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The human immunodeficiency virus type 1 (HIV-1) Pr55%“* gene product directs the assembly of virions at
the inner surface of the cell plasma membrane. The specificity of plasma membrane binding by Pr55%“¢ is
conferred by a combination of an N-terminal myristoyl moiety and a basic residue-rich domain. Although the
myristate plus basic domain is also present in the p17MA proteolytic product formed upon Pr555*¢ maturation,
the ability of p17MA to bind to membranes is significantly reduced. It was previously reported that the reduced
membrane binding of p17MA was due to sequestration of the myristate moiety by a myristoyl switch (W. Zhou
and M. D. Resh, J. Virol. 70:8540-8548, 1996). Here we demonstrate directly that treatment of membrane-
bound Pr55%“¢ in situ with HIV-1 protease generates pl17MA, which is then released from the membrane.
Pr55%¢ was synthesized in reticulocyte lysates, bound to membranes, and incubated with purified HIV-1
protease. The p17MA product in the membrane-bound and soluble fractions was analyzed following proteol-
ysis. Newly generated p17MA initially was membrane bound but then displayed a slow, time-dependent
dissociation resulting in 65% solubilization. Residual p17MA could be extracted from the membranes with
either high pH or high salt. Treatment of membranes from transfected COS-1 cells with protease revealed that
Pr55%“¢ was present within sealed membrane vesicles and that the release of p17MA occurred only when
detergent and salt were added. We present a model proposing that the HIV-1 protease is the “trigger” for a
myristoyl switch mechanism that modulates the membrane associations of Pr55“¢ and p17MA in virions and

membranes.

The assembly of lentiviruses and type C retroviruses occurs
at the plasma membrane and is directed by the viral gag gene
product (34). In human immunodeficiency virus type 1 (HIV-
1), Pr55%*¢ contains an N-terminal myristoyl group and a clus-
ter of positively charged residues that act synergistically to
promote plasma membrane targeting (37, 38). A combination
of a myristate and a basic residue cluster also functions in the
Src tyrosine kinase and in the MARCKS protein as a plasma
membrane binding motif (5, 29). In addition to plasma mem-
brane binding, the functional properties of Pr55%“ responsible
for the production of an infectious virion include recruitment
of the HIV-1 genome and specific viral proteins into budding
virions and processing by HIV-1 protease to generate the
structural proteins of the mature virus (8, 17, 18, 21, 22, 36).

The process of viral maturation occurs during or immedi-
ately following retroviral assembly (19) and involves proteoly-
sis of the Gag protein by the virus-encoded protease. In HIV-1,
processing of Pr55%% by protease generates the following viral
structural proteins (from N to C terminus): matrix (p17MA),
capsid (p24CA), nucleocapsid (p7NC), and p6 (14). Two small
peptides, p2, located between p24CA and p7NC, and pl, lo-
cated between p7NC and p6, have also been described gl)
Additionally, maturation involves processing of Pr1605“7, a
polypeptide synthesized as a result of ribosomal frameshifting
and produced at about 5% the level of Pr55%“¢. Maturation of
Gag-Pol generates the retroviral enzymes protease, reverse
transcriptase, and integrase.
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The localization of each of the products of Pr55%“¢ within the
virion has been determined (13). The matrix protein pl7MA
forms a shell immediately underneath the viral membrane en-
velope. The capsid protein polymerizes to give rise to the
conical structure inside mature viral particles. The nucleocap-
sid is found associated with the viral genome within the mature
viral core, which carries two copies of RNA per viral particle.
The function of the p2 spacer peptide is not well understood,
but it appears to be essential for the correct morphology of the
viral core (1, 26). p6 appears to be essential for the release of
the viral particle from the infected cell (21).

The matrix protein p17MA also plays a role during the early
stages of the HIV-1 viral life cycle. After viral infection and
fusion with the cell plasma membrane, a portion of pl7MA
dissociates from the membrane. A subpopulation is phosphor-
ylated and transported into the nucleus as a component of the
preintegration complex (32). Thus, the matrix region of Gag
displays different subcellular localizations, depending on the
stage of viral infection.

In a previous report from our laboratory, the molecular basis
for the differential membrane binding of Pr55%“ and p17MA
was examined (39). The intrinsic affinity of p17MA for mem-
branes was shown to be three- to fivefold lower than that of
Pr555°¢, despite the fact that both proteins contain the same
combination of N-terminal myristate and basic residues. Se-
quential removal of alpha-helical regions of p17MA restored
plasma membrane binding (39). It was proposed that the my-
ristate moiety was exposed within the context of Pr55%“¢ but
became sequestered within p17MA. This proposal is consistent
with a myristoyl switch mechanism in which a conformational
change regulates exposure of the myristate moiety and the
membrane binding affinity of p17MA during the viral life cycle.
A similar conclusion was reached by other investigators (30).
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The myristoyl group within p17MA can be artificially reex-
posed by internal or C-terminal deletions within p17MA (30,
39). However, we propose that the physiological “trigger” for
the myristoyl switch is cleavage of Pr55%“¢ by HIV-1 protease.
Here, we test this hypothesis by studying the membrane bind-
ing properties of newly generated pl7MA derived directly
from Pr55%“¢ by proteolysis with HIV-1 protease. We show that
p17MA generated in situ from membrane-bound Pr55%“¢ ini-
tially is membrane bound but is slowly released from the mem-
brane into the soluble fraction. Additional experiments with
Gag incorporated into sealed right-side-out membrane vesicles
provide insight into the nature of the membrane association of
p17MA inside the viral particle. These studies effectively re-
produce critical steps of viral maturation in the test tube and
serve as a model for understanding the regulation of differen-
tial membrane binding of HIV-1 Gag.

MATERIALS AND METHODS

Plasmids and reagents. Plasmid pGEM7Z-Pr55, which contains the HXB2
HIV-1 gag open reading frame, was a kind gift from L. Parent and J. W. Wills
(Pennsylvania State University Medical School, Hershey) and was used for re-
ticulocyte lysate synthesis. Plasmid pHXB2gtpABal-D25S, with an internal de-
letion in the HIV-1 Pol open reading frame and an inactivating point mutation
in the protease domain, has been described elsewhere (38). Purified HIV-1
HXB2 protease and anti-p24CA polyclonal antibody were obtained from the
NIH AIDS Research and Reference Reagent Program. Anti-p17MA monoclo-
nal antibody was purchased from Applied Biotechnologies, Inc.

Reticulocyte lysates. Pr55%“¢ was synthesized in vitro by use of a TNT-SP6-
coupled rabbit reticulocyte lysate system (Promega) programmed with
pGEM?7Z-Pr55 in the presence of **S-cysteine (50 Ci; ICN). Reaction mixtures
of 50 pl were adjusted to 0.05% Triton X-100 for 20 min at room temperature
as described previously (38), and insoluble material was removed by ultracen-
trifugation at 100,000 X g. The supernatant was diluted fourfold with NTE buffer
(100 mM NaCl, 10 mM Tris [pH 7.4], 1 mM EDTA, 1 mM dithiothreitol [DTT]
and incubated with COS-1 cell plasma membranes (25 pg/ml) for 2 h at 4°C.
Membrane-bound Pr555%¢ was isolated by ultracentrifugation at 100,000 X g and
used for in vitro protease assays. For experiments involving myristoylation, re-
ticulocyte lysates were programmed with pGEM7Z-Pr55 or pGEM3Z-p17 in the
presence of *H-myristic acid (80 p.Ci; New England Nuclear Corp.), and the
protein was treated as described above. The products were analyzed by sodium
dodecyl sulfate (SDS) gel electrophoresis, and the gels were soaked in 1 M
sodium salicylate prior to fluorography.

Membrane preparations. COS-1 cells were maintained in Dulbecco’s modified
minimal essential medium (Gibco) supplemented with 10% fetal bovine serum
(Gemini). Cells were seeded in 10-cm dishes, and confluent cells were harvested
as described previously (27) to obtain a crude plasma membrane fraction. Briefly,
the cell medium was aspirated, and the cells were washed twice with cold saline.
The cells were scraped off the dishes and swollen in 0.8 ml of hypotonic buffer,
containing 10 mM HEPES (pH 7.5), 5 mM KCl, 1.5 mM MgCl,, and 1 mM DTT.
The cells were homogenized, and the nuclear and mitochondrial fractions were
removed by centrifugation at 10,000 X g for 10 min at 4°C. The S-10 supernatant
was fractionated by ultracentrifugation at 100,000 X g, and the P-100 pellet was
recovered, resuspended in NTE buffer to 0.2 mg of protein/ml, and stored at
—80°C until further use.

Transfections and metabolic labeling. Transfections with plasmid pHXB2
were performed by the DEAE-dextran method (2). At 48 h after transfection,
cells in 10-cm dishes were starved for 1 h in Dulbecco’s modified minimal
essential medium without methionine or cysteine but supplemented with 2%
dialyzed fetal bovine serum (Gibco) and then were labeled for 2 to 4 h in the
same medium containing 50 nCi of 3°S-methionine and **S-cysteine (Tran®>S-
Label; Amersham) per ml. The medium was aspirated, and the cells were washed
three times with cold saline and homogenized in hypotonic buffer as described
above. Membrane-bound Pr55%* was recovered by ultracentrifugation as de-
scribed above.

In vitro HIV-1 protease assays. Membrane preparations containing Pr555%%
were centrifuged at 100,000 X g for 45 min at 4°C, and the membranes were
resuspended in protease assay buffer, containing 50 mM sodium acetate (pH 5.5
at 4°C), 0.1 mM EDTA, 10% glycerol, 5% ethylene glycol, and 1 mM DTT (20).
Typically, 50 ul of reticulocyte lysate (original volume) was resuspended in 25 pl
of protease assay buffer. Pr55%*¢ was then incubated with 4 uM HIV-1 protease
for various times. The reaction was stopped with protease inhibitor cocktail,
containing 1.5 pg each of leupeptin, pepstatin A, and aprotinin (Boehringer) per
ml, 20 pg each of AEBSF, Na-B-tosyl-L-lysine chloromethyl ketone, tolylsulfonyl
phenylalanyl chloromethyl ketone, and benzamidine (Calbiochem) per ml, and
10 mM DTT. The proteolytic products were fractionated by ultracentrifugation
at 100,000 X g for 45 min into soluble and membrane-bound fractions. For rabbit
reticulocyte lysate-synthesized Pr55%%, the proteolytic products were directly
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resolved by SDS gel electrophoresis and autoradiography. For Pr555“¢ expressed
in transfected COS-1 cells, the individual fractions were resolved by SDS-poly-
acrylamide gel electrophoresis (PAGE), and Pr55%%¢, p24CA, and p17MA were
detected by Western blotting with anti-p24CA and anti-pl7MA antibodies.
Quantitation of the autoradiographs was performed with a Storm PhosphorIm-
ager analyzer (Molecular Dynamics).

RESULTS

Proteolysis of membrane-bound Pr55%* in situ. We first
analyzed the membrane binding behavior of p17MA generated
in situ from the Pr55%“¢ precursor. Pr55%“¢ protein was synthe-
sized in rabbit reticulocyte lysates and bound to COS-1 plasma
membranes as described in Materials and Methods. Mem-
brane-bound Pr55%“¢ was resuspended in protease assay buffer
and incubated with HIV-1 protease for various times. The
proteolytic products were separated into soluble and mem-
brane-bound fractions and analyzed by SDS gel electrophore-
sis and autoradiography. The results are illustrated in Fig. 1.
Proteolysis occurred rapidly and was visualized by the loss of
Pr55%“¢ and the appearance of the p17MA and p24CA cleavage
products (Fig. 1A and B). The formation of the processed Gag
products was apparent within 2 min after the addition of the
protease and appeared to be complete by 1 h (Fig. 1B). Both
p17MA and p24CA showed the same time-dependent kinetics
of accumulation, consistent with the fact that they arose by
proteolytic cleavage of a common precursor, p41 (Fig. 1B).

During the time course of the assay, Pr55%“¢ remained en-
tirely membrane bound, while p24CA and a transient p24-p2
intermediate appeared rapidly and exclusively in the soluble
fraction (Fig. 1A and C). In contrast, the membrane binding
properties of pl7MA varied with time. At early times, the
protein was predominantly membrane bound, like Pr55%“¢ (Fig.
1A and C). After an initial lag time, the distribution of p17MA
shifted toward the soluble fraction. The time course of the
release of pl7MA from the membrane was sigmoidal, with
approximately 65% of the protein being released from the
membrane by 2 h. This steady-state distribution of p17MA was
similar to that found for p17MA expressed exogenously in vitro
and in vivo (30, 39).

Myristoylation of Pr55%“¢ and p17MA. Control experiments
were performed to ensure that an alteration of myristoylation
levels was not responsible for the release of p17MA from the
membrane. One possibility was that a subpopulation of Pr555“¢
was not myristoylated and that soluble p17MA was being gen-
erated from a nonmyristoylated Pr55%“¢ precursor. To ensure
that this was not the case, we compared the level of myristoyl-
ation of Pr55%%¢ and p17MA to that of pp60*~*" in reticulocyte
lysates. Proteins were synthesized in the presence of **S-cys-
teine to monitor total protein levels or *H-myristate to monitor
myristoylation. When adjusted for the number of cysteines in
each protein (10 in v-Src, 10 in Pr55%%, and 2 in p17MA), the
levels of incorporation of the *H label on a mole-per-mole
basis were similar for all proteins. Based on previous estimates
of a stoichiometry of 1 mol of myristate incorporated per mol
of Src protein (6) and the similarity between Src and Gag
myristoylation levels depicted in Fig. 2, it is likely that Pr555%¢
is fully myristoylated.

An alternative explanation for the release of p17MA from
the membrane could be a loss of the myristate moiety from the
N terminus of Gag during proteolysis by HIV-1 protease. To
rule out this possibility, Pr55%*¢ was synthesized in reticulocyte
lysates in the presence of *H-myristic acid and cleaved with
protease, and the products were examined by SDS gel electro-
phoresis and fluorography. Although the bands on the fluoro-
graph were weak, both Pr55%% and pl7MA generated from
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FIG. 1. Proteolysis of reticulocyte lysate-synthesized Pr55%%¢ with HIV-1 pro-
tease. (A) Pr55%“¢ was synthesized in reticulocyte lysates as described in Mate-
rials and Methods, bound to COS-1 plasma membranes, and incubated with
purified HIV-1 protease for 0, 5, or 120 min. The proteolytic products were
fractionated by ultracentrifugation into soluble (S) and membrane bound (P),
analyzed by SDS gel electrophoresis, and visualized with a PhosphorImager.
Note the presence of p17MA in the membrane fraction and that of the p24-p2
intermediate in the soluble fraction at 5 min. After 2 h, 65% of pl7MA has
shifted to the soluble fraction. t, time. (B) Generation of p17MA and p24CA
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Pr55%“¢ by protease treatment retained the *H-myristate label
(data not shown).

Taken together, the results shown in Fig. 1 and 2, coupled
with previous work by Zhou and Resh (39), are consistent with
the hypothesis that the cleavage of Pr55%“¢ by HIV protease
triggers a myristoyl switch in which the myristoyl moiety is
sequestered and is no longer accessible for membrane binding.
As a result of this switch, or conformational change, the newly
generated p17MA protein dissociates from the lipid bilayer
and is released into the soluble fraction. One would therefore
expect that p17MA mutants that do not undergo a myristoyl
switch would be resistant to the action of protease and should
not be released from the membrane. To verify this hypothesis,
pl7MA mutants lacking the C-terminal alpha helix (Gag69-
DHFR and Gag97-DHFR) (39) were synthesized in reticulo-
cyte lysates and bound to membranes. Membrane-bound ma-
terial was then treated with HIV-1 protease and reisolated by
ultracentrifugation. As predicted, both Gag69-DHFR (Fig. 3)
and Gag97-DHFR (data not shown) were resistant to the ac-
tion of protease and were not released from the membrane.
This experiment also ruled out any potential indirect effects of
HIV-1 protease on membrane structure, which might indi-
rectly have affected the distribution of p17MA.

Electrostatic forces contribute to the residual membrane
binding of p17MA. Two forces have been shown to mediate the
membrane binding of Pr55%“¢: hydrophobic insertion of myris-
tate into the lipid bilayer and electrostatic interactions of the
basic domain with negatively charged head groups of acidic
phospholipids (38). If a myristoyl switch sequesters the myris-
tate moiety, then only electrostatic forces should contribute to
the residual membrane binding of p17MA. We therefore sub-
jected p17MA to extraction with either high pH or high salt,
conditions that have been used before to extract nonintegral
membrane proteins from membranes (3, 31). Membrane-
bound pl7MA was generated after 10 min of digestion of
Pr55%78 with HIV-1 protease as described above, and the mem-
brane fraction was subjected to extraction as follows. For high
salt, the pl7MA-containing pellet was resuspended in protease
assay buffer containing 1 M NaCl for 30 min on ice. For high
pH, the pellet was resuspended in 0.1 M Na,CO; (pH 9.0) for
30 min on ice. The extraction mixtures were fractionated by
ultracentrifugation into soluble and membrane-bound frac-
tions, and the results were analyzed by SDS gel electrophoresis
and autoradiography. As depicted in Fig. 4A, 50 to 70% of the
pl7MA that was membrane bound after 10 min of protease
treatment could be released from the membrane by extraction
with either carbonate or high salt. In contrast, Gag69-DHFR,
the pl7MA mutant in which the myristate moiety is constitu-
tively exposed, was resistant to extraction from the membrane
by carbonate or salt (Fig. 4B). Pr55%“¢ remained membrane
bound under all conditions, while all of p24CA was released
into the initial soluble fraction. These results imply that newly
generated p17MA behaves as a peripheral membrane protein
which is loosely attached to the membrane bilayer.

COS-1 cell transfections. We also studied the properties of
pl7MA generated from Pr55%“¢ in transfected cells. COS-1
cells were transfected with plasmid pHXB2, and plasma mem-
brane fractions were isolated 48 h later. The membrane frac-
tions were incubated as described above with HIV-1 protease,

after treatment of Pr55%“¢ with HIV-1 protease as a function of time. The time
dependence of p24CA and p17MA generation follows the same kinetics, since
they arise from a common first cleavage intermediate of Pr55%°¢, p39-p41. (C)
Time course of pI7MA and p24CA release from the membrane. The membrane
dissociation of p17MA is slow in comparison to the release of p24CA.
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FIG. 2. Myristoylation of Pr55%°¢ and p17MA. Synthesis of pp60*~", Pr55%%¢, and p17MA in reticulocyte lysates was carried out in the presence of **S-cysteine to
normalize for protein levels (left panel) and with *H-myristic acid to determine relative myristoylation levels (right panel). Lane 1, unprogrammed lysate; lane 2, v-Src;
lane 3, Pr55%; lane 4, p17MA. A nonspecific myristoylated band present in the reticulocyte lysates was evident in all lanes (arrowhead) and migrated just below Src

and Pr555,

and the products were isolated by centrifugation. Surprisingly,
no cleavage of Pr55%“¢ was observed with either HIV-1 pro-
tease or trypsin (data not shown). Since Pr55%° is localized to
the cytosolic side of the cell plasma membrane, we reasoned
that the isolated membrane preparation contained sealed
membranes, with Pr55%“¢ bound to the inner surface of the
membrane vesicles. The orientation of Pr55%“¢ inside these
sealed vesicles is thus identical to that of Pr55%“¢ in virus par-
ticles. Access of externally added protease to Pr55%¢ should be
achieved by gentle permeabilization of the vesicles. As de-
picted in Fig. 5, the addition of 0.1% Triton X-100 to the
membranes resulted in the proteolytic cleavage of Pr55%“¢ and
the generation of p24CA and pl17MA. All of the residual
Pr55%*¢ remained in the membrane fraction, while most of

Pr55gag Gag69-DHFR
C +PR C + PR

T 1T " 17 1
p17SP SP SP SP
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-

FIG. 3. Gag69-DHFR is not released from the membrane by HIV protease.
Pr55gag and Gag69-DHFR, a p17MA mutant containing the first 69 amino acids
of Gag fused to dihydrofolate reductase (DHFR), were synthesized in reticulo-
cyte lysates, bound to membranes, and treated (+ PR) or not treated (C) with
HIV-1 protease for 2 h. Membranes were reisolated, and membrane-bound (P)
and soluble (S) fractions were analyzed by SDS-PAGE and autoradiography.
Reticulocyte lysate-synthesized *°S-p17MA was used as a molecular weight
marker (p17, left lane).
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p24CA was released into the soluble fraction. However, little
release of pl7MA from the membrane was observed under
these conditions.

Since p17MA was being generated on the inner surface of a
closed membrane vesicle, it was possible that any released
protein was rapidly reattaching to the membrane. We there-
fore included 0.5 M NaCl during the proteolysis and centrifu-
gation steps in order to neutralize electrostatic interactions
that could contribute to reattachment of p17MA to the mem-
brane. As depicted in Fig. 5, 50% of the pl17MA was now
released from the membrane. Pr55%¢ remained entirely mem-
brane bound, while nearly all of p24CA was soluble. The same
results were obtained when 0.5 M salt was added to the reac-
tion mixtures between proteolysis and subsequent fraction-
ation. Thus, the effect of the salt is to enhance the release of
already soluble, but trapped, pl7MA from the inner surface of
sealed plasma membrane vesicles. The release of pl7MA from
detergent- and salt-treated membrane vesicles is identical to
the results obtained in Fig. 1; in that experiment, Pr55%*¢ and
HIV protease were added to the external surface of membrane
vesicles. We conclude that cleavage of Pr55%“¢ by HIV-1 pro-
tease generates a form of p17MA that is loosely attached to the
membrane bilayer by electrostatic interactions. In the context
of a closed system, namely, a sealed plasma vesicle or a virion
particle, p17MA may remain mostly membrane associated be-
cause diffusion is limited and the local p17MA concentration is
high. Once infection and fusion with a host cell membrane
have occurred, p17MA is likely to be released from the mem-
brane into the cytosol.

DISCUSSION

A myristoyl switch regulates the membrane binding of Gag.
Pr55%“¢ plays a crucial role in the late stages of the HIV-1 life
cycle by promoting virus assembly and budding at the cell
plasma membrane. Plasma membrane binding is conferred by
the combination of two signals: myristate and a positively
charged basic residue domain in the N-terminal region of
Pr55%%¢. Studies of several N-myristoylated proteins have
shown that neither signal alone is sufficient to stably anchor a
protein to a lipid bilayer (5, 24). However, when present to-
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FIG. 4. Extraction of pl7MA from membranes. (A) Pr55%* was synthesized
in reticulocyte lysates, incubated with COS-1 cell membranes, and treated or not
treated (C lanes) with HIV-1 protease for 10 min to generate membrane-bound
pl7MA. The products were fractionated by ultracentrifugation into soluble (S)
and membrane bound. The membrane fraction was subsequently extracted with
0.1 M Na,COj; (pH 9) (CO3 lanes) or with buffer containing 1 M NaCl (1 M
NaCl lanes). The extraction mixtures were then refractionated into soluble (S")
and membrane bound (P’), and the products were resolved by SDS-PAGE and
visualized by PhosphorImager analysis. Note that under these conditions, Pr555%¢
was not completely digested and could be detected in the membrane fraction. A
marker for *S-labeled p17MA is included in the last lane. (B) Membranes
containing Pr55%“¢ or Gag69-DHFR were treated with HIV-1 protease and either
carbonate or salt as described in panel A. Note that Gag69-DHFR did not
undergo proteolysis and was not released from the membrane fraction (P’).

gether in the same polypeptide chain, myristate and the basic
domain act in synergy to promote strong membrane binding.
Studies from this laboratory have demonstrated that Pr555% is
membrane bound because both the myristate and the basic
domain are exposed (38, 39). We propose that a myristoyl
switch results in the sequestration of the myristoyl moiety in
p17MA, leaving only the basic domain exposed. Nuclear mag-
netic resonance and X-ray crystallographic studies have con-
firmed that the basic domain of pl7MA is arranged as a
B-pleated sheet exposed to the solvent (16, 23). The disposition
of the myristate moiety in the three-dimensional structure of
pl7MA remains unknown, as only nonmyristoylated p17MA
has been analyzed. However, cryoelectron microscopy of im-
mature HIV-1 particles has indicated that a conformational
change occurs within the matrix region upon Gag cleavage and
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that the structure of the matrix domain in Pr55%“ is different
from that of isolated p17MA (10).

Cleavage by protease triggers the myristoyl switch. In this
study, we present evidence to support the hypothesis that the
cleavage of Pr55%“¢ by HIV-1 protease is the trigger for the
myristoyl switch. In previous studies involving p17MA, exog-
enously produced protein which has already undergone the
myristoyl switch was examined (30, 39). The advantage of gen-
erating pl7MA from Pr55%“¢ in situ is that it allows a direct
comparison of differences in membrane affinity between the
precursor and the newly processed product. This comparison
provides a unique view of the dynamic interactions of p17MA
with the membrane, since it is within this context that the
changes in p17MA membrane affinity become apparent as a
function of time.

Proteolytic treatment of Pr55%“¢ for various times allowed us
to perform kinetic analyses of the membrane binding behaviors
of both the precursor and the newly generated cleavage prod-
ucts. During the course of the assays, Pr55%“¢ remained mem-
brane bound at all times, while p24CA was immediately re-
leased from the membrane. Thus, p24CA and Pr55%% served as
internal controls for soluble and membrane fractions, respec-
tively. An intermediate cleavage product, p39-p41, correspond-
ing to the N-terminal MA-CA-p2 fragment of Pr55%%, was
transiently seen in the membrane fraction (data not shown).
Initially, p17MA remained with the membrane fraction, con-
sistent with the fact that it is generated from a membrane-
bound precursor. In time, however, pl7MA underwent a slow
dissociation to become 65% soluble. The time course of
pl7MA membrane dissociation proceeded with an initial lag at
early times to give an overall sigmoidal shape to the curve,
consistent with a slow event occurring before the membrane
dissociation step. It is likely that this slow event corresponds to
the conformational changes associated with the myristoyl
switch.

Electrostatic forces hold p17MA in the membrane. After
undergoing the myristoyl switch, p17MA could be detached
from membranes further by use of conditions that neutralize
the electrostatic component of membrane binding. This neu-
tralization was accomplished by increasing the pH or by adding
high salt to the buffer. (Fig. 4). The results indicated that the
forces which hold p17MA to the bilayer are predominantly
electrostatic, in accord with the study of Ehrlich and coworkers
(9). In contrast, Pr55%*¢ remained membrane bound at all times
during the extractions, indicating that additional factors con-
tribute to its membrane binding. Insertion of myristate into the
lipid bilayer aids in maintaining Pr55%“¢ in the membrane and
in conferring resistance of Pr55%“ to salt extraction (31). In
addition, the stronger binding of Pr55%“¢ to membranes likely is
mediated by regions of Gag downstream from the membrane
binding domain. Other investigators have described regions of
Gag outside of the matrix domain which contribute to Gag
membrane binding (25, 28). Moreover, the higher-order pro-
tein-protein interactions that take place during viral assembly
through the capsid and the nucleocapsid domains (15) likely
further stabilize the membrane binding of Pr55%“%.

p17MA remains membrane bound in a closed vesicular sys-
tem. In reticulocyte lysates, Pr55%“¢ is synthesized as a soluble
protein and is then bound to exogenously added membranes.
In vitro-translated Pr55%“¢ is therefore bound to the external
surface of membrane vesicles. However, in cells, newly synthe-
sized Pr55%¢ is inserted into the inner leaflet of the plasma
membrane which, after particle formation, becomes the inner
leaflet of the virion. In order to monitor the cleavage of Gag
localized to its physiologic site, we examined the membrane
binding behavior of Pr55%*¢ derived from cell plasma mem-
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FIG. 5. Proteolytic cleavage of Pr55%“¢ in transfected COS-1 cell membranes. COS-1 cells were transfected with pHXB2gtpABal-D25S, and the plasma membrane-
enriched fraction was isolated as described in Materials and Methods. Membranes were incubated (+ PR) or not incubated (— PR) with HIV-1 protease in the presence
of 0.1% Triton X-100. The reactions were performed in the absence of salt addition or with 0.5 M NaCl added during or immediately after (last two lanes) proteolysis.
The products were fractionated into soluble (S) and membrane bound (P) and resolved by SDS gel electrophoresis. p17MA was visualized by Western blotting (WB)
with anti-p17MA monoclonal antibody (bottom panel). The blot was stripped and reprobed with anti-p24CA antibody to detect Pr55%*¢ and p24CA (top panel).

branes. Isolation of plasma membrane fractions from trans-
fected COS-1 cells revealed that Pr55%“% was resistant to pro-
teolytic cleavage unless low concentrations of detergent were
present. This result implies that the membranes were present
as sealed vesicles, with all of the Pr55%“¢ located inside the
vesicles. A similar result was obtained with Moloney murine
leukemia virus Gag (33) and is consistent with the finding that
homogenization of the plasma membrane from cultured cells
mainly yields “right-side-out” vesicles (7). The orientation of
Pr55%¢ in plasma membrane vesicles thus mimics that which
occurs in viral particles.

The persistent binding of p17MA to permeabilized COS-1
cell plasma membranes (Fig. 5A) was in clear contrast to the
results obtained with the reticulocyte lysate system (Fig. 1).
Longer incubation in the presence of detergent but without salt
was insufficient to release pl7MA into the soluble fraction
(data not shown), indicating that the time of incubation was
not limiting for the release of p17MA. Instead, it is likely that
protein-protein interactions contribute to maintaining the
binding of pl17MA to the inner leaflet of vesicles and viral
particles. The high level of Pr55%“® overexpression in trans-
fected COS-1 cells coupled with the relatively small size of a
plasma membrane vesicle (7) mimic the environment of a viral
particle. Assuming an average diameter of 140 nm for viruslike
particles (13, 34) and the localization of p17MA within a sector
underneath the membrane of 70 A, as seen by cryoelectron
microscopy (10), one can calculate the internal accessible vol-
ume of a particle to be 107> ml. With an estimated 1,200
capsid subunits per particle in electron micrographs (14), the
concentration of p17MA in viral particles is approximately 2
mM. A similar calculation, assuming a bilayer width of 30 A
and an average phospholipid surface area of 70 A2 (35), reveals
that the effective phospholipid concentration inside a virion is
on the order of 100 mM. The relatively weak electrostatic
component contributed by one pl7MA monomer could be
amplified if p17MA were to oligomerize in the presence of a
high phospholipid concentration. Indeed, the crystal structure
of p17MA reveals the presence of a p17MA trimer with a large

membrane binding surface composed of exposed basic residues
(16). Thus, when situated within a small closed system (virion
or membrane vesicle), even though p17MA has undergone a
myristoyl switch, the protein is unlikely to dissociate from the
membrane.

Several studies have now examined the subcellular localiza-
tion of p17MA expressed in different contexts. When p17MA
is expressed alone in transfected cells, approximately 60 to
70% of the protein is cytosolic (30, 39). A similar distribution
is observed when the binding of p17MA to artificial phospho-
lipid vesicles is monitored (9, 39). While some studies with
HIV-1-infected cells have demonstrated that the majority of
p17MA remains membrane associated and that only a small
percentage is released into the cytosol (4, 11, 12), others (30)
have detected significant levels of p17MA in the cytoplasm of
the HIV-1-infected HY/IIIB cell line. The differences in the
absolute levels of soluble, cytoplasmic pl7MA among these
reports may be due to the use of different cell types, different
membrane preparation methods, or differences in the levels of
Gag protein expression and/or phosphorylation in the various
systems. In addition, unique properties of HIV-1-infected cells
may contribute to the preferential retention of p17MA in the
plasma membrane. However, the common feature of all these
studies is the finding that the membrane binding affinity of
p17MA is weaker than that of its parent Pr55%“¢ precursor.

A model for reversible membrane binding of HIV-1 Gag.
The results of this study and of others can be incorporated into
a model for the membrane interactions of Pr55%“¢ and p17MA.
Pr555¢ is targeted to and binds to the plasma membrane dur-
ing the late stage of the HIV-1 life cycle by a combination of a
myristate and a basic residue motif. As the local concentration
of Pr55%“¢ molecules in the membrane increases, viral assembly
is initiated. The dramatic increase in the local concentration of
Pr55%¢ introduces rigidity to the plasma membrane, which
bulges outward to form a budding particle. Gag-Gag interac-
tions occurring during viral particle assembly contribute fur-
ther to stabilizing Pr55%“ in the membrane and to facilitating
the incorporation of other viral components via interactions
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with domains of the Pr55%“¢ polypeptide downstream from the
matrix domain. When assembly is completed, a nearly spheri-
cal virion pinches off the cell membrane. During or after as-
sembly, the viral protease becomes activated and processes
Pr55% to give rise to the structural proteins. At some point
during this process, pl7MA undergoes a conformational
change, thereby internalizing its myristate moiety. p17MA re-
mains attached to the viral membrane envelope by electrostatic
interactions, which are reinforced by protein-protein interac-
tions due to high protein concentrations. As the virus infects a
new cell and fuses with the cell plasma membrane, the particle
opens and pl7MA becomes exposed to a relatively large dilu-
tion of cytosol, compared to the constraints encountered
within the viral particle. The effective pl7MA protein and
phospholipid concentrations are reduced, and pl7MA then
dissociates from the membrane into the cytosol.
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