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A Small Loop in the Capsid Protein of Moloney Murine Leukemia
Virus Controls Assembly of Spherical Cores
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We report the identification of a novel domain in the Gag protein of Moloney murine leukemia virus (MoLV)
that is important for the formation of spherical cores. Analysis of 18 insertional mutations in the N-terminal
domain of the capsid protein (CA) identified 3 that were severely defective for viral assembly and release.
Transmission electron microscopy of cells producing these mutants showed assembly of Gag proteins in large,
flat or dome-shaped patches at the plasma membrane. Spherical cores were not formed, and viral particles
were not released. This late assembly/release block was partially rescued by wild-type virus. All three mutations
localized to the small loop between �-helices 4 and 5 of CA, analogous to the cyclophilin A-binding loop of
human immunodeficiency virus type 1 CA. In the X-ray structure of the hexameric form of MLV CA, this loop
is located at the periphery of the hexamer. The phenotypes of mutations in this loop suggest that formation of
a planar lattice of Gag is unhindered by mutations in the loop. However, the lack of progression of these planar
structures to spherical ones suggests that mutations in this loop may prevent formation of pentamers or of
stable pentamer-hexamer interactions, which are essential for the formation of a closed, spherical core. This
region in CA, focused to a few residues of a small loop, may offer a novel therapeutic target for retroviral
diseases.

Retroviral assembly is remarkable among enveloped viruses.
A single viral gene product, the Gag protein, is both necessary
and sufficient to direct the assembly and release of virus-like
particles from the host cell. During or shortly after viral re-
lease, Gag protein is cleaved by viral protease (PR) to yield
three mature proteins common to all retroviruses: MA, CA,
and NC. Most retroviruses contain one or more other proteins
that differ in size and function in different retroviruses (13, 42).
MA associates with the membrane, NC associates with the
RNA genome, and CA forms a shell around the NC-RNA
complex. Located in these Gag proteins are at least three
elements known to participate in retroviral assembly and re-
lease. The M (membrane-binding) domain consists of a myris-
tate moiety together with several basic residues in the N ter-
minus of MA and targets newly synthesized Gag proteins to
the plasma membrane (11, 38). The I (interaction) domain in
NC allows Gag proteins to associate with each other. The L
(late) domain is a small motif that varies in location and se-
quence in different retroviruses (e.g., PPPY in p12 of Moloney
murine leukemia virus [MoMLV] and PTAPP in p6 of human
immunodeficiency virus type 1 [HIV-1]) and is essential for the
final pinching off of the membrane during viral release from
the host cell (14). Here we describe the identification of a novel
assembly region that is distinct from these well-characterized
assembly and release domains and is located in the N-terminal
domain (NTD) of MoMLV CA.

Retroviral CA proteins play a crucial yet incompletely un-
derstood role in core assembly and viral release. Although
there is little sequence similarity between CA proteins from
different retroviruses, their secondary and tertiary structures
appear to be remarkably well conserved (7, 35). During assem-
bly the CA domain is thought to mediate Gag-Gag interactions
(16, 18, 28, 35, 47). The precise nature of Gag interactions in
immature particles is not known. For mature particles, the CA
lattice has been modeled on X-ray structures and on cryoelec-
tron microscopy reconstruction of CA assemblies that were
generated in vitro or purified from mature virions (6, 18, 31).
The model suggests that six CA NTDs form a hexagonal ring,
and each ring is connected to six neighboring rings by a dimer
interface between two CA C-terminal domains (CTDs), thus
forming a hexameric lattice. Biochemical and genetic analysis
of several retroviruses (MoMLV, Rous sarcoma virus [RSV]
and HIV-1) suggest that CTDs play an important role in core
assembly (10, 47). For HIV-1, the NTD is important for proper
core formation and early steps following entry (37, 39, 43, 44,
46). For the NTD of MoMLV, few genetic or biochemical
analyses have been performed. The recent determination of
the structure of hexameric MLV CA NTD at 1.9-Å resolution
(35) facilitates mutational analyses, such as this one.

We recently used genetic footprinting to analyze a portion of
the MoMLV gag gene (2). We found that a 12-amino-acid
insertion anywhere in the first 77 amino acids of the N-terminal
region of CA resulted in nonviable virus, suggesting that the
NTD plays an essential role in MoMLV replication. This was
in contrast to the C-terminal half of MA and all of p12, where
over 75% of read-through insertions resulted in viable virus.
We report here the analysis of 18 mutants in the NTD of CA
to further understand its role in MoMLV replication. We
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found that three of these mutants were severely defective for
core assembly and viral release. Transmission electron micros-
copy (TEM) of cells producing these mutants showed assembly
of Gag protein in large, flat or dome-shaped patches at the
plasma membrane, without the assembly of spherical cores and
without particle release. These three mutations were localized
to the small loop between �-helices 4 and 5 of CA located at
the periphery of the CA hexamer (35). Mutant phenotypes
suggest that the insertions do not hinder the formation of a
stable, planar Gag lattice. The insertions may, however, pre-
vent the formation of pentamers or their incorporation into the
lattice, both of which are essential to generate the curvature
necessary to convert a planar hexagonal lattice to a sphere.

MATERIALS AND METHODS

Plasmids and mutagenesis. Our mutagenesis of MoMLV gag has been de-
scribed in detail elsewhere (2, 40). Individual clones were screened for mutations
in the NTD of CA using PCR. One primer (short G, 5�-GGCCGCGTGCAG
CTTTCA) complementary to a portion of the insertion and a second primer
(2366L, 5�-TTTCTTCCGGGGTTTCTCGTTT) that hybridized outside the re-
gion of mutagenesis resulted in PCR products whose lengths depended upon the
location of the insertion. Insertions in the NTD resulted in products of �650 bp;
15 such mutants were analyzed further. Three mutants in this study (see Fig. 1,
below) were from a mutagenesis using TnsABC transposase (New England
Biolabs) and contained 15-nucleotide insertions, TGTTTAAACANNNNN, where
N represents target sequence-derived duplicated nucleotides (M. Auerbach and
I. Singh, unpublished data).

Amino acid insertion sequences for the three late mutants are as follows: 1955,
VKAARGRVQLSG, located between amino acids G81 and D82; 1968, ESC
TRPRAAFSP, between amino acids P86 and T87; and 1970, MKAARGRVQ
LSP, between P86 and T87. The insertions in mutants 1968 and 1970 were
located between different nucleotides within the same codon, resulting in differ-
ent sequences due to differing reading frames. Both mutants showed similar
phenotypes, suggesting there was no correlation between insertion sequence and
phenotype.

High levels of viral protein production are important to visualize virion pro-
duction by TEM. Late CA mutants, plus two mutants that flanked this region,
were cloned into pNCS, a version of pNCA that contains a simian virus 40 origin
of replication, permitting high levels of viral protein expression in 293T cells (19).
Experiments were performed with pNCS and pNCA to ensure that the mutant
phenotype was unaffected by expression levels. Control DNAs for cotransfection
experiments consisted of pcDNA (Invitrogen), pCMS-EGFP (Clontech), and
salmon sperm DNA (Invitrogen).

A protease-deficient mutant, PR(-), containing the D32L change at residue 32,
was produced in wild-type (WT) pNCS and in the three release-defective CA
mutants by changing nucleotides GA to CT at positions 2765 and 2766, using
primers 5�CGTACCTTCCTGGTACTTACTGGGGCCCAACAC and 5�GTG
TTGGGCCCCAGTAAGTACCAGGAAGGTGACG (QuikChange II site-
directed mutagenesis kit; Stratagene). All PR(-) clones were sequenced, and the
PR(-) phenotype was confirmed by Western blotting.

Cells, transfection, and infection. 293T cells and Rat2 cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum,
L-glutamine (2.2 mM), penicillin (100 U/ml), and streptomycin (100 �g/ml). 293T
cells were transfected with WT or mutant proviral DNA using LipofectAMINE Plus
following the manufacturer’s protocol (Invitrogen). pCMS-EGFP (Clontech) was
included in transfections to verify that differences in virion production reflected true
differences in phenotypes rather than variations in transfection efficiencies. Super-
natants were harvested 24, 48, and 72 h after transfection, spun to pellet virions,
quantified using reverse transcriptase (RT) assays, and used to infect Rat2 cells (45).
Infected Rat2 cells were passaged 2 to 3 days for 10 days. Virion release was
monitored by RT assays.

Virus purification and Western blot analysis. Culture supernatants were col-
lected 48 h after transfection of 293T cells with proviral DNAs and centrifuged
through 20% sucrose cushions, and pellets were resuspended in TN buffer (for
RT assay) or RIPA buffer (for Western blotting) (45). Details of virus purifica-
tion, lysis, and Western blot analysis were as described previously (45, 54). Goat
anti-CA serum (NCI serum 79S-804; gift of S. P. Goff, Columbia University),
diluted 1:5,000, was used for Western blot assays. Cell lysate blots were reprobed

with rat antitubulin antibody (Pierce). Amounts of Gag protein were measured
using densitometry and ImageQuant (Molecular Dynamics).

Transmission electron microscopy of 293T cells transfected with proviral
DNA. 293T cells plated on 35-mm dishes (Corning 430165) and transfected with
proviral DNA were fixed 24 h posttransfection using 2.5% glutaraldehyde in 0.1
M Sorenson’s buffer (0.1 M H2PO4, 0.1 M HPO4, pH 7.2) for at least 12 h.
Samples were postfixed with 1% OsO4 in 0.1 M Sorenson’s buffer for 1 h.
Enblock staining using 1% tannic acid in water was followed by washing and
staining with 1% uranyl acetate (23). After dehydration through an ethanol
series, cells were embedded in Lx-112 (Ladd Research Industries, Inc). Sections
of 60 nm were cut on an MT-7000 RMC apparatus, placed on mesh copper grids
(Electron Microscope Sciences), stained with 1% uranyl acetate and 0.4% lead
citrate, and examined under a JEOL JEM-1200 EXII electron microscope.
Pictures were taken on an ORCA-HR digital camera (Hamamatsu), and mea-
surements were made using the AMT Image Capture Engine.

Analysis of viral DNA synthesized in vivo. Virions used to infect Rat2 cells
were treated with DNase I (Boehringer Mannheim) to remove plasmid DNA
remaining from transfections (32). Low-molecular-weight DNA (25) from in-
fected Rat2 cells was analyzed by PCR to detect reverse transcription products.
The region of CA containing the insertion was amplified by the primers 1913U
(5�-GAAAAACAACGGGTGCTCTTAG) and 2134L (5�-ATTGGGCCCTTG
TGTTATTCCT). Products from mutant DNA were 36 bp larger and could easily
be distinguished from the corresponding WT product on high-resolution agarose
gels (ISC BioExpress). PCR conditions and rat mitochondrial DNA primers
were as described elsewhere (2, 40).

RESULTS

Effects of insertions on particle production. Genetic foot-
printing analysis of MoMLV Gag proteins revealed that a
12-amino-acid insertion in the first 77 amino acids of CA re-
sulted in nonviable virus, suggesting that this region plays an
essential role in viral replication (2). We chose 18 mutants in
this region for further analyses. Fifteen of the 18 selected
mutants contained 12-amino-acid insertions, and the remain-
ing three, generated from a separate mutagenesis, contained
five-amino-acid insertions (Fig. 1). The insertions were distrib-
uted throughout the N-terminal region of CA (Fig. 1A): six
were within the �-helices, three were in the �-hairpin at the N
terminus, another three were in the loop between �-helices 4
and 5, and the remaining six were in turns between helices.

To test whether the CA mutants were affected in virion
production, 293T cells were transfected with mutant proviral
DNAs and virion release into the supernatant was measured by
assaying for RT activity (45). Most mutants released near-WT
levels of virus (RT activity, �60 to 120% of WT), suggesting no
significant block to particle release (Fig. 1B). However, three
mutants, Ins1955, Ins1968, and Ins1970, (hereon called 1955,
1968, and 1970, respectively) consistently produced a 5- to
10-fold reduction in released RT activity. These three were
clustered in a six-amino-acid region in the small loop between
�-helices 4 and 5 (Fig. 1; see also Fig. 6, below). The insertion
for 1955 was located between amino acids G81 and D82; for
1968 and 1970, the insertion was located between amino acids
P86 and T87. Each of these three mutations was also recloned
into the parent proviral vector to ensure that the observed
phenotype was solely due to the mutation in CA. Recloned
mutants gave results that were identical to the mutants initially
isolated from our libraries.

The N-terminal CA mutations were noninfectious. To inves-
tigate whether the mutant particles released from cells were
capable of completing the replication cycle, released particles
were assayed for infectivity. Equal amounts of virions from
transfections (based on RT activity) were used to infect Rat2
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cells. WT virus production peaked in 2 days. In contrast, all 18
CA mutants failed to display any RT activity even after 10 days
in culture (Fig. 1C). This was not surprising, since footprinting
analysis shows that an insertion anywhere in the N-terminal 77
amino acids of CA results in noninfectious virus (2). In the
footprinting study, functional selection for mutants was per-
formed within 48 h of infection. By monitoring release for up
to 10 days, the current study rules out delayed release pheno-
types. The rest of this study focuses on the three mutants
defective in viral release (1955, 1968, and 1970). Analysis of the
remaining 15 NTD mutants, where viral release was relatively
unaffected, will be reported separately.

Analysis of viral proteins produced by release-defective CA
mutants. To determine whether the lack of virion release for
the three CA mutants was due to lack of viral protein produc-
tion, we examined levels of intracellular CA proteins in trans-
fected cells. Figure 2A shows Western blots of cell lysates
prepared 48 h after cells were transfected with proviral DNA.
The major intracellular species of WT Gag was the Pr65gag

precursor protein. Lesser amounts of mature CA (migrating at
30 kDa) and some intermediates of proteolytic maturation
were also seen (better seen with darker exposures; not shown).
The mutant CA proteins with their 12-amino-acid insertions
exhibited slower mobility on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gels compared to WT CA. Cells

FIG. 1. Insertional mutations in NTD of MoMLV CA. (A) MoMLV
Gag polyprotein. CA polypeptide (nucleotides 1715 to 2503) is high-
lighted in gray, with 1� being the first nucleotide of pNCA, the infectious
MoMLV clone. The positions of the �-hairpin and �-helices 1 to 5 of CA
are indicated (35). Locations of mutations are denoted by vertical bars.
Mutants are designated by the nucleotide position at the 5� end of the
insertional mutation. The three mutants between �-helices 4 and 5
(marked by a bracket) are the focus of this study. Three mutants gener-
ated from a separate mutagenesis contained five-amino-acid insertions
and are indicated with an apostrophe in all panels. (B) Viral production
assayed by RT activity in supernatants of cells transfected with proviral
DNAs. RT activity of WT virus was set to 100 (average of three experi-
ments). (C) Infectivity of mutants as measured by virus spreading assay.
Culture medium from cells transfected with mutant proviral DNAs was
used to inoculate naı̈ve Rat2 cells. Virions released at days 2, 4, and 10
after infection were measured by RT activity in harvested supernatants
(white, gray, and black bars, respectively).

FIG. 2. Gag proteins of release-defective mutants. (A) Viral pro-
tein expression in cells transfected with proviral DNA. Western blot
analysis using anti-CA polyclonal serum detected CA and other Gag
intermediates 48 h after transfection. The arrow indicates the position
of the Gag precursor (Pr65gag) and intermediates. Open arrowhead,
mutant CA protein; closed arrowhead, WT CA protein. Asterisks
mark intermediates of Gag processing. The lower blot in panel A is the
same blot and was probed with antitubulin antibody. Mutants in the
context of an inactive viral protease are shown in the right panel.
(B) Virions released into the medium following transfection with pro-
viral DNA were concentrated and lysed, and the proteins were ana-
lyzed by Western blotting using anti-CA antibodies. (C) Particle re-
lease was defective for mutants 1955, 1968, and 1970. Gag proteins
were quantified from blots. Gray bars represent intracellular Gag pro-
tein (from panel A, using lower exposures to ensure that signals were
in the linear range for film), and black bars denote Gag released in
pelleted virions (from panel B). The total amount of Gag protein in
wild-type virus was set to 100%.
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expressing the release-defective mutants showed significantly
higher amounts of Pr65gag precursor and processing interme-
diates but comparatively lower amounts of mature CA protein.
In addition, the mutants produced processing intermediates
barely seen with WT virus (Fig. 2A). The identity of these
intermediates was inconclusively determined by probing the
same blots with antibodies against MA and p12 (data not
shown). Such intermediates may have very short lives in cells
producing WT virus because they are incorporated into virions,
which exit the cell. However, in mutants where virion release is
impaired, these intermediates appear to accumulate at much

higher levels. In summary, the presence of abundant amounts
of Gag proteins in cells, at least some of which were normally
processed, suggested there was no significant defect in the
synthesis or stability of mutant CA proteins that could account
for the observed defect in virion release.

We analyzed Gag proteins in the released virions by West-
ern blot assays using an anti-CA antibody. The total amount
of Gag in the supernatant was much lower for the release-
defective mutants (10 to 15% of WT). The mutants con-
tained significantly less mature CA and more unprocessed
Gag intermediates compared to WT virions (Fig. 2B) or to

FIG. 3. TEM images of cells transfected with proviral DNA from WT and CA mutant virus: WT (A and B), 1955 (C and D), 1968 (E and F),
and 1970 (G to I). Each panel shows a field at �20,000 magnification (A, C, E, and G). Areas within fields (marked by rectangles) are magnified
75,000-fold (B, D, F, H, and I). Arrows indicate Gag assemblies beneath the plasma membrane. Scale bars are as shown.
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mutants that flank the release-defective mutants (data not
shown). The Gag intermediate migrating at 55 kDa (MA-
p12-CA) was present in higher amounts for the mutants. We
calculated the efficiency of virion release by measuring the
amount of Gag proteins released into the medium relative
to amounts of intracellular Gag. Particle release for the
three mutants was 10- to 20-fold less efficient than for WT
(Fig. 2C). These results suggest a block for the mutants at
viral assembly, release, or both.

The budding defect caused by a mutation in the HIV-1 late
domain has been reported to be suppressed by inactivation of
the viral protease (26). To test if a similar mechanism played a
role with the CA-loop mutants, we generated protease-defec-
tive virions for each of our three mutants by replacing the
active site residue (D32) of the viral protease with leucine (15).
As expected for the PR(-) mutant with wild-type CA sequence
[WT/PR(-)], processing of the Gag precursor into mature Gag
proteins was abolished (Fig. 2A, right panel, lane 2) without
interfering with the release of virions into the medium (Fig.
2B, right panel, lane 2). However, an intracellular accumula-
tion of the Gag precursor proteins was seen with the CA
mutant/PR(-), compared to WT/PR(-). Like the CA mutants in
the wild-type protease background (Fig. 2B, left panel), mu-
tants in the PR(-) background also displayed reduced levels of
viral release (Fig. 2B, right panel). Overall, particle release for
the three mutants in the context of PR(-) was 5- to 20-fold less
efficient than for WT/PR(-) (Fig. 2C). These results demon-
strate that the defect in viral release caused by insertions in the
loop between �-helices 4 and 5 of CA cannot be suppressed by
inactivation of the viral protease. This suggests that the block
to core assembly and release is independent of Gag matura-
tion.

TEM analysis of CA mutants. We proceeded to examine
why release of mutant virions from cells was blocked, despite
sufficient viral protein synthesis and processing. Indirect im-
munofluorescence experiments using anti-CA antibody to vi-
sualize viral protein in transfected cells with proviral DNA did
not show significant differences in the intracellular localization
of mutant CA protein (data not shown). We therefore used
TEM to examine thin sections of cells transfected with proviral
DNA (Fig. 3). The predominant viral form for the WT sample
consisted of spherical particles located just outside the cell, no
longer attached to the plasma membrane (Fig. 3A and B). Less
common were viral structures still associated with the plasma
membrane. These structures consisted of material that was of
the same electron density as WT Gag protein and lined the
cellular face of the plasma membrane. Though rarely seen,
they appeared as small (30- to 100-nm) flat patches and dome-
shaped structures (70 to 120 nm), as well as more spherical
structures, most likely representing progressive stages in core
assembly. These structures were never seen in nontransfected
cells and could be easily distinguished from clathrin-containing
structures, due to the different thickness and opposite curva-
tures. These viral structures were rarely seen in cells producing
WT virus (10 such structures were seen upon counting 200
released particles). This was presumably because these inter-
mediates were rapidly converted to spherical virions and re-
leased. In contrast, the viral release-defective CA mutants
showed a predominance of flat patches and dome-shaped
structures, with an electron density akin to WT Gag protein,

localized to the plasma membrane. Unlike the rare and small
structures seen with WT virus, these flat or domed structures
were usually much larger for mutants 1955 and 1970 (Fig. 3C
and D and G to I) and occupied large fractions of the plasma
membrane. The low amount of virions produced from cells trans-
fected with the mutants made it highly improbable that we would
visualize budded virions by TEM. Indeed, released virions were
never observed with these three CA mutants despite extensive
analysis of several EM grids. Immature particles tethered by a
stalk, as seen with L-domain mutants of many retroviruses (14),
were also never seen with our CA mutants. Cells transfected with
another insertional mutant (Ins1928) in the NTD showed release
of spherical particles (not shown).

The electron-dense patches at the plasma membrane had a
consistent and characteristic curvature for each mutant. Mu-
tants 1955 and 1970 showed larger patches (200 to 400 nm)
with less curvature (radii, 150 to 400 nm). Mutant 1968 showed
smaller (100 nm) and more curved patches (radii, 100 to 120
nm). These differences may represent slightly different Gag
superstructures assembled by each mutant. Thus, mutant Gag
proteins assembled at the plasma membrane in large, dome-
shaped patches and appeared incapable of assuming the spher-
ical shape normally associated with MoMLV cores. Unlike
intermediate stages of WT core assembly, which were rarely
seen, these patches were abundant, suggesting that they might
be long-lived and unable to progress to budding virions.

Complementation of CA mutants by WT CA. To gain further
insight into the mechanism of block in core assembly, we per-
formed complementation experiments (Fig. 4). WT and mu-
tant proviral DNAs were introduced into 293T cells at different
ratios. Supernatants were harvested, and RT activity was mea-
sured. When equal amounts of WT and mutant DNAs were
introduced into cells, near-WT levels of virions were released
into the medium, suggesting that CA protein from WT virus
complemented mutant CA protein function (Fig. 4A). The RT
activity from these cotransfections was associated with pellets
derived from a high-speed spin and therefore likely to be virion
associated. As the amount of mutant DNA in the cotransfec-
tions increased with respect to the WT (keeping total DNA
constant), there was a progressive decrease in virion release
(Fig. 4A). A similar decrease was seen when increasing
amounts of nonviral DNA (e.g., expression plasmid for en-
hanced green fluorescent protein [EGFP], salmon sperm
DNA, or pcDNA) were used with WT DNA in cotransfections
(Fig. 4A, right panel). This decrease was therefore attributed
to a progressive decrease in WT proviral DNA and not due to
a dominant-negative effect of the CA mutations.

Virions released from cotransfected cells were analyzed by
Western blotting. Mutant CA proteins, with their 12-amino-
acid insertions, migrated slower than WT CA protein. Virions
released from cotransfected cells clearly contained both WT
and mutant CA proteins (Fig. 4B). Since very little mutant CA
protein was seen in released virions when mutant DNA alone
was used in the transfection, the presence of significant
amounts of mutant CA protein in virions released from co-
transfected cells was most likely due to mutant CA associating
with WT CA to generate mixed particles. When at least 25% of
the DNA used in the transfection was from WT DNA, viral
release was efficient. When WT DNA constituted only 10%,
almost no virus was released, suggesting that when the CA

2888 AUERBACH ET AL. J. VIROL.



protein population consisted mostly of mutants, rescue did not
occur. As expected, WT and mutant CA proteins were present
in lysates made from cotransfected cells (not shown). Cotrans-
fection of 1955 or 1968 with WT proviral DNA at different
DNA ratios showed similar results. Likewise, both WT and
mutant genomes were detected when viral RNA from mixed
virions was examined by RT-PCR (not shown).

TEM of cells producing both WT and mutant CA proteins.
Cells cotransfected with WT and mutant proviral DNAs were
examined by TEM. When equal amounts of WT and 1970 were
used, virions were assembled and released at the plasma mem-
brane (Fig. 4C and D), suggesting that WT CA rescued the
mutant defect. Released particles were often incomplete
spheres with a “tail” of membrane and cytoplasm (Fig. 4D).
Such incomplete particles were never seen with WT CA alone.
When higher amounts of mutant DNA were used, the mixed
virions consisted of released particles (Fig. 4E), flat patches of
Gag located at the ends of long, broad processes (Fig. 4F), and

domes, spherical particles tethered by a broad-based stalk (Fig.
4G and H). Most released particles were immature, i.e., they
had the characteristic “railroad track” appearance in their
cores (52), though mature particles were also observed.

Early stages of infection with mixed virions. When cells were
transfected with mutant proviral DNA alone, the amounts of
particles released were too small to determine if the mutants
were functional for early steps of viral entry and replication.
We therefore turned to the particles released from cells co-
transfected with mixtures of WT and mutant proviral DNAs.
As shown in Fig. 4, when WT proviral DNA constituted at least
25% of the DNA used in the transfection, mostly spherical
particles containing both WT and mutant CA proteins were
released. To determine if these mixed virions were infectious,
they were added to naı̈ve Rat2 cells and the amount of virus
released in the medium was measured by RT activity (Fig. 5A).
As expected, particles resulting from WT viral DNA alone
were infectious and those from the mutant alone were not.

FIG. 4. WT virus can rescue CA mutants. (A) Virions released upon introduction of a mixture of WT and mutant DNA into cells. On the left,
cells were cotransfected with equal amounts of WT and 1970 DNA. On the right, increasing amounts of mutant DNA were used, keeping the total
DNA amounts constant. Supernatants were analyzed for RT activity 48 h posttransfection. As a control, the right panel shows increasing amounts
of nonviral DNA (expression plasmid for EGFP) added to WT DNA in cotransfections. (B) Western blot of pelleted virions released from
cotransfected cells using anti-CA polyclonal serum. A short exposure allows mutant and WT CA proteins (open and closed arrowheads,
respectively), differing in size by 12 amino acids, to be distinguished. EM images are of 293T cells cotransfected with WT and mutant proviral
genomes at different ratios, as follows: (C and D) WT and 1970, 50:50; (E and F) WT and 1970, 25:75; (G and H) WT and 1970, 10:90. Arrows
indicate Gag assembly at the membrane. Bar, 100 nm.
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As the amount of mutant DNA in the cotransfections in-
creased, the virions produced were less infectious. We next
attempted to determine if only WT particles were responsible
for infectivity or whether mixed virions containing mutant CA

protein or mutant genome could undergo early steps of viral
replication. We isolated low-molecular-weight Hirt DNA from
infected cells and analyzed newly synthesized viral DNA by
PCR, using primers that could distinguish WT DNA from
mutant (Fig. 5B) (25). The WT sample resulted in a PCR
product of the expected size, while 1970 alone resulted in no
PCR product since it did not make virions. When mixed virions
were used for infections (cotransfections were done with
equals amounts of WT and 1970 DNA), two PCR products
were observed, a slower-migrating band corresponding to the
mutant product and a faster one for WT. This indicated that
genomes of the 1970 mutant were packaged, released, and
reverse transcribed upon entry into cells. To ensure that the
PCR products were derived from reverse transcription prod-
ucts and not from plasmid DNA that was carried over from the
transfection, viral supernatant was treated with DNase I prior
to its use as inoculum. The finding that no PCR product was
generated upon infection with particles released from trans-
fection with 1970 alone further confirmed lack of carryover of
plasmid DNA. We verified that 1970 genomes were being
packaged into mixed virions by making RNA from pelleted
virions and using RT-PCR to detect 1970 genomes (data not
shown). It is likely that the CA mutations do not prevent early
stages of replication and that their defect is localized to core
assembly and viral release.

To confirm that the CA mutant was able to undergo stages
after reverse transcription, we looked for mutant CA protein
following infection. Western blot analysis of infected Rat2 cell
lysates indicated that mutant CA protein was synthesized
(Fig. 5C). As the amount of mutant DNA in the transfection
mixture increased, the released virions produced increasing
amounts of mutant protein in the cells that they infected.
However, when the proportion of mutant was three times
higher than WT, no viral protein was seen in infected cells,
most likely because the amounts of mixed virions produced
from transfected cells were insufficient to infect naı̈ve cells
(Fig. 4A). It is likely that the mutant phenotype was localized
to spherical core formation and particle release and did not
affect other stages of replication.

DISCUSSION

Our previous mutational analysis of Gag protein mutants
showed that the NTD of the MoMLV CA protein is remark-
ably intolerant of insertional mutations (2). We analyzed sev-
eral NTD mutants in the current study and found that most
were capable of core assembly and particle release. The excep-
tions were three mutations localized to the small loop between
�-helices 4 and 5 of CA, corresponding to the cyclophilin
A-binding loop in HIV-1 (Fig. 6). Insertions in this loop re-
sulted in large, flat or dome-shaped assemblies of Gag at the
plasma membrane. Spherical cores or budding particles were
absent. The phenotype was independent of proteolytic process-
ing of Gag, suggesting that Gag maturation did not play a role
in this process. However, in the presence of WT CA protein,
mutant proteins were rescued and assembled into spheres, and
the resulting mixed viral particles were released from cells. The
observation that very few flat or dome-shaped structures were
seen in this rescue experiment suggested that these structures
were true intermediates of core assembly rather than dead-end

FIG. 5. Mixed virions are infectious. (A) The ability of mixed virions
to infect cells was assayed using the viral spreading assay. Culture medium
was collected after cotransfection with WT and mutant proviral DNAs in
the indicated ratios. Equal amounts of released virus were used to inoc-
ulate naı̈ve Rat2 cells. RT activity was measured in supernatants har-
vested 36 h after inoculation. (B) PCR using low-molecular-weight DNA
from infected Rat2 cells. PCR primers flanked the region containing the
insertional mutations, producing a 243-bp product from WT viral DNA
and 279 bp from the mutant. Template DNAs consisted of mutant and
WT proviral plasmid DNA (controls in lanes 1 and 2) and low-molecular-
weight DNA from Rat2 cells infected with mutant virions (lane 3), mixed
virions (cotransfections were done with equal amounts of WT and 1970
proviral DNA; lane 4), and WT virions (lane 5). The WT resulted in a
PCR product of the expected size (lower arrow), while 1970 alone re-
sulted in no PCR product, since it did not make virions. Mixed virions
resulted in a slower-migrating band corresponding to the mutant product
and a faster one for WT (doublet). PCR products resulting from ampli-
fication of rat mitochondrial DNA (bottom gel in panel B) indicated that
nearly equal amounts of template were used in the analysis. (C) Rat2 cell
lysates were harvested 36 h after inoculation with mixed virions and
analyzed by Western blotting using anti-CA polyclonal serum. Arrows indi-
cate WT and mutant CA protein. The same blot reprobed with antitubulin
antibodies is shown below to indicate equal loading of lanes on the gel.
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products. Our data indicate that this loop in CA was involved
in core immature particle assembly and, specifically, in forma-
tion of spherical cores.

The conclusion that a Gag assembly element exists in the
NTD of MoMLV CA disagrees with some HIV-1 CA studies
that have indicated the NTD may not play an essential role in
particle assembly (21). For example, HIV-1 Gag proteins lack-
ing the NTD have been shown to assemble and bud from cells
(1, 3). However, a series of substitution mutations in HIV-1
CA �-helices 4 to 6 (though none were in the loop) reduced
particle production (47). One mutant in �-helix 4 showed elec-
tron-dense patches of Gag beneath the plasma membrane and
lacked proper curvature (47), reminiscent of our MoMLV CA
mutants. We speculate that the loop and surrounding �-helices
may contribute to retroviral core assembly either directly by
engaging in Gag-Gag interactions required for core formation

or indirectly by binding a cellular factor necessary for efficient
assembly and budding.

Mature CA proteins from several retroviruses, including
HIV-1 (18, 31), RSV (34), and MoMLV (17, 33, 52), form
hexagonal lattices, akin to those formed by elemental carbon
(20). The X-ray structure of the mature MLV CA NTD shows
that NTDs assemble as hexamers, but it does not indicate how
the hexamers assemble into a lattice (35). The exact time or
site of hexamer assembly is not known. Since our mutants were
defective for viral release, most of the Gag protein in cells
expressing them was not proteolytically processed, and the
lattice formed by such Gag precursors is not as well defined. It
is also not clear if the protein-protein contacts formed in the
immature CA lattice are retained in the mature core. However,
in experiments where we rescued mutants with WT CA, we saw
that the mixed virions contained mostly mature CA protein,
both WT and mutant, allowing us to speculate on how such
mutations might affect the hexagonal lattice structure. This is
further aided by increasing evidence that immature Gag pro-
teins also form hexagonal lattices during assembly. Electron
cryomicroscopy of HIV-1 immature virions shows a hexagonal
lattice (5), though unit cell dimensions of the CA hexamer in
the lattice are smaller in immature virions than in mature
virions (6). Also, in vitro assembly experiments utilizing MA-
CA-NC domains from HIV-1 show hexameric arrangements
similar to those in mature virions (27). These data suggest that
factors that destabilize the hexagonal lattice in mature cores
may also be applicable to immature cores. Thus, consideration
of the high-resolution structure of the mature CA hexamer for
mutants that do not form mature cores remains a useful
method to understand the process of core assembly.

Generating curvature within a planar lattice formed by hex-
amers requires the incorporation of pentamers (8). A total of
12 pentamers is required to create a closed object from a
hexagonal lattice. The distribution of pentamers determines
the curvature and shape of the object. The MoMLV core is
spherical and could be created by distributing pentamers
evenly throughout the lattice. There is little structural infor-
mation on retroviral CA pentamers or how they interface with
hexamers. We predict that these mutations prevent hexamer-
pentamer interactions or disrupt the pentamer itself, thereby
blocking spherical core formation. Little is known about the
mechanism of spherical lattice assembly in other cellular sys-
tems. Mutational analysis of clathrin, which forms a hexagonal
lattice interspersed with pentamers around vesicles involved in
membrane traffic (12), has not revealed mutants with pheno-
types analogous to ours (36). These retroviral CA mutations
and their corresponding lattice defects may have general rel-
evance to other spherical protein assemblies.

An alternative possibility for lack of spherical cores that we
were unable to rule out is that the insertions disrupt essential
interactions between CA and other proteins (52). Such pro-
teins could originate from the virus, e.g., MA or the cytoplas-
mic tail of Env, or from the host cell. For example, cyclophilin
A binds the corresponding loop in HIV-1 but is not known to
be involved in core formation. In support of a cellular factor
binding this region, hydrogen-deuterium exchange experi-
ments in the analogous area of HIV-1 (the cyclophilin A-bind-
ing loop and neighboring �-helices) displayed only a slight
increase in hydrogen-deuterium exchange rate upon multi-

FIG. 6. Structure of the NTD of MLV CA. (A) Monomer of the
NTD of MLV CA from published coordinates of the NTD hexamer.
Spheres show the locations of the CA mutants in the loop between
�-helices 4 and 5. Mutant 1955 is located between amino acids G81
and D82 (gray sphere); mutants 1968 and 1970 are located between
P86 and T87 (black sphere). (B) Hexamer of the NTD of MLV CA
(PDB, 1U7K) (28). The dotted box outlines the monomer illustrated in
panel A. Drawings were made using PyMol (9).
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meric assembly of CA (29). This implies that the loop region
does not form intramolecular protein-protein interactions, fur-
ther suggesting it may bind a host factor or may be involved in
intermolecular interactions (such as hexamer-hexamer or hex-
amer-pentamer interactions).

Host cell proteins from the multivesicular body pathway are
known to participate in viral budding (14). Dominant-negative
mutations in multivesicular body proteins can inhibit mem-
brane curvature and/or viral release in the case of several
retroviruses (4, 41, 48), most likely through their interaction
with the viral L domain protein. A protein that promotes
membrane curvature during endocytosis, endophilin 2, is
known to interact with MoMLV MA (49). It is possible that a
similar interaction between host cell proteins and this loop in
CA might also lead to membrane curvature. Interestingly, our
TEM observations of the CA mutants were reminiscent of
those of the human T-cell leukemia virus type 1 late (L) do-
main mutants, which form curved electron-dense thickenings
underneath the plasma membrane (24, 30). These L-domain
mutants are likely arrested at an earlier stage of budding than
L-domain mutations described for other retroviruses, including
MoMLV (14, 53), HIV-1 (22), Mason-Pfizer monkey virus
(51), and RSV (50). The L-domain mutants from all of these
retroviruses form particles containing complete spherical cores
whose release from the budding site on the plasma membrane
is impaired, keeping the cores joined to the cell and to each
other by narrow stalks of plasma membrane. The striking over-
laps between the two phenotypes suggest a possible association
between the L-domain and the NTD of CA.

In summary, we describe a novel function, i.e., the formation
of spherical cores, for a domain in the NTD of MoMLV CA.
This region is in the loop between �-helices 4 and 5 of CA, at
the periphery of the NTD hexamer, and is essential for the
progression of largely flat, multimeric Gag assembly interme-
diates to spheres. Since this region is localized to a small,
structurally well-defined region in CA, it could serve as a po-
tential target for antiretroviral therapy.
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