View metadata, citation and similar papers at core.ac.uk

brought to you by .{ CORE

provided by Elsevier - Publisher Connector

Cryo-electron microscopy reveals ordered domains in the

immature HIV-1 particle

Stephen D. Fuller*, Thomas Wilk*, Brent E. Gowen*, Hans-Georg Krausslich®

and Volker M. Vogt*

Background: Human immunodeficiency virus type1 (HIV-1) is the causative agent
of AIDS and the subject of intense study. The immature HIV-1 particle is
traditionally described as having a well ordered, icosahedral structure made up of
uncleaved Gag protein surrounded by a lipid bilayer containing envelope proteins.
Expression of the Gag protein in eukaryotic cells leads to the budding of
membranous virus-like particles (VLPs).

Results: We have used cryo-electron microscopy of VLPs from insect cells and
lightly fixed, immature HIV-1 particles from human lymphocytes to determine their
organization. Both types of particle were heterogeneous in size, varying in
diameter from 1200-2600 A. Larger particles appeared to be broken into semi-
spherical sectors, each having a radius of curvature of approximately 750 A.No
evidence of icosahedral symmetry was found, but local order was evidenced by
small arrays of Gag protein that formed facets within the curved sectors. A
consistent 270 A radial density was seen, which included a 70 A wide low density
feature corresponding to the carboxy-terminal portion of the membrane attached
matrix protein and the amino-terminal portion of the capsid protein.
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Conclusions: Immature HIV-1 particles and VLPs both have a multi-sector
structure characterized, not by an icosahedral organization, but by local order in
which the structures of the matrix and capsid regions of Gag change upon
cleavage. We propose a model in which lateral interactions between Gag
protein molecules yields arrays that are organized into sectors for budding

by RNA.

Background

Retroviruses provide a strikingly simple example of
enveloped virus assembly. A single protein, the product of
the gag gene, is sufficient to carry out assembly and
budding of virus-like particles (VL.Ps). The Gag molecule
must make a number of specific interactions: with the
plasma membrane; with the viral genomic RNA; with
other Gag molecules; and with viral envelope protein mol-
ecules, separately transported to the plasma membrane by
the cellular secretory pathway [1]. In the case of human
immunodeficiency virus type 1 (HIV-1), like other retro-
viruses, the Gag protein is organized into domains corre-
sponding to several distinct proteins of the mature virus:
the membrane-associated or matrix protein (MA), the
capsid protein (CA), and the nucleocapsid protein (NC).
Gag also has one or more other domains with functions
that are poorly understood (nomenclature reviewed in [2]).
MA is myristylated and forms the amino-terminal domain
of Gag. CA is believed to form the shell of the mature viral
core. NC is highly basic and interacts directly with the
RNA. Cleavage of the precursor Gag into domains by the
viral protease leads to dramatic morphological changes
called maturation [3,4].

The structures of HIV-1 particles, as well as those of other
retrovirus particles, have been studied extensively, but a
complete understanding of their organization remains
elusive. Thin section electron microscopy (EM) shows a
resemblance between the nascent, immature HIV-1 parti-
cle in the last stages of budding and the type C retrovirus
budding particles of the prototypic murine leukemia
viruses (MLVs) and avian sarcoma and leukemia viruses
(ASLVs). Directly inside the membrane is an electron
dense ring, that encloses an electron lucent center. In the
virus mutants with a defective or inactivated protease,
budding releases permanently immature particles into the
medium [5,6]. In presence of a functional protease, matu-
ration occurs, leading to the formation of an electron
dense core in the middle of the virus particle. In HIV-1,
this core takes the form of a cone, unlike the centrally
located, spherical cores of type C viruses. The structures
of mature retroviruses have remained particularly difficult
to decipher by EM, because of the need to remove the
membrane by detergents to visualize the internal struc-
tures. Immature cores appear stable to detergents, at least
in crude sedimentation assays and thin section EM [7],
but their detailed organization has not been elucidated.


https://core.ac.uk/display/82461948?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

730 Current Biology, Vol 7 No 10

Figure 1

(a)

Cryo-electron micrographs of a field of Gag particles (VLPs),
harvested rapidly after expression in insect cells, reveal their overall
organization. (a) An overview in which both the round Gag particles
and the elongated baculovirus particles are present. The internal
structures within the membrane of the baculovirus virions are visible,
as are the features extending from the membrane. The Gag particles
show irregularities in shape and faults at the positions of these
irregularities. Scale bar = 0.5 pum. (b) A detail revealing the rod-like
Gag proteins perpendicular to the membrane and the faults (arrows)
that occur at the boundaries of hemispherical sectors (arcs). Scale
bar = 0.25 pm.

It has generally been accepted that both the immature and
the mature retrovirus core are organized with icosahedral
symmetry. T'his notion is partially based on analogy with
the many other kinds of viruses that have been studied in
detail by crystallography and by cryo-electron microscopy
(cEM), and in part on limited experimental data. Early
observations of HIV-1 particles reveal a pattern of surface
antigen (SU) that could be indexed as a 'T' = 71 icosahedral
network [3]. Freeze-fracture work on the forming particle
reveal that immature HIV-1 particles contain hexagonally
arrayed Gag proteins, whose arrangement was interpreted

as having T =63 icosahedral symmetry [8]. Some evi-
dence for icosahedral symmetry of MLLV was presented
many years ago [9], although a helical structure for the
internal organization of this virus has also been suggested
[10,11]. More recent work has based structural models on
the assumption of icosahedral symmetry [8,12,13].

Membranous VLPs are readily obtained from insect cells
infected with recombinant baculoviruses expressing the
HIV-1 Gag protein. These VLPs have the advantage that
they are abundant and non-infectious. VLPs closely
resemble immature virions from protease-defective HIV-1
[14,15]. Thin section EM showed that VLPs appear as
lipid-bound structures with a densely staining region
~180 A in thickness [5,8,16-19] underneath the mem-
brane and radial striations similar to those observed in
immature HIV-1.

We have used cEM to study the structure of HIV-1 VLPs.
"T'his technique avoids fixatives, dehydration and contrast-
ing agents, which are known to be destructive to the orga-
nization of membranous assemblies. Defocus phase
contrast allows the visualization of these unstained struc-
tures and reveals the entire particle in projection. This
allowed us to examine its symmetry as a whole, rather
than inferring an organization from a portion of its surface.
We describe the organization of the VLLP and show that it
is similar to that of the immature HIV-1 particle.

Results

Gag expression results in the budding of regular particles
HIV-1 VLPs were produced by expression in insect cells
of the Gag protein, using a previously described bac-
ulovirus vector [14,15]. Stained SDS-polyacrylamide gels
showed that the Gag protein was the single most abundant
polypeptide in the preparation (not shown). All of our
VLP preparations also contained baculovirus particles, as
these have similar sedimentation properties. Preparations
were examined by cEM within a few hours of purification.
This rapid method of preparation was designed to pre-
serve the structure of the particles rather than to enhance
their biochemical homogeneity. Preparations isolated in
the same way from cells that were infected with control
baculovirus vectors (not shown) lacked the structures
attributed to the VL.Ps below.

T'ypical samples of particles showed the characteristically
rounded VLPs, elongated baculoviruses and cell debris
(Figure 1a). The preservation of the baculovirus demon-
strates the advantages of unstained microscopy for mem-
brane structures. Most baculovirus virions remained intact
and undistorted by the preparation for cEM. The bac-
ulovirus core could be readily visualized within the mem-
brane, and envelope proteins were visible at the ends of
the particle. The VLPs showed few surface features but a
wealth of internal detail. Higher magnification (Figure 1b)



Figure 2

Stereo view of rapidly prepared Gag particles. The hemispherical

sectors and irregularities at domain boundaries (faults) are visible. The
faceted appearance of the particles is particularly clear in the particles
in the center of the field. Note that the particles are within the body of
the vitrified water layer rather than at the surfaces. Scale bar 0.25 pm.

Figure 3
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revealed rod-like features underneath the membrane,
150-200 A in projected length, with a center-to-center dis-
tance of ~55 A. The VLPs displayed variability in size and
shape. Particles that appeared intact ranged in diameter
from 1200-2600 A (mean ~1600 A, mode ~1400 A). Smaller
particles were also present, but they appeared largely
empty, lacked the organized rod like features described
above and could be found in the baculovirus controls.

The VLPs that were visualized shortly after harvesting do
not have a smooth, circular appearance. Instead, they
often appeared to comprise two or more semi-spherical
sectors. These sectors are marked with arcs in Figure 1
and have a characteristic radius of curvature of slightly
over 750 A. The sectors were most evident in larger parti-
cles. The boundary between two sectors in a particle was
typically marked by an interruption in the regular density
that lay under the membrane. Several instances of these
faults — positions in which the close packing of the Gag
rods is interrupted — are marked by arrows in Figure 1b.

"T'he semi-spherical nature of the sectors was most easily
visualized in stereo images of rapidly harvested VLPs
(Figure 2). Regions of lower density can be seen at the
boundaries of these domains. The stereo image also
reveals that the sub-membrane arrays of Gag protein form
flattened surfaces or facets within the particles. The facets
reflect the intrinsic geometry of the particles, rather than
interaction with the air—water interface during vitrification,
as it is apparent from the stereo images that the VLPs tend
to occupy the middle of the ~2000 A thick water layer.

As the VLPs are not truly spherical, it would be mislead-
ing to assign them a unique diameter. Nevertheless, sys-
tematic analysis of the particle dimensions is revealing.
Figure 3 indicates the maximum and minimum diameters
that we used to describe these non-spherical structures,
for which an average diameter can be calculated from a
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Figure 4

Comparison of VLPs and immature HIV-1. Cryo-electron micrographs
of (a,b) Gag protein particles and (c,d) immature HIV-1 show their
similar organization. The interaction between the rods of Gag protein
beneath the membrane and density modulation within the membrane is
revealed by the correspondence between positions of features in the
two. (a) This micrograph shows the modulation of membrane density
that matches the positions of the Gag protein rods (large arrow), which
are packed side to side beneath the membrane. (b) This micrograph
reveals the same membrane features in a distorted VLP when the sub-
membrane rods are viewed perpendicular (large arrow) or at an angle
to the direction of view (small arrow). Note that the modulation of
density within the membrane is not seen in the region of the large fault
(arrowhead) where the rods do not approach the membrane. The
features of fixed, immature HIV-1 particles are seen in (c) and (d). The
rod-like Gag density, hemispherical sectors (arcs) and faults (arrows)
that characterize the VLPs formed by Gag expression are visible in
these immature HIV-1 particles. The presence of occasional SU
domains on the HIV-1 particle surface (arrowheads) is, of course,
unique to the HIV-1 particles. (Scale bar = 0.1 um.)

series of measurements. The distribution of the ratios of
the minimum to the maximum radius of the particles
shows that larger VLLPs are increasingly less spherical. The
distribution of minimum diameters for the VLPs shows
that the larger and smaller particles share a characteristic
radius of slightly more than 750 A (mean minimum diame-
ter 1527 A). The quantitative analysis supports a descrip-
tion of VLLPs as accretions of semi-spherical sectors with a
characteristic size.

This domain structure of the VLLPs was labile. Particles
that were harvested rapidly and vitrified immediately after
harvest, such as those in Figures 1 and 2, showed the
sectors most clearly. Particles that were harvested less
rapidly, or held on ice overnight before vitrification, did

not show these features so clearly. Instead, the particles
appeared rounded and circular, and the faults that could
still be observed were less obviously the boundaries of
sectors. One could easily define a single diameter for each
such particle and the population showed no well-defined
minimum radius. This situation would match the dashed
line in Figure 3b. Similar effects have been observed in
other enveloped viruses, in which the particle becomes
more rounded upon storage and looses its polyhedral
shape [20].

The formation of VLPs requires the Gag protein, but not
authentic genomic RNA. Most workers, however, have
assumed that retrovirus VLPs incorporate cellular RNA, a
supposition supported by iz vitro assembly studies [21,22].
T'o support our contention (see below) that RNA is essen-
tial for particle assembly, we performed immunogold
staining of sections of freeze-substituted VLLPs with an
anti-RNA antibody [23-25] and confirmed the presence of
nucleic acid in VLPs of all size classes (not shown).

VLPs are not icosahedral

The observation that the VLLPs are multi-domain struc-
tures that adopt a variety of sizes would seem to rule out
any possibility that they are icosahedral. However, other
enveloped viruses such as hepatitis B form both large and
small capsids, which differ in triangulation number
[26-29]. 'The variation in VLP size could reflect a similar
variation. Accordingly, we selected a set of apparently
undistorted particles of 1400 A diameter and tested them
for icosahedral symmetry using the well established
common lines techniques [20,30-32].

The VLP data failed at all stages of this procedure. Orien-
tations could be defined for individual particles, but their
residuals were not significantly lower than the average of
all possible orientations. Refinement of the position of the
center of symmetry led to its movement away from the
apparent center of the particle. Combining projections
from different particles of similar size in the best orienta-
tions produced high interparticle residuals and did not
produce consistent reconstructions. These problems do
not result from lack of contrast at the resolution ranges
studied, as VLLP images contain more contrast between
500-700 A radii (see below) than seen in images of
alphaviruses, for which orientations can be determined
easily [20,33-35]. Such a negative result is always equivo-
cal, but analysis of the sub-membrane features of the
VLPs using methods established for other membrane
viruses yielded no evidence for their icosahedral nature.

Membrane interaction

Cryo-electron micrographs provided evidence for an inter-
action between the sub-membrane features and the
membrane itself. Figure 4a shows a regular variation in
contrast within the membrane that matches the spacing of



Figure 5

(a,b) The occurrence of small crystalline patches in a preparation of
dissociated Gag particles. (c) A similar crystal on the surface of a
dissociating Gag particle, indicating the correspondence between the
facets of the particle surface and the crystalline patches. Correlation
averages of Gag crystals were performed using a six-fold motif, a three-
fold motif and an orthogonal motif. Each average was produced by
aligning 4000 units using the motif to produce an intermediate average
that was symmetrized and used to re-align the units and produce the
average displayed. FRC [38] of two 2000 particle subaverages showed
that alignment with the six-fold averaged motif produced an average(d)
with a resolution worse than 50 A. Further iterations of the averaging
process converged toward the orthogonal result. The orthogonal
average (e) of 4000 units produced in the same way had a resolution of
17A by the FRC criterion. A three-fold motif extracted from (e) produced
a similar average, with 17 A resolution, by the FRC criterion (not shown).
Protein is dark in (a,b,c) and light in (d,e). (Scale bar = 0.1um.)
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the sub-membrane density. The interruption of the sub-
membrane density near a fault (arrowhead) is matched by
a loss of the density modulation within the membrane.
Images such as Figure 4b show that the interaction causes
changes in curvature in the envelope and gives rise to the
facets seen in the stereo images of Figure 2.

Several authors have suggested that the HIV-1 VLLP should
be a good model for the structure of the authentic imma-
ture HIV-1 particle, although the VLP lacks the other viral
proteins, including Gag-Pol [5,8,16]. Nevertheless, we
wished to be sure that the organization we observed in our
VLPs, and in particular the variation in size and lack of
icosahedral order, did not reflect the absence of these pro-
teins or of the authentic full-length HIV-1 genome.
Accordingly we used cEM to examine paraformaldehyde-
inactivated HIV-1 particles produced by infection of M'T4
cells [36] with an infectious proviral clone, pNL4-3.

Figures 4c and 4d show that these immature HIV-1 parti-
cles exhibit the same ordering of rod-like Gag protein,
semi-spherical sectors (arcs) and faults (arrows) as seen in
our VLP preparations. The immature HIV-1 particles also
show occasional surface features corresponding to the SU
protein, which are lacking in the VLLP preparation as only
the Gag protein is expressed by our baculovirus construct.
The correspondence between paraformaldehyde-inacti-
vated HIV-1 particles and the unfixed VL.Ps suggests that
the organizational features that we describe here reflect
properties of the authentic immature HIV-1.

Two-dimensional order

Although the VLPs as a whole do not display icosahedral
order, the sub-membrane density does form small
domains of two-dimensional crystallinity. This crys-
tallinity is seen most easily when the particles are dis-
rupted, so that the effects of superposition are minimized.
Figure 5a shows dissociated particles that have released
small crystalline areas of Gag. Examination of isolated
arrays show that they are highly mosaic, but appear to
show a monoclinic (p2) [37] organization (Figure 5b). An
image of a partially disrupted virion (Figure 5¢) shows
regions of its surface contain arrays with the p2 organiza-
tion seen in the isolated areas.

T'he small size of individual crystals meant that correlation
methods were needed to average subunits and obtain a
higher signal-to-noise ratio in the average. Accordingly,
small regions were used as motifs for cross-correlation and
rotational and translational alignment before averaging.
Once such an average had been generated, it was used
again in cross-correlation to produce a new average with
higher signal-to-noise ratio. Averaging produced the asym-
metric unit shown in Figure 5e, which was shown to be
reliable to 17 A by Fourier ring correlation (FRC) of inde-
pendent averages [38].
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Figure 6
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(b)

A model for HIV-1 structure and assembly. The average of eight Gag
particle profiles, with the standard deviation shown as vertical lines, is
shown in (a). The horizontal axis shows distance in A from the particle
center at the left. A model for the radial placement of the Gag protein
domains is presented as an interpretation of the profile. The individual
components of the Gag protein are aligned with features in the radial
density profile. The thickness of the isolated MA protein determined by
X-ray crystallography and NMR is larger than the density next to the
inner leaflet of the bilayer to which it corresponds in this profile. This
suggests a conformational change at the CA-MA boundary occurs
upon its cleavage during particle maturation. The schematic cross
sections of two HIV-1 Gag particles in (b) show the presence of hemi-
spherical sectors and the occurrence of faults at domain boundaries.
The shading of the Gag protein is as in (a). Note that different
segments of RNA will nucleate domains with different centers and give
rise to the observed multi-domain structure.

The repeating unit comprises a dimer of three-fold struc-
tures. Correlation averaging with half of this unit, to which
three-fold averaging had been applied, returned the three-
fold unit with the same 17 A resolution. Although the
entire unit was clearly monoclinic (p2) [37], the unit cell
angles in the plane were near to those expected for a
hexagonal array. The expectation that a viral capsid should
have local six-fold symmetry led us to repeat the correla-
tion analysis with a six-fold averaged motif. This attempt

produced degradation of the average (FRC analysis
showed a resolution of 50 A) and repeated rounds of aver-
aging resulted in convergence to the p2 result.

T'reatment of VLLPs with the non-ionic detergent octyl glu-
coside removed the lipid bilayer, splitting the particle at its
faults while leaving much of the local organization intact
(not shown). This gives an indication of the hierarchy of
interactions in the particle. The local interactions between
Gag subunits persist in the absence of an intact membrane,
although the global organization into sectors is destroyed.

Radial organization of the VLP

The variation in VLLP diameter makes it difficult to define
a radial density distribution in three dimensions. Indeed
the simple averaging of the projected radial density for
particles of different radii would lead to a blurring of fea-
tures. A Fourier—Bessel method [39] was used to over-
come this problem by averaging the three-dimensional
radial density distributions from different radii of the par-
ticle after aligning them on the position of the membrane.
Aligning these three-dimensional profiles of particles on
the positions of low density corresponding to the bilayer
allows calculation of an average profile. The average of
eight particle profiles with their standard deviation is
shown in Figure 6a. The average shows two peaks corre-
sponding to the outer and inner leaflets of the bilayer,
which are separated by ~50 A. A low density region of
~70 A width lies central to the bilayer region and is fol-
lowed by three peaks of high density. The consistent fea-
tures in the average density span ~270 A from the outer
leaflet of the bilayer to the innermost peak of density.
There is no consistent density feature at lower radius; the
center of the VLLP has no radially organized density.

This cEM-derived density distribution differs from those
derived from conventional EM techniques in reflecting the
actual radial mass distribution, rather than the distribution
of stain or contrasting medium. As a consequence, the
observation that the peak corresponding to the inner
bilayer is thicker than that corresponding to the outer
bilayer indicates that more mass is present there. The stan-
dard deviation of the density distributions shows that the
positions of the major peaks and of the trough are well
defined in the particles. This analysis defines a density dis-
tribution that is common for particles of different radii, and
hence defines the organization of the Gag protein, which is
consistent with the broad range of VLLP shapes and sizes.
The Fourier—Bessel analysis verifies the consistency of
these features, but the well-defined internal density, which
is separated from the inner leaflet of the bilayer by a low
density region, is easily visible in Figures 1, 2 and 4.

Discussion
The assembly of infectious retrovirus particles is based on
the morphopoectic properties of the Gag protein. In all well



characterized retroviruses, this protein alone is capable of
organizing the formation of virus-like particles that bud
from the plasma membrane [1]. We explored this process
using VLLPs formed by expression of HIV-1 Gag in insect
cells. These particles lack protease and a complete genome,
so they are immature and non-infectious and hence a much
more tractable system for structural studies than authentic
HIV-1. The formation of VLLPs must satisfy similar struc-
tural constraints to virus budding. Previous work had shown
that the morphology of VLLPs resembles that of the imma-
ture HIV-1 [5,8,14,15]. Our cEM observations of immature,
paraformaldehyde-inactivated HIV-1 verified that the
major features of the organization we describe for the VLLP
are shared by the authentic, immature virion.

The image of the VLLP seen by cEM differs in several key
points from the interpretations of previous work with
stained specimens [8]. The cEM images show a much
greater variability of particle size and reveal multi-sector
structure of the particle. Quantification confirms that
irregularity increases with particle size and suggests a con-
sistent sector radius. These observations match the varia-
tion in size and shape observed with MLV by cEM [39].
and suggest it is a general feature of retroviruses.

Local order in the VLP

Exhaustive tests revealed no evidence of icosahedral sym-
metry in the VLPs or immature HIV-1 particles, but this
does not mean that the particles lack organization. Local
order was present at two levels. Firstly, freshly prepared
VLPs were made up of 750 A radius sectors. The sub-
membrane Gag density is not homogeneous. Faults, or
regions of lower density, separate facets along the particle
circumference and at the sector interfaces. The VLPs lose
this organization and become more spherical during storage
at 4°C, suggesting that the local interactions of Gag pro-
teins are more robust than those forming the sectors.

Secondly, the individual protein units packed into small
crystalline patches with apparent p2 symmetry. These
patches could be visualized within the VLPs, as well as
after breakdown of the VLPs, to leave small crystalline
areas. The organization of the Gag protein seen by cEM is a
monoclinic (p2) arrangement of trimeric units with dimen-
sions similar to the hexagonal one seen in previous work
[8,40,41]. 'T'he unit cell angles within the plane of our p2
arrangement of trimers are close to those expected for a
hexagonal lattice. The organization of this repeating unit
bears a striking resemblance to that adopted by the frag-
ments of SIV and HIV-1 MA in the crystals [42,43] in which
a MA trimer is formed. Similarly, two-dimensional crystals
of histidine-tagged MLV CA protein show an arrangement
that can be indexed as either monoclinic (p2) or hexagonal
(p6) [44]. The simplest interpretation of this repeating unit
is a dimer of trimers in which the dimer interactions of CA
[45—47] and the trimer ones of MA [42,43] are maintained.
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The departure from p6 symmetry could reflect stronger
intra-dimer than inter-dimer interaction, or the tilt of the
long Gag subunit in the curved particle.

Analysis of stereo images shows that the unit we have
averaged represents internal density arising from the
region that we ascribe to CA and NC. Side views of deter-
gent-treated particles reveal a very rough surface near the
position previously occupied by the membrane, indicating
again that the strongest Gag—-Gag interactions are away
from the membrane, consistent with the importance of
this region in budding [1,48]. The icosahedral nature of
the virion was originally inferred from the interpretation of
local patterns of protein positions and the angular form of
the exterior of the mature particle [3,4,8,12,13,41]. Both
could reflect the local ordering described here.

Radial arrangement of Gag domains

The arrangement of the Gag sequence in distinct domains
is recapitulated in a radial density distribution that shows
clear peaks (Figure 6a). The averaged radial density distri-
butions showed a consistent distribution extending 270 A
from the edge of the outer leaflet of the bilayer to the
innermost consistent feature. Density seen in cEM reflects
mass rather than interaction with stain, indicating that
these peaks must correspond to the polypeptide domains
of Gag, which form the bulk of the internal density. Our
knowledge of the three-dimensional structure of Gag is
inferred from NMR and X-ray crystallographic structures
of the mature viral proteins [21,22,42,43,49,50] . The cEM
analysis provides the first glimpse of the overall three-
dimensional structure of Gag, and a context for interpreta-
tion of the published structures in terms of the intact Gag
molecule in the immature virion.

We assign the density immediately apposed to the inner
surface of the membrane to MA, and the peaks at lower
radius to CA and NC/P6. The assignment of density to
MA is quite certain (Figure 6) and supported by the
binding of HIV-1 Gag to lipids /z vitro [51,52] and its cross
linking to lipids in virions [53,54], as well as the require-
ment for myristylation [55,56] and positively-charged
residues near the amino terminus [51,57] for MA function.
The assignment of particular features to CA and NC/P6 is
more tentative, as we cannot exclude the possibility that
carboxy-terminal parts of the Gag protein are irregularly
arranged and so lost in the average. The fact that the
density assigned to CA is visualized as two partially sepa-
rated peaks is consistent with the recently determined
structure of purified HIV-1 CA [58], which suggests that
CA is folded as two domains.

Our assignment of density features yields distances that
differ from previous models that proposed a radial arrange-
ment of 85 A Gag ‘rods’ in which a compact MA domain
was apposed to a folded CA domain [8]. This apposition is



736 Current Biology, Vol 7 No 10

inconsistent with the observation of an ~70 A wide region
of low density, which must correspond to protein that is
not compactly folded. We hypothesize that this low density
feature contains the carboxy-terminal third of MA and the
amino-terminal residues of CA, and must have a different
conformation than that seen in the high resolution struc-
tures of these domains. The MA sequences include a
carboxy-terminal o helix in the crystal structure [42,43],
which juts away from the putative membrane-binding
portion and has been shown to affect the conformation of
the amino-terminal portion of MA by 7 vitro membrane
binding [52]. The CA sequences correspond to a 3 hairpin
that buries the amino terminus of the CA protein, so that
its amino group forms a salt bridge with D51 [45-47]. This
CA region must rearrange upon cleavage.

The prediction that the sequences joining the compact
regions of the MA and CA domains are extended draws
support from comparative sequence analysis. In all retro-
viruses, except those of the lentivirus genus, one or more
mature proteins are derived from the portion of Gag
between MA and CA [2]. In all cases, these proteins are
remarkably rich in proline and glycine, consistent with the
possibility that this part of the Gag polypeptide is not
folded. P12 of MLV is an example of such a protein, and
indeed, the density features of immature MLV corre-
sponding to those we assign to CA and NC are at lower
radius than in HIV-1, and the gap correspondingly larger
(~100 /o\; E.M. Wilson-Kubalek and M. Yeager, personal
communication). Furthermore, the observation that the
deletion of the central 83 amino acids of MA does not
abolish budding [59] argues against the requirement for
the complete fold [49,50] for this process.

Mechanism of particle formation

Our results suggest a novel model for the Gag particle for-
mation in which icosahedral symmetry plays no role. Parti-
cle formation begins with lateral interactions of Gag
oligomers to form small ordered arrays, bound to the mem-
brane through MA. Budding requires a further level of
interaction which defines an angle between arrays. The
most obvious candidate for this interaction is the RNA,
which we have shown is present in all sizes of particle.
Interaction with RNA would provide the foci for the forma-
tion of the semi-spherical sectors (Figure 6). In this view,
RNA plays a central role in assembly by transforming the
patches of locally interacting Gag proteins into a three-
dimensionally ordered particle. Such a structural role for
RNA has been demonstrated by 7z vitro reconstitution of
particles from purified ASLLV and HIV-1 Gag protein frag-
ments [21,22]. Furthermore, the NC region, which interacts
with RNA, contains one of the three essential ‘assembly
domains’ that are required for retrovirus budding [1,48].
Separate nucleation by different RNAs, or different por-
tions of the same RNA, would produce the multi-lobed
structures that we observe in both the larger VLLPs and

authentic HIV-1. The occasional mature HIV-1 particles in
which multiple cone-shaped capsids are observed (for
example, Figure 10 of [4]) confirm that multiple copies of
the genome can enter the authentic virion.

Conclusions

Cryo-electron microscopy of VLLPs and immature HIV-1
has revealed the following features. First, both particles
are heterogeneous in size and lack icosahedral symmetry.
Second, both particles comprise sectors of defined (750 /o\)
radius separated by faults. This organization is labile and
lost upon incubation at 4°C, which renders the particles
spherical. Third, Gag proteins interact locally to generate
small (p2) arrays that form facets within the sectors and
appear to contain a dimer of trimers repeating unit.
Fourth, particles share a common radial density profile, in
which the arrangement of features recapitulates the
polypeptide domain organization of Gag, although certain
features of the high-resolution structures of isolated Gag
domains must be modified to match the observed density
for the intact Gag molecule 7z situ. In particular, the
carboxy-terminal region of MA and the amino-terminal
regions of CA form an extended structure of 70 A length.

We propose a mechanism for virion formation in which local
interactions between Gag proteins yields arrays that are
organized into sectors for budding by the interaction with
RNA. The ability of this assembly mechanism to tolerate
varying lengths of RNA is consistent with the ease of incor-
porating extra sequences into retroviral genomes. This
model would predict that particles with larger amounts of
nucleic acid would have a larger number of lobes and be
more irregular rather than simply display a larger diameter.
The fact that Gag of HIV-1 shares polypeptide domain
structure with other retroviruses [2,48] and cEM of MLV
suggest that the mechanism may be a general one.

This first cEM study of the HIV-1 Gag particle raises a
wealth of immediate questions. Among them are the struc-
tural effects of mutations that affect particle formation,
alterations in RNA length and the cleavages that lead to
maturation. The ability to generate particles in defined
systems such as used here for the VLLPs will allow these
questions to be addressed systematically. T'he methodology
opens the way for providing a context for the high-resolu-
tion structures of HIV-1 Gag domains that are becoming
available. Our structural model provides a basis for explor-
ing the mechanism of retrovirus assembly in greater detail.

Materials and methods

Particle preparation

HIV-1 VLPs were prepared using the recombinant baculovirus AcNPV-
gag12myr in Spodoptera fugiperda cells as described previously
[14,15,36].

Preparation of authentic immature HIV-1 particles
HIV-1 particles were produced by infection of MT4 cells [36] with an
infectious proviral clone, pNL4-3, for 24 h in the presence of protease



inhibitor RO31-8959 [60] to block their maturation and concentrated
as described [36]. Pellets were resuspended in ice cold PBS contain-
ing 2.5% paraformaldehyde and allowed to stand for 30 min on ice
before processing for cEM.

Microscopy and image processing

Cryo-electron microscopy was performed as described previously
using either a Philips EM400 microscope operated at 80kV or a
Philips CM200FEG operated at 200 kV [34]. Tests for icosahedral
symmetry were performed by exhaustive runs of the programs
EMICOFV, EMICOORG, SIMPLEX and EMPFTREF1 [30,34] using a
variety of resolution ranges and radial masks. A more complete descrip-
tion of the programs and their use can be found at http://www.EMBL-
Heidelberg.DE/Externalinfo/fuller/EMBL_Virus_Structure.html.

Analysis of crystalline patches was performed using the SEMPER 6
image processing package (Synoptics, Cambridge, UK). The analysis
used a motif generated by averaging positions of high autocorrelation
in a high pass, low pass filtered image. Symmetry (p2, p3 or p6) was
imposed upon the motif by real space averaging before use in align-
ment to test the presence of this symmetry in the motif.

The calculation of the radial density distribution was performed using a
Fourier—Bessel expansion method. The center of the particle was
defined by cross correlation and the radial variation in density from the
center was extracted for each angle between 0 and 2 Ttin one degree
steps. These radial densities were padded, Fourier transformed and the
Fourier-Bessel expansion calculated at each root of J (21rR) [39] by
integration using a 10 point formula within the particle radius. The coef-
ficient of each term is proportional to the three-dimensional density at
that point. The profiles from individual particles were averaged by align-
ing the density corresponding to the two leaflets of the bilayer. The
program for performing the averaging is written in FORTRAN using
standard subroutines [61] and is available upon request. Tests of the
implementation included its use on projections of Semliki Forest virus
[34] and the enveloped bacteriophage PRD1 [62] .

Immunocytochemistry

The presence of nucleic acid in the VLPs was tested by using an anti-
RNA antibody (D444) [23-25] and a modification of our post-section-
ing fixation technique [63] on freeze-substituted samples. Controls for
the specificity of labeling included the positive stranded RNA Semliki
Forest virus and the DNA virus, Adenovirus 2, and were stained in par-
allel to the VLP sample.
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