-PTAP /PR samples.

We also examined the Gag polyprotein processing by West-
ern analyses; a representative analysis is shown in Fig. 6. This

J. VIROL.

PTAP-
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FIG. 5. Electron micrographs of virions derived from HIV-1 wild-
type or mutant vectors. Virions were derived from pON-TO (WT),
pTOPR™ (PR™), pTOPTAP™ (PTAP™), or pTOPTAP~ (PTAP /PR™).
Scale bars represent 100 nm (all panels).

and other western analyses demonstrated that virions from
ON-TO or TO-PTAP ™ contained mostly processed Gag prod-
ucts. This is generally consistent with previous studies although
we did not observe the slight accumulation of p41 and p25 Gag
processing intermediates in these mutant virions (9, 23). In
contrast, virions from TO-PR™ or pTO-PTAP /PR~ had un-
processed Gag.

We then examined the thermostability of the dimeric virion
RNA by nondenaturing Northern blotting using a probe gen-
erated from a DNA fragment containing gag sequences (18). A
representative Northern blot is shown in Fig. 7A; results from
three independent sets of experiments were quantified by
phosphorimaging analyses and averaged (Fig. 7B). The virion
RNA from TO (wild type) had the following thermostability
profile: most RNAs were dimeric after 50°C incubation, ap-
proximately half remained dimeric after 60°C, and most RNAs
became monomeric after 70°C and completely dissociated into
monomers after 80°C incubation. For PTAP ™ -derived virion
RNA, approximately half remained dimeric after 50°C incuba-
tion, and most became monomeric after 60°C and completely
dissociated into monomers after 70°C incubation. RNAs iso-
lated from PR™- and PTAP /PR -derived virions had a sim-

o
. o %
& F ST
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FIG. 6. Western analysis of the cell-free virion proteins from wild-
type or mutant HIV-1 vectors. Abbreviations are the same as described
in the legend to Fig. 5. Mock, mock-transfected samples.
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Fig. 7. Nondenaturing Northern analyses of cell-free virion RNAs from HIV-1. (A) Representative nondenaturing Northern blots of cell-free
virion RNAs. RNAs were incubated at the indicated temperatures for 10 min prior to electrophoresis, and **P-labeled gag riboprobes were used
in these analyses. (B) Thermostability of the virion RNA dimers from wild-type or mutant HIV-1 particles. Data from three independent
experiments are shown as means = standard deviations. Abbreviations are the same as described in the legend to Fig. 5.

ilar thermostability profile: RNAs were partially monomeric
even when the samples were kept at 4°C at all times, most of
the remaining dimers dissociated at 50°C, and very few dimers
were detected after 60°C incubation. Therefore, the thermo-
stability of the ON-PTAP™-derived RNA dimer had an inter-
mediate phenotype: it was more stable than those from PR™
viruses and yet distinctly less heat stable than that of the wild-
type virus.

Taken together, the results from the MLV capsid mutant
and the HIV-1 PTAP ™ mutant indicated that the processing of
viral Gag polyproteins is not sufficient to convert the immature
viral RNA dimer into mature RNA dimer with higher stability.
Rather, other factors are also required for the maturation of
the viral RNA dimer.

DISCUSSION

Proteolytic cleavage of the viral Gag proteins is one of the
requirements for the maturation of virion morphology and the
increased stability of the RNA dimer. In this report, we exam-
ined the properties of two gag mutants, and found that al-
though Gag polyproteins in these mutant virions were mostly
processed, their particles had immature virion morphology and
the thermostability of the RNA dimer was lower than that of
wild type viruses. These results indicated that proteolytic cleav-

age of Gag is not sufficient for mediating the maturation of
viral RNA dimer. We propose that the maturation of the virion
morphology and RNA dimer are linked.

In the two mutants we examined, proteolytic cleavage af-
fected the stability of the RNA dimers differently. Consistent
with the literature, we observed that viral RNAs were almost
entirely dimeric in the MLV PR~ mutant (18) but present in
both monomeric and dimeric forms in HIV-1 PR~ mutant
(16). The RNA dimer stability of MLV PR™ mutant and MLV
CA mutant were indistinguishable, indicating that proteolytic
cleavage does not significantly promote RNA dimer stability in
the MLV CA mutant. In contrast, the virion RNA property of
HIV-1 PR™ mutant and HIV-1 PTAP™ mutant were quite
different; most of the RNAs in PTAP™ mutant were dimeric
whereas the RNAs in PR~ mutants were monmeric and
dimeric. The monomeric RNA observed in the HIV-1 PR™
deficient mutant could be monomer or dissociated dimer.
Therefore, proteolytic processing of the HIV-1 PTAP™ mutant
could either promote RNA dimerization, or stabilize fragile
dimers. It is possible that the different effects of proteolytic
cleavage on RNA properties are specific to the mutants used.
However, it is also possible that the different effects of Gag
processing on virion RNA reflected distinct stages in MLV and
HIV-1 RNA maturation. We speculate that MLV virion RNAs
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are immature in the PR™ mutant; after proteolytic cleavage
and other processes involved in virion maturation, these RNAs
become mature dimers. HIV-1 virion RNAs are immature
prior to proteolytic cleavage, become an intermediate form
after proteolytic processing, and fully mature after the occur-
rence of other essential processes for virion maturation. Cur-
rently, we cannot distinguish whether the different effects of
proteolytic cleavage are mutant-specific or virus-specific; anal-
yses of additional Gag mutants are needed to distinguish these
two possibilities.

The effect of CA mutation on retroviral replication. Studies
of several retroviruses indicate that the CA domains of Gag
polyproteins play an important role in virus assembly (2, 3, 5,
10, 14, 24, 26, 29, 40, 46, 49, 56, 64), and the mature CA
proteins are important in virion core formation and postentry
events of viral replication (1, 10, 14, 20, 22, 39, 46, 53, 57, 58).
Therefore, mutations in CA can generate defects in virus as-
sembly and/or postentry events (8, 30, 51, 60, 61). The CA
mutant we used in this report has a distinct phenotype: al-
though virion production, protein processing, and RNA pack-
aging are comparable to wild type, the CA mutant displays
immature virion morphology and RNA dimer stability. To our
knowledge, this is the first example that mutation in CA can
cause a defect in viral RNA dimer maturation. It is most likely
that other CA mutants also have RNA maturation defects, but
such defects were not described previously because most of the
analyses for CA mutant do not include RNA stability studies.

While the experiments described in this study were per-
formed, the crystal structure of the hexameric amino-terminal
domain of MLV CA was solved (33). The crystal structure
revealed that part of the conserved 12 amino acids deleted in
PMLVCAA12 was in a conserved a helical structure (a3),
which was proposed to be part of the contact between different
CA molecules during core formation. Additionally, this dele-
tion included the Asp 54, which formed a salt bridge with Pro
1, and was critical for B1-2 N-terminal hairpin loop formation
(33). The deletion of these 12 amino acids most likely affected
the CA-CA interactions, thus causing a defect in virion matu-
ration.

In this report, we used two Gag mutants to demonstrate that
although proteolytic cleavage occurred, viral RNAs were not
promoted to the same thermostability as the wild type viruses.
Although we did not observe major Gag cleavage defects in the
two mutants examined, we could not rule out the possibility
that these mutants have subtle defects in Gag cleavage, which
ultimately affected RNA maturation. Nevertheless, our results
demonstrated that factors other than proteolytic cleavage of
most of the Gag polyproteins are required to fully convert the
virion RNA to the mature form. Several other factors have
been documented to affect the properties of virion RNA. It was
shown that virion RNA is monomeric in a Rous sarcoma virus
(RSV) MA mutant (37); experimental evidence indicated that
Gag targeting (45), rather than other properties of Gag or viral
RNA (19), resulted in this phenotype. The incorporation and
correct processing of pol gene products are important for
HIV-1 dimer maturation (4, 47, 48).

The effects of blocking individual cleavage sites of HIV-1
and MLV Gag via mutating the cleavage site had also been
examined (36, 48). In HIV-1, blocking the p2-NC junction
prevented the formation of the mature RNA dimer; because
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this mutant had an immature morphology, it was proposed that
virion core formation is important for RNA dimer maturation
(48). In MLV, blocking the processing of the p12-CA junction
eliminates the virus infectivity but does not affect the RNA
dimer stability. Interestingly, virions with p12-CA blocks have
varied morphology: some are immature and others have an
aberrant morphology with dark interior similar to mature
virion but without the clear border surrounding the dark inte-
rior (36). Both of the mutants we studied in this report had an
immature morphology and lacked a condensed core. We spec-
ulate that structural rearrangement of virion components is
necessary for RNA maturation; this rearrangement often re-
sults in observable morphological differences, such as the for-
mation of the condensed core or a condensed region (e.g., the
MLV p12-CA processing mutant). Mutations in Gag can cause
defects in this rearrangement and prevent the maturation of
RNA dimers.
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