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The Gag protein of human immunodeficiency virus type 1 directs the virion assembly process. Gag proteins
must extensively multimerize during the formation of the spherical immature virion shell. In vitro, virus-like
particles can be generated from Gag proteins that lack the N-terminal myristic acid modification or the
nucleocapsid (NC) protein. The precise requirements for Gag-Gag multimerization under conditions present
in mammalian cells, however, have not been fully elucidated. In this study, a Gag-Gag multimerization assay
measuring fluorescence resonance energy transfer was employed to define the Gag domains that are essential
for homomultimerization. Three essential components were identified: protein-protein interactions contrib-
uted by residues within both the N- and C-terminal domains of capsid (CA), basic residues in NC, and the
presence of myristic acid. The requirement of myristic acid for multimerization was reproduced using the
heterologous myristoylation sequence from v-src. Only when a leucine zipper dimerization motif was placed in
the position of NC was a nonmyristoylated Gag protein able to multimerize. These results support a three-
component model for Gag-Gag multimerization that includes membrane interactions mediated by the myris-
toylated N terminus of Gag, protein-protein interactions between CA domains, and NC-RNA interactions.

Human immunodeficiency virus type 1 (HIV-1) particles
assemble on cellular membranes. Pr55Gag (Gag) is a precursor
polyprotein that drives the assembly process and forms the
shell of the developing particle. Gag molecules first form an
electron-dense plaque underlying the plasma membrane to
which additional Gag molecules are added as the developing
particle bud enlarges and generates increasing membrane cur-
vature. A spherical particle with an immature core is gener-
ated, which is released from the membrane through late bud-
ding events involving the cellular ESCRT machinery. Pr55Gag

is cleaved by the viral protease during the budding process,
triggering structural shifts that generate the mature conical
core of the virus. Gag cleavage products, from the N to C
terminus, include matrix (MA), capsid (CA), spacer peptide 1
(SP1), nucleocapsid (NC), spacer peptide 2 (SP2), and p6.

Gag-Gag multimerization is essential to the process of ret-
rovirus budding and particle formation. CA plays a central role
in mediating Gag-Gag interactions (15, 17, 24, 26, 41, 42).
CA-CA contacts in the mature conical core have been defined
using X-ray crystallographic analysis of purified CA protein
and cryoelectron microscopic reconstructions of assembled
CA-CA cylinders and cores (5, 15–17, 26). CA consists of two
distinct domains, an N-terminal domain (NTD) and a C-ter-
minal domain (CTD), separated by a short flexible linker. The
CA CTD includes a dimer interface that is created by the
parallel packing of helix 9 of two CTDs (15). The mature core
has been modeled as a lattice in which six CA molecules form
a hexagonal ring through interactions of their NTDs, while the
CTD dimer interface connects with surrounding hexamers

(26). Mutation of key residues within the CTD dimer interface
disrupts dimer formation and eliminates particle infectivity but
also greatly reduces the assembly of retroviral particles, sug-
gesting that dimer interface contacts are important not just in
the mature core but also in the developing immature particle
(15). NTD-NTD interactions may also be formed during as-
sembly and prior to maturation, as mutations of key residues
involved in NTD interactions also disrupt particle formation
(41). The importance of NTD-NTD interactions was sup-
ported by a hydrogen-deuterium exchange study in which pep-
tides representing CA helices I and II were protected from
proteolytic digestion in both mature and immature virus-like
particles (25). Taken together, it is likely that both NTD-NTD
and CTD-CTD (dimer interface) contacts are important dur-
ing the assembly process.

In addition to CA, NC plays a critical role in Gag-Gag
multimerization. Mapping by yeast two-hybrid analysis initially
identified the minimal site of multimerization of Gag as that
sequence between the C-terminal one-third of CA and the C
terminus of NC (14). Replacement of the entire NC domain of
Gag with a leucine zipper (LZ) dimerization motif rescues
particle formation, providing strong indirect evidence that NC
contributes to Gag-Gag multimerization (43). The ability of
NC to promote Gag-Gag interactions may be attributable to its
ability to bind RNA. In support of this model, RNA promoted
the assembly of spherical particles from Rous sarcoma virus
CA-NC protein (9) and from a recombinant HIV Gag protein
lacking the p6 region (8). Substitution of a short DNA oligo-
nucleotide for RNA allowed the dimerization of Rous sarcoma
virus Gag, supporting a model in which Gag-RNA interactions
promote Gag-Gag dimerization followed by the formation of
larger oligomers (28). Sequences within NC contribute to the
density of retroviral particles, suggesting an important role for
an RNA bridge during Gag-Gag multimerization (35, 36). This
function of NC has been termed the “I,” or interaction, do-
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main. Using a fluorescence resonance energy transfer (FRET)-
based assay of living cells, we previously demonstrated that
Gag-Gag FRET requires the contribution of the “I” domain
function of NC (12).

In contrast to the abundant literature supporting a role for
CA and NC in mediating Gag-Gag interactions, there has been
relatively little published evidence indicating that Gag-mem-
brane interactions promote multimerization. Myristoylation of
Gag on its N-terminal glycine residue is essential for particle
formation (6, 19). Myristoylated Gag is membrane associated,
while nonmyristoylated Gag is “loosely” membrane associated,
as indicated by membrane fractionation studies (13, 38, 44).
Myristate confers increased binding affinity upon the MA pro-
tein, as measured using model membrane systems, although
the binding of MA is also dependent upon ionic interactions
between basic residues and negatively charged phospholipids
(11, 44). The interaction of the N terminus of Gag with mem-
branes is facilitated by a myristoyl switch (31, 37, 45). Myristate
occupies a shallow cavity within the globular head of MA and
can be triggered to become more accessible to membranes
upon multimerization (39). The myristoyl switch can also be
triggered by interactions with phosphatidylinositol 4,5-bisphos-
phate (33), an interaction that could help to explain the selec-
tive interaction of Gag with the cytosolic face of the plasma
membrane during assembly.

Here, we report an additional role for myristic acid in the
assembly process. We used a FRET-based assay to assess Gag-
Gag interactions in living cells and introduced a series of mu-
tations designed to disrupt CA-CA interactions, NC-RNA in-
teractions, and the myristoylation of HIV Gag. Myristic acid
was found to be essential for Gag-Gag interaction in living
cells. Gag-Gag FRET was seen in membrane and not cytosolic
fractions, suggesting that the primary contribution of myristate
to multimerization lies in its influence on membrane interac-
tion. Gag-Gag FRET was eliminated by specific targeted mu-
tations within CA and NC in a Gag protein that maintained an
intact myristoylation site. Together, these data support a
model in which three components are essential to achieve
Gag-Gag multimerization: NC-RNA interactions, CA-CA in-
teractions, and interaction of the myristoylated N terminus of
Gag with cellular membranes.

MATERIALS AND METHODS

Plasmid construction. The gag coding sequences for all expression constructs
in this study were derived from the codon-optimized version of HXB2 Gag as
previously described (12). Gag proteins were cloned as fusion constructs with the
cerulean variant of cyan fluorescent protein (CFP) (32) or the Venus variant of
yellow fluorescent protein (YFP) (30). CFP and YFP fusions were expressed in
plasmids pcDNA4/TO and pcDNA5/TO (Invitrogen), respectively, except for
CFP alone and Src-CFP, which were constructed in vector pECFP-C1, and YFP
and Src-YFP were in the pEYFP-N3 vector (BD Clontech). CFP and YFP
expression constructs were generated by first PCR amplifying cerulean or Venus
coding regions into the BamHI and NotI sites in pcDNA4/TO and pcDNA5/TO
and then placing the Gag reading frame in the plasmid using a HindIII site at the 5�
end and a BamHI site at the 3� end. The LZ sequence was a kind gift from Chen
Liang (20) and was placed in frame into the indicated constructs using PCR cloning.
Some individual nucleotide substitutions were introduced using the QuikChange II
site-directed mutagenesis kit (Stratagene), including SrcCA(W184A�M185A)
NC-cerulean/Venus, Myr(�)SrcCA(W184A�M185A)NC-cerulean/Venus, SrcCA
(M39A�W184A�M185A)NC-cerulean/Venus, Myr(�)SrcCA(M39A�W184A�
M185A)NC-cerulean/Venus, SrcCA(M39A�W184A�M185A)NC15A-ceru-
lean/Venus, and Myr(�)SrcCA(M39A�W184A�M185A)NC15A-cerulean/Venus.

A schematic diagram of the Gag-cerulean and Gag-Venus expression con-

structs employed in this study is shown in Fig. 1. Oligonucleotide primers used
for all PCR amplifications used to generate the panel of constructs in Fig. 1 are
available upon request.

Cells and transfections. 293T and HeLa cells were maintained in Dulbecco’s
modified Eagle medium with 10% fetal bovine serum with penicillin and strep-
tomycin at 37°C in 5% CO2. 293T cells were grown in 10-cm tissue culture dishes.
Transfections of all fusion constructs into 293T cells were performed by the
calcium phosphate transfection method using 5 to 10 �g of total plasmid DNA.
For fluorescence microscopy analysis, HeLa cells were grown in six-well plates
with the microscopy glass coverslips (tissue culture treated; Fisher Scientific) and
transfected with Lipofectamine 2000 (Invitrogen) using a total of 2 ug of plasmid
DNA.

Isolation of cytosolic and membrane fractions. Cells were harvested for anal-
ysis 36 h posttransfection. One 10-cm2 tissue culture dish of nearly confluent
293T cells was used in each experimental sample. Cells were washed in NTE
buffer (100 mM NaCl, 10 mM Tris-Cl [pH 8.0], 1 mM EDTA [pH 8.0]) and then
allowed to swell in hypotonic buffer (10 mM Tris-Cl [pH 8.0], 1 mM EDTA [pH
8.0]) plus protease inhibitors for 20 min on ice. Cells were then broken by
Dounce homogenization. After the buffer was adjusted to 0.1 M NaCl, the nuclei
and unbroken cells were removed by centrifugation at 1,000 � g for 10 min. The
supernatants containing cytosolic and membrane components were then ad-
justed to 50% iodixanol from a stock solution of 60% iodixanol (Nycomed
Pharma, Oslo, Norway), and 40% and 10% solutions of iodixanol were then
layered on top of the 50% iodixanol layer. The preparation was then centrifuged
in a Beckman SW41 rotor at 35,000 rpm for 16 h at 4°C, after which fractions
were harvested from the top of the gradient and then analyzed directly by cuvette
fluorometry.

Scanning cuvette fluorometry for FRET. Cells cotransfected with Gag-CFP
and Gag-YFP constructs were analyzed at 36 h posttransfection. Cells were
washed with phosphate-buffered saline (PBS) three times and then harvested
directly in PBS for analysis by scanning fluorometry. Selected samples were lysed
in lysis buffer (PBS plus 1% NP-40) plus protease inhibitors for comparison with
intact cells. Cells and gradient fractions involved in this study were analyzed by
fluorometry in a PTI T-format scanning cuvette spectrofluorometer (Photon
Technology International, Lawrenceville, NJ). For FRET analysis, samples were
excited at 433 nm, and an emission scan ranging from 460 nm to 550 nm was
obtained. For the analysis of relative YFP expression, samples were excited at
514 nm, with a resulting emission scan of 524 nm to 550 nm. Samples were also
excited at 433 nm, with a resulting emission scan of 460 nm to 480 nm, for
analysis of CFP emission in order to compare their CFP expression levels. Data
were collected from at least three independent experiments for each construct,
and the curves shown are representative of the three measures obtained.

Laser confocal fluorescence microscopy. HeLa cells were grown on glass
coverslips and transfected with Gag-CFP or Gag-YFP expression constructs.
Cells were washed and fixed after 24 h posttransfection with 40% paraformal-
dehyde solution (Electron Microscopy Sciences) for 10 min. Images were ob-
tained using a Zeiss LSM 510 laser scanning confocal microscope (Carl Zeiss
Inc., Thornwood, NY).

Western blotting to confirm expression of all fusion constructs. Transfected
293T cells were harvested 36 h posttransfection. Cells were lysed in radioimmu-
noprecipitation assay buffer (25 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate) and examined by
Western blotting using anti-green fluorescent protein rabbit serum (Invitrogen)
as the primary antibody and goat anti-rabbit (IRDye800; Li-Cor Biosciences) as
the secondary antibody. Blots were imaged using infrared fluorescence detection
(Li-Cor Odyssey).

RESULTS

Myristoylation of Gag is required for Gag-CFP/Gag-YFP
FRET. Gag-CFP/Gag-YFP FRET can detect Gag-Gag inter-
actions in living cells. We previously employed this technique
to better define the role of NC in Gag-Gag interactions and
demonstrated that Gag-Gag FRET can be detected microscop-
ically on the plasma membrane and on intracellular mem-
branes. It was surprising to us that Gag-Gag FRET was found
only in membrane fractions and could not be detected in the
cytosol (12), suggesting that the membrane interaction was
essential. The present study was designed to further define the
requirements for Gag-Gag interactions in living cells by ex-
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panding on the live-cell FRET assay. We therefore generated
a panel of Gag and control fusion proteins, as depicted in Fig.
1. Each of these constructs was cloned as a CFP and as a YFP
fusion using enhanced versions of CFP (cerulean) and YFP

(Venus) to optimize the performance of CFP-YFP FRET. The
panel was designed to test the role of myristic acid, of CA-CA
contacts in the NTD (M39A) (41), of CA-CA contacts in the
dimer interface of the CA CTD (W184A and M185A) (15),

FIG. 1. Schematic representation of Gag-CFP and Gag-YFP constructs described in this study. On the left is a schematic corresponding to the
domains pictured in full-length Gag at the top of the diagram. The dark wavy line at the N terminus of pictured proteins represents myristic acid.
Dots in CA represent NTD or CTD alanine substitutions; asterisks in NC represent NC15A. The table at the right summarizes results of scanning
fluorometry, described as strong FRET (left column), intermediate FRET or, in some cases, slightly detectable FRET (�/�) (middle column), or
no FRET detected (right column).
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and of basic residues in NC in contributing to Gag-Gag inter-
actions. In addition, specific mutations in the major homology
region (MHR) predicted to disrupt the formation of a pro-
posed domain-swapped dimer based on the zinc finger-associ-
ated SCAN domain (Q155N and K158A) (22) were tested.

Gag-Gag FRET was measured in cells expressing paired
CFP and YFP constructs by scanning fluorometry. Gag-CFP
and Gag-YFP together generated a strong peak at 527 nm
upon stimulation of CFP at 433 nm, while CFP and YFP in the
absence of Gag generated a peak and a tail curve representing
the stimulation of CFP alone (Fig. 2A). In this and each sub-
sequent experiment, the quantity of each YFP and CFP con-
struct was determined by measuring YFP fluorescence to en-

sure that the acceptor YFP levels were approximately equal
in each comparison (Fig. 2A). Deletion of p6 had no effect
on Gag-Gag FRET (MACANC) (Fig. 2B). However, a G2A
mutation in MA that eliminates the myristoyl acceptor gly-
cine residue completely eliminated Gag-Gag interaction
[Myr(�)MACANC] (Fig. 2B). To further test the role of my-
ristoylation in Gag-Gag interactions, the MA domain was re-
placed with the N-terminal 10 residues from v-src. This con-
ferred a heterologous myristoylation signal on the N terminus
of the CANC protein. FRET was readily apparent with this
construct (Fig. 2C). CANC without the v-src sequence failed to
generate a FRET signal (Fig. 2C). In order to further establish
that myristoylation and not another effect from the v-src resi-

FIG. 2. Requirement of myristoylation for Gag-Gag FRET. Pictured are emission scans of cell suspensions following excitation at 433 nm; the
peak at 527 nm represents CFP/YFP FRET. Bars to the right demonstrate that YFP acceptor concentrations were approximately equal for each
comparison. The legend for the symbols is provided below each panel.
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dues accounted for the dramatic difference in the FRET signal,
the myristoyl acceptor glycine of the v-src sequence in SrcCANC was
changed to an alanine residue. This change reproduced the
lack of FRET seen with the other nonmyristoylated Gag pro-
teins (Fig. 2C, closed circles). Together, these data establish
the importance of myristic acid for Gag-Gag interactions
within living cells.

Gag-Gag interactions occur on cellular membranes. The
presence of a myristoyl group could potentially enhance Gag-
Gag multimerization by enhancing Gag-membrane interac-
tions. We separated cellular membranes from cytosol by flota-
tion centrifugation and examined each fraction of the gradient
for CFP fluorescence and for CFP-YFP FRET. SrcCANC
(myristoylated) was found predominantly, but not exclusively,
in the interface between 10% and 40% iodixanol correspond-
ing to cellular membranes (fractions 4 and 5) (Fig. 3A, top).
The corresponding emission scans following excitation at 433
nm revealed that only fractions 4 and 5 had significant FRET
(527-nm emission peak) (Fig. 3A, bottom). Nonmyristoylated
SrcCANC was predominantly cytosolic, as indicated by the
peak signal outside of membrane fractions 4 and 5 (Fig. 3B, bar
graph). No FRET signal was observed for Myr(�)SrcCANC in
cytosolic or membrane fractions (Fig. 3B, bottom emission
scan tracings). These results indicate that Gag-Gag FRET is

observed for myristoylated Gag and occurs on cellular mem-
branes.

Role of CA in Gag-Gag interactions. CA-CA interactions
clearly play an essential role in Gag-Gag multimerization.
While a crystal structure detailing contacts between Gag mol-
ecules in the immature particle core is not yet available, there
is evidence for the involvement of both CTD-CTD and NTD-
NTD interactions prior to maturation (25, 41). We sought to
determine if selected amino acid changes in CA would abro-
gate Gag-Gag interactions measured by FRET in living cells.
First, we examined CA with the N-terminal myristoylation
signal from v-src (SrcCA) (Fig. 4A). Nonmyristoylated CA-
CFP and CA-YFP did not produce detectable FRET signal in
cells (data not shown). The addition of the N-terminal 10
residues from v-src resulted in a very low-level peak that was
equivalent to that seen for CFP and YFP fused to the same
myristoylation signal (22) (Fig. 4A). CA in this context thus did
not seem to contribute to FRET. In contrast, the level of
FRET produced by a myristoylated SP1-NC fragment was
higher but did not reach that of myristoylated CANC (Fig. 4A).
Total levels of CFP and YFP fluorescent signals were mea-
sured and were comparable between constructs in each of
these comparisons. These data suggested that the FRET signal
from CA-CA interactions was very weak in the absence of NC

FIG. 3. Membrane flotation centrifugation of SrcCANC (A) and Myr(�)SrcCANC (B). Cell lysates were layered on the bottom of a
50%–40%–10% iodixanol gradient, and equilibrium flotation centrifugation was carried out to separate membranes (40%–10% interface) from
cytosol (fractions 6 to 12). Top bars indicate CFP fluorescence as a marker of total Gag protein in the membrane or cytosol. Bottom curves
represent emission scans for each individual gradient fraction.
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FIG. 4. Emission scan results for panels of Gag-CFP/YFP paired constructs. SrcCANC serves as a positive FRET control in each frame. YFP
emission values are not shown in this panel due to space considerations but were of approximately equal intensity for each comparison. A key is
included with each panel indicating the specific constructs examined. Details of each comparison in A to J are provided in Results.
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and led us to examine the contribution of individual amino acid
changes within CA in the context of the larger SrcCANC
construct.

We next evaluated four selected mutations that might dis-
rupt Gag-Gag interactions. The selected changes included me-
thionine 39 (M39) in helix 2 of the CA NTD, tryptophan 184
(W184) in the dimer interface of the CA CTD, and glutamine
155 (Q155) and lysine 158 (K158) in the MHR of the CA CTD.
The M39 mutation has been shown to disrupt normal particle
assembly, suggesting that this change may disrupt CA-CA con-
tacts involved in the immature virion (40). W184 is located in
the dimer interface, which appears to be important for CA-CA
contacts in both mature and immature virions (41). Q155 is an
invariant residue in the MHR; mutation of this residue greatly
impairs particle production (29) and was recently predicted to
form key hydrogen bonds, stabilizing interactions of the CA
CTD modeled on the zinc finger-associated SCAN domain
(22). Disruption of K158 reduces particle formation severely
(41) and is also predicted to be important for the domain-
swapped CA dimer interface predicted by the SCAN motif
(22). Thus, we hypothesized that each of these residues could
be critical for CA-CA interactions during assembly. Each res-
idue was changed individually to alanine and tested in the
context of SrcCANC-CFP and SrcCANC-YFP for interaction
as measured by FRET. Indeed, a small decrease in the FRET
peak was observed for each of the individual mutations (Fig.
4B and C) compared with SrcCANC. However, none of the
changes individually abolished Gag-Gag interactions. We
therefore evaluated combinations of the individual alanine mu-
tants. No double combination completely eliminated the Gag-
Gag interaction. However, the combination of M39A and
W184A (Fig. 4D) or W184A and M185A (Fig. 4E) led to
FRET peaks that were comparable to that seen with
SrcSP1NC (Fig. 4A). Thus, it seemed unlikely that we could
completely eliminate Gag-Gag interactions through targeted
mutations in the CA NTD and CA CTD as long as the con-
tributions of myristoylation and of NC were present. Because
myristic acid had already been shown to be essential for Gag-
Gag FRET, we next examined combinations that included the
disruption of basic charges in NC.

Role of NC in Gag-Gag interactions. To verify that NC
contributed to Gag-Gag interactions in this assay system, my-
ristoylated NC-CFP and NC-YFP fusion proteins (SrcNC in
Fig. 1 and Fig. 4) were expressed and evaluated by scanning
fluorometry. SrcNC generated a low but measurable FRET
peak (Fig. 4F). NC has been suggested to contribute to Gag-
Gag interactions by tethering Gag together on the RNA and
facilitating protein-protein interactions contributed by other
regions of Gag (4, 8, 36). We tested the role of basic residues
in NC in contributing to Gag-Gag interaction by substituting
each of the 15 basic residues with alanine (NC15A) and then
performing FRET analysis of SrcCANC15A in combination
with the previously described CA mutations that diminished
but did not eliminate FRET. Expression of NC15A in combi-
nation with CA NTD (M39A) and CTD (W184A) mutations
further reduced but again failed to completely eliminate FRET
(Fig. 4G, closed circles versus open circles). Only upon the
introduction of a second change in the CTD dimer interface
(M185A) in combination with the W184A and M39A muta-
tions in CA together with NC15A was Gag-Gag interactions

completely eliminated (Fig. 4H, closed circles). The contribu-
tion of basic charges within NC to Gag-Gag interactions was
easily appreciated in the context of the SrcCA(M39A/W184A/
M185A) fusion protein, as FRET was detected with a wild-type
NC but not in the presence of NC15A (Fig. 4I). These results
support a model in which the basic charge within NC can bring
Gag molecules together, whereupon CA-CA interactions that
depend upon contacts within both the NTD and CTD occur.
As described above, these interactions also required myristic
acid (Fig. 4).

Forced multimerization using an LZ eliminates the require-
ment for myristic acid in Gag-Gag multimerization. The find-
ing that myristic acid was required for Gag-Gag interactions in
live cells was surprising. It has been known for some time that
LZ domains can substitute for the assembly function of NC
(43). We next asked if the replacement of NC with an LZ
altered the requirement for myristic acid. We replaced NC in
both myristoylated and nonmyristoylated SrcCASP1 constructs
with the LZ from the yeast transcription factor GCN4 and
evaluated the ability of these artificial Gag constructs to inter-
act, as measured by FRET. Remarkably, both myristoylated
and nonmyristoylated LZ constructs exhibited strong FRET
peaks equal to that of SrcCANC (Fig. 4J). Thus, the replace-
ment of NC with an LZ eliminated the need for myristoylation
in bringing Gag molecules together in cells.

In the absence of the LZ domain, we were unable to detect
FRET outside of membrane fractions for any of the Gag-CFP/
Gag-YFP pairs (data discussed above). We then asked if the
multimerization conferred by the LZ eliminated the exclusive
appearance of multimers on membranes. SrcCASP1LZ was
present in both membrane and cytosolic fractions following
membrane flotation (Fig. 5A, top). CFP/YFP FRET was ob-
served only in the membrane fractions (fractions 4 and 5 from
the 40%–10% interface) (Fig. 5A, bottom curves). Myr(�)
SrcCASP1LZ was predominantly cytosolic (Fig. 5B, top). CFP/
YFP FRET was distributed throughout the gradient, with
some in the membrane fraction (fractions 4 and 5) and addi-
tional signal in fractions 6 to 8. The 527-nm YFP peak was not
easily appreciated in the bottom fractions (fractions 9 to 12)
and may have been hidden by the tail of the CFP emission
curve (Fig. 5B, bottom). These results suggest that Gag-Gag
interactions can occur in the absence of cellular membranes
when NC is replaced with an LZ domain, while in the case of
the myristoylated LZ construct, Gag-Gag interactions occur on
cellular membranes. Alternatively, the appearance of FRET in
both membrane and cytosolic fractions in Fig. 5B may reflect
weak membrane interactions that were largely dissociated dur-
ing gradient fractionation.

Rescue of myristoylation-deficient Gag into Gag-Gag com-
plexes by myristoylated Gag. The data outlined above indicate
that Gag-Gag interactions occur on cellular membranes and
that myristoylation is required for multimerization except
when a strong protein-protein interaction domain such as an
LZ is introduced. Another measure of Gag-Gag interactions
can be derived from the rescue of deficient Gag molecules into
membrane fractions or particles. We modified this assay to ask
if the nonmyristoylated Gag-YFP could be recruited into mul-
timers by myristoylated Gag-CFP. Indeed, Myr(�)SrcCANC
was efficiently rescued into complexes by myristoylated
SrcCANC (Fig. 6A). Rescue was reduced but not eliminated for
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constructs bearing mutations in the CA CTD dimer interface
(W184A and M185A) or combinations of NTD and CTD mu-
tations (M39A, W184A, and M185A). Remarkably, only the
combination of M39A, W184A, and NC15A with or without
M185A eliminated all rescue of the nonmyristoylated Gag
protein into complexes (Fig. 6A). These data are consistent
with the data shown in Fig. 4I, in which this combination of CA
and NC substitutions eliminated Gag-CFP/Gag-YFP FRET in
the context of myristoylated Gag. The M39A, W184A, W185A,
and NC15A substitutions therefore appear to eliminate Gag-
Gag interactions and prevent rescue into Gag multimers by
myristoylated SrcCANC.

Subcellular localization of Gag-CFP/Gag-YFP proteins. The
cellular distribution of the major fusion protein constructs
utilized in this study was examined by confocal microscopy
in order to correlate distribution with the conclusions
reached regarding myristoylation and membrane interac-

tion. MACANC at late times posttransfection was predomi-
nantly found at the plasma membrane (Fig. 7A), while its
nonmyristoylated counterpart was diffusely cytosolic (Fig. 7B).
SrcCANC had a plasma membrane distribution very similar to
that of MACANC (Fig. 7C); Myr(�)SrcCANC was diffusely
cytosolic but also collected in perinuclear regions (Fig. 7D). It
is interesting that despite these large, bright, perinuclear col-
lections, this construct was not capable of forming Gag-Gag
multimers. The myristoylated LZ construct (SrcCASP1LZ) ap-
peared to be identical to MACANC or SrcCANC in its plasma
membrane distribution (Fig. 7E). Remarkably, the nonmyris-
toylated SrcCASP1LZ was diffusely cytosolic, with no discern-
ible plasma membrane fluorescence. Finally, the apparent
monomer SrcCA(M39A/W184A/M185A)NC15A demonstrated
an unusual reticular appearance, with signal at the plasma
membrane and on intracellular membranes but lacking bright
puncta at any point in the cell (Fig. 7G). Its nonmyristoylated

FIG. 5. Membrane flotation centrifugation of SrcCASP1LZ (A) and Myr(�)SrcCASP1LZ (B). Cell lysates were layered onto the bottom of
a 50%–40%–10% iodixanol gradient, and equilibrium flotation centrifugation was carried out to separate membranes (40%–10% interface) from
cytosol (fractions 6 to 12). Top bars indicate CFP fluorescence as a marker of total Gag protein in the membrane or cytosol. Bottom curves
represent emission scans for each individual gradient fraction following stimulation with 433 nm light.
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counterpart was also somewhat reticular but was more diffusely
cytosolic and included prominent nuclear localization. These
data generally support the findings from fractionation studies
that multimerization-competent Gag constructs are present on
cellular membranes (Fig. 7, left), while nonmyristoylated, mul-
timerization-incompetent constructs are predominantly cyto-
solic (right). The two important exceptions to this include
Myr(�)SrcCASP1LZ, which is cytosolic but multimerization
competent (Fig. 7F), and SrcCA(M39A/W184A/M185A)NC15A,
which is membrane associated but fails to multimerize (Fig. 7G).

DISCUSSION

Contacts between CA molecules in the mature core of viri-
ons have been defined through the use of X-ray crystallography
of purified proteins combined with electron cryomicroscopic
reconstruction of CA cylinders and virions (15, 16, 26). The
dimer interface of the CA CTD contains key residues (W184
and M185) that are essential to particle infectivity, conical core
formation, and particle production, suggesting that contacts in
this site are present in the immature Gag protein shell and the
mature core. Additional CA-CA contacts within the immature
Gag shell are less well defined, but mutagenesis studies have
clearly established the importance of both the NTD and CTD in
immature particle formation (40, 41). Alterations of CA residues
outside of obvious contact sites can also disrupt particle forma-

tion, including residues within the highly conserved MHR (29),
and the C-terminal 11 residues of CA (27). The adjacent 14-
residue SP1 is also somewhat sensitive to mutations, one of which
potently disrupts Gag-Gag multimerization and particle produc-
tion (21), although some mutations in this region are tolerated
(1). The majority of evidence in the literature suggests that
CA-CA contacts, perhaps in conjunction with residues in SP1, are
required for Gag-Gag multimerization and subsequent assembly.

FIG. 6. FRET rescue experiments. SrcCANC-CFP was cotrans-
fected with each of the indicated nonmyristoylated constructs fused to
YFP, and emission scanning was performed to examine FRET. The
symbol key is present below YFP intensity bars. All constructs dem-
onstrate FRET as rescued by the myristoylated construct, except for
Myr(�)SrcCA(M39A/W184A)NC15A and Myr(�)SrcCA(M39A/W184A/
M185A)NC15A, which are represented as vertical lines and diamonds,
respectively.

FIG. 7. Laser scanning confocal fluorescence microscopy of key Gag
fusion proteins. Shown are HeLa cells transfected with the YFP fusion part-
ner of paired constructs examined using a Zeiss LSM 510 confocal micro-
scope. Myristoylated constructs are shown on the left, and the nonmyristoy-
lated counterparts are on the right. DAPI (4�,6�-diamidino-2-phenylindole)
counterstain was used to provide nuclear stain. (A) MACANC; (B) Myr(�)
MACANC; (C) SrcCANC; (D) Myr(�)SrcCANC; (E) SrcCASP1LZ;
(F) Myr(�)SrcCASP1LZ; (G) ScrCA(M39A/W184A/M185A)NC15A;
(H) Myr(�)ScrCA(M39A/W184A/M185A)NC15A.
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It is less certain how NC contributes to Gag-Gag interac-
tions. In vitro particle formation studies strongly suggest a
tethering model in which NC binding to nucleic acid brings
Gag molecules together and facilitates multimerization (8, 9).
An attractive model has been proposed based upon the length
of the oligonucleotide that promoted efficient assembly in
vitro. According to this model, nucleic acid binding promotes
the dimerization of Gag, and the resulting dimer then becomes
an essential intermediate contributing to higher-order multim-
erization (28). This interpretation is consistent with the fact
that dimerizing LZs can functionally replace NC in its role in
particle formation (23, 43). NC is essential for the formation of
particles of normal density and for the formation of detergent-
resistant Gag complexes in cells (13, 35). The proper formation
of an intermediate, potentially a Gag dimer, through NC-RNA
interactions could explain these findings.

In this study, we found that the myristoylation of Gag is
essential for Gag-Gag multimerization in cells. This result was
unexpected, because in vitro models of particle assembly do
not require myristoylated Gag protein. The most straightfor-
ward explanation for this observation is that membrane inter-
actions facilitated by myristic acid act to enhance the direct
protein-protein interactions elsewhere in the molecule, most
notably those within CA or CA and SP1. This finding implies
that retroviral Gag proteins are stimulated to multimerize
through “tethers” at or near both the N terminus (myristic acid
or myristic acid plus basic residues interacting with cellular
membranes) and the C terminus (NC interacting with nucleic
acid). This model would help to explain why most retroviral
Gag molecules normally do not form particles free in the
cytoplasm, a dead-end route that would be disadvantageous to
the virus. It is interesting that the betaretrovirus Mason-Pfizer
monkey virus, which does assemble immature capsids within
the cytoplasm, contains an internal scaffolding domain within
its p12 segment, which lies N terminal to CA (34). We propose
that membrane interactions in which myristic acid is required
can perform a similar scaffolding or concentrating role for HIV
Gag as the internal scaffolding domain does for Mason-Pfizer
monkey virus.

Some extremely high-level expression systems allow intra-
cellular particles to form when nonmyristoylated Gag protein
is produced. Most notable is the baculovirus expression system,
where assembly of immature core-like structures in the cyto-
plasm of insect cells as well as dense nuclear aggregates have
been observed (10, 18). In the present study, however, we used
a high-level mammalian expression system and observed no
Gag-Gag multimerization in the absence of myristoylation. It is
possible that myristic acid serves to concentrate Gag molecules
on cellular membranes, and under most expression conditions,
this concentration effect is required to trigger multimerization.
Insect cell expression may be sufficiently high that this concen-
trating effect of myristic acid is not required.

Myristoylated Gag proteins in the present study were able to
multimerize less efficiently when CA mutations that were pre-
dicted to disrupt functional contacts in the CA NTD or CA
CTD were introduced. Combinations of mutations further re-
duced but did not eliminate Gag-Gag interactions when NC
was not altered. Elimination of all basic residues within NC
(NC15A), in combination with disruption of the NTD and
CTD, resulted in a monomeric, myristoylated Gag protein. A

nonmyristoylated version of this “monomer Gag” construct
could not be rescued into Gag-Gag interactions by myristoy-
lated Gag. It should be noted that a myristoylated “mini-Gag”
construct lacking the CA NTD can assemble retrovirus-like
particles, pointing out that NTD-NTD contacts are not abso-
lutely required for Gag-Gag multimerization, at least in this
context (2, 3). However, the FRET study reported here sug-
gests that NTD-NTD interactions (specifically, the M39 resi-
due in CA helix II) do contribute to Gag-Gag interactions in
the context of immature core formation. This is supported by
mutagenesis data (41) and by hydrogen-deuterium exchange
experiments (25) in which NTD-NTD interactions were noted
to be present in both mature and immature viral particles.
Taken together, these data suggest a model in which there are
three essential requirements for Gag-Gag multimerization: ba-
sic residues within NC, membrane binding facilitated by my-
ristic acid, and direct protein-protein interactions mediated by
CA. The requirement for basic residues in NC likely reflects a
requirement for nucleic acid binding.

Substitution of a dimerizing LZ for NC removed the re-
quirement for myristoylation to drive Gag-Gag multimeriza-
tion in this study. The finding that an LZ can substitute for NC
is not novel, but here, this substitution allowed us to establish
that the methods used for detecting Gag-Gag interactions by
FRET do not prevent the detection of a cytosolic FRET signal
if Gag molecules are forced together in the absence of a mem-
brane anchor. We suggest that the LZ is able to substitute for
the influence of both myristic acid-membrane interactions and
NC-nucleic acid interactions in initiating and securing Gag-
Gag interactions. The strong thermal stability of the LZ dimer
is likely superior to that of CA-CA contacts within Gag alone,
which are normally assisted by NC/RNA and myristoylated
MA/membrane anchors.

There are limitations to this study and areas that require
further work. The identification of all key residues within CA
or SP1 that are required for multimerization was not the focus
of the study. We recognize that a number of additional muta-
tions may have disrupted direct protein-protein interactions in
CA or SP1. Complete mapping of these residues is an impor-
tant goal that we did not attempt to address here. Because the
combination of one NTD and two CTD changes was sufficient
to disrupt the contribution of CA to Gag-Gag FRET, we did
not comprehensively survey other mutations. Our study also
did not fully address the role of MA in Gag-Gag multimeriza-
tion. The highly basic MA protein has been reported to bind
RNA and potentially contribute to Gag-Gag interactions
(7). Finally, although we could detect FRET initiated by
Gag-CFP/YFP molecules with dimerizing LZs, we have not
established that the fluorometric assay chosen can detect
one or a few dimers of Gag. The limitations of detection of
this assay are under study at present using LZ/CFP-YFP
dimers in vitro.

It will be extremely interesting to further characterize the
myristoylated M39A/W184/M185A/NC15A Gag molecule.
This molecule is a monomer by FRET and cannot be rescued
into particles by wild-type Gag (data not shown). Monomeric
Gag may be useful for analyzing early trafficking steps in the
assembly pathway and for dissecting interactions with cellular
proteins that may occur exclusively with Gag oligomers or
assembly intermediates.
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In summary, we propose a three-component model for Gag-
Gag multimerization. According to this model, the tethering of
Gag by nucleic acid and the interaction of the myristoylated N
terminus of Gag with cellular membranes act in concert to
facilitate direct protein-protein contacts within CA or CA and
SP1. The requirement for multimerization on cellular mem-
branes may represent a means by which many retroviruses
prevent the nonproductive formation of immature capsids in
the cytoplasm of infected cells.
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