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Expression of retroviral Gag polyproteins is sufficient for morphogenesis of virus-like particles with a
spherical immature protein shell. Proteolytic cleavage of Gag into the matrix (MA), capsid (CA), nucleocapsid
(NC), and p6 domains (in the case of human immunodeficiency virus [HIV]) leads to condensation to the
mature cone-shaped core. We have analyzed the formation of spherical or cylindrical particles on in vitro
assembly of purified HIV proteins or inside Escherichia coli cells. CA protein alone yielded cylindrical particles,
while all N-terminal extensions of CA abolished cylinder formation. Spherical particles with heterogeneous
diameters or amorphous protein aggregates were observed instead. Extending CA by 5 amino acids was
sufficient to convert the assembly phenotype to spherical particles. Sequences C-terminal of CA were not
required for sphere formation. Proteolytic cleavage of N-terminally extended CA proteins prior to in vitro
assembly led to the formation of cylindrical particles, while proteolysis of in vitro assembly products caused
disruption of spheres but not formation of cylinders. In vitro assembly of CA and extended CA proteins in the
presence of cyclophilin A (CypA) at a CA-to-CypA molar ratio of 10:1 yielded significantly longer cylinders and
heterogeneous spheres, while higher concentrations of CypA completely disrupted particle formation. We
conclude that the spherical shape of immature HIV particles is determined by the presence of an N-terminal
extension on the CA domain and that core condensation during virion maturation requires the liberation of the

N terminus of CA.

Retroviruses are released by budding from the plasma mem-
brane of the infected host cell. Bud formation occurs either
from preformed spherical particles (type B and D viruses,
spumaviruses) or concomitant with assembly of the inner
virion structure (type C viruses, lentiviruses [reviewed in ref-
erences 16 and 59). Early immature retroviral particles always
contain a spherical protein shell, approximately 80 to 100 nm in
diameter, which is formed by assembly of the Gag- and Gag-
Pol precursor polyproteins. Soon after budding, an extensive
morphological rearrangement called maturation occurs, which
is necessary for the virion to become infectious. Maturation
requires proteolytic processing by the viral proteinase (PR)
and leads to condensation of the spherical immature protein
shell to a centrally located electron-dense structure, the ma-
ture core (reviewed in reference 55). Mature retroviral cores
consist of a ribonucleoprotein (RNP) complex with two mol-
ecules of genomic RNA associated with the nucleocapsid (NC)
protein and with the replication enzymes reverse transcriptase
(RT) and integrase (IN), encased in a protein shell formed by
the capsid (CA) protein (for nomenclature of retroviral pro-
teins, see reference 36). In human immunodeficiency virus
(HIV), additional viral and cellular proteins which are pre-
sumed to function during virus entry (e.g., cyclophilin A
[CypA] [12, 38, 54]) are also packaged into virus particles.

The HIV Gag polyprotein (Pr55%“¢) is divided into the ma-
trix (MA), CA, NC, and C-terminal p6 domain (Fig. 1). The
N-terminal MA domain is cotranslationally myristoylated (6,
21) and closely apposed to the inner surface of the lipid enve-
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lope (17) and contains signals for intracellular transport of the
polyprotein (33). A homomultimer of CA forms the cone-
shaped capsid shell of the mature virus (17), while NC is
involved in packaging of the genomic RNA (reviewed in ref-
erence 2) and p6 plays a role in release of the budding virus
(20). In addition, there are short intervening sequences on the
polyprotein called spacer peptides (23), which are released by
PR-mediated cleavages at their N and C termini during mat-
uration (41).

Retroviral Gag proteins alone are sufficient to form imma-
ture spherical particles (48), which are released by budding but
do not mature, do not contain viral glycoproteins, and are
noninfectious. Accordingly, expression of Gag alone with re-
combinant viral expression systems (9, 18, 25, 28-30, 46, 49) or
after transfection of expression plasmids (40, 50) consistently
yielded the release of virus-like particles. The presence of
RNA, heterogeneous in size and of both viral and cellular
origins, within these particles has been reported (18, 49), but
the role and significance of RNA in the assembly process are
currently not clear. C-terminal deletions of Gag, removing p6
and most of NC, did not prohibit the formation of immature
particles (25, 28, 29, 46), while further truncations extending
into the spacer peptide at the C terminus of CA (SP1; Fig. 1)
abolished particle formation (18, 25). Furthermore, large in-
ternal deletions within MA, removing most of its globular core
(24, 39, 43), had no apparent effect on the morphology of
immature or mature particles (11, 52). It appears likely, there-
fore, that the C-terminal segment of Gag and the globular
domain of MA are not essential for assembly of immature
HIV-like particles.

Assembly of retrovirus particles can occur at different sites
within the cell, suggesting that no specific subcellular environ-
ment is required (44, 57). Formation of spherical nonenvel-
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FIG. 1. Expression and purification of the AMA-CA protein. (A) Schematic
representation of the genetic structure of HIV-1 and of the region encoded in the
expression plasmid. At the top, the coding region of the HIV-1 genome is shown,
with the different open reading frames depicted as boxes. The gag reading frame
and the 5' terminal part of the pol reading frame are expanded below. The
HIV-specific region encoded by plasmid pET AMA-CA is shown at the bottom.
The numbers indicate the amino acids of MA flanking the deletion. (B) Coo-
massie blue-stained SDS-polyacrylamide gel representing purification of AMA-
CA. Lanes: 1, lysate from induced bacteria; 2 and 3, soluble and insoluble
material after high-speed centrifugation; 4 and 5, supernatant and precipitate
following precipitation by addition of ammonium sulfate to 25% saturation; 6
and 7, supernatant and precipitate following a second ammonium sulfate pre-
cipitation after anion-exchange chromatography. Molecular mass standards (in
kilodaltons) are indicated on the left; the position of AMA-CA is marked on the
right.

oped HIV- or simian immunodeficiency virus (SIV)-like par-
ticles was observed in the cytoplasm or in the nucleus following
baculovirus-mediated overexpression of the respective poly-
protein (9, 46). Recent evidence suggests that assembly of
retrovirus-related structures can even occur in a test tube fol-
lowing in vitro translation (47, 51) or bacterial expression of
complete retroviral polyproteins or individual domains thereof.
Klikova et al. (31) reported that Escherichia coli expression of
Mason-Pfizer monkey virus Gag yielded spherical unenveloped
particles similar to the immature virus, both inside bacterial
cells and upon incubation of purified proteins. Formation of
tubular structures has been observed following in vitro assem-
bly of purified bacterially expressed fragments of Rous sar-
coma virus (RSV) or HIV Gag polyproteins. In vitro assembly
of RSV and HIV CA-NC led to RNA-dependent formation of
hollow cylinders with a diameter of 55 nm and heterogeneous
length (7). Morphologically identical structures were observed
when purified HIV CA protein was used, but cylinder forma-
tion occurred at a 20-fold-higher molar concentration of pro-
tein, in high salt, and independent of RNA (22). These results
suggested that at least for HIV, CA alone determines the
shape of cylinders, which are stabilized by weak hydrophobic
interactions. The NC domain probably aligns and concentrates
the protein on the RNA and thereby facilitates efficient assem-

IN VITRO ASSEMBLY OF HIV-LIKE PARTICLES 4799

bly at lower protein concentrations (7, 22). Campbell and Vogt
(8) recently reported that in vitro assembly of larger fragments
of RSV Gag yielded spherical particles if the p10 region (lo-
cated upstream of CA on the RSV Gag polyprotein) was
present. Gag fragments lacking p10 yielded cylindrical particles
similar to CA-NC. These authors concluded that RSV pl10
contains a shape-determining region which facilitates interac-
tions required for spherical particle formation (8).

To define the requirements for assembly of immature and
mature HIV-like particles, we constructed bacterial expression
vectors for segments of the HIV Gag polyprotein. Here, we
report that CA alone formed cylindrical particles in vitro and
inside bacterial cells while N-terminal extensions abolished
cylinder formation. Spherical particles with heterogeneous di-
ameter or amorphous protein aggregates were observed in-
stead. Cylinder formation was restored if proteins were cleaved
by HIV PR before in vitro assembly. These results show that
N-terminal extensions of CA convert its assembly products
from tubular to spherical particles and suggest that liberation
of the CA N terminus is required for core condensation during
maturation.

MATERIALS AND METHODS

Expression plasmids. DNA manipulations were carried out by standard meth-
ods. All plasmids were derived from the prokaryotic expression vector pET11 3xc
(Novagen, Madison, Wis.), which carries a T7 expression cassette. HIV-1 coding
sequences were amplified from the proviral clone pNL4-3 (1) by PCR. For
construction of the CypA expression vector, plasmid pGEX-2T/hu—cyclophilin A
(3) was used as a template. By choosing appropriate primer sequences, we
introduced a translational start codon at the 5’ end (part of the newly introduced
Ndel site) and two stop codons (TGA/TAG) at the 3’ end of the coding se-
quences and also introduced novel restriction sites at the 5’ end (Ndel) and at the
3’ end (BamHI).

The amplified fragments were cleaved with Ndel and BamHI and ligated into
pET11 3xc that was also cleaved with Ndel and BamHI, resulting in the expres-
sion plasmids pET MA-CA, pET AMA-CA, pET N15MA-CA, pET MA100CA,
pET MAI115CA, pET MA120CA, pET MA128CA, pET CA, pET CAA13 (see
Fig. 5A), and pET-CypA. These plasmids encode recombinant proteins with
predicted molecular masses of 40.5 kDa (MA-CA), 31 kDa (AMA-CA), 27
kDa (NI5SMA-CA), 29 kDa (MA100CA), 27.5 kDa (MA115CA), 27 kDa
(MA120CA), 26 kDa (MA128CA), 25.6 kDa (CA), and 24 kDa (CAA13), all
containing an N-terminal Met residue in addition to the sequence of the respec-
tive viral protein. In the case of CA and AMA-CA, N-terminal sequence analysis
of purified proteins indicated removal of the N-terminal methionine.

Expression and purification of recombinant proteins. Induction of Escherichia
coli BL21 DE3 cells was performed essentially as described previously (22).
CypA was purified by a published procedure (37). Purification of CA-derived
proteins was modified from our published procedure (22). Bacterial cells were
resuspended in cold lysis buffer (50 mM morpholineethanesulfonic acid [MES;
pH 6.5], 10 mM MgCl,, 1 mM EDTA, 1 mM dithiothreitol [DTT], 100 mM
NaCl) and disrupted by cell disintegration (glass beads; Biomatik) and subse-
quent sonication (Branson sonifier B12). After consecutive centrifugation at
3,000 X g for 5 min, 27,000 X g for 15 min, and 246,000 X g for 60 min, CA
proteins were precipitated from the soluble fraction by the addition of ammo-
nium sulfate to 25% saturation, redissolved in buffer containing 50 mM Tris-HCl
(pH 8.0), 30 mM NaCl, 1 mM EDTA, and 1 mM DTT, and applied to DEAE-
cellulose (Whatman DES2) equilibrated with the same buffer in a batch proce-
dure. CA proteins were collected from the unbound material by the addition of
ammonium sulfate to 50% saturation followed by centrifugation. In some cases,
proteins were further purified by cation-exchange chromatography with a
POROS SP 20/M column on a BioCAD Sprint Perfusion Chromatography Sys-
tem (PerSeptive Biosystems). Proteins were applied in 50 mM MES (pH 6.0)-50
mM NaCl-1 mM EDTA-1 mM DTT and eluted with a salt gradient. For the
MAT120CA and MA128CA proteins, lysis was performed in 50 mM Tris-HCI (pH
8.9)-1 mM EDTA-1 mM DTT-1 M NaCl, high-speed centrifugation and anion-
exchange chromatography were omitted, and the ammonium sulfate precipitates
were redissolved in 1 M salt buffer (pH 6.0) and diluted to 50 mM NaCl before
undergoing cation-exchange chromatography. All purified proteins were col-
lected by ammonium sulfate precipitation, redissolved to a concentration of
approximately 3 mg/ml in 30 mM MES (pH 6.0)-1 mM EDTA-1 mM DTT-100
mM NaCl (or lacking NaCl in the case of CA and AMA-CA), and stored frozen
at —70°C.

Analysis of expression products. Protein samples were separated on sodium
dodecyl sulfate (SDS)-polyacrylamide gels containing 15% polyacrylamide (30:1
ratio of acrylamide to N,N-methylenebisacrylamide) and stained with Coomassie
blue. The protein concentration was determined by the method of Layne (34).
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Purity was assessed by scanning of Coomassie blue-stained gels with a Desaga
CD50 densitometer.

In vitro assembly. Protein stock solutions were diluted to the appropriate
concentration with storage buffer (30 mM MES [pH 6.0], 1 mM EDTA, 1 mM
DTT, 100 mM NaCl) and dialyzed overnight at 4°C against assembly buffer (50
mM Tris-HCI [pH 8.0], 1 M NaCl) unless otherwise indicated. For PR treatment
before assembly, AMA-CA was diluted to 3 mg/ml with storage buffer and
active-site titrated HIV-1 PR (32) was added at a molar ratio of 1:10 (enzyme:
substrate). After a 6-h incubation, the specific PR inhibitor Ro31-8959 (45) was
added to a concentration of 5 uM and samples were dialyzed against assembly
buffer and analyzed by negative-stain electron microscopy. For PR-treatment
after in vitro assembly, AMA-CA was first dialyzed overnight against 50 mM
Tris-HCI (pH 7.0)-0.65 M NaCl and PR was added subsequently at a molar ratio
of 1:10 (E:S). Incubation was performed at 4°C on the grid, and PR treatment
was stopped at various time points by the addition of Ro31-8959 to a final
concentration of 5 uM and subsequent preparation for negative staining. For
analysis of the effects of CypA on in vitro assembly, purified CA or AMA-CA was
mixed with purified CypA at molar ratios between 1:1 and 10:1 and dialyzed
against assembly buffer as indicated above.

Electron microscopy analysis. The procedure for analysis of assembly products
within induced bacteria will be described elsewhere (26). Briefly, induced E. coli
BL21 DES3 cells were collected by brief centrifugation, resuspended and fixed in
4% paraformaldehyde-2% glutaraldehyde in phosphate-buffered saline (PBS),
incubated for 5 min on ice, washed with PBS, and collected by brief centrifuga-
tion. The wet bacterial soft pellet was drawn into cellulose capillary tubes by
capillary action as described previously (27). Subsequently, bacterial cells were
postfixed within the capillaries for 30 min with 1% OsO, in PBS, washed with
water, stained for 30 min in 1% uranyl acetate in water, and dehydrated in a
graded series of ethanol. The capillary tubes were embedded in ERL resin for
sectioning. Ultrathin sections were counterstained with 2% uranyl acetate and
lead citrate. Micrographs were obtained with a Philips CM120 transmission
electron microscope at 80 kV.

For negative staining of in vitro assembly products, 5-pl samples of dialyzed
protein solutions were applied to Parafilm and covered with a UV-irradiated
Formvar/carbon-coated grid (200-mesh size) for 5 min. In some cases, purified
antibodies to HIV-1 CA were bound to the grid to immobilize spherical particles.
An immunoglobulin G fraction was prepared from rabbit polyclonal antiserum
against CA (40) by successive precipitation with caprylic acid and ammonium
sulfate as described previously (53). Purified antibodies were redissolved in PBS
and incubated with UV-irradiated grids for 30 min at room temperature (protein
concentration, 0.9 mg/ml). Subsequently, the grids were washed three times with
50 mM Tris-HCI (pH 7.2) and immediately used for binding of in vitro assembly
products (1 h at room temperature). After binding, the grids were washed three
times with Tris-HCI (pH 7.2) and three times with water and stained with 1%
uranyl acetate for 5 min. Excess stain was removed by touching the grid to a filter
paper. After being stained, the grid was air dried for 5 min and analyzed with a
Philips CM 120 transmission electron microscope.

RESULTS

Purification of N-terminally extended CA proteins and in
vitro assembly of spherical particles. Previously, we had shown
that in vitro assembly of purified HIV-1 CA protein with or
without the C-terminally adjacent NC domain led to the for-
mation of tubular particles (22). These hollow cylinders are
likely to share structural features with mature HIV capsids,
which exhibit a cone-shaped morphology in thin-section elec-
tron microscopy (16, 17) and cryoelectron microscopy (13). To
extend the in vitro assembly system to the analysis of spherical
HIV core-like particles corresponding to the immature virion,
we constructed expression vectors for extended CA proteins.
Previous studies with recombinant baculoviruses for expression
had shown that the C-terminal p6 domain of Gag and most of
the NC domain are not essential for assembly and extracellular
release of spherical particles (25, 46). Since the presence or
absence of NC also did not alter the in vitro assembly pheno-
type (22), we reasoned that the shape of assembly products
may be determined by the N-terminal MA domain. Further-
more, a large internal deletion within the MA domain of HIV
Gag (amino acids 16 to 99) did not change the morphology of
the immature spherical protein shell (11). We therefore made
a construct (pET AMA-CA) for expression of a protein con-
taining the first 15 amino acids and the last 33 amino acids of
the MA domain fused to CA (AMA-CA, containing a deletion
from amino acids 16 to 99 of MA [Fig. 1A]). Following expres-
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sion in E. coli BL21 DES3 cells, the specific product (31 kDa)
accumulated to about 10% of the total E. coli protein after
induction (Fig. 1B, lane 1) and reacted with specific antisera
against CA in immunoblot analysis (data not shown).

The AMA-CA protein was purified essentially as described
for HIV-1 CA (22). Following high-speed centrifugation (Fig.
1B, lane 2), precipitation with ammonium sulfate (lane 5), and
anion-exchange chromatography, approximately 20 mg of
AMA-CA per liter of induced bacterial culture was obtained at
a purity of >95% (lane 7). For in vitro assembly, purified CA
and AMA-CA proteins were diluted to a concentration of 3
mg/ml and dialyzed overnight against assembly buffer (1 M
NaCl [pH 8]). Samples from both reactions were analyzed by
negative-stain electron microscopy. Assembly into long and
hollow tubular structures with an external diameter of 50 nm
was observed for CA (Fig. 2A), while in vitro assembly of
AMA-CA yielded spherical particles of heterogeneous size but
no cylinders (Fig. 2B). Both CA-derived cylinders and AMA-
CA-derived spheres exhibited a regular substructure. The di-
ameter of spherical particles ranged from 20 to 100 nm, with
approximately 50% of particles showing a diameter of about 60
nm. Some incomplete and broken spheres were observed, with
stain penetrating into the interior of the particle, which indi-
cated that they were hollow with a wall thickness of 5 to 6 nm
(data not shown; see below). The AMA-CA-derived particles
appeared mostly circular with occasional flat or angular facets
but without evidence for icosahedral symmetry (Fig. 2B). Ap-
proximately threefold fewer spherical particles were observed
compared to CA-derived tubular structures, and we therefore
used antibody-coated grids for immobilization of in vitro as-
sembly products in most experiments. No difference in the
shape or morphology of spheres was observed when grids with
or without antibodies were analyzed in parallel (data not
shown). Spherical particles were first observed after dialysis for
15 min. Large precipitates but no spherical or tubular particles
were detected when AMA-CA or CA was not dialyzed but
immediately adjusted to 1 M salt.

Optimal in vitro assembly of spherical structures from puri-
fied AMA-CA protein occurred in buffer of neutral to alkaline
pH, at high ionic strength, and at a protein concentration of 3
mg/ml or more (100 wM), similar to the conditions determined
for CA (22). Virtually no particulate structures were observed
at pH 8 and 0.2 M salt, and the efficiency of sphere formation
was only 5 to 10% at 0.5 M salt compared to 1 M salt. No
ordered structures were observed if AMA-CA protein was in-
cubated at pH 6 and 0.1 M salt, while assembly of spherical
particles occurred when the salt concentration was raised to 1
M, albeit at a threefold-lower efficiency than that at pH 8 and
1 M salt. Thus, in vitro assembly of AMA-CA-derived spheres
appeared less sensitive to pH and more sensitive to salt con-
centration than did assembly of CA-derived tubular particles
(22). No particulate structures were observed when assembly
reactions (in 1 M salt buffer [pH 8]) were performed at a
protein concentration of 0.2 mg/ml AMA-CA. Increasing num-
bers of particles were detected when the protein concentration
was raised above 1 mg/ml. Addition of 5 uM Ca*" had no
effect on the efficiency of assembly or on the morphology of
spherical particles. Similarly, addition of RNA at 3% (by
weight) of protein or pretreatment with RNase A (0.2 mg/ml
for 1 or 2 h) did not alter the yield or structure of assembly
products. Spherical particles were unaltered following incuba-
tion in 0.5% Triton X-100 for 150 min.

Effect of PR treatment and of cyclophilin A on in vitro
assembly. To analyze the effect of PR treatment on in vitro
assembly, we incubated AMA-CA with purified HIV-1 PR at a
molar ratio of 1:10 (E:S) either before or after performing the
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FIG. 2. Negative-stain electron micrograph of in vitro assembly products. (A) CA. (B) AMA-CA. Protein solutions (3 mg/ml) were dialyzed overnight against 50
mM Tris HCI (pH 8.0) containing 1 M NaCl, stained with 1% uranyl acetate, and analyzed by electron microscopy. To immobilize AMA-CA-derived particles, the grid
had been coated with purified CA-specific antibodies. No difference in size or morphology of particles was observed when grids without antibodies were used instead.
Bar, 100 nm.
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assembly reaction. Incubation of in vitro-assembled spherical
particles (Fig. 3B) with PR for 10 min led to cleavage of most
of the AMA-CA protein to AMA and CA (Fig. 3A, lane 2).
Spherical particles were completely disrupted under these con-
ditions, and no ordered structures were observed on the grid
(data not shown). Incubation of assembly products with PR for
1 h or longer resulted in complete cleavage of AMA-CA (lane
3) and formation of long and irregular rod-like protein con-
glomerates with similar overall dimensions to those of CA-
derived cylinders (Fig. 3C). However, these structures were not
cylindrical and did not exhibit regular substructures. Cleavage
of AMA-CA before in vitro assembly, on the other hand, re-
sulted in efficient formation of cylindrical structures which
were morphologically identical to CA-derived tubes (Fig. 3D).
In a separate experiment, AMA-CA and PR were mixed and
the entire sample was dialyzed against assembly buffer during
the cleavage reaction. Dialysis for 6 h led to the formation of
tubular structures which were slightly more heterogeneous in
diameter than CA-derived cylinders (external diameters rang-
ing from 40 to 60 nm [Fig. 3E]).

CypA, a cellular peptidylprolyl isomerase, is incorporated
into HIV-1 particles by directly binding to the CA domain of
Gag and is required for viral infectivity at an early step of
replication (12, 38, 54). Virions lacking CypA appear to have
no defect in assembly or release, and it has been suggested that
CypA plays a role in virus entry, destabilizing the mature core
for disassembly (5, 14). To analyze the effect of CypA on in
vitro assembly of tubular and spherical particles, we performed
assembly reactions in the presence of increasing concentra-
tions of purified CypA. In the virion, the ratio of CA to CypA
is approximately 10:1. In vitro assembly of CA in the presence
of CypA at the same molar ratio of 10:1 did not alter the
morphology, diameter, or wall thickness of the resulting cylin-
ders (Fig. 4A). However, cylinders formed in the presence of
CypA were significantly longer (average length, >3 pwm) than
those obtained in the absence of CypA (average length, 600 to
700 nm). Furthermore, assembly in the presence of CypA
prevented aggregation of individual tubes, which was common
in the absence of CypA. Besides hollow cylinders, we also
observed small (diameter, approximately 30 nm) ringlike struc-
tures (Fig. 4A) and accumulation of unstructured protein ag-
gregates (Fig. 4A) in the presence of CypA. At a molar ratio of
3:1 (CA to CypA), approximately 100-fold fewer cylinders were
observed than in the absence of CypA. Individual cylinders
were morphologically similar and had the same diameter of 50
nm but were shorter (Fig. 4B; average length, 300 nm). Small
ring-like structures attached to the end of a cylinder were also
observed (Fig. 4B). At a molar ratio of 1:1, neither cylinders
nor any other organized structures were observed on the grid
(Fig. 4C). In vitro assembly of AMA-CA in the presence of
CypA at a molar ratio of 1:1 also completely disrupted particle
formation (data not shown). Virtually no spherical particles
but small unstructured protein aggregates of variable sizes
were observed at a molar ratio of 3:1 (AMA-CA to CypA [Fig.
4E]), while assembly efficiency was not significantly altered
when CypA was added at a molar ratio of 10:1. However,
assembly products were considerably more heterogeneous in
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size and shape (Fig. 4D). Larger particles with a diameter up to
200 nm, as well as very small particles, were observed. Fur-
thermore, only 50% of particles appeared spherical and vari-
ous altered morphologies (elliptical, indented, teardrop shaped
[Fig. 4D]) were observed. Very rarely, cylinders with similar
dimensions to those of CA-derived particles, which had never
been observed in the absence of CypA, were also detected. We
conclude that CypA affects the in vitro assembly of both spher-
ical and tubular particles, leading to a complete loss of particle
formation if equimolar amounts of CypA are used and to
altered assembly properties at substoichiometric concentra-
tions. The effects of CypA can be blocked by the immunosup-
pressive drug cyclosporine, and assembly of both tubular and
spherical particles was restored if 10 wM cyclosporine was
added to an assembly reaction mixture containing equimolar
amounts of CypA and CA or AMA-CA (data not shown).

In vitro assembly of CA proteins with short N-terminal
extensions. To determine whether the AMA-CA protein con-
tains a specific shape-determining region giving rise to assem-
bly of spherical particles, we constructed additional bacterial
expression vectors for N-terminally extended CA proteins. Be-
sides MA-CA, containing the entire MA and CA sequence, the
following extended CA proteins were expressed in E. coli:
N15MA-CA (containing the first 15 amino acids of MA fused
to the N terminus of CA), MA100CA (from amino acid 100 of
MA to the C terminus of CA), MA115CA, MA120CA, and
MA128CA. N15SMA-CA and MA100CA contain the N-termi-
nal or C-terminal segment of MA that is also present in the
AMA-CA protein. In parallel experiments, we also analyzed
the in vitro assembly of CA and of a truncated CA protein
lacking the N-terminal 13 amino acids of CA (CAA13), which
correspond to a tightly folded B-hairpin in the three-dimen-
sional structure model of CA (14, 19). A schematic represen-
tation of the HIV-specific regions encoded by the various con-
structs and of the expected expression products is shown in Fig.
5A. Following induction of E. coli BL21 DE3, all proteins were
produced equally well and accumulated to about 10% of total
E. coli protein (Fig. 5B). Full-length MA-CA protein was
poorly soluble after bacterial lysis and was not further ana-
lyzed. NISMA-CA, MA100CA, MA120CA, MA128CA, CA,
and CAA13 were purified as described above and were all
obtained at a purity of 90% or better.

Dialysis of N1SMA-CA and MA100CA against assembly
buffer (1 M NaCl [pH 8]) yielded different results. With
NI15MA-CA, a large number of small, heterogeneous, spheri-
cal particles (diameter, 25 to 35 nm) with a strong tendency for
aggregation into strings and grape-like structures was observed
(Fig. 6A). In contrast to AMA-CA-derived particles, these
smaller spheres did not exhibit any regular substructure.
MAT100CA, on the other hand, produced particles very similar
to those observed for AMA-CA, albeit at more than a 100-
fold-lower efficiency. Occasional particles with an average di-
ameter of 60 nm, a circular appearance, and a regular sub-
structure were detected (Fig. 6B). These results indicate that
N-terminal extensions of CA by heterologous (N15MA-CA) or
homologous (MA100CA) MA-derived sequences can block in

FIG. 3. Effect of PR treatment on in vitro assembly. (A) Coomassie blue-stained SDS-polyacrylamide gel of AMA-CA and cleavage products. In vitro assembly of
AMA-CA was performed as described in the legend to Fig. 2, and assembly products were analyzed either directly (lane 1) or after incubation with purified HIV-1 PR
(E:S, 1:10) for 10 min (lane 2) or 1 h (lane 3). Alternatively, AMA-CA was first cleaved with PR for 6 h (lane 4) and subsequently used for in vitro assembly. Molecular
mass standards (in kilodaltons) are depicted on the left; HIV-specific proteins are identified on the right. (B to E) Negative-stain electron micrographs showing the
following reaction products: (B) AMA-CA in vitro assembly without PR incubation; (C) products after PR cleavage of AMA-CA-derived spherical particles for 1 h;
and (D) products obtained when AMA-CA was first cleaved with PR for 6 h and cleavage products were subsequently used for in vitro assembly. (E) AMA-CA and
PR were mixed and the entire reaction was used for in vitro assembly as described in Materials and Methods. Bar, 100 nm.
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vitro assembly of cylinders and convert the assembly pheno-
type to spherical particles.

To delineate a minimal MA-derived sequence required for
production of spherical particles, we analyzed the in vitro as-
sembly properties of MA120CA and MA128CA containing the
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FIG. 4. Effect of CypA on in vitro assembly. Negative-stain electron micro-
graphs corresponding to in vitro assembly of CA (A to C) or AMA-CA (D and
E) in the presence of purified CypA at a CA-to-CypA molar ratio of 10:1 (A and
D), 3:1 (B and E), or 1:1 (C). (D and E). Grids had been coated with purified
CA-specific antibodies. The arrow in panel A identifies a ring-like structure
approximately 30 nm in diameter; the asterisk denotes a large, nonstructured
protein aggregate. Bar, 100 nm.

C-terminal 13 and 5 amino acids of MA, respectively. Both
proteins yielded spherical particles at comparable efficiency to
that of AMA-CA. However, these particles were considerably
more heterogeneous in morphology, and many broken or in-
complete particles were observed (Fig. 6C and D), in contrast
to the regular assembly products of AMA-CA (Fig. 2B). Many
half-shells filled with stain were observed on the grid (Fig. 6C),
which permitted accurate determination of their wall thick-
ness. Similar to the tubular particles analyzed previously (22),
the walls of these spheres were approximately 6 nm thick. No
tubular particles typical of in vitro assembly of CA (Fig. 6E)
were ever detected in MA120CA or MA128CA. The shortest
protein analyzed in the in vitro assembly system contained a
deletion of the first 13 amino acids of CA (CAA13). This
protein yielded tubular particles at similar efficiency and of
similar morphology to CA itself (Fig. 6F). CAA13-derived par-
ticles were slightly more heterogeneous in diameter but oth-
erwise indistinguishable from CA-derived particles. However,
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FIG. 5. (A) Schematic representation of the various expression vectors. The
Gag polyprotein is shown at the top, and the regions encoded in the expression
vectors and the expected products are indicated below. The numbers correspond
to the amino acids of MA or CA (CAA13) flanking the deletion. (B) Coomassie
blue-stained SDS-polyacrylamide gel representing induced bacterial cells har-
boring various expression vectors. U, uninduced bacteria. Molecular mass stan-
dards (in kilodaltons) are indicated on the left, and the position of CA is marked
on the right.

more unstructured protein aggregates were observed with
CAA13.

Assembly of N-terminally extended CA proteins in E. coli.
The Gag protein of Mason-Pfizer monkey virus and fragments
of the RSV Gag protein assemble into either spherical or
tubular particles inside bacterial cells, and their assembly prop-
erties in E. coli correlate with the in vitro assembly properties
of the respective purified proteins (8, 31). However, these
proteins contain the RNA-binding NC domain and in vitro
assembly occurs in an RNA-dependent manner in low-salt
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buffer. To analyze whether CA and N-terminally extended CA
proteins also assembled into particulate structures inside E.
coli cells, the respective expression vectors were transformed
into E. coli and bacterial cells were prepared for thin sectioning
3 h after induction. Fixation and further preparation were
performed on bacteria drawn into cellulose capillary tubes,
which obviated the need for repeated centrifugations and fa-
cilitated the handling and preparation of specimens.

Induced bacteria harboring the CA expression vector readily
showed the accumulation of intracellular cylinders (Fig. 7E).
These cylinders were smaller in diameter than those observed
in vitro (30 nm compared to 50 nm) and were considerably
more branched. Furthermore, the cylinder lumen was difficult
to detect in most cases, indicating that many particles had
collapsed. MA-CA, containing the entire MA and CA regions
of HIV-1, did not yield any ordered structures inside E. coli
cells, and only large amorphous protein aggregates were ob-
served (Fig. 7A). Similar results were obtained for MA120CA
and MA128CA (data not shown), both of which had been
shown to assemble into spherical particles in vitro (Fig. 6C and
D). NISMA-CA gave rise to large arrays of small irregular
particles of variable sizes very similar to the in vitro assembly
products (Fig. 7B). MA100CA produced predominantly un-
structured protein aggregates similar to MA-CA, but occa-
sional regular spherical particles similar to those observed in
vitro were also detected (Fig. 7C). Unexpectedly, AMA-CA
which assembled into regular spherical particles with much
higher efficiency in vitro gave a similar result to MA100CA in
induced bacteria. Only rare spherical particles but predomi-
nantly unstructured protein aggregates were detected (data not
shown). Induced bacteria harboring pET MA115CA (contain-
ing the last 18 amino acids of MA upstream of CA) showed
large spiral structures (Fig. 7D). These structures most prob-
ably correspond to two-dimensional sheet-like arrays of pro-
tein. Similar spirals of slightly different morphology as well as
unstructured protein aggregates but no regular cylinders were
observed for CAA13 inside bacterial cells (Fig. 7F).

DISCUSSION

In this report, we have shown that fragments of the HIV-1
Gag polyprotein can assemble into hollow spherical particles in
vitro provided that an N-terminally extended form of CA is
used for assembly. Cylindrical particles were produced, on the
other hand, if CA protein with its native N terminus or with a
short N-terminal deletion (CAA13) was used. Formation of
spherical particles did not require any other viral or cellular
protein or nucleic acid. In vitro assembly of spheres occurred
at neutral pH and high protein and salt concentrations, similar
to the previously described in vitro assembly of cylindrical
particles from purified CA (22). These results indicate that
sphere formation is also mediated by weak hydrophobic inter-
actions, most probably contributed by the CA domain. C-ter-
minal segments of Gag were not required for in vitro assembly
of spherical particles.

The observation that the presence of the N-terminal MA
domain or a segment thereof determines the shape of the HIV
core particle is in agreement with studies reporting the assem-
bly phenotype of gag deletion mutants in tissue culture. Dele-
tion of the entire p6 domain (28, 29, 46) and of most or all of
the NC domain (25, 29, 46) did not prevent the release of
HIV-like particles containing a spherical protein shell follow-
ing baculovirus-mediated expression. Furthermore, large inter-
nal deletions within the HIV MA domain also had no apparent
effect on the morphology of the resulting particles. A Gag
protein lacking amino acids 16 to 99 of MA directed the bud-



4806 GROSS ET AL.

J. VIROL.

FIG. 6. Electron micrographs showing in vitro assembly products of NISMA-CA (A), MA100CA (B), MA120CA (C), MA128CA (D), CA (E), and CAA13 (F).
Proteins (3 mg/ml) were dialyzed overnight against 50 mM Tris-HCI (pH 8.0) containing 1 M NaCl and analyzed by negative staining with 1% uranyl acetate. All the
grids had been coated with purified CA-specific antibodies. No difference in the size or morphology of particles was observed when grids without antibodies were used

instead. Bar, 100 nm.

ding of morphologically normal immature particles into the
cisternae of the endoplasmic reticulum (11). A longer deletion
mutant (amino acids 16 to 120 of MA) permitted extracellular
release of particles (56), while deletion of almost the entire

MA domain (amino acids 16 to 132, retaining only the first 15
amino acids of MA upstream of CA) led to accumulation of
nonenveloped spherical particles with a similar morphology to
authentic HIV (52). Lee and Linial (35) reported that replac-
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o

FIG. 7. Thin-section electron microscopy analysis of induced bacterial cells harboring various expression vectors. (A) pET MA-CA; (B) pET N15MA-CA; (C) pET
MA100CA; (D) pET MA115CA; (E) pET CA; (F) pET CAA13. Bar, 100 nm.
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ing the entire MA domain of HIV-1 by a short signal for
N-terminal myristoylation also permitted the assembly and re-
lease of spherical HIV-like particles, albeit at lower efficiency.
In this case, the deletion included the first 10 amino acids of
CA, indicating that the CA N-terminal region may not be
essential for assembly of immature HIV particles. A similar
result was obtained following baculovirus-mediated expression
of a deletion mutant lacking codons 41 to 143 of the HIV gag
reading frame (including the first 10 codons for CA), which led
to the efficient release of immature particles with a morphol-
ogy very similar to that of wild-type particles (4). While the
expression products were quite different in these various stud-
ies, they all had in common that upstream sequences were
present at the N terminus of CA. A similar phenotype was
observed in the in vitro assembly system: spherical particles
were formed when N-terminally extended CA proteins were
used. These results suggest that morphogenesis of spherical
particles may be controlled by the presence of additional se-
quences upstream of the CA domain on the polyprotein.

Only cylindrical particles, morphologically identical to CA-
derived cylinders, were obtained when the AMA-CA protein
was cleaved with HIV-1 PR prior to the in vitro assembly
reaction. This result indicates that neither the synthesis as a
polyprotein before cleavage nor the presence of the AMA
peptide in the assembly reaction was responsible for the as-
sembly phenotype, but only the presence of additional se-
quences at the N terminus of CA. Proteolytic separation of
MA and CA should therefore also be required for condensa-
tion of the mature cone-shaped capsid shell. Mutation of the
MA-CA cleavage site in the context of an HIV-1 proviral clone
led to noninfectious particles containing an electron-dense
RNP core and a thickening of the viral membrane but no
conical capsid shell (21). The additional density at the mem-
brane was most probably due to the CA domain, which had not
been removed from the membrane-attached MA domain. Re-
cent experiments showed that cleavage at both sides of SP1,
separating NC and SP1 from the CA domain, is also essential
for virion maturation, and it has been suggested that HIV-1
maturation is a sequential process governed by the rate of
processing at individual cleavage sites (58).

The three-dimensional structure model of the N-terminal
segment of HIV-1 CA, obtained by nuclear magnetic reso-
nance spectroscopy (19) and X-ray analysis (14, 42), provides a
likely explanation for the role of N-terminal extensions of CA
during assembly. The structural studies indicated that CA is a
largely helical protein with several putative interfaces for in-
termolecular interaction. The two most prominent interfaces
are the C-terminal dimerization domain (15) and the N-termi-
nal part of CA including helices 1 and 2 (amino acids 17 to 43
of CA) and a N-terminal B-hairpin structure from amino acids
1 to 13 of CA (14, 19). In the cleaved CA protein, the N-
terminal NH, " group of Prol of CA is oriented toward helix 3
and forms a salt bridge with Asp51, which is presumed to
stabilize the B-hairpin (19). Preventing the formation of this
salt bridge by substitution of the Asp codon in a proviral clone
abolished condensation of the mature cone-shaped core, and
the same substitution also prevented the formation of tubular
particles in the in vitro assembly system (55a). N-terminal
extensions of CA are predicted to block formation of the
B-hairpin, because additional residues would sterically clash
with the first helices and no positively charged group would be
available for interaction with Asp51 (19). Presumably, N-ter-
minal extensions cause unfolding of the B-hairpin structure
into an extended conformation, making the MA-CA bond ac-
cessible for proteolytic cleavage. This alteration may prevent
cylinder formation, either because the B-hairpin structure is an

J. VIROL.

essential determinant of the CA interface in the cylinder or
because the flexible extended N terminus interferes with cyl-
inder formation. In either case, the assembly of spherical par-
ticles would be determined primarily by CA-mediated interac-
tions and not by additional protein-protein interactions
provided by the N-terminally fused sequences. This model can
also explain why short N-terminal extensions of only 5 amino
acids (MA128CA), as well as heterologous MA-derived se-
quences (N1SMA-CA), can convert the assembly phenotype
from cylinders to spheres. It should be noted, however, that
particles derived from AMA-CA appeared more regular and
were mostly intact whereas MA128CA and other shorter pro-
teins yielded heterogeneous particles which were mostly in-
complete. These results indicate that MA sequences may con-
tribute to the morphogenesis of the spherical protein shell in
additional ways besides anchoring the Gag protein to the mem-
brane and keeping the N terminus of the CA domain in an
unfolded state. All particles obtained in the in vitro system
were smaller than the Gag protein shells of immature HIV
particles, and additional segments of Gag and/or nucleic acids
or cellular proteins may be required for the assembly of par-
ticles of regular size.

The N-terminal sequence of CA corresponding to the
B-hairpin is not required for the assembly of spherical protein
shells (4, 35). Our in vitro assembly experiments have shown
that it is also not required for the formation of tubular particles
of similar morphology to CA-derived cylinders. Thus, the N-
terminal region of CA appears to have a decisive influence on
particle morphogenesis when it is present in the protein, al-
though it is not required for either cylinder or sphere forma-
tion. Most probably, this part of the protein serves as a mo-
lecular switch which is triggered by PR-mediated proteolytic
cleavage during maturation. Gamble et al. (14) reported that
the N-terminal interface of CA occludes 800 A of accessible
surface area and the B-hairpin structure contributes 230 A to
this value. The residual interactions mediated by the two N-
terminal helices of CA may be sufficient for cylinder formation
in the in vitro system, where only a single protein (CAA13) is
present. However, no cylinders were detected for CAA13 in
the more complex environment inside bacterial cells, suggest-
ing that the B-hairpin contributes to cylinder formation. Full-
length CA protein, on the other hand, also gave rise to cylin-
ders inside bacterial cells, although these structures appeared
less ordered and were mostly collapsed.

CypA is a cellular protein that is incorporated into HIV-1
particles at a ratio of 1:10 (relative to CA) and is important for
virus replication (12, 38, 54). It binds to a flexible loop in CA
(14) and is incorporated into the particle via its interaction
with the CA domain of Gag (38). Based on analysis of indi-
vidual steps in viral replication, it has been suggested that
CypA plays a role in viral entry, at an early step preceding
reverse transcription (5). Structural analysis of CA-CypA co-
crystals (at a CA-to-CypA ratio of 1:1) showed that CypA
binding may inhibit interactions between planar CA strips,
thereby preventing the formation of higher-order structures
(14). Given the 10-fold-lower CypA-CA stoichiometry in the
virion, this inhibition may have a destabilizing effect preparing
the core for disassembly (14). In vitro assembly of CA or
AMA-CA in the presence of CypA at a molar ratio of 1:1
prevented formation of ordered structures, as suggested by the
structural studies. Furthermore, a severe reduction in assembly
efficiency and formation of significantly shorter cylinders was
also observed at a CypA-to-CA molar ratio of 1:3 and no
particles were detected for AMA-CA at this ratio. When CypA
was added at a molar ratio of 1:10, as found in the virion, on
the other hand, there was no significant difference in the as-
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sembly efficiency for either CA or AMA-CA compared to ex-
periments in the absence of CypA. Significantly longer cylin-
ders which had lost their tendency to aggregate were observed
in the case of CA. Thus, at least in our in vitro system (1 M
NaCl [pH 8]), the presence of CypA at a concentration of 10%
of the CA level does not interfere with cylinder formation and
the observed phenotype could be explained by a chaperone
function of CypA which may enhance CA reorganization, re-
sulting in longer cylinders in the in vitro system. It is interesting
that the same concentration of CypA altered the shape of
AMA-CA-derived particles from spheres to polymorphic struc-
tures with occasional cylinders with diameters of 50 nm, which
had never been observed in the absence of CypA. Conceivably,
CypA may also destabilize the spherical protein shell during
virion maturation and facilitate the formation of the cone-
shaped core. Even minor alterations in the ordered reorgani-
zation of the mature core may produce subsequent defects in
virus entry.
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