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We describe the results of a study by electron microscopy and image processing of Gag protein shells—
immature capsids—of Mason-Pfizer monkey virus assembled in Escherichia coli from two truncated forms of
the Gag precursor: Ap4Gag, in which the C-terminal p4Gag was deleted, and Pro(—)CA.NC, in which the
N-terminal peptides and proline 1 of the CA domain were deleted. Negative staining of capsids revealed small
patches of holes forming a trigonal or hexagonal pattern most clearly visible on occasional tubular forms. The
center-to-center spacing of holes in the network was 7.1 nm in Ap4Gag capsids and 7.4 nm in Pro(—)CA.NC
capsids. Image processing of Ap4Gag tubes revealed a hexagonal network of holes formed by six subunits with
a single subunit shared between rings. This organization suggests that the six subunits are contributed by three
trimers of the truncated Gag precursor. Similar molecular organization was observed in negatively stained
Pro(—)CA.NC capsids. Shadowed replicas of freeze-etched capsids produced by either construct confirmed the
presence of a hexagonal network of holes with a similar center-to-center spacing. We conclude that the basic
building block of the cage-like network is a trimer of the Ap4Gag or Pro(—)CA.NC domains. In addition, our
results point to a key role of structurally constrained CA domain in the trimeric interaction of the Gag

polyprotein.

Over the past few years there has been an explosion in
structural information on retroviral proteins, specifically those
of human immunodeficiency virus (reviewed in reference 54).
Less progress has been made in understanding the process of
assembly of viral proteins into the immature virus particle.
Uncertainty about the overall shape and molecular organiza-
tion of the major structural proteins still remains and has
become a matter of debate.

In retroviruses, the shape-determining Gag polyprotein con-
sists of several domains. Those common to all members of the
family are MA (membrane-associated globular protein), CA
(the major protein, which in mature particles forms the core
shell), and NC (RNA-binding protein). In most cases a small
C-terminal peptide completes the sequence. Lentiviruses and
members of the human T-lymphotropic virus-bovine leukemia
virus group (Deltaretrovirus) possess a Gag precursor with the
above domains, while in the remaining genera (Betaretrovirus,
Gammaretrovirus, and Spumavirus), the Gag precursor is sub-
stantially larger owing to the presence of one or more polypep-
tides intercalated between MA and CA. In Mason-Pfizer mon-
key virus (M-PMV), these are the pp24 phosphoprotein and
the internal scaffold protein p12 (49). The C-terminal p4 pep-
tide is rich in proline (52), like p6 in human immunodeficiency
virus (HIV), and like p6 it may facilitate the final stages of
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budding of M-PMV (S. S. Rhee et al., personal communica-
tion).

The Gag polyprotein itself is capable of forming a spherical
submembrane shell (23), often referred to as an immature
capsid. In HIV, the molecular organization of the submem-
brane Gag shell has been studied in virus-like particles (VLP)
by negative-stain electron microscopy and image processing
(41, 43). This work revealed a hexagonal network of small rings
and a stretch of short rods at the periphery of delipidized VLP.
Subsequently, cryoelectron microscopy of HIV VLP confirmed
the presence of a fringe of rods beneath the viral membrane
(19). Similar images of rods were obtained by processing cryo-
images of Moloney murine leukemia virus (MuLV) (60).

The length of the Gag polyprotein rods was estimated to be
over 200 A in HIV and at least 220 A in MuLV. This is in
agreement with the higher molecular weight of MuLV Gag
protein, which has an additional protein, p1292€, located be-
tween MA and CA. In contrast to negatively stained delip-
idized capsids (41, 43), cryoelectron microscopy of enveloped
immature particles did not reveal evidence of hexagonal sym-
metry, although some evidence of local near-hexagonal arrays
was reported (19, 60).

Retroviruses assemble either in the cytoplasm (Betaretrovi-
rus and Spumavirus) or at the plasma membrane concomitant
with the budding process. The latter are called C-type viruses,
as proposed by Bernhard (6). However, a closer look at the
morphology of retroviruses shows two different images in both
sectioned and negatively stained virus particles (42). In lenti-
viruses the submembrane protein layer (Gag shell) of imma-
ture virus particles appears as a single dense layer in positively
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stained sections. In other retroviruses, such as mouse mam-
mary tumor virus and murine leukemia virus, a pale interme-
diate layer separates the dense inner layer from the viral mem-
brane. This layer was identified by cryoelectron microscopy as
the less electron dense C terminus of MA and p12 (60). Anal-
ysis of thin sections of MuLV showed that the pale and dense
submembrane layers in immature MuLV represent domains of
the Gag precursor that stained differently with uranyl acetate
(44).

Several successful attempts at in vitro assembly of retroviral
spherical or tubular particles have been reported (8, 9, 24, 25,
26, 34, 35, 49, 50). The work by Rumlova-Klikova et al. (48)
analyzed the assembly of M-PMV capsids from a variety of
truncated and mutated Gag polyproteins in E. coli. The most
attractive capsids for electron microscopic analysis were those
assembled in E. coli by Pr78Gag missing the C-terminal p4 pro-
tein (Ap4Gag) and a construct comprised of CA.NC in which
the N-terminal proline of CA was deleted [Pro(—)CA.NC].
Here, we describe our study of purified capsids using a variety
of electron microscopy techniques: thin sectioning, freeze-
etching and negative staining, followed by image processing.
The results showed a regular hexagonal network of rings
formed by six subunits of the Gag protein, suggesting that a
fullerene-like organization of the submembrane Gag protein
shell first proposed for HIV (41, 43) and amended by Forster
et al. (16) might be present in other retroviruses.

MATERIALS AND METHODS

Construction of a vector for bacterial expression of M-PMV Ap4Gag gene and
Pro(—)CA.NC. The pG10GAG plasmid described previously (34) was used for
the generation of the Ap4Gag expression vector named Ap4GAG. It was created
by a HindlIII deletion of gag sequences downstream from NC in pGIOGAG. The
Pro(—)CA.NC construct was prepared as described before (48).

Expression of M-PMV Ap4Gag gene and liberation of inclusion bodies. The
colonies of E. coli BL21(DE3) transformed with Ap4Gag were resuspended in
Luria-Bertani (LB) medium in the presence of 100 pg of ampicillin/ml to an
optical density at 590 nm (ODsg) of 0.1 and grown at 37°C. The cells were
induced with 0.4 mM IPTG (isopropylthiogalactopyranoside) at an ODsq, cor-
responding to 0.6. The cells harvested 4 h after induction were lysed with
lysozyme and washed with detergent-containing buffers as described previously
(34).

Preparation of capsids for electron microscopy. Purified material released
from cells was prepared for thin sectioning by conventional embedding in
Araldite as described previously (32). For study by negative staining, Ap4Gag
capsids were mixed 1:1 with 0.2 M glycine buffer (pH 10) containing 2 M NaCl
and 10 mM EDTA (GNE-2) and incubated at 4°C. The aim of this treatment was
to dissociate aggregates of capsids present in the starting material. Samples for
negative staining were removed after 3, 6, and 24 h as well as after 7 and 14 days.
Carbon-coated grids with adsorbed capsids were negatively stained with 4%
sodium silicotungstate, pH 6.9 or 8.2, or 3% methylamine tungstate, pH 6.8.
Valentine’s modification of negative staining was used in some cases (55).

Dissociated Ap4Gag capsids were also gold immunolabeled with rabbit anti-
body against p27 (CA) followed by goat anti-rabbit antibody tagged by 5-nm
colloidal gold (BioCell Int., Cardiff, United Kingdom) using the protocol de-
scribed previously (41). In a control experiment, the specific antibody was re-
placed by a preimmune rabbit serum. All measurements were done on negatives
of thin sections or negatively stained images using the Global Lab Image pro-
gram (Data Translation, Marlboro, Mass.) or ScionImage software (Scion Cor-
poration, Frederick, Md.).

For freeze-etching, the capsids were adsorbed to a freshly cleaved piece of
mica (8 by 4 mm), sandwiched at right angles with a copper plate of the same
size, and plunged in liquid nitrogen. The frozen sandwich was inserted into a
double replica device as described before (39). A Balzers BAF 300 freeze-etch
unit was used for fracturing, etching, shadowing with Pt/C, and carboning. Rep-
licas were cleaned on sodium hypochlorite for several hours. A Philips CM12
electron microscope operating at 80 kV was used throughout this study.
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Image processing. The best electron micrographs were selected in terms of the
quality of their optical Fourier transform. Micrographs presenting sharp spots
and a first zero in the contrast transfer function with a frequency higher than 1/20
A" resolution were chosen and digitized using a Leafscan 45 charge-coupled
device microdensitometer with a step size corresponding to 5 A on the specimen.
Image processing was performed using the MRC image analysis package (13).
Images were corrected twice for lattice distortion by real-space correlation anal-
ysis according to the protocol described by Henderson et al. (30). Considering
defocus values used to record images (100 to 150 nm), no contrast transfer
function correction was needed.

Projection maps were calculated from amplitude and phase data with or
without symmetry and truncated at 30 A. Determination of the space group was
performed by using the Allspace program (56). Symmetrized images were com-
puted in the real space using the Spider software system (17). Quasi-optical
filtration (53) was used to obtain an initial raw filtered image (see Fig. 2A). The
Fourier transform and power spectrum of the image were calculated. The re-
sulting diffraction pattern was indexed to compute a Fourier filter mask that was
applied to the Fourier transform.

RESULTS

Electron microscopy and image processing of Ap4Gag cap-
sids. Thin sections of assembled structures from Ap4Gag-ex-
pressing cells revealed round or slightly distorted capsids (Fig.
1A) with an average diameter of 87 nm (standard deviation
[SD] = 7, n = 96). For negative staining, aggregates or sheets
of capsids were dissociated with GNE-2 buffer into individual
round or tubular forms during the first 6 h, and this state did
not change over a period of several weeks. A few capsids
appeared damaged and showed small breaks or holes. Negative
staining revealed peripheral projections about 7 nm apart (Fig.
1B) and small patches of regular arrays of holes 3 to 4 nm in
diameter. The arrowheads in Fig. 1C point to an apparently
triangular patch of holes similar to triangular patches observed
on the inner surface of cytoplasmic membranes of Sf9 cells
infected with recombinant baculovirus expressing HIV Gag
protein. Triangular breaks were also described in HIV VLP
(43), reminiscent of fine defects described in frozen-hydrated
HIV VLP (19). A flat sheet with a triangular break is also
shown in Fig. 1F. The Ap4Gag capsids were positively labeled
with antibody to p27Gag (not shown).

A few tubular forms of the Ap4Gag capsids were also
present, and negative staining of these aberrant structures re-
vealed areas of regularly organized holes (Fig. 1D) with a
center-to-center (CTC) spacing of 7.1 nm (SD = 0.9, n = 58).
The ends of the tubular forms were occasionally hemispherical
(Fig. 1E). Negatively stained spherical capsids measured ap-
proximately 86 nm in diameter, and tubular forms were ap-
proximately 80 nm in diameter.

Shadowed replicas of freeze-etched capsids (Fig. 1E and F)
showed the three-dimensional nature of the capsids and a
periodic organization of holes (appearing dark after photo-
graphic reversal) on the surface of spherical as well as tubular
capsids. The CTC spacing of the holes obtained by direct
measurement was 7.1 nm (SD = 0.7, n = 101). The cylindrical
forms convincingly showed a hexagonal network which pro-
duced a typical diffraction pattern (Fig. 1E and F). The same
periodicity and CTC spacing was revealed on flat sheets. In
several instances, faults or breaks in the hexagonal arrays were
observed (arrowheads in Fig. 1F).

The tubular structures were usually well preserved and pro-
vided a suitable area for image processing. Figure 2A shows
one tubular form before and after quasi-optical filtration (see



FIG. 1. (A). Thin section of Ap4Gag capsids released from E. coli cells. Magnification, X105,000. (B) Ap4Gag capsids negatively stained with
sodium silicotungstate (pH 8.2). Arrowheads point to peripheral rod-like projections. Magnification, X225,000. (C) Round capsids released from
aggregates by treatment with GNE-2 buffer. Note triangular shape in capsid labeled with arrowheads. Defects as seen on labeled capsid were not
general. Negatively stained with sodium silicotungstate (pH 6.9). Magnification, X200,000. (D) Tubular form of Ap4Gag capsid showing rows of
fine black holes. Negatively stained with sodium silicotungstate (pH 6.9). Magnification, X225,000. (E) Freeze-etched and shadowed Ap4Gag
capsids. Note very regular pattern of holes on both spherical and tubular forms. Inset shows diffraction pattern of the upper tube. Shadows are
dark. Magnification, X175,000. (F) Tubular and spherical capsids of Ap4Gag prepared by freeze-etching and unidirectional shadowing. Large flat
sheets (probably disrupted capsids) show the same surface pattern as the capsids. Note indication of triangular shape in the flat sheet (arrowheads).
Magnification, X175,000. Inset shows diffraction pattern of the tube. Bars, 100 nm.
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FIG. 2. (A) Tubular form of Ap4Gag used for image processing. Quasi-optical filtration reveals hexagonal pattern of holes. Negative staining
with sodium silicotungstate (pH 6.9). Bar, 100 nm. (B) Projection map of the crystal lattice shown in panel A after correction for distortion. Note
well-visualized trimers in the upper left corner of the very regular hexagonal network resulting from processing. Inset: Power spectrum from tubular
capsid shown in panel A. The first order is located at 8.2 nm, and the most distant spots are located at 2.8 nm. (C) Enlarged portion from panel
B before symmetrization. (D) The same field as in panel C after threefold symmetrization. No correction for the contrast transfer function was
carried out. Large holes are formed by three trimers (1, 2, and 3), each contributing two subunits.

Materials and Methods). The filtered image revealed the pres-
ence of a hexagonal network on the whole surface of the tube.
Figures 2B and C show images of the lattice after correction
for distortion. The power spectrum (Fig. 2) clearly reveals the
hexagonal nature of the lattice. Moreover, it confirms that
negative staining produced a one-sided image of the tubular
form. The image indicates a unit cell witha = 81.2 A, b = 81.7
A, and y = 118.9°. Examination of the phase relationships by
the program Allspace (56) showed that of 17 space groups
tested, the lowest phase residuals were for the p3 and p6 plane
groups, 16.3° and 15.7°, respectively. Thus, a threefold or six-
fold symmetry was applied to the projection maps, but no
visual difference was observed between the resulting images.
Figure 2D corresponds to the threefold symmetrized projec-
tion of Fig. 2C. The protein subunits appeared to form rings of
six subunits contributed by three trimers, with one subunit
common to neighboring rings. The center-to-center spacing of

trimers in the processed tubular form was 8.2 nm, somewhat
larger than the average spacing (7.1 nm) obtained by direct
measurement of the ring distance of the spherical capsids. The
central hole formed by the six subunits was approximately 4 nm
in diameter.

Electron microscopy and image processing of Pro(—)CA.NC
capsids. Thin sections of semipurified Pro(—)CA.NC capsids
showed spherical shells about 80 to 100 nm in diameter (Fig.
3A). The shape and size of these capsids were not as uniform
as those of Ap4Gag capsids. Occasional spiral shapes and tu-
bular forms were also observed. Negative staining revealed
mainly spherical shells (85 to 100 nm in diameter; Fig. 3B) but
also a few tubular forms (60 to 80 nm in diameter; Fig. 3C),
many with hemispherical ends (Fig. 3D). In both spherical and
tubular capsids, regular arrays of holes were observed, and
their average CTC spacing was 7.4 nm (SD = 0.7, n = 95). At
the periphery of some capsids, regularly spaced rod-like pro-
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FIG. 3. Capsids produced in E. coli by Pro(—)CA.NC construct. (A) Thin section of E. coli cell filled with spherical and a few tubular capsids.
Magnification, X66,000. (B) Spherical capsids negatively stained with sodium silicotungstate (pH 8.2) using Valentine’s technique (55). Tiny black
holes are visible. Arrowheads point to surface projections. (C) Cylindrical form displaying a regular pattern of holes (black dots). Arrows point
to a hole with six neighbors. Magnification, X360,000. (D) Example of tubular form with rounded end in which peripheral projections are visible
(arrows). Sodium silicotungstate (pH 8.2). Magnification, X240,000. Bars, 100 nm.

jections were visible (Fig. 3B and D). These were approxi-
mately 11 nm long and 4 nm thick, with a CTC spacing of 6.6
nm (SD = 0.5, n = 43), leaving about 3 nm of space between
rods. Surface replicas of fractured capsids revealed a hexago-
nal pattern of holes with CTC spacing of 7.3 nm (SD = 0.68,
n = 97) obtained from direct measurement and from a few
power spectra (Fig. 4). The unit cell of the periodic structure
on the surface of the tubular form in this figure was a = 74.33
A, b =7086 A, and y = 117°.

Several negatively stained tubular forms exhibited a hexag-
onal diffraction pattern (Fig. 5B). This power spectrum clearly
shows that both surfaces contributed to the projected image.
After indexing (unit cell parameters: a = 97.6 A, b = 100.6 A,
and y = 122.2°), one side was processed as described above to
obtain a projection map. The best phase residuals obtained
were 18.2° for p3 and 19.1° for p6 symmetries. Figure 5 shows
a processed image before (C) and after (D) threefold symme-
trization of the upper (flattened) portion of a tubular form.

The CTC spacing of the holes (9.7 nm) in this case was sub-
stantially larger than the above-mentioned average spacing,
obviously due to air-dry negative staining The large central
hole appeared more triangular and measured approximately
4.5 nm across. The pattern was in principle the same as that
seen in processed Ap4Gag tubes (Fig. 2).

DISCUSSION

An assessment of our observations requires discussion of
several aspects of Gag protein organization in M-PMV and
retroviruses in general. A conspicuous feature of retrovirus
immature capsids is the presence of a cage-like network, as
opposed to the closely packed submembrane shells of some
other enveloped viruses such as the alphaviruses. We will dis-
cuss the implications of this finding for the architecture and
assembly of M-PMYV into spherical or cylindrical forms and the
interpretation of the images obtained by the methods used. We
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FIG. 4. Shadowed replica of freeze-etched Pro(—)CA.NC capsids.
Shadows are dark. Magnification, X200,000. Bar, 100 nm. Inset: Dif-
fraction pattern of the tubular forms, tilted by +14° from the original
image.

will also compare the molecular organization of M-PMV cap-
sids with the immature capsids of HIV and assess the contri-
bution of our results to the question of icosahedral symmetry
in retroviruses.

Multimethod approach and interpretation of the results

J. VIROL.

obtained. The tremendous progress in cryoelectron microscopy
in virology (3, 11) has tended to push conventional preparative
techniques so far into the background that they are often
considered obsolete and not trustworthy (21). Despite this, we
provide strong evidence from this study, using negative staining
and freeze fracture/etching methods, of a continuing role for
such approaches in studies of the molecular organization of
retroviral Gag shells. Cryoelectron microscopy has revealed a
hexagonal arrangement of HIV CA proteins in tubular or
cone-like structures that have been assembled in vitro (24, 35)
and has provided novel information on the organization of the
submembrane Gag layer in immature forms of HIV and
MuLV (19, 60). However, cryoelectron microscopy has failed
to establish the structural organization of immature retroviral
capsids or visualize the cage-like network described previously
in HIV (41, 43) and here for M-PMV, in which we have
employed the more conventional techniques of negative stain-
ing and freeze-etching.

While surface replicas of frozen-etched and shadowed ma-
terial present only the surface features of an object, negative
staining can also visualize some of the internal structures and
at higher resolution than shadowing. The outcome of negative
staining depends on the hydrophobic or hydrophilic properties
of both the relevant protein and the supporting film (29, 38). In
most cases, however, negative staining reveals those parts of

FIG. 5. Results of image processing of a tubular form of Pro(—)CA.NC capsids. (A) Negatively stained tubular form with wider (flattened)
upper part used for processing. Magnification, X300,000. Bar, 100 nm. (B) Corresponding power spectrum. Processed image before (C) and after
(D) threefold symmetrization reveals how three trimers form a ring made of six subunits. Protein is white.
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A B C

2 subunits

1 subunit No subunits

CTC=61.5A CTC=70 A CTC=105 A

FIG. 6. Diagram of rings with two (A), one (B), or no (C) subunits
shared and the corresponding CTC spacing based on 35 A diameter of
the subunits. The results of image processing are in agreement with
version B.

the objects associated with the supporting film, and the height
of the dried stain was estimated to be 10 to 20 A (40), although
this figure might be higher with larger and densely packed
structures such as viruses. Air drying-caused flattening of
larger structures has to be taken into account when size mea-
surements are carried out.

In this study we have chosen to use sodium silicotungstate or
methylamine tungstate at medium or high pH instead of very
low pH uranyl acetate, which may obscure the holes due to
shrinkage of the network and low penetration of the stain into
intact capsids. A shrinkage effect of uranyl acetate has recently
been reported (36). Thus, the data we have obtained from
Ap4Gag and Pro(—)CA.NC capsids using negative staining
and freeze-etching justify the application of conventional pre-
parative techniques when cryoelectron microscopy meets seri-
ous obstacles.

Molecular organization of Ap4Gag and Pro(—)CA.NC cap-
sids. Previous work on HIV showed the presence of threefold
symmetry in plasma membrane-associated Gag protein assem-
blies and in purified HIV Gag VLP (41, 43). In the present
study, a similar fullerene-like organization of the M-PMV Gag
polyprotein was observed in capsids produced in E. coli by
Ap4Gag and by Pro(—)CA.NC constructs. In both cases, image
processing revealed hexagonal rings that shared a single sub-
unit. This pattern suggests that the six subunits may be con-
tributed by three trimers, such as in HIV (Fig. 6B). This orga-
nization is supported by CTC spacing which is similar in both
capsids as well as in the diagram and correlates well with the
results of molecular modeling of the HIV MA trimeric net-
work (16). It is also very close to the spacing observed in HIV
VLP, in which an average from electron microscopy and X-ray
crystallography of the HIV MA protein was 6.8 nm (43).

The other option when two subunits are shared (as found in
fullerenes) (Fig. 6A) provides a substantially lower spacing
than found in M-PMV capsids (~7 nm), while in version C
organization, the spacing is larger. This organization is only
hexagonal, with no threefold symmetry. The presence of tubu-
lar forms in M-PMV capsids helped to increase the resolution
of image processing and provide a clear picture of the
fullerene-like network. In spite of the differences in size of
M-PMV Gag domains, the molecular organization of the M-
PMYV Gag shell, including the spacing, is very similar to that in
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the HIV Gag shell. It appears that the fullerene-like pattern
results from trimeric interaction of Gag trimers. This suggests
that the basic building block is a trimer (not a hexamer) of the
relevant protein [Ap4Gag and Pro(—)CA.NC].

The trimeric nature of HIV MA has been shown by X-ray
crystallography (31) and received support from molecular
modeling (16). Closer understanding of protein-protein inter-
actions in M-PMYV capsids is hampered by the absence of data
from X-ray crystallography, though the solution structure of
MA has been found compatible with the formation of trimers
(12). Our observations certainly provide support for a trimeric
interaction of certain Gag domains. The finding of basically the
same pattern in Pro(—)CA.NC capsids as in Ap4Gag suggests
that the CA.NC complex is critical for trimerization and as-
sembly of the whole Gag polyprotein (see references 18 and 21
and references cited therein).

Trimer association versus dimer association of CA domains.
The pattern of the network produced by image processing
indicates that the basic building block is a trimer of the whole
Gag and more surprisingly also of the CA.NC domains. This
finding is only partly supported by cross-linking experiments of
retroviral Gag polyprotein or the CA domain. For example,
Scarlata et al. (51) found that cross-linking HIV Gag protein
with glutaraldehyde produced mainly dimers, though trimers,
tetramers, and multimers were also observed using scanning
transmission electron microscopy mass determination. Purified
MA was found in a trimeric form only and CA was mainly
dimers, tetramers, or multimers. Changes in fluorescence an-
isotropy revealed that Gag subunits associated in clusters of
three on the surface of lipid membranes.

Cross-linking experiments on HIV and M-PMV CA and
CA.NC with other reagents showed a prevalence of dimers,
though small amounts of trimers and tetramers were also
present (15, 28; M. Rumlova, unpublished results). The pres-
ence of a small amount of trimers reported by the above
authors indicates that Gag domains can form trimers. Support
for trimers also comes from a study by Morikawa et al. (37),
who found that MA and MA.CA of HIV behaved as trimers on
a glycerol gradient, while CA was a monomer under the same
conditions. X-ray crystallography revealed that HIV (and sim-
ian immunodeficiency virus) MA formed trimers (31, 47),
while HIV CA crystallized as dimers (7, 20, 59).

The threefold symmetry in CA.NC assemblies, though un-
expected because of the presence of a dimerization subdomain
in HIV CA found by X-ray crystallography (20), is in line with
multiple interactions common to viruses with quasi-equivalent
capsids in which identical protein subunits are found in differ-
ent structural environments (33); for example, when icosahe-
dral capsids are formed by a single protein which forms both
hexagonal and pentagonal assemblies or when some viruses
form capsids with T3 or T4 triangulation numbers, such as
hepatitis B virus (14) and the yeast retrotransposon Ty-1
polypeptide A (1, 45). One study (1), in fact, is in agreement
with our report on the presence of holes and trimers in HIV
VLP (43). Rounded-up ends of tubular M-PMV capsids (Fig.
1E and 3D) demonstrate the ability of the proteins to form a
hemispherical and possibly also a spherical structure with ico-
sahedral symmetry.

Comparison of capsids assembled in E. coli with in vitro
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assemblies of other retroviral proteins. Li et al. (35) studied in
vitro-assembled cylindrical and conical forms of HIV CA using
cryoelectron microscopy followed by image processing. This
approach revealed a different organization from that described
in this study. The N-terminal regions of CA formed hexagon-
ally organized rings with a small central hole (about 25 A as
opposed to 40 A holes in the M-PMYV capsids). In the CA tubes
described by Li et al. (35), the hexagonal rings do not share any
subunits; individual rings are connected with neighboring rings
via the C-terminal dimerization domains of each CA molecule
(see Fig. 6C for a simplified sketch of this organization). In this
case, the CTC spacing of the central holes was about 10.7 nm,
substantially more than the ~7-nm spacing in M-PMV capsids.

It is obvious that this organization is different from the
organization in Ap4Gag and Pro(—)CA.NC capsids, and it is
possible that the reason for this difference lies in the structure
of the CA domains that were assembled in each case. Li et al.
used the mature form of CA, in which the N terminus is in the
form of a B-hairpin due to interaction of the N-terminal pro-
line residue with an aspartate at position 51, while in the
M-PMV Pro(—)CA.NC capsids, the N-terminal proline was
deleted (48). The six coordinated rings found in HIV CA by Li
et al. may represent a situation similar to that in virus cores,
while the M-PMV Ap4Gag and Pro(—)CA.NC constructs as-
semble into spherical structures and are thus more likely to
reflect the interactions that exist in the immature capsid. In-
terestingly, in a cryoelectron microscopic analysis of MuLV
immature and mature viruses, Yeager et al. (60) found evi-
dence for a hexagonal paracrystalline lattice with a unit cell
spacing of 80 A for the immature particles and 115 A for the
cores in mature particles, values that are similar to the ~70 A
center-to-center spacing we describe here for p4Gag immature
shells and the 107 A spacing described by Li et al. (37) for
mature CA tubes.

It might be argued that the subunits which make up the
hexagonal organization observed in our analysis of M-PMV
capsids each represent a parallel dimer of Ap4Gag or
Pro(—)CA.NC subunits and that the hexamers might therefore
represent a condensed form of the arrangement observed by Li
et al. (35). This arrangement would be incompatible with MA
trimers in the case of Ap4Gag and would be at variance with
the observed pattern (rings sharing one subunit). In addition,
the number of Gag monomers involved in each assembled
capsid would double. Recent mass calculations from scanning
transmission electron microscopic analyses of M-PMV imma-
ture capsids have shown that the median number of Gag pre-
cursors or immature M-PMV capsid is approximately 2,000
(46). If one calculates the number of Gag molecules that would
be required to occupy the surface area of a spherical immature
capsid 85 nm in diameter, based on the CTC spacing (~7 nm)
of the trimers observed by negative stain and freeze-etching
approaches described here, the number would be approxi-
mately 1,750. This figure is close to the number of Gag mole-
cules in Rous sarcoma virus (57). In contrast, if each compo-
nent of the hexamer were a dimer of Gag, the number of Gag
precursors per immature capsid would total 3,500.

Barklis et al. (4, 5) studied assembly of MuLV His.CA and
HIV His.CA domains at lipid membranes, mimicking the Gag
CA-membrane interactions. Their experiments showed a cage-
like pattern with hexagonal as well as trigonal holes in the
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protein two-dimensional crystals. The rings were formed by six
CA subunits, with two subunits shared between rings (Fig. 6A).
Interestingly a similar pattern (rings with two subunits shared)
was recorded in tubular structures assembled in vitro from
MuLV His.CA.NC plus RNA and visualized by negative stain-
ing (62). This is at variance with our results, which showed that
M-PMV CA.NC formed spherical shells in E. coli when Prol
was deleted or when a few residues were attached to the CA N
terminus (48).

Implications of cage-like network for virus assembly (incor-
poration of viral glycoproteins and cellular proteins). The
finding of a cage-like hexagonal network in M-PMV and HIV
logically argues against a dense packing of the Gag polyprotein
in the immature capsid. Support for this organization comes
also from the calculation of the number of Gag monomers
(~1,750) that would complete a spherical capsid 85 nm in
diameter, as described above. This figure is also similar to the
number of MA copies (1,680) in a mature form of HIV Gag
shell (84.2 nm in diameter) deduced from molecular modeling
of an MA trimeric network (16).

The presence of hexagonal rings formed by three HIV MA
trimers correlates well with a specific interaction of gp41 tri-
mers with the underlying MA domain (54). Several papers
have reported deletions or point mutations in the hole-facing
area of MA, which prevented incorporation of viral glycopro-
teins into virus particles (see references 5, 10, and 18 and
references cited therein). This Env-accommodating function of
the cage-like network was also postulated for assemblies of
MuLV CA and CA.NC proteins by Barklis et al. (4, 5) and
Zuber and Barklis (61).

In M-PMV the cytoplasmic tail of gp20 is 38 amino acids
long, and recent mutational analyses of the M-PMV MA do-
main point to a similar Env incorporation function for this
region of the MA protein (D. Song and E. Hunter, unpub-
lished data). It is difficult to reconcile the closely packed Gag
shell with the need to provide space for Env proteins and
cellular proteins, such as members of the major histocompat-
ibility complex (2) and other cellular proteins (27). Wilk et al.
(58) attributed an increase in electron density in membranes of
frozen-hydrated wild-type HIV to the presence of Env glyco-
proteins. This, however, is inconsistent with the observation
that Gp120/41 projections are 21 nm apart (22), a distance
sufficient for the incorporation of cellular proteins (16).

Conclusion. We provide strong evidence in this study that
Gag protein molecules are not closely packed in M-PMV cap-
sids, but form a cage-like network similar to the fullerene-like
model in HIV (41, 43). In this model, three Gag trimers form
hexagonal rings that share a single subunit. Our model is in
good agreement with data from X-ray crystallography of HIV
MA (31, 47) and M-PMV nuclear magnetic resonance struc-
ture (12). Molecular modeling (16) showed the plausibility that
the HIV MA trimers may form the triangular facets of an
icosahedron.

Our previous work (48) argues strongly that it is the struc-
ture of the CA domain, constrained from forming its mature
form by the N-terminal domains of the Gag precursor, which
allows Gag to associate in these trimeric interactions and form
the immature capsid. Nevertheless, it is likely that other do-
mains of Gag, such as MA, NC, and spacer peptides, contrib-
ute to the efficient and stable formation of the Gag trimeric
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complex. The similarity of the molecular organization of the
Gag protein shell in HIV and M-PMV suggests that the
fullerene-like model might be common to all retroviruses.
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