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Human immunodeficiency virus (HIV) type 1 particles assemble at the plasma membrane of cells in a
manner similar to that of the type C oncoretroviruses. The Pr55Gag molecule directs the assembly process and
is sufficient for particle assembly in the absence of all other viral gene products. The I domain is an assembly
domain that has been previously localized to the nucleocapsid (NC) region of Gag. In this study we utilized a
series of Gag-green fluorescent protein (GFP) fusion proteins to precisely identify sequences that constitute the
N-terminal I domain of Pr55Gag. The minimal sequence required for the I domain was localized to the extreme
N terminus of NC. Two basic residues (arginine 380 and arginine 384) within the initial seven residues of NC
were found to be critical for the function of the N-terminal I domain. The presence of positive charge alone in
these two positions, however, was not sufficient to mediate the formation of dense Gag particles. The I domain
was required for the formation of detergent-resistant complexes of Gag protein, and confocal microscopy
demonstrated that the I domain was also required for the formation of punctate foci of Gag proteins at the
plasma membrane. Electron microscopic analysis of cells expressing Gag-GFP fusion constructs with an intact
I domain revealed numerous retrovirus-like particles (RVLPs) budding from the plasma membrane, while I
domain-deficient constructs failed to generate visible RVLPs. These results provide evidence that Gag-Gag
interactions mediated by the I domain play a central role in the assembly of HIV particles.

Human immunodeficiency virus (HIV) particle assembly
takes place at the plasma membrane of infected cells. Pr55Gag

is a polyprotein precursor derived from the HIV gag gene that
forms the major core components of the virus particle.
Pr55Gag, when expressed in the absence of all other viral
components, is sufficient to generate retrovirus-like particles
(RVLPs) which bud from the plasma membrane in a manner
essentially identical to that of infectious virions. The Gag
polyprotein thus contains sufficient intrinsic capacity to allow
its transport from cytoplasmic sites of translation to the plasma
membrane, where it engages additional Gag molecules, inter-
acts with plasma membrane components, and directs the par-
ticle budding process (10, 19, 32, 37). The viral protease is
activated during the budding process and subsequently cleaves
Pr55Gag into the following components (listed in order of their
occurrence from N to C terminus): matrix (MA), capsid (CA),
spacer peptide 1 (SP1), nucleocapsid (NC), spacer peptide 2
(SP2), and p6. Three assembly domains which are common to
the Gag polyproteins of lentiviruses, oncoretroviruses, and
spumaviruses have been described. The membrane interaction
(M) domain is required for transport to and interaction with
the plasma membrane of cells. In the case of most retroviral
Gag proteins, including HIV, the M domain requires a myristic
acid modification of the N-terminal glycine residue of Gag
acting in concert with a series of basic amino acids located
within the MA region (17, 42). Some retroviruses, such as Rous
sarcoma virus (RSV), lack the myristic acid modification of
MA yet still have a functional M domain which is located
within the N-terminal two-thirds of MA (8, 34, 38). The inter-
action (I) domain is a functional domain required for the
assembly of particles of normal density (1.16 to 1.18 g/ml) (12,
27). This domain is located within NC and is present in at least

two copies in the case of HIV and RSV (1). The late (L)
domain is required for particle budding and is a determinant of
retroviral particle size (13, 27). When L domain function is
abrogated in the context of a full-length provirus, particles are
generated normally at the plasma membrane of transfected
cells but are inefficiently released (16).

While the M, I, and L domains represent distinct assembly
domains within retroviral Gag polyproteins, additional assem-
bly functions within HIV type 1 (HIV-1) Gag are located
outside of these domains. The CA region contains a dimeriza-
tion domain which has been shown to be essential for Gag-Gag
interaction when in vitro assembly systems are employed (15,
36, 39). Some point mutations within the major homology
region (MHR) of HIV-1 CA create severe defects in assembly
(23), and numerous mutations within CA positioned C termi-
nal to the MHR that result in elimination or severe reduction
of particle assembly have been described previously (7, 20, 28,
35, 40). Thus, the domains designated M, I, and L are useful
for conserved functional retroviral assembly domains but do
not encompass all necessary assembly functions located within
HIV-1 Pr55Gag.

The I domain of HIV Gag was first localized to the NC
region by Bennett and coworkers, who demonstrated that two
distinct fragments of HIV-1 NC could restore dense particle
formation to an RSV Gag molecule which by itself resulted in
the formation of only light-density particles (1). Their work
established that the I domain is conserved functionally among
retroviral Gag proteins and that it is redundant within NC. I
domains have more recently been described for murine leuke-
mia virus and for human foamy virus (2). Although the HIV-1
NC fragments initially report to contain a functional I domain
each contained a zinc finger motif, it is clear that a zinc finger
is not required for I domain function. This is best exemplified
by the demonstration that human foamy viruses, which contain
no zinc finger motif, have at least two identifiable I domains
(2). At the same time, it was demonstrated that the addition of
a simple string of basic residues could reconstitute I domain
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function in the context of an I domain-deficient RSV Gag
molecule. Members of our group have demonstrated that the
HIV-1 I domain does not require the presence of a zinc finger
motif and that I domain function in the context of serially
C-terminally truncated Gag proteins is localized to the N-
terminal subdomain of NC (29). Two additional findings cor-
related closely with the mapping of the I domain by particle
density determination: (i) the efficiency of Gag protein mem-
brane binding and (ii) a peripheral, punctate localization of
Gag within cells, as seen by confocal microscopy. These studies
suggested to us that a further understanding of the I domain
may provide important additional insights into the mechanisms
of HIV particle assembly.

In this study, we sought to identify more precisely the resi-
dues within the N-terminal subdomain of NC which are re-
quired for I domain function, as well as to define the contri-
bution of downstream sequences of NC in the context of
N-terminal I domain mutations. The N-terminal I domain was
mapped to the extreme N-terminal seven amino acids of NC,
and two key arginine residues were identified. Although this
small sequence is sufficient to reconstitute normal particle den-
sity, additional sequences within the N-terminal subdomain,
first zinc finger, basic linker region, and second zinc finger
enhance I domain function, as indicated by quantitative sub-
cellular fractionation analysis and confocal microscopic analy-
sis.

MATERIALS AND METHODS

Construction of plasmids expressing Gag-GFP fusion proteins. The Gag cod-
ing sequence for all constructs was derived from the HXB2gpt proviral clone.
The construction of expression plasmids for the fusion proteins designated
55GAG/GFP, MACA/GFP, GAG377/GFP, GAG391/GFP, GAG405/GFP,
GAG411/GFP, and MA/GFP has been previously described (29). Additional
Gag-green fluorescent protein (GFP) constructs were constructed for the pur-
poses of this study. The GFP sequence was taken from plasmid pEGFP-N1,
pEGFP-N2, or pEGFP-N3 (Clontech, Palo Alto, Calif.). Plasmid pTM1 was used
as the backbone expression plasmid for all constructs. All of the gag gene
fragments, except 55GAG(R380,384A)/GFP, were generated via PCR using
primers that introduced an NcoI site at the 59 ATG site and a BamHI site at the
39 fusion site. The resulting PCR fragments were ligated into pTM1, using the
NcoI and BamHI sites found in the polylinker region. GFP cassettes were then
digested with BamHI-NotI and ligated into BamHI-EagI-digested intermediate
Gag constructs to generate fusions in the appropriate reading frame. All PCR-
generated gag gene fragments were verified to be correct by sequencing of the
complete gag gene insert within the expression plasmid. The expression plasmid
design allows for the expression of full-length MA fused to GFP (MA/GFP),
full-length Gag fused to GFP (55GAG/GFP), a GFP fusion at the end of the SP1
region between CA and NC (GAG377/GFP), and a series of Gag-GFP fusions
created at serial sites within the NC region (GAG384/GFP, GAG391/GFP,

GAG405/GFP, GAG411/GFP, GAG426/GFP, and GAG432/GFP). The number
in each construct designation represents the most C-terminal gag codon present,
with the numbering beginning with the gag initiator ATG. Fusion breakpoints
within NC are illustrated diagrammatically in Fig. 1.

Oligonucleotides used in the construction of the Gag expression plasmids
described above were AGAGCCATGGGTGCGAGAGCGTCAGTA [forward
primer for all Gag-GFP constructs except 55GAG(R380,384A)/GFP], CGCGG
ATCCCGTAATTTTGGCTGACCTGATT (reverse primer for MA/GFP), CGGG
ATCCATTATGGTAGCTGAATTTG (reverse primer for Gag377/GFP), CGG
GATCCTAAAATTGCCTCTCTGCAT (reverse primer for Gag384/GFP), GGT
GGATCCCTTAACAATCTTTCTTTG (reverse primer for Gag391/GFP), GGTG
GATCCGCAATTTCTGGCTGTGTG (reverse primer for Gag405/GFP), GGTG
GATCCCTTTTTCCTAGGGGCCCTG (reverse primer for Gag411/GFP),
GGTGGATCCACAATCTTTCATTTGGTGTCC (reverse primer for Gag426/
GFP), and GCGGATCCATTAGCCTGTCTCTCAGTACAATCTTTCATTTG
GTG (reverse primer for Gag432/GFP).

Construction of plasmids expressing Gag-GFP fusion proteins containing
amino acid mutations within the N-terminal I domain. Arginine 380 and argi-
nine 384 were mutated to alanine in the context of 55GAG/GFP using overlap-
extension PCR with the following primers: ATAATGATGCAGGCCGGCAAT
TTTGCGAACCAAAGAAAG [inside forward primer for 55GAG(R380,384A)/
GFP], TTTCTTTGGTTCGCAAAATTGCCGGCCTGCATCATTATG [inside
reverse primer for 55GAG(R380,384A)/GFP], AAGCTGCAGAATGGGATAG
[outside forward primer for 55GAG(R380,384A)/GFP], and CCAGATCTTCC
CTAAAAAATTAGC [outside reverse primer for 55GAG(R380,384A)/GFP].
The final PCR product was digested with PstI and BglII and ligated into 55GAG/
GFP to create the 55GAG(R380,384A)/GFP plasmid. These same mutations
were then generated in the context of the GAG384/GFP construct. In addition,
the two arginine codons were individually mutated (R380A and R384A), and
lysine was substituted for both residues (R380,384K). This was achieved using a
PCR reaction with HXB2gpt as the template, the forward primer listed in the
section above, and the following reverse primers: CGGGATCCGCAAAATTG
CCGGCCTGCATCATTATGGTAGC [reverse primer for GAG384(R380,384A)/
GFP], CGGGATCCTAAAATTGCCGGCCTGCATCATTATGGTAGC [re-
verse primer for GAG384(R380A)/GFP], CGGGATCCGCAAAATTGCCTCT
CTGCATACATTATGGTAGC [reverse primer for GAG384(R384A)/GFP],
and GCGGATCCCTTAAAATTGCCTTTCTGCATCATTATGGTAGC [re-
verse primer for GAG384(R380,384K)/GFP]. Generation of the NC constructs
containing the double arginine-to-alanine mutations with sequential addition of
NC subdomains was then accomplished via PCR using the 55GAG(R380,384A)/
GFP plasmid as a template and the reverse primers listed above for construction
of the sequential fusion sites within NC.

Expression of Gag-GFP fusion proteins. The vaccinia virus-T7 RNA polymer-
ase system was used to express Gag-GFP fusion proteins in the African green
monkey kidney cell line BSC-40 as previously described (29–31). T7 RNA poly-
merase was provided by infection of the cells with 10 PFU of the recombinant
vaccinia virus VTF 7-3 per cell. Following infection, cells were transfected with
the appropriate plasmid using a liposome-mediated transfection protocol.

Equilibrium density measurements of Gag-GFP pseudovirion particles. Gag-
GFP fusion proteins were produced in BSC-40 cells as described above. Culture
medium was removed 3 to 4 h posttransfection and replaced with Dulbecco’s
modified Eagle medium deficient in cysteine and methionine and supplemented
with 75 mCi of [35S]cysteine-methionine per ml. Following an overnight incuba-
tion, supernatants were collected, filtered through a 0.45-mm-pore-size syringe
filter, layered on a 20% sucrose cushion in NTE (100 mM NaCl, 10 mM Tris-Cl
[pH 8.0], 1 mM EDTA), and subjected to centrifugation at 100,000 3 g for 3 h.

FIG. 1. Schematic representation of Gag-GFP constructs subdividing HIV-1 NC. Asterisks indicate the sites of Gag truncation and GFP fusion. The number
represents the C-terminal amino acid residue expressed, with the Gag initiator methionine considered residue 1. The shaded box highlights the minimum sequence
required for I domain function as discussed in the text. The stars indicate the two key arginine residues (R380 and R384) that were mutated to abrogate the function
of the N-terminal I domain, creating the series of N-terminal I domain mutant constructs. Note that the constructs containing the double arginine-to-alanine mutation
are designated by the number of the residue at the truncation site (GFP fusion site) followed by the designation R380/384A in parentheses. For example, GAG405/GFP
containing the double arginine-to-alanine mutation is designated GAG405(R380/384A)/GFP. Arrows, HIV protease cleavage sites.
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The medium and cushion were removed; the pelleted material was resuspended
in NTE and layered on the top of a linear 20 to 60% (wt/vol) sucrose gradient.
The gradient was subjected to centrifugation at 100,000 3 g for 16 to 20 h, after
which 20 equal fractions were collected. The precise refractive index of each
fraction was determined using a refractometer, which allowed calculation of the
sucrose density of each fraction. The remainder of the fractions were immuno-
precipitated using pooled HIV-positive patient sera and separated via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by
autoradiographic analysis. Each gradient presented is representative of a mini-
mum of two gradient fractionations, in which the peak densities shown were
identical.

Subcellular fractionation and quantitation of protein. BSC-40 cells grown in
100-mm3 plates and expressing Gag-GFP fusion proteins were harvested 16 h
posttransfection and processed for differential sedimentation centrifugation as
previously described (29). Briefly, cells from one dish were subjected to Dounce
homogenization in 1 ml of hypotonic buffer (10 mM Tris-Cl [pH 8.0], 1 mM
EDTA) with protease inhibitors and then centrifuged at 1,000 3 g for 10 min to
remove nuclei and unbroken cells. Supernatants containing cytosolic compo-
nents and cellular membranes were subjected to ultracentrifugation at 100,000 3
g for 30 min at 4°C. Soluble fractions and membrane pellets were analyzed by
fluorescence spectrophotometry. Supernatants and pellets were adjusted to 0.5%
Triton X-100 in NTE buffer prior to measurement, and vigorous vortexing or
pipetting was performed to ensure uniform resuspension of pelleted compo-
nents. Standards of serially diluted recombinant enhanced green fluorescent
protein (EGFP; Clontech) were prepared in the same solution and analyzed
together with experimental samples. These standards were utilized to generate a
standard curve. The fluorescence intensities of the Gag-GFP samples and of the
standards were determined with a VersaFluor Fluorometer (Bio-Rad, Hercules,
Calif.), with excitation and emission filters being 450 nm and 510 nm, respec-
tively. The percentage of sedimented Gag protein in each experiment was cal-
culated as the amount of protein in the membrane pellet/(the amount of protein
in the pellet plus the amount of protein in the soluble fraction).

Subcellular fractionation into detergent-resistant complexes. Cells were trans-
fected and harvested as described above, with the following modifications. S1
supernatants were adjusted to 0.5% Triton X-100 prior to the centrifugation
step. After centrifugation at 100,000 3 g, the membranes and the proteins
associated with those membranes were found in the soluble fraction, leaving
detergent-resistant components in the pellet fraction. Quantitation was per-
formed by fluorescence spectrophotometry as described above.

Electron microscopy. Gag-GFP fusion proteins were expressed as described
above. Cells were harvested 12 h following transfection and fixed in 2% gluter-
aldehyde in phosphate buffer, postfixed with 1% osmium tetroxide, stained with
1% uranyl acetate, dehydrated in ethanol, and embedded in Spurr resin. Thin
sections were cut with an ultramicrotome and analyzed on a Philips model 3000
electron microscope. In this manner, the following five Gag-GFP expression
constructs were examined for particle formation: 55GAG/GFP, GAG384/GFP,
GAG384(R380,384A)/GFP, GAG377/GFP, and MA/GFP. The entire grid, rep-
resenting hundreds of individual fields, was examined for each construct.

RESULTS

Identification of the minimal I domain within the N-termi-
nal subdomain of NC. In order to identify the minimal region
within the N-terminal subdomain of NC that contains I domain
function, a panel of Gag truncation constructs fused to GFP
was generated (Fig. 1). Gag-GFP particles were harvested
from cellular supernatants, pelleted through a 20% sucrose
cushion, and subjected to equilibrium density centrifugation on
a linear sucrose gradient. Equal fractions were collected, im-
munoprecipitated with pooled HIV patient sera, and analyzed

FIG. 2. Equilibrium density of Gag-GFP particles defining the N-terminal I
domain. (A) 55GAG/GFP; (B) MA/GFP; (C) GAG377/GFP; (D) GAG384/
GFP. Following overnight labeling with [35S]cysteine-methionine, supernatants
were collected, layered on a 20% sucrose cushion, and subjected to centrifuga-

tion. Pelleted material was layered on top of a linear 20 to 60% sucrose gradient
and centrifuged to equilibrium. Twenty equal fractions were collected, immuno-
precipitated using pooled HIV-positive patient sera, and analyzed by SDS-
PAGE followed by autoradiography. The densities of the peak fractions are
indicated above each autoradiogram by the arrow(s). Lanes M, molecular mass
markers (molecular mass in kilodaltons is indicated at the left of each autora-
diogram in panels A to D). The closed circle in panel A is above the lane
containing a fraction with a density of 1.16 g/ml. (E) Plot of densitometry results
and sucrose densities representing the autoradiograms of panels C and D. Black
squares, relative absorbance of bands seen in the GAG384/GFP autoradiogram;
grey diamonds, relative absorbance of bands seen in the Gag377/GFP autora-
diogram; open squares, sucrose densities of the fractions in the GAG377/GFP
experiment; open diamonds, sucrose densities of fractions from the GAG384/
GFP experiment. Relative absorbance values were obtained by scanning the
autoradiograms shown in panels B and C, followed by pixel quantitation with
National Institutes of Health Image software (version 1.61).
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using SDS-PAGE. It should be noted that the gradients shown
are representative of at least two independent experiments.
55GAG/GFP produced particles with a peak density of 1.17
g/ml (Fig. 2A), consistent with an earlier report by members of
our group (29). MA/GFP, which consists of the matrix region
fused to GFP, was released, pelleted through sucrose, and
reached an equilibrium density of 1.13 g/ml (Fig. 2B).
GAG377/GFP, which contains the MA, CA, and SP1 regions
of Gag fused to GFP, was demonstrated to form particles of a
similar light density of 1.13 g/ml (Fig. 2C). The inclusion of the
N-terminal seven amino acids of NC (amino acids 378 to 384
[Fig. 1]) produced a dramatic shift in Gag-GFP particle den-
sity. GAG384/GFP produced particles of a normal density,
1.17 g/ml (Fig. 2D). Scanning densitometry of the autoradio-
grams derived from GAG384/GFP and GAG377/GFP particle
gradients was employed to illustrate the clear separation be-
tween the peak fractions of GAG377/GFP and GAG384/GFP
(Fig. 2E). The peak for dense particles was found in fractions
5 to 7, corresponding to a density of 1.17 to 1.16 g/ml; the peak
for light particles was found in fractions 9 to 11, corresponding
to a density of 1.13 to 1.12 g/ml. The sucrose densities from
each fraction of the experiments represented in Fig. 2C and D
are nearly identical, as indicated in Fig. 2E by overlap of their
plotted densities. The shift in production of particles with a
light density to that of a normal density therefore occurred
with the addition of the N-terminal seven amino acids of NC.
Based on the definition of the I domain as a density determi-
nant, this small region in NC constitutes a functional I domain.

Characterization of the N-terminal I domain. Several pre-
vious reports have demonstrated that the N-terminal basic
region of NC is of particular importance in the assembly and
release of HIV particles (14, 18, 20). Basic residues placed
C-terminal to CA have been shown to be sufficient to restore

particle density to an RSV Gag construct lacking the I domain
(2). We noted that the sequence of the minimal I domain
defined above (378MQRGNFR384) includes two arginine resi-
dues. To examine the importance of these residues in the
function of the I domain, R380 and R384 were mutated to
alanine either singly or together. The double mutant was con-
structed in the context of both the minimal I domain construct,
GAG384/GFP, and the full-length construct 55GAG/GFP,
resulting in the constructs GAG384(R380,384A)/GFP and
55GAG(R380,384A)/GFP, respectively. Each arginine was
also mutated individually in the context of GAG384/GFP, re-
sulting in the constructs Gag384(R380A)/GFP and Gag384
(R384A)/GFP. To test for I domain function of these mutants,
the density of the released Gag-GFP particles was determined
by equilibrium density centrifugation. Parental GAG384/GFP
particles peaked at a normal density of 1.17 g/ml (Fig. 3A
shows the results from an experiment separate from that whose
results are pictured in Fig. 2D). Mutation of the two arginine
residues in the context of GAG384/GFP had a dramatic affect
on the particle density. GAG384(R380,384A)/GFP, which con-
tains the double mutation, produced particles of a very light
density, 1.11 g/ml (Fig. 3B). 55GAG(R380,384A)/GFP, the
construct containing the double mutation in the context of the
full-length Gag, produced particles of normal density (1.16
g/ml) (Fig. 3C). This result demonstrates that I domain func-
tion is redundant within NC, which is consistent with previous
findings (1, 2, 29). However, in repeated experiments, the par-
ticles produced by 55GAG(R380,384A)/GFP never attained
the peak density of the 55GAG/GFP particles (1.17 g/ml),
suggesting that even in this context the loss of the N-terminal
I domain slightly altered the packing of Gag molecules.

Our results suggested that arginine 380 and arginine 384
play a crucial role in N-terminal I domain function. To exam-

FIG. 3. Effect of mutation of arginine residues 380 and 384 upon particle density. The density of the Gag-GFP particles for the N-terminal I domain mutants was
determined as described in the legend for Fig. 2. The effects of site-directed mutagenesis of R380 and R384 were examined in the context of truncated Gag
(GAG384/GFP) and in the context of full-length Gag (55GAG/GFP). (A) GAG384/GFP; (B) GAG384(R380/384A)/GFP; (C) 55GAG(R380/384A)/GFP; (D)
GAG384(R380/384K)/GFP; (E) GAG384(R380A)/GFP; (F) GAG384(R384A)/GFP. Arrows, peak fractions (with densities as indicated).
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ine whether a positive charge in positions 380 and 384 is suf-
ficient for I domain function, both arginines were changed to
lysine in the context of the Gag384/GFP construct, generating
Gag384(R380,384K)/GFP. The particles produced from this
construct demonstrated an intermediate density of 1.14 g/ml
(Fig. 3D). Individual arginine-to-lysine mutations at these po-
sitions were not examined. Thus, the presence of positive
charge itself in these positions was not sufficient to restore
normal retroviral particle density. Next, individual arginine-to-
alanine mutations were examined for effects on particle density
in the context of GAG384/GFP. GAG384(R380A)/GFP pro-
duced particles of an intermediate density, 1.14 g/ml, whereas
Gag384(R384A)/GFP produced particles of a light density,
1.11 g/ml (Fig. 3E and F, respectively).

Localization of the C-terminal I domain. In order to identify
additional regions within NC harboring I domain function,
sequential additions of NC subdomains were constructed in
the context of N-terminal I domain mutations. The R380,384A
mutations were introduced into the set of NC truncation con-
structs shown in Fig. 1, generating the following constructs:
GAG391(R380,384A)/GFP, which contains the N-terminal re-
gion of NC; GAG405(R380,384A)/GFP, which includes the
addition of the first zinc finger; GAG411Gag(R380,384A)/
GFP, which includes the addition of the basic linker region;
GAG426(R380,384A)/GFP, which includes the addition of the
second zinc finger; and GAG432(R380,384A)/GFP, which con-

tains the entire NC region. Using particle density as an assess-
ment of I domain function, we sought to determine which
region of NC, when added back to the minimal I domain
mutant, would restore dense particle formation. The results
are shown in Fig. 4. GAG384(R380,384A)/GFP particles at-
tained a light equilibrium density as has already been shown in
this report (Fig. 4A; these results are from a separate experi-
ment from that represented in Fig. 3B and are included to
facilitate comparisons with the autoradiograms in Fig. 4B
through F). Addition of the remaining portion of the N-termi-
nal region of NC partially restored dense particle formation
(Fig. 4B). Although the peak reached a normal density of 1.16
g/ml, the particle band was quite broad in repeated experi-
ments and extended into the light-density range (Fig. 4B).
There are three basic residues in the region that was added
between positions 384 and 391, again suggesting that basic
charge may have played some role in enhancing particle den-
sity. With the addition of the first zinc finger, GAG405
(R380,384A)/GFP, the particle density was restored to normal
(Fig. 4C). Further addition of the basic linker region, the
second zinc finger, and the C-terminal subdomain of NC did
not significantly alter particle density (Fig. 4D to F).

Role of the I domain in formation of detergent-resistant Gag
protein complexes. Previous results generated in our labora-
tory have demonstrated that the I domain contributes substan-
tially to the efficiency of membrane binding as measured by

FIG. 4. Determination of buoyant density of NC N-terminal I domain mutants. The density of the Gag-GFP particles was determined as described in the legend
for Fig. 2. The line diagrams above the autoradiograms represent regions of NC included in the representative construct; each pair of X’s denotes the arginine-to-alanine
double mutation (R380,384A). Each bracket denotes the fractions associated with dense RVLPs (1.16 to 1.18 g/ml), and the arrows indicate the peak fractions (the
corresponding sucrose density is provided). Lanes M, molecular mass markers (molecular mass in kilodaltons is indicated at the left). (A) GAG384(R380/384A)/GFP;
(B) GAG391(R380/384A)/GFP; (C) GAG405(R380/384A)/GFP; (D) GAG411(R380/384A)/GFP; (E) GAG426(R380/384A)/GFP; (F) GAG432(R380/384A)/GFP.
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differential sedimentation centrifugation (29). However, these
previous experiments did not examine the effect of the I do-
main upon Gag protein sedimentation in the presence of de-
tergents. For Gag proteins, this may be particularly important,
as intracellular Gag protein complexes which are resistant to
detergent have been identified within HIV-infected cells and
have been recently proposed to represent assembly intermedi-
ate structures (21, 22). We therefore performed experiments to
determine if the I domain is responsible for the formation of
detergent-resistant complexes of Gag protein. Membrane- and
cytoskeleton-enriched fractions were separated from cytosolic
components by differential sedimentation centrifugation fol-
lowing osmotic lysis in the absence of detergent. The precise

amount of Gag-GFP fusion protein present in each fraction
was determined by fluorescence spectrophotometry, using re-
combinant GFP to generate a standard curve. The results were
plotted as the percentage of Gag protein in pelleted fractions
versus total Gag protein (in soluble plus pelleted fractions). As
previously reported, the full-length construct 55GAG/GFP
sedimented much more efficiently than did MA/GFP (Fig. 5A).
Extension of the Gag sequence to include MA, CA, and SP1
(GAG377/GFP) led to a small increase in the percentage of
Gag protein in the membrane-enriched pellet. Addition of the
seven amino acids of the N-terminal I domain (represented by
GAG384/GFP) led to a significant increase in the percentage
of sedimented Gag protein (P 5 0.012 by Student’s t test for
GAG377/GFP versus GAG384/GFP). There was not a signif-
icant further increase in the differential sedimentation results
for the remaining constructs, although the mean percentages
were slightly higher for GAG411/GFP, GAG426/GFP,
GAG432/GFP, and 55GAG/GFP.

The pellet generated from differential sedimentation centrif-
ugation contains not only the cellular membranes but also
cytoskeletal proteins and any cellular components with a high

FIG. 5. The role of the I domain in subcellular fractionation of Gag. (A)
Membrane-enriched fractions. The protein content of membrane-enriched and
soluble fractions generated by differential sedimentation experiments was deter-
mined by fluorescence spectrophotometry. Sample measurements were com-
pared to a standard curve generated from recombinant EGFP. The percentage
of protein present in the membrane-enriched pellet was calculated as the amount
of protein in the pellet/(the amount of protein in the soluble fraction plus the
amount of protein in the pellet). The results are the means of three independent
experiments for each construct. The error bars each represent one SD from the
mean. (B) Triton X-100-resistant pelleting. 0.5% Triton X-100 was added to the
S1 supernatants prior to centrifugation at 100,000 3 g. The amount of the
Gag-GFP fusion protein present in the resulting detergent-resistant pellet was
quantitated by fluorescence spectrophotometry. The percentage of protein
present in the Triton X-100-resistant pellet was calculated as the amount of
protein in the pellet/(the amount of protein in the soluble fraction plus the
amount of protein in the pellet). The results are means of three independent
experiments for each construct. The error bars each represent one SD from the
mean. (C) Quantitation of detergent-resistant pelleting of NC constructs con-
taining mutations of the N-terminal I domain (the R380/384A mutation). The
amount of Gag-GFP fusion protein found in the detergent-resistant pellet was
determined as described in the text.
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sedimentation value. Complexes of Gag protein which would
also sediment in these conditions may form intracellularly. To
determine what portion of the Gag protein found in the mem-
brane- and cytoskeleton-enriched pellet was due to membrane
binding versus cytoskeletal binding or Gag protein complex
formation, 0.5% Triton X-100 was added to the S1 supernatant
prior to centrifugation at 100,000 3 g. The detergent solubi-
lizes the membranes, and membrane-associated proteins are
thus shifted to the soluble fraction. Very little MA/GFP was
found in the detergent-resistant pellet. Extension of the Gag
sequence to include MA, CA, and SP1 (GAG377/GFP) did not
significantly alter the amount of Gag protein found in the
detergent-resistant fraction (Fig. 5B). Addition of the N-ter-
minal I domain, however, significantly increased the percent-
age of protein found in the detergent-resistant pellet (P 5
0.001 by Student’s t test for GAG377/GFP versus GAG384/
GFP). There was a further increase in the mean amount of
detergent-resistant Gag protein upon the addition of the first
zinc finger (GAG405/GFP). This result is consistent with the
finding that inclusion of the first zinc finger was able to restore
dense particle formation to the N-terminal I domain mutant
(Fig. 4) and suggests that the two phenomena may be linked.
The efficiency with which Gag proteins sedimented in the pres-
ence of detergent increased sequentially upon addition of the
first zinc finger (GAG405/GFP), the basic linker region
(GAG411/GFP), and the second zinc finger (GAG426/GFP).
However, differences in the efficiency of sedimentation be-
tween GAG405/GFP, GAG411/GFP, and GAG426/GFP did
not reach statistical significance. Addition of the C-terminal
region of NC (GAG432/GFP) decreased the amount of deter-
gent-resistant pelleting slightly, although this difference also
did not reach statistical significance (P 5 0.474 by Student’s t
test for GAG426/GFP versus GAG432/GFP). The efficient
sedimentation of Gag in the presence of nonionic detergent
thus correlated closely with I domain function as determined
by the density of released particles.

Mapping the domains within NC that contribute to deter-
gent-resistant complex formation. In order to determine which
of the subdomains of NC contributes to the ability of Gag to
form detergent-resistant complexes, we utilized the constructs
already described which contain an R380,384A substitution.
These constructs were expressed in BSC-40 cells, and differ-
ential sedimentation was performed following the addition of
Triton X-100. The R380,384A mutations that were noted to
disrupt I domain function in the density assays also dramati-
cally altered the ability of the Gag-GFP fusion protein to
sediment in the detergent-resistant pellet [as shown by a com-
parison of the results for GAG384/GFP and GAG384(R380,
384A)/GFP (Fig. 5C)]. GAG384(R380,384A)/GFP showed a
marked decrease in the detergent-resistant pelleting compared
to wild-type GAG384/GFP, from a mean of 44% for the wild
type to 18% for the mutant, which is similar to I domain-
deficient constructs (MA/GFP and GAG377/GFP). Next we
measured the amount of Gag-GFP fusion protein found in the
detergent-resistant pellet for constructs representing the addi-
tion of individual subdomains of NC in the context of the
N-terminal I domain mutations (Fig. 5C). Addition of the
remaining portion of the N-terminal region of NC (GAG391
(R380,384A/GFP) led to an increase in sedimented Gag pro-
tein; however, it was still significantly lower than GAG384/
GFP with an intact N-terminal I domain segment. The addition
of the first zinc finger [GAG405(R380,384A)/GFP] resulted in
levels of detergent-resistant pelleting comparable to the levels
of GAG384/GFP. A stepwise increase in the percentage of the
fusion protein was found in the detergent-resistant pellet upon
expression of each additional subdomain of NC in the con-

struct, with the exception of the C-terminal domain [represent-
ed by GAG432(R380,384A)/GFP]. It is interesting to note that
only with the addition of the second zinc finger [GAG426
(R380,384A)/GFP] does the percentage of protein in the de-
tergent-resistant pellet reach the maximum value seen for this
series of Gag truncation constructs, suggesting that the effects
of each subdomain upon formation of Gag protein detergent-
resistant complexes were additive.

Subcellular localization of Gag proteins visualized by con-
focal microscopy. Members of our group have previously noted
that Gag-GFP constructs containing an I domain are found in
distinct foci underlying the plasma membrane, while Gag-GFP
constructs lacking the I domain are distributed more diffusely
within the cellular cytoplasm (29). We reasoned that if altered
cellular distribution represents a true function contributed by
the I domain, then a redistribution of Gag protein would be
apparent for mutants that disrupt the function of the N-termi-
nal I domain. Laser confocal microscopy was performed to
examine the localization of the Gag-GFP fusion protein con-
structs in living cells (Fig. 6). Constructs that lacked the I
domain demonstrated a diffuse distribution throughout the
cytoplasm of the cell. This was apparent for all constructs
lacking the I domain as previously reported (MA/GFP, GAGP/
GFP, and MACA/GFP [29]), and is represented in Fig. 6A by
GAG377/GFP. Addition of the N-terminal I domain resulted
in a transition to plasma membrane localization (GAG384/
GFP [Fig. 6B]). We noted that for the minimal I domain
construct, GAG384/GFP, the membrane localization is not
complete. There is a fraction of diffuse, cytoplasmic localiza-
tion and a fraction of punctate, peripheral membrane localiza-
tion (Fig. 6B). Expression of additional subdomains within NC
resulted in more complete plasma membrane localization, as
demonstrated by GAG426/GFP (Fig. 6C). These results are
consistent with previous findings (29) and appear to correlate
with the amount of Gag protein present in detergent-resistant
complexes (i.e., those constructs with the highest percentage of
detergent-resistant complex demonstrate a higher percentage
of peripheral, punctate Gag protein). Next, we sought to de-
termine the effect of the N-terminal I domain mutations on the
localization of the Gag-GFP fusion protein. Cells expressing
GAG384(R380,384A)/GFP demonstrated a diffuse, cytoplas-
mic distribution of the protein (Fig. 6D). Therefore, disruption
of the I domain not only alters particle density, it also affects
Gag protein subcellular localization as revealed by confocal
microscopy. Addition of the remaining segment of the N-ter-
minal region of NC and the N-terminal zinc finger led to a
redistribution of Gag to distinct foci at the plasma membrane
[GAG405(R380,384A)/GFP (Fig. 6E)]. This result is consis-
tent with the finding that the first zinc finger restored dense
particle formation and detergent-resistant complex formation
to the N-terminal I domain mutant. These observations suggest
that the effects of the I domain upon particle density, deter-
gent-resistant complex formation, and the presence of Gag in
focal sites at the plasma membrane are tightly linked.

RVLP formation elicited by Gag-GFP fusion constructs. In
order to determine the morphology of the light and dense
retroviral particles described in this study, electron micro-
scopic analysis of cells expressing representative constructs was
performed. 55GAG/GFP expression yielded retrovirus-like
particles that were readily detected budding from the plasma
membrane of cells (Fig. 7A). The particles were 120 to 140 nm
in diameter, slightly larger than the expected size of 110 to 130
nm. In many of the examined sections, 55GAG/GFP particles
demonstrated an irregular dense border which suggested
clumping of the Gag-GFP protein around the perimeter of the
immature particles (Fig. 7B). The expression construct con-

7244 SANDEFUR ET AL. J. VIROL.



taining the minimal NC sequence required for I domain func-
tion, GAG384/GFP, produced RVLPs which were abundant
and largely indistinguishable from wild-type Gag RVLPs (Fig.
7C). No irregular clumping of Gag protein within RVLPs as
seen with 55GAG/GFP was observed with this construct. In
sharp contrast to these results, no particles consistent with
RVLPs were observed with the constructs lacking I domain
function, including GAG384(R380,384A)/GFP, GAG377/
GFP, and MA/GFP (data not shown). Collections of vesicular
material surrounding the cells were demonstrable in these
preparations (data not shown), and occasional spherical parti-
cles with a dense border were observed (as shown for cells
expressing MA/GFP in Fig. 7D). Notably, these particles were

FIG. 6. Influence of the I domain upon Gag-GFP subcellular localization as
determined by laser scanning confocal microscopy. Digital images of live BSC-40
cells expressing the indicated Gag-GFP fusion proteins were acquired with a
Zeiss LSM410 laser confocal microscope using the 403 objective. Images were
obtained 5 h after transfection with the indicated construct. The individual cells
shown are representative of over 75% of Gag-GFP-expressing cells viewed for
each construct. (A) GAG377/GFP; (B) GAG384/GFP; (C) GAG426/GFP; (D)
GAG384(R380/384A)/GFP; (E) GAG405(R380/384A)/GFP.
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smaller in diameter (90 to 100 nm) and lacked the thick pe-
ripheral layer of Gag protein typical of Gag RVLPs (Fig. 7,
compare panels C and D). The association of these atypical
particles with Gag protein was not proven in the present study.
In order to determine if our inability to demonstrate RVLP
production by I domain-deficient Gag was merely due to inef-
ficient particle release, the amount of Gag-GFP protein re-
leased from cells expressing four of the Gag-GFP constructs
was measured by microplate fluorometry. With the amount of
released 55GAG/GFP set at 100% as a reference value, the
following results were obtained (means 6 standard deviations
[SD] from three separate experiments): for GAG432/GFP,
22% 6 8%; for GAG384/GFP, 19 6 11%; for GAG377/GFP,
13.2% 6 8%; and for MA/GFP, 12 6 6%. Because the amount
of released Gag protein differed only twofold between an I
domain-containing construct that demonstrated numerous
RVLPs by electron microscopy (GAG384/GFP) and those
demonstrating no evident RVLPs (GAG377/GFP and MA/
GFP), it is unlikely that inefficient production or release ac-
counted for the absence of observed RVLPs in this study.
These results suggest that the light particles formed by Gag
proteins lacking I domain function in our study may not be
found associated with true RVLPs but may represent Gag
proteins released in some other form (such as in association
with cellular vesicles).

DISCUSSION

Localization of the N-terminal I domain. The N-terminal I
domain was localized in this study to the N-terminal seven
amino acids of NC. Although it is surprising that such a dis-
crete, small domain was sufficient to confer upon the 377-
amino-acid Gag molecule a dramatic shift in particle density,
the existence of a domain essential for particle assembly lo-
cated in the extreme N terminus of NC has been previously
reported (14, 18, 20). Our results extend this finding and link
this particle assembly domain to the function of the I domain.
The finding that two basic residues within this small region are
required for I domain function is consistent with the report
that addition of a small string of basic amino acids to a trun-
cated RSV Gag protein restored dense particle formation (2).
However, substitution of lysine residues in these positions in
our study failed to completely reconstitute normal particle
density as predicted. These data suggest that charge alone is
insufficient to reconstitute I domain function, at least in this
context, or that a particular arginine (R384) may play a more
specific role which is not recreated by lysine substitution. It is
also interesting to note that the single substitution of R384
altered particle density to a greater degree than that of the
single substitution of R380. R384 (R7 in the NCp7 protein) has
recently been shown to make critical electrostatic interactions

FIG. 7. Electron microscopy of Gag-GFP particles. (A) 55GAG/GFP; (B) 55GAG/GFP; (C) GAG384/GFP; (D) MA/GFP. Arrow indicates particle of uncertain
nature discussed in Results. Magnification, 351,250. Bar 5 195 nm.
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with a homopolymeric RNA template by fluorescence spec-
troscopy (33), and it is possible that this interaction is impor-
tant in I domain function.

I domain and Gag protein detergent-resistant complex for-
mation. The ability of Gag to form intracellular Triton X-100-
resistant complexes has recently been identified in HIV-in-
fected cells and is proposed to represent an assembly
intermediate (21, 22). Data from the present study indicate
that detergent resistance is mediated by the I domain. In the
presence of N-terminal I domain mutants, detergent-resistant
sedimentation is enhanced sequentially by the addition of fur-
ther subdomains of NC, including the addition of the remain-
der of the N-terminal subdomain, the N-terminal zinc finger,
the basic linker region, and the second zinc finger. Taken
together, these data suggest that I domain function in the
intact Gag polyprotein is contributed by each of these four
subdomains of NC. A threshold amount of I domain activity is
required to allow particles of normal density to form; this may
be contributed by the N-terminal I domain alone or by the
N-terminal zinc finger in the absence of N-terminal I domain
activity. Additional combinations of I domain functional units
from subdomains other than the N-terminal I domain and the
first zinc finger, must also be sufficient based upon data from
studies with RSV-HIV Gag chimeric proteins (1). Thus, there
are at least three functional I domain units within HIV-1 NC.

I domain and Gag subcellular localization. The contribution
of the I domain to Gag protein subcellular localization in our
studies is somewhat enigmatic. It is clear that the M domain is
required for plasma membrane localization of Gag, yet the I
domain enhanced the peripheral localization of Gag dramati-
cally in these studies. However, disruption of the M domain by
elimination of the myristylation site abolishes any apparent

contribution of the I domain to peripheral localization of Gag
(29). These findings are best reconciled by the hypothesis that
while the M domain is required for membrane localization of
Gag, the I domain enhances the efficiency of membrane inter-
action or acts to stabilize the interaction. This may occur
through cooperative effects upon membrane binding: as mul-
tiple Gag molecules interact in a coordinated fashion, a mem-
brane-binding unit of enhanced binding energy is formed (il-
lustrated in Fig. 8). In the absence of the I domain, the weak
membrane-binding energy of Gag monomers is insufficient to
maintain the interaction and the molecule dissociates from the
membrane. Alternatively, the I domain may act to provide a
trigger for the myristyl switch present within MA. According to
this hypothesis, Gag-Gag interactions contributed by the I do-
main lead to a conformational change within MA. The con-
formational change then results in a more favorable presenta-
tion of myristic acid for membrane interaction (Fig. 8). Several
groups have now provided supporting data for the presence of
the myristyl switch within MA (25, 26, 30, 43). However, it
remains to be demonstrated how direct Gag-Gag interactions,
which are most likely mediated by the CA-CA dimer interface,
with a possible contribution from NC (3, 9), could result in a
conformational change in the M domain. Solved structures of
MA reveal a long C-terminal helix through which such a con-
formational change would have to be transmitted (17, 24), and
cryoelectron microscopy studies have demonstrated a signifi-
cant distance (approximately 70 Å) between the radial densi-
ties corresponding to the MA globular domain and the C-
terminal domain of CA (11).

Nature of light Gag particles. The nature of the Gag parti-
cles lacking I domains (such as GAG377/GFP and MA/GFP) is
not clear. We and others have previously shown that HIV-1

FIG. 8. Proposed model for I domain function. Gag monomers bind to an RNA molecule through the I domain, which is located in multiple subdomains of NC.
The RNA then acts as a tether to allow Gag-Gag multimerization to take place. Multimerization creates an intermediate structure that has enhanced membrane binding
energy by bringing together multiple M domains in a common orientation (top right). An alternative possibility to explain enhanced membrane association is illustrated
on the bottom right. According to this model, the myristyl switch within MA is triggered through the influence of the I domain, making myristic acid available for
membrane interactions.
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Gag constructs lacking all of NC are released, sediment
through a sucrose cushion, and attain an equilibrium density of
1.10 to 1.14 g/ml when analyzed by equilibrium density centrif-
ugation (6, 29, 41), and these results agree with the description
of light particles produced by RSV Gag in the absence of the
I domain (1). It should be noted that the efficiency of particle
release in the absence of NC is diminished (6, 41). In this study,
we failed to demonstrate by electron microscopy any apparent
RVLPs budding from cells expressing truncated Gag-GFP pro-
teins that lack the I domain, a result which could not be
accounted for by observed differences in the amount of Gag
released. This striking lack of RVLP formation suggests that
for HIV-1 Gag, the I domain may be a required domain for
RVLP formation itself. The released Gag protein of light den-
sity may represent Gag protein associated with cellular mi-
crovesicles, a hypothesis worthy of further study. Alternatively,
Gag proteins lacking the I domain may form aberrant particles
that lack the characteristic electron microscopic appearance of
RVLPs.

Role of RNA binding in I domain function. In vitro models
of retroviral particle assembly have implicated the RNA bind-
ing function within NC as an important determinant of particle
assembly (4, 5). Also in support of a critical role for RNA is a
recent report that Gag-Gag multimerization requires RNA
interaction and that RNase can disrupt Gag-Gag interaction in
vitro (3). We favor a model of I domain function in which RNA
binding is contributed by the I domain, and RNA binding then
facilitates Gag-Gag multimerization. The RNA binding rele-
vant to the present study must be nonspecific binding, as our
Gag constructs did not include the RNA packaging (psi) region
of the genome. The fact that the R384 residue which was
shown here to be important for N-terminal I domain function
has been identified as one of four key residues within NC
involved in critical electrostatic contacts with a homopolymeric
RNA template supports this model. Additional key residues
for nonspecific RNA binding are located within the N-terminal
zinc finger and the C-terminal zinc finger (33). Taken together,
our data fit with a model in which multiple regions of NC act
concomitantly to bind RNA and in which RNA binding then
facilitates Gag-Gag interaction and dense particle formation.
Further investigation into the mechanism by which the I do-
main contributes to dense particle formation will be needed
and is expected to yield important insights into the assembly
process of retroviruses.
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