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ABSTRACT

The principles underlying membrane binding and assembly of retroviral Gag proteins into a lattice are understood. However,
little is known about how these processes are related. Using purified Rous sarcoma virus Gag and Gag truncations, we studied
the interrelation of Gag-Gag interaction and Gag-membrane interaction. Both by liposome binding and by surface plasmon res-
onance on a supported bilayer, Gag bound to membranes much more tightly than did matrix (MA), the isolated membrane bind-
ing domain. In principle, this difference could be explained either by protein-protein interactions leading to cooperativity in
membrane binding or by the simultaneous interaction of the N-terminal MA and the C-terminal nucleocapsid (NC) of Gag with
the bilayer, since both are highly basic. However, we found that NC was not required for strong membrane binding. Instead, the
spacer peptide assembly domain (SPA), a putative 24-residue helical sequence comprising the 12-residue SP segment of Gag and
overlapping the capsid (CA) C terminus and the NC N terminus, was required. SPA is known to be critical for proper assembly of
the immature Gag lattice. A single amino acid mutation in SPA that abrogates assembly in vitro dramatically reduced binding of
Gag to liposomes. In vivo, plasma membrane localization was dependent on SPA. Disulfide cross-linking based on ectopic Cys
residues showed that the contacts between Gag proteins on the membrane are similar to the known contacts in virus-like parti-
cles. Taken together, we interpret these results to mean that Gag membrane interaction is cooperative in that it depends on the
ability of Gag to multimerize.

IMPORTANCE

The retroviral structural protein Gag has three major domains. The N-terminal MA domain interacts directly with the plasma
membrane (PM) of cells. The central CA domain, together with immediately adjoining sequences, facilitates the assembly of
thousands of Gag molecules into a lattice. The C-terminal NC domain interacts with the genome, resulting in packaging of viral
RNA. For assembly in vitro with purified Gag, in the absence of membranes, binding of NC to nucleic acid somehow facilitates
further Gag-Gag interactions that lead to formation of the Gag lattice. The contributions of MA-mediated membrane binding to
virus particle assembly are not well understood. Here, we report that in the absence of nucleic acid, membranes provide a plat-
form that facilitates Gag-Gag interactions. This study demonstrates that the binding of Gag, but not of MA, to membranes is
cooperative and identifies SPA as a major factor that controls this cooperativity.

Late in the retroviral life cycle, the structural protein Gag local-
izes to the inner leaflet of the plasma membrane (PM), where it

assembles around the viral genomic RNA, leading to budding
from the cell. Gag proteins include three major domains, the N-
terminal matrix (MA) domain, which mediates membrane bind-
ing; the central capsid (CA) domain, which mediates Gag-Gag
interactions during virion assembly; and the C-terminal nucleo-
capsid (NC) domain, which interacts specifically with the viral
genomic RNA. Each of these domains is critical for the production
of infectious virions.

Retroviral Gag proteins employ multiple signals to mediate
membrane binding, including electrostatic interaction, fatty acid
modification, recognition of specific lipid head groups, and pro-
tein multimerization (reviewed in reference 1). MA contains a
basic patch of clustered lysine and arginine residues that mediate
electrostatic interactions with the negatively charged inner leaflet
of the plasma membrane (2). Electrostatic interaction is a major
contributor to membrane association for Rous sarcoma virus
(RSV) Gag, since mutations of basic amino acids in MA abrogate
membrane association in vivo but are rescued by compensatory
mutations (3) in nearby parts of the polypeptide. Also, RSV MA is
stripped off liposome membranes in vitro by increasing NaCl con-

centrations (4). Both RSV Gag and HIV Gag are sensitive to the
charged PM inner leaflet lipid L-�-phosphatidylinositol-4,5-bis-
phosphate [PI(4,5)P2] (5–13). HIV MA has a defined PI(4,5)P2

binding pocket (14), but RSV MA has no known pocket, consis-
tent with the idea that sensitivity to PI(4,5)P2 is primarily due to
electrostatics (4, 9). HIV Gag-membrane interaction is sensitive,
not only to the lipid head groups, but also to the acyl chain com-
position (15), while RSV Gag-membrane interaction appears to
be independent of the acyl chain type (16).

Multimerization is a strong contributor to membrane binding
of Gag. Mutations that weaken HIV Gag assembly in cells also
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reduce Gag-membrane association (17). Artificial multimeriza-
tion of MA, a model for the effect of Gag multimerization, greatly
increases membrane binding (4, 18–20). In vitro, RSV MA
dimerization increases membrane binding by as much as 10-fold
(4), and HIV MA dimerization partially rescues myristoylation
defects that block membrane association of monomeric MA (18).
In cells, monomeric HIV MA is largely cytoplasmic, while
dimerized MA localizes to the PM (18, 19). Monomeric and di-
meric RSV MA are cytoplasmic, while MA that is artificially hex-
amerized by fusion to the Ccmk4 domain from the carboxysome
shell protein (21, 22) localizes strongly to the PM (19).

Virion assembly is thought to begin with the dimerization of
two Gag molecules, leading eventually to the formation of an in-
complete lattice of Gag hexamers (reviewed in reference 23). The
majority of contacts in the Gag hexameric lattice occur between
CA domains, with some additional contacts immediately up-
stream and downstream of CA (23). Recently published 8-Å cryo-
electron microscopy (EM) structures of immature virions clearly
show many of the contacts in the immature Gag lattice of RSV (24)
and HIV (25). In RSV, a stretch of polypeptide in the p10 domain
immediately upstream of CA plays an essential role in the forma-
tion of the immature lattice. A helix near the C terminus of p10
loops into the N-terminal region of the CA hexamer, forming a
critical contact with the neighboring CA N-terminal domain
(NTD) (24, 26). Mutations in this sequence disrupt the formation
of virus-like particles (VLPs) (26–29). Furthermore, a pair of ec-
topic cysteine residues positioned to capture, by disulfide bond
formation, contacts between p10 and the N-terminal domain of
CA in VLPs result in the formation of cross-linked CA-p10 hex-
amers in VLPs both in vitro and in vivo (26).

Between the CA and NC domains of some retroviral Gag pro-
teins is a short cleavage product that is critical for virion assembly,
named the spacer peptide (SP1 or p2) in HIV (30–32) or the
spacer peptide assembly (SPA) domain in RSV (33), as reviewed in
reference 23. The spacer peptide likely forms a six-helix bundle
that extends below the CA lattice in the immature virion (34). In
vitro and in vivo, mutations in SP1 (35) or SPA (33, 35) disrupt
proper assembly. Alanine-scanning mutagenesis of RSV SPA re-
vealed that the residues essential for in vitro assembly are posi-
tioned on the hydrophobic faces of the helices that are modeled to
hold the six-helix bundle together (33).

Gag assembly occurs at the inner surface of the PM in most
retrovirus genera, with the exception of beta-retroviruses, such as
mouse mammary tumor virus (MMTV) and Mason-Pfizer mon-
key virus (M-PMV), where immature Gag particles are formed in
the cytoplasm and transported to the PM. Assembly at the PM is
dependent on efficient membrane association. For example, in
HIV, a glycine-to-arginine mutation that prevents HIV Gag my-
ristoylation blocks budding (17, 36–38). Mutations of basic amino
acids, which disrupt membrane association, also result in a loss of
VLP assembly (39, 40). Measured by Förster resonance energy
transfer (FRET) and fluorescence correlation spectroscopy (FCS),
RSV Gag is multimerized into low-molecular-weight complexes
(41). By RNA-protein cross-linking in vivo, viral genomic RNA
(vgRNA) was found to associate with HIV Gag molecules that
were primarily monomeric or dimeric in the cytoplasm, although
the PM was required for multimerization into higher-molecular-
weight products (42).

Recent studies suggest that NC may contribute to the early
steps of Gag membrane association. In solution, the HIV Gag

protein was found to sample a wide range of conformations, but
on average, it was compact (43). This finding contrasts with find-
ings for RSV Gag and murine leukemia virus (MLV) Gag, which
on average adopts an elongated conformation (16, 43, 44). Com-
pared with HIV and MLV, RSV was highly flexible, a property that
was inferred to be due at least in part to an unstructured region
between the membrane binding domain (MBD)—the N-terminal
end of MA—and p10 (16). Measurements of membrane-bound
Gag conformations by neutron reflectometry (NR) showed that
RSV and HIV Gag proteins do not extend far from the bilayer,
consistent with a compact Gag structure (16, 45). The membrane-
bound Gag conformation was interpreted to result from both the
MA and NC domains simultaneously interacting with the bilayer
(16, 45). In support of this model, removal of the NC domain
significantly reduced the binding of RSV Gag to membranes (16).

The present study was undertaken to test two models of Gag
membrane binding. Using purified RSV Gag and Gag C-terminal
truncations, we showed that Gag membrane binding is not depen-
dent on the C-terminal NC domain. In addition, we found that the
SPA domain is critical in eliciting strong membrane binding. In cells,
while the removal of NC and SPA resulted in a loss of PM localization,
constructs containing an intact SPA partially rescued this defect.
Based on surface plasmon resonance (SPR) of supported bilayers, as
well as on disulfide bond formation between ectopic cysteine residues
in Gag bound to liposomes in vitro, we infer that Gag membrane
binding involves protein-protein interaction.

MATERIALS AND METHODS
DNA constructs, protein purification, and VLP assembly. DNA con-
structs used for tissue culture were cloned into pEGFP using standard
subcloning techniques, resulting in C-terminal truncations and cysteine
mutants of Gag delta protease (referred to throughout as Gag) in the
context of the Gag-green fluorescent protein (GFP) fusion protein (9).
DNA constructs used for protein purification (diagrammed in Fig. 1; also
see Fig. 4) were cloned into the pSUMO vector using standard subcloning
techniques and as previously described (19). Protein purification was per-
formed using bacterial expression, as previously described (19). Briefly,
BL21 bacterial cells containing the DNA construct of interest were grown
to an optical density at 600 nm (OD600) of �0.6, at which point protein
expression was induced with the addition of IPTG (isopropyl-�-D-thio-
galactopyranoside) to a final concentration of 0.5 mM. About 5 to 7 h
postinduction, cells were harvested by centrifugation and frozen at
�20°C. The frozen cell pellets were lysed by sonication in buffer [20 mM
Tris-HCl (pH 8), 500 mM NaCl, 5% glycerol, 2 �M ZnCl2, 2 mM Tris-
(2-carboxyethyl)phosphine (TCEP) reducing reagent, 2 mM PMSF
(phenylmethylsulfonyl fluoride) protease inhibitor]. The lysed cells were
cleared by centrifugation at 90,000 rpm in a Beckman TLA110 rotor for 45
min at 4°C. Nucleic acid was removed from the cleared lysates by adding
polyethyleneimine (PEI) to a final concentration of 0.3%. Precipitated
nucleic acid was removed by centrifugation at 10,000 rpm for 10 min in a
Sorvall SA600 rotor. The protein of interest was precipitated from the
lysate by addition of ammonium sulfate to �20% and 10,000-rpm cen-
trifugation for 10 min in a Sorvall SA600 rotor. The ammonium sulfate-
precipitated protein pellet was dissolved in buffer (20 mM Tris-HCl [pH
8], 5% glycerol, 50 mM NaCl, 2 �M ZnCl2, 1 mM TCEP). The protein was
further purified by cation-exchange chromatography (HiTrap SP FF; GE
Healthcare). The eluted protein was than purified using Ni2� chromatog-
raphy (HisTrap HP; GE Healthcare). The eluted SUMO-tagged protein
was then dialyzed (20 mM Tris-HCl [pH 8], 5% glycerol, 500 mM NaCl,
0.5 mM TCEP, 2 �M ZnCl2) overnight in the presence of ULP1 protease
(46) to cleave off the SUMO tag. The SUMO tag and ULP1 protease were
removed from the dialyzed protein by Ni2� chromatography. Purified
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protein at 3 to 5 mg/ml at a 260/280-nm absorption ratio of �0.58 in
dialysis buffer was flash frozen and stored at �80°C.

Liposome flotation and pelleting. All the lipids used (Table 1) were
assayed for phosphate to determine stock concentrations to within 1%

(47) and assayed by thin-layer chromatography (TLC) to verify lipid qual-
ity. Lipids dissolved in chloroform were mixed at the ratios reported (in
mol%). Lipid mixtures were exchanged from organic solvent into aque-
ous buffer (20 mM Tris-HCl [pH 8]) by rapid solvent exchange (RSE)
(48) followed by extrusion (9), resulting in large unilamellar vesicles
(LUVs) (�100 nm). Flotation and pelleting were performed as previously
described (15, 16, 19). Briefly, binding reaction mixtures contained 15 �g
protein (precleared by high-speed centrifugation to remove any aggre-
gates) and 50 �g liposomes in buffer with 150 mM NaCl in a final volume
of 25 �l. The reaction mixtures were incubated at room temperature for
10 min. For flotations, the 25 �l binding reaction mixture was mixed with
75 �l of 67% sucrose to a final sucrose concentration of 50%, and 80 �l of
the resulting mixture was transferred to a Beckman TLA100 ultracentri-
fuge tube. The 50% sucrose binding reaction mixture was overlaid with
120 �l 40% sucrose and 40 �l 4% sucrose. All sucrose solutions were
prepared as weight/weight in 20 mM Tris-HCl (pH 8) and 150 mM NaCl.
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FIG 1 Liposome binding analysis of purified Gag proteins. LUVs were prepared with the following compositions: POPC/POPS/Chol (34/30/36) and POPC/
POPS/Chol/PI(4,5)P2 (32/30/36/2). (A) Schematic of all purified proteins used (left) and representative Coomassie-stained polyacrylamide gel of flotation results
(right). The asterisks indicate the relative locations of the I475A mutations. MB, membrane-bound fractions; NMB, non-membrane-bound fractions. (B) The
bars represent the average percentages of total protein associated with liposomes for no less than four reactions; the error bars represent standard deviations.

TABLE 1 Lipids used in the study

Name Abbreviation Chain

1-Palmitoyl-2-oleoyl-sn-glycerol-3-
phosphocholine

POPC 16:0-18:1

1-Palmitoyl-2-oleoyl-sn-glycerol-3-
phospho-L-serine

POPS 16:0-18:1

1,2-Dioleoyl-sn-glycerol-3-phosphocholine DOPC 18:1-18:1
1,2-Dioleoyl-sn-glycerol-3-phospho-L-serine DOPS 18:1-18:1
L-�-Phosphatidylinositol-4,5-bisphosphate PI(4,5)P2 18:0-20:4a

a Most abundant acyl chain composition.

SPA Promotes Gag Membrane Binding Cooperativity
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Sucrose gradients were ultracentrifuged in a Beckman TLA100 rotor at
90,000 rpm for 1 h at 4°C. Four 60-�l fractions were taken for each gra-
dient and subjected to PAGE, Coomassie blue staining, and densitometry
analysis. For pelleting, the 25-�l binding reaction mixture was mixed with
215 �l buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl), followed by
ultracentrifugation as described for flotation. Following centrifugation,
the supernatant was discarded, and the pellet was dissolved in 1� SDS-
PAGE buffer and analyzed as described for flotation.

In vitro assembly. In vitro assembly of purified Gag and Gag	MBD
proteins (see Fig. 4) was performed as previously described (23, 49).
Briefly, purified protein at 3 to 5 mg/ml was mixed with 1:10 mass of the
50-mer oligonucleotide (GT25), followed by a 1:5 dilution with assembly
buffer (20 mM MES [morpholineethanesulfonic acid] [pH 6.5], 2 �M
ZnCl2) to a final NaCl concentration of 100 mM. Assembly reaction mix-
tures were screened for VLPs by negative-stain (2% uranyl acetate) EM on
a Morgagni 268 transmission electron microscope. Semiquantitative
measurements of VLP assembly rates and efficiency were performed as
previously described (50).

Assembly of full-length Gag frequently resulted in VLPs that appeared
stuck together in large aggregates, which we assumed to be due to misas-
sembled protein. This phenomenon prevented quantification of assem-
bly. We hypothesize that at least some of the aggregation was a conse-
quence of the interaction of the basic MA domain with nucleic acid,
effectively bridging between VLPs, since no aggregation was observed for
	MBD assembly. Increasing the NaCl from the standard 100 mM to 200
mM did not prevent aggregation, and VLP assembly was not detected at
NaCl concentrations above 200 mM.

Oxidation. Disulfide bond formation in VLPs and in membrane-
bound Gag was achieved by oxidation of cysteines, as previously described
(26). TCEP was removed from protein stocks by serial dilution and spin
concentration with buffer (20 mM Tris-HCl [pH 8], 500 mM NaCl, 2 �M
ZnCl2). Assembly and membrane binding reaction mixtures each con-
tained 15 �g of protein and a final buffer of 20 mM MES, pH 6.5, 100 mM
NaCl, and 2 �M ZnCl2 at a final volume of 25 �l. Membrane binding
reaction mixtures also contained 50 �g lipid. All reaction mixtures were
incubated for 1 h prior to oxidation. Chemically induced oxidation was
performed by adding copper phenanthroline (Cu-Phen) (60 �M CuSO4,
267 �M O-phenanthroline), mixing by vortexing, and immediately
quenching with 20 mM iodoacetamide and 3.7 mM neocuproine. All
samples were analyzed by PAGE in nonreducing 4 to 20% TGX gradient
gels (Bio-Rad) and by Coomassie staining.

Cell imaging and VLP release. QT6 (quail) fibroblasts were main-
tained as previously described (9). Briefly, the cells were grown in Dul-
becco modified Eagle medium supplemented with 5% fetal bovine serum,
5% NuSerum (BD Biosciences), 1% heat-inactivated chick serum, stan-
dard vitamins, L-glutamine, penicillin, and streptomycin. At 24 h post-
seeding, the cells were transfected with Lipofectamine 2000 (Invitrogen)
and 2 �g of DNA per well in a six-well dish, according to the manufactur-
er’s protocol.

For VLP release, �30 h posttransfection, extracellular and cellular
fractions were harvested as previously described (9). Cellular and VLP-
associated Gag proteins were assayed for with anti-CA antibody (1:1,000),
followed by anti-rabbit antibody (1:20,000) (DyLight 800; Rockland).
Membranes were imaged on a Licor Odyssey scanner and quantified using
the densitometry function in ImageQuant 5.2. At least three transfections
were performed for each construct. P values were calculated using Stu-
dent’s t test. For imaging of GFP fusion proteins, slides were fixed and
mounted as previously described (19) and imaged on a spinning-disk
confocal microscope (Andor Revolution). At least three transfections and
30 images were collected for each construct. The plasma membrane-to-
cytoplasmic signal ratio was calculated by measuring the signal intensity
using the ImageJ plot profile function (19). Two or three measurements
were taken for each cell. The box plots represent at least 65 measurements
per construct, where the horizontal line is the median, the box is the 25th

to 75th percentile, and whiskers represent the largest and smallest values
that are not outliers.

SPR measurements of protein binding to stBLMs. Both the SPR
method for quantifying intermolecular interactions (51) and the sparsely
tethered bilayer lipid membrane (stBLM) model membrane system (52)
are well established. stBLMs incorporate a single lipidic bilayer membrane
of controlled composition that is tethered to a planar electrode—a 0.05-
�m-thick Au film on a glass or Si substrate—via short ethylene oxide
anchors (53), thereby providing a hydrated environment on both sides of
the membrane. Thus, the bilayer retains its intrinsic fluidity (54), is virtu-
ally defect free (52), and is resilient to external manipulations, such as
buffer exchanges, as monitored by electrochemical impedance spectros-
copy (EIS) (55). In combination, SPR performed on stBLMs offers unique
advantages for the study of viral assembly processes on membranes.

stBLMs were prepared as follows. The tether compound HC18 [Z20-
(Z-octadec-9-enyloxy)-3,6,9,12,15,18,22-heptaoxatetracont-31-ene-1-
thiol)] was synthesized and characterized as described previously (53).
Lipid mixtures used to form stBLMs were mixed in chloroform and placed
under a high vacuum overnight to remove the solvent. The resulting dry
lipid films were hydrated in a high-salt aqueous buffer (1 M NaCl, 10 mM
NaPO4 [pH 7.4]) at lipid concentrations of �5 mg/ml and subsequently
sonicated until clear vesicle solutions were obtained. The vesicle solutions
were extruded through polycarbonate membranes with a pore size of 100
nm to obtain uniform distribution of unilamellar liposomes.

Glass microscope slides were cleaned with sulfuric acid plus Nochro-
mix (Godax Laboratories, Cabin John, MD), followed by ultrapure water
(EMD Millipore) and pure ethanol (Pharmco-Aaper) rinses, and dried
under nitrogen gas. The substrates were loaded into a magnetron sputter-
ing instrument (ATC Orion; AJA International) and coated with an
�2-nm Cr adhesion layer followed by an �45-nm Au layer. Self-assem-
bled monolayers (SAMs) were prepared by overnight incubation of the
Au-coated substrate in 0.2 mM ethanolic solution (final concentration) of
the lipid tether compound HC18 and �-mercaptoethanol (�-ME) in mo-
lar ratios of 1:1. The vesicles were immediately incubated on the SAM-
covered slides for at least 2 h, followed by a low-ionic-strength buffer (50
mM NaCl, 20 mM Tris, 2 mM dithiothreitol [DTT] [pH 8]) that com-
pleted stBLM formation. For SPR measurements, stBLMs were assembled
on a custom-built SPR instrument (SPR Biosystems, Germantown, MD)
in the Kretschmann configuration (56). To confirm bilayer quality, EIS
characterization was performed before each SPR experiment (55), and the
resonance angle at the neat bilayer was measured for reference. Thereafter,
increasing concentrations of protein were added. Protein adsorption in-
duces changes in the refractive index near the bilayer-buffer interface,
resulting in a shift of the resonance angle. The software package SPR Aria
(SPR Biosystems) was used for real-time data recording at 25°C. Time
courses of the SPR response, R(t), at each protein concentration were
monitored until equilibrated to determine the equilibrium value, Req. The

Hill equation, Req�cp� � R�·
cp

N

cp
N�Kd

, with the coefficient N (with N 
 1,

corresponding to the Langmuir adsorption isotherm), was used for mod-
eling the concentration-dependent protein load on the membrane,
thereby quantifying the protein affinity in terms of the dissociation con-
stant, Kd, and the equilibrium surface density of bound protein, R� (51).

RESULTS

Multimerization of a membrane binding protein such as Gag
should increase its membrane affinity if the binding sites on the
monomers face in the same direction toward the bilayer. Experi-
mentally, using artificially dimerized or hexamerized MA fusion
proteins, we showed previously that increasing the multimeriza-
tion state of MA dramatically increased its binding to liposomes
(4, 18, 19). More recently, we reported that purified RSV Gag in
solution was monomeric and flexible and that at 150 mM NaCl it
bound to membranes significantly better than did the isolated MA

Dick et al.

2476 jvi.asm.org March 2016 Volume 90 Number 5Journal of Virology

http://jvi.asm.org


domain or a truncated Gag missing NC (16). The membrane as-
sociations of hexamerized MA and of Gag were quantitatively
similar (19). These results suggested a model in which the strong
interaction of Gag with membranes is due to protein multimeriza-
tion. On the other hand, neutron reflectometry measurements of
both RSV (16) and HIV (45) Gag membrane binding showed that
both the MA and NC domains interact simultaneously with the
membrane at 50 mM NaCl. This result suggests a model in which
simultaneous membrane interaction of the two Gag domains po-
tentiates a tighter interaction, as might be expected.

Liposome binding of purified RSV Gag and Gag truncations.
To determine if NC plays a role in RSV Gag membrane association
at physiological ionic strengths, we purified a series of Gag C-ter-
minal-truncation proteins (Fig. 1A) and tested their membrane
binding by liposome flotation at 150 mM NaCl to liposomes with
the compositions POPC/POPS/Chol (34/30/36) and POPC/
POPS/Chol/PI(4,5)P2 (32/30/36/2) (lipid names are shown in Ta-
ble 1). The truncation sites for this first group of proteins are
delineated by the natural Gag-processing sites. In a second group
of proteins, we extended the C terminus to include several resi-
dues of the NC domain (MASP�n), resulting in proteins that in-
clude the entire SPA domain, which extends several residues into
NC (33, 57). In the context of this series of proteins, we also tested
the membrane binding of a protein with an SPA point mutation
known to disrupt in vitro Gag assembly (33).

C-terminal truncation of RSV Gag resulted in a dramatic
decrease in membrane association, with Gag	NC (	NC),
Gag	NC	SP (MACA), and MA itself binding to POPC/POPS/
Chol liposomes and POPC/POPS/Chol plus 2% PIP2 liposomes to
approximately the same extent (Fig. 1A). That is, liposomes with
PIP2 supported about 30% binding and those without PIP2 sup-
ported less than 10% binding. However, compared with 	NC,
proteins with an extension of four (MASP�4), six (MASP�6), or
eight (MASP�8) amino acids into NC increased binding to PIP2-
containing liposomes significantly (to 67%, 62%, and 80%, re-
spectively). MASP�8 bound nearly as well to PIP2-containing
membranes as Gag. On the other hand, binding to liposomes
without PIP2 was not increased. Taken together, these data suggest
that the major contribution of the RSV NC domain to membrane
interaction is not due to the basic parts of NC, but instead, at least
under these conditions, stems from an intact SPA domain, which
extends into the first few residues of the N-terminal end of NC.
This function of SPA is apparent only in the presence of PIP2 and
presumably is to transiently stabilize Gag oligomerization.

The SPA domain is predicted to form an �-helix that, in the
context of immature virus assembly, forms a six-helix bundle be-
low the C-terminal domain of CA (CACTD) lattice (33, 34). A
single isoleucine-to-alanine mutation (I475A) in SPA abrogates
both six-helix-bundle formation (33) and in vitro assembly of
VLPs (33). To test if the robust membrane association observed
for the MASP�n constructs is dependent on the ability of SPA to
undergo homotypic interactions, we tested the effect of the I475A
mutation in the context of MASP�6 and MASP�8 (Fig. 1B). The
mutation reduced membrane association of MASP�6 and MASP�8

by roughly one-half, measured with membranes containing
PI(4,5)P2. We interpret this result to mean that the effect of SPA
on membrane association is based on protein-protein interactions
that increase membrane binding.

Previously, we reported that hexameric MA (MA-Ccmk4),
when generated by in vitro translation in a reticulocyte extract,

associated with membranes at levels similar to those of RSV Gag
(19). Similarly, when fused to GFP, the same hexameric protein
localized strongly to the PM in cells, quantitatively similar to the
PM localization of Gag-GFP. We have now compared the mem-
brane association of purified MA-Ccmk4, known to be hexameric
in solution (19), with the membrane binding of purified RSV Gag.
As observed for protein synthesized by in vitro translation, Gag
and MA-Ccmk4 were found to associate with liposomes at similar
levels, independently of PIP2 (Fig. 1B). Therefore, while Gag and
MA-Ccmk4 do not require PIP2 for robust membrane association,
MASP�n proteins do. We speculate that the multivalent PIP2 can
stabilize transient MASP�n oligomers that bind to the membrane.
On the other hand, monovalent PS in the absence of PIP2 cannot
offer such stabilization, so that membrane-bound MASP�n oli-
gomers that dissociate into monomers show an increased off rate
from the membrane, leading to the observed reduction in affinity.
In contrast, protein-protein interactions between full-length Gag
or MA-Ccmk4, which is already oligomeric in solution, are more
resilient and do not require such stabilization when bound to the
membrane. This model would predict that Gag association with
the membrane is cooperative in nature, while the membrane as-
sociation of shorter constructs, such as the MA domain, is not.

To assess if the MASP�n proteins behave in vivo as they do in
vitro, we created C-terminally fused GFP versions of a subset of the
constructs shown in Fig. 1A. These DNAs were transfected into
quail QT6 cells, and then the cells were examined by fluorescence
microscopy. MACA-GFP and MASP�8(I475A)-GFP were both cy-
toplasmic, while MASP�8-GFP (and MASP�6-GFP [data not
shown]) were partially localized to the PM (Fig. 2). Compared
with Gag, which exhibited punctate fluorescence at the PM (9),
MASP�8-GFP exhibited diffuse fluorescence similar to that of
RSV MA-Ccmk4 (19). Quantification of the PM and cytoplasmic
signal intensities of each construct confirmed the visual impres-
sion that MASP�8-GFP is enriched at the PM compared with
MACA-GFP and MASP�8(I475A)-GFP (Fig. 2B). However, the ra-
tio between signals observed at the PM and in the cytoplasm for
MASP�8-GFP was significantly less than that for Gag-GFP (with
medians of 1.8 and 3.5, respectively).

We also measured the release of VLPs from transfected cells.
MASP�8-GFP VLPs were not found in significant numbers in the
medium (Fig. 2C). VLPs of MASP�6, i.e., protein lacking the GFP
domain, also were not found in the medium, ruling out the pos-
sibility that the GFP domain prevents VLP formation (data not
shown). We interpret these data to mean that, while the NC do-
main is partially dispensable for PM localization in vivo, it is re-
quired for the release of VLPs. In summary, these results show that
efficient RSV Gag membrane association in vitro does not require
the NC domain when PI(4,5)P2 is present and suggest that mem-
brane association is enhanced by protein-protein interactions
contributed by the SPA domain.

Surface plasmon resonance measurements of membrane
binding. We quantified the affinities of RSV MA and Gag binding
to membrane bilayers in stBLMs at an NaCl concentration of 50
mM using SPR. The binding of MA and full-length Gag to DOPC/
DOPS (70/30) membranes was different in several respects. First,
while MA was removed completely by subsequent rinses with pro-
tein-free buffer (Fig. 3A), full-length Gag remained partially
bound to the membrane surface (Fig. 3B). Second, unlike that for
MA, the SPR response for Gag did not follow a Langmuir model,
suggesting collective adsorption that is more appropriately de-
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scribed by the Hill equation (see above) with N greater than 1.
Such behavior is characteristic of cooperativity and suggests that
Gag oligomerization stabilizes the interaction of the protein with
the membrane in a way that is absent for MA. Third, the measured
membrane affinity of Gag was accordingly much greater than the
affinity of MA (the Kd was approximately nanomolar versus mi-
cromolar) (Fig. 3C, black curves), confirming and quantifying the
observations in liposome binding experiments.

We also quantified Gag and MA binding to stBLMs containing
2% PI(4,5)P2, in the background of the same PS composition,
DOPC/DOPS/PI(4,5)P2 (68/30/2). PI(4,5)P2 increased the affin-
ity of MA almost by an order of magnitude but had a more modest
effect on Gag affinity (Fig. 3C and Table 2). Significantly,
PI(4,5)P2 did not increase the cooperativity of the binding event,
at least at the ionic strength used in these measurements. We in-
terpret these results to mean that Gag membrane binding is dom-
inated by lateral protein-protein interactions rather than by lipid-
protein interactions, as in the case of MA. Finally, incorporation
of 30% cholesterol did not enhance the affinity of either Gag or
MA (Table 2). We note that RSV MA association with model
membranes shows trends for lipid composition similar to those
for unmyristoylated HIV-1 MA but with higher affinity and pro-
tein load on the membrane surface. Conversely, myristoylated
HIV-1 MA shows higher affinity to stBLMs than RSV MA and is
more sensitive to the cholesterol content of the membrane
(Marilia Barros, Frank Heinrich, Siddhartha A. K. Datta, Alan
Rein, Ioannis Karageorgos, Hirsh Nanda, and Mathias Lösche,
submitted for publication).

Assembly of Gag cysteine mutants. If membrane binding of
Gag is a cooperative process involving protein-protein interac-
tions, we hypothesized that these interactions would be the same
as in the Gag lattice of authentic immature virus particles and Gag
VLPs assembled in vitro. To test this hypothesis, we employed two

Gag protein constructs with a pair of ectopic Cys residues posi-
tioned to form disulfide-cross-linked Gag hexamers. In order to
lower nonspecific disulfide cross-linking in these experiments,
versions of Gag were used in which most of the endogenous Cys
residues had been replaced with Ala or Ser (26).

Before testing the effect of membrane binding on Gag multi-
merization, we characterized the effect on in vitro assembly of
removal of endogenous, and addition of ectopic, Cys residues. A
Gag protein, 	MBD-11CE227C T259C, lacking the membrane bind-
ing domain and all but one natural Cys residue but containing the
two ectopic Cys residues E227C and T259C (formerly called E51C
and T20C, respectively [26]), was shown previously to form reg-
ular spherical VLPs in vitro (26). When these VLPs were oxidized,
the p10 and CA domains of neighboring proteins became cross-
linked, resulting in covalently linked dimeric to hexameric protein
complexes easily visible on nonreducing SDS-PAGE (26). Simi-
larly, based on a model for the SPA putative six-helix bundle (34),
we predicted that VLPs assembled from the Gag-11C protein car-
rying two Cys residues in SP (R493C and E494C) should also lead
to multimeric complexes upon oxidation.

Negative-stain electron microscopy confirmed that all the Gag
mutants were able to assemble into particles, but at very different
efficiencies (Fig. 4A to C). Removal of 11 cysteines from 	MBD
(	MBD-11C) resulted in severe impairment of VLP assembly.
From kinetic analysis based on light scattering (50), 	MBD as-
sembly reached completion in �10 min, while 	MBD-11C as-
sembly was hardly evident (Fig. 4B) and led to no significant ac-
cumulation of VLPs in isopycnic sucrose gradient sedimentation
(Fig. 4C). Addition of the two Cys residues E227C and T259C
largely rescued this defect. Thus, 	MBD-11CE227C T259C showed
assembly kinetics similar to those of 	MBD and produced ap-
proximately equal numbers of VLPs in the sucrose gradients. For
the Gag construct carrying the pair of ectopic Cys residues in SP
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(	MBD-11CR493C E494C), partial rescue of assembly occurred, al-
though the rate of assembly was significantly lower than for
	MBD or 	MBD-11CE227C T259C. We conclude that the impaired
assembly of 	MBD-11C is at least partially rescued by the addition
of either of two pairs of cysteines that are positioned to enhance
Gag lattice formation.

We next sought to determine if full-length Gag containing the
cysteine mutations behaves the same as the 	MBD protein with
the same mutations. As previously reported (16), in vitro assembly
of VLPs by RSV Gag is less efficient than assembly of 	MBD. In
addition to the presence of large amounts of aggregated protein in
the assembly reaction mixture (see Materials and Methods), the
Gag VLPs tended to aggregate into clumps. Therefore, we were
unable to carry out either kinetic measurements or sedimentation
assays. However, we did observe regular VLPs for all Gag con-
structs screened by negative-stain EM. The MBD of Gag contains
two natural cysteine residues (C12 and C16), which were mutated
to alanine in the context of the Gag-11C construct. This protein,
called Gag-13C, formed few VLPs, similar to 	MBD-11C (Fig.
4D). Compared with Gag-13C, significantly more VLPs were ob-
served for Gag-11CE227C T259C, Gag-13CE227C T259C, and Gag-
13CR493C E494C. Thus, ectopic Cys residues promote in vitro
assembly in both the context of 	MBD and the context of
full-length Gag.

Membrane localization and budding of Gag cysteine mu-
tants in vivo. In cells, RSV Gag-GFP is strongly localized to the
PM, with a pattern typified by many fluorescent puncta when
observed by confocal microscopy (9). For all retroviruses, these
puncta are generally considered to be assembly or budding sites.
Gag multimerization is a critical component of the ability of Gag
to bind stably to the PM. RSV MA and HIV MA with and without
GFP are not localized to the PM (18, 19, 58–62), unless these
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in panel A are well described by a Langmuir isotherm (Hill equation with N
equal to 1). In contrast, the Gag data in panel B could be fitted only with Hill
exponents where N was greater than 1 (provided in Table 2), which indicates
cooperative membrane binding. Measurements were repeated no less than two
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TABLE 2 SPR results

Protein Lipid
NaCl
(mM) Kd (�M)

Hill coefficient
(N) R�

d

Gag PC/PS (70/30) 50 0.24  0.03a 2 75
PC/PS/Chol

(50/30/20)
50 0.2  0.01b 3 90

PC/PS/PIP2

(68/30/2)
50 0.13  0.01b 2 91

MA PC/PS (70/30) 50 24  4b 1 40
PC/PS/Chol

(50/30/20)
50 22c 1 49

PC/PS/PIP2

(68/30/2)
50 3.9  0.5b 1 31

a Average and standard deviation of three measurements.
b Average and range of two measurements.
c One measurement.
d R�, the equilibrium surface density of protein, is shown as the average if applicable.
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proteins are artificially dimerized (for HIV MA) or hexamerized
(for RSV MA) (19). Cytoplasmic HIV Gag is largely in a mono-
mer-dimer equilibrium, reaching higher multimeric states only at
the PM (42). Recently, though, a study by Hendrix et al. identified
concentration-dependent slowly diffusing cytoplasmic HIV Gag
complexes (63). RSV Gag has been reported to be in multimeric
states greater than dimeric before reaching the PM (41). These
observations suggest that Gag multimerization is critical for PM

association and that, at least in part, higher-order Gag multim-
erization occurs at the PM.

To further test the hypothesis that Gag membrane binding is
cooperative, we expressed C-terminally GFP-tagged Gag cysteine
mutants in cells (Fig. 5). Replacing the two natural Cys residues in
the MBD with Ala (GagC12A C16A) did not disrupt PM localization
(Fig. 5A) and only slightly reduced virion release (Fig. 5C). Both
Gag-11C and Gag-13C appeared to be concentrated in the nucleus
(Fig. 5A). RSV Gag is known to traffic through the nucleus before
reaching the PM, due to its two nuclear localization sequences
(NLS) in MA and NC and its nuclear export signal (NES) in p10
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(58, 64–66). Finding Gag-11C and Gag-13C in the nucleus was
unexpected, since neither of these constructs has mutations that
disrupt the NES. Both PM localization and virion release were
partially rescued by the ectopic Cys residues for Gag-13CE227C

T259C and for Gag-13CR493C E494C compared with Gag-13C (Fig.
5A to C). When considered with the VLP assembly data (Fig. 4),
overall, these results suggest that removal of cysteines greatly re-
duces Gag’s ability to assemble in vivo and that this reduction is
partially counteracted by the addition of cysteines positioned to
enhance Gag-Gag interactions.

Cross-linking of Gag bound to membranes in vitro. Using the
Gag cysteine mutants described above, we tested the ability of
membranes to facilitate Gag-Gag multimerization in vitro, as de-
termined by SDS-PAGE in the absence of reducing agents. The
predicted disulfide bonds between multimeric Gag proteins are
shown in Fig. 6A. Prior to assessing disulfide cross-linking by
nonreducing SDS-PAGE, we showed by liposome-pelleting as-
says, with the same lipid compositions shown in Fig. 1, that the
three mutant proteins with ectopic Cys residues (Fig. 4D) bound
liposomes similarly to Gag and Gag-13C and that PI(4,5)P2 mod-
estly stimulated binding (data not shown). Oxidation of VLPs
made either with the purified N-terminally truncated protein
	MBD-11CE227C T259C or with 	MBD-11CR493C E494C resulted in
the same banding pattern previously reported for 	MBD-

11CE227C T259C (reference 26 and data not shown). For the full-
length Gag proteins, we used Gag-13C, which contains only one
endogenous cysteine located in the C-terminal domain of CA
(C431), as a negative control. This protein showed only minor
numbers of cross-linked bands after binding to liposomes and
oxidation (Fig. 6B). Because Gag-13C disulfide cross-linking was
observed only in the presence of membranes and because C431 is
buried in the CA lattice (26), the minor cross-linked product is
likely to represent a form of membrane-bound Gag not consistent
with a regular Gag lattice. Compared with Gag-13C, Gag-
13CR493C E494C showed significant disulfide cross-linking (Fig.
6B). In the absence of the oligonucleotide GT25 used to promote
assembly (Fig. 6B, lane 4), some Gag multimers were observed,
but significantly fewer than with the oligonucleotide. Six distinct
bands were evident both for assembly reactions in the absence of
liposomes (�GT25 [Fig. 6B, lane 5]) and in the presence of lipo-
somes (�LUV [Fig. 6B, lane 6]). This banding pattern is consis-
tent with that observed for purified 	MBDE227C T259C hexamers
(25). Thus, we interpret the result to mean that the Gag-Gag con-
tacts occurring on the membrane are the same as those contacts
that occur in the immature Gag lattice. In addition, these data
further support the model in which the SPA domain forms a six-
helix bundle (24, 33, 34).

For Gag-13CE227C T259C, disulfide cross-linking in the presence
of GT25 but in the absence of liposomes was indistinguishable
from the cross-linking observed in the presence of liposomes but
in the absence of oligonucleotide (Fig. 6C, left). The addition of an
oxidizing agent (Cu-Phen) did not significantly increase the for-
mation of Gag multimers, suggesting that oxidation occurred ef-
ficiently in the presence of ambient oxygen. The residues C12 and
C16 in the MBD of Gag-11CE227C T259C significantly increased the
formation of multimers larger than hexamers in the presence of
Cu-Phen (Fig. 6C, right). The low abundance of protein in lane 10
(Fig. 6C) is likely due to the formation of products too large to
migrate into the gel. Because we did not observe these large prod-
ucts for Gag-13CE227C T259C or Gag-13CR493C E494C, we hypothe-
size that the cysteines in the MBD tie together disulfide-cross-
linked Gag hexamers. Gag-13CE227C T259C and Gag-11CE227C T259C

both exhibited Gag dimers, consistent with the previously de-
scribed dimer composed of antiparallel Gag molecules (67), which
are dead-end products that cannot form a Gag lattice. In the ab-
sence of GT25, the E227C T259C mutants showed less background
(buffer only) than the R493C E494C mutants. This result may
reflect the fact that the R493C and E494C residues are located in an
unfolded region of Gag, unlike E227C and T259C. Taken together,
and in summary, we interpret these results to mean that LUVs
promote Gag multimerization as efficiently as oligonucleotides,
and we hypothesize that the Gag-Gag contacts are the same,
though this cannot be proven at this point.

DISCUSSION

We have shown that RSV Gag membrane binding involves pro-
tein-protein interactions. Both biochemically, by liposome bind-
ing in vitro, and by cellular localization in vivo, stable Gag-mem-
brane interactions depended on a functional SPA domain, which
was inferred previously to form a six-helix bundle in the Gag lat-
tice (33, 34, 57). In SPR measurements with supported bilayers at
50 mM NaCl, Gag bound membranes 2 orders of magnitude more
tightly than did MA, and unlike for MA, this binding showed the
characteristics of cooperativity. In vitro assembly of a panel of Gag
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and Gag	MBD mutant proteins revealed that removal of cysteine
residues nearly abrogated assembly, but this defect could be res-
cued by the addition of ectopic cysteine residues positioned near
either the N- or C terminus of CA to promote Gag-Gag contacts in
the Gag lattice. Oxidation experiments with these ectopic cysteine
mutants implied that the interactions between Gag proteins
bound to a membrane are the same as or similar to the contacts
between Gag proteins in immature VLPs.

The discrepancy in RSV MA-membrane affinities determined
by SPR here and by liposome flotation previously remains to be
clarified. Dalton et al. (4) originally estimated a Kd of �1 mM for
liposomes composed only of PC and PS, without cholesterol or
PI(4,5)P2 and at 75 mM NaCl. This estimated affinity was also
bolstered by electrostatic calculations. In contrast, our present
SPR results show a Kd of �20 �M under similar conditions. Dal-
ton et al. argued that the number of MA binding sites on lipo-
somes was in considerable excess over protein, even at low con-
centrations of lipid, a condition that is required in order for the
measurements to be interpretable. This critical assumption may
have been overly optimistic. If the MA binding sites on liposomes
were fewer than estimated by those authors, their flotation data
would not lead to the affinity they estimated. In addition, flotation
assays may underestimate protein binding due to dilution of lipids
in the sucrose gradient (68).

The prevailing model for the SPA domain of RSV Gag (23, 33,
34, 57), and the similar SP1 domain of HIV Gag (34, 35), is that
this segment coalesces to form a six-helix bundle tying together
Gag molecules in the lattice (34). However, the functional bound-
aries of SPA are not accurately defined. Originally, Keller et al.,
using a baculovirus expression system and EM as the readout,
assigned 24 residues to SPA— 8 at the end of CA, 12 in SP, and 4
(AVVN) at the beginning of NC (57). A peptide comprising these
residues plus the next four residues in NC (RERD) was shown to
form a hexamer at high concentrations in solution (33), and mod-
eling suggested that the RD pair could form a salt bridge that
would stabilize the bundle. Molecular-dynamics simulations sug-
gested that all 8 residues in NC are important for stability of the
bundle (69). We have shown here that truncated Gag proteins
ending with the 4 (AVVN), 6 (AVVNRE), or 8 (AVVNRERD)
N-terminal residues of NC are similar in their membrane binding
to a Gag construct that includes the entire NC domain. This sug-
gests that the RERD sequence is dispensable for formation of the
six-helix bundle and provides the first biochemical evidence, al-
beit indirect, that the six-helix bundle can form in a Gag molecule
in the absence of the majority of NC.

The signaling lipid PI(4,5)P2, which is concentrated in the in-
ner leaflet of the PM (70), enhances PM localization of RSV Gag in
cells (11), although it is less effective in this enhancement than for
HIV Gag (9, 13). PI(4,5)P2 also promotes liposome binding of
RSV Gag in vitro (9, 13, 16, 19). The experiments presented here
show that an RSV Gag mutant missing most of NC but including
an intact SPA domain bound to liposomes at 150 mM NaCl al-
most as well as full-length Gag, but only in the presence of 2%
PI(4,5)P2 in addition to 30% PS. By SPR, PI(4,5)P2 increased the
affinity of Gag for membranes by a modest 2-fold at 50 mM NaCl.
Gag proteins that do not include an intact SPA, i.e., MA, MA-CA,
and 	NC, did not show a strong PI(4,5)P2 effect in liposome bind-
ing, suggesting that PI(4,5)P2 in part acts by enhancing SPA-in-
duced oligomerization of Gag. However, by SPR, the affinity of
MA for membranes was increased 5-fold by PI(4,5)P2. We specu-

late that this discrepancy for MA, when SPR and liposome flota-
tion are compared, results from the different ionic strengths used
in the two assays. Due to protein aggregation, we were unable to
measure Gag binding to supported bilayers at the more physiolog-
ically relevant ionic strength of 150 mM NaCl.

One possible mechanism that might explain how PI(4,5)P2

promotes multimerization is that the lipid increases the dwell time
of individual proteins on the membrane, thus reducing the off
rate, effectively increasing the probability that two membrane-
bound Gag molecules associate with each other. A precedent for
this idea is the report that the dwell time of the PI(3,4,5)P3-specific
PH-PLHC domain, measured by total internal reflection fluores-
cence (TIRF) microscopy on supported bilayers, increases in the
presence of PI(3,4,5)P3 and that the protein’s surface diffusion
rate is at the same order of magnitude as the diffusion rate of the
lipid itself (71, 72). In other words, in that system, the protein-
membrane interaction is so tight that the protein does not let go of
the lipid on this time scale. We are in the process of testing this
model for RSV Gag. We note that this mechanism does not nec-
essarily rely on a PI(4,5)P2-specific binding pocket, as found for
HIV MA (14). It could be that electrostatic interactions alone are
sufficient for the implied tight binding of a protein to the lipid.

The role of the RSV NC domain in membrane binding of Gag
is uncertain. First, while we have shown here that liposome bind-
ing of Gag is nearly as efficient in the absence as in the presence of
NC, as long as the entire SPA domain is present, previously pub-
lished data were interpreted to mean that NC is essential for PM
binding in vivo (11). In regard to this point, we note that the SPA
domain extends at least 4 residues into the N terminus of NC, and
hence, complete deletion of NC also abrogates SPA function (33,
57). Nevertheless, from the results presented here, we cannot en-
tirely rule out a role for the NC domain in mediating Gag-mem-
brane association. SPR measurements of purified MASP�6 and
MASP�8 showed slow binding kinetics that we were unable to fit
into a model (data not shown). In addition, MASP�6 and
MASP�8 did not form VLPs in vivo or in vitro under a range of
assembly conditions (data not shown). These results are consis-
tent with previous in vitro assembly experiments demonstrating
that NC-mediated dimerization is critical for the initiation of vi-
rion formation (73). In one model of HIV Gag-membrane inter-
action, derived from NR measurements, if NC is not occupied by
nucleic acid, it freely interacts with a negatively charged mem-
brane. This interaction would result in a Gag configuration that is
unfavorable for multimerization. Applied to cells, NC in this
model would not only contribute to the recruitment of Gag to the
PM, but also would play a role in regulating assembly. From all of
our results taken together, we conclude that while an intact SPA
domain is critical for membrane binding and apparently is re-
quired for cooperativity, the NC domain of RSV Gag is clearly
indispensable for virion assembly.

Gag-GFP localization in cells was altered for mutants with ei-
ther 11 or 13 of the endogenous cysteines knocked out. These
mutant proteins accumulated in the nucleus, while wild-type Gag-
GFP at steady state was primarily found in PM puncta, which
presumably represent assembly and budding sites. This effect of
Cys mutations is difficult to interpret. In principle, such a pheno-
type could result from misfolding of the Gag protein. However,
the fact that either of two pairs of ectopic Cys residues partially
restored normal localization argues against misfolding. RSV Gag
contains two NLS and one NES (58, 64–66), and the latter overlaps
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a critical assembly determinant in p10 (26). It is well established
that upon treatment with leptomycin B, an inhibitor of CRM
1-dependent nuclear export, RSV Gag becomes localized almost
exclusively to the nucleus, implying that Gag normally is trafficked
through the nucleus before returning through the cytoplasm to
assemble at the PM (74). According to one model, RSV Gag enters
the nucleus in order to pick up its vgRNA (74). The observations
that removal of endogenous cysteines results in in vitro assembly
defects and in retention of Gag in the nucleus and that ectopic Cys
residues reverse this effect suggest that nuclear export of Gag de-
pends on the ability of Gag to multimerize. However, it remains
unclear if nuclear trafficking of RSV Gag is essential for the pro-
duction of infectious virions. RSV Gag chimeras containing the
HIV MA domain do not traffic through the nucleus, and yet their
infectivity is not compromised (75).

From disulfide cross-linking, it appears that membrane bind-
ing of Gag in the absence of nucleic acid results in Gag-Gag con-
tacts similar to those found in the immature virion. However, the
detailed nature of the membrane-promoted Gag lattice is un-
known. Presumably, it must differ somehow from the Gag lattice
in immature virions, since Gag mutants with an intact SPA do-
main but without an NC domain neither form budding VLPs in
cells nor assemble into VLPs in vitro. Preliminary experiments
suggest that it may be possible to reconstitute a bilayer around Gag
VLPs assembled in vitro, and thus, it may also be possible to ex-
amine by electron cryotomography an NC-truncated Gag protein
bound to membranes.
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