
JOURNAL OF VIROLOGY, Aug. 1994, p. 5311-5320 Vol. 68, No. 8
0022-538X/94/$04.00+0
Copyright © 1994, American Society for Microbiology

Single Amino Acid Changes in the Human Immunodeficiency
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The matrix protein of human immunodeficiency virus type 1 is encoded by the amino-terminal portion of the
Gag precursor and is postulated to be involved in a variety of functions in the virus life cycle. To define domains
and specific amino acid residues of the matrix protein that are involved in virus particle assembly, we
introduced 35 amino acid substitution mutations in the human immunodeficiency virus type 1 matrix protein.
Using reverse transcriptase and radioimmunoprecipitation analyses and transmission electron microscopy, we
assessed the mutants for their ability to form virus particles and to function in the infection process. This study
has identified several domains of the matrix protein in which single amino acid substitutions dramatically
reduce the efficiency of virus particle production. These domains include the six amino-terminal residues of
matrix, the region of matrix between amino acids 55 and 59, and the region between amino acids 84 and 95.
Single amino acid substitutions in one of these domains (between matrix amino acids 84 and 88) result in a
redirection of the majority of virus particle formation to sites within cytoplasmic vacuoles.

The Gag proteins of human immunodeficiency virus type 1
(HIV-1) and other retroviruses are sufficient for the formation
of virus particles. A number of studies have demonstrated that,
in the absence of other virus-encoded proteins, the expression
of Gag is capable of directing the assembly and release of virus
particles (9, 22, 25, 27, 32, 34, 37, 38, 55, 57, 60, 61, 64, 73).
Retrovirus particle formation typically occurs at the plasma
membrane in the type C oncoretroviruses and the lentiviruses
or within the cytoplasm in the type B and D retroviruses and
the spumaviruses (for reviews, see references 20, 21, and 72).
The HIV-1 Gag proteins are synthesized as a polyprotein
precursor (Pr55 ag) which is proteolytically processed by the
viral protease into the mature Gag proteins: matrix (MA or
pl7), capsid (CA or p24), nucleocapsid (NC or p7), and p6
(36).

Several lines of evidence suggest that domains within retro-
viral MA proteins are involved in proper virus particle assem-
bly. Most retroviral MA proteins are modified at their amino
termini by the addition of a myristic acid moiety, which serves
as a membrane attachment site for MA or the MA domain of
the unprocessed Gag precursor protein (for a review, see
reference 58). Modification by myristic acid occurs at the Gly
residue which is the N-terminal residue of Gag after removal
of the initiator Met. Mutation of the N-terminal Gly residue,
which prevents myristylation, results in defects in particle
assembly or transport for a number of retroviruses. In HIV-1,
spleen necrosis virus, and murine leukemia virus expressed in
mammalian cells, mutation of the N-terminal Gly blocks
particle assembly (3, 7, 23, 30, 39, 59, 68). In the type D
retrovirus Mason-Pfizer monkey virus, mutation of the N-
terminal Gly blocks the intracellular transport of assembled
particles to the plasma membrane (50).

It appears that determinants in MA other than the myristic
acid moiety also participate in retrovirus particle production.

* Corresponding author. Bldg. 4, Rm. 307, NLAID, NIH, Bethesda,
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The Gag proteins of some retroviruses, including avian leuko-
sis virus, equine infectious anemia virus, and visna virus, are
not modified by myristic acid but are efficiently targeted to the
plasma membrane (63). Moreover, amino acid substitutions in
the Mason-Pfizer monkey virus MA protein have been re-
ported to affect virus particle assembly, transport, and budding
(53), and a single amino acid change in the Mason-Pfizer
monkey virus MA protein resulted in virus particle assembly at
the plasma membrane rather than within the cytoplasm (51).

Deletion and insertion mutagenesis of retroviral MA genes
has not generated consistent results with respect to virus
assembly. Small deletions in the MA proteins of murine
leukemia virus (31), Mason-Pfizer monkey virus (52), and
Rous sarcoma virus (74) dramatically reduced virus particle
production. Similarly, several small deletions and insertions in
the central portion of the HIV-1 MA led to substantial
reductions in the production of extracellular virus in mutant-
transfected cells (6, 66, 76), as did the deletion of HIV-1 MA
amino acids 22 to 32 (77). In contrast, deletion of HIV-1 MA
amino acids 21 to 31 was reported to enhance particle produc-
tion (76). A very large deletion, spanning amino acids 16 to 99
of the HIV-1 MA, was reported to cause a 10-fold decrease in
particle release from transfected cells and in a redirection of
assembly to the endoplasmic reticulum (13). A larger (100-
amino-acid) deletion in HIV-1 MA, however, had only a slight
effect on particle release in a COS7 cell overexpression system
(67). In view of these discordant results, and because the vast
majority of reported MA deletion mutations rendered HIV
noninfectious (31, 52, 76), we chose to take the more subtle
approach of using point mutagenesis to identify domains in the
HIV-1 MA that are involved in virus particle assembly and
release.

Several functions in addition to an involvement in virus
particle production have been proposed for the HIV-1 MA
protein. These include roles in the interaction with the viral
envelope glycoprotein (11, 65, 76), early steps in virus entry
(75), nuclear localization of the preintegration complex after
virus entry (5), and RNA binding (4).

Despite the apparent importance of MA in the HIV-1 life
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FIG. 1. Mutagenesis of the HIV-1 MA protein. The bars at the top
represent the organization of the Gag precursor, PrS5Gag. The pre-
dicted amino acid sequence of pNL4-3 MA is indicated, with amino
acid positions shown above the sequence. Arrows indicate the changes
made: single arrows represent single amino acid changes; double
arrows (connected by bars) represent double amino acid changes.

cycle, little is known about the domains or specific amino acid
residues involved in MA function. To identify and characterize
domains of the HIV-1 MA that play a role in proper HIV-1
particle production, we introduced 35 amino acid substitutions
throughout the protein. The mutants were analyzed for parti-
cle formation by reverse transcriptase (RT) and radioimmu-
noprecipitation analyses and by transmission electron micros-
copy. The mutants were also analyzed for their ability to
establish a productive spreading infection in human T cells.
The results of this study define specific amino acid residues of
MA that are involved in the production of HIV-1 particles and
identify a domain in which mutations redirect the majority of
particle assembly to sites within the cytoplasm of virus-express-
ing cells.

Mutagenesis of the HIV-1 MA protein. To identify domains
of the HIV-1 MA protein that are involved in proper MA
function, we introduced 33 single amino acid substitutions and
2 double amino acid substitutions into the MA protein. The
introduced changes are indicated in Fig. 1. A 1.6-kbp StuI-SphI
fragment from the HIV-1 infectious molecular clone pNL4-3
(1), which includes the MA portion of the gag gene, was

subcloned into M13mpl9. Oligonucleotide-directed mutagen-
esis was performed as described previously (35). To prevent
rapid reversion subsequent to transfection of T cells, we made
all single amino acid substitutions by simultaneously changing
two nucleotides. Following mutagenesis reactions, the mu-

tagenized 0.7-kbp BssHII-SphI fragments were removed from
the mutated M13 subclones and introduced back into pNL4-3.
In each case, the entire BssHII-SphI fragment was sequenced
to confirm the presence of the desired mutation and to
determine that no undesired mutations had been introduced.
Amino acid substitutions were introduced throughout the
protein at highly conserved positions (41). Specific regions
targeted for mutagenesis included the sequence at the N
terminus of MA predicted to be required for myristylation (45,
58, 63), the highly basic regions between MA amino acids 17
and 32 and between residues 109 and 113, the residues
surrounding and including the Cys at amino acids 56 and 86,
and a sequence near the C terminus which bears homology to
the picornavirus vpl protein (2).

Effect of the MA mutations on virus replication in the
CEM(12D-7) T-cell line. Following mutagenesis, we cloned the
mutated MA genes into the full-length infectious HIV-1
molecular clone pNL4-3 (1). The mutant-containing proviral
clones were then transfected, in parallel with wild-type
pNL4-3, into the CEM(12D-7) T-cell line (54). CEM(12D-7)
cells were transfected as follows by using the DEAE-dextran

method (62). Five million cells were pelleted by centrifugation
in a Sorvall RT6000B centrifuge for 5 min at 1,200 rpm. The
cells were resuspended in 0.5 ml of DEAE-dextran (700 ,ug of
DEAE-dextran per ml) in transfection buffer (25 mM Tris-HCl
[pH 7.4], 0.6 mM Na2HPO4, 5 mM KCl, 140 mM NaCl, 0.7
mM CaCl2, 0.5 mM MgCl2), and 5 ,ug of plasmid DNA was
added per tube. DEAE-dextran was obtained from Pharmacia
(molecular weight 500,000; catalog no. 17-0350-01). After a 3-h
incubation at 37°C, the cells were washed once in 4 ml ofwarm
transfection buffer and plated in 25-cm2 flasks containing 6 ml
of RPMI growth medium. Transfected CEM(12D-7) cells were
split 1:3 every 2 days. Aliquots were reserved for RT assays
prior to splitting. Production of RT activity in the supernatant
of transfected cells was monitored over time to detect the
presence of a spreading viral infection. RT assays were per-
formed as described previously (71) with the addition of 1 mM
EDTA to the RT cocktail.
The first set of mutations was introduced into the region of

MA predicted to be involved in proper N-myristylation (8, 58,
63). As shown in Fig. 2A, mutation of the N-terminal Gly
residue (1GA) blocked HIV-1 particle production in trans-
fected cultures. Mutation of MA amino acid 5 (5SI) also
rendered the virus unable to establish a productive infection
(Fig. 2A). No virus replication was detected in 1GA- or
5SI-transfected cultures even after 3 months of continual
passage (Fig. 2A; data not shown). Mutation at MA amino
residues 4 (4AD) and 6 (6VR) resulted in a 10-day delay,
relative to the wild type, in peak RT production (Fig. 2A). The
9GE mutant replicated with only a slight delay (2 days) relative
to the wild type (Fig. 2A).

Several roles have been proposed for the highly basic stretch
between HIV-1 MA amino acids 17 and 31 (Fig. 1). Wachinger
et al. suggested that this region may be involved in the
association between MA and the HIV-1 transmembrane enve-
lope glycoprotein gp4l (65). Since deletions and mutations
between amino acids 22 and 32 inhibited virus production and
proper association of Gag with the plasma membrane, it was
proposed that this domain plays a role in targeting HIV-1 Gag
to the plasma membrane (77, 78). Gheysen et al. (22) and
Delchambre et al. (9) proposed that the highly basic N-
terminal sequence might function as a nuclear localization
signal, and Bukrinsky et al. postulated that this putative
karyophilic sequence serves as a nuclear localization signal for
the HIV-1 preintegration complex and is thus essential for
productive HIV-1 infection of nondividing cells (5). However,
with the same mutation used by Bukrinsky et al. (which we
term 25KT/26KT), we demonstrated that the two Lys residues
at MA positions 25 and 26 are not required for growth of
HIV-1 in primary human monocyte-derived macrophages (15).
This result suggests that the pair of Lys residues at MA amino
acids 25 and 26 are critical to nuclear localization only in
certain cell or virus systems. To examine the effects of muta-
tions in this domain on infection of T cells, we introduced a
series of mutations in this highly basic region. Single amino
acid substitutions at residues 19 (19RL) and 22 (22PE) had no
effect on infectivity in CEM(12D-7) cells, whereas mutation at
amino acid 20 (20LE) resulted in a modest and consistent
reduction in peak virus production. The double amino acid
substitution at residues 25 and 26 (25KT/26KT) and the single
amino acid change at residue 31 (31KA) resulted in a repro-
ducible 2-day delay in peak virus production relative to the
wild type (data not shown). We are currently investigating
further the potential role(s) of this highly basic stretch in
HIV-1 MA function during virus particle production and
infection of monocyte-derived macrophages.

Mutations between MA amino acids 30 and 50 had a range
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of effects: the 36AE and 49LD mutations caused a 12-day lag
(relative to pNL4-3) to peak RT production, whereas the
51EG mutation had no effect on virus replication kinetics in
the CEM(12D-7) cell line (Fig. 2B). The 42RA mutation
resulted in a 2-day lag in peak RT production. A series of
mutations in the vicinity of the first Cys residue ofMA (55GE,
56CD, 56CS, and 59IE) resulted in a complete absence of virus
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FIG. 2. Replication kinetics of MA mutants in the CEM(12D-7)
T-cell line. CEM(12D-7) cells were transfected as described in the text.
Cells were split 1:3 every 2 days, and supernatant RT activity was
monitored at each time point.

replication (Fig. 2C), even after 3 months of continual passage
of the transfected cultures (data not shown). Substitutions at
amino acids 71 (71SI) and 79 (79NG) had no effect on the
establishment of a productive infection in CEM(12D-7) cells
(data not shown).
The next group of mutations was introduced in the vicinity of

the second Cys residue of MA. The 84LR, 85YG, 86CD,
87VE, and 88HG mutations completely blocked virus replica-
tion in the CEM(12D-7) cell line even after 3 months of
continual passage of the transfected cultures (Fig. 2D; data not
shown). A more conservative Cys--Ser mutation at residue 86
(86CS) resulted in a 1-week lag (relative to wild-type pNL4-3)
to peak RT production (Fig. 2D). Mutations at amino acids 95
and 99 completely blocked virus replication, whereas single
amino acid changes at residues 97 and 105 had no significant
effect on the kinetics of virus replication (data not shown). A
double amino acid substitution in the highly basic domain
between MA amino acids 109 and 113 had no effect on the
establishment of a productive infection (data not shown).

It has been previously reported that the region of HIV-1 MA
between amino acids 118 and 127 bears homology to the
picornavirus protein vpl and the flavivirus E protein (2). This
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TABLE 1. Infectivity of MA mutants in the CEM(12D-7)
T-cell line

Mutant Progeny virus Mutant Progeny virusproductiona productiona

Wild type + 591E
1GA - 71SI +
4AD D 79NG +
5SI - 84LR -
6VR D 85YG -
9GE + 86CD -
19RL + 86CS D
20LE + 87VE -
22PE + 88HG -
25KT/26KT + 95DL -
31KA + 97KG +
36AE D 99AE -
42RA + 105EV +
49LD D 112KT/113KT +
51EG + 119AE +
55GE - 12ODL +
56CD - 127VE +
56CS - 129QG +

a +, significant virus production at the peak RT activity of the wild type; D,
delayed infection kinetics relative to the wild type; -, no detectable virus
production by RT.

region of vpl is thought to play a role in picornavirus entry
(18), and deletion of this sequence from HIV-1 MA was
reported to impair virus entry (75). To test whether single
amino acid changes in the most highly conserved residues of
this sequence (2) affected virus replication, we introduced
nonconservative substitutions at positions 119 (119AE), 120
(12ODL), and 127 (127VE). These mutations either had no
effect on replication kinetics (127VE, 119AE) or modestly
reduced peak RT production (12ODL) (Fig. 2E; data not
shown). We also introduced a mutation at residue 129; this
mutation resulted in a slight reduction in peak virus production
(Fig. 2E).
The cumulative results from the analysis of virus replication

identify several domains in MA that are critical for the
establishment of a productive infection in CEM(12D-7) cells.
A summary of these data is presented in Table 1. It is possible
that reductions in the levels of virion-associated gpl20, which
have been observed for other MA mutations (11, 76), affect the
infectivity of some of our MA mutants. This issue is currently
under examination.

Several mutants (4AD, 6VR, 36AE, 49LD, and 86CS)
initially did not produce detectable virus in cultures of trans-
fected CEM(12D-7) cells, but, after a lag of greater than 1
week relative to the wild type, significant levels of virus
production were observed (Fig. 2). Our preliminary results
suggest that the virus replication detected in these cultures is
due to the emergence of revertant viruses (28).

Efect of the MA mutations on virus particle production. To
examine whether the altered infectivity of a number of the MA
mutants (Fig. 2) might be due to an effect on virus particle
production, we transfected HeLa cells in parallel with wild-
type or MA mutant-containing proviral clones and assayed for
particle-associated RT activity in the transfected-cell medium.
HeLa cells were transfected by the calcium phosphate precip-
itation method as described previously (17). To obtain virus
particles for RT analysis, we pelleted 100 ,u of transfected-cell
medium for 1 h at 14,000 rpm in a Tomy high-speed micro-
centrifuge. The supernatant was removed and replaced with
100 RI of cold phosphate-buffered saline (PBS), and the tubes

were centrifuged again for 1 h at 14,000 rpm. The supernatant
from this step was removed, and the virus pellet was resus-
pended in 100 ,ul of PBS. The efficient pelleting of HIV-1 from
small volumes (200 ,ul or less) of virus suspensions in a
microcentrifuge has been described previously (16, 70). The
results of this analysis are presented in Fig. 3. As expected
from earlier work (3, 23, 43), mutation of the myristylated
N-terminal Gly resulted in essentially a complete loss of virus
particle production. Mutations in residues 4, 5, and 6, pre-
dicted to lie within the N-myristoyl transferase recognition
sequence (45, 63), also substantially diminished the amount of
particle-associated RT activity present in the medium of
transfected cells. Mutation of the more distally located residue
9 had no effect on virus particle production.

Mutations in the first highly basic stretch of MA (residues 17
to 31) either had no significant effect on the release of
particle-associated RT activity from transfected HeLa cells
(19RL and 22PE) or displayed a 25% (20LE and 31KA) to
50% (25KT/26KT) reduction in particle production. The 36AE
mutation led to a fivefold reduction in particle-associated RT
activity, whereas mutations at residues 42, 49, and 51 each
resulted in essentially wild-type activity for particle assembly
and release.
The mutations at MA amino acids 55, 56, and 59, which

blocked virus replication in the CEM(12D-7) cell line (Fig. 2),
profoundly reduced the amount of particle-associated RT
activity in the supernatant of transfected HeLa cells. The
magnitude of this effect was greater than 10-fold. The 71SI and
79NG mutations, which did not affect infectivity, had no effect
on virus particle assembly and release. Mutations at residues
84, 85, 86, 87, 88, 95, and 99 resulted in significant decreases in
virus production. The 86CD mutation had a more profound
effect on particle assembly and release than did the more
subtle 86CS mutation. Mutations at residues 97, 105, 112/113,
119, 120, 127, and 129, which had no substantial effect on virus
infectivity in the CEM(12D-7) cell line, did not significantly
affect virus particle assembly and release in transfected HeLa
cells.
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Cell- and virion-associated expression of mutant Gag pro-
teins. The possibility existed that the absence of particle-
associated RT activity observed with some of the MA mutants
(Fig. 3) was due not to a decrease in particle release but to a
defect in the enzymatic activity of RT in mutant virus particles.
We therefore decided that it was necessary to determine the
effects of the MA mutations on Gag expression and processing
within mutant-expressing cells, as well as the amount of
particle-associated Gag proteins produced by the various MA
mutants (Fig. 4). HeLa cells were transfected in parallel with
wild-type pNL4-3 or mutant-containing derivatives and meta-
bolically labeled with [35S]Cys. Labeled virus was prepared by
filtering supernatant through a 0.45-,um-pore-size filter to
remove unattached cells and cell debris and pelleting the virus
in a Tomy microcentrifuge as described above. Metabolic
labeling with [35S]CyS was performed as described previously
(16). Virus pellets and metabolically labeled cells were lysed
and immunoprecipitated with sera from AIDS patients as
described previously (69). The sera were obtained from the
National Institutes of Health AIDS Research and Reference
Reagent Program (human HIV immune globulin; catalog no.
192).
Mutation of the N-terminal Gly, which blocks myristylation,

impairs the processing of both PrM6Gag-pl and Pr55Gag (Fig.
4A). As a result, both species accumulate intracellularly and a
reduction in the level of cell-associated p24 is observed. This
increase in Gag precursor stability has also been reported by
others for retroviral myristylation mutants (3, 23, 59, 68). The
mutations at residues 4, 5, and 6, which impair virus particle
production, also result in increased levels of Pr160GagP°' and
PrS5Gag. The similarity in the pattern of Gag processing
observed with mutations in the six amino-terminal residues of
MA suggests that these mutants are at least partially blocked
for myristylation. This result is consistent with previous reports
demonstrating that proper N-myristylation involves the recog-
nition of residues at the N-terminal end of myristylated
proteins by N-myristyl transferase (63). It is also worth noting
that the 1GA mutant, which is presumably incapable of being
modified by myristic acid, is not completely blocked for Gag
precursor processing; some p24(CA) production is observed
after a longer exposure of the gel in Fig. 4A (data not shown).
This observation indicates that HIV-1 Gag precursor process-
ing is not absolutely dependent on particle formation or
membrane association, in agreement with results of previous
studies (23, 33, 39, 44).

Mutations at MA residues 55, 56, and 59, which dramatically
reduce virus particle production, also result in decreased
synthesis of cell-associated p24 (Fig. 4B). Interestingly, some
of these mutants (55GE, 56CD, and 591E) also express less
cell-associated Pr55Gag, whereas the 56CS-transfected cells
contain wild-type levels of Pr55Gag. Pulse-chase analysis of the
55GE mutant, in parallel with the wild type, indicates that the
half-life of 55GE Pr55Gag is significantly reduced relative to
that of the wild type and that the antiserum used is capable of
efficiently recognizing the mutant Pr55Gag (14). A similar
reduction in Gag precursor half-life was observed previously

for a number of retrovirus MA deletion and insertion mutants
(6, 31, 76).

Mutations between MA amino acids 84 and 88 (Fig. 4C) and
at residues 36, 49, 95, and 99 (Fig. 4D) also result in reduced
amounts of cell-associated p24. In some cases (mutants 36AE,
84LR, 86CD, 87VE, 95DL, and 99AE) reductions in the level
of Pr55Gag are also observed, whereas in other cases (85YG,
86CS, and 88HG) the reduction in cell-associated p24 produc-
tion is not accompanied by reduced levels of Pr55Gag.
To examine virus particle release directly, we immunopre-

cipitated the pelleted, particle-associated material released
into the medium of transfected, metabolically- labeled cells as
described above. The results of this analysis are presented in
the "virion-associated" panels in Fig. 4. Virion proteins were
quantified by using a Fujix Bioimage phosphoimager. The
amount of cell-associated gp120, which is not influenced by the
MA mutations, provides an internal control for transfection
efficiency. The results of this analysis (data not shown) agree
closely with those obtained by analyzing particle-associated RT
activity (Fig. 3); the majority of mutations that result in a
dramatic impairment in the release of virion-associated pro-
teins are located at the N terminus of MA and between amino
acids 55 and 59 and between amino acids 84 and 95.

Ultrastructural analysis of mutant particle formation by
electron microscopy. Several explanations could account for
the dramatic reduction in the amount of virus particle-associ-
ated material released into the medium of cells transfected
with MA mutants. The mutations could (i) prevent particle
assembly, (ii) redirect particle assembly to sites within the
cytoplasm, or (iii) block the release of virus particles from the
plasma membrane. Each of these effects has been previously
reported for mutations in retroviral Gag proteins (3, 23, 24, 43,
51, 53, 59, 68, 77). The experiments described above measure
steady-state levels of Gag synthesis and particle release and, as
a consequence, do not allow us to distinguish among these
various alternatives. We therefore examined, by electron mi-
croscopy, cells expressing MA mutants which displayed signif-
icant reductions in virus particle production. HeLa cells were
plated at 3.5 x 105 cells per well in six-well tissue culture dishes
and transfected with 10 p,g of DNA as described above. At 2
days posttransfection, the medium was removed, the cells were
washed once with cold PBS, and 3 ml of a 2.5% solution of
glutaraldehyde in PBS was added to each well. Glutaraldehyde
was obtained as a 25% solution (no. G5882; Sigma). The cells
were allowed to fix at 4°C at least overnight before being gently
scraped from the dishes with the tip of a wide-mouth, soft-
plastic, dropper-type pipette. The cell suspension was pro-
cessed into Spurr's epoxy after being hardened into agar.
During alcohol dehydration, the cells were block uranyl acetate
stained. Sections (600 A [60 nm]) were cut with a diamond
knife, stained with uranyl acetate and lead citrate, and viewed
in a Zeiss transmission electron microscope operating at 60
kV.
As expected, high levels of virus particles associated with

and budding from the plasma membrane were visualized in
cells transfected with wild-type pNL4-3 (Fig. SA). Consistent

FIG. 5. Transmission electron microscopy of transfected cells. (A) A portion of the plasma membrane of a pNL4-3-transfected cell shows
budding and mature HIV-1 virions. Magnification, x110,000. (B) The perinuclear Golgi region of an 87VE-transfected cell is rich in vacuoles
containing numerous darkly staining aberrant virus particles. The nucleus is in the upper left of the field. Magnification, X10,000. (C) High
magnification of a small portion of the Golgi region of the 87VE-transfected cell in panel B shows the presence of particles (long arrowheads).
The electron-dense structures in the lower vacuole represent virions in various stages of budding (short arrows). Magnification, x 100,000. (D) High
magnification of a small portion of the Golgi region of an 85YG-transfected cell shows that portions of the membranes of both vacuoles have
electron-dense areas consistent with early-budding virions (short arrows). Immature and mature virus particles are evident (long arrowheads).
Magnification, x 114,000.

VOL. 68, 1994



5318 NOTES

with previous reports (3, 23, 43), mutation of the N-terminal
Gly residue (the site of N-myristylation) resulted in completely
abrogated particle assembly as monitored by electron micros-
copy (data not shown). Mutations in the vicinity of the
N-terminal Gly, which would also be predicted to adversely
affect myristylation (45, 46), also severely impaired particle
assembly (data not shown). Mutations at MA amino acids 55,
56, and 59 also largely blocked particle assembly (data not
shown).

Interestingly, and in contrast to mutations at the N- terminus
or between residues 55 and 59, mutations between MA amino
acids 84 and 88 resulted in disproportionately high levels of
particle assembly within cytoplasmic vacuoles of transfected
cells (Fig. SB to D). These vacuoles appear to be Golgi
elements (42). Many of these particles were in the process of
budding, and both budding and mature particles exhibited a

highly aberrant morphology. Relatively little assembly was
evident at the plasma membrane with these mutants. These
results suggest that the region of HIV-1 MA which includes
amino acid residues 84 to 88 may play a role in determining the
site of particle assembly within virus-expressing cells.

Conclusions. This study identifies domains and specific
amino acid residues of HIV-1 MA that are involved in virus
particle production. Several explanations could account for the
failure of these MA mutants to properly produce virus parti-
cles. (i) The mutations could result in a retargeting of Pr55GaS.
This could occur either directly as a result of the removal or

alteration of MA-encoded targeting signals or indirectly from
the failure of MA mutants to associate with cellular carrier or

chaperone proteins involved in proper Gag transport and
targeting (12, 26, 29, 56, 72). (ii) The MA mutations could fail
to associate with an as yet unidentified membrane receptor for
Gag. The identification of such a receptor has been reported
for another myristylated protein, p6Q"rc (49). (iii) The muta-
tions could affect interactions between MA proteins or be-
tween MA and other Gag proteins. The results of studies
involving chimeras between HIV-1 and murine leukemia virus
Gag proteins and of cross-linking analyses performed with
avian and murine retroviruses suggest that MA may mediate
Gag protein interactions during the assembly of virus particles
(10, 19, 40, 47, 48). Future studies will further elucidate the
role of MA in HIV-1 Gag trafficking and virus particle
formation.

We thank R. Willey and G. Englund for helpful discussions and for
critical review of the manuscript.
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