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The matrix domain (MA) of the simian immunodeficiency virus (SIV) is encoded by the amino-terminal
region of the Gag polyprotein precursor and is the component of the viral capsid that lines the inner surface
of the virus envelope. To define domains of the SIV MA protein that are involved in virus morphogenesis,
deletion and substitution mutations were introduced in this protein in the context of a gag-protease construct
and expressed in the vaccinia virus vector system. The MA mutants were characterized with respect to
synthesis and processing of the Gag precursor, assembly and release of virus-like particles, and incorporation
of the envelope (Env) glycoprotein into particles. We have identified two regions of the SIV MA which are
critical for particle formation. Both domains are located in a central hydrophobic a-helix of the SIV MA,
according to data on the structure of this protein. In addition, we have characterized a domain whose mutation
impairs the incorporation of SIV Env glycoproteins with long transmembrane cytoplasmic tails into particles.
Interestingly, these mutant particles retained the ability to associate with SIV Env proteins with short
cytoplasmic tails.

The human immunodeficiency viruses (HIV) and the closely
related simian immunodeficiency viruses (SIV) assemble their
capsids from the viral Gag protein, which is first synthesized as
a polyprotein precursor (Pr55Gag). Concomitant with or soon
after virions bud from the plasma membrane of the infected
cells, the virions undergo morphological maturation. The Gag
polyprotein is proteolytically processed by the viral protease
into the matrix (MA [or p17]), capsid (CA [or p24]), nucleo-
capsid (or p7), and p6 mature Gag proteins (12, 20).
The HIV and SIV MA proteins form the outer shell of the

core of the virion, lining the inner surface of the viral mem-
brane (8). Cotranslational myristylation of the N terminus of
the MA protein provides a targeting signal for Gag polyprotein
transport to the cell surface membrane (26). For both HIV
type 1 (HIV-1) (25, 30, 31) and SIV (11), evidence has been
presented indicating that in addition to myristylation, a poly-
basic region within the N terminus of the MA protein may also
be necessary for proper membrane targeting of the Gag pre-
cursor. The MA proteins of HIV-1 and SIV have been impli-
cated in a number of key roles during the virus life cycle. The
HIV-1 MA is thought to be involved in virus entry (27), trans-
port of the viral preintegration complex to the nucleus (1),
envelope (Env) glycoprotein incorporation into virus particles
(4, 5, 28), and virus particle assembly (3, 7, 28). In SIV, we have
shown that when the MA protein is expressed in the absence of
all other viral components by means of a vaccinia virus vector
system, it assembles into lentivirus-like particles which are
released into the medium of the infected cells (11). This ob-
servation, which has been independently confirmed by others
(18), indicates that the SIV MA has intrinsic information for
both self-assembly and particle release. We have also provided

evidence that domains within the SIV MA are involved in
interactions with Env glycoproteins, since gp120-gp41 Env
complexes were found to be incorporated into the SIV MA-
made particles (11).
Because of the important roles described for the HIV-1 and

SIV MA proteins, identification of the amino acid regions
responsible for these functions seems relevant. To map and
characterize domains of the SIV MA that are involved in virus
morphogenesis, we have generated a series of mutations in this
protein. The mutations were analyzed for their effects on Gag
expression and processing as well as on particle assembly and
release. In addition, the ability of the MA mutants to incorpo-
rate the viral Env glycoproteins into particles was investigated.
The results are interpreted in the light of the three-dimen-
sional structure of the SIV MA protein (22).
Mutagenesis of the SIV MA protein. We have previously

performed mutagenesis studies assessing the role in virus mor-
phogenesis of the SIV MA polybasic region (residues 26 to 32)
and the MA conserved cysteine residues (9, 11). To further
map domains within the SIV MA that are critical for virus
assembly and Env glycoprotein incorporation, a series of mu-
tations was introduced into this protein. The specific regions
targeted for mutagenesis are depicted in Fig. 1. Most of the
mutations affected two or three residues within domains of
high sequence homology between the MA proteins of SIV and
HIV-1. The exception was an internal in-frame deletion re-
moving 18 amino acids in the C terminus of the SIV MA. The
analysis of this region, where the SIV and HIV-1 MA proteins
diverge, was performed to investigate its contribution to viral
morphogenesis. Changes in the coding sequence of the
SIVsmmPBj MA were introduced in a construct (Gag-PR) en-
compassing the complete gag gene in addition to the pol region
coding for the protease domain (PR) (Fig. 2A). Both substi-
tution and deletion mutations were carried out on a SalI-PstI
restriction fragment (nucleotides 828 to 1646) cloned into the
pUC19 vector, which corresponds to the first 273 amino acids
of the SIV Gag precursor. Substitution mutagenesis was per-
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formed by asymmetric PCR-based site-directed mutagenesis as
described before (11). The codons targeted for mutagenesis
were changed to codons specifying alanine. Alanine was cho-
sen as the replacement residue because it eliminates only the
side chain beyond the b-carbon without altering the main-
chain conformation. Furthermore, alanine is frequently found
in both buried and exposed positions in all kinds of secondary
structures (24). To create the C-terminus deletion mutant, the
SalI-PstI clone was digested with SalI and DraIII restriction
enzymes to remove the region coding for the N-terminal 127
amino acids of the SIV MA. The DNA region encoding the
first 109 MA residues was PCR amplified using the wild-type
(wt) gag gene as the template. The PCR sense and antisense
primers introduced SalI and DraIII restriction sites at the 59
and 39 ends of the PCR product, respectively. After digestion
with SalI and DraIII, the amplified fragment was ligated to the
above-described plasmid lacking the first 127 MA codons. The
resultant clone thus carries a deletion comprising MA codons
110 to 127. All the mutations introduced into the SalI-PstI
clone were confirmed by sequencing. The SalI-PstI fragments
carrying the desired mutations were substituted for the wt
counterpart in the pMJ601 vaccinia virus transfer vector con-
taining the SIV wt gag and PR genes (11). Obtainment, selec-
tion, and purification of recombinant vaccinia viruses were
performed as described previously (11). Several independent
recombinant vaccinia viruses of each MA mutant were initially
screened to ensure that their Gag products exhibited the same
phenotype.
Characterization of mutant SIV Gag proteins. To determine

whether the mutations introduced into the SIV MA domain
had any effect on the synthesis and processing of Gag polypro-
teins, CV-1 cells were infected at a high multiplicity (10 PFU
per cell) with the recombinant vaccinia viruses and metaboli-
cally labeled for 3 to 4 h with [35S]methionine (200 mCi/ml;
.1,000 Ci/mmol) (Dupont, NEN Research Products) (9, 11).
The Gag-specific polypeptides were immunoprecipitated from
cell lysates with pooled sera from SIV-infected macaques as
previously described (9, 11).

The recombinant vaccinia viruses expressing the MA mu-
tants directed the synthesis of essentially wt levels of the
Pr55Gag precursor protein as well as of the processed products,
CA and MA polypeptides (Fig. 2B). The recombinant MA
protein expressed by the mutant DC (with a C-terminal inter-
nal deletion) migrated with the expected apparent molecular
mass, taking into account the deletion introduced into this
protein. All these polypeptides are specific to SIV, since none
of them were detected in cells infected with a vaccinia virus
expressing only b-galactosidase which was used as a negative
control (data not shown).
Effect of the MA mutations on particle production and viral

Env incorporation. To determine the effect of the MA muta-
tions on particle assembly and release, CV-1 cells were in-
fected in parallel with the recombinant vaccinia viruses ex-
pressing wt Gag or MA mutants. After metabolic labeling with
[35S]methionine, the particulate material released into the cul-
ture medium of the infected cells was pelleted from the clari-
fied supernatants through a 20% (wt/vol) sucrose cushion as
described before (9, 11). The pelleted particles were lysed in
TNN lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mMNaCl, 1%
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 10 mg of
aprotinin per ml) and assayed for SIV proteins by immuno-
precipitation (9, 11). Mutants DC, M1, and M4 produced par-
ticles with efficiencies similar to that of wt Gag (Fig. 3B). This
result indicates that the ability to form and release particles
was not significantly affected as a consequence of these muta-
tions. A minor effect on particle formation was observed for
M2 and M5 mutants. As measured by densitometry, these
mutations caused about a 2.5-fold reduction in the levels of
particle-associated Gag-specific bands with respect to those of
wt Gag. In contrast, mutations M3 and M6 caused a major
defect in particle release (15- to 20-fold reduction compared
with wt Gag levels) (Fig. 3B). The fact that the steady-state
levels of intracellular M3 and M6 Gag products were found to
be similar to those of wt Gag (Fig. 3A) suggests that the
decrease in particle production exhibited by these mutants is
not due to a defect in Gag synthesis or stability.

FIG. 1. Alignment of the MA protein sequences of SIV (PBj) and HIV-1 (HXB2) isolates. Identical amino acids are boxed. The helices of the SIV MA structure,
H1 to H7 (22), are indicated above the alignment. The alanine substitutions (M1 to M6) and the C-terminus internal deletion (DC-terminus) introduced into the SIV
MA sequence are shown in boldface below the alignment.
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The phenotype observed for M3 and M6 mutants could be
due to the assembly of Gag polyproteins into intracytoplasmic
capsids without subsequent release into the medium. To inves-
tigate this possibility, cells infected with these mutants were
analyzed by thin-section electron microscopy. No evidence of
intracellular assembly was found (data not shown), which sug-
gests that M3 and M6 mutations do not redirect particle as-
sembly to intracellular sites. Consistent with our previous re-
port (11), cells infected with the recombinant vaccinia virus
expressing wt Gag showed high levels of typical lentiviral par-
ticles budding at the plasma membrane (data not shown).
To examine whether the MA mutants that were competent

in particle production retained the ability to interact with the
Env glycoproteins, cells were coinfected with each MA mutant
and a vaccinia virus recombinant expressing SIVsmmPBj Env
glycoproteins (10). After metabolic labeling with [35S]methi-
onine, both cell lysates and the particulate material released
into the culture supernatants were assayed for the presence of
the SIV Gag and Env proteins by immunoprecipitation (9, 11).
As shown in Fig. 4A, coinfection experiments yielded similar
levels of Env glycoproteins and Gag polypeptides in all cell
lysates. In the particulate fraction of the culture medium of
cells infected with wt Gag, significant amounts of the gp120
surface protein (SU) were detected (Fig. 4B). Similarly, the SU
protein was readily detected in all but one mutant particle (Fig.

4B). In contrast, the incorporation of SU protein into M5
particles was drastically affected, suggesting that the M5 mu-
tation impairs stable Env protein incorporation into particles.
Effect of the M5 mutation on the incorporation of Env gly-

coproteins with short cytoplasmic tails. In contrast to other
retroviruses, the transmembrane envelope glycoprotein (TM)
of lentiviruses contains a long cytoplasmic domain of approx-
imately 100 to 200 amino acids. Mutagenesis studies of this
region suggest that the TM cytoplasmic tail plays a role in viral
tropism (14, 15), infectivity (2, 29), cytopathic effects (17, 23),
and surface glycoprotein expression (16). These lines of evi-
dence indicate that a long cytoplasmic tail has evolved in len-
tiviruses to fulfill essential functions during the viral life cycle.
It has been shown that mutations in the HIV-1 MA protein

that block virion incorporation of the wt HIV-1 Env glycopro-
tein do not affect the association of particles with Env products
bearing short cytoplasmic tails (5, 19). We therefore investi-
gated whether the domain of the SIV MA, identified through
the M5 mutation as being critical for SIV Env glycoprotein
incorporation, was also necessary for the association of parti-
cles with Env proteins bearing short cytoplasmic tails. To this
end, CV-1 cells were coinfected with vaccinia viruses express-
ing M5 Gag products and either SIVsmmPBj or SIVmacBK28 Env
glycoproteins. BK28 is a molecular clone of the SIVmac251 viral
isolate obtained after passage in human cells; the TM glyco-
protein of BK28 exhibits a truncated cytoplasmic tail lacking
the C-terminal 146 amino acids (13). Virus-like particles were
purified from cell culture supernatants by ultracentrifugation
through a sucrose cushion, and SIV-specific proteins were de-
tected by immunoprecipitation with pooled sera from SIV-
infected macaques (9, 11). For comparison, coinfection exper-
iments with vaccinia viruses directing the synthesis of wt Gag
and the different Env glycoproteins were done in parallel. A
comparison of the abilities of the Env products with either long
or short cytoplasmic tails to associate with wt Gag and MA
mutant particles is shown in Fig. 5. Analysis of the cell lysates
revealed that PBj and BK28 Env glycoproteins were synthe-
sized and processed with similar efficiencies (Fig. 5A). It

FIG. 2. Construction and expression of SIV gag vaccinia virus recombinants.
(A) Schematic diagram of wt and mutant SIV gag-PR constructs. At the top of
the figure, the major protein domains of the gag-pol open reading frame are
shown. NC, nucleocapsid; RT, reverse transcriptase; IN, integrase. (B) Synthesis
and processing of mutant SIV Gag proteins by recombinant vaccinia viruses.
CV-1 cells were infected in parallel with recombinant vaccinia viruses expressing
wt Gag or mutant MA proteins as previously described (9, 11). Following met-
abolic labeling with [35S]methionine, cells were lysed and viral proteins were
analyzed by immunoprecipitation with pooled sera from SIV-infected macaques
as described before (9, 11). The position of the MA band of the DC mutant is
denoted by an asterisk adjacent to the band. The mobilities of the Gag polypro-
tein precursor (Pr55), CA, and MA are indicated on the left. Positions of
molecular weight standards are shown on the right.
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should be noted at this point that the gp120 glycoprotein of PBj
migrates more slowly than that of BK28. This might be due to
an amino acid insertion known to be present within the PBj
Env extracellular domain (21) and/or a higher degree of gly-

cosylation of this protein. Fig. 5B shows that both PBj and
BK28 Env proteins (with long and short cytoplasmic tails,
respectively) were incorporated into wt Gag particles, as de-
termined by the presence of the corresponding SU glycopro-

FIG. 3. Effect of MA mutations on particle production. Cells infected with vaccinia viruses expressing wt Gag and the mutant MA proteins were metabolically
labeled with [35S]methionine for 3 to 4 h (9, 11), and viral proteins were immunoprecipitated from either cell lysates (A) or the particulate fraction of culture
supernatants (B). To purify particles, the medium from each infected culture was collected 8 to 9 h postinfection, clarified three times by centrifugation at low speed,
and then pelleted through a 20% (wt/vol) sucrose cushion (9, 11). The pellet was resuspended in TNN lysis buffer and assayed for SIV proteins by immunoprecipitation
(9, 11). The mobilities of the Gag polyprotein precursor (Pr55), CA, and MA are indicated, as are the positions of molecular weight standards.

FIG. 4. Effect of MA mutations on incorporation of viral Env glycoproteins into particles. CV-1 cells were either infected with a vaccinia virus expressing SIVsmmPBj
Env protein (Env) or coinfected with this Env-expressing virus and recombinant vaccinia viruses directing the synthesis of either wt Gag or mutant MA proteins.
Infected cells were metabolically labeled, and viral proteins were immunoprecipitated from either cell lysates (A) or the particulate fraction of the culture supernatants
(B). In panel A, a shorter autoradiographic exposure showing the positions of the Env proteins is shown at the top. The mobilities of the Gag polyprotein precursor
(Pr55), Env, CA, and SU are shown, as are the positions of molecular weight standards.
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teins in the particulate fraction. As expected, M5 Gag particles
failed to associate with the PBj Env protein. However, the SU
protein of BK28 could be readily detected in the particulate
material produced by the M5 construct. Thus, the M5 mutation
does not affect the ability of particles to incorporate Env gly-
coproteins with short cytoplasmic tails.
Conclusions. The MA mutants generated in this study were

used to identify domains of the protein that are important for
particle assembly and Env glycoprotein incorporation. The M3
and M6 mutations, which substituted conserved residues in
a-helix H6 of the SIV MA (22), impaired the production of
virus-like particles. It is likely that the defect in particle for-
mation caused by these mutations is at the level of assembly
rather than release, since no evidence of intracellular particles
was obtained. H6 spans residues Glu-73 through His-89 and
provides a hydrophobic core around which all the other helices
are packed. Therefore, mutations in this region might disrupt the
overall structure of the SIVMA, affecting the presentation of the
interacting domains that participate in protein multimerization.
The recently reported crystal structure of the SIV MA reveals
that the MA molecules assemble as a trimer (22). In order to
form trimers, monomers interact through hydrogen bonding
between the carbonyl oxygen of Gly-45 and the backbone ni-
trogen of Ser-72 and between the backbone nitrogen of Ala-47
and the carbonyl oxygen of Thr-70 (22). Interestingly, the res-
idues altered by the M3 mutation lie in close proximity to
amino acids 70 and 72. Thus, this mutation may alter the
positions of residues 70 and 72, thereby affecting the ability of
these amino acids to establish intermolecular contacts. It has
been described that the contacts between the SIV MA mono-
mers in the trimer involve the main-chain groups of these
interacting residues (22). It has been speculated that amino

acid changes at these positions would have no effect on assem-
bly (22). In keeping with this prediction, mutation M2, in which
Thr-70 and Ser-72 were replaced by Ala, had a minor effect on
particle production.
In this report, we identified a domain of the SIV MA that is

critical for the incorporation of the SIV Env glycoproteins into
particles. This result is in agreement with our previous obser-
vation that virus-like particles produced upon expression of
recombinant SIV MA had the ability to associate with the Env
glycoproteins (11). Taken together, these studies indicate that
the SIV MA domain mediates the incorporation of Env pro-
teins into viral particles. Mutation M5, in which Glu-52, Lys-
54, and Glu-55 were replaced by Ala, impaired the stable
association of Env glycoproteins with particles. This mutation
altered residues located at the end of helix H3 and the begin-
ning of helix H4 in the SIV MA, as determined on the basis of
the three-dimensional structure of this protein (22). The loca-
tion of this region at an exposed side of the SIV MA trimer
may allow its interaction with the TM cytoplasmic domain, and
these intermolecular contacts may lead to the incorporation of
Env proteins into Gag particles. In HIV-1, it has been reported
that mutations at MA residue 13, 31, or 35 blocked Env gly-
coprotein incorporation into particles (5, 6). It can be specu-
lated that the SIV MA region defined by M5 mutation acts in
concert with other MA domains, including residues located at
the N terminus, to mediate Env glycoprotein association with
particles. Further mutagenesis studies of the SIV MA will help
elucidate this point.
In this study, we also showed that the defect in Env glyco-

protein incorporation caused by the M5 mutation could be
reversed by coexpression of M5 Gag with the SIVBK28 Env
bearing a short TM cytoplasmic tail. This result, which is con-

FIG. 5. Analysis of the incorporation of Env glycoproteins with long and short TM cytoplasmic tails into M5 mutant particles. CV-1 cells were coinfected with
recombinant vaccinia viruses expressing M5 Gag products and either PBj (L, long cytoplasmic tail) or BK28 (S, short cytoplasmic tail) Env glycoproteins. Coinfection
experiments using the vaccinia virus expressing wt Gag were included for comparison. Cells were metabolically labeled, and cell-associated (A) and particle-associated
(B) viral proteins were analyzed by immunoprecipitation. The mobilities of the Gag polyprotein precursor (Pr55), Env, CA, and SU are shown, as are the positions
of the molecular weight standards.
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sistent with recent reports on HIV-1 (5, 19), suggests the ex-
istence of a specific interaction between the SIV MA and the
C-terminus of TM gp41 which mediates the incorporation of
Env glycoproteins into virus particles. Two possibilities may
account for the observation that a mutation in the SIV MA
impairs the incorporation of Env proteins with long but not
short TM cytoplasmic tails. The altered MA domain may still
be able to interact with the truncated gp41, or alternatively, the
incorporation of this type of Env protein may be MA indepen-
dent. Further studies will be necessary to clarify this issue.
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