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The human immunodeficiency virus type 1 structural polyprotein Pr55Gag is necessary and sufficient for the
assembly of virus-like particles on cellular membranes. Previous studies demonstrated the importance of the
capsid C-terminal domain (CA-CTD), nucleocapsid (NC), and membrane association in Gag-Gag interactions,
but the relationships between these factors remain unclear. In this study, we systematically altered the
CA-CTD, NC, and the ability to bind membrane to determine the relative contributions of, and interplay
between, these factors. To directly measure Gag-Gag interactions, we utilized chimeric Gag-fluorescent protein
fusion constructs and a fluorescence resonance energy transfer (FRET) stoichiometry method. We found that
the CA-CTD is essential for Gag-Gag interactions at the plasma membrane, as the disruption of the CA-CTD
has severe impacts on FRET. Data from experiments in which wild-type (WT) and CA-CTD mutant Gag
molecules are coexpressed support the idea that the CA-CTD dimerization interface consists of two reciprocal
interactions. Mutations in NC have less-severe impacts on FRET between normally myristoylated Gag proteins
than do CA-CTD mutations. Notably, when nonmyristoylated Gag interacts with WT Gag, NC is essential for
FRET despite the presence of the CA-CTD. In contrast, constitutively enhanced membrane binding eliminates
the need for NC to produce a WT level of FRET. These results from cell-based experiments suggest a model
in which both membrane binding and NC-RNA interactions serve similar scaffolding functions so that one can
functionally compensate for a defect in the other.

The human immunodeficiency virus type 1 (HIV-1) struc-
tural precursor polyprotein Pr55Gag is necessary and sufficient
for the assembly of virus-like particles (VLPs). Gag is com-
posed of four major structural domains, matrix (MA), capsid
(CA), nucleocapsid (NC), and p6, as well as two spacer pep-
tides, SP1 and SP2 (3, 30, 94). Following particle assembly and
release, cleavage by HIV-1 protease separates these domains.
However, these domains must work together in the context of
the full-length Gag polyprotein to drive particle assembly.

Previous studies have mapped two major functional domains
involved in the early steps of assembly: first, Gag associates
with cellular membranes via basic residues and N-terminal
myristoylation of the MA domain (10, 17, 20, 35, 39, 87, 91,
106); second, the Gag-Gag interaction domains that span the
CA C-terminal domain (CA-CTD) and NC domain promote
Gag multimerization (3, 11, 14, 16, 18, 23, 27, 29, 30, 33, 36, 46,
64, 88, 94, 102, 103). Structural and genetic studies have iden-
tified two residues (W184 and M185) within a dimerization

interface in the CA-CTD that are critical to CA-CA interac-
tions (33, 51, 74, 96). Analytical ultracentrifugation of het-
erodimers formed between wild-type (WT) Gag and Gag mu-
tants with changes at these residues suggests that the
dimerization interface consists of two reciprocal interactions,
one of which can be disrupted to form a “half-interface” (22).

In addition to the CA-CTD, NC contributes to assembly via
15 basic residues (8, 9, 11, 14, 18, 23, 25, 28, 34, 40, 43, 54, 57,
58, 74, 79, 88, 97, 104, 105), although some researchers have
suggested that NC instead contributes to the stability of mature
virions after assembly (75, 98, 99). It is thought that the con-
tribution of NC to assembly is due to its ability to bind RNA,
since the addition of RNA promotes the formation of particles
in vitro (14–16, 37, 46), and RNase treatment disrupts Gag-
Gag interactions (11) and immature viral cores (67). However,
RNA is not necessary per se, since dimerization motifs can
substitute for NC (1, 4, 19, 49, 105). This suggests a model in
which RNA serves a structural role, such as a scaffold, to
promote Gag-Gag interactions through NC. Based on in vitro
studies, it has been suggested that this RNA scaffolding inter-
action facilitates the low-order Gag multimerization mediated
by CA-CTD dimerization (4, 37, 49, 62, 63, 85). Despite a
wealth of biochemical data, the relative contributions of the
CA-CTD and NC to Gag multimerization leading to assembly
are yet to be determined in cells.

Mutations in Gag interaction domains alter membrane bind-
ing in addition to affecting Gag multimerization. In particular,
mutations or truncations of CA reduce membrane binding (21,
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74, 82), and others previously reported that mutations or trun-
cations of NC affect membrane binding (13, 78, 89, 107). These
findings are consistent with a myristoyl switch model of mem-
brane binding in which Gag can switch between high- and
low-membrane-affinity states (38, 71, 76, 83, 86, 87, 92, 95,
107). Many have proposed, and some have provided direct
evidence (95), that Gag multimerization mediated by CA or
NC interactions promotes the exposure of the myristoyl moiety
to facilitate membrane associations.

Gag membrane binding and multimerization appear to be
interrelated steps of virus assembly, since membrane binding
also facilitates Gag multimerization. Unlike betaretroviruses
that fully assemble prior to membrane targeting and envelop-
ment (type B/D), lentiviruses, such as HIV, assemble only on
cellular membranes at normal Gag expression levels (type C),
although non-membrane-bound Gag complexes exist (45, 58,
60, 61, 65). Consistent with this finding, mutations that reduce
Gag membrane associations cause a defect in Gag multimer-
ization (59, 74). Therefore, in addition to their primary effects
on Gag-Gag interactions, mutations in Gag interaction do-
mains cause a defect in membrane binding, which, in turn,
causes a secondary multimerization defect. To determine the
relative contributions of the CA-CTD and the NC domain to
Gag-Gag interactions at the plasma membrane, it is essential
to eliminate secondary effects due to a modulation of mem-
brane binding.

Except for studies using a His-tag-mediated membrane
binding system (5, 46), biochemical studies of C-type Gag
multimerization typically lack membranes. Therefore, these
studies do not fully represent particle assembly, which occurs
on biological membranes in cells. Furthermore, many bio-
chemical and structural approaches are limited to isolated do-
mains or truncated Gag constructs. Thus, some of these studies
are perhaps more relevant to the behavior of protease-cleaved
Gag in mature virions. With few exceptions (47, 74), cell-based
studies of Gag multimerization have typically been limited to
measuring how well mutant Gag is incorporated into VLPs
when coexpressed or not with WT Gag. Since VLP production
is a complex multistep process, effects of mutations on other
steps in the process can confound this indirect measure. For
example, NC contributes to VLP production by both promot-
ing multimerization and interacting with the host factor ALIX
to promote VLP release (26, 80). To directly assay Gag mul-
timerization in cells, several groups (24, 45, 52, 56) developed
microscopy assays based on fluorescence resonance energy
transfer (FRET). These assays measure the transfer of energy
between donor and acceptor fluorescent molecules that are
brought within �5 nm by the association of the proteins to
which they are attached (41, 48, 90). However, these micros-
copy-based Gag FRET assays have not been used to fully
elucidate several fundamental aspects of HIV-1 Gag multim-
erization at the plasma membrane of cells, such as the relative
contributions of the CA-CTD and NC and the effect of mem-
brane binding on Gag-Gag interactions. In this study, we used
a FRET stoichiometry method based on calibrated spectral
analysis of fluorescence microscopy images (41). This algo-
rithm determines the fractions of both donor and acceptor
fluorescent protein-tagged Gag molecules participating in
FRET. For cells expressing Gag molecules tagged with donor
(cyan fluorescent protein [CFP]) and acceptor (yellow fluores-

cent protein [YFP]) molecules, this method measures the ap-
parent FRET efficiency, which is proportional to the mole
fraction of Gag constructs in complex. By measuring apparent
FRET efficiencies, quantitative estimates of the mole fractions
of interacting proteins can be obtained.

Using this FRET-based assay, we aim to answer two ques-
tions: (i) what are the relative contributions of CA-CTD and
NC domains to Gag multimerization when secondary effects
via membrane binding are held constant, and (ii) what is the
effect of modulating membrane binding on the ability of Gag
mutants to interact with WT Gag?

Our data demonstrate that the CA-CTD dimerization inter-
face is essential for Gag multimerization at the plasma mem-
brane, as fully disrupting the CA-CTD interaction abolishes
FRET, whereas a modest level of FRET is still detected in the
absence of NC. We also present evidence that the CA-CTD
dimerization interface consists of two reciprocal interactions,
allowing the formation of a half-interface that can still contrib-
ute to Gag multimerization. Notably, when Gag derivatives
with an intact CA-CTD were coexpressed with WT Gag, either
membrane binding ability or NC was required for the Gag
mutants to interact with WT Gag, suggesting functional com-
pensation between these factors.

MATERIALS AND METHODS

Plasmids. The HIV-1 molecular clone pNL4-3 was described previously (2).
The molecular clone encoding nonfunctional viral protease, pNL4-3/PR�, was
described previously (44). The derivative pNL4-3/Gag-Venus, encoding Gag with
a C-terminal mVenus-variant YFP fusion, was described previously (17). This
construct contains an extensive deletion of pol and silent mutations to reduce
ribosomal frameshift to the pol reading frame (17). This construct also does not
express vif or vpr (93). The derivative pNL4-3/Gag-mCerulean, encoding Gag
with a C-terminal mCerulean (84) CFP fusion, was generated by replacing
mVenus of pNL4-3/Gag-Venus with mCerulean, PCR amplified from pm-
Cerulean-N1 (obtained from S. Straight, University of Michigan Center for
Live-Cell Imaging). Plasmid pNL4-3/CA152xba220 was generated by PCR mu-
tagenesis. The sequence coding for residues I153 through Q219 was replaced
with an XbaI restriction site, coding for the dipeptide SR. This mutant will be
referred to as delCA-CTD for simplicity. The derivative pNL4-3/WM184,185AA
was described previously (74). The derivative pNL4-3/14A1G was generated by
PCR mutagenesis. The amino acid substitutions were previously described for
the 15A NC mutant (18, 79) except that residue R405 was mutated to Gly instead
of Ala to preserve the ApaI restriction site, and mutagenesis was performed in
a pNL4-3 genetic background. pNL4-3/delNC was a kind gift from D. Ott (75).
Chimeric Gag constructs derived from pNL4-3/delNC do not contain silent
mutations to reduce ribosomal frameshift to the pol reading frame but do retain
an extensive deletion of pol. pNL4-3/1GA was described previously (32). The
construct with the first 10 residues of Fyn kinase replacing the Gag start codon
[pNL4-3/Fyn(10)fullMA/GagVenus] was described previously (17). The Gag de-
rivatives used in FRET experiments (Fig. 1) were constructed from the above-
mentioned plasmids using standard molecular biology techniques. The mVenus
expression plasmid pmVenus-N1 was created by replacing mCerulean in pm-
Cerulean-N1 with mVenus from pNL4-3/Gag-Venus. pFyn(10)-mVenus, which
expresses mVenus with an N-terminal 10-residue Fyn kinase acylation signal, was
created by PCR mutagenesis. pmCerulean-mVenus-linked was created by re-
placing mCitrine in pmCerulean-mCitrine (a gift from S. Straight, University of
Michigan Center for Live-Cell Imaging) with mVenus from pNL4-3/Gag-Venus.
This construct expresses mCerulean and mVenus in tandem, separated by a
27-amino-acid linker encoded by the pmCerulean-N1 multiple-cloning site.

Cells and transfection. HeLa cells were cultured as described previously (31).
For microscopy, 4.2 � 104 cells were seeded into each well of eight-well chamber
slides (Nalge Nunc, Rochester, NY), grown for 24 h, and transfected with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
For the VLP release assay, membrane flotation, the myristoylation assay, and
immunoblotting, 5.6 � 105 cells were seeded into each well of six-well plates
(Corning), grown overnight, and transfected as described above.
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VLP release assay. Transfected HeLa cells and supernatants were harvested at
18 h posttransfection. VLPs were pelleted by ultracentrifugation from 0.45-�m-
filtered cell supernatants, as previously described (69). Gag constructs in cell
lysates and VLPs were detected by immunoblotting using rabbit anti-p17 (Paul
Spearman, AIDS Research and Reference Reagent Program, Division of AIDS,
NIAID, NIH) and rabbit polyclonal anti-green fluorescent protein (GFP) (Clon-
tech) as primary antibodies and Alexa Fluor 594-conjugated anti-rabbit immu-
noglobulin G (IgG) as a secondary antibody (Invitrogen). Secondary-antibody
fluorescence was quantified using a Typhoon Trio imager (GE Healthcare). VLP
release efficiency was calculated as previously described (69).

Membrane flotation assay. Transfected HeLa cells were harvested at 18 to
20 h posttransfection. Cells were prepared for membrane flotation centrifugation
as previously described (71). To measure steady-state membrane associations,
Gag constructs were detected by immunoblotting as described previously (70).
Gag constructs were detected using rabbit polyclonal anti-GFP (Clontech) and
Alexa Fluor 488-conjugated anti-rabbit IgG as a secondary antibody (Invitro-
gen). The amount of Gag in each fraction was quantified using a Typhoon Trio
imager (GE Healthcare), and percent membrane binding was calculated by the
sum of Gag in membrane fractions 1 and 2 divided by the sum total Gag in all
five fractions.

Myristoylation assay. Six hours posttransfection, HeLa cells were metaboli-
cally radiolabeled overnight with [3H]myristic acid (Perkin-Elmer) as previously
described (71). Chimeric Gag proteins were immunoprecipitated from cell ly-
sates using HIV-Ig (NABI and NHLBI, AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH). Autoradiography was performed as
previously described (71). Total Gag protein was detected by immunoblotting
using rabbit polyclonal anti-GFP, as described above.

Fluorescence microscopy. At 17 h posttransfection, HeLa cells were rinsed
once with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde
(EMS, Hatfield, PA) in PBS for 30 min, rinsed once with PBS, and mounted in
Fluoromount-G (Southern Biotech) for two-dimensional (2D) microscopy. Al-
ternatively, for three-dimensional (3D) microscopy, cells were incubated with
anti-human CD81 (BD Pharmingen) for 15 min at 37°C without membrane
permeabilization to label only cell surface CD81 proteins. Cells were fixed in 4%
paraformaldehyde in PBS for 30 min, and the remaining paraformaldehyde was
neutralized by adding 0.1 M glycine in PBS. Cells were then blocked with 3%
bovine serum albumin in PBS and incubated with Alexa Fluor 594-conjugated
anti-mouse IgG as a secondary antibody (Invitrogen). Cells were then imaged
immersed in PBS. All microscopy was performed at the University of Michigan
Center for Live-Cell Imaging. 2D microscopy was performed using an Olympus
(Center Valley, PA) IX70 inverted microscope, with an X-Cite 120 metal halide
light source (Exfo, Mississauga, ON, Canada), a 100� (oil immersion UPlan Fl
with a numerical aperture of 1.30) objective, a CFP/YFP/red fluorescent protein-
optimized filter set (catalog number 86006-SPR; Chroma Technology Corp.,
Rockingham, VT) mounted in a Lambda 10-3 automatic filter wheel (Sutter
Instrument Co., Novato, CA), and a CoolSNAP HQ2 14-bit charge-coupled-
device camera (Photometrics, Tucson, AZ) controlled by Metamorph Premier
v6.3 software (Molecular Devices, Downingtown, PA). 3D microscopy was per-
formed using a previously described custom-built fluorescence microscope (42).
Images were collected using three filter combinations: YFP excitation/YFP emis-
sion, CFP excitation/CFP emission, and CFP excitation/YFP emission.

Image analysis, quantitation, and statistics. FRET was calculated from 2D
epifluorescence microscopy images using the method of FRET stoichiometry
(41). FRET produces two changes in fluorescence signals: (i) a decrease in donor
fluorescence and (ii) a proportional increase in acceptor fluorescence. The loss
in donor fluorescence due to FRET can be measured by photobleaching the
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FIG. 1. (A) Gag derivatives used in this study. HIV-1 molecular
clones that express chimeric Gag-fluorescent protein fusions (WT

Gag-CFP/YFP) were generated. Deletions or amino acid substitutions
were created in the CA domain (delCA-CTD and WM184,185AA,
respectively) and the NC domain (delNC and 14A1G, respectively).
This panel of mutants was additionally altered to reduce membrane
binding by abolishing N-terminal myristoylation (1GA) or enhance
membrane binding by adding a triple-acylation signal [Fyn(10)]. Sites
of N-terminal myristoylation (myr) and palmitoylation (palm) are in-
dicated. (B) Expression and VLP release. VLP release of chimeric
Gag-YFP and mutant constructs was compared to that of nonchimeric
Gag. Immunoblots were probed to detect the matrix domain of Gag
(anti-MA antibody [�MA]) or the YFP tag (anti-GFP antibody
[�GFP]) to ensure that chimeric Gag proteins are full length. Data are
representative of data from four independent experiments.
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acceptor and recording the recovery of donor fluorescence. However, these
measurements observe only the amount of donor bound by acceptor, which can
be influenced by the local ratio of acceptor- and donor-tagged Gag molecules.
For example, during heterotypic expression of mutant Gag-YFP and WT Gag-
CFP, a minority of mutant Gag-YFP molecules is recruited into a multimer
containing a majority of WT Gag-CFP, producing locally skewed ratios of mol-
ecules. The use of a FRET method that measures only the degree to which WT

Gag-CFP is participating in FRET would produce low FRET efficiency simply
because WT Gag-CFP is locally in excess, masking any mutant/WT interaction
that may be present.

To overcome this limitation, the FRET stoichiometry algorithm used in this
study converts the fluorescence signals from direct donor fluorescence, direct
acceptor fluorescence, and acceptor fluorescence due to FRET into measures of
molecule concentration and FRET efficiency (41). FRET in this study is reported
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Fyn(10)-YFP fluorescence intensity appears uneven or punctate, which is likely due to the presence of membrane ruffles and blebs. As a positive
control, WT Gag-CFP and -YFP were coexpressed. FRET Eavg values were calculated from images taken with three filter combinations: CFP
excitation/CFP emission (CFP), YFP excitation/YFP emission (YFP), and CFP excitation/YFP emission (not shown). FRET Eavg values are color
coded according to the scale bar at the top right. (B) Gag FRET is associated predominantly with plasma membrane puncta. WT Gag-CFP/YFP
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as average apparent FRET efficiency (Eavg), which is proportional to the average
mole fraction of fluorophores participating in FRET [Eavg � (EA � ED)/2]
according to the nomenclature described previously by Hoppe et al. (41). The
Eavg value ranges from 0 to 1 and provides a measure of the strength of an
interaction with reduced dependence on the relative expression of the donor-
and acceptor-tagged molecules (6, 12). Additionally, FRET stoichiometry pro-
vides information on the mole fraction of both CFP- and YFP-tagged Gag
molecules participating in FRET, providing a more complete measure of Gag-
Gag interactions.

For 3D epifluorescence microscopy, FRET was either calculated from single xy
planes as for 2D microscopy or calculated using a method that reconstructs the
3D distribution of fluorescent molecules by deconvolution (42). These calcula-
tions were performed using custom FRET calculator software, implemented
using MATLAB (R2008a; The Mathworks, Natick, MA) and developed by the
University of Michigan Center for Live-Cell Imaging (available for download at
http://sitemaker.umich.edu/4dimagingcenter/).

To calculate FRET stoichiometry, it is necessary to experimentally determine
the constants �, �, 	, and 
. The constants � and � describe the cross talk of
donor and acceptor fluorophores into each other’s detection channel. The con-
stant 	 is the ratio of the extinction coefficients of the two fluorophores, which is
necessary to calculate the degree of acceptor fluorophore participation in FRET
from the measured increase in acceptor fluorescence due to FRET. The constant

 relates the increase in acceptor fluorescence due to FRET to the decrease in
donor fluorescence due to FRET, which is necessary to calculate the degree of
donor fluorophore participation in FRET (41). To experimentally determine the
constants �, �, 	, and 
, HeLa cells were transfected with pmCerulean-N1,
pmVenus-N1, or pmCerulean-mVenus-linked. Cells were fixed and mounted,
and images were collected as described above. Regions that were positive for
fluorescence were manually selected, surrounding approximately 40 fluorescent
cells distributed over 10 microscopy fields. The constants �, �, 	, and 
 were
calculated from these data as previously described (41).

After calculating FRET Eavg values for entire microscopy fields using the
FRET stoichiometry method (described above), regions of interest were auto-
matically selected around fluorescent puncta using the GranFilter plugin (81) in
ImageJ (version 1.40g; NIH, Bethesda, MD [http://rsb.info.nih.gov/ij/]). Plugin
settings were as follows: circular structure element, 5-pixel radius, 1-pixel step
size, and image unmasked. With these settings, the GranFilter plugin serves as an
image filter to identify regions of interest around fluorescent puncta in a con-
sistent and reproducible manner. FRET Eavg values were then recorded at the
regions of interest (see Fig. S1 in the supplemental material for GranFilter
examples). When multiple regions of interest were measured per cell, measure-

ments were averaged on a cell-by-cell basis so that cells with more puncta
identified by GranFilter were not overrepresented in the population statistics.
Approximately 40 to 50 cells were measured for each experimental condition.
Statistical significance was assessed by a two-tailed Student’s t test (Microsoft
Excel).

Fluorescence images in this paper were prepared by scaling using the “auto-
scale” function and converting to an 8-bit pixel depth in Metamorph. FRET
images were manually thresholded to mask regions where fluorescence signals
were below approximately 4,000 in a range of 0 to 16,383 (14 bits) to avoid
including cell-free regions where there is no fluorescence and, therefore, no
FRET. FRET Eavg values were prepared by applying a pseudocolor map over the
range of 0 to 1, as indicated on the figure color scale bars, and conversion to an
8-bit pixel depth in Metamorph. Text annotation was added using Adobe Illus-
trator. Images were not otherwise altered.

RESULTS

Validation of chimeric Gag constructs. To assay Gag mul-
timerization, we created proviral molecular clones that express
Gag with YFP (mVenus variant) or CFP (mCerulean variant)
fused to its C terminus (Fig. 1A). To test the relative contri-
butions of the CA-CTD and NC to Gag multimerization, we
introduced deletions or point mutations (Fig. 1A). Mutations
in the CA-CTD were chosen to disrupt the dimerization inter-
face in the C-terminal domain by deleting most of the C-
terminal domain (delCA-CTD) or by altering critical residues
(WM184,185AA). Mutations in NC were chosen to abolish
RNA binding by deleting most of the NC (delNC) or by re-
placing 15 basic residues with neutral residues (14A1G).

Previously, others observed that C-terminal fluorescent pro-
tein fusions to HIV-1 Gag interfere with budding of particles
(55). To characterize the performance of our chimeric constructs,
we performed a VLP release assay, comparing a construct ex-
pressing nonchimeric WT Gag to our chimeric constructs ex-
pressing Gag-YFP. We found that Gag-YFP is not defective in
VLP release relative to that of nonchimeric Gag. However,
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FIG. 3. Stoichiometric FRET microscopy of mutant Gag constructs. (A) Gag-CFP/YFP constructs containing CA mutations (WM184,185AA
or delCA-CTD) or NC mutations (14A1G or delNC) were coexpressed homotypically (i.e., both Gag-CFP and Gag-YFP constructs contain the
same mutation) or heterotypically (i.e., the Gag-YFP construct contains a mutation, but the Gag-CFP construct does not). FRET Eavg values were
calculated from images taken with three filter combinations: CFP excitation/CFP emission (CFP), YFP excitation/YFP emission (YFP), and CFP
excitation/YFP emission (not shown). FRET Eavg values are color coded according to the scale bar at the top right. In the case of WM184,185AA
Gag-CFP/YFP homotypic expression, plasma membrane puncta are indicated (arrows). (B) Eavg values for fluorescent puncta were quantified over
approximately 50 cells (see Fig. S1 in the supplemental material for examples of how regions of interest were selected around fluorescent puncta).
Similar results were obtained in more than four independent experiments. *, statistically greater than the Fyn(10)-YFP negative control (P � 0.01);
n.s., no statistical difference (P � 0.01). Error bars represent standard errors of the means. myr, myristoylation.
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Gag-YFP constructs with mutations in the CA-CTD or NC
were completely defective in VLP release (Fig. 1B). To con-
firm that our chimeric Gag species are full length, we probed
parallel immunoblots with anti-p17 and anti-GFP antibodies,
which recognize N and C termini, respectively (Fig. 1B). Based
on the band intensities of proteins recognized by anti-GFP,
greater than 97% of YFP-tagged proteins retain full-length
Gag sequence.

FRET assay for Gag multimerization. When we coexpressed
Gag-CFP and Gag-YFP, we detected robust FRET (Fig. 2A,
bottom row, and 3B). In contrast, FRET was absent when
Gag-CFP was coexpressed with cytosolic YFP (Fig. 2A, top
row, and see Fig. 5B). Moreover, FRET was also absent when
Gag-CFP was coexpressed with membrane-targeted Fyn(10)-
YFP (Fig. 2A, middle row, and 3B). Therefore, our FRET
method detected the specific interaction between Gag mole-
cules, consistent with data from previous work (24, 45, 52, 56).
The stoichiometric FRET values reported by our assay are
proportional to the mole fraction of fluorescent proteins par-
ticipating in FRET (41). Thus, the contributions of Gag inter-
action domains can be assessed quantitatively.

Consistent with previous FRET microscopy studies of Gag,
the highest levels of FRET detected by our method appeared
to be associated primarily with puncta on the plasma mem-
brane (Fig. 2A, bottom row). However, moderate levels of
FRET appeared diffuse throughout the cell. To more precisely
localize Gag FRET within the 3D cell volume, we performed
3D epifluorescence microscopy of Gag-CFP/YFP-expressing
cells immunostained without membrane permeabilization to
detect plasma membrane CD81, a tetraspanin protein that
colocalizes with Gag (7, 50, 68). In all cases, Gag-CFP/YFP
puncta appeared on the cell surface and colocalized with CD81
immunofluorescence (Fig. 2B). To determine whether diffuse
FRET throughout the cells is indicative of authentic intracel-
lular/cytosolic Gag-Gag interactions or is a result of out-of-
focus light spilling over from Gag puncta on other focal planes,
we calculated FRET from 3D microscopy with or without
deconvolution. Without deconvolution, FRET was calculated
from single xy planes independently (identically to the 2D
microscopy shown in Fig. 2A and throughout). As shown in
Fig. 2A (bottom row), moderate levels of FRET appeared
diffuse throughout the cell (Fig. 2B). However, when decon-
volution was used to remove the blurred out-of-focus light
from other focal planes, the FRET signals outside Gag-CFP/
YFP puncta and in the cell interior were largely removed (Fig.
2B). Therefore, the moderate FRET values outside of plasma
membrane puncta with 2D FRET microscopy are likely pre-
dominantly FRET signals from other focal planes, the inclu-
sion of which is inherent to epifluorescence microscopy.
Throughout this study, when FRET is quantified over multiple
cells, only FRET values present at Gag puncta are included
(see Materials and Methods and see Fig. S1 in the supplemen-
tal material).

To examine the effects of CA-CTD and NC mutations on
Gag multimerization by FRET, we cotransfected HIV-1 mo-
lecular clones expressing CFP- and YFP-tagged WT or mutant
Gag. To fully examine the phenotypes of these constructs, we
tested both homotypic Gag interactions (i.e., both CFP- and
YFP-tagged Gag molecules contain an identical change in the
CA-CTD or NC) and heterotypic interactions between WT

Gag-CFP and mutant Gag-YFP (i.e., CFP-tagged Gag mole-
cules are WT, and YFP-tagged Gag molecules are mutant).

CA-CTD can form a “half-interface” which is only partially
defective, but fully disrupting the CA-CTD dimerization inter-
face abolishes FRET. We detected no FRET due to homotypic
interactions between WM184,185AA Gag constructs or be-
tween delCA-CTD Gag constructs [not significantly different
from the Fyn(10)-YFP negative control; P � 0.01] (Fig. 3A,
second and fourth rows, and B), indicating that these muta-
tions abolished close Gag-Gag interactions. Likewise, we de-
tected no FRET due to heterotypic interactions between WT
Gag-CFP and delCA-CTD Gag-YFP molecules [not signifi-
cantly different from the Fyn(10)-YFP negative control; P �
0.01] (Fig. 3A, third row, and B). In these cases, the CA-CTD
mutant constructs were primarily diffuse in the cytosol, sug-
gesting that reduced membrane binding could contribute to
the lack of FRET. However, some membrane lining and
puncta were observed during homotypic WM184,185AA Gag-
CFP/YFP expression (Fig. 3A, second row), yet these struc-
tures lacked significant FRET (Fig. 3B). We tested whether
reduced membrane binding contributes to a lack of FRET by
introducing mutations that directly alter membrane associa-
tions.

In contrast to the above-described experimental conditions
that produced no significant Gag-Gag interaction, heterotypic
interactions between WM184,185AA Gag-YFP and WT Gag-
CFP produced moderately high levels of FRET, approximately
86% of that produced by the homotypic WT Gag-CFP/YFP
interaction (Fig. 3A, top row, and B). As described below, this
moderately high-FRET phenotype is also apparent when WT
Gag-CFP was coexpressed with WM184,185AA Gag-YFP con-
taining additional mutations [1GA and Fyn(10)] that directly
alter membrane associations. As detailed in Discussion, these
data suggest that the CA-CTD dimerization interface consists
of two reciprocal interactions and that the disruption of one
interaction still allows the formation of a half-interface.

The NC mutant is only partially defective in the context of
native myristoylation. As described above, fully disrupting the
CA-CTD dimerization interface produced no FRET above
negative control background levels. In contrast, all experimen-
tal conditions in which NC mutants were tested produced in-
termediate FRET values (greater than the negative control;
P � 0.01) (Fig. 3A and B). For both the 14A1G basic residue
mutant and the NC deletion mutant, the heterotypic interac-
tion between WT Gag-CFP and NC mutant Gag-YFP was
greater than homotypic interactions between mutants (P �
0.01). Homotypic interactions were indistinguishable between
14A1G Gag-CFP/YFP and delNC Gag-CFP/YFP (P � 0.01).
Altogether, these results suggest that, in contrast to CA-CTD,
NC is not essential for Gag-Gag interactions as detected by
FRET.

Mutations in both the CA-CTD and NC reduce steady-state
Gag membrane binding. It is possible that the mutant pheno-
types observed in our FRET assay are not due entirely to a
primary effect of mutations on Gag-Gag interactions but rather
are due partly to a secondary effect via membrane binding.
This stems from the above-described findings that mutations
that disrupt Gag multimerization also reduce Gag membrane
binding and, conversely, that membrane binding affects Gag
multimerization (see above).
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Previous studies showed that the WM184,185AA mutation
reduces Gag membrane binding, whereas changes in the NC
basic residues do not (74). However, these experiments exam-
ined the initial rate of membrane association of newly synthe-
sized Gag but not the steady-state membrane binding levels
that are more relevant to the interpretation of FRET micros-
copy data. To examine the effect of CA-CTD and NC muta-
tions on the steady-state membrane binding of Gag-YFP, we
performed a membrane flotation assay and quantified the
amount of membrane-associated Gag-YFP by immunoblot-
ting. We found that more than half of the WT Gag-YFP was
membrane associated, whereas CA-CTD and NC mutations
reduced membrane binding (Fig. 4A). Both CA-CTD muta-
tions (delCA-CTD and WM184,185AA) and mutations in the
basic residues of NC (14A1G) reduced membrane binding
severely, whereas an NC deletion (delNC) had a less severe
effect. This membrane binding defect in mutant Gag deriva-
tives is not due to a defect in myristoylation (Fig. 4B). Because
these mutations alter membrane associations to different de-
grees, to accurately assess the effect of these mutations on
Gag-Gag interactions, it is necessary to control for this effect
on membrane binding.

In the absence of myristoylation, both CA-CTD and NC
mutations cause a complete loss of interactions with WT Gag
molecules. To control the effect of CA-CTD and NC mutations
on membrane binding and to determine how membrane bind-
ing modulates Gag multimerization, we impaired membrane
binding by introducing a mutation that abolishes the N-termi-
nal myristoylation of Gag (1GA). We detected no homotypic
interaction between 1GA Gag-CFP/YFP constructs either at
the plasma membrane or in the cytosol (Fig. 4C), in agreement
with data from previous studies (59). In other experimental
systems, Gag multimerization was detected in the absence of
membrane binding (14, 61, 101). In this experimental system,
in which Gag is expressed from a proviral molecular clone,
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fractions, and detected by immunoblotting with anti-GFP. The left two
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The percentage of membrane binding was calculated by the ratio of
membrane-associated signal to total signal. Data are representative of
data from three independent experiments in the case of normally
myristoylated constructs and two independent experiments in the case
of Fyn(10) constructs. (B) Gag derivatives are myristoylated. Cells
expressing chimeric Gag constructs were metabolically labeled with
[3H]myristic acid ([3H]myr) and analyzed by autoradiography to detect
myristoylated Gag (top) or by immunoblotting with anti-GFP antibody
to detect total Gag-YFP proteins (bottom). (C) Myristoylation of Gag
is necessary to detect FRET. Myristoylation-defective (1GA) Gag-
CFP/YFP constructs were coexpressed. The FRET Eavg values were cal-
culated as described in the legend of Fig. 2. FRET Eavg values are color
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fied over 10 cells and compared with those under negative control and
WT Gag-CFP/YFP conditions shown in Fig. 2 (bar graph). *, statisti-
cally greater than the YFP negative control (P � 0.01.); n.s., not
statistically different from the YFP negative control (P � 0.05). Error
bars represent standard errors of the means.
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myristoylation is required for Gag-Gag interactions detected
by FRET.

However, it was previously demonstrated that normally myris-
toylated Gag can interact with nonmyristoylated Gag and rescue
it into virus particles (11, 53, 66, 70, 77), and this interaction can
be detected by FRET (59). We took advantage of this observation
to examine the role of the NC and CA-CTD interactions by
coexpressing nonmyristoylated mutant Gag-YFP constructs with
normally myristoylated WT Gag-CFP. In this system, interactions
driven by the CA-CTD and NC domains can produce FRET, yet
the secondary effects of CA-CTD and NC mutations via mem-
brane binding are controlled because membrane binding is se-
verely disrupted in the mutant constructs.

We detected FRET between WT Gag-CFP and 1GA Gag-
YFP, which was associated with WT Gag-CFP plasma mem-
brane puncta (statistically greater than the YFP negative con-
trol; P � 0.01) (Fig. 5A, top row, and B). Consistent with the
results shown in Fig. 3, which suggest a CA-CTD “half-inter-
face,” the coexpression of WT Gag-CFP and 1GA/
WM184,185AA Gag-YFP is only partially defective relative to
that of WT Gag-CFP/1GA Gag-YFP (statistically greater than
the YFP negative control; P � 0.01) (Fig. 5A, second row, and
B). Also consistent with the normally myristoylated constructs
shown in Fig. 3, we detected no FRET when the CA-CTD
dimerization interface was fully abolished (WT Gag-CFP and
1GA/delCA-CTD Gag-YFP) (not significantly different from
the YFP negative control; P � 0.01) (Fig. 5A, third row, and
B). Notably, in contrast to results shown in Fig. 3, we detected
no FRET when NC was disrupted despite the presence of an
intact CA-CTD (WT Gag-CFP and either 1GA/14A1G or
1GA/delNC Gag-YFP) (not significantly different from the
YFP negative control; P � 0.01) (Fig. 5A, fourth and bottom
rows, and B). Thus, without myristoylation, NC function is
necessary for Gag-Gag interactions detected by FRET. To-
gether with the data shown in Fig. 3, these results indicate that
the CA-CTD dimerization interface alone is not sufficient:
either myristoylation or NC is required for mutant Gag deriv-
atives to interact with WT Gag.

Constitutive and enhanced membrane binding can rescue
the interaction of the NC mutant, but not the CA-CTD mutant,
with WT Gag. As an alternative way of controlling the effect of
CA-CTD and NC mutations on membrane binding and addi-
tionally to determine the effect of membrane binding on the
ability of Gag mutants to multimerize, we next examined con-
stitutively membrane binding Gag derivatives. Membrane
binding was enhanced by a 10-residue exogenous triple-acyla-
tion signal derived from Fyn kinase [Fyn(10)] at their N termini.
This modification was previously shown to confer cholesterol
independence (73) and phosphatidylinositol-(4,5)-bisphos-

phate independence (17) on Gag membrane binding. We per-
formed a membrane flotation assay on these constructs to
ensure that CA-CTD and NC mutations do not have an effect
on membrane binding in the context of Fyn(10). We found that
the Fyn(10) triple-acylation signal causes �75% membrane
binding in all constructs regardless of a CA-CTD or NC dis-
ruption (Fig. 4A). Thus, membrane binding in the context of
Fyn(10) is likely to be unaltered by the multimerization ability
of these derivatives.

When we coexpressed Fyn(10)-modified CA-CTD or NC
mutant Gag-YFP with WT Gag-CFP (Fig. 6), FRET results
were mostly in agreement with those for normally myristoy-
lated constructs (Fig. 3). We detected a strong interaction
between WT Gag-CFP and Fyn(10) Gag-YFP (Fig. 6A, top
row, and B). Consistent with the formation of a “half-inter-
face,” we detected moderately high levels of FRET between
WT Gag-CFP and Fyn(10)/WM184,185AA Gag-YFP [statisti-
cally greater than the Fyn(10)-YFP negative control; P � 0.01]
(Fig. 6A, second row, and B). However, we detected no FRET
between WT Gag-CFP and Fyn(10)/delCA-CTD Gag-YFP
[not significantly different from the Fyn(10)-YFP negative con-
trol; P � 0.01] (Fig. 6A, third row, and B). Although not
directly comparable to the data from coexpression with WT
Gag-CFP described above, we also tested homotypic interac-
tions between Fyn(10)/WM184,185AA Gag-CFP/YFP and
Fyn(10)/delCA-CTD Gag-CFP/YFP. We found no significant
difference (P � 0.01) (data not shown), which is consistent with
a half-interface model in that the homotypic expression of
WM184,185AA mutants should be as defective as that of the
delCA-CTD deletion mutant. Since CA-CTD mutant pheno-
types were relatively unchanged by the addition of the Fyn(10)
sequence, these results indicate that the Gag multimerization
defect seen in CA-CTD mutants is a direct consequence of
defective Gag-Gag interactions and not due to a secondary
effect via membrane binding.

However, in contrast to results from normally myristoylated
NC mutant constructs, we found near-WT levels of FRET
between WT Gag-CFP and either Fyn(10)/14A1G or Fyn(10)/
delNC Gag-YFP [not significantly different from WT Gag-
CFP/Fyn(10) Gag-YFP; P � 0.01] (Fig. 6A, fourth and bottom
rows, and B). These data demonstrate that constitutive or
enhanced membrane binding can rescue NC mutant interac-
tions with WT Gag-CFP multimers, suggesting functional com-
pensation between membrane binding and NC function.

DISCUSSION

Previous studies have demonstrated the importance of the
CA-CTD, NC, and membrane association during HIV-1 as-

FIG. 5. Stoichiometric FRET microscopy of N-terminal myristoylation (myr)-deficient constructs. (A) Myristoylation-defective (1GA) Gag-
YFP constructs containing CA mutations (WM184,185AA or delCA-CTD) or NC mutations (14A1G or delNC) were coexpressed with WT
Gag-CFP. FRET Eavg values were calculated as described in the legend of Fig. 2. FRET Eavg values are color coded according to the scale bar at
the top right. Puncta with higher FRET efficiencies are indicated (arrows). (B) Eavg values for fluorescent puncta over approximately 50 cells were
quantified and are representative of data from three independent experiments (see Fig. S1 in the supplemental material for examples of how
regions of interest were selected around fluorescent puncta). Note that the impacts of CA mutations on 1GA Gag-YFP interactions with WT
Gag-CFP are similar to those on Gag-YFP interactions with WT Gag-CFP (Fig. 3); however, NC mutant Gag constructs are completely defective,
unlike their normally myristoylated counterparts (Fig. 3). *, statistically greater than the YFP negative control (P � 0.01). Error bars represent
standard errors of the means.
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sembly. In particular, Li et al. previously measured the mul-
timerization of Gag derivatives by analyzing total amounts of
FRET in bulk cell suspensions (59). Their study demonstrated
that protein-protein interactions mediated by CA and NC-
RNA interactions are important and that N-terminal myris-
toylation is necessary for Gag multimerization in cells (59),
which our data confirmed. However, the relative contributions
of and interplay between CA, NC, and membrane binding
during Gag assembly in cells were not determined in previous
studies. In this study, we have addressed these points by sys-
tematically altering the CA-CTD, NC, and the ability to bind
membrane and by comparing the resulting Gag derivatives in a
microscopy-based FRET assay.

Overall, we found that the CA-CTD is more important for
close Gag-Gag interactions than is NC, as Gag with a CA-CTD
deletion mutation was fully defective in all cases, whereas NC
mutants were only partially defective in multimerization. In
addition, our data are consistent with a model in which the
CA-CTD dimerization interface consists of two reciprocal in-
teractions, allowing the formation of a half-interface. Finally,
we found that NC mutation phenotypes are affected by mem-
brane binding, revealing functional compensation between NC
function and Gag association with the membrane.

To fully test the multimerization phenotypes of Gag CA-
CTD and NC mutants, we compared FRET levels in homo-
typic expression (i.e., FRET measured between constructs
which both contain identical mutations) with those in hetero-
typic expression (i.e., FRET measured between WT and mu-
tant constructs) in the context of normally myristoylated Gag
(Fig. 3). The CA-CTD dimerization interface point mutant,
WM184,185AA, and both NC deletion and amino acid substi-
tution mutants showed significantly greater heterotypic inter-
actions than homotypic interactions. This higher level of FRET
due to heterotypic interactions is likely due to several causes.

First, FRET due to heterotypic interactions could be a more
sensitive measure of Gag-Gag affinity, since weak interactions
might be sufficient to recruit mutant Gag molecules into a
multimer of WT Gag but not sufficient for mutants to form
multimers alone. By this rationale, the lack of a difference
between delCA-CTD homotypic and heterotypic interac-
tions—both are completely defective—supports the impor-
tance of the CA-CTD and the relative unimportance of NC in
Gag multimerization. Alternatively, greater heterotypic inter-
actions suggest that WT molecules can provide in trans a func-
tion that the mutant construct lacks either to individual mol-
ecules or to the Gag multimer as a whole, such as the ability to
bind membrane. In light of our finding that NC mutation
phenotypes are affected by membrane binding, this is a likely

explanation for the greater heterotypic interactions seen with NC
mutants. This possibility is more directly addressed by the exper-
iments in which we altered the membrane binding of mutant
constructs in cis, as discussed below. Finally, in the case of the
CA-CTD dimerization interface mutant WM184,185AA, the
great difference between homotypic (WM184,185AA Gag-CFP/
YFP) and heterotypic (WM184,185AA Gag-YFP coexpressed
with WT Gag-CFP) interactions suggests that the CA-CTD
dimerization interface is actually composed of two reciprocal
interactions, one of which can be abolished to form a “half-
interface.” The possibility of a half-interface can be inferred
from structural studies of isolated CA domain fragments: CA
appears to dimerize by the burial and hydrophobic packing of
critical residues W184 and M185 of one CA-CTD fragment
into a mostly hydrophobic pocket on the second CA-CTD
fragment (100) and vice versa. During the heterodimerization
of WT and WM184,185AA mutant molecules, the WT mole-
cule can interact with the mutant, but the mutant cannot per-
form the reciprocal interaction, leading to a partial interface.
Others previously presented in vitro evidence for the existence
of a CA-CTD “half-interface” using nonmyristoylated, trun-
cated Gag derivatives (22). Our data provide evidence of the
same phenomenon using full-length Gag derivatives in a cell-
based assay and support the possibility that the Gag-Gag in-
terface mediated by the CA-CTD is the same as or similar to
the interface previously observed between isolated, mature CA
proteins.

As described above, Gag membrane binding and multimer-
ization are interrelated phenomena. An important caveat to
the interpretation of CA-CTD and NC mutant phenotypes is
that multimerization defects imposed by these mutations affect
Gag membrane associations (Fig. 4A), which could, in turn,
have a secondary effect on Gag multimerization. Therefore, we
genetically separated the primary effect of mutations (i.e., the
effect on protein-protein or protein-RNA scaffolding interac-
tions) from the secondary effect on multimerization via mem-
brane binding by altering the N-terminal acylation of Gag. By
comparing CA-CTD mutation constructs to their WT counter-
parts under each membrane binding condition, we found the
relative phenotypes of CA-CTD mutants to be consistent re-
gardless of membrane binding changes. Therefore, we con-
clude that the CA-CTD mutations directly affect Gag-Gag
interactions, with little or no secondary effect via a membrane
binding defect. Comparing NC mutation constructs to their
WT counterparts under each membrane binding condition re-
veals discordant results: the defect in the interaction between
NC mutant and WT Gag is exacerbated by abolished mem-

FIG. 6. Stoichiometric FRET microscopy of constructs with constitutively enhanced membrane binding. (A) Gag-YFP constructs modified with
a triple-acylation signal [Fyn(10)], additionally containing CA mutations (WM184,185AA or delCA-CTD) or NC mutations (14A1G or delNC),
were coexpressed with WT Gag-CFP. FRET Eavg values were calculated as described in the legend of Fig. 2. FRET Eavg values are color coded
according to the scale bar at the top right. myr, myristoylation; palm, palmitoylation. (B) Eavg values for fluorescent puncta over approximately 50
cells were quantified and are representative of data from four independent experiments (see Fig. S1 in the supplemental material for examples of
how regions of interest were selected around fluorescent puncta). Note that the impacts of CA mutations on Fyn(10) Gag-YFP interactions with
WT Gag-CFP are similar to those on Gag-YFP interactions with WT Gag-CFP (Fig. 3); however, NC mutant Gag constructs are rescued into WT
Gag-CFP puncta at near-WT levels, unlike their normally myristoylated or myristoylation-deficient counterparts (Fig. 3 and 5). *, statistically
greater than the Fyn(10)-YFP negative control (P � 0.01); n.s., no statistical difference (P � 0.01). Error bars represent standard errors of the
means.
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brane binding but rescued to WT levels by constitutive and
enhanced membrane binding.

Previous biochemical studies have given rise to a model in
which RNA serves as a scaffold for a growing Gag multimer
(11, 14–16, 37, 46, 67). It has also been postulated that cellular
membranes, particularly membrane microdomains, could serve
as platforms for Gag multimerization (72). Our results provide
evidence, using full-length Gag constructs in the biologically
relevant milieu of the cell, to link these two models: the ability
to bind at least one of either membrane or RNA is required for
a Gag derivative with an intact CA-CTD to be rescued into
multimers of WT Gag. Furthermore, our observation of func-
tional compensation between membrane binding and NC func-
tion suggests that the two play complementary mechanistic
roles, such as a scaffold, during Gag multimerization.
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