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Mature human immunodeficiency virus type 1 (HIV-1) virions contain a typically cone-shaped core that
encases the viral genome. In this study, we established conditions which allowed the efficient isolation of
morphologically intact HIV-1 cores from virions. The isolated cores consisted mostly of cones which appeared
uniformly capped at both ends but were heterogeneous with respect to the shape of the broad cap as well as
the dimensions and angle of the cone. Vpr, a nonstructural virion component implicated in the nuclear import
of the viral genome, was recovered in core preparations of HIV-1 and simian immunodeficiency viruses from
African green monkeys. Unexpectedly, p6gag, a structural protein required for the incorporation of Vpr, was
absent from HIV-1 core preparations. Taken together, our results indicate that the incorporation of Vpr into
the virion core is a conserved feature of primate lentiviruses and that the interactions required for the uptake
of Vpr into assembling particles differ from those which confine Vpr within the core.

Retroviruses undergo a process of maturation during which
a distinct core structure is acquired (reviewed in reference 39).
This morphological transformation depends on the presence of
active viral protease, which cleaves the Gag polyprotein into its
mature subunits, among which matrix (MA), capsid (CA), and
nucleocapsid (NC) are found in all retroviruses. Human im-
munodeficiency virus type 1 (HIV-1) MA is myristylated at its
N terminus and remains associated with the host cell-derived
lipid envelope of the mature virion (reviewed in reference 13).
CA forms the core structure, which in the case of HIV-1 is
typically cone shaped, and NC is thought to cover the genomic
viral RNA within the core (13).

The C terminus of the HIV-1 Gag polyprotein Pr55gag yields
a peptide designated p6gag, which is found only in primate
lentiviruses and whose location within the mature virion is
unknown. The p6gag domain facilitates the release of assem-
bled particles from the cell surface (15) and is essential for the
virion association of the regulatory viral protein Vpr (21, 27,
29). Vpr is expressed by all primate lentiviruses, and one sub-
group of primate lentiviruses in addition encodes a related
virion-associated protein designated Vpx. Lentiviral Vpr pro-
teins inhibit cell proliferation in the G2 phase of the cell cycle
(8, 16, 19, 30, 31, 34, 36), perhaps because virus production is
optimal in the G2 phase (14). HIV-1 Vpr also facilitates the
nuclear import of the viral genome in nondividing host cells
(17) and would thus be expected to be a component of the
virion core. Indeed, Vpx, which shares the nuclear import
function of HIV-1 Vpr (8), was found associated with mature
HIV-2 cores (20). However, in the case of a very closely related
simian immunodeficiency virus (SIV) from macaques, most or
all of the Vpx protein present in virions was lost during the
purification of mature core structures (25, 45).

To examine whether Vpr and its interaction partner p6gag

are components of the mature HIV-1 core, we developed a
method to isolate intact core structures from virions. The bio-
chemical analysis of HIV-1 cores has been hampered by their

marked tendency to dissociate in the presence of weak deter-
gents. Therefore, we employed a previously described proce-
dure in which virions are spun through a detergent layer to
minimize the time of exposure (37). In initial experiments, a
layer containing the detergent Igepal CO-630 in 15% sucrose
was placed on top of a 20 to 70% sucrose gradient to separate
cores by equilibrium centrifugation. As expected, CA peaked
in fractions with densities of 1.14 and 1.16 g/ml in the absence
of detergent. In contrast, when Igepal CO-630 was present in
the 15% sucrose layer, most of CA was found near the top of
the gradient and presumably represented material from com-
pletely disrupted virions. Even at 0.03% Igepal CO-630, the
fractions with densities of between 1.14 and 1.21 g/ml con-
tained very little CA, indicating that none of the input virus
remained intact. However, at this low concentration of deter-
gent, a distinct peak of CA was obtained at densities of be-
tween 1.24 and 1.28 g/ml, which is similar to the reported
density of HIV-2 cores (20). Although these results indicated
that HIV-1 cores can in principle be obtained with the “spin
thru” technique, only a small fraction of CA banded at the
expected density of cores (data not shown). Similarly poor
yields of HIV-1 cores were recently reported by Kotov et al.
(23), who also employed a “spin thru” procedure in combina-
tion with equilibrium density centrifugation.

In an effort to improve the yield of HIV-1 cores, we modified
the “spin thru” method by replacing the sucrose gradient with
a 30% sucrose cushion. This approach was chosen to avoid the
exposure of isolated cores to higher concentrations of sucrose
because of the possibility that these structures are osmotically
sensitive. Furthermore, the results described above indicat-
ed that only cores remained sufficiently dense after centrifu-
gation through detergent to pass through the sucrose cushion.
293T cells were transfected with pHXBH10DenvCAT/D116A
(32), a noninfectious variant of the full-length proviral clone
pHXBH10 with a deletion in env and an active-site mutation
in integrase (IN), followed by metabolic labeling with [35S]cys-
teine. Virus-containing supernatant was split into two aliquots,
and one half was loaded on top of a 20% sucrose layer con-
taining 0.03% Igepal CO-630, which had been placed on top of
a 30% sucrose cushion. The other half of the supernatant was
loaded onto an identical step gradient, except that the deter-
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gent was omitted. After centrifugation at 4°C for 2 h in a
Beckman SW41 rotor operated at 27,000 rpm, the pelleted
material was resuspended and directly analyzed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

The mature Gag products were differentially affected by the
presence of detergent in the 20% sucrose layer (Fig. 1A).
PhosphorImager analysis indicated that about one-third of the
CA present in the input virus was recovered in the particulate
fraction after passage through the detergent layer. As in the
case of intact virus, CA and NC were present in about equimo-
lar quantities. In contrast, MA was almost entirely depleted
from particulate material spun through a layer of Igepal CO-
630. Also, it appeared that a trace amount that remained after
passage through detergent migrated slightly faster than the
bulk of virus-associated MA. The pol-encoded proteolytic
cleavage product IN was recovered in similar molar amounts
relative to CA or NC in both the presence and absence of
detergent (Fig. 1A). These results suggested that brief expo-
sure to detergent had effectively removed the viral envelope
and the associated MA protein but had left a significant pro-
portion of the viral cores intact.

To confirm the isolation of HIV-1 cores, particulate material
spun through a layer of 0.03% Igepal CO-630 and a 30%
sucrose cushion was prepared for electron microscopy. The
pelleted material was resuspended in a small volume of phos-
phate-buffered saline containing 2.5% glutaraldehyde as a fix-
ative and was then allowed to sediment onto carbon grids,
followed by negative staining with uranyl acetate. Transmission
electron microscopy revealed the presence of numerous iso-
lated cones which varied in length and diameter and which
closely resembled the cone-shaped cores visible within mature
HIV-1 virions (Fig. 1B). No intact viral particles could be
detected; however, in addition to cones, tubes were occasion-
ally seen. In some of the cones, a spherical density was dis-

cernible at or near the broad end, which may represent the
condensed RNA-NC complex. The cones always appeared
capped at both ends but were heterogeneous in the shape of
the broad cap, which in some specimens had a distinctly angu-
lar profile (Fig. 1B, lower panel).

Because a model based on synthetic HIV-1 cores which
predicts specific cone angles has recently been proposed (12),
it was of particular interest to determine the cone angles of the
core-like structures isolated from authentic viral particles. Our
measurements revealed considerable variability among cone
angles, from 10 to 22°, with a mean cone angle of about 17°
(n 5 53) and a standard deviation from the mean of 19.3%
(data not shown). In the model of Ganser et al. (12), retroviral
cores are composed of closed hexagonal lattices, and the con-
ical shape of HIV-1 cores is dictated by the location of the 12
pentameric defects required to close the lattice. The narrowest
cone angle allowed by this model is 19.2° (12). However, we
cannot exclude that the small deviation of the average cone
angle from the theoretical value observed in the present study
was an artifact caused by fixation and negative staining.

It has been shown that HIV-1 Vpr, a nonstructural compo-
nent of the virion, remains associated with the viral preinte-
gration complex and facilitates its nuclear import in nondivid-
ing cells (17). Vpr is thus expected to localize to the virion core
during virus maturation. Having demonstrated that the modi-
fied “spin thru” method described above generates intact
cores, we used this technique to determine whether Vpr asso-
ciates with the virion core. [35S]cysteine-labeled HIV-1 virions
were produced in 293T cells transfected with the infectious
HXBH10 provirus, which is vpr negative, or with the vpr-pos-
itive variant HXBH10/R1 (7). As expected, the 14-kDa Vpr
protein was observed only in virions produced by HXBH10/
R1, confirming the identity of the product (Fig. 2A, lanes 1
and 3). Passage of virions through 0.03% Igepal CO-630 again
removed most MA. However, the levels of residual MA were
somewhat higher than in other experiments, and the existence
of two closely spaced protein bands which comigrated with
virion-associated MA became clearly evident (Fig. 2A, lanes 2
and 4). The more prominent of these two bands migrated
slightly faster than the bulk of virion-associated MA. Addition-
ally, a protein of unknown identity that migrated above CA was
recovered in the core preparations shown in Fig. 2A. Apart
from CA, NC, and IN, Vpr was clearly enriched relative to MA
in particulate material spun through detergent, indicating that
HIV-1 Vpr is a component of the virion core (Fig. 2A, lane 4).
It is also noteworthy that the recovery of reverse transcriptase
(RT) in the core preparations appeared to be less efficient than
that of IN, raising the possibility that not all of the RT present
in the virion is located within the core.

We considered the possibility that the minor [35S]cysteine-
labeled species which comigrated with the front of MA from
intact virions (indicated by an asterisk in Fig. 2A) was cyclo-
philin A (CyPA), a host protein that is specifically incorporated
into HIV-1 virions via an interaction with CA (7, 9, 38). We
therefore examined by Western blotting whether CyPA re-
mained associated with viral particulate material spun through
detergent. However, the amount of CyPA in the particulate
fraction did not exceed the background levels obtained under
identical conditions with a CA mutant defective for CyPA
incorporation (5) or when CyPA incorporation was blocked by
cyclosporin A (data not shown). Moreover, we observed that
immature HIV-1 particles produced by a protease mutant were
largely depleted of CyPA, but not of Vpr, after passage
through a layer containing 0.03% Igepal CO-630 (Fig. 2B). In
contrast to mature HIV-1 cores, immature capsids are rela-
tively stable in the presence of detergent (40). The selective

FIG. 1. Biochemical and electron microscopic analysis of HIV-1 core prep-
arations. (A) Equal amounts of supernatant containing [35S]cysteine-labeled
virus were loaded on top of 20% sucrose layers which either lacked detergent
(lane 1) or contained 0.03% Igepal Co-630 (lane 2) and which were supported by
30% sucrose cushions. Following centrifugation, pelleted material was directly
analyzed by SDS-PAGE and autoradiography. The product designated p41 is an
intermediate Gag cleavage product (2). (B) Electron micrographs of isolated
HIV-1 cores prepared by centrifugation through a detergent layer and a 30%
sucrose cushion. The lower panel shows examples of cores with angular caps or
with a spherical structure that is discernible at the broad end. Bars, 50 nm.
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loss of CyPA both from mature and from immature capsids
upon exposure to detergent suggests that virion-associated
CyPA is only loosely bound to CA.

To examine whether the Vpr proteins of other primate len-
tiviruses behave similarly to that of HIV-1, we analyzed [35S]
cysteine-labeled virions produced by full-length molecular
clones of SIV strains from African green monkeys (SIVagm).
Consistent with the high degree of sequence variation between
SIVagm 155-4 and SIVagm gri-1 (18), the electrophoretic mo-
bilities of the MA and Vpr proteins of these viruses differed
considerably (Fig. 2C, lanes 1 and 3). Quantitation by Phos-
phorImager analysis and normalization for the number of cys-
teine residues present indicated that virions produced by both
SIVagm strains contained about equimolar amounts of Gag and
Vpr (Fig. 2C). In contrast, HIV-1 virions produced by different
vpr-positive strains contained 5- to 10-fold-smaller amounts of
Vpr (Fig. 2A and data not shown). PhosphorImager analysis
also showed that centrifugation of SIVagm 155-4 virions
through detergent removed more than 95% of MA. In con-
trast, about half of the CA, NC, and Vpr present in the input
virus was recovered in the particulate fraction (Fig. 2C, lanes 1
and 2). Immunoprecipitation with a specific antiserum con-
firmed the efficient recovery of Vpr after passage through
detergent (Fig. 2C, lower panel). Centrifugation of SIVagm
gri-1 virions through detergent yielded similar results (Fig. 2C,
lanes 3 and 4). Taken together, these observations indicate that
the Vpr proteins of widely divergent primate lentiviruses asso-
ciate with the core component of the virion.

The incorporation of Vpr into assembling particles is medi-
ated by p6gag, the C-terminal domain of the Gag polyprotein of
primate lentiviruses (1, 21, 22, 27, 29, 35). Therefore, we ex-
amined whether p6gag is retained in HIV-1 core preparations
together with Vpr. Because HIV-1 p6gag lacks methionine or
cysteine residues, we used [3H]leucine for metabolic labeling.
This approach also helped to distinguish p6gag from NC, which

has a similar electrophoretic mobility in SDS-PAGE but lacks
leucine residues. To unequivocally identify p6gag, we generated
a mutant version of HXBH10/R1 that has the phenylalanine at
the P1 position of the cleavage site between p1 and p6gag

changed to isoleucine. Based on previous studies (2, 24), the
presence of a b-branched amino acid at the P1 position was
expected to block cleavage at the p1-p6 site and thus to induce
a shift in the electrophoretic mobility of p6gag. Figure 3 shows
the profile of [3H]leucine-labeled proteins in wild-type and
mutant HXBH10/R1 virions pelleted through sucrose step
gradients. If detergent was omitted from the upper layer of the

FIG. 2. Association of Vpr with HIV-1 and SIVagm cores. [35S]cysteine-labeled wild-type HIV-1 virions (A), protease-defective immature HIV-1 virions (B), or
wild-type SIVagm virions (C) were spun through step gradients which either lacked detergent (odd-numbered lanes) or contained detergent in the upper layer
(even-numbered lanes) as described for Fig. 1. Pelleted material was analyzed directly by SDS-PAGE and autoradiography. Virus-containing supernatants were
obtained by transfection of 293T cells with proviral plasmids and metabolic labeling. In panel A, the transfected HIV-1 proviruses were the infectious, vpr-negative
molecular clone HXBH10 (lanes 1 and 2) and its vpr-positive variant HXBH10/R1 (lanes 3 and 4). The protease-defective HIV-1 provirus used in panel B was
HXBH10/R1/PR2 (4). The SIVagm proviruses in panel C were SIVagm 155-4 (lanes 1 and 2) and SIVagm gri-1 (lanes 3 and 4). In panel A, the p66 form of RT is partially
obscured by a contaminant. The asterisk indicates the position of an unidentified core-associated protein that migrates slightly faster than the bulk of MA.

FIG. 3. Absence of p6gag from HIV-1 core preparations. [3H]leucine-labeled
HIV-1 virions were spun through step gradients which either lacked detergent
(odd-numbered lanes) or contained detergent in the upper layer (even-num-
bered lanes) as described for Fig. 1, and pelleted material was analyzed by
SDS-PAGE. Virus was produced in 293T cells, and the transfected HIV-1 pro-
viruses were the infectious, vpr-positive clone HXBH10/R1 (lanes 1 and 2) or a
variant with a point mutation at the p1-p6 cleavage site (lanes 3 and 4).
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step gradient, a prominently labeled product migrated at the
predicted position of p6gag (lane 1) and, as expected, exhibited
a reduced mobility if the p1-p6 cleavage site was mutated (lane
3). As before, passage through a layer containing 0.03% Igepal
CO-630 resulted in the nearly complete loss of MA, whereas a
significant portion of the CA protein present in intact virions
remained particulate (lanes 2 and 4). Surprisingly, although
Vpr was partially recovered, p6gag and the p1-p6gag fusion pro-
tein were completely removed from the particulate fraction by
centrifugation of the wild-type or mutant virions through de-
tergent (Fig. 3). Because our electron microscopy analysis
demonstrated that the particulate fraction contained morpho-
logically intact cores, it can be inferred that p6gag was absent
from these isolated core structures.

MA was essentially absent from several of our HIV-1 core
preparations (e.g., in Fig. 3), but appeared to be depleted to a
lesser extent in HIV-1 core preparations recently obtained by
Kotov et al. (23) and Welker et al. (42). In the latter study,
HIV-1 virions were briefly exposed to detergent and cores
were recovered by rapid centrifugation in a microcentrifuge.
Electron microscopy analysis showed that the resulting core
preparations were not completely pure (42), which may explain
the presence of residual MA. However, Kotov et al. observed
an enrichment of MA at the expected density of cores (23),
suggesting that under certain isolation conditions some MA
can remain associated with HIV-1 cores. A phosphorylated
form of MA was previously detected in HIV-2 core prepara-
tions (11).

Because of the C-terminal location of p6gag within the Gag
precursor, the absence of p6gag from our core preparations was
unexpected. An early model of retroviral assembly (3), which is
supported by recent cryoelectron microscopy studies (10, 44),
proposes that the Gag polyprotein monomers are arranged
radially in immature particles, with their N termini attached to
the lipid envelope and their C termini oriented towards the
center of the particle. Consistent with such an arrangement,
the positions of the major Gag cleavage products within the
precursor reflect their location within the mature virion (3),
but it appears that p6gag does not conform to this rule. Inter-
estingly, similar to HIV-1 p6gag, the p9gag protein of the non-
primate lentivirus equine infectious anemia virus, which occu-
pies an analogous position in the Gag precursor, did not
copurify with virion core components (33).

Despite the absence of p6gag, Vpr was recovered in core
preparations, consistent with a function of Vpr early in the
viral life cycle as a component of the reverse transcription
complex (17). Our results are in good agreement with a very
recent study by Welker et al. (42), who found Vpr enriched in
HIV-1 core preparations obtained by a different method and
also noted that p6gag was essentially absent. In apparent con-
trast, an earlier study localized Vpr immediately beneath the
envelope of HIV-1 virions, suggesting that Vpr may not be a
core component (41). However, the resolution of the immun-
electron microscopy technique used in that study appears to be
too low to unequivocally assign Vpr to a specific subviral com-
partment. In addition to Vpr, a small amount of the accessory
viral protein Nef is detectable in HIV-1 virions (4, 28, 43), and
a recent study indicates that Nef associates with the HIV-1
core (23). Furthermore, Vif, another accessory lentiviral pro-
tein, was found associated with HIV-1 core structures (26).
However, whether Vif is a genuine virion component or a
contaminant remains controversial, because others have re-
ported that Vif is essentially absent from highly purified HIV-1
particles (6).

Because p6gag is essential for the incorporation of Vpr (21,
27, 29), our observations indicate that the interactions which

concentrate Vpr in the core may differ from those which me-
diate its specific uptake into assembling particles. However, a
role of p6gag as a vehicle which brings Vpr into the core cannot
be entirely excluded, because our results with CyPA raise the
possibility that p6gag was extracted from the core during the
isolation procedure.
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Transfer of the HIV-1 cyclophilin-binding site to simian immunodeficiency
virus from Macaca mulatta can confer both cyclosporin sensitivity and cyclo-
sporin dependence. Proc. Natl. Acad. Sci. USA 94:10943–10948.

6. Dettenhofer, M., and X. F. Yu. 1999. Highly purified human immunodefi-
ciency virus type 1 reveals a virtual absence of Vif in virions. J. Virol.
73:1460–1467.
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