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Abstract

To gain a better understanding of the assembly process in simian immunodeficiency virus (SIV), we first
established the conditions under which recombinant SIV Gag lacking the C-terminal p6 domain (SIV GagAp6)
assembled in vitro into spherical particles. Based on the full multimerization capacity of SIV GagAp6, and to
identify the Gag sequences involved in homotypic interactions, we next developed a pull-down assay in which a
panel of histidine-tagged SIV Gag truncation mutants was tested for its ability to associate in vitro with GST-
SIVGagAp6. Removal of the nucleocapsid (NC) domain from Gag impaired its ability to interact with GST-
SIVGagAp6. However, this Gag mutant consisting of the matrix (MA) and capsid (CA) domains still retained
50% of the wild-type binding activity. Truncation of SIV Gag from its N-terminus yielded markedly different
results. The Gag region consisting of the CA and NC was significantly more efficient than wild-type Gag at
interacting in vitro with GST-SIVGagAp6. Notably, a small Gag subdomain containing the C-terminal third of the
CA and the entire NC not only bound to GST-SIVGagAp6 in vitro at wild-type levels, but also associated in vivo
with full-length Gag and was recruited into extracellular particles. Interestingly, when the mature Gag products
were analyzed, the MA and NC interacted with GST-SIVGagAp6 with efficiencies representing 20% and 40%,
respectively, of the wild-type value, whereas the CA failed to bind to GST-SIVGagAp6, despite being capable of

self-associating into multimeric complexes.

Introduction

HE ASSEMBLY OF LENTIVIRUS PARTICLES is driven by the
Gag polyprotein precursor. This structural protein con-
tains sufficient information to self-assemble and bud from the
plasma membrane as virus-like particles (VLPs).! Multi-
merization of Gag molecules at the sites of assembly is evi-
denced by thin section electron microscopy as a curved
electron-dense plaque underneath the plasma membrane,
which represents the layer formed by radially extended Gag
molecules.>” This process leads to the formation of spherical
immature particles that are released from the plasma mem-
brane by recruiting components of the cellular endosomal
machinery.*> The assembly of infectious virions also requires
the packaging of additional viral elements including the viral
envelope (Env) glycoprotein, two copies of the full-length
RNA genome, and the pol-encoded enzymes reverse tran-
scriptase, integrase, and protease.l
During assembly, Gag is cleaved by the virus-encoded
protease to generate the functional proteins of the mature
virion. Processing of the simian immunodeficiency virus (SIV)

Gag precursor generates the mature proteins: matrix (MA),
which lines the inner side of the lipid viral envelope, capsid
(CA), which forms the characteristic cone-shaped shell of the
viral core, nucleocapsid (NC), which is complexed to the ge-
nomic RNA within the viral core, and p6, which is implicated
in virion budding and release.®” In addition, two spacer
peptides are generated by proteolytic cleavage of SIV Gag:
SP1 and SP2, which separate the CA and NC and the NC and
p6 domains, respectively.7 We have demonstrated that the
MA domain of the SIV Gag precursor plays crucial roles
during viral assembly: it not only provides, through an N-
terminal myristoyl moiety and a polybasic region comprising
residues 26 to 32, the determinants necessary for the proper
targeting and association of Gag with the plasma mem-
brane,®’ but is also involved in Env incorporation into virions
through its specific interaction with the Env cytoplasmic do-
main.'”"? For human immunodeficiency virus type 1 (HIV-1),
biochemical and structural analyses have shown that Gag
membrane binding is regulated by a myristoyl switch mech-
anism whereby Gag multimerization and binding of MA to
phosphatidylinositol-(4,5)-biphosphate [PIP(4,5)P,] trigger
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the exposure of the myristate group.'*'* Interestingly, it has
recently been proposed that RNA binding to the HIV-1 MA
polybasic region prevents premature nonspecific binding of
Gag to cellular membranes prior to its association with the
PIP(4,5)P,-containing plasma membrane.'>'

Several studies in HIV-1 indicate that the CA and NC do-
mains of Gag are important for Gag-Gag interactions. The CA
protein consists of an N-terminal domain (NTD) and a C-
terminal domain (CTD) connected by a flexible linker. Elec-
tron microscopy reconstruction analysis together with X-ray
crystallography studies have recently shown that the struc-
ture of the HIV-1 CA lattice in the mature core is formed from
hexamers of the NTD linked by CTD dimers."”'® These
structural data help explain why mutations within both the
CA NTD and CTD are detrimental to HIV-1 particle pro-
duction.’*2! In addition, accumulating data indicate that the
HIV-1 NC domain also mediates Gag multimerization, which
appears to be related to its intrinsic ability to bind RNA.**2

Although SIV is closely related to HIV-1, their Gag poly-
proteins display certain differential biological features. In-
deed, the SIV CA domain does not bind cyclophilin A,
whereas in HIV-1 the CA—cyclophilin A association is neces-
sary for the particle uncoating step that follows virus en-
try.26'27 Furthermore, it has been shown that the relative
contribution of the NC zinc-finger domains to genomic RNA
binding is different in SIV and HIV-1.>® Moreover, analysis of
the determinants in the p6 domain of Gag that are required for
the packaging of the accessory protein Vpr has revealed sig-
nificant differences between HIV-1 and SIV?: in HIV-1, a
dileucine motif present at the p6 C-terminus is responsible for
Vpr incorporation into virions. In contrast, the virion associ-
ation motif for SIV Vpr is located at the N-terminal half of p6.
The latter motif, which is absent from HIV-1 Gag, also me-
diates the packaging of Vpx into SIV particles. Interestingly,
we have demonstrated that the SIV MA, in contrast to its HIV-
1 counterpart, has the ability to self-assemble into lentivirus-
like particles.>*” The release of VLPs formed by the SIV MA
alone may be promoted by the presence at the C-terminus of
this viral protein of a redundant PTAP motif, which is char-
acteristic of functional retroviral late-budding domains.

Given these differential features of the SIV Gag precursor,
the study of the determinants in this protein that drive SIV
particle assembly is relevant, not only to clearly establish the
similarities and differences of the assembly process among
retroviruses, but also to gain a better understanding of lenti-
virus morphogenesis. Taking this into account, we therefore
decided to map the sequences in SIV Gag that are involved in
protein—protein interactions and Gag multimerization. We
developed an in vitro binding assay in which we examined the
ability of a panel of SIV Gag subdomains to interact with the
Gag precursor. These experiments, together with VLP as-
sembly studies performed in cell culture, allowed us to de-
termine the contribution of each SIV Gag domain to Gag-Gag
interaction and to define the minimal SIV Gag subdomain that
interacts with Gag in vitro as efficiently as the full-length
precursor.

Materials and Methods

Plasmid constructs

The gag-coding sequences for all the expression plasmids
were derived from the proviral clone SIVgyny PBj1.9.° SIV Gag
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lacking the C-terminal p6 domain (SIV GagAp6; PBjl.9 Gag
residues 1-448) was expressed both as fusion with Schistosoma
japonicum glutathione S-transferase (GST) and with an N-
terminal histidine tag by cloning the corresponding gag open
reading frame into the pGEX-2T (GE Life Sciences) and the
pET-30b(+) (Novagen) plasmid vectors, respectively. All the
gag-derived constructs were cloned into the pET-30b(+) vec-
tor to express in Escherichia coli the His-tagged SIV Gag sub-
domains used in the pull-down assays. For expression in
mammalian cells, the entire SIV gag gene [nucleotides (nt) 829
to 2352 of the SIVgy PBjl.9 genome] was cloned into the
Kpnl and EcoRI sites of pPCDNA3.1(+) (Invitrogen).

The gag genes carrying internal deletions within the CA-
coding region were generated by substituting the mutated
PfIMI-PfIMI restriction fragment (nt 1214-2101) for the wild-
type counterpart in the pcDNA-SIVgag plasmid. For expres-
sion of His-tagged Gag_44s (GagAp6), Gagizsses (CA), and
Gagpgy44s in mammalian cells, the His-coding expression
cassette together with the gag sequences were excised from the
corresponding pET plasmids and subcloned into the Nhel and
Notl sites of the pcDNA3.1(+) vector. The sequences of
primers and details of the cloning strategies are available on
request.

Expression in E. coli and purification
of recombinant proteins

Expression in E. coli BL21 (DE3) and purification of re-
combinant proteins followed procedures described previ-
ously."*?! Bacterial extracts for the purification of the
recombinant GST-SIVGagAp6 protein were obtained by son-
ication in phosphate-buffered saline (PBS) containing 0.5% 3-
[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) and protease inhibitor cocktail (Roche Applied
Science). After treating the extracts with DNase I, insolu-
ble material was removed by centrifugation for 10min at
16,000xg. The supernatants were mixed with 50% (w/v)
slurry glutathione-Sepharose 4B (GE Life Sciences) and incu-
bated for 30 min at room temperature. Beads were then wa-
shed three times with 10 bed volumes PBS. Recombinant
histidine-tagged Gag-derived proteins were purified by im-
mobilized metal ion adsorption chromatography (His Mi-
crospin Purification Module, GE Life Sciences) essentially as
we have recently described.'” Protein concentrations were
estimated as described previously.'? For the in vitro assembly
reactions (see next section), an aliquot of protein extracts was
further treated with DNase I (5 units; Promega) and RNase A
(50 ug/ml; Sigma-Aldrich) to remove nucleic acids before
purification by affinity chromatography. Potential contami-
nation of purified Gag proteins with nucleic acids was as-
sessed by both spectrophotometric determination of the Ayq/
Apgo ratio and agarose gel electrophoresis after phenol ex-
traction and ethanol precipitation of protein samples.

In vitro assembly of SIV GagAp6

Purified His-tagged SIV GagAp6 stored at —80°C was
thawed on ice and centrifuged at 16,000xg for 20 min. Ali-
quots from the supernatants were then used in the assembly
reactions. Five microrams of recombinant Gag protein was
incubated for 3 h at 37°C in 25-ul reactions containing 50 mM
Tris-HCI (pH 8.0), 150 mM NaCl, 5 mM dithiothreitol (DTT),
10 uM ZnCl,, 500ng of in vitro transcribed R-U5-MA viral
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RNA (see next section), and 100 units of recombinant RNasin
ribonuclease inhibitor (Promega). Assembly reactions were
analyzed by both sedimentation assays®® and electron mi-
croscopy. Particles formed under the conditions described
above were collected by centrifugation for 1 h in an Eppendorf
microcentrifuge at 16,000xg at 4°C. Supernatant and pellet
fractions were resolved by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and proteins
blotted onto nitrocellulose membranes. Detection of His-
tagged proteins in the pellet and supernatant fractions was
performed by Western blotting using a horseradish per-
oxidase (HRP)-conjugated antibody specific for penta-His
(QIAGEN). Western blots were developed with an enhanced
chemiluminescence and chemifluorescence assay (ECL Plus
Reagent, GE Life Sciences).

For the electron microscopy analyses, the assembly reac-
tions were applied onto Formvar-coated grids (TAAB La-
boratories, UK) and negatively stained with 2% uranyl
acetate. Grids were visualized using a Jeol transmission
electron microscope operating a 80kV. In the case of the His-
CA and His-CAACTD (Gag36-274) proteins, the in vitro as-
sembly reactions were performed at a protein concentration of
1 ug/ul in buffer (pH 8.0) containing 1M NaCl, and the as-
sembly products were analyzed by SDS-PAGE. The CA-
derived assemblies were further examined by electrophoresis
on nondenaturing 5% polyacrylamide gels. The molecular
mass of the SIV CA-related oligomeric complexes was esti-
mated based on the relative mobilities of the molecular weight
protein standards for native electrophoresis (High Molecular
Weight Calibration kit for native electrophoresis, GE Life
Sciences).

In vitro transcription

The sequence spanning nt 293-1218 of the SIVgym PBj1.9
genome, which corresponds to the R and U5 regions of the 5’
long terminal repeat together with the first 390 nt of the gag
gene (referred to here as the R-U5-MA construct), was cloned
into the Ncol-EcoRV sites of the pGEM-5Zf plasmid (Prome-
ga) and used as template for RNA synthesis essentially as we
have previously described.>" For the production of large
amounts of in vitro-transcribed R-U5-MA RNA we used the
RiboMAX Large Scale RNA Production System (Promega).
Briefly, RNA was synthesized in a final volume of 20 ul con-
taining 500 ng of Sall-linearized plasmid; 80 mM HEPES-KOH
(pH 7.5); 24mM MgCly; 2mM spermidine; 40mM DTT;
7.5mM (each) ATP, GTP, CTP, and UTP; and 2 ul of the T7
enzyme mix (mixture of T7 RNA polymerase, RNasin ribo-
nuclease inhibitor, and yeast inorganic pyrophosphatase).
The reaction mixture was incubated 2 h at 37°C followed by
treatment with 2 units of RNase-free DNase I (Promega) and
further incubated at 37°C for 15min to remove the DNA
template. The reaction was extracted twice with a 1:1 mixture
of phenol and chloroform and then precipitated in ethanol.
The RNA product was resuspended in water and stored at
—80°C until further use.

In vitro binding assays for Gag—Gag interaction

Five micrograms of GST-SIVGagAp6 or GST proteins was
prebound to glutathione-Sepharose 4B and incubated with
1 ug purified His-tagged wild-type or mutant SIV Gag pro-
teins in 100 ul PBS containing 0.5% CHAPS, 1% bovine serum
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albumin (BSA), and protease inhibitor cocktail for 3h at 4°C.
CHAPS was chosen because it is a zwitterionic detergent
that prevents protein aggregation while preserving protein—
protein interactions. The resin-bound proteins were washed
six times with 40 bed volumes of binding buffer. The protein
complexes were eluted from the glutathione resin by re-
suspending the beads in Laemmli sample buffer, resolved by
SDS-PAGE, and detected by Western blotting using the HRP-
conjugated anti-His antibody. The levels of protein recovery
for each His-tagged Gag subdomain were determined by
comparison to known amounts of the corresponding purified
recombinant protein by Western blotting and referring the
data to those obtained with wild-type Gag, considered as
100%. Quantitation of Western blot signals was performed as
previously described.'!

ELISA-based protein interaction assay

Six micrograms of purified GST-SIVGagAp6 fusion protein
or GST was bound to glutathione-coated wells (Reacti-Bind
Glutathione Coated plates, Pierce) for 1 h at room temperature
in binding buffer (PBS-0.5% CHAPS), and then washed three
times with 200 ul binding buffer. Dilutions of His-SIVGagAp6
or His-tagged Gag subdomains in 100 ul binding buffer con-
taining 0.1% BSA were incubated with immobilized GST-
SIVGagAp6 or GST for 16 h at 4 °C. Wells were washed with
binding buffer and protein complex formation was detected
by the addition of HRP-conjugated anti-His antibody and 2,2'-
azinobis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) sub-
strate. The resulting colored reaction signal was measured on
a microtiter plate (enzyme-linked immunosorbent assay,
ELISA) reader at 405nm (reference wavelength 490) as pre-
viously described."’ Gag binding was expressed as the
amount (in arbitrary units) of His-SIVGagAp6 immunoreac-
tivity found associated with GST-SIVGagAp6 minus that
associated with GST alone.

Cells and viruses

COS-7 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; HyClone) supplemented with 10%
fetal bovine serum (GIBCO Cell Culture Systems, Invitrogen).
The recombinant vaccinia virus vTF7-3 expressing the T7
RNA polymerase was kindly provided by Dr. B. Moss (NIH,
MD).

Analysis of protein expression in mammalian cells

The expression of wild-type Gag, His-tagged Gag sub-
domains, or CA deletion mutants in mammalian cells was
carried out using the vaccinia virus T7 system™ since the gag
constructs were cloned into the pPCDNA3.1(+) plasmid that
carries the T7 RNA polymerase promoter. Confluent mono-
layers of COS-7 cells (35-mm-diameter dishes) were infected
with the vIF7-3 recombinant vaccinia virus at a multiplicity of
infection of 10 for 1h at 37°C. After infection, the cells were
washed twice with DMEM, and then transfected with the
plasmid constructs using GeneJammer Transfection Reagent
(Stratagene). In the case of the coexpression of wild-type SIV
Gag with mutant His-Gagpsy_44s, initial experiments showed
that cotransfection of the corresponding plasmids at a 1:1
mass ratio resulted in intracellular levels of His-Gagpgy_a4s
significantly higher (at least 20-fold) than those of wild-type
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SIV Gag. Therefore, to attain comparable intracellular levels
of wild-type Gag and mutant His-Gagpg; 445 proteins, plas-
mid DNAs were cotransfected at both 20:1 and 10:1 mass
ratios in the definitive experiments shown in Fig. 6.

Thirty hours posttransfection, cells were harvested and
lysed at 4 °C in lysis buffer [50 mM Tris-HCl (pH 8.0), 150 mM
NaCl, 1% Nonidet P-40, 0.1% SDS, 0.5% sodium deox-
ycholate] containing protease inhibitor cocktail. The culture
supernatants from the Gag-expressing cells were filtered
through 0.45-um-pore-size syringe filters and VLPs were
pelleted from the clarified supernatants by ultracentrifugation
(100,000 g, 90 min, 4°C) through a 20% (w/v) sucrose cush-
ion essentially as we have previously described.'’ Cell- and
VLP-associated proteins were resolved on SDS-polyacrylamide
gels, blotted onto nitrocellulose membranes, and analyzed by
Western blotting as described above. His-tagged SIV Gag-
derived proteins were detected using the anti-His antibody or
the SIV CA-specific KK60 monoclonal antibody. The CA de-
letion mutants were detected by using the MA-specific KK59
monoclonal antibody."?

Results
In vitro assembly properties of SIV Gag

The SIV Gag precursor lacking the p6 domain (SIV
GagAp6) was expressed in E. coli either as fusion with GST or
carrying an N-terminal histidine tag. We decided to utilize in
our assays these recombinant SIV GagAp6 proteins because
they could be readily purified from E. coli as soluble proteins,
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whereas their full-length counterparts were unstable and ex-
tensively degraded. A similar instability behavior in E. coli has
consistently been observed for full-length HIV-1 Gag.”*** As
shown in Fig. 1A, purification of His-SIVGagAp6 by affinity
chromatography resulted in protein preparations that were
more than 90% pure as judged by SDS-PAGE.

We first evaluated whether His-SIVGagAp6 had the ability
to self-assemble in vitro. To this end, the purified protein was
incubated at 37°C for 3h under the conditions described in
Materials and Methods, and the assembly reaction was then
centrifuged to separate the pelletable assembled products
from the unassembled Gag molecules using a sedimentation
assay similar to that employed for the analysis of the in vitro
assembly of HIV-1 Gag.>* The analysis of the resulting frac-
tions by Western blotting showed that His-SIVGagAp6 par-
titioned with the pellet fraction when an in vitro-transcribed
RNA consisting of the SIV R, U5, and MA genomic regions
was added to the assembly mixture (Fig. 1B). In contrast, the
purified Gag protein was recovered in the supernatant frac-
tion when the RNA was omitted from the assembly reaction
(Fig. 1B). Moreover, the assembly of His-SIVGagAp6 was not
affected by the presence of the nonionic detergent Triton X-
100 [0.5% (v/v)]. As expected, addition of SDS to a final
concentration of 0.1% (w/v) completely blocked the forma-
tion of assembled products (Fig. 1B).

Examination of the assemblies by negative-stain electron
microscopy revealed that His-SIVGagAp6 formed spherical
particles whose diameter was approximately 35nm and that
were similar in appearance to immature virions without a
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FIG. 1.

In vitro assembly of SIV GagAp6. (A) Coomassie blue-stained SDS-polyacrylamide gel of SIV GagAp6 protein

expressed in E. coli with an N-terminal histidine tag and purified by affinity chromatography. Numbers on the left indicate
the mobilities of the molecular weight standards (in kDa). (B) Sedimentation analysis of SIV GagAp6 assembly reactions.
Purified His-SIVGagAp6 was incubated under the conditions described in Materials and Methods either in the presence (+)
or absence (—) of the in vitro-transcribed R-U5-MA RNA. The effect of the addition of 0.5% (v/v) Triton X-100 or 0.1% (w/v)
SDS on the Gag assembly efficiency was also tested in these assays. After incubation of the assembly mixtures, pellet (P) and
supernatant (S) fractions were separated by centrifugation and subjected to SDS-PAGE followed by Western blotting using
an anti-His antibody. Right panel: agarose gel electrophoresis of the synthetic R-U5-MA RNA used in the assembly reactions.
The numbers on the left correspond to the molecular weight markers (in kilobases). (C) Negatively stained electron mi-
croscopy images of the SIV GagAp6 particles assembled in vitro. Bars represent 50 nm.
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membrane (Fig. 1C). These spherical structures were also
observed when the protein samples were not treated with
RNase A during their purification (data not shown), indicat-
ing that the bacterial RNA that copurifies in the protein
preparations is sufficient to promote the in vitro assembly of
SIV Gag. Overall, these results demonstrate that recombinant
SIV GagAp6 is able to multimerize in vitro into spherical
particles.

Construction of His-tagged SIV Gag deletion mutants

Taking into account that SIV Gag lacking the p6 domain
was capable of self-assembling in vitro, we decided to use
this recombinant protein to map the domains in Gag in-
volved in protein self-interactions. To this end, we generated
a panel of deletion mutants in which SIV GagAp6 (Gagi_4s)
was progressively truncated either from its C-terminus (mu-
tants Gagy_393 to Gagy_p31) or from its N-terminus (mutants
Gagge-a4s to Gagosy_aas) (Fig. 2). We also constructed plasmids
encoding the mature SIV Gag proteins MA (Gag_135), CA
(Gag136,365), and NC (Gag38344g) (Flg 2) All these SIV 8ag
constructs were expressed in E. coli as His-tagged proteins
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and tested for their ability to interact with GST-SIVGagAp6 in
the in vitro binding assays described below.

In vitro binding assay for SIV Gag-Gag interaction

To study SIV Gag-Gag interaction, we adapted a GST
pull-down assay that recently allowed us to demonstrate a
physical interaction between the SIV MA protein and the
Env cytoplasmic domain.'> We first examined the ability of
purified His-SIVGagAp6 (Gagi.as) to interact with GST-
SIVGagAp6 immobilized onto a glutathione-Sepharose resin.
The protein bound to GST-SIVGagAp6 was then visualized by
Western blotting using an anti-His antibody. As shown in
Fig. 3B (panel for Gag_44g), His-SIVGagAp6 associated in a
specific manner with the GST-SIVGagAp6 fusion protein, but
not with GST alone, indicating that these recombinant Gag
proteins are able to interact in vitro. Estimation of the amount
of His-tagged Gagj_445 protein recovered on the beads (see
Materials and Methods) showed that under the experimental
conditions used in our pull-down assays, 40% of the total
His-Gagy_ss binds to immobilized GST-SIVGagAp6. Fur-
thermore, analysis of the in vitro association between these
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FIG. 2. Construction of SIV Gag truncation mutants. Schematic diagram showing the protein domains of the SIV Gag
precursor and of the Gag mutants that were expressed in bacteria. The major homology region (MHR) in the CA as well as
the N-terminal (ZFy) and C-terminal (ZF¢) zinc-finger motifs in the NC are indicated. The names of the mutants refer to the
SIV Gag amino acid positions, with 1 being the initiator methionine in the polyprotein.
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recombinant Gag proteins by means of an ELISA-based
binding assay indicated that the interaction of His-SIV-
GagAp6 with GST-SIVGagApé6 is saturable and is dose de-
pendent (Fig. 3A).

Effect of progressive truncation of the SIV Gag
C-terminus on Gag—Gag interaction

We first examined whether progressive deletions from the
carboxyl terminus of His-Gag;_s4s had any effect on its ability
to interact with GST-SIVGagAp6 (Fig. 3B). The signal inten-
sities on the Western blots from the pull-down assays were
quantitated to estimate the binding efficiency to GST-SIV-
GagAp6 of each mutant Gag protein with respect to that of
wild-type Gag (His-Gagy_445) (see Materials and Methods).
Deletion of the C-terminal 55 amino acids spanning the two
NC zinc-finger motifs (Gag;_393) was sufficient to reduce the
Gag—-Gag in vitro interaction to approximately 50% of that of
wild-type SIV Gag (Fig. 3B and C). Further deletions from the
Gag C-terminus had no additional inhibitory effect on Gag
interaction. Indeed, mutants Gag_sz¢5 and Gagj_zo6 associated
with GST-SIVGagAp6 with efficiencies comparable to that of
mutant Gagy_zo3. These results indicate that deletion of the NC
from SIV Gag is detrimental to Gag self-association. However,
the presence in the Gag constructs of the entire CA or of a CA-
derived region allows substantial Gag-Gag interaction. In this
regard, while the MA protein (Gag;_135) was still able to as-
sociate with GST-SIVGagApé6 (Fig. 3B), albeit displaying only
a 20% binding efficiency of that of wild-type Gag (Fig. 3C), the
SIV Gag subdomain comprising the MA protein and the first
N-terminal 96 residues of CA exhibited a binding capacity
representing 62.9 £ 5.0 % of that of wild-type Gag.

Effect of progressive truncation of the SIV Gag
N-terminus on Gag—Gag interaction

We next analyzed the ability of N-terminally truncated
versions of His-SIVGagAp6 to interact with GST-SIVGagAp6
(Fig. 4). In contrast to the binding behavior displayed by the
C-terminal truncation mutants, this set of mutant Gag pro-
teins associated with GST-SIVGagAp6 with efficiencies that
were comparable to or even higher than that of its wild-type
counterpart. The sole exception was Gagzgz_aas (NC-SP2
domains), whose binding capacity was 41% of that of wild-
type Gag. Interestingly, mutant Gagz¢_445, Which comprises
the CA-SP1-NC-SP2 domains, exhibited a binding efficiency
significantly higher than that of wild-type Gag (157.5+13.2%

<
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of the wild-type value). Remarkably, the Gag mutant
(Gagasy-a4s), which only contains the C-terminal third portion
of the CA and the NC, was found to interact with GST-SIV-
GagApb as efficiently as wild-type Gag (Fig. 4B).

Analysis of the binding capacity of SIV CA

The results described above indicated that the individual
MA (Gagj_135) and NC (Gagzgs-445) domains were able to in-
teract per se with immobilized GST-SIVGagAp6, albeit with
efficiencies significantly lower than that of wild-type Gag. We
therefore then tested whether the mature SIV CA (Gagy36-365)
had the ability to associate with the Gag precursor. As shown
in Fig. 5A, the CA protein did not bind to GST-SIVGagAp6
in vitro. This result led us to speculate that the mature CA
protein might exhibit more affinity for itself than for the Gag
precursor. Since some retroviral CA proteins are able to form
oligomers in vi tro,>>%” we examined whether the recombinant
SIV CA protein was biologically active and self-assembled
in vitro. The purified His-CA protein was incubated in buffer
containing 1M NaCl for 3h at 37°C, and the formation of CA
oligomers was assessed by analyzing the pellet and soluble
fractions that result from the centrifugation of the assembly
reaction. Most of the SIV CA was found in the pellet fraction
(Fig. 5B). Of note, an SDS-resistant protein band that, due to
its electrophoretic mobility, most likely corresponds to CA
dimers was also detected in the pellet fraction (Fig. 5B).

Taken together, these results demonstrate that the SIV CA
multimerizes in vitro. In contrast, an SIV CA lacking the CTD
(Gagi36274) was incapable of forming oligomers since this
protein was only found in the soluble fraction resulting from
the assembly reactions (Fig. 5C). Interestingly, analysis of the
assembly reaction of the SIV CA by native gel electrophoresis
revealed that this protein self-assembles into 370-kDa oligo-
mers (Fig. 5D), which may represent the multimeric complex
(CA NTD hexamers linked by CA CTD dimers) that has been
described for the CA protein of HIV-1 and other retroviruses.*

Ability of mutant Gagogz_44s to interact with wild-type
Gag in vivo

Since our results indicated at this point that the Gag mu-
tant encompassing the C-terminal third of CA and the NC
(Gagasy-445) was the minimal Gag subdomain that interacted
in vitro with GST-SIVGagAp6 at levels similar to those of
His-Gagi-_445, we next asked whether this interaction would

FIG. 3. Binding of His-tagged SIV Gag C-terminal truncation mutants to GST-SIVGagAp6. (A) Dose-dependent curve of
His-SIVGagAp6 binding to GST-SIVGagAp6 determined by an ELISA-based protein interaction assay. Six micrograms of
GST-SIVGagApé6 fusion protein immobilized on glutathione-coated wells was incubated with increasing amounts of purified
His-SIVGagAp6 in binding buffer, and the amount of bound His-tagged protein for each point was determined as described in
Materials and Methods. (B) Pull-down assays for the C-terminal deletion mutants. Equivalent amounts of GST and GST-
SIVGagAp6 coupled to glutathione-Sepharose beads were incubated with recombinant wild-type SIV Gag (Gagj_44s), or the
mutants Gag_303, Gagises, Gagi—sos, Gagi—31, or Gagi_q3s. Protein complexes resulting from the binding reactions were
resolved by SDS-PAGE (10% or 12% polyacrylamide gels), and the bound Gag protein in each case was detected by Western
blotting with a peroxidase-conjugated antibody specific for penta-His. INPUT: As controls, aliquots corresponding to one-fifth
and one-tenth of the total amount of the Gag protein used in each binding reaction were loaded on the gels. The mobilities of the
wild-type and mutant Gag proteins are shown, as are the positions of the molecular weight standards (in kDa). (C) Relative
binding capacity of the SIV Gag C-terminal truncation mutants. The amount of each Gag mutant bound to GST-SIVGagAp6
was determined as explained in Materials and Methods. Binding of each mutant is expressed as percentage of that of wild-type
Gag (Gagy-445) considered as 100%. Data presented are averages of three independent experiments + the standard deviations.
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FIG. 4. Binding of His-tagged SIV Gag N-terminal truncation mutants to GST-SIVGagAp6. (A) Pull-down assays for the N-
terminal deletion mutants. Equivalent amounts of GST and GST-SIVGagAp6 coupled to glutathione-Sepharose beads were
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bound Gag protein in each case was detected by Western blotting as decribed in the legend to Fig. 3. INPUT: Aliquots
corresponding to one-fifth and one-tenth of the total amount of the Gag protein used in each binding reaction were loaded on
the gels. The mobilities of the wild-type and mutant Gag proteins are shown, as are the positions of the molecular weight
standards (in kDa). (B) The relative binding capacity of the SIV Gag N-terminal truncation mutants was determined as
described in Materials and Methods and expressed as a percentage of that of wild-type Gag (Gagi_44s) considered as 100%.
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FIG. 5. Binding of SIV CA to GST-SIVGagAp6 and analysis of SIV CA self-assembly. (A) Pull-down assays for recom-
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were incubated with recombinant SIV CA. The bound protein was detected by Western blotting as described in the legend
to Fig. 3. INPUT: samples corresponding to one-fifth and one-tenth of the total amount of protein used in the assays were
loaded on the gels. The mobility of the recombinant protein is shown, as are the positions of the molecular weight
standards (in kDa). (B) In vitro assembly of recombinant SIV CA. After incubation of His-tagged SIV CA under the
conditions described in Materials and Methods, the assembly mixture was centrifuged to separate the pellet (P) and
supernatant (S) fractions. Equal proportions of the P and S fractions were analyzed by SDS-PAGE and the CA protein was
detected with an anti-CA monoclonal antibody. The asterisk indicates SDS-resistant CA dimers. (C) Assembly reaction for
the SIV CAACTD protein. Recombinant His-Gag36-274 was incubated under the same conditions used for the SIV CA and
the presence of the truncated CA protein in the P and S fractions was assessed by Western blotting using an anti-His
antibody. (D) Analysis by native gel electrophoresis of the multimeric complexes formed on in vitro assembly of SIV CA.
The in vitro assembly reaction of SIV CA was analyzed by electrophoresis on a 5% nondenaturing polyacrylamide gel
followed by Western blotting using an anti-CA antibody. The migration positions of the native molecular mass markers (in

kDa) are indicated on the left.

still occur in vivo. We therefore analyzed if myristoylated
full-length SIV Gag (wild-type SIV Gag) could rescue mutant
Gagpsyaag into extracellular particles. To this end, cells in-
fected with a recombinant vaccinia virus expressing the T7
RNA polymerase were then cotransfected with the plasmids
coding for wild-type SIV Gag and for His-Gagys; 445 as de-
scribed in Materials and Methods.

For comparison, we analyzed in parallel the incorporation
of nonmyristoylated SIV GagAp6 or SIV CA into VLPs by
coexpressing wild-type Gag with His-Gagy_sus or His-Gagi36 365
Cell and VLPs lysates were analyzed by Western blotting
using either a monoclonal antibody to the SIV CA or the anti-
His antibody. This allowed us to confirm in the cotransfection
samples the identity of the His-tagged Gag-derived poly-
peptides. Coexpression of His-Gag_44g with wild-type Gag
resulted in the assembly of Gag VLPs containing the His-
Gagy_44s protein (Fig. 6A), indicating that nonmyristoylated
SIV GagApé6 interacts in vivo with wild-type Gag.

In this regard, we and others have demonstrated that a
certain degree of Gag-Gag interaction and multimerization
occurs prior to Gag transport to the plasma membrane.®*™*!
When we analyzed the VLPs fraction derived from cells co-
expressing His-Gagpgy_445 and wild-type SIV Gag, we found
that this Gag subdomain was also recruited into VLPs by
association with wild-type Gag (Fig. 6B), which is consistent
with the results obtained in the in vitro Gag—Gag interaction
assays (Fig. 4B). As expected from the in vitro pull-down as-
says showing that the mature SIV CA was incapable of in-
teracting with SIV GagAp6 (Fig. 5A), we found that Gag3¢-365
could not be rescued into VLPs by wild-type Gag (Fig. 6C).

Quantitation in VLPs of the relative levels of wild-type
Gag and His-tagged Gag proteins revealed that Gagzsy_44s
represented up to 42% of the total amount of protein, while
Gagy_44s accounted for 58% of the total protein mass in
particles. This indicates that coexpression of Gagogy_445 With
wild-type Gag allowed this truncation mutant to make a
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FIG. 6. Ability of mutant Gagpgy_44s to interact with wild-type Gag in vivo. (A) COS-7 cells infected with the vTF7-3
recombinant vaccinia virus were transfected with plasmids expressing either wild-type SIV Gag (WT) or His-Gagj_44s, Or
cotransfected with both plasmids (WT + Gag_44s). Thirty hours posttransfection, cells were harvested and the VLPs were
purified from the filtered culture supernatants. Cell and VLPs lysates were resolved by SDS-PAGE and the Gag proteins
were detected by Western blotting using an anti-CA monoclonal antibody or anti-His antibody. (B) COS-7 cells infected
with the vTF7-3 recombinant vaccinia virus were transfected with plasmids expressing wild-type SIV Gag (WT), or mutant
His-Gagpgy_a4s, or cotransfected with both plasmids (WT + Gagasy_44s) at 20:1 and 10:1 mass ratios (lanes 2 and 3, re-
spectively). Cell and VLPs lysates were analyzed by Western blotting using an anti-CA monoclonal antibody or an anti-His
antibody. (C) Cell and VLPs lysates from cell cultures expressing wild-type SIV Gag (WT), His-Gag136-3¢5 (His-CA), or both
proteins were resolved by SDS-PAGE and the viral proteins were detected by Western blotting using an anti-CA
monoclonal antibody. The mobilities of wild-type Gag and the Gag subdomains are shown, as are the positions of the
molecular weight standards (in kDa).
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substantial contribution to the composition of the extracel-
lular particles.

Effect of deletions in the C-terminus of the SIV CA
on particle formation

Given that the SIV Gag subdomain comprising the CA C-
terminus and the NC (Gagas7-445) not only proved to be highly
efficient at interacting in vitro with GagAp6, but also was re-
cruited in vivo into VLPs by the full-length Gag precursor, we
decided to further analyze the contribution of the SIV CA C-
terminus to Gag multimerization. To this end, we introduced,
in the context of the wild-type Gag protein, deletions within
the C-terminal third of CA and SP1 (Fig. 7A), and examined
the effect of these mutations on VLPs production in vivo. Gag
proteins harboring deletions ACTD2 and ASP1 produced
VLPs with an efficiency corresponding to approximately 30%
of the wild-type value, whereas deletion ACTD1 caused a
5-fold reduction in particle production (Fig. 7B and C). The
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most drastic effect on assembly was caused by deletion of the
major homology region (MHR), which reduced the ability of
SIV Gag to form VLPs by approximately 90% (Fig. 7B and C).

Together, these data indicate that in SIV the C-terminal
third of the CA and SP1 are important for efficient Gag self-
interaction in vivo. Although we cannot rule out the possibility
that deletion of the SIV CA MHR or adjacent sequences may
affect processes other than Gag multimerization, such as Gag
binding to the plasma membrane, it is most likely that a defect
in Gag membrane association caused by a mutation in CAis a
consequence of an impairment in protein multimerization, as
has been proposed for HIV-1 Gag.**

Discussion

Although numerous studies have contributed to a better
understanding of the retrovirus assembly process, the SIV
Gag sequences involved in the homotypic protein interactions
that drive SIV particle formation remained to be defined.
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FIG.7. Effect of deletions in the SIV Gag region encompassing the CA C-terminus and SP1 on VLPs formation. (A) Location
of the deletions in the C-terminal third of the CA domain and the SP1 peptide. Amino acid residues are numbered according
to their position relative to the N-terminal methionine residue of the Gag precursor. Arrows indicate the viral protease
cleavage sites. (B) COS-7 cells expressing either wild-type (WT) or mutant SIV Gag proteins were harvested 30h post-
transfection and VLPs were purified from the filtered culture supernatants. Viral proteins from cell lysates (CELLS) and virus-
like particles (VLPs) were detected by Western blotting using an anti-MA monoclonal antibody. Numbers indicate the
mobilities of the molecular mass standards (in kDa). (C) The amount of VLP-associated Gag for each mutant (normalized for
the intracellular protein levels) was referred to that of wild-type Gag (considered as 100%). Data presented are averages of
three independent experiments + the standard deviations.
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Moreover, since SIV is extensively used in vaccine develop-
ment studies, the analysis of SIV biology as well as the iden-
tification of even subtle differences from HIV-1 are relevant.
In the present study, we sought to map the molecular deter-
minants in SIV Gag that mediate protein—protein interactions
thereby promoting Gag multimerization. To evaluate the
feasibility of developing an in vitro system to study SIV
Gag—-Gag interaction, we first analyzed by both pelleting
assays and negative-stain electron microscopy the products
formed on incubation of His-SIVGagAp6 under fully defined
conditions.

These analyses revealed that recombinant SIV GagAp6 has
the ability to self-assemble in vitro into spherical particles that
are about 35nm in diameter. Interestingly, we have recently
demonstrated that recombinant full-length feline immuno-
deficiency virus (FIV) Gag polyprotein also assembles in vitro
into particles of a similar size.*’ Notably, Campbell and Rein**
have reported that nonmyristoylated HIV-1 GagAp6 assem-
bles in vitro into 25- to 30-nm spherical structures. However,
the addition to the in vitro assembly reaction of cell lysates or
inositol phosphate derivatives leads to the formation of HIV-1
GagAp6 particles of a size similar to that of virions.**

We also show here that the in vitro assembly of SIV GagAp6
is dependent on the presence of RNA, as it has previously
been demonstrated for the Gag proteins of HIV-1,°>** Rous
sarcoma Virus,45 Mason-Pfizer monkey Virus,46 and FIV,43
and that it is resistant to the addition of a nonionic detergent
such as Triton X-100. This latter result confirms that under the
experimental conditions employed in the in vitro assembly
reactions, SIV GagAp6 multimerizes into completely assem-
bled higher-order structures, since resistance to Triton X-100
is a distinctive feature of immature particles.”**’

To identify the regions in SIV Gag required for protein—
protein interaction, we performed pull-down binding assays
in which we compared the ability of a series of His-tagged
Gag subdomains to bind to GST-GagAp6 with respect to that
of His-GagAp6 considered as the wild-type construct.

By using this approach, we found that truncation of SIV
Gag from its N-terminus did not adversely affect Gag-Gag
interaction: indeed, Gag36-44s, Which corresponds to the SIV
CA-SP1-NC-SP2 subdomain, exhibits a 1.6-fold higher bind-
ing activity than that of wild-type Gag, and a small Gag region
consisting of the C-terminal third of the CA and the NC is able
to interact with GST-SIVGagAp6 at wild-type levels. In con-
trast, removal of the NC zinc-finger motifs is sufficient to re-
duce by 50% Gag-Gag interactions, which highlights the
relevance of this SIV Gag region for protein multimerization.
It is likely that in our pull-down assays the NC domain, by
binding to bacterial RNA that copurifies with the recombinant
proteins, facilitates Gag-Gag interactions. This is in agree-
ment with previous in vivo studies demonstrating that the
NC-RNA association promotes Gag multimerization and as-
sembly.??>31484% I this regard, we found that treatment
with DNase I and RNase A of both the resin-coupled GST-
SIVGagAp6 and the His-SIVGagAp6 input reduced but did
not abolish Gag-Gag interaction. Indeed, nucleases-treated
Gag proteins interacted with an efficiency representing
61.7 £5.9% of the binding obtained with the untreated puri-
fied SIV GagAp6 proteins (mean value + standard deviation;
three experiments).

In addition to the importance of the NC, our binding ex-
periments also point to the crucial role that the CA domain of

RAUDDI ET AL.

Gag plays in SIV Gag multimerization. The presence in the
Gag truncation mutants of either the entire CA or CA-
derived regions enhances Gag self-association. Indeed, the
SIV Gag subdomains that correspond to CA-NC (Gagi36-44s)
or to the C-terminal third region of CA together with the NC
(Gagps7-445) bind to Gag more efficiently than the NC alone.
Moreover, the MA-CA protein (Gagi_ses) or Gag sub-
domains consisting of the MA and CA regions (Gag;_»3; and
Gag_306) exhibit a Gag binding capacity significantly higher
than that of the mature MA.

Moreover, our in vitro binding assays allowed us to pin-
point the minimal SIV Gag subdomain capable of establishing
protein—protein interactions at wild-type levels. The conclu-
sion that the SIV Gag region spanning the C-terminal third of
the CA and the NC is a major multimerization determinant is
further supported by our experiments in vivo demonstrating
that (1) nonmyristoylated Gagpgy_44s can be efficiently re-
cruited into extracellular particles by SIV Gag and (2) internal
deletions targeting the CA C-terminus and SP1 in the context
of the unprocessed Gag precursor are detrimental to VLP
assembly in vivo.

Although the structure of the SIV CA has yet to be deter-
mined, our results suggesting that the STV CA C-terminus and
the adjacent SP1 peptide establish crucial contacts during the
formation of immature particles are in keeping with the bio-
chemical and high-resolution structural data available for
HIV-1 CA.38° Interestingly, it has been proposed that the
HIV-1 CA CTD dimerizes via the domain-swapping mecha-
nism and that the swapping of the MHR segment between
adjacent Gag molecules may constitute a crucial assembly
intermediate.”’ This may explain the remarkable sequence
conservation of the MHR in retroviruses. In this respect, our
results are in line with this concept since, among the muta-
tions we introduced into the SIV CA CTD and SP1 regions,
deletion of the MHR had the most inhibitory effect on VLP
production.

When we analyzed the ability of the recombinant mature
SIV Gag products to interact in vitro with SIV GagAp6, only
the MA and NC proteins proved to be binding competent,
with a 20% and 40% binding efficiency of that of wild-type
Gag, respectively. In this regard, analogous protein-binding
experiments performed with HIV-1 Gag protein did not de-
tect an association between the MA and Gag proteins,
whereas the HIV-1 NC alone displayed a binding activity
similar to that of wild-type Gag.” In Table 1 the Gag-binding
abilities of the most phenotypically relevant SIV Gag sub-
domains tested in our study by both GST pull-down and
ELISA experiments are compared with those previously
reported for HIV-1.7

In this study, we also found that recombinant SIV CA was
incapable of interacting in vitro with the Gag precursor,
despite exhibiting the ability to form multimeric complexes
detected by native gel electrophoresis. Notably, Zabransky
et al.>® by using the yeast two-hybrid system, could not
detect an association between the HIV-1 CA and the Gag
polyprotein. These results may reflect the distinct roles of the
CA during virion formation: on the one hand, as a domain of
the Gag precursor that participates in spherical particle
assembly and, on the other hand, as a mature protein that
assembles into a conical core surrounding the NC-genomic
RNA complex and its associated viral enzymes. In support of
this notion, biochemical and structural data obtained for
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TaBLE 1. COMPARISON OF THE GAG BINDING ABILITY OF SIV
AND HIV-1 GAG SUBDOMAINS

Binding to
Binding to GST-
Gag subdomain GST-SIVGagAp6® HIV-1Gag®
MA-CA 54.0+4.2% (44.0 £2.7%) 5-10%
CA-SP1-NC-SP2¢  157.5+13.2% (200.0 & 26.0%) 100%
CAcp-SP1- 108.4 +14.9% (92.0 £7.3%) 100%
NC-sp2°

MA 19.6 +2. 1% (22.0+£1.8%) <5%
CA ND? (ND) —
NC-SP2 41.6 +£5.2% (34.5£3.2%) 100%

“Interaction of His-tagged SIV Gag subdomains with immobilized
GST-SIVGagAp6 relative to that detected with His-SIVGagAp6
considered as 100%. Data are from the results of the pull-down
assays presented in Figs. 3, 4, and 5, whereas those in parentheses
were obtained by the ELISA-based protein interaction experiments
described in Materials and Methods. Values presented are averages
of at least three independent experiments =+ the standard deviations.

P Association with GST-HIV-1Gag of Gag subdomains expressed
with an N-terminal extension of the HA1 epitope of the influenza
virus hemagglutinin (HA) protein. Binding activities were referred to
that obtained with HA- tagged HIV-1 Gag considered as 100%.
Data are from Burniston et al.”>

cIr1 the case of HIV-1, these Gag constructs also included pé.

ND not detectable.

—, not determined.

HIV-1 CA indicate that there are substantial differences in
the arrangements of the CA domains between immature and
mature virions.”*>*

In summary, we have demonstrated that the SIV GagAp6 is
capable of assembling in vitro into spherical particles. The fact
that this protein exhibited full multimerization capacity al-
lowed us to develop an in vitro binding assay to study Gag
self-interactions. The results stemming from these pull-down
experiments, complemented by our studies with cells ex-
pressing SIV Gag mutants, identified the region comprising
the C-terminal third portion of the CA and the entire NC as
the major SIV Gag interacting domain. Our findings therefore
contribute to our knowledge of the SIV Gag assembly process.
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