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Mason-Pfizer monkey virus (M-PMV) capsids that have assembled in the cytoplasm must be transported to
and associate with the plasma membrane prior to being enveloped by a lipid bilayer during viral release.
Structural studies have identified a positive-charge density on the membrane-proximal surface of the matrix
(MA) protein component of the Gag polyprotein. To investigate if basic amino acids in MA play a role in
intracellular transport and capsid-membrane interactions, mutants were constructed in which lysine and
arginine residues (R10, K16, K20, R22, K25, K27, K33, and K39) potentially exposed on the capsid surface were
replaced singly and in pairs by alanine. A majority of the charge substitution mutants were released less
efficiently than the wild type. Electron microscopy of mutant Gag-expressing cells revealed four distinct
phenotypes: K16A and K20A immature capsids accumulated on and budded into intracellular vesicles; R10A,
K27A, and R22A capsid transport was arrested at the cellular cortical actin network, while K25A immature
capsids were dispersed throughout the cytoplasm and appeared to be defective at an earlier stage of intracel-
lular transport; and the remaining mutant (K33A and K39A) capsids accumulated at the inner surface of the
plasma membrane. All mutants that released virions exhibited near-wild-type infectivity in a single-round
assay. Thus, basic amino acids in the M-PMV MA define both cellular location and efficiency of virus release.

Mason-Pfizer monkey virus (M-PMV), an immunosuppres-
sive betaretrovirus, catalyzes the membrane envelopment of a
preassembled spherical protein shell (capsid) to release infec-
tious virions. In contrast, viruses such as human immunodefi-
ciency virus type 1 (HIV-1) simultaneously assemble an imma-
ture capsid and extrude the plasma membrane (20). The
presence of myristic acid and a basic domain on many retro-
viral matrix (MA) proteins has led to the hypothesis that a
bipartite signal initiates the molecular interactions necessary
for a myristylated Gag polyprotein to associate with the plasma
membrane and instigate the processes of capsid assembly and
budding (C-type morphology) or membrane extrusion (B/D-
type morphology) (5, 65, 66).

M-PMV assembles capsids from its Gag polyproteins in a
pericentriolar region of the cytoplasm prior to transport to the
plasma membrane and viral budding (49). Transport of capsids
from the assembly site to the plasma membrane is dependent
on a functional endosomal pathway, and release of capsids is
seven times more efficient in the presence of the viral envelope
glycoprotein (48). The envelope glycoprotein must enter the
endosomal pathway, following cleavage into the surface (gp70)

and transmembrane (gp22) subunits in the Golgi body, in or-
der to be incorporated into capsids (50, 52).

The M-PMV MA is comprised of four helical domains ar-
ranged in two perpendicularly aligned pairs, with two distinct
positively charged regions located on opposite sides of the
molecule (7). The positively charged region which contains
basic side chains of amino acids from helices A and B is
analogous to the N-terminal positive-charge region seen in the
MA structures of HIV-1 (19, 59) and simian immunodeficiency
virus (35). Unlike the latter retroviruses, which simultaneously
assemble their protein shell and extrude the plasma mem-
brane, M-PMV must wrap the lipid bilayer around a 90-nm
preformed protein shell. We have hypothesized previously (40,
56) that a driving force for this wrapping process could be the
exposure and insertion of the 14-carbon saturated fatty acid
(myristate) moiety, which is covalently attached to a glycine
residue at position 2 of the Gag polyprotein, into the plasma
membrane. Myristylation of MA is not required for immature
capsid assembly but is needed for transport and release of
capsids; a glycine-to-valine mutant that is defective for myristic
acid attachment assembles capsids, but these remain at a peri-
nuclear region of the cell (41). MA mutants that have a more
hydrophobic core are myristylated and transported to the
plasma membrane but are defective at an early stage of bud-
ding. The phenotype of these mutants is consistent with the
hypothesis that myristic acid is sequestered within the MA
domain upon capsid assembly to yield a protein conformation
that is conducive for both capsid transport and initiation of
envelopment at the plasma membrane (40, 56).

Protein sequestration of an attached myristic acid moiety
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was first observed in nuclear magnetic resonance analyses of
recoverin, a myristylated cellular protein found in retinal rod
cells (37). These studies showed that the N-terminal myristate
moiety was buried within the protein in the absence of calcium
and extruded from the protein when calcium was bound (1, 58,
67). A similar but distinct myristyl switch mechanism has been
described for the myristylated alanine-rich protein kinase C
substrate (MARCKS) protein (22, 47). In this case, myristate is
sequestered within the protein core prior to an electrostatic
interaction of the positively charged, basic effector domain
(residues 151 to 175) of MARCKS with acidic phospholipid
head groups on the inner leaflet of the plasma membrane (13,
36, 57, 60, 62).

The presence of myristic acid and a basic domain on many
retroviral MA proteins favors an electrostatic switch mecha-
nism similar to that of the MARCKS protein during Gag-
membrane interactions (7, 30, 34, 35, 55, 59). Covalent attach-
ment of myristate to the matrix domain of HIV-1 Gag is
required for the Gag polyprotein to multimerize and assemble
capsids at the plasma membrane (5, 14). A deletion mutation
that disrupts the structure of the HIV-1 matrix domain without
altering myristylation redirects capsid assembly and membrane
extrusion to the endoplasmic reticulum (10). Moreover, HIV-1
capsid assembly is redirected to multivesicular bodies when
basic residues on the outer surface of the matrix domain are
replaced with acidic residues (29) or when hydrophobic resi-
dues that face the core of the MA domain are replaced with
less-hydrophobic residues (11, 27). These biochemical data
suggest that myristylation and positive-charge residues in the
MA domain of HIV-1 Gag direct protein association with the
plasma membrane.

In a manner similar to that of the MARCKS protein, which
is triggered to associate with the plasma membrane following
interaction with acidic phospholipids, the cellular location at
which HIV-1 assembles and buds also appears to be depen-
dent on a phospholipid—phosphoinositol-4,5-bisphosphate
[PI(4,5)P2]. Depletion of this molecule from the plasma mem-
brane or enrichment at intracellular membranes alters HIV-1
Gag accumulation and budding to an intracellular site (26).
Moreover, recent in vitro studies have shown that PI(4,5)P2

interacts directly with HIV-1 MA, inducing a conformational
change in the protein which results in myristate exposure (43).
Thus, it is possible that, in the case of retroviral budding, the
basic residues on the membrane-proximal surface of the MA
protein interact with PI(4,5)P2 to initiate the process of myris-
tate extrusion.

Although the structural studies above are consistent with a
myristyl-switch mechanism that is triggered by phospholipid
binding, M-PMV provides a unique system to investigate the
role of basic residues in the MA domain of Gag in both intra-
cellular trafficking and membrane envelopment since capsid
assembly, transport, and budding are discrete events. To fur-
ther investigate the hypothesis that positively charged amino
acids of the M-PMV MA interact electrostatically with the
inner leaflet of the plasma membrane to facilitate membrane
extrusion, we have replaced arginine and lysine residues in
helices A and B, singly and in pairs, with the neutral amino acid
alanine. These mutants fall into four major phenotypes: those
defective for intracellular transport, those that associate with
and bud into intracellular vesicles, those that are arrested at

the cortical actin layer adjacent to the plasma membrane, and
those that are arrested at an early stage of plasma membrane
association. These results demonstrate that basic amino acid
residues in M-PMV MA influence multiple steps in intracel-
lular targeting and transport as well as facilitate electrostatic
capsid-membrane interactions required to initiate membrane
envelopment.

MATERIALS AND METHODS

Cells and antibodies. COS-1 and 293T cells were obtained from the American
Type Culture Collection (Manassas, VA) and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (HyClone
Laboratories, Logan, UT), 100 U/ml penicillin G sodium, and 100 �g/ml strepto-
mycin sulfate (Gibco BRL, Rockville, MD). Anti-M-PMV mouse monoclonal anti-
body 10.10, which binds to the p12 domain of M-PMV Gag, was used at a concen-
tration of 20 �g/ml (44). Polyclonal rabbit anti-Pr78 (M-PMV Gag) serum 3493 (44)
was diluted 1:500. The mouse monoclonal anti-CD63 antibody (clone H5C6) was
used at a concentration of 1 �g/ml (BD Biosciences, San Jose, CA). Fluorescein
isothiocyanate–goat anti-rabbit immunoglobulin G was purchased from Zymed Lab-
oratories (San Francisco, CA). Alexa Fluor 594–goat anti-mouse immunoglobulin G
was purchased from Molecular Probes Inc. (Eugene, OR).

Construction of plasmids and mutant proviruses. Mutant derivatives of the
M-PMV proviral vector were constructed using pNCS (56), a plasmid containing a
gag fragment corresponding to nucleotides 351 to 1167 of pSARM4 (51). The
desired codon(s) was generated in pNCS by PCR-directed mutagenesis. For each
single mutant, a pair of complementary and reverse-oriented mutagenic primers with
a 2-bp change compared to the wild-type sequence was designed. The sequences of
the mutagenic oligonucleotides used were as follows: R10A, 5�-GCAGGCTTTAG
CGACAGGGGGAG-3�; K16A, 5�-GAACAATTGGCGCAGGCTTTAAAG-3�;
K20A, 5�-GCAGGCTTTAGCGA-CACGGGGAG-3�; R22A, 5�-GGCTTTAAAG
ACAGCGGGAGTAAAGG-3�; K25A, 5�-GACACGGGGAGTAGCGGTTAAA
TATGC-3�; K27A, 5�-GGGAGTAAAGGTTCATAT-GCTGATC-3�, K33A, 5�-G
CTGATCTTTTGGCATTTTTTTGATTTTGTGAAGG-3�, and K39A, 5�-GATT
TTGTGGCGGATACTTGTC-3�. Double mutants, with the exception of K20A/
R22A (5�-GGCTTTAGCGACAGCGGGAGTAAAGG-3�), R22A/K25A (5�-GA
C-AGCGGGAGTAGCGGTTAAATATGC-3�), and K25A/K27A (5�-GACACG
GGGAGTAG-CGGTTGCATATGCTG-3�), were generated by including two
single mutagenic primer pairs in the PCR. Multiple-round PCR using Pfu-Turbo
DNA polymerase (Stratagene, La Jolla, CA) incorporated the mutation from the
primers into the pNCS plasmid. Following amplification, the PCR product was
digested with DpnI to remove the methylated wild-type template, leaving the mu-
tated pNCS vector intact. The nucleotide sequence of the mutated region of each gag
construct was determined to confirm that the desired base pair changes were intro-
duced. Subsequently, the EagI-to-PacI mutated M-PMV gag fragment correspond-
ing to nucleotides 407 to 750 was reengineered into the M-PMV proviral expression
vector pSARM4.

For the single-round infectivity assay, the M-PMV mutants constructed above
were cloned into the pSARM-EGFP (enhanced green fluorescent protein) vec-
tor (25) via the EcoRI (nucleotide 8217)-to-SacI (nucleotide 1163) fragment of
the pSARM4 expression vector.

Metabolic labeling and immunoprecipitation of Gag. 293T cells were trans-
fected with wild-type or mutant proviral constructs by the Fugene 6 method
(Roche Molecular Biochemicals, Indianapolis, IN). Approximately 24 h post-
transfection, 293T cells expressing the wild-type or mutant M-PMV viral proteins
were starved for 10 min with methionine- and cysteine-deficient DMEM (Gibco)
and then pulse-labeled for 15 min at 37°C with 100 �Ci of [35S]methionine-
[35S]cysteine protein-labeling mix (Perkin-Elmer NEN, Boston, MA). The ra-
dioactive medium was removed at the end of the pulse period; cells were then
chased in complete DMEM for 1, 2, 4, or 24 h. Pulse cells were washed with cold
Tris-buffered saline and lysed in 200 �l of 1% sodium dodecyl sulfate (SDS) in
phosphate-buffered saline (PBS) for 5 min at room temperature. Cell lysates
were then scraped from the well, transferred to Eppendorf tubes, and boiled for
5 min. The volume of each cell lysate was then adjusted to 1 ml by adding 800 �l
of lysis buffer A (1% Triton X-100, 1% sodium deoxycholate, 0.05 M NaCl, 0.025
M Tris, pH 8.0). RNase-free DNase (10 U; Stratagene) was added to each lysate
prior to a 1-h incubation at room temperature. Chase cells were processed in the
same manner as the pulse cells. The culture medium of the chase cells was
filtered through a 0.45-�m-pore-size filter and then adjusted to contain 1%
Triton X-100, 1% sodium deoxycholate, and 0.1% SDS. Viral proteins were
immunoprecipitated from the pulse, chase, and chase cell media with polyclonal
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rabbit anti-Pr78 (M-PMV Gag) serum 3493 (44) and separated by SDS-poly-
acrylamide gel electrophoresis (PAGE).

Quantitation of Gag polyprotein processing and release. The SDS-polyacryl-
amide gels were dried, and the radiolabeled protein bands were quantitated on
a Packard Cyclone system using OptiQuant software (Perkin-Elmer, Shelton,
CT). For each time point, band intensities for Pr78 (Gag), Pr95 (Gag-Pro), Pr180
(Gag-Pro-Pol), and p27 (CA) were acquired for pulse-labeled cells, pulse-chase
cells, and the chase culture medium. The quantitated results of individual band
intensities were adjusted to reflect the number of methionine residues present in
each protein; the number was divided by the sum of the adjusted band intensities
and then multiplied by 100 to calculate the percentage of each individual protein.
The percent total Gag precursor is the summation of the percent Pr78 (Gag),
Pr95 (Gag-Pro), and Pr180 (Gag-Pro-Pol). The percent total CA is the summa-
tion of the percent p27 associated with the pulse-chase cells and released into the
culture medium. The calculations assume that all labeled Gag is incorporated
into mature virions and does not take into consideration labeled Gag proteins
that undergo degradation. These calculations are sufficient to compare changes
in the rate of Gag processing for mutant M-PMV Gag to changes in that for
wild-type M-PMV Gag.

For analysis of virus release, the intensity of the p27 band present in culture
supernatants was quantitated for each time point and normalized to the intensity
of the Pr78 band in the pulse-labeled cells, based on the number of methionine
residues in each.

Electron microscopy. COS-1 cells transiently expressing the wild-type or mu-
tant M-PMV proviral constructs were grown as a monolayer on 13-mm Ther-
monox plastic coverslips (Nunc, Rochester, NY) and fixed for 4 h in freshly
prepared 2.5% glutaraldehyde in 0.1 M cacodylate buffer. The cells were post-
fixed in 1% osmium tetroxide, dehydrated in an ethanol series (30, 50, 70, 80, 90,
and 100%), and embedded in fresh EMBED 812 resin in a labeled Beem capsule.
Ultrathin sections (90 to 100 nm) of COS-1 cells expressing wild-type and mutant
M-PMV were cut with a diamond knife on an RMC MT 7000 Ultramicrotome
and picked up on 200-mesh copper grids. Several sections were collected onto
multiple grids for each sample. A JEOL JEM-1210 analytical transmission elec-
tron microscope operated at 90 kV was used to view the sections. For each
sample three to seven transfected cells were identified and images of M-PMV
capsids with the cell were captured on film. The developed negatives were then
scanned with an AGFA Duoscan T2500 scanner to generate high-resolution
image files. Adobe Photoshop CS was then used to adjust the black, white, and
gray tonal ranges of the images for better visualization of M-PMV capsids within
the cell.

Immunofluorescence microscopy. Indirect immunofluorescent staining was
carried out as described previously (56) with the following modifications. To look
at the distribution of wild-type and mutant Gag proteins in conjunction with
cellular Rab-GFP fusion proteins, COS-1 cells were transfected with wild-type or
mutant M-PMV constructs and Rab11-GFP, Rab4-GFP, Rab5-GFP, or Rab7-
GFP (54). The cells were grown on no. 1.5 12-mm glass coverslips (Fisher,
Pittsburgh, PA) for 24 h and then fixed at room temperature for 15 min in freshly
prepared 4% formaldehyde (Tousimis, Rockville, MD) in PBS. For primary
antibody staining, coverslips were incubated in 100 �l of 20-�g/ml (anti-M-PMV
Gag) monoclonal antibody 10.10 diluted in PBS containing 2.5% goat serum
(Abcam, Cambridge, MA) and 0.2% Tween 20 (Sigma) for 45 min at 37°C. Since
the GFP fluorescence from the Rab-GFP fusion proteins was not quenched in
these experiments, a primary anti-GFP antibody was not used. The coverslips
were mounted in Prolong antifade reagent (Invitrogen, Carlsbad, CA) to prevent
quenching of the fluorescence signal. The distribution of wild-type and mutant
Gag and CD63, a member of the tetraspanin transmembrane 4 superfamily
found on multivesicular bodies (9, 12), was examined as follows. COS-1 cells
expressing wild-type or mutant M-PMV proviral constructs were fixed as de-
scribed above and then permeabilized and blocked with 5% goat serum in PBS
containing 0.2% Tween 20. Coverslips were incubated in a primary antibody
mixture (100 �l) containing a 1:500 dilution of a rabbit polyclonal anti-M-PMV
Gag antibody and a 1-�g/ml human anti-CD63 monoclonal antibody diluted in
PBS containing 5% goat serum and 0.2% Tween 20. For secondary antibody
staining, coverslips were incubated in 100 �l of a 20-�g/ml Alexa 594–goat
anti-mouse immunoglobulin G antibody and a 6-�g/ml fluorescein isothiocya-
nate-labeled goat anti-rabbit immunoglobulin G antibody diluted in PBS con-
taining 5% goat serum in 0.2% Tween 20. Coverslips were mounted in Prolong
antifade reagent. Images were visualized with a multiple-wavelength, wide-field,
three-dimensional microscopy system (Intelligent Imaging Innovations, Denver,
CO), which was based on a Zeiss 200 M inverted microscope (Carl Zeiss,
Thornwood, NY). Immunofluorescent samples were visualized using a 63� oil
objective with a numerical aperture of 1.4. Images of successive 0.2-�m optical
sections were captured with a cooled Coolsnap HQ charge-coupled device cam-

era which contained an Orca-ER chip. A standard Sedat filter set (Chroma
Technology, Rockingham, UT) was used to eliminate cross talk of fluorescent
emissions. The images were deconvoluted using the constrained iterative algo-
rithm (46) and analyzed using Slidebook software (Intelligent Imaging Innova-
tions).

Single-round infectivity assay. 293T cells were plated in vented T75 flasks at
a density of 1.3 � 106 cells. Twenty-four hours later, they were cotransfected by
the Fugene 6 method with both the pSARM-EGFP expression vector, containing
either the wild-type or the mutant gag gene, and the glycoprotein expression
vector pTM0 (4). At 72 h after cotransfection, culture supernatants were col-
lected and filtered through a 0.45-�m filter. Capsid protein (p27) for each sample
was normalized by Western blotting, and the volume of culture supernatant used
to infect COS-1 cells was adjusted such that equivalent amounts of virus were
added for wild type and each mutant. After 48 h, the cells were washed twice with
PBS, and 500 �l of PBS-1 mM EDTA was added to resuspend the cells. A final
concentration of 4% paraformaldehyde in PBS was used to fix the cells prior to
analysis of GFP expression on a BD FACSCalibur flow cytometer.

Release of wild-type and K16A capsids from cells depleted of plasma mem-
brane pools of PI(4,5)P2. Pulse-chase experiments were executed as described
under “Metabolic labeling and immunoprecipitation of Gag” with the following
modification. Cells were transfected with a 5:1 ratio of vectors containing the
gene for either the wild-type phosphoinositide (PI)-5-phosphatase IV enzyme or
the inactive delta-1 derivative (26) and proviral vectors of either wild-type or
K16A M-PMV. Release of virus was quantitated as described previously.

RESULTS

Construction of mutants for arginine and lysine residues in
M-PMV Gag matrix domain. To investigate the role of posi-
tively charged amino acids in the matrix domain of M-PMV
Gag in intracellular transport and capsid-membrane interac-
tions, two arginine residues (R10 and R22) and six lysine res-
idues (K16, K20, K25, K27, K33, and K39) were replaced
individually and in pairwise combinations with the smaller,
nonpolar alanine residue (Fig. 1A). The van der Waals elec-
trostatic potential map generated in Swiss-PDB viewer (http:
//www.expasy.org/spdbv/) (16) predicts a large density of posi-
tive charge on helices A and B of the matrix protein (7) (Fig.
1B), in which the side chains of R10 and R22 are oriented to
the outermost surface of helix A, side chains of K16 and K20
are on the opposing side of helix A from R10 and R22, lysine
residues at positions 25 and 27 are in the loop between helices
A and B, and K33 and K39 are located in helix B (Fig. 1C). The
confirmed M-PMV MA mutants R10A, K16A, K20A, R22A,
K25A, K27A, K33A, K39A, R10A/K16A, K16A/K20A, K20A/
R22A, R22A/K25A, K25A/K27A, K27A/K33A, and K33A/
K39A as well as the previously described matrix mutant R55W
(39) and the wild type were studied in the context of an infec-
tious provirus.

Synthesis, expression, and release of wild-type and mutant
M-PMV Gag. The synthesis and stability of wild-type and mu-
tant Gag polyproteins with a decreased positive charge in the
MA domain were assayed in a pulse-chase experiment. 293T
cells transfected with wild-type and mutant proviral constructs
were pulse-labeled with [35S]methionine and then chased for 1
and 4 h in complete medium. Cell lysates from pulse-labeled
cells and pulse-chase cells, as well as culture medium from the
latter, were collected. M-PMV gag gene products were immu-
noprecipitated as described in Materials and Methods and
then subjected to SDS-PAGE and imaged using a Cyclone
phosphorimager. During the pulse, M-PMV Gag polyprotein
(Pr78) was synthesized at similar levels for the wild type and
each of the mutants (Fig. 2A). After a 4-h chase, the mutant
Gag polyprotein precursors varied significantly in the extent to
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which they were processed into mature products. Mutants
R10A, R22A, K25A, and K27A and six of the seven double
mutants exhibited much higher levels of residual Pr78 in the
pulse-chase cell lysates than did the wild type or the other
single mutants (Fig. 2B). As shown below, these processing-
deficient mutants are defective in virion release, consistent
with our previous observation that the Gag polyprotein is pro-
teolytically cleaved only after release of virions (3, 31, 53) and
that Gag is not cleaved in mutants blocked in a late stage of
budding (40, 64).

Release of virus was assessed by calculating the percentage
of the Gag precursor proteins immunoprecipitated from the
pulse-labeled cells that were shed as capsid protein (p27) into
the culture medium during the chase. Similar amounts of
virion-associated p27 were released for the wild type and MA
mutant K39A after a 4-h chase (Fig. 2C and D), while mutants
K16A, K20A, R10A/K16A, and K16A/K20A were released
with efficiencies of 50 to 70% of that of the wild type. Mutant
K33A exhibited the lowest release of this intermediate group—
33% of that of the wild type. In contrast, the release of mutants
R10A, K25A, K27A, and K33A/K39A was reduced by more
than 90% from that of the wild type, and that of the remaining
double mutants, as well as R22A, was abrogated completely.
Essentially the same results were observed after a 1-h chase
(Fig. 2D), with the exception that the K16A and R10A/K16A
mutants showed release equivalent to that of the wild type at
this time point. In addition, the R55W mutant was released 2.5
times faster than the wild type, consistent with our previous
observations for this C-type morphogenesis mutant (39).

Kinetics of Gag precursor processing. The kinetics of pre-
cursor processing for wild-type and mutant Gag precursor pro-
teins were investigated by pulse-chase experiments in which
cell-associated and virion-associated proteins were analyzed
after a 1-, 2-, or 4-h chase. Cell lysates from pulse-labeled cells
and pulse-chase cells, as well as culture medium from the
latter, were collected for each time point. M-PMV gag gene
products were immunoprecipitated, subjected to SDS-PAGE,
and imaged using a phosphor screen. OptiQuant software was
used to obtain the band intensities for Gag (Pr78), Gag-Pro
(Pr95), Gag-Pro-Pol (Pr180), and capsid (p27CA). The per-
centage of Gag precursor molecules and the percent CA mol-
ecules relative to total Gag were calculated for each chase time
point as described in Materials and Methods.

The half-life of Gag precursor processing for wild-type M-
PMV was 1.5 h (Fig. 3), and similar kinetics were observed for
K20A, K33A, and K39A and the double mutants R10A/K16A
and K16A/K20A. In contrast, accelerated kinetics (half-life of
less than 1 h) were observed for MA mutants K16A and R55W
(Fig. 3). Reduced processing kinetics were observed for K25A,
K27A, and K33A/K39A, with only 20 to 30% of Pr78 processed
at 4 h (Fig. 3). An even greater defect was observed for R10A,
whereas for mutants K25A/K27A and K27A/K33A and those
that contain the R22A substitution, no processing of Gag was
detected 4 h after the pulse-label (Fig. 3).

MA positive-charge mutants accumulate at multiple intra-
cellular locations. The diverse kinetics of precursor processing
and the extent of virion release suggested that intracellular
transport of Gag might be altered by the positive-charge sub-

FIG. 1. Location of arginine and lysine residues in the M-PMV matrix domain. (A) Schematic diagram of the M-PMV Gag polyprotein.
Myristate is shown attached to the N-terminal matrix domain (MA) of Gag. The primary sequence of MA is shown with arginine and lysine residues
in bold and numbered. The lines show the four helices of M-PMV MA. (B) Electrostatic potential map of M-PMV MA protein. A large positive
potential (blue) is depicted surrounding the Arg and Lys residues in helices 1 and 2. The negative-charge potential is shown in red. (C) Positions
of arginine and lysine residues in the context of the M-PMV matrix protein nuclear magnetic resonance structure.
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stitutions. To determine the intracellular location of mutant
capsids at high resolution, thin sections of transfected cells
expressing the wild-type or mutant M-PMV provirus were an-
alyzed by transmission electron microscopy. Cells expressing
wild-type M-PMV exhibited few immature capsids in the cyto-
plasm and a large number of capsids in the process of budding
or already released into the intercellular space (Fig. 4). As
reported previously (39), cells expressing the R55W matrix
mutant provirus exhibited a C-type assembly pattern with
dense patches of Gag assembling at the plasma membrane
(Fig. 4). This contrasts with the budding of fully assembled
capsids in wild-type-infected cells.

Four distinct positive-charge mutant phenotypes were ob-
served. Capsids that contained the R10A and K27A substitu-
tion were found adjacent to or traversing through what
appeared to be cortical actin, the dense filamentous actin (F-
actin) network at the cell periphery (17, 42, 63) (Fig. 4). This
phenotype was more pronounced for R22A, K20/R22A, and
R22A/K25A, with capsids accumulating in the cytoplasm under
the cortical actin (Fig. 4).

A transport-defective phenotype with capsids scattered
throughout the cytoplasm or in small clusters in the cytoplasm
near the plasma membrane was observed for the K25A mutant
(Fig. 4). This phenotype was also observed for the K25A/K27A
mutant; however, in general, fewer capsids were scattered in
the cytoplasm and larger accumulations close to the plasma
membrane were observed (data not shown).

Mutants K33A, K39A, and K33A/K39A had a phenotype of
immature capsid accumulation at the plasma membrane (Fig. 4).

A dramatically different phenotype in which immature cap-
sids were found accumulating around intracellular vesicles was
observed when lysine at position 16 or 20 was replaced with
alanine (Fig. 4). Both D-type assembly and C-type assembly
were detected at these intracellular membranes in cells ex-
pressing K16A. Mutant K20A capsids that accumulated intra-
cellularly were all of the D-type morphology. In cells express-
ing each of these single mutants, capsids were seen budding
both into and within intracellular vesicles. This aberrant intra-
cellular budding was augmented for capsids that contained the
double substitution K16A/K20A (Fig. 4), and C-type assembly
on intracellular vesicles was also observed for this double mu-
tant.

K16A and K20A associate with Rab11, Rab5, and CD63-
positive vesicles. Our laboratory has shown previously that wild-
type M-PMV Gag colocalizes with Rab11 at the pericentriolar
recycling endosome and that capsid transport from the pericent-
riolar region to the plasma membrane is dependent on a func-
tional endosomal pathway (48). To investigate if the intracellular
membranes around which K16A, K20A, and K16A/K20A mutant
capsids cluster are derived from the endosomal pathway, the
distribution of immunostained wild-type and mutant M-PMV
Gag was compared to that of Rab11-GFP (recycling endosome),
Rab4-GFP (recycling endosome), Rab5-GFP (sorting endo-
some), Rab7-GFP (lysosome) (54), and immunostained CD63
protein (multivesicular bodies) (9, 12).

COS-1 cells expressing wild-type M-PMV and Rab11-GFP
had a distribution of anti-p12 Gag staining that colocalized
with the Rab11-GFP signal primarily at a perinuclear location
(Fig. 5A). A section of the cell was deconvoluted to remove
out-of-focus light, and intensities from Rab11-GFP (green
channel) and anti-p12 staining of M-PMV Gag (red channel)
were associated in a maximum-intensity projection image (yel-
low pixels in merged channel denoted by arrows). Similar as-
sociations of K16A, K20A, and K16A/K20A mutant Gag and
Rab11-GFP were seen. In contrast, neither wild-type nor mu-
tant Gag proteins appeared to be associated with either the
Rab4-GFP or the Rab7-GFP signal. While we did not observe
colocalization of Rab5-GFP on sorting endosomes with wild-
type Gag (Fig. 5B), this was observed with K16A (Fig. 5C),
K20A, and K16A/K20A.

For studies of M-PMV Gag association with CD63, we uti-
lized an anti-Pr78 polyclonal antibody to detect M-PMV Gag
and a monoclonal antibody to detect CD63.

The wild-type Gag does not associate with CD63 (Fig. 5D).
In contrast, staining of the K16A, K20A, and K16A/K20A
mutant Gags did overlap with that of CD63; this distribution is
seen in a deconvoluted section of the cell, strongly supporting
the association of these mutant capsids with CD63-positive
vesicles (Fig. 5E).

FIG. 2. Synthesis, processing, and release of wild-type (WT) and
mutant M-PMV Gag. 293T cells were transfected with wild-type and
mutant M-PMV proviral genomes. Viral proteins were metabolically
labeled with [35S]methionine and then immunoprecipitated from cell
lysates and analyzed by SDS-PAGE. (A) Viral proteins immunopre-
cipitated from lysates of pulse-labeled cells. Positions of the wild-type
and mutant viral precursor proteins Pr180 (Gag-Pro-Pol), Pr95 (Gag-
Pro), and Pr78 (Gag) are shown. (B) Viral proteins immunoprecipi-
tated from cells pulse-labeled and then chased for 4 h. Viral precursor
proteins and capsid (p27CA), the major cleavage product, are shown.
(C) M-PMV p27CA immunoprecipitated from the culture medium
collected after the 4-h chase. (D) Band intensities were quantitated for
the pulse-labeled Gag (Pr78) and for the p27 (CA) released into the
culture medium at 1 and 4 h after pulse-label. The percent capsid
protein released into culture supernatants after a 1-h chase (gray bars)
and a 4-h chase (black bars) for a representative experiment is shown
for the wild type and each of the positive-charge mutants.
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Infectivity of mutant virions. Because several of the basic
amino acid mutants appeared to exhibit altered trafficking
within the cell, it was of interest to determine the infectivity
and glycoprotein incorporation of the released virions. For this
purpose the mutations were engineered into the pSARM-

EGFP vector, which expresses EGFP in place of Env. Wild-
type and mutant EGFP-proviruses were cotransfected into
293T cells with an Env expression vector, and virus-containing
supernatants were collected after 72 h and, after normalization
for p27 content, used to infect COS-1 cells. At 24 h postinfec-

FIG. 3. Kinetics of Gag precursor processing for M-PMV basic mutants. 293T cells transfected with an M-PMV proviral genome were
metabolically labeled with [35S]methionine and then chased for 0, 1, 2, and 4 h. Viral proteins were immunoprecipitated from cell lysates and
culture medium at each time point and following SDS-PAGE were quantitated. The processing curves from a representative experiment are shown
for the wild type and the positive-charge mutants. Black solid squares represent percentage of the total Gag precursor at each time point. Gray
open circles represent percent total capsid protein.
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tion, cells were removed from the plate and analyzed by flow
cytometry. A representative gating is shown in Fig. 6A for
wild-type virus, where approximately 35% of the cells are in-
fected. Figure 6B shows the normalized results from four in-
dependent experiments for all of the mutants and wild type.
Interestingly, with the exception of K16A/K20A, which exhibits
approximately 75% of wild-type infectivity, none of the mu-
tants that release virions show any defect in this single-cycle
infection assay. In contrast, mutants R10A and K27A and the
double mutants R10A/K16A and K27A/K33A, which are for
the most part inefficiently released and appear to inefficiently
traverse the cortical actin, exhibit enhanced infectivity (two- to
fivefold that of the wild type). The basis for this increased
infectivity is not apparent but does not seem to reflect Env
incorporation since both R10A and K27A appear to incorpo-

rate less gp70 than the wild type does (Fig. 6C). Even though
both K16A and K20A associate with intracellular vesicles,
these mutants exhibit the same (K16A) or higher (K20A) in-
fectivity than does the wild type. Virions released from cells
transfected with these mutant proviruses incorporate Env at
levels similar to that observed for the wild type (Fig. 6C).

Release of wild-type and K16A mutant M-PMV Gag in cells
depleted in plasma membrane pools of PI(4,5)P2. The nega-
tively charged phospholipid PI(4,5)P2 is mainly localized to the
plasma membrane of the cell and has been shown to target
HIV-1 Gag to the plasma membrane (26). To ascertain if
PI(4,5)P2 is involved in release of capsids for wild-type M-
PMV and the positive-charge mutant K16A, which buds into
internal vesicles, we coexpressed PI-5-phosphatase IV, which
when overexpressed depletes plasma membrane pools of
PI(4,5)P2 (26). 293T cells were cotransfected with an expres-
sion vector containing the coding region for the active phos-
phatase and the proviral expression vectors for either the wild
type or the M-PMV positive-charge mutant K16A. In conjunc-
tion, cells were cotransfected with a derivative of the PI-5-
phosphatase IV vector, which lacks the coding region for the
active site of the enzyme (�PI-5-phosphatase IV or delta-1)
together with either the proviral vector for wild-type M-PMV
or K16A. Sixteen hours later, transfected cells were pulse-
labeled with [35S]methionine and then chased for 1, 2, and 4 h
in complete medium. Cell lysates from pulse-labeled cells and
pulse-chase cells, as well as culture medium from the latter,
were collected and analyzed as described previously. Release
of virus was assessed by calculating the percentage of the Gag
precursor proteins immunoprecipitated from the pulse-labeled
cells that were shed as capsid protein (p27) into the culture
medium during the chase.

Depletion of the cellular pools of PI(4,5)P2 by overexpres-
sion of the active form of PI-5-phosphatase IV in cells express-
ing either the wild-type M-PMV or the K16A mutant resulted
in an overall decrease in release of pulse-labeled Gag (Fig. 7).
For the wild type, the release of pulse-labeled Gag was reduced
by 90% during the 4-h chase. In contrast, the release of pulse-
labeled Gag was reduced by only 30% during the 4-h chase for
the K16A mutant (Fig. 7).

DISCUSSION

In this study, the positive charge of the N-terminal M-PMV
Gag MA domain was modified to determine the role of basic
amino acid residues in intracellular trafficking to and release of
capsids from the plasma membrane. Previous studies of HIV-1
have suggested that a combination of positive charges and the
N-terminal myristic acid on the MA of Gag forms a bipartite
signal for transport and attachment of Gag to the plasma
membrane (11, 19, 66). Since HIV-1 assembles at the plasma
membrane, attachment to the plasma membrane through the
bipartite signal of MA may effectively increase the concentra-
tion of Gag at a specific site in the membrane to facilitate
capsid assembly. In contrast, the myristate and positive charge
on M-PMV MA are incorporated into assembled capsids at the
pericentriolar region of the cell. These capsids are transported
through the cytoplasm and are specifically released at the
plasma membrane, and so it is likely that myristate is seques-
tered in M-PMV MA with the positive charge on the outer

FIG. 4. Transmission electron microscopy of COS-1 cells express-
ing wild-type and mutant M-PMV proviruses. COS-1 cells expressing
wild-type or mutant M-PMV proviral genomes were fixed 24 h post-
transfection in 2.5% glutaraldehyde and postfixed in 1% osmium tet-
roxide to preserve proteins and membranes, respectively, prior to em-
bedding and thin sectioning. Bars, 200 nm. WT, wild type; N, nucleus;
PM, plasma membrane. The white arrowhead depicts a C-type assem-
bly (K16A). Black arrowheads denote particles that have budded in-
tracellularly (K16A and K16A/K20A).
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FIG. 5. Immunofluorescent staining of M-PMV Gag. COS-1 cells were either cotransfected with wild-type (WT) or mutant M-PMV proviral
genome and a Rab-GFP construct or transfected with only wild-type or mutant provirus. In both cases, cells were fixed 24 h later and cotransfected
cells were immunostained for Gag with an anti-p12 monoclonal antibody. Cells expressing only wild-type or mutant provirus were immunostained
for both Gag (anti-Pr78 polyclonal antibody) and CD63 (anti-CD63 monoclonal antibody). A single optical section of a cell is shown in the leftmost
panel, from which the area within the square was deconvoluted using a constrained iterative algorithm with the Slidebook software. A maximum-
intensity projection image of the deconvoluted sections was obtained, and each channel is shown separately and then merged. The white
arrowheads depict staining that contributes to a signal of M-PMV associated with a cellular marker in the merged image (yellow pixels). Bars, 10
�m. (A) WT-Rab11; (B) WT-Rab5; (C) K16A-Rab5; (D) WT-CD63; (E) K16A/K20A-CD63.
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surface of the assembled capsid. At the plasma membrane,
M-PMV must associate with the membrane and wrap the lipid
bilayer around a spherical capsid. The studies here probe the
functions of the positive surface charge on the assembled cap-
sid and test the hypothesis that these positive charges facilitate
the intimate association of Gag with the membrane and likely

trigger the exposure of myristate that is necessary for mem-
brane envelopment.

The MA mutant with a substitution of alanine for lysine at
position 25, located in the loop between helices A and B of
M-PMV MA (7), delayed intracellular transport of immature
capsids so that less than 20% of the pulse-labeled Gag precur-
sors were cleaved after a 4-h chase and an equivalent amount
of Gag was released as p27 into the culture medium. This is in
contrast to wild-type kinetics, in which 50% of Gag was cleaved
at 1.5 h and 60% was released as p27 in the 4-h chase. Within
the cell, K25A immature capsids were primarily dispersed
throughout the cytoplasm; this phenotype is similar to the
previously characterized Y82F transport-defective MA mutant
(56). In contrast to Y82F, however, the K25A mutant capsids
did not accumulate in the pericentriolar region of the cell,
suggesting that capsids can initiate intracellular transport but
are inefficiently transferred to the plasma membrane. The
transport defect appeared to be enhanced when K25A was
combined with other mutations (R22A or K27A). In cells ex-
pressing these double mutants, capsids accumulated at a pe-
rinuclear region and in groups within the cytoplasm with no
release of capsids during the 4-h chase.

Immature capsids accumulating in the initial stages of bud-
ding were characteristic of MA mutants with replacements of
lysine residues at positions 33 and 39 which are located in helix
B. For these mutants, the Gag precursor was cleaved with
kinetics similar to those of the wild type; however, 30% of the
K33A precursor and 15% of the K39A precursor (versus 10%
for the wild type) remained uncleaved after 4 h. This residual
uncleaved Gag may, for K33A in particular, represent the
capsid population accumulated at the plasma membrane. Since
few capsids were observed in the cytoplasm of transfected cells,
it is likely that the efficiency of intracellular transport to the
plasma membrane for these mutants was similar to that of the
wild type.

FIG. 6. Relative infectivity of positive-charge M-PMV mutants de-
termined by a single-round assay. 293T cells were cotransfected with
mutant and wild-type (WT) pSARM-EGFP and pTMO vectors. At
72 h posttransfection supernatants were filtered and normalized by
Western blotting for p27. Equivalent amounts of p27 were used to
infect COS-1 cells. Twenty-four hours later, cells were harvested and
the percentage of GFP-expressing cells was quantitated by fluores-
cence-activated cell sorter analysis. The mean percentage (� standard
deviation) of infectivity for each mutant relative to the wild type from
four independent experiments is shown. (A) Representative gating for
mock- and wild-type-infected cells. (B) Percent infectivity relative to
the wild type for each of the positive-charge mutants. Asterisks denote
mutants that were not released into the medium and therefore are not
infectious. (C) Glycoprotein incorporation for the wild type and pos-
itive-charge mutants. Briefly, 293T cells were transfected with either
the wild-type or the mutant proviral expression vector. Twenty-four
hours posttransfection, the cells were labeled with [3H]leucine, and 6 h
later, the supernatant was collected and virus was pelleted through a
25% (wt/vol) sucrose cushion. M-PMV viral proteins that were pel-
leted were immunoprecipitated with a goat anti-M-PMV antiserum
and analyzed by 12% SDS-PAGE and fluorography. The SU (gp70) of
Env and the capsid (p27) proteins are shown.

FIG. 7. Release of wild-type (WT) and mutant M-PMV Gag in
cells depleted in plasma membrane pools of PI(4,5)P2. 293T cells were
cotransfected with the wild-type or K16A mutant proviral expression
vector in combination with either the delta-1 or phosphatase IV vec-
tors (26). Sixteen hours later, viral proteins were metabolically labeled
with [35S]methionine-cysteine and then immunoprecipitated from cell
lysates as well as supernatant culture medium at 1, 2, and 4 h postla-
beling. The percent pulse-labeled capsid protein released in a repre-
sentative experiment at 1 (light gray bars), 2 (dark gray bars), and 4
(black bars) h is shown for WT–delta-1, WT-phosphatase IV, K16A–
delta-1, and K16A-phosphatase IV.
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The accumulation of capsids at the plasma membrane in an
early stage of membrane extrusion suggests that these mutants
may be defective in an initial electrostatic interaction with the
negatively charged inner leaflet of the plasma membrane. Pos-
itively charged amino acids in HIV-1 MA have been shown to
facilitate Gag-plasma membrane interactions (65, 66), and the
basic cluster from the HIV-1 MA can be introduced into the
Rous sarcoma virus MA domain of Gag and restore budding of
membrane-binding-domain mutants (2). Similarly, loss of pos-
itive-charge residues in Rous sarcoma virus MA resulted in
defects in Gag association with the plasma membrane, while
addition of basic residues to the membrane-binding domain of
MA resulted in a dramatic increase of particles released (6).
Moreover, for HIV-1, budding from the plasma membrane can
be restored for MA mutants that interact with intracellular
membranes by addition of a lysine residue in the basic domain
(28). Thus, it is possible that the positive charges at positions
33 and 39 of M-PMV MA are critical for capsids to interact
with negatively charged phospholipids at the plasma mem-
brane, which in turn could be required to trigger release of
myristate from MA into the plasma membrane. A defect in
release of myristate for these basic MA mutants would be
much like the hydrophobic MA mutants that we have de-
scribed previously which also exhibited capsid accumulation at
the plasma membrane (40, 56). This would also be consistent
with the PI(4,5)P2-stimulated release of myristic acid observed
in vitro with HIV-1 MA (43).

Immature capsids for the MA mutants R10A, R22A, and
K27A were released very inefficiently. Only small amounts of
R10A and K27A (approximately 14% of that observed for the
wild type) were released at 4 h, although for R10A this in-
creased to 60% of that of the wild type after 24 h. No detect-
able levels of p27 were released for R22A at either time point.
In contrast to the positive-charge mutants that are delayed in
the initial stages of membrane envelopment, capsids from this
group of mutants can be observed by electron microscopy to be
accumulated in the cytoplasm under (R22A) or traversing
(R10A and K27A) the peripheral filamentous actin layer lo-
cated beneath the plasma membrane (17, 42, 63). This suggests
that there is a rate-limiting delay in capsid transport through
the dense cortical actin patches for these mutants. With R22A,
large accumulations of capsids can be observed and few if any
reach the plasma membrane. This unusual phenotype is very
similar to that of an endogenous virus variant (enJS56A1) of
Jaagseike sheep retrovirus in which a similarly located arginine
(R21) is replaced by tryptophan (24). Interestingly, this argi-
nine residue is conserved in all betaretroviruses (24).

A block in transport at the cortical actin argues that capsid
transport must switch from a primarily microtubule-based system
to a primarily actin-based process in order to reach the plasma
membrane. While capsid transport from the pericentriolar region
to the plasma membrane can be blocked by a combination of
microtubule and actin inhibitors (R. A. LaCasse and E. Hunter,
unpublished data), these mutants argue that the positive charges
within MA directly facilitate capsid transport through the cortical
actin patches. It is possible that the arginine residues at positions
10 and 22 as well as the lysine at position 27 in M-PMV MA
mediate the association of capsids with actin in a way similar to
that of the basic effector domain of the MARCKS protein, which
has been shown to bind actin (18).

A striking phenotype was observed for mutants K16A and
K20A and the K16A/K20A double mutant, with capsids sur-
rounding and budding into intracellular vesicles. Few if any
capsids were released from the plasma membrane. All of these
mutants exhibited a slightly less efficient release (60 to 70% of
that of the wild type) of capsids during a 4-h chase, but the
capsids released had similar levels of gp70 incorporated and
were as infectious as the wild type. Processing of K16A Pr78
occurred with kinetics similar to those of R55W, but in contrast
to this C-type morphogenesis mutant, we did not observe a
more-rapid or more-efficient release of virus for K16A. Thus,
it is likely that processing of K16A Gag is initiated following
budding into intracellular vesicles but that some of these ma-
ture virions are unable to exit the cell.

The K16A, K20A, and K16A/K20A mutant capsids appear
to associate with a variety of intracellular membranes and
colocalize with sorting endosomes and multivesicular bodies in
addition to the recycling endosomes with which wild-type cap-
sids associate (48). This phenotype is similar to one described
for an HIV-1 mutant in which lysine residues in MA were
replaced with glutamic acid, resulting in Gag colocalization
with CD63 (27). MA mutants of HIV-1, which alter or abolish
the globular head of MA and in which myristate may be con-
stitutively exposed, could also be seen assembling at and bud-
ding into intracellular vesicles (10, 11, 30, 38). Thermodynamic
calculations show that a single myristate moiety has insufficient
binding energy to facilitate the binding of a protein to a mem-
brane (33), so there is likely to be a requirement for Gag to
undergo some oligomerization prior to a high-affinity associa-
tion with membranes. This is consistent with observations that
the I domain of HIV-1 Gag facilitates membrane association
through oligomerization of Gag (8, 45). In contrast, assembled
M-PMV capsids contain upward of 2,000 myristic acid moieties
(32); thus, it is possible that loss of the basic amino acids in
helix A results in mutants which are unable to sequester my-
ristic acid and therefore associate with the first available mem-
brane through hydrophobic interactions—yielding the pheno-
type observed with K16A and K20A. Although this hypothesis
is one that we favor, it is also possible that the K16A and K20A
M-PMV mutants initiate myristate exposure and intracellular
budding through an altered electrostatic interaction between
MA and lipids on the endosomal compartments. PI(4,5)P2 has
been shown to be important for targeting HIV-1 Gag to the
plasma membrane (26). It also appears to be important for
budding and release of M-PMV from the plasma membrane.
Depletion of PI(4,5)P2 by overexpression of PI-5-phosphatase
IV in M-PMV-expressing cells resulted in a 90% decrease in
the release of wild-type p27 during a 4-h chase of pulse-labeled
Pr78. In contrast, K16A release is inhibited by only 30% under
the same conditions, arguing that this mutant is not as depen-
dent on PI(4,5)P2 for its release. It seems likely, because the
K16A mutant bypasses the block imposed on wild-type M-
PMV by PI-5-phosphatase IV, that it utilizes a distinct pathway
for release from the cell, perhaps within endosomal vesicles
that are recycled back to the plasma membrane. It remains to
be determined whether the K16A and K20A mutants are able
to initiate the budding process intracellularly through sponta-
neous release of myristate or through interaction with an al-
ternate phospholipid molecule such as PI(3,5)P2.

The retroviral budding process has been shown to involve a
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complex cellular machinery, endosomal sorting complexes re-
quired for transport (ESCRT), which is normally involved in
multivesicular body formation (21, 61). Retroviral late do-
mains have been shown to interact with a series of ESCRT
protein complexes (I to III) that function in the pinching-off
stages of capsid release (23), and M-PMV encodes two late-
domain motifs (PSAP and PPPY) in the pp24 region, which is
C terminal to MA (3, 15, 53, 64). These motifs are necessary
for M-PMV to complete the budding process (15, 64). Since
K16A and K20A mutants colocalized with vesicles that ap-
peared to be derived from the late endosomal pathway (CD63
multivesicular bodies), it is tempting to speculate that cellular
ESCRT components associated with these vesicles might be
recruited to facilitate efficient intracellular budding. It has not
been established when the ESCRT machinery associates with
wild-type M-PMV capsids, since the latter do not normally
associate with the multivesicular bodies; however, it is possible
that at least some of the ESCRT components associate with
M-PMV during capsid assembly in the pericentriolar region of
the cell. These initial interactions may then recruit additional
components of the ESCRT complex once the myristyl-switch
mechanism has initiated membrane envelopment and release
of capsids from the plasma membrane.

The results presented here demonstrate that basic amino
acids on the outer surface of the MA domain of Gag play
critical roles in intracellular targeting, trafficking, and release.
They reveal for the first time the critical role that the viral MA
protein plays in facilitating transport of capsids across the
cortical actin component of the cell’s cytoskeleton and support
both microtubule- and actin-mediated steps in intracellular
transport. Mutation of basic residues in helix A of the M-PMV
MA appears to alter the membrane specificity of viral budding,
consistent with altered myristate exposure or triggering. In
contrast, mutation of positive charges in helix B seems to
modulate the efficiency of viral budding at the plasma mem-
brane, without affecting targeting or intracellular trafficking.
This could reflect inefficient interactions of capsid with nega-
tive phospholipids in the inner leaflet of the plasma membrane
and/or the subsequent triggering of myristate exposure neces-
sary for the budding process. Structural studies of the interac-
tion of PI(4,5)P2 with myristylated M-PMV MA should pro-
vide further insights into these capsid-membrane interactions.
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