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Crystal structures of human immunodeficiency virus type 1 (HIV-1) capsid protein (CA) reveal that the last
11 C-terminal amino acids are disordered. This disordered region contains a glycine-rich sequence 353-
GVGGP-357 (numbering refers to the initiation methionine of Gag) that is highly conserved within the Gag
proteins of HIV-1, HIV-2, and simian immunodeficiency virus, which suggests the importance of this sequence
in virus replication. In the present study, we demonstrate that changing any individual residue within this
short region in the context of the full-length HIV-1 genome virtually abolishes production of extracellular virus
particles, in either the presence or absence of viral protease activity. This severe defect in virus particle
production results from impaired Gag multimerization, as well as from decreased Gag association with the
cellular membranes, as demonstrated by the results of gradient sedimentation and membrane flotation
centrifugation assays. These findings are further supported by the diffuse distribution pattern of the mutant
Gag within the cytoplasm, as opposed to the punctate distribution of the wild-type Gag on the plasma
membrane. On the basis of these results, we propose that the disordered feature of amino acid stretch
353-GVGGP-357 in the CA crystal forms may have allowed Gag to adopt multiple conformations and that such

structural flexibility is needed by Gag in order to construct geometrically complex particles.

Human immunodeficiency virus type 1 (HIV-1) Gag pro-
teins are able to undergo self-assembly and to drive the pro-
duction of virus-like particles (20). Upon activation of viral
protease during or shortly after viral budding, Gag is cleaved at
distinct sites; this event leads to the generation of mature
proteins that include matrix (MA), capsid (CA), nucleocapsid
(NC), and p6, as well as two spacer peptides, p2 and p1 (26).
These mature proteins are involved in the construction of
subviral structures. MA is located at the inner leaflet of the
virus membrane, CA molecules constitute the shell of the con-
ical core, and NC is tightly associated with viral genomic RNA
(for a review, see reference 15). The order of protease cleavage
at the distinct sites is temporally regulated such that the ma-
ture proteins are released in a sequential manner (13, 33, 35,
49, 58). Temporally ordered cleavage of Gag has significant
implications for virus morphogenesis. For example, release of
p2 from the C terminus of CA is the latest step during Gag
processing, and this event triggers morphological transition of
the capsid core from a spherical to a conical form (25, 64).

Gag proteins alone are able to generate virus-like particles
(20). This Gag function involves three distinct protein do-
mains: the membrane-binding (M) domain, the Gag-Gag in-
teraction (I) domain, and the late (L) domain. The M domain
is located at the N terminus of MA and consists of a covalently
attached myristate acid, as well as a number of basic residues
(20, 23, 56, 67). The myristate moiety anchors Gag into the
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lipid bilayer, and the basic residues further stabilize Gag-mem-
brane association through electrostatic interactions with the
negatively charged phosphate groups. The I domain comprises
multiple basic residues within the NC sequences (5-7, 9, 10, 24,
53). This domain promotes Gag-Gag interaction largely by
virtue of its high affinity for RNA. The L domain has been
mapped to the tetrapeptide motif P(T/S)AP at the N terminus
of p6. It assists virus detachment from host cells by recruiting
cellular factors such as TSG101 (19, 22, 28, 41, 60; for a review,
see reference 16).

In addition to these three functional domains, the C-termi-
nal domain (CTD) of CA (CA amino acids 150 to 231) is also
indispensable for virus particle formation (11, 31, 52, 61, 63,
66). Within this domain exists a major homology region
(MHR) that is highly conserved among retroviral Gag pro-
teins. The importance of MHR in virus assembly has been
demonstrated by a number of mutagenesis studies (4, 11, 12,
40, 42, 51, 52, 61) with the exception of one that described a
minor effect of the MHR deletion on virus particle production
(57). This latter observation is likely due to the use of an
overexpression system to produce Gag proteins. MHR may
play essential roles in the multimerization, as well as the mem-
brane targeting, of Gag proteins. The crystal structure analysis
of CA reveals a dimer interface that is constituted by a pack of
helix 2 between CA molecules (17, 43, 65). Presumably, dis-
ruption of this interface by mutations will affect CA-CA inter-
actions, and consequently, inhibit virus assembly.

Interestingly, the last 11 to 13 amino acids at the C terminus
of CA, i.e., 352-QGVGGPGHKARVL-364 (numbering refers
to the initiation methionine of Gag), are disordered in the
crystal forms of CA 45,31 0F CA 46.031-p2 (17, 65). Amino
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TABLE 1. Conservation of the 352-QGVGGPG-358 amino acids
within the primate lentiviral Gag

% Conservation % Conservation

Amino acid

in HIV-1¢ in HIV-2 or SIV®
Q352 99 100
G353 100 100
V354 100 82
G355 100 96
G356 100 100
P357 100 100
G358 58 96

¢ This analysis included sequences from 102 different types of HIV-1, as well
as CPZ strains, as summarized previously (36).
b A total of 28 strains of HIV-2 or SIV were analyzed.

acids 359-HKARVL-364 constitute the N-terminal portion of a
putative a-helix that extends into the adjacent p2 region (1).
This helical structure has been implicated in regulation of virus
assembly (1). Immediately upstream of these six amino acids is
a glycine-rich motif 353-GVGGPG-358 that is highly con-
served in Gag proteins of primate lentiviruses, including
HIV-1, HIV-2, and simian immunodeficiency virus (Table 1)
(36). This highly conserved feature suggests an important func-
tion of these amino acids in virus production. In the present
study, we have changed each of six amino acids (353-GVG-
GPG-358) and measured the effects of these mutations on
virus particle formation. Our data demonstrate that altering
any of five amino acids (353-GVGGP-357) prevents the for-
mation of large Gag complexes and, consequently, impairs
virus particle generation.

MATERIALS AND METHODS

Plasmid construction. An infectious HIV-1 cDNA clone BH10 was employed
as starting material for the following mutagenesis experiments. Each of the seven
amino acids 352-QGVGGPG-358 was individually changed to alanine in the
context of the full-length HIV-1 genome. The mutations thus generated were
termed Q352A, G353A, V354A, G355A, G356A, P357A, and G358A (Fig. 1).
These mutations were engineered by PCR through use of an antisense primer
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FIG. 1. Illustration of the 352-QGVGGPG-358 sequences located
at the C terminus of CA. Each of these amino acids was changed to
alanine, and the resultant mutations are shown at the top of the
peptide that is illustrated. The domain structure of HIV-1 Pr5594¢ is
presented at the bottom. On the top is the expanded depiction of the
CTD of CA and the adjacent p2 peptide. Locations of the four a-he-
lices within the CTD of CA are depicted as shaded boxes (3, 17, 43,
65). A putative a-helix across the boundary of CA and p2 is also
indicated (1). The numbering of amino acids refers to the initiation
methionine of Gag.
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pNC-A (5'-TTAGCCTGTCTCTCAGTACAATC-3'), together with the follow-
ing primers: p1840A, 5'-GATGACAGCATGTgcGGGAGTAGGAGGAC-3';
p1843A, 5'-CAGCATGTCAGGcAGTAGGAGGAC-3'; p1846A, 5'-CATGTC
AGGGAGcAGGAGGACCCG-3'; p1849A, 5'-GTCAGGGAGTAGCcAGGAC
CCGGCC-3'; p1852A, 5'-GCATGTCAGGGAGTAGGAGCACCCGGCCATA
AG-3'; p1855A, 5'-CATGTCAGGGAGTAGGAGGAgCCGGCCATAAGGC-
3’; and p1858A, 5'-CAGGGAGTAGGAGGACCCGcCCATAAGGCAAGAG-
3.

The mutated nucleotides in each primer are indicated by lowercase letters.
The resulting PCR products were used as megaprimers in a second round of
PCR, together with the sense primer Sph-S (5'-AGTGCATCCAGTGCATGC
AGGGCC-3'). The final PCR products were digested by restriction enzymes
Sphl and Apal and inserted into BH10 that had been digested by the same two
enzymes.

Cell culture, transfection, and infection. COS-7 and HeLa cells were grown in
Dulbecco modified Eagle medium, and Jurkat cells were grown in RPMI 1640
medium, each supplemented with 10% fetal calf serum. Transfection was per-
formed by using Lipofectamine (Invitrogen, Burlington, Ontario, Canada) in
accordance with the manufacturer’s instructions. Virus growth in Jurkat cells was
monitored by measuring reverse transcriptase (RT) activity in culture fluids at
various times.

Measurement of virus production. At 40 h after transfection of COS-7 or
HelLa cells, culture fluids were clarified at 3,000 rpm at 4°C for 30 min in a GS-6R
Beckman centrifuge. Virus particles were then pelleted at 35,000 rpm at 4°C for
1 h in a Beckman ultracentrifuge by using an SW41 rotor. The pelleted virus
particles were suspended in TNE buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl,
2mM EDTA). Amounts of virus particles were determined by either quantitative
enzyme-linked immunosorbent assay (ELISA) for HIV-1 p24(CA) (Vironostika
HIV-1 Antigen MicroELISA System; Organon Teknika Corp., Durham, N.C.) or
RT assays. Virion-associated Gag proteins were assessed by Western blot anal-
yses with monoclonal antibodies (MAbs) against HIV-1 p24(CA) antigen (ID
Lab, Inc., London, Ontario, Canada).

Levels of cell-associated Gag proteins were also measured by either quantita-
tive ELISA or Western blot analysis. Briefly, transfected COS-7 or HeLa cells
were washed twice with cold phosphate-buffered saline (PBS), scraped from the
bottom of the plates, and lysed in Nonidet P-40 [NP-40] lysis buffer (50 mM
Tris-CI [pH 7.4], 150 mM NaCl, 1% Nonidet P-40, 0.02% sodium azide, and a
cocktail of protease inhibitors that antagonize the activity of cellular proteases
[Roche, Laval, Quebec, Canadal). Cell lysates were first clarified at 3,000 rpm for
30 min at 4°C in a GS-6R Beckman centrifuge and then subjected to quantitative
ELISA or Western blot analysis with MAbs against HIV-1 p24(CA) antigen. The
efficiency of virus particle production for each construct was represented by the
percentage of the virion-associated p24 levels over the total levels of cell- and
virion-associated p24.

Fractionation of Gag complexes. Transfected COS-7 cells were harvested and
then suspended in 1 ml of cold TNE buffer containing 50 mM Tris-Cl [pH 7.4],
150 mM NaCl, 2 mM EDTA, 0.1% 2-mercaptoethanol, and protease inhibitor
cocktails (Roche). After Dounce homogenization on ice, homogenate was first
clarified at 3,000 rpm for 30 min at 4°C in a Beckman GS-6R centrifuge to
remove cell debris and nuclei and then placed on the top of 11 ml of a 15 to 50%
continuous sucrose gradient (in TNE). These sucrose concentrations, as well as
those described in the following, are defined as grams/100 ml. The gradient was
centrifuged either at 210,000 X g for 1 h at 4°C or at 100,000 X g for 16 h at 4°C.
For each gradient, 12 1-ml fractions were collected. Aliquots of each fraction
were analyzed by Western blotting to measure levels of Gag proteins with
anti-p24 MAbs. The densities of the gradient fractions were measured through
use of the refractometer (Carl Zeiss).

Metabolic labeling of viral Gag proteins with 35S-labeled methionine and
cysteine and immunoprecipitation. At 40 h after transfection, COS-7 cells were
starved in Dulbecco modified Eagle medium (lacking methionine and cysteine)
at 37°C for 2 h, followed by metabolic labeling with 3°S-labeled methionine and
cysteine (Tran®*S-label; 100 p.Ci/ml; ICN, Irvine, Calif.) at 37°C for 7 min. Cells
were immediately washed twice with ice-cold PBS and then harvested. After
Dounce homogenization and clarification as described above, the denucleated
homogenate was placed on the top of a 15 to 50% continuous sucrose gradient
and centrifuged at 100,000 X g for 16 h at 4°C. Twelve 1-ml fractions were
collected for each gradient, and aliquots of each fraction were analyzed either by
anti-p24 Western blotting to detect total Gag proteins or by immunoprecipita-
tion to assess **S-labeled Gag.

Immunoprecipitation was performed as follows. For each fraction, 300 pl of
samples were mixed with an equal volume of NET-gel buffer (50 mM Tris-Cl [pH
7.5], 150 mM NaCl, 0.1% NP-40, 1 mM EDTA [pH 8.0], 0.25% gelatin, and
0.02% sodium azide) containing 1 ug of anti-p24 MAbs (ID Lab, Inc.). After
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incubation at 4°C for 1 h, 5 pl of protein A-linked Sepharose CL-4B (Amersham
Pharmacia Biotech, Inc., Baie d’Urfe, Quebec, Canada) was added for a further
30 min of incubation. The anti-p24 MAb:Gag complexes, bound to protein A,
were pelleted and washed twice with NET-gel buffer and once with a buffer
containing 10 mM Tris-Cl [pH 7.5] and 0.1% NP-40. The recovered pellets were
suspended in 1X sodium dodecyl sulfate-gel loading buffer, boiled for 5 min, and
separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis.
3S-labeled Gag proteins were visualized by exposure to X-ray films.

Membrane flotation sedimentation. The flotation assays were performed as
described previously (47). Briefly, transfected COS-7 cells were harvested and
Dounce homogenized in TNE buffer containing 10% sucrose. A volume of 250
pl of denucleated homogenate was mixed with 1.25 ml of 85.5% sucrose and
placed at the bottom of a 5-ml ultracentrifuge tube. On the top of the cell
homogenate (containing 73% sucrose) were layered 2.5 ml of 65% sucrose and
1 ml of 10% sucrose (in TNE). The discontinuous gradient was centrifuged at
100,000 X g for 18 h at 4°C. Eight 625-pl fractions were collected for each
gradient, and aliquots of each fraction were assessed by anti-p24 Western blot-
ting.

Immunofluorescence staining and confocal microscopy. Transfected COS-7
cells were first fixed with 4% paraformaldehyde (in PBS) at room temperature
for 20 min and then were permeabilized with 0.2% Triton X-100 (in PBS) at
room temperature for 10 min. After being blocked with 5% milk (in PBS) for 20
min, cells were first incubated with primary anti-p24 MAbs at 37°C for 1 h,
followed by a 1-h incubation with fluorescein isothiocyanate-conjugated second-
ary antibodies at 37°C. After an extensive washing with PBS, immunofluores-
cently stained Gag proteins were observed by using a Zeiss LSM410 laser scan-
ning microscope.

Electron microscopy (EM). At 40 h after transfection, COS-7 cells were fixed
with 2.5% glutaraldehyde, followed by treatment with 4% osmium tetroxide.
Samples were routinely processed and embedded. Thin-sectioned samples were
stained with lead citrate and uranyl acetate and then visualized by using a JEOL
JEM-2000 FX transmission electron microscope equipped with a Gatan 792
Bioscan 1,024- by 1,024-byte wide-angle multiscan charge-coupled device cam-
era.

RESULTS

Mutation of the CA sequence 353-GVGGP-357 impairs vi-
rus production. Amino acid sequences 353-GVGGPG-358, lo-
cated close to the C terminus of CA, are highly conserved
within primate lentiviral Gag proteins (Table 1) (36); thus,
these amino acids may play important roles in virus produc-
tion. To pursue this subject, each of these six residues was
individually changed to alanine in the context of the HIV-1
genome. The mutations thus generated were termed G353A,
V354A, G355A, G356A, P357A, and G358A (Fig. 1). In addi-
tion, we altered an upstream amino acid Q352 to alanine to
generate Q352A (Fig. 1). Levels of viral Gag proteins were
measured either by anti-HIV-1 p24 Western blot analysis or by
quantitative anti-p24 ELISA. When the mutant and wild-type
DNA constructs were transfected into COS-7 cells, similar
levels of intracellular Gag expression were observed for the
various DNA constructs (Fig. 2A). Yet the G353A, V354A,
G355A, G356A, and P357A mutant Gag proteins, but not
Q352A and G358A mutant Gag proteins, displayed defective
processing, as shown by the accumulation of Pr5592¢ precursor
in the case of the former five mutations, but not wild-type
BH10 Gag (Fig. 2A). Irrespective of their wild-type expression
levels within the cytoplasm, the mutants G353A, V354A,
G355A, G356A, and P357A generated levels of extracellular
virus particles that were approximately 50- to 100-fold lower
than the levels produced by either wild-type BH10 or the
mutants Q352A and G358A (Fig. 2B). Similar findings were
made by determining the levels of virion-associated RT activity
(data not shown). Therefore, amino acids 353-GVGGP-357
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are not only required for normal Gag processing but, more
importantly, are essential for virus particle production.

Since mutation of 353-GVGGP-357 affects both Gag pro-
cessing and virus production, it is possible that the diminution
in virus production may result from aberrant Gag processing.
To test this possibility, each of the five mutations G353A,
V354A, G355A, G356A, and P357A was recombined with the
protease-negative mutation D25A, which changes the active
site of protease (45). The constructs thus generated were
termed G353A-PR™, V354A-PR™, G355A-PR™, G356A-PR",
and P357A-PR™. BH-PR" is identical to BH10, with the ex-
ception that the former contains the D25A mutation. Trans-
fection of the former five mutant DNA constructs into COS-7
cells yielded extracellular particles at levels that were approx-
imately 20-fold lower than those generated by BH-PR ™. This
was in spite of similar levels of Gag protein expression in the
cytoplasm among the wild-type and various mutant viruses
(Fig. 3). We have also tested these five mutant DNA constructs
by transfection of HeLa cells and detected significantly lower
quantities of extracellular virus particles in comparison to the
wild-type BH-PR™ (data not shown). Therefore, the adverse
effects of the mutated 353-GVGGP-357 motif on virus particle
production are independent of Gag processing.

Since mutations G353A, V354A, G355A, G356A, and
P357A severely inhibit virus production, they must also have
profoundly affected virus replication in CD4™" cells. Indeed,
when DNA constructs containing these mutations were trans-
fected into Jurkat cells, infectious viruses could not be detected
in culture for up to 25 days, according to the results of RT
assays (Fig. 4). In contrast, wild-type BH10 DNA generated
high levels of RT activity in culture, suggesting the successful
spread of viruses between cells (Fig. 4). As for mutant DNA
constructs Q352A and G358A that were able to produce wild-
type levels of virus particles in both COS-7 and HeLa cells,
Q352A failed to generate infectious viruses in Jurkat cells,
whereas G358A yielded viruses as infectious as wild-type BH10
(Fig. 4). The drastic difference in infectiousness between
Q352A and G358A correlates with the high conservation of
Q352 in contrast to the relatively low conservation of G358 in
HIV-1 (Table 1).

Mutation of the 353-GVGGP-357 sequences restricts Gag
multimerization. Gag assembly involves sequential steps and
the formation of a series of intermediate complexes (37, 39, 44,
59). We were interested in understanding whether mutation of
the 353-GVGGP-357 motif might have blocked Gag assembly
at a particular stage. To pursue this subject, intracellular Gag
complexes were analyzed in gradient sedimentation assays.
Since mutation of amino acids 353-GVGGP-357 impairs virus
production in a manner independent of viral protease activity
(see above), we employed viral DNA constructs containing the
protease-negative mutation D25A in the following experi-
ments.

Intracellular Gag complexes were first separated via a con-
tinuous sucrose gradient by velocity sedimentation at 210,000
X g for 1 h. Under this condition, particles are separated
mainly on the basis of their mass. In the case of wild-type Gag
expressed by BH-PR™, they migrated to form two major
groups in the gradient (Fig. 5). The group I Gag proteins were
located in fractions 1 and 2 and were most likely monomeric;
group II were relatively large Gag complexes that were found
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FIG. 2. Virus particle production by mutant and wild-type HIV-1 DNA constructs. COS-7 cells that were transfected with various viral DNA
constructs were harvested and then lysed in NP-40 lysis buffer. Virus particles in the culture fluids were pelleted by ultracentrifugation. Western
blot analysis with anti-HIV-1 p24 antibodies and quantitative anti-p24 ELISA were performed to determine levels of viral Gag proteins that are
either associated with cell lysates (A) or with virus particles (B). Mock-transfected COS-7 cells served as negative controls. The efficiency of virus
particle production by each DNA construct was calculated on the basis of the ELISA data, and that of BH10 was arbitrarily set at 100.

in the heavier fractions 8 and 9 (Fig. 5). In contrast, the mutant
Gag proteins G353A, V354A, G355A, G356A, and P457A
were mainly found in the top fractions 1, 2, and 3 (Fig. 5). This
demonstrates that the mutant Gag cannot form large com-
plexes as efficiently as wild-type Gag.

We further characterized intracellular Gag complexes by
performing density gradient sedimentation at 100,000 X g for
16 h. In this experiment, particles are separated on the basis of
their size and density. The majority of the wild-type Gag pop-
ulation was seen in the relatively high-density fractions, includ-
ing fractions 7 to 11 (Fig. 6). In particular, fraction 10 con-
tained the highest levels of Gag. These Gag complexes
exhibited a density of ca. 1.1612 g/ml and, thus, probably rep-
resented nascent virus particles that had been completed but
not yet released from the cells. As for mutant Gag proteins,
significant quantities of these were recovered in fractions 4 and
5, as well as in fractions 7 and 8, in addition to a major
distribution in fraction 2. In contrast to wild-type Gag, fairly
low amounts of mutant Gag proteins were seen in fractions 9
and 10 (Fig. 6). These results indicate that assembly of the

mutant Gag proteins was blocked at a stage prior to the final
formation of virus particles.

The sedimentation experiments described above had as-
sessed the assembly of Gag proteins at steady state. Next, we
followed the migration of newly synthesized Gag in the density
gradient after centrifugation at 100,000 X g for 16 h. Accord-
ingly, transfected COS-7 cells were pulse-labeled with 3°S-
labeled methionine and cysteine for 7 min. Newly synthesized
Gag proteins were then assessed by immunoprecipitation with
anti-p24 MABDs. In the case of the wild-type Gag, the steady-
state and newly synthesized forms displayed strikingly different
gradient profiles (Fig. 7A). The majority of the total Gag
population had migrated to high-density fractions 9 and 10, as
shown by the results of Western blot analyses (Fig. 7A). In
contrast, *°S-labeled Gag proteins were mainly found in the
light-density fractions from 2 to 5 (Fig. 7A). This indicates that
Gag proteins are mainly monomeric or form very small com-
plexes almost immediately after being made, which are con-
verted to larger high-density complexes over time.

When the newly synthesized mutant Gag G353A was ana-
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FIG. 3. Effects of various Gag mutations on virus particle production in the absence of viral protease activity. Each of the mutant and wild-type
DNA constructs, containing a protease-negative mutation D25A (45), was transfected into COS-7 cells. Cell- or virion-associated Gag proteins
were analyzed either by anti-p24 Western blotting or quantitative ELISA. Levels of virus particles were calculated on the basis of the ELISA data,

and those of BH-PR™ were arbitrarily set at 100.

lyzed by density gradient, this protein displayed a distribution
pattern similar to that of the total G353A Gag, except that the
newly synthesized molecules were accumulated to a higher
extent in fraction 2 (Fig. 7B). Therefore, the assembly of the
G353A mutant Gag stops shortly after proteins are made,
whereas newly synthesized wild-type Gag molecules are able to
proceed to perform high-order multimerization and, eventu-
ally, form virus particles.

Mutation of the 353-GVGGPG-357 motif impairs Gag asso-
ciation with cellular membranes. HIV-1 Gag exhibits high
affinity for the plasma membrane, a property that is conferred
by the membrane-binding signal within the MA sequence.
Since the mutant Gag molecules generated in the present study
contain an intact MA domain, we decided to study whether
they might bind to cellular membranes as efficiently as wild-
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g 8000007 —e— P357A
ﬁ 600000 - i G358A
oC 400000 1 —o— BH10
200000 - —=— MOCK
o 3
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FIG. 4. Replication of mutant and wild-type viruses in Jurkat cells.
Two million Jurkat cells were transfected by 1 wg of either mutant or
wild-type HIV-1 DNA. Viral growth was monitored by measuring the
RT activity in culture fluids at various times. “MOCK?” refers to mock-
transfected Jurkat cells.

type Gag. To pursue this subject, denucleated homogenates of
transfected COS-7 cells were subjected to membrane flotation
sedimentation. In this assay, membrane-bound Gag will mi-
grate from the bottom 73% sucrose layer to the interface
between the 10 and 65% sucrose layers (recovered in fraction
2), whereas non-membrane-bound Gag remains within the
bottom fractions. Our results show that approximately 40 to
50% of the wild-type Gag was found at the interface between
the 10 and 65% sucrose layers, indicating that a major portion
of these molecules were associated with cellular membranes
(Fig. 8). In contrast, more than 90% of the various mutant Gag
proteins remained within the bottom fractions (i.e., fractions 6
to 8), and only low quantities of Gag were detected in fraction
2 (Fig. 8). We conclude that Gag proteins that contain a mu-
tated 353-GVGGP-357 motif are impaired in their ability to
bind to cellular membranes and that this defect is probably a
major cause of diminished virus production.

Mutation of amino acids 353-GVGGP-357 results in diffuse
distribution of Gag proteins within the cytoplasm. In order to
gain further insights into the Gag assembly defects caused by
the mutated 353-GVGGP-357 motif, the subcellular distribu-
tion of the mutant Gag proteins containing the G356A or
P357A substitutions, as well as wild-type BH10 Gag, was stud-
ied by immunofluorescence staining by using anti-p24 MAbs as
the primary antibodies. The results show that wild-type BH10
Gag was mainly associated with the plasma membrane and
displayed a punctate distribution pattern (Fig. 9). In contrast,
the mutant Gag proteins G356A and P357A showed a diffuse
distribution pattern, and the majority of these molecules were
found within the cytoplasm (Fig. 9). Thus, wild-type Gag mol-
ecules are able to aggregate and to actively assemble virus
particles, whereas the mutant Gag proteins G356A and P357A
are less well organized within cells, leading to a low yield of
virus production.

Mutation of amino acids 353-GVGGP-357 affects both the
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FIG. 5. Fractionation of Gag complexes by velocity sedimentation. HIV-1 DNA clones containing a protease-negative mutation were trans-
fected into COS-7 cells. At 40 h posttransfection, cells were Dounce homogenized, and the denucleated fractions were placed on the top of a
continuous 15 to 50% sucrose gradient, followed by centrifugation at 210,000 X g for 1 h at 4°C. Twelve fractions were collected from each gradient,
and viral Gag proteins were detected by anti-p24 Western blot analysis. Relative levels of Pr559°¢ in each fraction were determined from the
intensities of protein bands that were measured by densitometry scanning through the use of the NIH Image program. The relative percentages
of Pr5592¢ in each fraction versus the total Pr555%€ levels in the gradient were calculated, and the results are plotted against the density of each
fraction that was measured by using a refractometer. The density data shown in the graph represent the average for each type of Gag tested.

yield and morphology of HIV-1 particles. Next, we used EM to
investigate the effects of the mutated motif 353-GVGGP-357
on the morphology of HIV-1 particles. The three mutations
G353A, V354A, and P357A, as well as wild-type BH10, were
studied. Transfection of COS-7 cells with the wild-type BH10
construct led to production of a large number of virus particles,
most of which were mature and exhibited condense cores (Fig.
10A). In contrast, transfection with the mutant constructs
G353A and V354A did not result in significant viral production
(a large number of cells were examined by EM [data not
shown]). In addition, these transfected cells rarely showed

large electron-dense patches under the plasma membrane, in-
dicating that the mutant Gag proteins had not heavily aggre-
gated beneath the plasma membrane. In the case of P357A, a
few viral particle-like structures were detected after extensive
searching, but these were heterogeneous in size, displayed ir-
regular morphology and, on average, were larger than wild-
type particles (Fig. 10B). A similar phenotype has been ob-
served for HIV-1 mutants containing mutated p2 sequences (1,
34). Therefore, mutation of the 353-GVGGP-357 motif not
only results in severely reduced yields of virus particles but also
causes aberrant virus morphology.
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FIG. 6. Fractionation of intracellular Gag proteins by equilibrium density gradient centrifugation. The denucleated COS-7 homogenates were
placed on the top of a continuous 15 to 50% sucrose gradient and centrifuged at 100,000 X g for 16 h at 4°C. Measurement of the Pr559%¢ levels

in each gradient was as described in the legend to Fig. 5.

DISCUSSION

In this study, we have identified a peptide motif 353-
GVGGP-357 at the C terminus of CA that is essential for virus
particle formation. Interestingly, these five amino acids are all
needed for efficient virus production. Similar results have been
seen with the HIV-1 late domain P(T/S)AP that is highly con-
served and positioned at the N terminus of p6. Changing any of
the P(T/S)AP amino acids can lead to defects in virus budding
(22, 28).

The formation of virus particles involves three major events,
including multimerization of Gag, targeting of Gag to the
plasma membrane, and the release of virus particles from the
host cells. Our data show that mutation of the Gag motif
353-GVGGP-357 adversely affects the first two events and,
consequently, leads to severe reductions in virus particle pro-
duction. Impairment in Gag multimerization is clearly shown
by the results of our sedimentation experiments, in which mu-
tant Gag molecules were mainly monomeric or formed fairly

small multimers (Fig. 5 and 6). Moreover, these mutant Gag
proteins were virtually non-membrane bound, because they
could hardly float from the bottom gradient to the interface
between the 10 and 65% sucrose layers (Fig. 8). In support of
these findings, the results of immunofluorescence staining
demonstrated that the mutant Gag proteins were largely dif-
fused within the cytoplasm in contrast to the punctate distri-
bution pattern of wild-type Gag on the plasma membrane (Fig.
9).

Since the mutant Gag proteins generated in the present
study contained wild-type MA sequences that possess plasma
membrane targeting signals, it is likely that the lack of mem-
brane association was caused, at least in part, by defective
multimerization of the mutant Gag molecules. Impaired mem-
brane binding has also been observed for assembly-defective
Gag proteins that contain mutated NC sequences (50, 54).
Although the mutant Gag proteins of our study possess intact
MA sequences, the MA-attached myristate moiety and the
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FIG. 7. Fractionation of newly synthesized Gag proteins by equilibrium density gradient sedimentation. Transfected COS-7 cells were
pulse-labeled with 33S-labeled methionine and cysteine for 7 min, followed by Dounce homogenization. The denucleated fractions were centrifuged
through a continuous 15 to 50% sucrose gradient at 100,000 X g for 16 h at 4°C. Twelve fractions were collected for each gradient, and the samples
were assessed for either total Gag population by anti-p24 Western blot analysis (top gel panel) or for newly synthesized Gag by immunoprecipi-
tation (bottom gel panel). Relative levels of either steady-state Gag or newly synthesized Gag in each fraction were calculated through the use of
densitometry scanning, and the data are shown in the graphs. The density of each fraction was measured through use of the refractometer and the

results are also shown in the graphs. (A) BH-PR™; (B) G353A-PR™.

downstream basic residues may not have been exposed to an
extent necessary to allow efficient membrane binding; this may
possibly be due to defective Gag multimerization or incorrect
Gag conformation. This concept agrees with the myristyl

switch model in which a lesser extent of exposure of myristate
acid is believed to be the reason for the weak association of
MA with the plasma membrane in comparison with the results
observed for Pr5592 (27, 48, 55, 68). Another possibility is that
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FIG. 8. Effects of the mutated 353-GVGGP-357 motif on Gag membrane binding. Denucleated homogenates of transfected COS-7 cells were
subjected to membrane flotation sedimentation as described in Materials and Methods. Membrane-associated Gag (memb.-associated) floats to
the interface between the 10 and 65% sucrose layers (fraction 2), whereas non-membrane-associated (non-memb.-associated) Gag remains within
the bottom fractions (fractions 6 to 8). Relative amounts of Gag proteins in each fraction were determined by densitometry scanning through use

of the NIH Image program, and the results are shown in the graphs.

the binding energy provided by a single membrane-binding
domain to the lipid bilayer does not suffice to ensure stable
membrane association in the face of defective multimerization
(54). Alternatively, our Gag mutations may have caused con-
formational defects that indirectly lead to disruption of the
N-terminal structure of Gag, which subsequently impairs mem-
brane binding. In the meantime, we cannot lose sight of the
possibility that mutation of the 353-GVGGP-357 motif may
indirectly affect myristylation of Gag.

As opposed to the view that Gag multimerization is a pre-
requisite for subsequent plasma membrane targeting, a trun-
cated version of Gag, i.e., CA146, that cannot multimerize was
shown to display wild-type levels of plasma membrane associ-
ation (46). One possibility is that this particular form of Gag
has adopted a specific conformation that allows maximal ex-
posure of MA signals for plasma membrane binding.

Gag multimerization requires two major domains. The first
involves the NC region that promotes Gag-Gag association

through binding to RNA as a scaffold (5-7, 9, 10, 24, 53). In
support of this idea, removal of RNA by RNase digestion
disrupts formation of Gag complexes (32). The second domain
encompasses the C-terminal domain of CA (11, 31, 52, 61, 63,
66) and the adjacent spacer peptide, p2 (1, 30, 34, 44, 62). In a
structural view, p2 represents an extension of a putative a-helix
from the C terminus of CA (1). This CA-p2 region can support
efficient virus particle generation in conjunction with the L
domain, the MA myristylation signal, and heterologous amino
acid sequences that, in place of NC, are able to mediate pro-
tein-protein interactions (2).

Molecular details regarding the multimerization activity of
CA-p2 start to be revealed by structural studies. CA comprises
two structurally independent domains, an N-terminal domain
(NTD; residues 1 to 145) and a CTD (residues 150 to 231), that
are connected by a short linker (3, 17, 21, 43, 65). A dimer
interface exists within the CTD of CA that plays an important
role in CA dimerization (3, 17, 43, 65). Reconstructed images
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FIG. 9. Immunofluorescence staining of Gag proteins expressed
within transfected COS-7 cells. COS-7 cells were transfected with the
indicated DNA constructs and fixed with 4% paraformaldehyde at 40 h
after transfection. After permeabilization with 0.2% Triton X-100,
cells were incubated with anti-p24 MADbs, followed by staining with
fluorescein isothiocyanate-labeled secondary antibodies. The immun-
ofluorescence-stained cells were examined by using a Zeiss LSM410
laser scanning microscope. (A) BH10; (B) G356A; (C) P357A.

of HIV-1 CA tubes, on the basis of cryo-EM at a 30-A reso-
lution, suggest that the NTD of CA constructs the hexameric
ring, whereas the CTD of CA connects each ring to its six
neighbors and thus results in the generation of high-order
complexes (18, 38). However, an accurate positioning of the
CTD, as well as analysis of the detailed molecular interactions
involved, await a higher-resolution image. Irrespective of these
uncertainties, it is possible that mutation of the CTD sequence
353-GVGGP-357 may have adversely impacted the connection
between hexameric rings and, as a result, only hexamers might

FIG. 10. Morphology of virus particles examined by transmission
EM. (A) BH10; (B) P357A. Bars, 0.2 pm.

have been formed. In support of this hypothesis, our data show
that Gag proteins containing the mutated 353-GVGGP-357
sequences were unable to form large complexes.
Interestingly, the few resolved crystal structures of CA, one
of which contains the p2 sequence, all reveal a disordered
feature of the last 11 to 13 C-terminal amino acids (17, 43, 65).
Thus, the C-terminal 11 amino acids of CA must adopt mul-
tiple conformations and, as a consequence, cannot be easily
crystallized. The glycine-rich motif 353-GVGGP-357 studied
here are among these 11 amino acids. Glycine has an H atom
as its side chain and thus leaves sufficient space for adjacent
residues to rotate. Due to this property, glycine represents a
common turning point in protein structures. We suspect that
this glycine-rich motif may be responsible for structural flexi-
bility on the part of these 11 CA amino acids, as well as the
adjacent p2 sequences. Accordingly, 353-GVGGP-357 could
confer structural flexibility to both CA and full-length Gag.
Structural polymorphism has been shown to be an important
property, allowing chemically identical subunits to establish
geometrically distinct interactions with neighboring subunits
and to eventually construct complex structures, especially
sealed geometrical structures such as virus particles (29). Ac-
cording to the quasi-equivalent assembly theory, interchange-
able formation between hexamers and pentamers by the same
protein molecule is a basic rule for the construction of a virus
particle (8). Disturbing the relative stabilities of hexagonal and
pentagonal morphological units by mutation of the capsid pro-
tein can severely interfere with proper virus assembly (14). The
same principle has been applied to understand construction of
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the HIV-1 core. According to the conical model, HIV-1 cores
are composed of hexagonal lattices that are closed by pentag-
onal defects at the narrow and wide ends (18, 38). In addition
to the ability to form hexamers and pentamers, CA can also
construct different types of tubes that exhibit a high degree of
polymorphism. In order to build these many types of struc-
tures, CA must be able to assume a variety of conformations.
This high structural flexibility of CA is believed to result, at
least in part, from the linker segment (CA residues 146 to 149)
that connects the NTD and the CTD (3, 38). Considering the
structurally disordered feature of the amino acid stretch 353-
GVGGP-357, we propose that this glycine-rich sequence may
also assist CA to adopt distinct conformations and to play its
role in construction of asymmetric cores.
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