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Human immunodeficiency virus type 1 particle assembly is directed by the Gag polyprotein Pr55%“¢, the
precursor for the matrix (MA), capsid (CA), and nucleocapsid proteins of the mature virion. We now show that
CA sequences N terminal to the major homology region (MHR), which form a distinct domain, are dispensable
for particle formation. However, slightly larger deletions which extend into the MHR severely impair particle
production. Remarkably, a deletion which removed essentially all MA and CA sequences between the N-
terminal myristyl anchor and the MHR reduced the yield of extracellular particles only moderately. Particle
formation even exceeded wild-type levels when additional MA sequences, either from the N or the C terminus
of the domain, were retained. We conclude that no distinct region between the myristyl anchor and the MHR

is required for efficient particle assembly or release.

Human immunodeficiency virus type 1 (HIV-1) morphogen-
esis is driven by the Gag precursor Pr55%“%, which can assemble
into virus-like particles even when expressed alone (11). Cleav-
age of Pr55%“¢ by the viral protease (PR) initiates the matura-
tion of the virus particle. PR and other viral enzymes, such as
reverse transcriptase (RT) and integrase (IN), are brought into
the virion as components of the Gag-Pol polyprotein, which
results from ribosomal frameshifting near the end of the gag
gene into the overlapping pol gene (16). The major proteolytic
processing products derived from Pr55%*¢ are matrix (MA),
capsid (CA), and nucleocapsid (NC), which are common to all
retroviruses (21). Additionally, Pr55%“¢ yields a peptide desig-
nated p6, which has no homolog in oncoretroviruses. In the
mature virion, MA forms a shell directly underneath the host
cell-derived lipid envelope, CA forms the core structure, and
NC is associated with the genomic RNA within the core (10).

Little is known about the interactions which govern the
assembly of Gag precursor molecules into spherical protein
shells. In Rous sarcoma virus (RSV), three distinct assembly
domains have been defined which together comprise no more
than 25% of the Gag precursor (4). Interestingly, despite its
prominent structural role in the mature virion, RSV CA was
not required for efficient particle assembly (3, 32, 33). In the
case of HIV-1, the covalent attachment of myristic acid to the
N terminus of the MA domain is required for Gag membrane
binding and particle formation (2, 14). Furthermore, genetic
analyses indicate that the major homology region (MHR), a
uniquely conserved region within CA, forms the N terminus of
an assembly domain which comprises the C-terminal third of
CA and extends into the p2 peptide that separates CA from
NC (1, 5, 17, 19). While deletions N terminal to the MHR had
little or no effect on viral particle production (5, 22, 23, 30),
numerous mutations within the C-terminal third of HIV-1 CA
severely impaired virus assembly (5, 7, 19, 20, 23, 28).

Interestingly, recent structural studies have shown that the
functionally distinct regions of CA form independently folding
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domains which are connected via a hinge region just proximal
to the MHR (9, 12). In the present study, we demonstrate that
the entire N-terminal domain of CA is dispensable for particle
formation. However, particle release was dramatically reduced
by deletions which extended into the MHR. In marked con-
trast, efficient production of particles of normal density was
observed even when about 50% of Pr55%“¢ between the myri-
stylation signal and the MHR was deleted.

The N-terminal domain of HIV-1 CA is dispensable for
particle production. We reported previously that CA mutants
with small deletions N terminal to the MHR retain the ability
to form viral particles with wild-type efficiency (5). Further-
more, Wang and Barklis (30) showed that a mutant with a
56-amino-acid deletion in the N-terminal half of HIV-1 CA
can assemble particles efficiently. Taken together, these results
suggested that CA sequences proximal to the MHR may be
dispensable for particle production. To explore this possibility,
we used site-directed mutagenesis as described previously (14)
to generate the A126-277 mutant proviral clone (Fig. 1), which
encodes a Gag polyprotein that lacks the entire N-terminal CA
domain. Of note, the A126-277 deletion, which also removed
seven residues from the C terminus of MA, preserved the
C-terminal domain of CA, including the MHR.

The parental and mutant proviral DNAs were transfected
into HeLa cells, followed by metabolic labeling with [>*S]me-
thionine from 48 to 60 h posttransfection. Viral proteins in the
transfected cells were then immunoprecipitated with serum
from a patient infected with HIV-1 and examined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). As shown in Fig. 2A, the A126-277 mutant expressed
a shortened Gag precursor with an electrophoretic mobility
slightly faster than that of p41, a wild-type Gag cleavage inter-
mediate. Immunorecognition of the Gag polyprotein by pa-
tient sera is frequently impaired even by minor alterations (6),
which may explain why only relatively small amounts of the
A126-277 Gag precursor were detected. The mutant also pro-
duced a prominent Gag species which migrated close to au-
thentic CA, as expected for a fusion protein consisting of MA
joined to the C-terminal domain of CA. A slightly more slowly
migrating species presumably represented a form of the fusion
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FIG. 1. Schematic representation of Gag deletion mutants. The domain
structure of the Gag polyprotein and the position of the MHR within the CA
domain are indicated. Numbers refer to the positions of the deleted amino acids
relative to the initiating methionine.

protein which had p2 joined to its C terminus. An equivalent
form of CA is found in cells transfected with the wild-type
construct (Fig. 2A, lane 1).

To examine the ability of the A126-277 mutant to produce
extracellular particles, virions released during the labeling pe-
riod were pelleted through 20% sucrose and their protein
composition was directly analyzed by SDS-PAGE. As shown in
Fig. 2B, cells transfected with the A126-277 mutant released
wild-type amounts of pelletable gag- and pol-encoded products
such as NC, RT, and IN. While authentic CA has 11 methio-
nine residues, the MA-CA fusion protein in A126-277 virions
was expected to contain only 3, explaining why the CA band in
wild-type virions appeared more prominent. MA and p6 were
not detected, because these products lack methionine residues.
We conclude that deleting the entire N-terminal domain of CA
was without effect on viral particle yield or Gag-Pol incorpo-
ration.

The MHR is required for efficient particle production. Two
additional mutants were generated by site directed-mutagene-
sis to determine whether deletions into the MHR would affect
assembly. Both mutants lack the N-terminal CA domain and
the interdomain connector region of CA; however, while the
A126-285 mutant retains 19 of the 20 amino acids of the MHR,
the A126-304 mutant lacks all of the MHR (Fig. 1). HeLa cells
transfected with these constructs contained relatively high lev-
els of the expected shortened Gag precursor molecules (Fig.
2A), suggesting that the mutant polyproteins were inefficiently
exported and/or processed. Furthermore, cells transfected with
each mutant contained a prominent Gag species that migrated
at the position expected for a fusion protein consisting of MA
and the remainder of the CA domain.

As shown in Fig. 2B, the A126-285 deletion reduced the yield
of viral particles by at least 10-fold (lanes 3 and 4) and the
A126-304 deletion practically prevented particle formation
(lanes 5 and 6). Interestingly, the few particles that were re-
leased essentially lacked NC or the MA-CA fusion proteins
that were prominent in the cell-associated fractions. Instead,
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FIG. 2. Effects of large deletions in CA on particle production. HeLa cells
were transfected with wild-type proviral DNA (WT) or with the indicated mu-
tants. (A) The cells were metabolically labeled with [**Smethionine from 48 to
60 h posttransfection, and viral proteins were immunoprecipitated from the cell
lysates. (B) Viral particles released during the labeling period were pelleted
through 20% sucrose cushions, and the protein profile of the pelleted material
was directly analyzed by SDS-PAGE. The positions of specific viral proteins are
indicted on the left. The A126-285 and A126-304 mutants were analyzed in
duplicate.

the pelleted material contained unprocessed or incompletely
processed Gag products. The latter migrated as two closely
spaced bands which presumably represented forms of the mu-
tant Gag precursors that lacked the C-terminal p6 domain or
p6 plus the pl interdomain peptide. Relative to the levels
detected in the transfected cells, these Gag processing inter-
mediates appeared selectively enriched in the particulate frac-
tions. Moreover, these products were the only Gag proteins
released by cells transfected with the A126-304 mutant (Fig.
2B, lanes 5 and 6). We also examined the effects of the dele-
tions in CA after mutational inactivation of PR. Again, the
A126-277 deletion was without effect on viral particle yields,
while the A126-285 deletion significantly reduced and the
A126-304 deletion essentially blocked particle production
(data not shown). We infer that the defects in particle produc-
tion caused by the A126-285 and A126-304 deletions were not
secondary to a dysregulation of PR.

Efficient particle formation in the absence of both MA and
the N-terminal CA domain. Efficient HIV-1 particle formation
requires the N-terminal myristylation signal of MA (2, 14) but
not its globular core domain (18, 24, 31). On the other hand, it
has been reported that the MA protein of a simian immuno-
deficiency virus can form virus-like particles on its own (13),
indicating that MA has the potential to contribute to the self-
association of Gag precursor molecules. We therefore exam-
ined whether a role of MA in particle formation would become
more apparent in the absence of the N-terminal domain of CA.
To this end, we generated the A8-277 mutant, which retains a
functional myristylation signal (24) but otherwise lacks MA
sequences as well as the N-terminal domain of CA (Fig. 1).
Additionally, we generated the A55-277 mutant (Fig. 1), which
retains N-terminal MA sequences beyond the myristylation
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FIG. 3. Efficient particle production in the absence of up to 50% of Pr55%7s.
HelLa cells transfected with the indicated proviral constructs were labeled with
[**S]methionine, and viral proteins were immunoprecipitated from the cell ly-
sates with patient serum (A). Particles released into the supernatant were pel-
leted through sucrose and directly analyzed by SDS-PAGE (B). The positions of
specific viral proteins are indicated on the left. The positions of migration of
molecular mass markers (in kilodaltons) are indicated on the right.

signal, including a conserved basic cluster that has been impli-
cated in Gag membrane binding (34). A third MA-CA deletion
mutant (A8-87/A126-277) retained sequences from the C
rather than from the N terminus of MA (Fig. 1).
Immunoprecipitation from the lysate of cells transfected
with the A8-277 mutant yielded a small amount of a 26-kDa
product, the expected size of the mutant Gag polyprotein, as
well as more prominent bands of about 6 and 7 kDa (Fig. 3A,
lane 3). Because the patient serum used recognizes CA but not
NG, the latter two bands presumably represented the mutant
CA products expected from cleavage at the CA-p2 and p2-NC
sites. Remarkably, significant amounts of Gag cleavage prod-
ucts of approximately 6 and 7 kDa were released into the
supernatant and could be pelleted through 20% sucrose (Fig.
3B, lane 3). The pelleted material also contained a small quan-
tity of the mutant Gag precursor, as well as IN and RT in
amounts that were only modestly lower than those in wild-type
particle preparations. Measurement of particle-associated RT
activity released into the supernatant, as well as an analysis of
particles released in the absence of active PR, confirmed that
the A8-277 deletion did not affect Gag-Pol incorporation and
only moderately reduced particle yields (data not shown).
While cells transfected with the A55-277 and A8-87/A126-
277 constructs expressed wild-type amounts of envelope glyco-
protein, little Gag protein was detected in the cell-associated
fractions by the patient serum used, particularly in the case of
the A55-277 mutant (Fig. 3A). However, Gag clearly was effi-
ciently expressed, because the transfected cells produced large
amounts of extracellular particles (Fig. 3B). These particles
contained the MA-CA fusion products expected from cleavage
at the CA-p2 and p2-NC sites. Cleavage at the CA-p2 site
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FIG. 4. Thin-section electron microscopy of HeLa cells transfected with the
wild type provirus (A) or with the indicated Gag deletion mutants (B, C). Bars
indicate a length of 100 nm.

appeared inefficient for the A55-277 mutant but was only mod-
erately impaired in the case of the A8-87/A126-277 mutant. As
judged from the relative amounts of pelletable RT, IN, and NC
released into the medium, both mutants efficiently incorpo-
rated the Gag-Pol precursor and produced two- to threefold
more particles than cells expressing the parental proviral con-
struct (Fig. 3B).

Characterization of mutant particles. Pelleted particles
formed by the A8-277, AS5-277, A126-277, or wild-type Gag
precursor were pooled and layered on top of a preformed 20 to
60% sucrose gradient. Particles lacking active PR were used,
because the wild-type and mutant Gag precursor molecules
could be readily distinguished by SDS-PAGE. Following cen-
trifugation at 40,000 rpm in an SW41 rotor for 16 h at 4°C, the
gradient was fractionated into aliquots of equal size. Viral
proteins were then immunoprecipitated from each fraction and



9316 NOTES

separated by SDS-PAGE. Interestingly, particles formed by
wild-type Pr55%“¢ and by each of the mutant Gag precursors
banded at a similar density (data not shown). We conclude that
deleting up to 50% of the HIV-1 gag coding sequence had at
most a minor effect on particle density.

To compare the morphologies of wild-type and mutant par-
ticles, transfected HeLa cells were examined by electron mi-
croscopy. Cultures transfected with the A126-277 or the A8-277
mutant contained enveloped, roughly spherical extracellular
particles which often resembled wild-type HIV-1 virions but
always lacked a conical core (Fig. 4). Instead, a circular core
structure was frequently visible. Furthermore, while wild-type
particles ranged in diameter from 95 to 160 nm (n = 30), the
mutant particles were more heterogeneous in size, with A126-
277 particles varying between 80 and 310 nm and A8-277 par-
ticles between 90 and 250 nm.

Collectively, the results presented in this study show that the
C-terminal half of Pr55%“¢ contains all the protein-protein in-
teraction domains required for efficient particle assembly. In-
terestingly, a 223-amino-acid deletion proximal to the MHR
led to an increase in particle yield relative to the wild type. This
deletion preserved a conserved N-proximal basic cluster in MA
that has been shown to bind acidic phospholipids (34). How-
ever, the presence of this region was not specifically required
to obtain an increase in particle yield, because the insertion of
a 38-amino-acid fragment from the C terminus of MA between
the myristylation signal and the MHR had a similar effect.
Since the C-terminal third of MA appears to have an extended
conformation (8, 15), we favor the interpretation that the re-
tention of MA sequences between the myristyl anchor and the
MHR primarily relieved steric constraints which resulted from
tethering the C-terminal half of Pr55%*¢ directly to the mem-
brane.

A possible explanation for the increased particle yields rel-
ative to those of the wild type is offered by the recently pro-
posed myristyl switch model of Gag membrane targeting (35).
In this model, the myristyl group would be sequestered within
MA until a conformational change makes it available for mem-
brane insertion. In the absence of the globular core of MA,
particle formation may be increased because the myristyl
group is constitutively exposed. In support of this view, Spear-
man et al. (25) recently showed that deletions within a-helical
regions in the globular core of MA can dramatically increase
overall membrane binding, presumably because the myristyl
group can no longer be sequestered.

It has been reported that even single amino acid substitu-
tions in the N-terminal CA domain can reduce viral particle
formation up to 20-fold (29). On the other hand, an earlier
report showed that a 56-amino-acid deletion in the N-terminal
half of CA had no effect on the efficiency of particle production
(30). These results indicate that an incorrectly folded N-termi-
nal CA domain can be more disruptive than the lack of a
significant portion of the domain. This view is supported by the
present study, which clearly shows that the entire N-terminal
domain of CA is dispensable for particle assembly.

The role of the MHR in HIV-1 particle formation has been
subject to controversy. We previously showed that small dele-
tions (5) and even conservative single amino acid substitutions
(19) in the MHR can severely impair HIV-1 particle produc-
tion. Analogous results were obtained for Mason-Pfizer mon-
key virus (27). On the other hand, Srinivasakumar et al. (26)
reported that an in-frame deletion which precisely removed
the HIV-1 MHR had only a minor effect on particle formation.
Furthermore, even deletions which essentially removed the
entire C-terminal CA domain appeared to have only relatively
small effects on particle budding and release (26). It seems
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possible that an assembly defect was mitigated by the overex-
pression system used, because several other groups have found
that HIV-1 particle formation is highly sensitive to changes in
the C-terminal domain of CA (5, 19, 20, 23, 28). In the present
study, the lack of a requirement for the N-terminal domain of
CA contrasted sharply with the effects of deletions that ex-
tended into the MHR, attesting to the importance of this
region for HIV-1 particle assembly.
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