
Cell-free systems for capsid assembly of
primate lentiviruses from three di!erent
lineages

Introduction

Primate lentiviruses, which include several recently
described simian immunodeficiency viruses (SIV)
[3, 9, 8], are currently divided into more than seven
main lineages [3, 9, 8, 16]. The molecular biology
and pathogenesis of three main lineages (SIVcpz/
HIV-1, SIVsm/SIVmac/HIV-2, and SIVagm) have
been studied more extensively than the others.
Molecular clones of primate lentivirus strains have
become important tools because such clones can be
studied in vitro, in cell culture, and in vivo using
non-human primate models.
Primate lentivirus particle formation proceeds by

a type C strategy, in which Gag polypeptides are
myristolylated co-translationally and target to the
plasma membrane (reviewed in [13]) or to internal
organellar membranes [21, 25, 29], where assembly
of the immature capsid occurs. Following capsid
assembly, Gag polypeptides associate with the
cellular ESCRT machinery that causes the mem-
brane fission events required for budding and
release from the cell (reviewed in [1, 21, 26]).
Concomitant with or subsequent to particle release,
the viral protease cleaves the Gag protein (p55 Gag,

in the case of HIV-1), yielding the mature virus
particle. Studies of the events of primate lentiviral
capsid assembly that precede budding (reviewed in
[13]) have largely focused on HIV-1. In extending
our studies of HIV-1 we recently found that the
assembly of Gag polypeptides from three main
primate lentiviral lineages occurs by a conserved
pathway of assembly intermediates in primate cells
[10]. These findings are consistent with the notion
that many features of assembly are conserved
among di!erent primate lentiviral lineages. How-
ever, molecular aspects of assembly have not been
carefully compared between genetically divergent
primate lentiviruses. One precedent for di!erences
between primate lentiviruses is seen with encapsi-
dation (reviewed in [6]). Studies have demonstrated
that HIV-2 exhibits a preference for co-transla-
tional encapsidation of genomic RNA, while HIV-1
does not. Whether mechanistic di!erences exist
during assembly of primate lentiviral capsids
remains to be determined.

To better study the assembly of di!erent primate
lentiviruses, it would be useful to have model
systems that are amenable to dissecting mechanistic
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di!erences. Cell-free systems, in which cell extracts
are used to faithfully reconstitute translation and
post-translational events, are known for their
utility in elucidating the molecular mechanisms of
cellular events [5, 15, 27]. The initial finding that
HIV-1 capsid assembly proceeds by a stepwise
pathway of host factor-containing, energy-depend-
ent assembly intermediates resulted from studies
using a cell-free system for HIV-1 capsid assembly
[10, 20, 30]. In this pathway, HIV-1 Gag polypep-
tides progress sequentially through intermediates
containing viral and cellular proteins that are
distinguished by increasing S values of !10S,
!80S, !150S, !500S, culminating in completion
of the fully completed immature !750S HIV-1
capsid. The existence of these assembly intermedi-
ates was later validated in primate cells [10]. This
cell-free HIV-1 capsid assembly system was also
used to identify a host factor termed HP68 that
associates with assembling HIV-1 Gag polypep-
tides in specific assembly intermediates [34]. HP68,
which was initially described as an RNAseL
inhibitor [4, 23, 22], mediates the post-translational
assembly of HIV-1 capsids. Following identifica-
tion and initial characterization in the cell-free
system, studies in primate cells confirmed that
HP68 plays an important role in HIV-1 capsid
assembly in primate cells [10]. Thus, combining
mechanistic studies in the cell-free system with
validation and extension in cellular systems has
provided a powerful approach for defining events
of capsid assembly.
Complex cellular processes can be di"cult to

reconstitute in cell-free systems. For example,
others have reported success with assembling
Mason-Pfizer monkey virus (M-PMV) but not
HIV-1 in a cell-free system programmed with
rabbit reticulocyte lysate [28]. Along these lines,
we found di!erences in the cell-free capsid assem-
bly of two related primate lentiviruses from the
second main lineage. Gag polypeptides from
SIVMneCL8, a member of the second main
primate lentiviral lineage, assemble very poorly in
the cell-free system by biochemical assays [11]. In
contrast, Gag polypeptides of HIV-2 304, a mem-
ber of the same primate lentiviral lineage, assemble
into !750S capsids at least as well as HIV-1 Gag in
the same cell-free extract [10]. Here we examined
whether assembly of SIVagm, a member of a third
major primate lentiviral lineage, can be reconsti-
tuted using cell extracts. We found that Gag
polypeptides of SIVagm assemble to a significant
extent in the cell-free system and associated with
the host factor HP68, demonstrating similarity
between Gag polypeptides from three main pri-
mate lentiviral lineages.

Materials and Methods

Constructs for Gag expression

Cell-free plasmid vectors were derived from SP64
vector (Promega, Madison, WI, USA) into which
the 5¢ untranslated region (UTR) of Xenopus laevis
globin had been inserted at the HindIII site [24].
The SIVagm Gag-encoding open reading frame
(ORF) from the molecular clone pSAB-1 (obtained
from Mojun Jin and Beatrice Hahn, AIDS Re-
search and Reference Reagent Program, Division
of AIDS, NIAID, NIH [18]) was amplified by PCR
(forward primer: 5¢-ATC ATC AGA TCT ACC
ATG GGT GCG AGT AAC TCA GTC TTA
AGT GG-3¢, reverse primer: 5¢-GAT GAT GAA
TTC TCA TCA TTG GTC TTC TCC AAA GAG
AGA CC-3¢) and introduced downstream of the
SP6 promoter and the globin UTR using primer-
encoded Bgl II and EcoRI restriction sites, similar
to the approach used previously for the construc-
tion of the pSP HIV-1 SF2 Gag [20] and pSP HIV-2
304 Gag plasmids [10]. Plasmids pSP HIV-1 SF2
Gag Tr (previously called Pr41) and the pSP Flag-
HuHP68 have been described previously [10, 20,
34]. Expression plasmids pSV HIV-1 BH10 Gag
RRE-R and pCMV Rev [20, 31], as well as pSV
HIV-1 BH10 Gag Tr [20] and pcDNA SIVagmGag
[10] used here to produce immature particles from
cells have been described previously. To construct
the plasmid for the production of immature HIV-2
304 particles from Cos-1 cells, the Gag ORF from
molecular clone HIV-2 304 was amplified by PCR
(forward primer: 5¢-ATC ATC GCT AGC ACC
ATG GGC GCG AGA GGC TCC GTC-3¢,
reverse primer: 5¢-GAT GAT GAA TTC TCA
CTA CTG GTC TTC TCC AAA GAG-3¢) and
introduced into the NheI and EcoRI sites in
pcDNA 3.1 (Invitrogen, Carlsbad, CA, USA).
The sequence of SIVagm Gag is available
from Genbank (accession number U04005)
and the molecular clone HIV-2 304 was gener-
ated by Elizabeth Beattie and provided by
Shiu-Lok Hu [2].

In vitro transcription, steady-state and pulse-chase cell-free
translation and assembly reactions

In vitro transcription was performed with SP6
polymerase using cell-free expression plasmids
described above, and was followed by in vitro
translation and assembly for 180 minutes at 26"C
using wheat germ extract and 35S-methionine (ICN
Biochemicals, Costa Mesa, CA, USA; Figs 1 and
2), as described previously [12, 20]. For Fig. 4,
co-translation of Flag-HuHP68 and Gag were
performed by programming the cell-free reaction
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with an input transcription mixture consisting of
30% Flag-HuHP68 transcript and either 70% Gag
transcript or less Gag transcript supplemented with
mock transcript to normalize levels of translated
Gag polypeptide across all samples. The pulse-
chase experiment in Fig. 3 was performed as
previously described [20]. Briefly, translation reac-
tions contained 35S-cysteine (ICN Biochemicals)
for radiolabeling, and at 4 minutes into the reac-
tion excess unlabeled cysteine was added to a final
concentration of 3 mM, and the reaction was
continued at 26"C, and aliquots were removed as
indicated.

Gradient analysis of immature capsids released from cells

To produce immature capsids from cells, 3 · 106

Cos-1 (Cercopithecus aethiops; AGM kidney) cells
were transiently transfected to express pSV HIV-1
BH10 Gag RRE-R or pSV HIV-1 BH10 Gag Tr
RRE-R (both in conjunction with pCMV Rev;
[31]), pCDNA HIV-2 304 Gag, or pCDNA SIV-
agm Gag by using Lipofectamine (Invitrogen), as
previously described [10]. Forty hours post-trans-
fection, media were clarified twice by centrifuga-
tion at 650 g for 10 minutes at 4"C in a GH3.8
rotor (Beckman Coulter Allegra 6R centrifuge;
Beckman Coulter, Fullerton, CA, USA) followed
by passage through a 0.22 lm pore-size filter
(Costar/Corning, Acton, MA, USA). NP40 was
added to a final concentration of 1.0% to 100 ll
media in order to remove envelopes, and media
was subjected to velocity sedimentation on gradi-
ent 2 described below. Equivalent aliquots of
fractions were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) followed by immunoblotting using anti-
HIV-1 Gag p24 (Dako, Carpinteria, CA, USA) at
1:600 or monoclonal antibody 183-H12-5C
(obtained from Bruce Chesebro, NIH AIDS
Research and Reference Reagent Program [7, 32,
33]) at 1:250 as primary antibodies for HIV-1 Gag
and non-HIV-1 Gag, respectively. Anti-mouse IgG
or anti-mouse IgG1 antibodies coupled to horse-
radish peroxidase (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) were used as the secondary
antibodies and enhanced chemiluminescence
(Pierce, Rockford, IL, USA) was performed.

Gradient analysis of cell-free reactions

Samples (25 ll) containing 10 ll of cell-free assem-
bly reactions labeled with 35S-methionine or 100-ll
samples containing 15 ll of cell-free assembly
reactions labeled with 35S-cysteine in a final con-
centration of 0.625% NP40, 10 mM TrisAc pH 7.4,

50 mM KAc, 100 mM NaCl, and 4 mM MgAc were
layered onto gradients containing sucrose prepared
in the same bu!er. Modified velocity sedimentation
gradient analysis [10] used the following 2 ml
sucrose step gradients. For optimal resolution of
!10S and !80–150S complexes, (Figs 2 and 3)
gradients consisted of 400 ll each of 5, 10, 15, 30,
and 40% sucrose (gradient 1). For optimal resolu-
tion of !500S and !750S complexes, gradients
consisted of either 330 ll of 25, 30, 35, 40, 45, and
50% sucrose (gradient 2; Figs 1 and 2) or 380 ll of
30, 40, 50, and 66% sucrose and 100 ll of 75%
sucrose (gradient 3; Fig. 3). Centrifugation of all
gradients was performed at 135,000 g for 45 min-
utes at 4"C in a TLS55 rotor (Beckman Coulter
Optima Max-E centrifuge) and 150 ll (Figs 1 and
2) or 200 ll (Fig. 3) fractions were collected
serially from the top. Equivalent aliquots of each
gradient fraction were subjected to SDS-PAGE
followed by autoradiography. Calibration of gra-
dients to determine S value positions has been
described previously [20].

Co-immunoprecipitations

For immunoprecipitations, 2 ll of 35S-labeled cell-
free reactions programmed with Gag and Flag-
HuHP68 (Fig. 4) were removed at 90 minutes into
the reaction and incubated in bu!er containing
1.0% NP40, 10 mM TrisAc pH 7.4, 50 mM KAc,
100 mM NaCl, and 10 mM EDTA, along with 6 ll
of either mouse a-Flag antibody coupled to
agarose beads (Sigma, St Louis, MO, USA) or
mouse IgG (Sigma) and protein G beads (Pierce).
Immunoprecipitation reactions were rotated for
2–4 hours at 4"C and washed twice with detergent
wash bu!er containing 100 mM TrisAc pH 8.0,
1.0% NP40, 50 mM KAc, 100 mM NaCl, and 1 mM

EDTA and twice with corresponding non-deter-
gent wash bu!er. Immunoprecipitated product was
eluted in SDS-PAGE loading bu!er, and subjected
to SDS-PAGE and analyzed by autoradiography.

Quantitation

Autoradiographs and immunoblots were digitized
using an AGFA Duoscan T1200 scanner (AGFA,
Ridgefield Park, NJ, USA) and Adobe Photoshop
5.5 software (Adobe Systems Incorporated, San
Jose, CA, USA). Mean Gag precursor band
densities were determined and adjusted for band
size and background. For quantitation of autora-
diographs and immunoblots, dilution standards
were performed to ensure that bands analyzed were
within the linear range for signal intensity. For
Fig. 1, cell-free assembly was determined by
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quantitating the amount of Gag present in frac-
tions 12–14 of gradient 2 as percentage of total
Gag in all gradient fractions. We found that !750S
immature HIV-1 capsids and immature HIV-2 304
and SIVagm particles produced from cells migrate
in these fractions (see arrowheads in Fig. 3, and
data not shown). Gradient assembly profiles were
generated by plotting amount of Gag present in
each 150 or 200 ll fraction as arbitrary densitom-
etry units (Fig. 3) or as a percentage of total Gag in
all gradient fractions (Fig. 2). Assembly profiles
representing complexes of !10S, !80–150S,
!500S, and !750S (Figs 2 and 3) were generated
by splicing the quantitated gradient profiles from
gradients 1 and 2 (Fig. 2) or gradients 1 and 3
(Fig. 3). Gradients were spliced to link gradients at
common sucrose percentages, and the splice junc-
tion is indicated by slash marks on the x-axis in
Figs 2 and 3. To generate profiles in Fig. 2, the
amount of Gag (as percentage of total Gag) in
fractions 1–11 from gradient 1 (which resolves
!10S, !80–150S complexes; 150 ll fractions) was
spliced to amount of Gag (as percentage of total
Gag) in fractions 6–14 from gradient 2 (which
resolves the !500S and !750S complexes; 150 ll
fractions; splice junction at !35% sucrose). To
generate pulse-chase profiles (Fig. 3), the amount
of Gag in present fractions 1–10 from gradient 1
(which resolves !10S and !80–150S complexes;
200 ll fractions) was spliced to the amount of Gag
present in fractions 6–11 from gradient 2 (which
resolves the !500S and !750S complexes, 200 ll
fractions; splice junction at !40% sucrose).

Results

Gag polypeptides from three main primate lentiviral lineages
assemble in the cell-free system

Previously we have demonstrated that Gag poly-
peptides representing two of the main primate
lentiviral lineages, HIV-1 SF2 and HIV-2 304,
assemble into immature capsids following de novo
translation in a cell-free system consisting of wheat
germ extract supplemented with additional cellular
factors [10, 20]. To determine whether Gag poly-
peptides from a third major primate lentiviral
lineage assemble into immature capsids in a cell-
free system, we examined Gag from the molecular
clone SIVagm SAB-1 [18] which shares 52 and 56%
amino acid identity (64 and 66% similarity) with
HIV-1 SF2 and HIV-2 304 Gag, respectively.
When cell-free reaction mixtures containing 35S-
methionine were programmed with transcripts
encoding HIV-1 SF2 Gag, an assembly incompet-
ent truncation mutant in HIV-1 SF2 Gag (HIV-1

Gag Tr), HIV-2 304 Gag, or SIVagm Gag, similar
amounts of radiolabeled Gag polypeptides were
synthesized (Fig. 1A). We previously showed that
approximately 20–30% [10, 20, 30] of newly syn-
thesized HIV-1 SF2 Gag polypeptides in the cell-
free system form complexes that migrate in the
!750S position seen for completed HIV-1 capsids.
These were confirmed to be immature capsids by
additional studies [20]. When analyzed in parallel,
comparable amounts of HIV-2 304 and SIVagm
Gag polypeptides formed !750S capsids as deter-
mined by velocity sedimentation (Fig. 1B). In
contrast, HIV-1 Gag Tr, an assembly incompetent
mutant [14, 17, 19, 20, 30] which lacks the
nucleocapsid (NC) and p6 domains, failed to form
!750S complexes to a significant extent when
examined in parallel (Fig. 1B). This was despite
levels of HIV-1 Gag Tr synthesis that were
equivalent to that of all full-length Gag constructs
(Fig. 1A). Thus, by velocity sedimentation

Fig. 1. Gag polypeptides from three main primate lentiviral
lineages assemble into capsid-like particles in the cell-free sys-
tem. Radiolabeled cell-free reactions were programmed with
transcripts for HIV-1 Gag (HIV-1), HIV-2 304 Gag (HIV-2
304), SIVagm Gag (SIVagm), or HIV-1 Gag Tr (HIV-1 Tr).
(A) Bar graph shows amount of Gag in equivalent aliquots of
each reaction shown as percentage of wild-type HIV-1 Gag
translated. (B) Reactions were analyzed by velocity sedimen-
tation and SDS-PAGE followed by autoradiography. Bar
graph shows amount of capsid assembly shown as percentage
of total Gag, as described in Materials and Methods. Error
bars show standard errors of the mean values from two inde-
pendent experiments.
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analysis, Gag polypeptides from the third main
primate lentiviral lineage appeared to assemble
into !750S capsids in the cell-free system.

Assembly profiles of cell-free Gag from three major primate
lentiviral lineages

We next sought to verify that the !750S complexes
formed by HIV-2 304 and SIVagm Gag polypep-
tides in the cell-free system represent completed
capsids. We previously demonstrated that imma-
ture HIV-1 capsids produced in both the cell-free
system and by primate cells migrate in the !750S
position [20]. We therefore compared the migration
of !750S complexes from HIV-1, HIV-2 304, and
SIVagm cell-free reactions to that of immature
capsids released from cells. To do this we employed
gradient conditions that would also allow us to
visualize assembly intermediates as well as com-
pleted capsids. To make authentic capsids, Cos-1
cells were transfected to express HIV-1, HIV-2 304,
SIVagm, and HIV-1 Tr Gag polypeptides. The
media containing virus-like particles was clarified
and treated with 1% NP40 bu!er to remove
envelopes and release immature capsids, and was
subjected to velocity sedimentation on sucrose step
gradients. Immature capsids of HIV-1, HIV-2 304,
and SIVagm produced from cells were observed to
pellet in 25–50% sucrose step gradients (marked by

Fig. 2. Cell-free !750S capsids from all three lineages resemble
authentic capsids from cells following velocity sedimentation.
Radiolabeled cell-free reactions were programmed with tran-
scripts for (A) HIV-1 Gag (HIV-1), (B) HIV-2 304 Gag (HIV-2
304), or (C) SIVagm Gag (SIVagm). Reactions were analyzed
by velocity sedimentation and SDS-PAGE followed by auto-
radiography to generate assembly profiles showing Gag-con-
taining complexes of di!erent S values produced in cell-free
assembly reactions. To mark the position of immature capsids
(indicated by the open arrowheads; data not shown), media
from Cos-1 cells producing immature HIV-1, HIV-2 304, and
SIVagm particles were treated with detergent to remove enve-
lopes, and capsids were analyzed by velocity sedimentation.
Positions of !10S (closed arrows), !80–150S (dark bars), and
!500S complexes (open bars) are indicated. Slash on x-axis
indicates splice point of two di!erent gradients used for ana-
lysis of cell-free assembly reactions as described in Materials
and Methods. Experiment was repeated two independent times
with one representative experiment shown.

Fig. 3. Pulse-chase analysis of cell-free HIV-2 304 capsid
assembly. A single cell-free reaction was programmed with
transcript for HIV-2 304 Gag in the presence of 35S-radio-
labeled cysteine. At 4 minutes into the reaction, excess
unlabeled cysteine was added to the reaction and equivalent
aliquots were removed at multiple timepoints and analyzed by
velocity sedimentation, SDS-PAGE, and autoradiography to
generate profiles of the radiolabeled cohort of Gag polypep-
tides. Shown are assembly profiles at 25 minutes (dotted line)
and 3.5 hours (solid line) into the reaction. Positions of !10S
(closed arrow), !80–150S complexes (dark bar), !500S (open
bar), and !750S (open arrowhead) complexes are indicated.
Experiment was repeated two independent times with one
representative experiment shown.

276

Dooher and Lingappa



open arrowheads in Fig. 2A–C; data not shown),
as did !750S capsids formed at completion of cell-
free reactions expressing the corresponding con-
structs (Fig. 2A–C). HIV-1 Gag Tr released from
cells failed to appear in the pellet (data not shown),
which was expected because this mutant is assem-
bly defective [14, 17, 19, 20, 30]. To further confirm
that the !750S complexes produced from the HIV-
1, HIV-2 304, and SIVagm cell-free assembly
reactions correspond closely to completed capsids
released from cells, we also used a step gradient
that results in migration of HIV-1 !750S capsids in
the center of the gradient. Using this approach,
HIV-1, HIV-2 304, and SIVagm capsids produced
from the cell-free reactions again migrated in
approximately the same position as HIV-1, HIV-
2 304, and SIVagm immature capsids produced by
cells (data not shown; also see [11]). Thus, velocity

sedimentation analysis indicates that the !750S
complexes formed by HIV-2 304 and SIVagm Gag
polypeptides in the cell-free system correspond to
capsids produced from primate cells.

HIV-2 304 Gag polypeptides progress from early to late
assembly intermediates and to completed capsids over time
in the cell-free system

Because the cell-free reactions shown in Fig. 2 were
analyzed at a late time in the assembly reaction, the
majority of newly synthesized Gag had already
completed the assembly process. Small amounts of
Gag were seen in regions of the gradient that, we
have previously shown, contain !10S, !80–150S,
and !500S assembly intermediates in primate cells
and the cell-free system [10, 20]. Gag polypeptides
in these complexes likely represent residual assem-
bly intermediates that we have previously defined
in the cell-free system for HIV-1 [20] and for
primate lentiviruses in cells [10]. The presence of
these complexes suggests that in the cell-free system
HIV-2 304 and SIVagm Gag polypeptides progress
through the assembly pathway previously des-
cribed for HIV-1 in the cell-free system, consistent
with results obtained in primate cells [10]. If this is
the case, we would predict that the !10S and !80–
150S complexes would be present in larger quan-
tities at earlier stages in the cell-free assembly
process for both HIV-2 304 and SIVagm. Previ-
ously, we used pulse-chase experiments to demon-
strate that HIV-1 Gag polypeptides progress
sequentially through !10S, !80S, !150S, and
!500S complexes, before forming !750S comple-
ted capsids [20]. To demonstrate a similar precur-
sor–product relationship between assembly
intermediates and completed immature capsids
for a separate primate lentivirus lineage in the
cell-free system, we examined HIV-2 304 in the cell-
free system using this pulse-chase approach. Cell-
free translations were programmed with transcript
for HIV-2 304 Gag in the presence of 35S-cysteine.
Following a pulse with radiolabeled cysteine,
excess unlabeled cysteine was added to the cell-free
reaction, and aliquots were removed at multiple
timepoints and analyzed by velocity sedimentation
(Fig. 3). Aliquots of the unfractionated cell-free
reaction show that most of the radiolabeled cohort
was synthesized by 20 minutes into the reaction
(data not shown). At a moderately early timepoint
(25 minutes) most of the fully synthesized Gag was
present in !10S and !80–150S complexes, with
small amounts present in !500S and !750S
complexes (Fig. 3, dotted line). In contrast, at
3.5 hours, the majority of radiolabeled HIV-2 304
Gag polypeptides were present in the !500S and

Fig. 4. Gag polypeptides from three major primate lentiviral
lineages associate with HuHP68 in the cell-free system. In
parallel reactions, Flag-tagged HuHP68 was co-translated with
(A) HIV-1 Gag (HIV-1), (B) HIV-2 304 Gag (HIV-2 304), (C)
SIVagm Gag (SIVagm), or (D) HIV-1 Gag Tr (HIV-1 Tr)
transcripts in the presence of 35S-methionine (lanes 1–3).
Aliquots of cell-free reactions were subjected to immunopre-
cipitation (IP) using anti-Flag (F, lane 1) or non-immune (N,
lane 2) antibody under native conditions. Aliquots of total
translations (Total) are shown in lanes 3–5, with lane 3
showing 10% of immunoprecipitation input total (HP + Gag).
Lane 4 shows a translation of Flag-HuHP68 alone (HP) to
indicate migration of Flag-HuHP68 (dark arrow). Lane 5
shows a translation of each relevant primate lentiviral Gag
alone to indicate their migrations (open arrows). Brackets to
the right indicate positions of early termination and late initi-
ation products that are typically seen in cell-free translations.
Experiment was repeated four independent times with one
representative experiment shown.
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!750S high molecular weight complexes (Fig. 3,
solid line). Note that the !80S and !150S
complexes are only partially separated from each
other in these gradients are therefore referred to as
!80–150S complexes. Over time, there is a decrease
in the amount of Gag present in the !10S and
!80–150S complexes, and a greater than twofold
increase in the amount of Gag found in the !500S
complex and completed !750S capsids. These
timepoints reveal that HIV-2 304 Gag polypeptides
present in !10S and !80–150S complexes at early
times subsequently progress into !500S and !750S
immature capsids. Together these data are consis-
tent with the formation of HIV-2 304 capsids via
assembly intermediates in the cell-free system, as
originally shown for HIV-1.

Gag polypeptides from three major primate lentiviral
lineages associate with HuHP68 in the cell-free system

Cell-free and cellular studies have demonstrated
that the host protein HP68 associates with fully
synthesized, assembling HIV-1 Gag polypeptides
in high molecular weight assembly intermediates,
and appears to be essential for post-translational
events in HIV-1 capsid assembly [34]. Human,
macaque, and African Green monkey HP68
orthologues are over 98% identical in amino acid
sequence, and Gag from HIV-1, HIV-2, SIVmac,
and SIVagm associate with HP68 in assembly
intermediates in primate cells [10]. We would
therefore expect that human HP68 (HuHP68)
should associate with all assembly competent
primate lentiviral Gag polypeptides in the cell-free
system. We have also shown that members of two
separate major primate lentiviral lineages (HIV-1
and HIV-2 304), associate with human HP68 in the
cell-free system [10]. To determine whether Gag of
SIVagm, from the third primate lenitiviral lineage,
associates with HuHP68 in the cell-free system,
35S-labeled cell-free translations were programmed
with transcripts for SIVagm Gag or controls, and
for HuHP68 encoding a Flag-tag at the N-terminus
(Flag-HuHP68), both together (Fig. 4, lane 3) and
separately (Fig. 4, lanes 4 and 5). Immunoprecipi-
tations performed on co-translations revealed that
anti-Flag antibody immunoprecipitated Flag-
HuHP68, as expected (Fig. 4, lane 1, dark arrow),
and co-immunoprecipitated radiolabeled SIVagm
Gag under native conditions (Fig. 4C, lane 1, open
arrow), but not after denaturation of the cell-free
reaction input (data not shown) which disrupts
native protein–protein interactions. Non-immune
antibody failed to immunoprecipitate Flag-
HuHP68 or SIVagm Gag (Fig. 4C, lane 2), show-
ing the specificity of the interaction. Similar results

were obtained with HIV-1 Gag or HIV-2 304 Gag
co-translated with Flag-HuHP68 and analyzed by
immunoprecipitation (Fig. 4A and B). Note that
the ratio of co-immunoprecipitated Gag to immu-
noprecipitated HuHP68 di!ers somewhat (highest
for HIV-1, lowest for SIVagm). Nevertheless, in all
cases the amount of Gag co-immunoprecipitated is
nearly equivalent to or greater than the amount of
HuHP68 that was immunoprecipitated. In con-
trast, when the assembly incompetent HIV-1 Gag
Tr mutant was co-translated with Flag-HuHP68,
a-Flag antibody immunoprecipitated Flag-
HuHP68 but not HIV-1 Gag Tr (Fig. 4D, lane 1)
as expected from previous results [10, 34]. Thus, in
the cell-free system, SIVagm Gag, like HIV-1 Gag
and HIV-2 304 Gag, associates with the cellular
factor HuHP68, faithfully reproducing findings
obtained in cells.

Discussion

Here we report that Gag polypeptides of SIVagm
assemble into immature capsids, confirming that
immature capsid assembly of all three main
primate lentiviral lineages can be reconstituted in
cell-free systems. Additionally, we demonstrate
that Gag polypeptides from all three primate
lentiviral lineages associate with the host factor
HuHP68 in the cell-free system, recapitulating
what has been observed for primate lentiviral
Gag polypeptides in primate cells [10]. Previously
we demonstrated that HIV-1 Gag-containing com-
plexes identified in the cell-free system are true
assembly intermediates by demonstrating (i) a
precursor–product relationship to completed cap-
sids using a pulse-chase approach, and (ii) that
assembly-defective mutants in HIV-1 Gag are
arrested in the form of specific assembly interme-
diates [20, 30]. Here, we used a similar pulse-chase
approach and showed that HIV-2 304 Gag poly-
peptides progress from early assembly intermedi-
ates (!10S and !80–150S) to a late assembly
intermediate (!500S) and completed !750S cap-
sids over time in the cell-free system, consistent
with what was previously found for HIV-1.
Although an extensive analysis of assembly-defect-
ive mutants in Gag has not been performed for
HIV-2 304 or SIVagm Gag polypeptides, we
reported that certain assembly-defective mutants
of HIV-2 304 and SIVagm Gag (that lack the NC
and p6 domains) fail to form HP68-containing
high molecular weight assembly intermediates in
primate cells ([10] and data not shown).

These cell-free assembly systems will allow us to
compare di!erences in assembly between primate
lentiviruses. For example, such systems can be used
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to examine mechanistic features of assembly such
as the dependence of assembly on energy and
requirement for Gag myristoylation and targeting
to membranes. These cell-free systems may also
provide a platform for identifying and examining
the function of cellular factors present within
assembly intermediates. Additionally, they will be
useful for elucidating the nature of the Gag-HP68
association and the mechanism of action by which
HP68 mediates post-translational events of assem-
bly. Our previous studies of genetically divergent
primate lentiviruses in cells indicated that specific
assembly intermediates have slightly di!erent
migrations when analyzed by velocity sedimenta-
tion under specific conditions [10]. This could
reflect di!erences in the molecular composition of
specific intermediates assembly between primate
lentiviruses. Our development of parallel primate
lentivirus cell-free assembly systems will now allow
us to isolate and compare the composition of these
assembly intermediates that we typically identify
by approximate S values.
Others have shown that the betaretrovirus

M-PMV, which employs the prototypic type D
morphogenic strategy, also assembles in a cell-free
system [28]. This observation indicates that assem-
bly of other spherical viral capsids could be
reconstituted and studied mechanistically using
cell-free systems. Therefore it may also be useful
to establish cell-free systems for the assembly of
non-primate lentiviruses, alpharetroviruses such as
avian type C retroviruses, gammaretroviruses such
as murine leukemia virus, as well as spumaretro-
viruses.
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