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The immature HIV-1 Gag shell assembles with the N-terminal matrix
domains interacting directly with the inner leaflet of the bilayer, and
with the C-terminal ends pointing toward the particle center in a
radial arrangement1 (Fig. 1). When visualized by cryo-EM, the shell
shows characteristic striations (Fig. 1b). Once active, the viral protease
cleaves Gag into its constitutive components: matrix protein (MA),
capsid protein (CA), nucleocapsid protein (NC) and p6 protein. After
cleavage, CA reassembles to form the cone-shaped viral core, which
contains the genomic RNA, NC, reverse transcriptase and other viral
components (Fig. 1c). This maturation process is necessary for pro-
duction of infectious virions. Interference with this process is the basis
of some of the commonly used HIV therapies.

HIV-1 assembly has been widely studied both in vitro and in vivo.
The CA and CA-NC portions of Gag can assemble as purified pro-
teins in vitro into helical tubes. These are formed from hexameric
rings ~9-10 nm apart2,3 that are assembled into a lattice with local p6
symmetry. These arrays are thought to mimic the arrangement of CA
in the core of the mature virus, which is a cone- or tube-shaped
structure consisting of ∼ 1,000–1,500 Gag proteins4. Negatively
stained two-dimensional crystals of recombinant His-tagged CA
constructs adopt hexagonal p6 lattices with either 9-nm or 6.4-nm
spacings, depending on the length of the His-tag5. It has been sug-
gested that the 9-nm lattice corresponds to that seen in the helical
tubes and that the 6.4-nm spacing may correspond to that in the
immature virion5. Negatively stained virus-like particles produced
by Gag expression in insect cells also show local areas composed of a
6.4-nm p6 hexagonal lattice6. In both two-dimensional crystals and
virus-like particles, it is likely that substantial shrinkage of the lattice
will result from a combination of negative staining and a reduction

in lattice curvature. There have been no direct observations of the
Gag lattice spacing in the immature virion.

HIV virions have been typically reported to contain between 1,200
and 2,500 copies of the Gag protein7–10. These estimates of stoichiom-
etry are derived from four primary sources. The first is the empirical
determination of the ratio of viral genomic RNA to CA, which corre-
sponds to ∼ 104 virions pg–1 CA antigen11. This ratio yields an order-
of-magnitude estimate of 2,500 CA proteins per virion. The second
source is the comparison of the CA concentration in a sample with the
number of particles counted by thin-section EM together with a
known standard. This approach yields an estimate of 1,200 ± 700 CA
proteins per virion12, the accuracy of this number being limited by the
inaccuracy in counting the virus particles. The third source is a com-
parison of the concentrations of CA and Env proteins in purified virus
preparations coupled with a count of Env trimers per particle by nega-
tive-stain EM. The resulting estimate of 1,400 CA proteins per virion
depends on the accurate quantification of the Env protein, which is
difficult, as well as on the assumption that every Env protein formed a
trimer that could be visualized by EM13. The fourth source is the
recently reported stoichiometry of Rous sarcoma virus (RSV) Gag,
together with the assumption that HIV stoichiometry is similar14.

Knowing the number of Gag proteins per virion is important for
two reasons. First, the density and spacing of Gag in the immature
particle underpin an understanding of the structure of the imma-
ture particle and of the changes that occur during maturation.
Second, the Gag protein is the major component of the virion, 
making up approximately half of the total mass, and acts as the stan-
dard relative to which the numbers of other viral components are
expressed. Knowing the stoichiometries of a wide range of viral
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The major structural components of HIV-1 are encoded as a single polyprotein, Gag, which is sufficient for virus particle
assembly. Initially, Gag forms an approximately spherical shell underlying the membrane of the immature particle. After
proteolytic maturation of Gag, the capsid (CA) domain of Gag reforms into a conical shell enclosing the RNA genome. This
mature shell contains 1,000–1,500 CA proteins assembled into a hexameric lattice with a spacing of 10 nm. By contrast, little is
known about the structure of the immature virus. We used cryo-EM and scanning transmission EM to determine that an average
(145 nm diameter) complete immature HIV particle contains ∼ 5,000 structural (Gag) proteins, more than twice the number from
previous estimates. In the immature virus, Gag forms a hexameric lattice with a spacing of 8.0 nm. Thus, less than half of the CA
proteins form the mature core.
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components is therefore directly dependent on knowing the 
stoichiometry of Gag.

We have taken two approaches to measuring the number of Gag
proteins in an HIV virion. We have observed the Gag protein lattice
using cryo-EM and have measured the masses of individual particles
using scanning transmission EM (STEM).

RESULTS
Cryo-EM
Immature HIV-1 virions were prepared from infected MT-4 cells
treated with an inhibitor of the viral protease and imaged by cryo-EM
as described1,15 (Fig. 1b). The power spectra of images of the centers of
145 immature virions, taken from two independent preparations, were
iteratively rotationally aligned and averaged. The averaged power
spectrum revealed a six-fold symmetrical pattern of peaks (Fig. 2a,
left) consistent with Gag protein packing to form a p3 or p6 lattice.
The peaks corresponding to the (1,0) reflection are at a spacing of 
6.9 ± 0.2 nm–1, equivalent to a unit cell spacing of 8.0 ± 0.2 nm.

Both p3 and p6 unit cells must contain a number of Gag proteins
that is a multiple of three. As discussed above, previous observations of

HIV-1 Gag protein–derived lattices show a p6 lattice containing six
proteins per unit cell. This is the case in vitro for two-dimensional5 and
tubular arrays2 and in vivo for the mature HIV-1 core4. Furthermore,
dimerization is known to be important in Gag assembly16–18, and 
the C-terminal domain of CA dimerizes with a Kd of 10–20 µM
(refs. 19,20). Dimeric interactions are not accommodated in p3 
lattices containing only three proteins in the unit cell. It is therefore
most probable that the unit cell contains six Gag proteins.

HIV-1 Gag-derived proteins can form spherical structures in vitro
in the presence of nucleic acid21–23. Apart from the absence of a
membrane, these particles closely resemble immature HIV-1 and
have a radial domain organization that is indistinguishable from that
of the immature virion1,22, suggesting that the Gag protein is assem-
bled in the same manner in both particles. The in vitro–assembled
particles are more regular in size than immature virions and, owing
to the absence of a membrane, the Gag lattice is more clearly visible.
In vitro–assembled HIV Gag particles were prepared as
described21,22, and imaged (Fig. 1d). The power spectra of the cen-
ters of images of 173 in vitro–assembled particles taken from three
independent preparations were rotationally aligned and averaged.
The averaged power spectrum again revealed a six-fold symmetrical
pattern (Fig. 2a, right) with the (1,0) reflection at 6.9 ± 0.2 nm–1,
equivalent to a unit cell center-to-center distance of 8.0 ± 0.2 nm.
The Gag protein therefore adopts the same packing arrangement in
the in vitro–assembled particles as in the immature virion. The unit
cell is substantially smaller than the 9.6-nm unit cell seen in the CA
lattice of the mature viral core4.

The number of unit cells making up a particle can be calculated if
the surface area of the lattice is known. We therefore carried out 

Figure 1 Cryo-electron micrographs and schematic representations of HIV-1
particles and HIV-1 Gag protein. (a) Schematic representation of Gag
protein. Red, MA domain of Gag protein; black, CA domains of Gag; green,
NC domain of Gag (bound to RNA); gray, linker peptides and p6 protein.
(b) Immature HIV-1 virions. Blue, viral envelope proteins; yellow, lipid
bilayer. (c) Mature HIV-1 virions. (d) In vitro–assembled HIV-1 Gag particles.
Scale bar, 100 nm.

Figure 2 Image processing of cryo-electron micrographs of viral particles.
Immature HIV-1 (left panels) and in vitro–assembled HIV-1 Gag particles
(right panels) were analyzed. (a) Averaged aligned power spectra of the
central regions of particles show a hexagonal pattern of peaks. Example
(1,0) and (1,1) reflections are labeled. (b) Rings running parallel to the
particle edge were extracted at each radius. 1D Fourier transforms along
each ring (vertical columns) plotted against radius reveal from where 
the lattice reflections arise. Peaks are smeared horizontally to the right
because the particle is viewed in projection. (c) The average mean density 
of each ring plotted against radius. Peaks represent structural features 
as indicated1.
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further image processing to determine the radius within the particle 
at which the diffracting lattice is found. The characteristic striations
visible at the edges of particles result from a side-on projection view of
the Gag lattice. Image processing using tangential Fourier transforms
revealed the relationship between the reflections from the Gag lattice
and radial position in the particle (Fig. 2b,c). In both the in vitro
particle and in the immature virion, the peak corresponding to the
(1,0) reflection is found at the same radius as the density previously
inferred to be the outer (N-terminal) domain of CA1. In the in vitro
particles the 6.9 nm–1 reflection is strongest at a radius of 50 ± 2 nm.
The surface area of this layer is 31,000 ± 2,000 nm2, and it would 
contain 570 ± 40 copies of the 8.0-nm unit cell. If the unit cell contains
the expected six proteins, this corresponds to 3,400 ± 200 copies of
Gag per in vitro–assembled particle.

Scanning transmission EM
To confirm this stoichiometry, we used STEM to measure the number
of Gag proteins in in vitro–assembled HIV Gag particles. This tech-
nique permits the measurement of the masses of individual freeze-
dried particles14,24. Four independent preparations of particles were
mixed with the rod-shaped tobacco mosaic virus (TMV) as an internal
standard14,24 and freeze-dried onto multiple EM grids for STEM mea-
surement (Fig. 3a). Mean masses and standard deviations for each grid
were measured to produce a plot of mean TMV mass per unit length
versus mean particle mass (Fig. 3b). The best first-order fit was calcu-
lated, taking into account the errors in both variables, from which the
value and error for particle mass at the known TMV mass per unit
length could be read. The mass distribution for the in vitro particles
was 165 ± 29 MDa. As the HIV Gag protein used for assembly has a
mass of 41 kDa, and 5–10 % of the particle mass is contributed by
nucleic acid, the in vitro–assembled particles contain 3,800 ± 700
molecules of Gag. This is fully consistent with our conclusions from
direct observation of the lattice, and confirms that there are six 
proteins in the unit cell.

DISCUSSION
HIV-1 virions have a broad range of diameters. The number of unit
cells is proportional to surface area and varies markedly among virions
of different sizes. In the immature virion, the N-terminal domain of
CA is found 13 nm from the outside of the particle. The 8.0-nm lattice
is found at a radius of ∼ 60 nm in an average immature 145-nm 

particle4. A complete spherical lattice of this size would contain ∼ 820
unit cells, corresponding to ∼ 4,900 copies of Gag. The calculated 
stoichiometry for HIV is three times that of RSV as determined by
STEM14, indicating considerable variation among retroviruses. About
95% of HIV-1 virions have diameters between 119 nm and 207 nm,
corresponding to 3,000 and 11,000 Gag proteins, respectively.
Revision of the number Gag proteins per virion directly affects the
estimated numbers of minor virion components, as the stoichiome-
tries of HIV accessory proteins and cellular components have been
estimated by comparison with CA. Thus, assuming it has a completely
closed spherical lattice, an average 145-nm immature HIV-1 virion
would contain ∼ 700 molecules of Vpr (1:7 compared with Gag25),
500 molecules of cyclophilin A (1:10 compared with Gag26) and
250 molecules of reverse transcriptase and integrase (1:20 compared
with Gag).

The early view of retroviral maturation held that after cleavage of
Gag by the viral protease, the liberated CA condensed to form the
mature viral core (reviewed in refs. 9,27). Here we show that the unit
cell of the CA domain of the Gag lattice is smaller in the immature
virion than the unit cell of the CA lattice in the mature core, and by
implication the CA domain forms a more densely packed lattice before
maturation than after maturation. Because the mature HIV-1 core is
formed from ∼ 1,000–1,500 molecules of CA2,4, only a fraction of the
Gag molecules gives rise to CA molecules that are used for core forma-
tion. This confirms that core formation requires a second assembly
step, and is not simply a condensation of the CA portion of the Gag
lattice. Furthermore, a consequence of maturation is the creation of a
large pool of free CA in the virion. These conclusions are consistent
with other observations on HIV-1. First, about one-third of mature
HIV virions are known to contain two cores4. Double-cored particles
(average diameter of 159 nm, which would correspond to 6,200 Gag
proteins) are larger than single-cored particles (134 nm; 4,100 Gag
proteins) and concentration estimates suggest that virions may con-
tain more CA than is required for core formation4. Second, it has been
noted that NC is substantially enriched relative to CA in preparations
of purified viral cores28,29. Third, Prevelige and co-workers have pro-
vided evidence (this issue) for two states of the CA protein in mature
HIV-1 virions using mass spectrometry30.

In summary, our data show that the average immature HIV particle
contains ∼ 5,000 copies of Gag, and that less than one-third of the total
CA from Gag contributes to the mature viral core. Furthermore, CA is
more densely packed as part of the Gag lattice before maturation than
as the CA lattice in the mature core shell. The nature of the difference
in protein-protein contacts in the two lattices remains to be elucidated.

METHODS
Image processing of particle centers. Cryo-EM was conducted as described1,31

using a Philips CM200FEG operated at 200 kV at a magnification of 38,000×.
Micrographs were digitized on a UMAX 3000 scanner at 8.3-µm step size to
give a pixel size of 0.22 nm. Image analysis was carried out using IMAGIC
(Image Science Software). Soft-edged (5 pixel drop-off) circles of 250 pixels
(55 nm) in diameter were excised from the centers of particle images and
padded into 1,0242 boxes before Fourier transformation and conversion to
powers. The rotationally averaged sum of all power spectra exhibited a maxi-
mum at 32 transform units from the center for immature virus and at 33 trans-
form units for in vitro–assembled particles. The s.d. in the position of this
maximum between independent preparations was <1 transform unit, and
therefore data from separate preparations were combined.

All power spectra were rotationally aligned against a single white pixel at the
radius of the maximum in the rotationally averaged sum of all power spectra.
The aligned power spectra were further aligned by four iterations of summa-
tion and rotational alignment against the sum. The sum of the aligned power

Figure 3 STEM of in vitro–assembled HIV-1 Gag protein. (a) Micrograph of
in vitro–assembled particles mixed with tobacco mosaic virus rods (arrows).
Scale bar, 100 nm. (b) Mass per unit length of TMV rods plotted against
mass of in vitro–assembled particles for each grid. The best first-order fit is
indicated, as well as the corrected mass of the in vitro particles identified
from the value at the known TMV mass per unit length of 13.1 kDa Å–1 (bold
error bar).
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spectra showed a hexagonal pattern of peaks. The brightest reflections were at
the position of the pixel used as a template for the first round of alignment. The
s.d. in the positions of the three independent peaks in each case is <0.5 trans-
form units.

Image processing of edges of particles. Analysis of the edge striations in particles
assembled in vitro was carried out after centering the images by iterative align-
ment against a rotationally averaged sum of all particles, and discarding poorly
aligned particles (13%). Images were low-pass-filtered to 0.88 nm. Centered
rings of incrementally decreasing radius were extracted and linearized using
MATLAB (Mathworks). The mean density along each ring was calculated and
plotted against radius to generate a density profile. Data from the particles were
radially aligned using these profiles. Immature HIV-1 virions were processed
similarly, but rings for linearization were calculated based on a trace of the edge
of the particle. Twenty immature virions were analyzed. Peaks in the averaged
density profile were assigned based on previously published deletion analysis1.
To identify the radius within the particle from which lattice reflections arise, 
linearized rings were 1D Fourier transformed and arranged to produce a plot
with radial distance along the x-axis and the power of the 1D Fourier transform
along the y-axis. The radius of the lattice is that at which the power of the 6.9-nm
reflection is greatest. The s.d. of the shifts required to align the radial density
profiles provides an estimate of error of the radial position of the lattice.

STEM. STEM was carried out essentially as described14. The instrument was
calibrated to give an absolute mass for individual particles, but variation from
experiment to experiment can occur. A sample of known mass, TMV, is there-
fore included as a control. Mean particle mass was plotted against mean TMV
mass per unit length for each grid analyzed. Where the masses of <10 Gag
particles or <10 TMV rods could be measured from a single grid, the results
from that grid were discarded. The best first-order fit was calculated using the
Numerical Recipes fitexy program32. The fit takes into account the s.e.m. in
both variables. The corrected mass of the in vitro particles was identified from
the value at the known TMV mass per unit length of 13.1 kDa Å–1. To obtain
an estimate of the s.e.m. using fitexy, the s.e.m. values for each point were
scaled by multiplication by the square root of the mean number of data points
before fitting. Preparations of in vitro–assembled RSV Gag particles were
analyzed in parallel and gave masses consistent with published experiments33

(data not shown).
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