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Immature retrovirus particles contain radially arranged Gag polyproteins in which the N termini lie at the
membrane and the C termini extend toward the particle’s center. We related image features to the polyprotein
domain structure by combining mutagenesis with cryoelectron microscopy and image analysis. The matrix
(MA) domain appears as a thin layer tightly associated with the inner face of the viral membrane, separated
from the capsid (CA) layer by a low-density region corresponding to its C terminus. Deletion of the entire p6
domain has no effect on the width or spacing of the density layers, suggesting that p6 is not ordered in
immature human immunodeficiency virus type 1 (HIV-1). In vitro assembly of a recombinant Gag polyprotein
containing only capsid (CA) and nucleocapsid (NC) domains results in the formation of nonenveloped
spherical particles which display two layers with density matching that of the CA-NC portion of immature
HIV-1 Gag particles. Authentic, immature HIV-1 displays additional surface features and an increased density
between the lipid bilayers which reflect the presence of gp4l. The other internal features match those of

virus-like particles.

The genome of the human immunodeficiency virus (HIV)
contains three open reading frames common to all retroviruses
(28, 45): gag—the group-specific antigen frame which encodes
the precursor (Gag) of the major structural proteins of the
virus interior (matrix [MA], capsid [CA], nucleocapsid [NC]
domains and protein p6 in HIV), pol—which encodes the en-
zymatic activities of the virus (protease, reverse transcriptase,
RNase H, and the integrase), and the env frame—which en-
codes the precursor (gpl60) of the viral envelope proteins
(gp41 [TM] and gp120 [SU]). HIV is a complex retrovirus (5)
and hence encodes a further six regulatory proteins which
enhance and control the replication of the virus (6, 7). The pol
open reading frame overlaps that of gag and is expressed via a
frame-shifting event that produces a Gag-Pol protein (45).

Virus assembly begins at the cell surface with the clustering
of roughly 2,000 Gag proteins, 200 Gag-Pol proteins, and the
two strands of genomic RNA. Gag and Gag-Pol proteins are
bound to the inner surface of the membrane by covalently
linked myristate at their N termini and a charged surface re-
gion. The budding particle includes envelope protein com-
plexes (TM-SU) if they are present. After budding, the pro-
tease cleaves the Gag and Gag-Pol proteins to produce the
proteins of the mature, infectious virion (43). This maturation
process changes the arrangement of the structural components
inside the virion: the radially arranged Gag molecules are
dismantled, and a conical core structure is assembled in the
center of the particle (45).
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Mutagenesis and expression studies have shown the remark-
able robustness of particle assembly. Expression of the Gag
protein alone in mammalian and insect cells leads to budding
of virus-like particles (VLPs) or Gag particles which are very
similar in morphology to immature HIV (9, 20, 39-41). Mu-
tated Gag proteins from which large regions have been deleted
remain capable of directing budding (e.g., see reference 11).

Early work on HIV and other retroviruses was based on the
assumption of icosahedral symmetry for the interpretation of
images (17-19, 23, 26, 31, 32, 34). Indeed, surface views and
glancing sections were interpreted as consistent with a trian-
gulation number (7' = 7 laevo) for HIV (18). Recent work
using cryoelectron microscopy (cEM) has demonstrated that
the retrovirus particle is neither icosahedral nor consistent in
size and shape (13, 47, 48, 51). This absence of regularity
cripples the traditional methods of structural analysis which
have been so successful in more regular systems (3). Compo-
nents display local order but are assembled in various ways to
produce the plethora of sizes and shapes which characterizes
the assembled particle (13). Approaching retrovirus structure
requires setting aside the familiar tools of structural analysis
and focusing on the characterization of the regular elements of
the structure within the variation that is the hallmark of the
complete particle. The result of such an analysis will be pa-
rameters of the local organization that can be combined with
other information, such as that provided by X-ray crystallog-
raphy, to generate testable models of the interactions which
drive particle formation. It will not produce a single, unique
three-dimensional structure for the virion, since a single struc-
ture cannot represent the array of structures observed in prep-
arations. While this approach is more difficult (47) and may be
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unsatisfactory to some (33), it is the only one that accurately
reflects observations.

The simplest level of organization in the retrovirus particle is
a radial one. The Gag protein in the immature particle appears
to be arranged with its amino terminus (MA domain) at the
viral envelope and the carboxy terminus (NC domain) within
the center of the particle where it interacts with the genomic
RNA. This organization is seen in the VLPs which bud from
insect cells upon expression of the Gag protein. A well-estab-
lished radial organization can serve as a framework for ad-
dressing specific questions. For example, we were able to use
fine immunocytochemical mapping to demonstrate that actin
interacts specifically with the NC domain of the immature HIV
particle (48) rather than the MA domain (35) as suggested by
occasional images. This paper describes the use of cEM in
combination with profile analysis and mutagenesis to explore
the radial organization of immature HIV-1. The mutagenesis
and cEM approaches complement each other. cEM provides a
faithful representation of the density in the particle when cor-
rected for the imaging effects of defocus phase contrast. For-
tunately, the phase-contrast transfer function (CTF) is well
understood (10), and its correction has become routine (8, 29,
30) so that quantitative evaluation of the particle density is
possible. Mutagenesis is a particularly powerful tool of analysis
for the HIV system because such a large array of mutants have
been characterized and assembly of VLPs is surprisingly toler-
ant to significant modifications of the Gag protein.

Here we probe the radial organization of the immature
particle by examining VLPs formed by deleted versions of Gag,
particles assembled in vitro without membranes, and the au-
thentic immature HIV particle. Our results resolve the MA
domain underneath the membrane, provide evidence for the
TM density within the bilayer, and demonstrate that p6 is
arranged irregularly in the Gag particle and the virion.

MATERIALS AND METHODS

Preparation of Gag particles. Gag particles were produced by expression of
HIV-1 Gag (pNL4-3) (2) with the recombinant baculoviruses AcNPVgagl12myr
(for expression of wild-type Gag, see reference 39), AcNPVgag13myr (for HIV-1
GagAp6 expression, see Gagamb438 in reference 4), and AcNPVgag dl41-
143myr (for HIV-1 GagAMA expression, see reference 16) in BTI-TN-5B1-4
cells (known as High 5 cells). Immature HIV-1 particles (pNL4-3) (2) were
produced from infected MT-4 cells treated with an inhibitor of the viral protease
(0.05 pg/ml) (48). VLPs and immature HIV-1 were purified (49) and prepared
for cEM (13) as described previously.

In vitro assembly. Recombinant HIV-1GagAMAAp6 protein was purified
from Escherichia coli (24) and stored in 500 mM NaCl and 50 mM Tris (pH 8.0)
at a final concentration of 1 mg/ml. The assembly reaction was initiated by the
addition of 15 pM 73-mer DNA oligonucleotide, and it was performed with a
dialysis bag dialyzing for 60 min at 4°C against 100 mM NaCl and 50 mM Tris
(pH 8.0). Assembled particles were collected by centrifugation for 10 min at 4°C
in an Eppendorf centrifuge and were resuspended in 100 mM NaCl and 50 mM
Tris (pH 8.0).

Microscopy and image analysis. cEM was performed as described previously
using a Philips CM200FEG electron microscope operated at 200 kV (13). The
radial density distribution in the virus particles was calculated by using the
Fourier-Bessel expansion method that was described previously (13). The pro-
files from individual particles were averaged by aligning the density correspond-
ing to the two leaflets of the membrane of the bilayer. Profiles of HIV-1
GagAMA were aligned using the position of the two peaks corresponding to the
CA protein layer, and the radial density profiles were derived from measure-
ments of well-ordered areas. The program for performing the radial density
measurements (13) is written in FORTRAN using standard subroutines (37) and
is available upon request. Each averaged profile combines up to 3,600 (360° X 10
samples) measurements. The defocus was determined from the positions of the
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local minima in a radially averaged power spectrum of the individual particles.
Contrast transfer function (CTF) correction was performed by division of the
transform of the image with the appropriate CTF as described previously (8).
The radial density distribution of CTF-corrected images is an average of 50
measurements at different positions of the particle. The individual profiles were
aligned by placing the paired leaflets of the lipid bilayers into coincidence.

RESULTS

Wild-type HIV-1 Gag particles visualized by cEM. We have
previously proposed a model for the arrangement of Gag
polyproteins in immature HIV-1 particles (13). Here we pro-
vide experimental evidence for the proposed arrangement and
present further details of the structural organization of imma-
ture HIV particles. Wild-type VLPs were expressed in HS cells
after infection with recombinant baculovirus. Particles in the
cell culture supernatants were harvested 20 to 24 h after in-
fection, concentrated by centrifugation through a cushion of
sucrose, and gently resuspended in buffer. Analysis of stained
sodium dodecyl sulfate-polyacrylamide gels and Western blots
showed that the Gag protein was the single most abundant
protein in the preparation (data not shown). cEM demon-
strated that a large number of particles had been released from
baculovirus-infected cells (data not shown). The most abun-
dant particles found in the cell culture supernatant were the
spherical HIV-1 Gag particles. The Gag particles’ size and
shape were very heterogeneous as reported previously (13, 16),
ranging in diameter from 120 to 250 nm (Fig. 1E) and often
showing a distorted profile rather than a spherical one. The
Gag particles were easily distinguished from the elongated
baculovirus particles that remained intact under our gentle
conditions of purification.

Observation of individual Gag particles at high magnifica-
tion revealed further details (Fig. 2A). No consistent external
features were seen on the surface of the viral membrane,
reflecting the absence of viral glycoproteins. A regular, azi-
muthal variation of contrast was visible between the two leaf-
lets of the membrane, matching the periodic density variation
of the underlying protein layer. The bulk of the internal density
was separated from the membrane by a 40-A-wide, low-density
space. Thin tethers run through this region below the mem-
brane and connect the internal structural proteins with the
inner leaflet of the membrane (Fig. 2A). The spacing between
neighboring connections was 33 * 5 A (n = 75) and did not
vary between particles. The internal density was subdivided
into two major densities separated by a 15-A-wide low-density
region (Fig. 2A). The outer domain typically displayed a rod-
like shape. This appearance was not maintained throughout
the entire circumference of the particle. In some regions, the
straight tip of the rod appeared more globular and the distance
and angle between neighboring rods increased accordingly.
This variation in appearance could reflect conformational vari-
ation between regions. The inner Gag domains always ap-
peared to be tightly packed.

We employed image processing to analyze the radial orga-
nization of the particles in greater detail. cEM images of par-
ticles were digitized, and their radial density distribution was
calculated (Fig. 2B). Simple averaging of the projected radial
density of particles of different diameters would result in a
blurring of features. A Fourier-Bessel method (13) was used to
overcome this problem by averaging the three-dimensional
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FIG. 1. Wild-type HIV-1 Gag and Gag deletion mutants. Con-
structs A through C were expressed in HS5 cells by infection with
recombinant baculovirus. Construct D was expressed in E. coli and
assembled in vitro in the presence of oligonucleotides. (E) The histo-
grams show the effect of the deletions on the particle size. The x axis
indicates the particle diameter in nanometers, and the y axis indicates
the frequency of occurrence in the population as a percentage.

radial density distributions from different radii of the particles
after aligning them on the position of the membrane. The
average particle profile is shown in Fig. 2B. The result confirms
our previously reported observation of separately folded do-
mains in a radially arranged Gag polyprotein. The viral mem-
brane itself shows up as two closely juxtaposed density peaks
separated by a distance of ~50 A. The density peak at the
inner leaflet of the membrane is broader than that of the outer,
reflecting the presence of additional mass, presumably contrib-
uted by the MA domain of the Gag polyprotein. The remain-
der of the Gag polyprotein is located further inside and is
separated from the viral membrane by a ~40 A-wide (70-A
peak-to-peak distance) region of low density. The adjacent
density is formed by the broad protein layer, composed of
rod-like subunits (see Fig. 2A). The profile reveals two peaks
of density in this position. These paired peaks are character-
istic of the CA protein, which contains two subdomains. The
peaks are separated by 39 + 4 A (n = 10) and contribute to a
CA-derived protein layer of 85 + 6 A (n = 10) width. Another
density peak at a lower radial position indicates the location of
the innermost protein layer, presumably created by the NC and
p6 domains and the p6 domain. This most-intense density peak
is separated from the neighboring density by a distance of 66 =
4 A (n = 10, peak-to-peak spacing), leaving a gap of 15 A.
cEM revealed thin tethers crossing from the inner face of
the particle membrane to the internal layers of density. This
suggested that a portion of the viral polyprotein was anchored
to the lipid bilayer of the particle; however, the nature of the
arrangement near the membrane was not apparent from the
original, uncorrected images. The contrast in a cEM image
arises primarily from defocus phase contrast. This contrast
allows the visualization of features in images of unstained
material; however, it does so by distorting the relative densities
of features in the particle. A complete interpretation of the
density in the particle requires that the defocus and hence the
CTF (10) be determined so that the densities can be corrected
computationally (8). Naturally, this correction cannot restore
the information at the nodes of the CTF, and so multiple
defocuses must be examined to avoid misinterpretation.
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Figure 2C shows a characteristic view of the wild-type VLP
membrane after CTF correction of the image and the radial
density distribution across the membrane. The presence of
three individual layers of density is now clearly discernible. We
assigned the two external layers to the outer and inner leaflets

J. VIROL.

radius [A]

FIG. 2. Wild-type HIV-1 Gag particles in cEM. (A) cEM of wild-
type Gag particles shows thin tethers (arrows, left panel) spanning the
low density submembrane space. The density at the lower radius is
subdivided into two major bands (arrows, right panel). Arrowheads
mark the CA rods. Areas of white correspond to higher density and
hence mass in all of the images presented. Scale bar, 50 nm. (B) The
average of 10 radial density distributions of wild-type HIV-1 Gag
particles aligned to the position of the membrane reflects the presence
of radially arranged Gag domains. The inset shows the assignment of
individual peaks of density to the domains of the HIV-1 Gag polypro-
tein. The plot shows density (y axis) as a function of distance from the
particle center in angstroms (x axis). (C) CTF-corrected images of two
typical regions of a VLP membrane and the corresponding average
radial density distribution from 50 regions of the membranes of five
Gag particles. The internal density is masked (gray area) in this image.
The interpretation of the CTF-corrected density of the particle (left) is
shown by the arrows matching its features with the corresponding
radial density profile and a schematic of the arrangement of the pro-
teins. The peaks corresponding to the MA domain and the inner leaflet
of the membrane were not resolved in the uncorrected image (B) and
are represented by a single, broad peak of density in the same radial
position (C).

of the particle membrane and speculated that the submem-
brane density may be contributed by the globular portion of
the MA domain of Gag. Careful examination of a large num-
ber of images showed that the same arrangement was retained
over most of the VLP membrane. It was noted that a thin space
of low density is present between the individual layers of den-
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sity. Hence, the measurement of the corrected radial density
distribution reveals three separate peaks of density in the po-
sition of the membrane (Fig. 2C). The peaks of the bilayer
leaflets were ~26 A apart. The inner density layer is ~22 A
below the peak of the inner leaflet.

A deletion in the MA domain affects the VLP membrane and
the submembrane space. We assigned the density immediately
apposed to the inner surface of the membrane to the MA
domain and assigned the peaks at lower radius to CA and the
NC-p6 domain. Previously we suggested that this 40-A-wide
region of low density below the membrane represents the C-
terminal residues of MA (47, 48). We tested this hypothesis by
expressing the deletion mutant HIV-1GagAMA, which lacks
the carboxy-terminal two-thirds of the MA domain and the 11
amino-terminal residues of CA. We chose this construct be-
cause it is known to lead to efficient particle release (16). Many
other constructs affect particle release or stability or result in
redirecting budding to inappropriate domains (11).

Infection of HS cells with the corresponding recombinant
baculovirus resulted in efficient release of HIV-1 GagAMA
particles into the cell culture supernatant. Particles were har-
vested 20 to 24 h after infection, concentrated by centrifuga-
tion through a cushion of sucrose, and gently resuspended in
buffer. The HIV-1 GagAMA particles migrated to a density of
1.166 g/cm® on a sucrose density gradient, similar to the density
of authentic retrovirus particles. Analysis of stained sodium
dodecyl sulfate-polyacrylamide gels and Western blots showed
that the Gag polyprotein was the single most abundant protein
in the preparation (data not shown). Examination of the pel-
leted material by cEM revealed the presence of enveloped
VLPs in the cell culture supernatant. Many of the VLPs were
disrupted, indicating that the deletion in MA reduced particle
stability (data not shown). In contrast, most baculovirus parti-
cles remained intact and undistorted by the preparation for
cEM. Wild-type Gag particles and HIV-1GagAMA particle
diameters were measured and plotted in a histogram (Fig. 1E).
The diameters of wild-type and mutant VLPs ranged from
~100 nm to more than 250 nm (Fig. 1E), with an average
particle diameter of 169 * 29 nm (wild-type HIV-1 Gag, n =
97) and 170 = 33 nm (HIV-1GagAMA, n = 107), respectively.
HIV-1GagAMA particles showed a size heterogeneity similar
to that of wild-type Gag particles. Sixty-six percent of wild-type
HIV-1 Gag VLPs and 72% of HIV-1GagAMA VLPs deviated
from the average diameter by more than 10 nm (Fig. 1E).

The HIV-1GagAMA particles displayed an uneven mass
distribution (Fig. 3A) in which the bulk of the mutant Gag
polyproteins were found in one hemisphere of the particle.
This hemisphere contained regular arrays of Gag polyproteins,
similar to those observed in wild-type particles (Fig. 3A). Par-
ticles always showed areas of unstructured density with an
apparent size which depended on the orientation of the parti-
cle in the water layer. Careful examination of structured areas
within mutant VLPs demonstrated that the lipid bilayer and
the space below were clearly affected by the deletion in the MA
domain. The regular internal-density variation detected be-
tween the two leaflets of wild-type membranes was not ob-
served in HIV-1GagAMA particles; instead, the membranes
were smooth and featureless. The inner leaflet of the HIV-
1GagAMA VLPs also appeared thinner than that of the wild
type, probably reflecting the removal of the MA domain from
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the inner face of the lipid bilayer. Further, the 40-A gap be-
neath the wild-type VLP membrane was much narrower in
the HIV-1GagAMA mutant so that the internal density was
brought closer to the lipid bilayer.

These changes in the membrane region and the region be-
neath the membrane were also reflected in the radial density
profiles of HIV-1GagAMA particles (Fig. 3B). Measurements
were taken from clearly structured portions of the particle,
since inclusion of unstructured regions blurred the average
profile. The deletion had no significant effect on the general
structural features of the internal protein layers in HIV-1
GagAMA particles so that individual profiles could be aligned.
The comparison of wild-type and HIV-1GagAMA radial den-
sity profiles revealed the dramatic effect of the deletion on the
membrane-associated regions. A gap of ~15 A (rather than
the 40 A seen in wild-type VLPs) separates the inner leaflet
from the first internal protein layer. This spacing varied some-
what between individual HIV-1GagAMA particles, suggesting
that an intact matrix protein fixes the position of the Gag
polyprotein more precisely relative to the inner face of the viral
membrane.

The analysis of the wild-type VLP membrane had shown
that CTF correction of the images revealed a layer beneath the
membrane (Fig. 2C). We hypothesized that this density was
created by the globular head of the MA protein and should
therefore be affected by the deletion in HIV-1GagAMA par-
ticles. This hypothesis was confirmed by the CTF-corrected
images of the mutant VLP membrane, which contained two,
rather than three, density layers (Fig. 3C). The remaining ra-
dial density peaks in the profile superimpose well. The outer
and inner leaflets of the bilayer retain the same spacing of ~26
A as in the wild-type VLP membrane (Fig. 3C).

Deletion of the p6 domain has no apparent effect on VLP
structure. Images and radial density measurements of wild-
type particles displayed two prominent internal layers in wild-
type VLPs. We assigned the innermost layer to the NC and p6
domains; however, the relative contributions of the NC and
p6 domain to the density were unclear. We expressed the Gag
deletion mutant HIV-1GagAp6 that lacks the entire p6 domain
(Fig. 1) to address this question. Infection of H5 cells with the
recombinant baculovirus resulted in the efficient release of
mutant Gag particles into the cell culture supernatant as re-
vealed by Western blot and cEM analysis of particle prepara-
tions (data not shown). The mutant VLPs were clearly less
heterogeneous than wild-type particles, having a much nar-
rower distribution of particle diameters (Fig. 1E). Only 25% of
HIV-1GagAp6 particles deviated by more than 10 nm from
their average value (140 * 23 nm; n = 111), whereas more
than 66% of wild-type Gag particles fell outside this range. The
better-defined particle diameter may indicate a better control
of size during assembly of HIV-1GagAp6 polyproteins. Most
HIV-1 GagAp6 particles appeared truly spherical (Fig. 4).
Fewer of the mutant particles were distorted or disrupted than
in wild-type VLPs.

The structural details in HIV-1 GagAp6 particles match
those of wild-type VLPs (Fig. 4A). A regular variation of
density was noticed between the two leaflets of the membrane
that matched the periodic density variation of the underlying
protein layer seen in the wild type. The deletion of the C-
terminal p6 domain had no apparent effect on the overall
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FIG. 3. HIV-1 GagAMA particles visualized by cEM. (A) A cEM
of an HIV Gag particle with a deletion of residues 41 to 143. The
deletion of MA sequences results in the thinning of the submembrane
space and a reduced inner leaflet thickness and affects the regular
variation in density within the membrane. Frequently the internal
organization is disrupted, and the regular array of Gag molecules is
only preserved in limited regions of the circumference. The arc within
the membrane (right) shows the presence of a vacant region of the
particle. The arrowheads (left) mark CA-derived rods of Gag density
while the arrows (right) mark radial CA and NC density. Size bar, 50
nm. (B) The radial density distribution of HIV-1 GagAMA demon-
strates the effect of the matrix deletion. The mutation results in an
approximation of regular internal density and the particle membrane.
The superimposition with the profile of wild-type Gag particles illus-
trates the effect of the deletion. The plot shows density (y axis) as a
function of distance from the particle center in angstroms (x axis). (C)
CTF-corrected image of the membrane region of an HIV-1 GagAMA
particle and the corresponding region of the average of the radial den-
sity distribution from 50 particles with the central region (gray) masked.
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organization of the mutant particles, nor did it alter the spacing
of protein layers inside the particle. Thin connections were
visible crossing the space below the membrane and establishing
linkages between the inner leaflet of the membrane and the
CA-derived protein layer further inside (Fig. 4A, left). Neigh-
boring connections were separated by 33 = 5 A (n = 54), which
exactly matches the spacing seen in wild-type VLPs (33 + 5 A,
n =175).
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FIG. 4. HIV-1 GagAp6 particles in cEM. (A) cEM of HIV-1 GagAp6 particles shows no effect of the p6 deletion on the internal layers of
density. Mutant particles display the same details as wild-type Gag particles. The arrows (left) mark the tethers. The arrows (right) indicate a region
of typical rod density for comparison with a region of altered rod density marked by arrowheads. Bar, 50 nm. (B) Radial density distribution of
HIV GagAp6 particles. The superimposition with the radial density distribution of wild-type VLPs demonstrates that the C-terminal p6 domain
does not contribute to the averaged innermost density of the Gag protein layer. The plot shows density (y axis) as a function of distance from the
particle center in angstroms (x axis). Positive and negative density values correspond to areas of black/white in panel A, respectively.

Intriguingly, the similarity of the wild-type and mutant par-
ticles extended to the innermost density layer, which we orig-
inally ascribed to the NC-p6 domain. This indicates that the p6
domain of the Gag polyprotein does not contribute ordered
density to the wild-type Gag particle. This observation is con-
firmed by the comparison of the average radial density profiles
of wild-type and HIV-1 GagAp6 particles. Figure 4B demon-
strates that the deletion of the entire p6 domain had no sig-
nificant effect on the organization of internal layers, the spac-
ing between protein layers, or the width of the Gag domains in
the Gag particles. The fact that the innermost portion of the
average density layer was not altered demonstrates that it only
reflects contributions from the NC domain of the Gag polypro-
tein.

Organization of immature HIV-1 particles in the absence of
a membrane. We examined particles assembled in vitro from
recombinant Gag polyproteins and nucleic acids to deter-

mine the role of the membrane in organizing the internal
Gag domains. We have recently demonstrated that HIV-1
GagAMAAp6 protein (Fig. 1) forms spherical particles under
in vitro assembly conditions (24). The in vitro-assembled par-
ticles were concentrated by brief centrifugation and studied by
cEM. A large number of spherical particles were present in the
sample, reflecting efficient assembly of recombinant Gag poly-
protein. The resultant particles are shown in Fig. 5 and display
a well-defined diameter of 111.7 = 7.3 nm (n = 67). Although
nonenveloped, the in vitro-assembled particles shared features
with the enveloped immature particles produced by the expres-
sion of Gag polyproteins in insect cells (Fig. 2A). In particular,
in vitro-assembled particles displayed two layers that were sim-
ilar to the two internal layers of Gag particles that we had
attributed to CA and NC. The outer layer was formed by
rod-like subunits indistinguishable in size and shape from the
CA rods of wild-type VLPs. This layer was separated from an
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FIG. 5. cEM of in vitro-assembled HIV GagAMAAp6. (A) cEM of in vitro-assembled particles. Recombinant Gag polyprotein lacking the
entire p6 domain and most of the MA domain (including the N-terminal myristic acid) can be assembled into spherical particles. The two major
layers of density are marked by arrows (right). Note the rod-like shape of the outer protein layer (left, arrowheads), reminiscent of the CA protein
layer in Gag particles. A second protein layer is located further inside and is similar in appearance to the innermost protein layer of Gag particles
released from cells. Bar, 50 nm. (B) Radial density profile of HIV-1 GagAMAAp6 particles. The two main peaks of density corresponding to the
CA and NC protein layers can easily be aligned with the radial density profiles of enveloped HIV-1 Gag particles. The plot shows density (y axis)

as a function of distance from the particle center in angstroms (x axis).

internal layer by a 15-A-thin low-density gap corresponding to
that between the CA and NC protein layers in the VLPs. The
average radial density profile for the in vitro-assembled par-
ticles (Fig. 5B) matches that of the HIV-1 Gag wt particles
with the exception of the outer layers, which represent the
membrane; the protein layers are arranged in a very similar
manner.

Immature HIV-1 particles: are VLPs like the virus? The
results obtained with the wild-type and mutant Gag VLPs lead
to a better understanding of the multilayered immature state
of HIV-1, allowing the assignment of Gag domains to the
protein layers. Several lines of evidence suggest that the VLPs
produced in insect cells are a good model for the study of
immature HIV-1. Nevertheless, the HIV-1 Gag particle lacks
several potentially important structural components, including
the Gag-Pol precursor, the virus glycoproteins, and the authen-
tic viral RNA. Their presence might modify the arrangement
of the Gag polyprotein and result in a changed organization of
the immature virion.

We explored the role of additional virus proteins on the
organization of immature HIV-1 by analyzing virions harvested
from infected T cells after treatment of cells with an inhibitor
of the viral protease (Fig. 6A). The majority of the particles
had the radial arrangement typical of immature virions. Less
than 1% of particles showed the internal cone produced by the
maturation cleavage.

The immature virions were clearly not uniform in diameter;
however, they appeared significantly less heterogeneous than
wild-type VLPs. The size distribution of authentic immature
virions peaked around their average diameter (133 = 17 nm;
n = 118), with less than 30% of the particles deviating by more
than 10 nm from this value (Fig. 1E).

cEM of authentic immature HIV at high magnification re-
vealed an overall organization reminiscent of that of the VLPs
(Fig. 6B). In particular, internal radial arrangements in the
immature virion and in the VLP were very similar. The internal
protein layers were separated from the membrane by a prom-
inent gap, as in the VLPs. Similar thin tethers were observed
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crossing the gap and connecting the internal densities to the
virus membrane (Fig. 6B). One clear difference between im-
mature virions and the VLP structure was seen at the position
of the virus membrane, which contained regularly spaced viral
spike proteins (Fig. 6). These protruded ~120 A from the
center of the membrane and were visible on all of the particles
in the preparation, forming an additional layer of density on
the outside of the immature virion (Fig. 6A and B).

The radial density measurement of immature HIV-1 parti-
cles confirmed the visual impression of the internal organiza-
tion of the virion (Fig. 6C). It shows a radial density distribu-
tion which superimposes well with that of the wild-type VLPs,
thereby demonstrating that the layers of density observed in
the authentic immature virion are exclusively created by the
Gag polyprotein. The virus glycoproteins which are easily dis-
cernible in the images (Fig. 6A and B) show up only weakly in
the radial density profile because they are a less consistent
feature than the radially arranged internal structural proteins.

We corrected the images for the effect of the CTF (Fig. 6D)
to obtain a more accurate view of the membrane organization.
CTF-corrected images show that the membrane of authentic
immature HIV-1 is composed of three layers of density. Care-
ful examination of a large number of images revealed several
interesting features. The leaflets of the bilayer retained the
same spacing as in the VLPs: however, the separation of layers
was less obvious because the space between them appeared
filled. Frequently, density appeared to connect the MA-de-
rived layer with the lipid bilayer and the inner to the outer
leaflet of the membrane (Fig. 6D). This contrasts with the VLP
images, which showed the membrane layers of Gag particles
clearly separated.

We cannot completely interpret the more complex organi-
zation of the membrane of the immature virion, however; the
virus glycoprotein adds a considerable amount of mass to the
virus membrane and could easily account for the observed
features. On the outside of the particles, regularly spaced pro-
trusions were observed, reflecting the presence of the surface
portion of the HIV-1 glycoprotein. Measurements show that
the glycoprotein protrudes ~120 A from the center of the
membrane. The radial density measurement (Fig. 6D) con-
firms these observations. The three peaks of density superim-
pose well with the radial density distribution in the Gag par-
ticle, indicating the same spacing of the bilayer leaflets and the
MA domain-derived layer. The shallower density trough be-
tween these layers in immature HIV-1 indicates the presence
of additional mass in this region (Fig. 6D). The additional
density found outside the membrane reflects the presence of
glycoprotein on the surface. The HIV-1 TM protein contains a
cytoplasmic subdomain of ~17 kDa. Several lines of evidence
suggest that this portion of the TM protein is located near the
viral membrane; however, the radial density profile did not
resolve it as a separate feature.

DISCUSSION

Gag determines the radial organization of immature HIV.
The radial organization of the immature HIV particle is re-
vealed by cEM. Our previous work showed that VLPs contain
a radially arranged Gag polyprotein with the N terminus (MA
domain) located at the membrane and the C terminus (NC and
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p6 domains) toward the center of the particle (47, 48). The
domains of the Gag polyprotein fold separately and create
individual protein layers in the particle (13). Here, we use an
analysis of Gag deletion mutants to confirm this arrangement
in the VLP.

The ability to compare the radial density profiles of the
immature virion and the in vitro-assembled particle with the
VLP allowed us to look for a role of the specific RNA and of
the membrane in the organization of the particle. Our analysis
of the immature virion showed that the radial profile of its
internal structure matches that of the VLP. Hence, the addi-
tional components present in the authentic particle do not
have a perceptible effect on its internal organization. Interest-
ingly, the inner portions of this region are also unchanged in
the in vitro-assembled particle without a membrane, showing
that the membrane plays a limited role in the organization.
HIV-1 resembles D-type retroviruses (45) in this respect.
Hence, the Gag polyprotein itself plays the dominant role in
defining the internal organization of the immature particle.

The bipartite organization of MA is retained during matu-
ration. We previously suggested that the matrix domain is
tightly associated with the inner face of the viral membrane
and is separated from the underlying capsid derived protein
layer by a space of approximately 40-A thickness (13). Here,
we visualize a discrete protein layer at the inside of the lipid
bilayer. Further, thin tethers are seen crossing the underlying
40-A low-density space. We tested the assignment of these
feature to the MA domain by comparing wild-type Gag parti-
cles to Gag particles lacking residues 41 to 143. Deleting most
of the MA domain and 11 N-terminal residues of CA removed
the protein layer next to the membrane and reduced the space
underneath. This result confirms that both of these distinct
structural elements are formed by the MA domain of the Gag
polyprotein.

A bipartite organization of the MA domain is consistent with
other structural data. The precise sequence that spans the 40-A
space must be defined by smaller deletions; however, the ap-
pearance of extended thin tethers is consistent with the pres-
ence of a-helices. X-ray crystallographic studies have shown
that the C terminus of the mature MA domain forms a 25-
amino-acid-long «-helix that is distinct from the rest of the
molecule (25). This helix (helix 5) points away from the glob-
ular head of the MA domain and hence should extend toward
the center of the virion. Its 37-A length would span most of the
40-A space observed. Although evidence suggests that the
structure of the MA domain in the uncleaved (i.e., immature)
state of Gag may differ from the cleaved (mature) state, par-
ticularly in the neighborhood of the CA domain (24), a helix in
this position would certainly be consistent with our observa-
tions. This arrangement of helix 5 would position the globular
head of the MA molecule next to the inner leaflet of the lipid
bilayer. The detection of a distinct MA domain-derived protein
layer just below the inner leaflet of the immature particle lends
strong support to the idea that the bipartite organization seen
in crystals of the cleaved protein also corresponds to the im-
mature state and is retained after maturation.

A model for the arrangement of the MA protein layer in
mature lentiviruses has been proposed from its arrangement in
the simian immunodeficiency virus (38) and HIV (25) MA
domain crystal structures. The observed ~25-A width of the
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membrane proximal matrix layer is consistent with the arrange-
ment of the globular head structure in these models. The
arrangement of the MA domain as a network of six membered
rings linked by two MA trimers (38) results in a center-to-

center spacing of neighboring MA trimers (~66 A) and would
yield a ~33-A spacing in projection along the membrane. The
tethers which cross the low-density region in the VLPs display
a 33 = 5 A separation (Fig. 2B). This spacing would be con-
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sistent with the hexamer network (25, 38), if the tethers rep-
resent bundles of MA domain carboxy-terminal extensions.
The analysis of the repeating unit in the VLP (13) supported
a similar local arrangement.

The data presented here reveals the striking arrangement of
the MA domain in immature HIV-1. It reveals a thin MA
domain protein layer next to the membrane, resting on thin
stalks which connect it to CA. The role of this construction is
unclear. The MA layer may support the viral membrane from
the inside. The fact that a deletion in MA significantly affects
particle stability provides some evidence for this suggestion.
We think it is likely that some space in proximity to the domain
boundaries is helpful during viral maturation because it will
significantly increase the accessibility of the protease cleavage
sites. This speculation is supported by the presence of a similar,
albeit thinner, space between the CA and NC protein layers.
This stretch of amino acids is bordered by two viral protease
cleavage sites and has been identified as the spacer peptide,
spl (36). spl has been shown to be an important conforma-
tional determinant with profound influence on the symmetry of
assembly of Gag particles in vitro (1, 16, 24). Although no
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FIG. 6. cEM of immature HIV-1. (A) Overview of immature
HIV-1 released from infected T cells. The image shows a typical
low-magnification view of particles that have been released from T
cells after treatment of the cells with an inhibitor of the viral protease
(bar = 100 nm). Note the presence of spikes on the surface of the
particles and the heterogeneity of diameters within the population.
The asterisk marks a rare particle in the preparation (<1%) which
shows a mature phenotype. (B) The details of the structure of the
immature HIV-1 particle are seen in the views of individual particles.
The two major layers of density are marked by arrows (upper right).
Note the rod-like shape of the outer protein layer (arrowheads, lower
left), reminiscent of the CA protein layer in Gag particles (bar = 100
nm). Small arrows mark the tethers in the upper-right panel and the
glycoproteins in the lower-right panel. (C) The comparison of the
radial density profiles of the immature virion and the wild-type VLP
shows that the internal features are conserved. The plot shows density
(v axis) as a function of distance from the particle center in angstroms
(x axis). The two particles differ in the depth of the features in the
membrane region and the presence of a weak average external density
corresponding to that of the envelope proteins. (D) The CTF-cor-
rected image of a portion of an immature particle reveals the extra
density in the membrane region. The correspondence between the
CTF-corrected image and the average radial density profile from 50
particles is indicated by the arrows matching their corresponding fea-
tures with a schematic of the arrangement of the proteins. The internal
density is masked (grey region).

direct structural information is available, molecular modeling
suggests that the residues between CA and NC form a contin-
uous a-helix (1).

TM contributes density to the bilayer region. The internal
regions of the immature virion and the VLP were indistin-
guishable; however, subtle differences were seen in the region
of the membrane. The membrane organization of authentic
immature HIV-1 appeared more complex than that in Gag
particles. The layers of the membrane were clearly separated in
the VLPs by spaces which were filled with density in the virion.
This difference may explain the fact that VLP membranes are
sensitive to nonionic detergents under conditions which leave
the membrane of authentic immature virions intact (T. Wilk,
unpublished observation, and reference 48). We believe that
the additional density is contributed by the viral glycoprotein
complex of HIV-1 which was observed to cover the entire
surface of the immature virions. The abundance of surface
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projections was surprising, since the SU portion is known to be
bound weakly to the virion (45). Further work is needed to
show whether this projecting density reflects the entire glyco-
protein (SU-TM) complex or only the stable, membrane-an-
chored TM protein. The projections are indeed shorter than
those seen in the distantly related spumavirus retrovirus, in
which the SU domain is retained (46).

All lentivirus TM proteins contain long cytoplasmic tails
(45). The HIV-1 tail contributes a mass of ~17 kDa, equivalent
to the mass of the MA domain. It has been suggested (13) that
the 40-A space below the membrane could harbor the large
C-terminal tail of TM. Our analysis of cEM images and radial
density measurements provides no support for this suggestion,
since no additional density was detected at this position in
immature virions or further within the particle. Interestingly,
MA mutations that prevent glycoprotein incorporation largely
map to the membrane-exposed surface of the MA trimer
model (38). This suggests a placement of the C-terminal do-
main between the inner leaflet of the membrane and the MA
domain-derived protein layer. Indeed, multiple palmitoylation
events (50) and the presence of amphipathic helices (44) sug-
gest a rather intimate association of the TM C terminus with
the lipid bilayer, as proposed previously (50). The observation
of additional density within the membrane of immature HIV-1
supports such an arrangement; however, only the analysis of a
virus mutant lacking the cytoplasmic domain would address
this issue directly.

The CA and NC domains, but not p6, form regular inner-
density layers. The capsid domain of the Gag polyprotein is
visible as a pair of peaks spaced ~45 A apart, reflecting the
division of the CA protein into separately folding N- and C-
terminal subdomains. This spacing matches that seen in tubes
formed by the CA protein in vitro (22) and the outer two rings
seen in tubes assembled from recombinant CA-NC protein and
nucleic acid (T. Wilk, unpublished data), confirming that these
regions represent CA.

The NC domain contributes the innermost radial density to
the immature particle. We originally assigned this layer in
immature particles to the NC-p6 domain (13); however, the
contribution of the C-terminal p6 domain was unclear. The
deletion of the entire p6 domain did not affect the width or the
substructure of the innermost protein layer in mutant HIV-1
GagAp6 VLPs or in vitro-assembled particles. Hence, p6 does
not contribute to this density. Since p6 is roughly the same size
as the NC domain, its deletion should have a marked effect on
the density unless it is disordered or unstructured. This latter
possibility is consistent with structural studies of the isolated
protein (42).

The function of p6 during or after assembly and budding
remains unclear (reviewed in reference 12). When Gag is ex-
pressed alone, the p6 domain can be deleted without causing a
defect in assembly (39). In contrast, p6 deletions from the
full-length viral genome result in the arrest of budding parti-
cles at the plasma membrane (21), a phenotype which has been
shown to depend on the virus protease (27). It has been sug-
gested recently that p6 is a major determinant of particle size
and that p6 deletion results in the generation of large particles
(14, 15). Nevertheless, analysis of p6 mutants (16, 21, 26, 39) by
conventional electron microscopy revealed no effect on the
particle diameter. cEM of wild-type and mutant subviral Gag
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particles allows visualization of unstained particles and reveals
the entire particle in projection, providing a more reliable
measure. The cEM results show that deletion of p6 results in
the generation of particles with a diameter of 140 + 23 nm.
The similar diameter of authentic immature virions (133 = 17
nm) and p6-deleted VLPs demonstrates that the control of
Gag assembly is not affected by the absence of a functional p6
domain. In fact, the absence of the p6 domain was advanta-
geous in the expression system, since the mutant particles were
more regular in size and shape than wild-type VLPs.
Conclusions. The analysis presented here complements the
ability of cEM to provide quantitative density distributions
with mutational analysis. Our analysis validates the radial mod-
el of domain arrangement (13, 47, 48) and extends it to reveal
the details of the interaction between MA and the membrane
in the uncleaved Gag protein. It also defines differences be-
tween the VLPs and the immature virion in the organization of
the membrane region while showing that the membrane is not
necessary for the organization of the internal Gag domains.
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