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A Temporospatial Map That Defines Specific Steps at Which Critical
Surfaces in the Gag MA and CA Domains Act during Immature
HIV-1 Capsid Assembly in Cells
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ABSTRACT

During HIV-1 assembly, Gag polypeptides target to the plasma membrane, where they multimerize to form immature capsids
that undergo budding and maturation. Previous mutational analyses identified residues within the Gag matrix (MA) and capsid
(CA) domains that are required for immature capsid assembly, and structural studies showed that these residues are clustered on
four exposed surfaces in Gag. Exactly when and where the three critical surfaces in CA function during assembly are not known.
Here, we analyzed how mutations in these four critical surfaces affect the formation and stability of assembly intermediates in
cells expressing the HIV-1 provirus. The resulting temporospatial map reveals that critical MA residues act during membrane
targeting, residues in the C-terminal CA subdomain (CA-CTD) dimer interface are needed for the stability of the first mem-
brane-bound assembly intermediate, CA-CTD base residues are necessary for progression past the first membrane-bound inter-
mediate, and residues in the N-terminal CA subdomain (CA-NTD) stabilize the last membrane-bound intermediate. Impor-
tantly, we found that all four critical surfaces act while Gag is associated with the cellular facilitators of assembly ABCE1 and
DDX6. When correlated with existing structural data, our findings suggest the following model: Gag dimerizes via the CA-CTD
dimer interface just before or during membrane targeting, individual CA-CTD hexamers form soon after membrane targeting,
and the CA-NTD hexameric lattice forms just prior to capsid release. This model adds an important new dimension to current
structural models by proposing the potential order in which key contacts within the immature capsid lattice are made during
assembly in cells.

IMPORTANCE

While much is known about the structure of the completed HIV-1 immature capsid and domains of its component Gag proteins,
less is known about the sequence of events leading to formation of the HIV-1 immature capsid. Here we used biochemical and
ultrastructural analyses to generate a temporospatial map showing the precise order in which four critical surfaces in Gag act
during immature capsid formation in provirus-expressing cells. Because three of these surfaces make important contacts in the
hexameric lattices that are found in the completed immature capsid, these data allow us to propose a model for the sequence of
events leading to formation of the hexameric lattices. By providing a dynamic view of when and where critical Gag-Gag contacts
form during the assembly process and how those contacts function in the nascent capsid, our study provides novel insights into
how an immature capsid is built in infected cells.

he HIV-1 immature capsid (also called the immature lattice) is  or its cleavage products function at multiple stages of the life cycle

the spherical protein shell found in the immature virus and is
composed of 1,500 to 5,000 copies of the HIV-1 Gag polyprotein
(1), which encapsidate the viral genome. Gag, the only viral pro-
tein needed for assembly of the HIV-1 immature capsid, under-
goes translation, myristoylation, and oligomerization in the cyto-
plasm of the infected host cell (reviewed in references 2 and 3).
Gag oligomers likely associate with HIV-1 genomic RNA (gRNA)
in the cytoplasm (4). Subsequently, following a conformational
change that exposes the myristate at the N terminus of Gag, Gag
oligomers target to the plasma membrane (PM), where they mul-
timerize further to form spherical immature capsids that undergo
budding and release (reviewed in references 3 and 5). The final
step of particle production involves maturation, in which Gag is
cleaved by the HIV-1 protease into its four constituent domains
(matrix [MA], capsid [CA], nucleocapsid [NC], and p6) as well as
two spacer peptides (sp1 and sp2). Cleavage results in a rearrange-
ment to form the infectious mature viral capsid.

Mutational analyses have identified the Gag residues that are
critical for virus replication (reviewed in reference 6). Because Gag
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(e.g., assembly, maturation, and postentry), only a subset of these
residues is likely to act during immature capsid assembly. When
residues critical for immature capsid assembly are mutated, Gag
expression is largely unaffected but virus particle production is
significantly reduced; additionally, electron microscopy (EM) re-
veals structures that are consistent with incomplete assembly. Mu-
tational analyses have shown that residues critical for immature
capsid assembly are located in regions of MA, CA, and NC but not
in the p6 domain, which is important for HIV-1 budding (re-
viewed in reference 7). Among the three domains important for
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FIG 1 Critical residues for immature capsid assembly map to four distinct surfaces within HIV-1 Gag. (A) Ribbon diagram of myristoylated MA (PDB accession
number 1UPH). The locations of three MA arm mutations analyzed in this study are shown in black (arrows). Helices are colored as follows: helix 1, red; helix
2, orange; helix 3, yellow; helix 4 light green; helix 5, dark green. (B) Ribbon diagram of full-length CA (PDB accession number 3NTE) based on crystal structures
of the individual CA-NTD and CA-CTD domains. The locations of the four CA-NTD H4-6 mutations, three CA-CTD dimer mutations, and three CA-CTD base
mutations analyzed in this study are shown in black (arrows). Helices are colored as follows: helix 1, red; helix 2, orange; helix 3, yellow; helix 4, light green; helix
5, dark green; helix 6, cyan; helix 7, dark blue; sheet-turn-helix, gray; helix 8, violet; helix 9, purple; helix 10, magenta; helix 11, pink. (C) Ribbon diagram
of CA-CTD (PDB accession number 2KOD) shown as a dimer, with side chains for WM 184/185 within helix 9 depicted. Helices are colored as described

for panel C.

assembly, we focused here on the first two because high-resolution
three-dimensional structures are available for MA, as well as for
the N-terminal and C-terminal subdomains of CA (CA-NTD and
CA-CTD, respectively).

Notably, many of the residues required for proper assembly of
HIV-1 immature capsids (8-18) are located on four surfaces that
are exposed in three-dimensional structures of MA, CA-NTD,
and CA-CTD (Fig. 1A to C; Table 1). The first of these surfaces is
located on a flexible arm at the extreme N terminus of MA and
governs early events in targeting of Gag to membranes. This sur-
face, termed the MA arm, includes residues required for Gag my-
ristoylation as well as adjacent residues that govern phosphatidyl-
inositol-4,5-bisphosphate-dependent exposure of the sequestered
myristate (e.g., see references 8, 10, 12, 15 to 17, and 19 to 22) (Fig.
1A). The other three exposed surfaces involve CA residues that
likely play a role in Gag-Gag interactions. One of these CA surfaces
is located in CA-NTD, and the other two are in CA-CTD (Fig. 1B
and C). In HIV-1 CA-NTD—an arrow-shaped domain composed
of an N-terminal B hairpin, seven « helices, and an extended loop
(23, 24)—the residues critical for immature capsid assembly are
located on a contiguous surface formed by helices 4, 5, and 6 (18)
(Fig. 1B), here termed the CA-NTD H4-6 surface. CA-NTD is
connected by a flexible linker to CA-CTD, a globular domain con-
sisting of a sheet-turn-helix motif called the major homology re-
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gion (MHR), whose primary amino acid sequence is conserved
among orthoretroviruses, followed by four a helices (helices 8 to
11) (11, 25). Recombinant CA-CTD forms a dimer in solution
(11, 26-28), and most high-resolution X-ray structures of wild-
type (WT) CA-CTD support a side-by-side model of CA-CTD
dimerization with residues in helix 9 forming the dimer interface
(11, 25, 27) (Fig. 1C). One set of residues in CA-CTD that is
critical for immature capsid assembly maps to the dimer interface
in helix 9 (9, 11, 13, 14, 18) (Fig. 1B and C), while a second set of
critical residues in CA-CTD maps to an exposed surface at the
crystallographic base of CA-CTD (18) and is therefore termed the
CA-CTD base surface (Fig. 1B). The CA-CTD base includes resi-
dues in the MHR as well as residues within helices 10 and 11 (18).
Moreover, because similar phenotypes are observed upon muta-
tion of residues downstream of helix 11 and in the spl domain,
others have proposed that residues from the CA-CTD-sp! junc-
tion also interact with the CA-CTD base (e.g., see references 18
and 29 to 31). While CA-CTD residues downstream of helix 11
form a disordered tail in CA-CTD crystal structures (11), studies
suggest that in full-length Gag this region forms a continuous o
helix that spans the CA-CTD—-sp1 junction (here referred to as
helix 12) and is lost upon Gag cleavage (31-35). Not surprisingly,
it is thought that these four exposed surfaces containing residues
required for assembly—the MA arm, CA-NTD H4-6, the CA-
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TABLE 1 Mutants analyzed

Group/surface
of Gag Construct name? Location of residues
Controls” WT Gag NA
Gag MACA Asp1-NC-sp2-p6
MA arm G2A Extreme N terminus of MA
V7R Extreme N terminus of MA
L8A Extreme N terminus of MA
CA-NTD H4-6 EE75/76AA CA helix 4
RS100/102AA In or near CA helix 5
TT107/108AA Between CA helices 5 and 6
TQI110/112AA In or near CA helix 6
CA-CTD dimer  VK181/182AA CA-CTD dimer interface
(helix 9)
WM184/185AA CA-CTD dimer interface
(helix 9)
LL189/190AA CA-CTD dimer interface
(helix 9)
CA-CTD base K158A MHR
D197A CA helix 10
P224A Preceding CA helix 12

@ Constructs were named according to the matrix or capsid amino acid number(s) that
was mutated.

Y WT Gag and Gag MACA were used as assembly-competent and assembly-
incompetent controls, respectively.

CTD dimer interface, and the CA-CTD base—play critical roles
during immature capsid assembly.

Given that the immature capsid is composed of the full-length
Gag polyprotein, a three-dimensional structure of full-length Gag
would provide important insights into immature capsid assembly
that cannot be obtained from structures of individual domains.
Unfortunately, such a structure has not been generated because
Gag contains the disordered p6 domain as well as flexible linkers
between its structured domains (29). However, low-resolution
structures of fully assembled immature retroviruses and capsid-
like particles (31, 36, 37) have revealed that the immature retrovi-
ral capsid is composed of a curved and flexible hexameric protein
lattice in which extended Gag polyproteins are arranged radially in
a beads-on-a-string configuration, with their N termini tethered
to the membrane by the MA domain and the C terminus pointing
to the virion’s center (reviewed in reference 38). Moreover, a re-
cent high-resolution (8-A) structure of Mason-Pfizer monkey vi-
rus (MPMV) CA-NC assembled in vitro has allowed identification
of residues that form inter- and intrahexameric contacts in the
immature capsid (29).

While such high-resolution structural studies are leading to a
relatively detailed picture of critical Gag contacts present in the
completed immature capsid, much less is known about when and
where these Gag-Gag interfaces are formed during capsid assem-
bly in cells. The observation, by many groups, that assembly is
inhibited by mutations in the four critical surfaces described
above implies that these surfaces function at specific points during
the assembly process. It is well accepted that the MA arm functions
in membrane targeting; in contrast, the function of exposed sur-
faces in CA likely involves interactions with other exposed protein
surfaces, for example, in neighboring Gag proteins (reviewed in
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reference 3). With respect to timing, membrane flotation and
morphological analyses of MA and CA mutants have revealed that
some exposed surfaces act while Gag is in the cytoplasm and oth-
ers act after PM targeting (13, 15, 17, 18, 39); however, the sequen-
tial order in which these surfaces act is not known. Our goal here
was to generate a temporospatial map that defines the exact order
in which critical surfaces function during the process of immature
capsid assembly in cells and identifies the specific Gag-containing
complexes in which these surfaces act and their subcellular loca-
tions.

To generate this temporospatial map, we examined how mu-
tations of 13 residues, located on four critical surfaces in MA and
CA, impact progression through a previously described host-cat-
alyzed capsid assembly pathway in cells. During assembly in cells,
Gag forms four complexes, designated by their sedimentation val-
ues (~10S, ~80S, ~150S, and ~500S). These complexes are true
assembly intermediates, since they appear in a sequential progres-
sion in pulse-chase analyses, with newly synthesized Gag first
forming the ~10S complex, followed by the ~80S intermediate,
~150S intermediate, and ~500S intermediate, before culminat-
ing in the ~750S completely assembled HIV-1 immature capsid
(40, 41). The order of intermediates in the assembly pathway ini-
tially indicated by pulse-chase experiments has been confirmed
through the analysis of assembly-defective mutants (40, 42—-44).
In these studies, cells expressing an assembly-defective Gag mu-
tant accumulate only those intermediates that precede the step at
which assembly is blocked. The ~80S, ~150S, and ~500S assem-
bly intermediates (termed the high-molecular-mass intermedi-
ates) contain Gag as well as cellular proteins derived from a host
precursor complex, at least two of which—the ATP-binding cas-
sette protein E1 (ABCE1l) and the DEAD box RNA helicase
DDX6—facilitate immature capsid assembly (40, 42, 43, 45, 46).
Formation of the ~80S intermediate, in which Gag first associates
with ABCE1 and DDX6, occurs when Gag co-opts the cellular
precursor complex that contains these and other host proteins
(43). When assembly of the immature capsid is completed,
ABCEI, DDX6, and other cellular proteins from the precursor
complex dissociate from the immature capsid (40, 43, 46).

In the current study, we first analyzed the subcellular loca-
tion (cytosol versus membrane) of each of the assembly inter-
mediates, thereby adding a spatial dimension to the temporally
ordered immature capsid assembly pathway. We also demon-
strated that the high-molecular-mass intermediates contain
HIV-1 genomic RNA, as would be expected. Next, by mutating
residues within MA and CA that are critical for assembly, we
defined the temporospatial order in which these key residues
are required in the assembly pathway. Additionally, we used
biochemical and ultrastructural approaches to show that each
of the critical residues acts while Gag is associated with ABCE1
and DDXeé. Finally, we integrated our results with those of
previous structural analyses to generate a model showing the
temporal and spatial order in which Gag-Gag interfaces may be
formed during assembly in cells. Thus, our study bridges the
gap between structural data generated from recombinant pro-
teins assembled by mass action in vitro and events of assembly
that occur in a facilitated manner in cells, and it provides in-
sights into the assembly process that should spur the develop-
ment of compounds that inhibit capsid assembly.
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MATERIALS AND METHODS

Cells and proviral constructs. The H9-HIV cell line stably expresses the
HIV-1 provirus encoding deletions in env and vif, a frameshift in vpr, and
replacement of nef with a puromycin resistance gene and has been de-
scribed previously (47). H9-HIV cells were maintained under puromycin
selection in RPMI (Life Technologies, Carlsbad, CA) with 10% fetal bo-
vine serum (FBS). COS-1 and 293T cells were maintained in Dulbecco
modified Eagle medium (Life Technologies) with 10% FBS. All plasmids
utilized in this study were generated via site-directed mutagenesis in
HIV-1 provirus strain LAl with a deletion in env (HIV-1AEnv) (48). Some
mutant proviruses also encoded an inactive protease (HIV-1AEnv, Pro ™),
where indicated, as described previously (40). The sequences of the oligo-
nucleotides used to generate each mutation are available upon request.

Transfection, immunoprecipitations, and WB assays. Cells were
transfected with 1 to 5 pg DNA using polyethylenimine (Polysciences,
Warrington, PA). Cell lysates were harvested in the presence of freshly
prepared protease inhibitor cocktail (Sigma, St. Louis, MO) and
RNaseOUT recombinant ribonuclease inhibitor (Invitrogen) either in 1X
Triton-X buffer (20 mM HEPES, pH 7.9, 10 mM NaCl, 10 mM EDTA, pH
8.0, 0.35% Triton X-100) followed by immunoprecipitation with anti-
body to ABCE1 or in 1 X NP-40 buffer with EDTA (10 mM Tris acetate,
pH 7.4, 50 mM KCI, 100 mM NacCl, 0.625% NP-40, 10 mM EDTA) fol-
lowed by immunoprecipitation with antibody to DDX6 (Bethyl, Mont-
gomery, TX) using protein G-coupled Dynabeads (Life Technologies), as
described previously (43). Immunoprecipitation eluates were analyzed by
SDS-PAGE, followed by Western blotting (WB) using a murine mono-
clonal antibody directed against HIV-1 Gag p24 (HIV-1 p24 hybridoma
[183-H12-5C] obtained from Bruce Chesebro through the AIDS Research
and Reference Reagent Program, Division of AIDS, NIAID, NIH) and
horseradish peroxidase (HRP)-conjugated anti-mouse IgG1 (Santa Cruz,
Dallas, TX). Where indicated, immunoprecipitation eluates were also
probed with antibody to ABCE1 (46), followed by HRP-tagged protein A
(Thermo Fisher Scientific, Rockford, IL), and detected using Pierce en-
hanced chemiluminescence substrate (Thermo Fisher Scientific). For de-
tection of Gag in total cell lysates, velocity sedimentation fractions, and
membrane flotation fractions, WB assays were performed as described
above or by using goat anti-mouse IgG-IRDye 800CW (LI-COR, Lincoln,
NE). Quantification of Gag was performed using a LI-COR Odyssey sys-
tem and LI-COR software or Image]J software.

Analysis of VLP production. Cells and supernatants were collected
separately at 30 h posttransfection. Cell lysates were harvested in 1X
NP-40 buffer plus EDTA with freshly prepared protease inhibitor cocktail
(Sigma) and RNaseOUT (Invitrogen). For collection of virus-like parti-
cles (VLPs), supernatants were centrifuged at 1,000 rpm (225 X g) for 10
min at 4°C, filtered (pore size, 0.45 wm) to remove remaining cells, and
purified through a 30% sucrose cushion in an SW60Ti rotor (60,000 rpm,
30 min, 4°C), as described previously (42).

Velocity sedimentation. Cells were harvested at 36 to 38 h posttrans-
fection, and lysates were collected in 1X NP-40 buffer. Equivalent
amounts of lysate were layered on a step gradient (10%, 15%, 40%, 50%,
60%, 70%, and 80% sucrose in lysis buffer) for each mutant and subjected
to velocity sedimentation in a Beckman MLS50 rotor at 45,000 rpm
(217,000 X g) for 45 min at 4°C, as described previously (42). Gradients
were fractioned from top to bottom.

Membrane flotation. Transfected cells were collected at 36 h post-
transfection, and postnuclear supernatants were harvested in a 1-ml
Dounce homogenizer in hypotonic lysis buffer (10 mM Tris acetate, pH
7.4, 50 mM KCl, 100 mM NaCl), followed by centrifugation at 1,000 rpm
(225 X g) for 10 min at 4°C to remove nuclei. Postnuclear supernatants
were mixed with 87% sucrose to a final concentration of ~75% sucrose
and used as the bottom layer of a 5-ml membrane flotation sucrose gra-
dient, with 65% and 10% sucrose layered on top. Flotation was performed
by centrifugation in a Beckman MLS50 rotor at 35,000 rpm (98,400 X g)
for 4 h at 4°C. Twelve fractions were collected starting from the top of the
gradient, along with an additional 13th fraction that consisted of any

May 2014 Volume 88 Number 10

Temporospatial Map of HIV Assembly Interactions

denatured protein in the pellet. For experiments involving subsequent
sedimentation analyses of selected fractions, the membrane (M) fractions
(fractions 3 to 4) or nonmembrane (NM) fractions (fractions 9 to 12)
were immediately pooled. NM fractions were passed through a Zeba De-
salt spin column (Thermo Scientific) to replace the sucrose with buffer.
NP-40 was then added to a final concentration of 0.625% to both the M
and NM fractions, and these were incubated with rotation for 30 min at
4°C. Subsequently, the M fraction was diluted to decrease the sucrose
percentage in the sample to below 10%, and equivalent amounts (~3%)
of the M and NM fractions were loaded onto separate velocity sedimen-
tation gradients, as described above.

RT-qPCR. Total H9-HIV cell lysate containing 50 g of cellular pro-
tein was analyzed via velocity sedimentation, after which pooled gradient
fractions representing each assembly intermediate were collected and
~16% of each pooled fraction was subjected to duplicate immunopre-
cipitations with antibody to ABCEl or nonimmune rabbit IgG, as de-
scribed above. Total cell lysate containing 20 g of cellular protein was
also subjected to immunoprecipitation without velocity sedimentation in
parallel. One set of immunoprecipitations and inputs was used for WB, as
described above. From the other set of immunoprecipitations and inputs,
RNA was extracted using the TRIzol reagent (Invitrogen) and precipitated
with isopropanol. Purified RNA was resuspended in 15 pl of RNase-free
water. To generate cDNAs, reaction mixtures were programmed to con-
tain 5 pl of RNA using random hexamers as primers and reverse tran-
scribed using a SuperScript VILO ¢cDNA synthesis kit (Invitrogen). For
every sample, a negative control lacking master mix (reverse transcriptase
negative) was analyzed in parallel (and typically contained <16 gRNA
copies), and every experiment included a nontemplate control. cDNA
obtained from immunoprecipitation samples and inputs was diluted 1:2,
and cDNA from total cell lysates was diluted 1:10. HIV-1 genomic RNA
was quantified via quantitative PCRs (qPCRs) performed in duplicate,
and the reaction mixtures were programmed to contain 2 ul of diluted
c¢DNA and the following oligonucleotides: forward primer 5'-AGAAGG
CTGTAGACAAATACTGGG-3' and reverse primer 5'-TGATGCACAC
AATAGAGGGTTG-3'. These primers amplified a 108-bp product be-
tween bp 162 and 270 within the N terminus of the Gag open reading
frame in HIV-1 strain LAIL In parallel, a standard curve was generated
using serial 10-fold dilutions of a Gag amplicon that was previously
analyzed using picogreen to quantify the number of DNA copies per .l
in the immunoprecipitation samples. qPCR products were detected
withiQ SYBR green Supermix (Bio-Rad) and analyzed using a Bio-Rad
MyiQ reverse transcription (RT)-PCR detection system and iQ5 soft-
ware (Bio-Rad).

Preparation of virus for immunolabeling experiments. Vesicular
stomatitis virus G glycoprotein (VSV-G)-pseudotyped VLPs were gener-
ated by transfecting 293T cells with an HIV-1 provirus carrying the green
fluorescent protein (GFP) in place of nef (43), and containing a deletion in
env (HIV-1-GFPAEnv), a second-generation Gag Pol-containing packag-
ing vector (psPAX2), and VSV-G (pMD2.G) at a ratio of 3:2:1. The last
two plasmids were obtained from Didier Trono (Swiss Institutes of Tech-
nology, Lausanne, Switzerland). At 6 h posttransfection, cells were washed
three times with phosphate-buffered saline (PBS) and replaced with com-
plete medium. To harvest virus, supernatants were collected at 48 hand 72
h posttransfection, pooled, centrifuged at 900 X g for 10 min at 4°C, and
filtered (pore-size, 0.45 um) to remove cells. Virus was pelleted by cen-
trifugation at 50,000 X g for 90 min at 20°C, and infectivity was measured
by determining the titers of the stocks on TZM-bl cells (from Tranzyme
Inc. through the NIH AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH). Infection of TZM-bl cells was facilitated
by the addition 20 pwg/ml DEAE-dextran and by spinoculation (2,500 X g,
2 h, 20°C).

Immunogold labeling, electron microscopy, and quantitation.
COS-1 cells were infected with VSV-G-pseudotyped virus at a multiplicity
of infection of 40 to 50 using 20 pg/ml DEAE-dextran and spinoculation,
as described above. Following incubation with virus for 12 to 15 h, cells
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TABLE 2 Quantification of assembling Gag at the plasma membrane

% (avg * SEM)”

No. of Total Total no. of

images membrane Gag clusters Targeted Early assembly Late assembly
Construct Description analyzed length (mm) analyzed” Gag’ sites” sites®
WT Gag Assembly competent 306 678.3 932 58.4 £ 5.9 152 2.7 264 + 3.4
Gag MACA Assembly incompetent 259 599.7 1,491 99.0 £ 0.4 0.8*0.3 0.2 0.1
EE75/76AA CA-NTD H4-6 317 735.1 1,384 772 *3.2 8.1 £2.5 147 + 1.5
WM185/185AA CA-CTD dimer interface 305 662.9 1,094 98.1 = 0.8 1.2 £ 0.9 0.7 £0.1
P224A CA-CTD base 331 764.6 1,621 93.8 £ 1.0 29*1.0 32+09

“ A Gag cluster is defined as three gold particles labeling Gag within a 100-nm diameter and within 100 nm of the PM.

¥ Data were averaged across four independent labeling experiments.
¢ Targeted Gag contains a Gag cluster without obvious curvature of the PM.

arly assembly sites contain a Gag cluster with a noticeably increased electron density and/or a =50% curvature of the .
4 Early bly sit t Gag cluster with a noticeably d electron density and/or a <50% ture of the PM.

¢ Late assembly sites contain a Gag cluster with >50% curvature of the PM.

/The percentage of early or late assembly sites differs significantly from that observed for Gag MACA (P = 0.05).

were washed 3 times with medium to remove the virus inoculum. Infected
cells were harvested at 36 h postinfection in fixative (3% paraformalde-
hyde, 0.025% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4), pelleted,
and subjected to high-pressure freezing using a Leica EMPACT2 system,
followed by freeze substitution. Samples were infiltrated overnight with
LR White embedding resin (London Resin Company Ltd., Reading, Berk-
shire, England) in ethanol, which was then changed to straight LR White;
embedded in gelatin capsules (Electron Microscopy Sciences [EMS], Hat-
field, PA); and cured overnight in a UV light cryochamber at 4°C. Sections
(~50 nm) were placed on grids, treated with 0.05 M glycine for 20 min at
room temperature, rinsed in PBS, blocked for 45 min with 1% bovine
serum albumin (BSA; EMS), and washed in PBS with 0.1% bovine serum
albumin C (BSA-C; EMS). For immunogold labeling, peptide-specific
antisera directed against ABCE1 (46) and DDX6 (43) were affinity puri-
fied, desalted, and concentrated to 1 to 2 mg/ml. Grids were double la-
beled with either ABCE1 or DDX6 and Gag. Labeling with anti-ABCE1
(0.7 mg/ml in 0.1% BSA-C with 0.001% Tween 20) or anti-DDX6 (0.3
mg/ml in 0.1% BSA-C with 0.005% Tween 20) was detected using goat
anti-rabbit IgG conjugated to 15-nm gold particles (EMS). Grids were
subsequently labeled with a murine monoclonal antibody directed against
HIV-1 Gag p24 (hybridoma 183-H12-5C; 0.125 mg/ml in 0.1% BSA-C),
which was detected using goat anti-mouse IgG conjugated to 6-nm gold
particles (EMS). Fixation, staining, imaging with a JEOL-1400 transmis-
sion electron microscope, and image acquisition have been described pre-
viously (43). Each immunolabeling experiment included 2 sections from
each of 5 groups (WT HIV-1, an HIV-1 provirus encoding Gag truncated
after CA [Gag MACA], and the EE75/76AA, WM184/185AA, and P224A
mutants), and each immunolabeling experiment was performed twice for
both double-labeling conditions (ABCE1 and Gag versus DDX6 and
Gag).

To quantify the stage of assembly at the PM for the WT and the mu-
tants listed above, data from four independent immuno-EM experiments
were analyzed (two involved ABCE1 and Gag colabeling, and two utilized
DDX6 and Gag colabeling). The total number of images and Gag clusters
analyzed is shown in Table 2. All Gag labeling in these images was catego-
rized as either targeted Gag, an early site of assembling Gag, or a late site of
assembling Gag. Targeted Gag was defined as no membrane deformation
and no electron-dense staining at the membrane. An early site of assembly
was defined as electron-dense staining and/or membrane deformation
that formed a bud that was <50% complete. A late site of assembly was
defined as membrane deformation that formed a bud that was >50%
complete. Each of the four independent experiments was quantified sep-
arately, and the average = standard error of the mean (SEM) of the four
experiments was determined. After quantitation was completed, images
that together represented the approximate distribution of targeted, early,
and late sites quantified in Table 2 were chosen for Fig. 12 and 13.
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RESULTS

Confirming the role of exposed surfaces of Gag in VLP release
and membrane targeting. To define the temporospatial order in
which four exposed surfaces of Gag act during assembly, we ana-
lyzed how 13 mutations (of single residues or two nearby residues)
on these surfaces affected the progression of Gag through the
HIV-1 assembly pathway (Fig. 1; Table 1). Each of these 13 muta-
tions is known to inhibit virus particle production with minimal
effects on Gag expression in cells (8-18, 49); however, with the
exception of the G2A mutation within the MA domain (40, 41, 44,
47) and the WMI184/185AA mutation within the CA-CTD
dimerization interface (42), the effect of these mutations on pro-
gression through the ABCE1 capsid assembly pathway had not
been examined previously. These 13 mutations can be divided
into four groups on the basis of the exposed surface of MA or
CA in which they are located (Fig. 1; Table 1). Three of these
mutations are located in the N terminus of MA (the MA arm);
four mutations are in and around a contiguous surface in the
CA-NTD domain formed by helices 4 to 6 (CA-NTD H4-6);
three mutations are in helix 9 of CA-CTD, which forms the
crystallographic CA dimer interface; and three mutations are
dispersed in the CA-CTD sequence but form an exposed sur-
face at the CA-CTD base.

We engineered each Gag mutation into an HIV-1 provirus
containing a deletion in env (HIV-1AEnv) (40) and verified that
the viruses displayed an assembly defect by analyzing the release of
virus-like particles (VLPs) following transfection into COS-1
and/or 293T cells. As a negative control, we transfected the same
provirus encoding Gag truncated after CA (GagAsp1-NC-sp2-p6;
previously termed Gag p41; here referred to as Gag MACA), which
fails to assemble or release because it lacks the entire NC and p6
domains (41, 42, 44, 47, 50-52). While others have analyzed the
effects of either assembly-defective MA or CA mutations on VLP
production and membrane targeting (8—18), here we compared
all of these mutants to each other. As expected, we found that
mutations in the MA arm, CA-CTD dimer interface, and CA-
CTD base resulted in dramatic reductions in VLP production,
even though steady-state Gag levels were unaffected (Fig. 2A).
Mutations in the CA-NTD H4-6 group displayed a more modest
reduction in particle production compared to that for WT Gag,
suggesting that these mutations cause a less severe but still signif-
icant defect in assembly, consistent with previous observations
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(18, 49). Thus, our findings confirm conclusions by other groups  for budding, it is likely that all of these residues function during
that each of these 13 residues/residue pairs plays a major role in  immature capsid assembly.

virus particle production (8-18, 49). Furthermore, because none The three mutations located on the MA arm included G2A,
of these 13 residues/residue pairs map to regions of Gag important ~ which inhibits myristoylation (8, 12), as well as V7R and L8A,
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which inhibit myristate exposure (10, 15-17). Analysis of cell ly-
sates by membrane flotation revealed that membrane targeting of
MA mutants was reduced to less than 10% of that for WT Gag,
while mutations within the CA-CTD dimer interface resulted in
only modest reductions, and the CA-NTD and CA-CTD base mu-
tations showed little effect on membrane targeting (Fig. 2B). Thus,
these data demonstrate that only the MA mutants exhibit a dra-
matic defect on membrane targeting, which confirms previous
findings (13-15, 17, 18).

Since we had previously defined the temporal progression of
intermediates during immature capsid assembly (40, 41) but not
their subcellular (spatial) localization, we next defined which of
the assembly intermediates formed by WT Gag are cytoplasmic
and which are localized to membranes. To date, we have found
that HIV-1 Gag mutants that fail to target to membranes are ar-
rested as either the ~10S or ~80S assembly intermediate, depend-
ing on the mutant, leading us to hypothesize that these are the only
cytosolic assembly intermediates (42, 45, 47). To test this hypoth-
esis, we performed membrane flotation on lysates of a chronically
infected H9 T cell line expressing WT HIV-1AEnv (H9-HIV) and
analyzed both the membrane and nonmembrane fractions by ve-
locity sedimentation (Fig. 3A). We found that the nonmembrane
fraction contained only the ~10S and ~80S assembly intermedi-
ates, while the membrane fraction contained the ~80S and ~500S
assembly intermediates (Fig. 3B and C). When integrated with the
previously defined temporal order of assembly intermediates (40,
41), these findings support a model in which assembly starts with
the formation of the cytoplasmic ~10S intermediate, which sub-
sequently forms the ~80S intermediate that takes Gag from the
cytosol to membranes, where the ~500S intermediate is formed.
Note that the ~150S assembly intermediate, which is highly tran-
sient and present in small quantities, was not consistently ob-
served in these experiments.

To verify this model, we also examined the assembly interme-
diates produced by the targeting-defective G2A Gag, an MA arm
mutant (Fig. 3A, B, and D). For these experiments and others
involving analysis of assembly intermediates following transfec-
tion, we used a cell type, COS-1, in which endocytosis of released
virus is minimal, in order to prevent contamination of the intra-
cellular Gag signal with Gag that is released and then internalized.
When we analyzed transiently transfected COS-1 cells expressing
WT Gag by membrane flotation followed by velocity sedimenta-
tion, we observed the same subcellular distribution of assembly
intermediates that we had observed with WT Gag from H9-HIV T
cells (compare WT in Fig. 3D to H9-HIV in Fig. 3C). In contrast,
G2A Gag was entirely localized to the nonmembrane fraction, in
the form of the ~10S and ~80S intermediates, with essentially no
G2A Gag being found in the membrane fraction (Fig. 3D). These
findings demonstrate that G2A Gag is arrested as a cytoplasmic
~80S assembly intermediate, as expected from previous studies
(41,42, 47), and support a model in which the ~80S intermediate
is the complex that takes Gag from the cytosol to membranes.

The high-molecular-mass assembly intermediates contain
HIV-1 genomic RNA. Our finding that the earliest assembly in-
termediates are formed in the cytoplasm while later assembly in-
termediates are found exclusively at membranes is consistent with
what would be predicted for assembling HIV-1 Gag. Based on
studies by others (4, 53), one would also predict that HIV-1 gRNA
would first associate with Gag in an early assembly intermediate
and would also be present in all subsequent assembly intermedi-
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ates. To test this hypothesis, we separated assembly intermediates
from H9-HIV cells by velocity sedimentation, isolated individual
assembly intermediates from pooled gradient fractions by immu-
noprecipitation with antibody to ABCE1 (or a nonimmune con-
trol antibody), and subjected immunoprecipitates to RT-qPCR to
quantify the number of gRNA copies in each assembly intermedi-
ate (Fig. 4A to D). We found that gRNA is associated with ABCE1
in the ~80S, ~150S, and ~500S assembly intermediates (Fig. 4D)
but not in the ~10S fraction. Parallel blots confirmed that Gag is
also present in the immunoprecipitated, ABCEl-containing
~80S, ~150S, and ~500S assembly intermediates (Fig. 4C) but is
not associated with ABCEI in the ~10S fraction, as shown previ-
ously (40, 43, 46, 47). Thus, these data demonstrate that the high-
molecular-mass assembly intermediates (~80S or larger) contain
HIV-1 gRNA. Together, the subcellular localization and gRNA
analyses confirm that the ~80S, ~150S, and ~500S complexes
display key characteristics expected of HIV-1 immature capsid
assembly intermediates.

Identifying residues on exposed Gag surfaces that are re-
quired for stability of and/or progression past specific assembly
intermediates. Having defined the subcellular location of each
assembly intermediate and shown that the high-molecular-mass
assembly intermediates contain HIV-1 gRNA, we next used veloc-
ity sedimentation analyses to examine how mutations in each of
the four critical surfaces of Gag affects progression through the
assembly pathway. These assembly-defective mutants were analyzed
in four groups: MA arm mutants, CA-NTD H4-6 mutants, CA-CTD
dimer mutants, and CA-CTD base mutants. Velocity sedimentation
analysis of COS-1 cells expressing assembly-defective MA arm mu-
tants revealed that V7R and L8A Gag accumulate in the ~10S and
~80S assembly intermediates (Fig. 5), with no later intermediates
being formed, as was observed with the G2A mutation (Fig. 5). This
result contrasts with the result for the WT Gag control, which formed
the ~10S, ~80S, and ~500S intermediates at steady state, and the
result for the assembly-defective Gag MACA, which formed only the
~10S intermediate (Fig. 5). Note that while accumulation of Gag in
the assembly intermediate that precedes the block was seen for some
mutants (e.g., Gag MACA), this was not observed in other cases (Gag
G2A). This is most likely because cellular homeostatic degradation
mechanisms prevent some arrested assembly intermediates from
reaching high levels. Importantly, in all velocity sedimentation exper-
iments in this study, WT and mutant Gag proteins were expressed to
similar steady-state levels (e.g., see Fig. 5A); thus, differences in gra-
dient patterns cannot be attributed to differences in intracellular Gag
concentration. Together with membrane flotation experiments
showing that all three MA mutants remain largely cytoplasmic (Fig.
2B and 3D) (15, 17), these findings indicate that MA residues critical
either for myristoylation (G2A) or for myristate exposure (V7R and
L8A) are required for progression past the ~80S cytosolic assembly
intermediate.

Next, we performed velocity sedimentation analysis on cells
expressing Gags containing the CA-NTD H4-6 mutations (EE75/
76AA, RS100/102AA, TT107/108AA, and TQ110/112AA), which
are located on a continuous exposed surface in the CA-NTD crys-
tal structure (Fig. 1B) (18). This analysis revealed that each of the
CA-NTD H4-6 mutations resulted in the formation of the ~10S,
~80S, and ~500S assembly intermediates (Fig. 6). Thus, the pat-
tern of assembly intermediates formed by the CA-NTD H4-6 mu-
tants closely resembled that of WT Gag (Fig. 6B and C), even
though the CA-NTD H4-6 mutants are deficient in VLP produc-
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FIG 3 The ~80S intermediate is found both in the cytosol and at membranes during immature capsid assembly. (A) Schematic of the experimental setup showing that
transfected or infected cells were first subjected to hypotonic lysis. The postnuclear supernatants (PNS) from the lysates were analyzed by membrane flotation.
Subsequently, the membrane (M) and nonmembrane (NM) fractions were each pooled and analyzed separately by velocity sedimentation. (B) Aliquots of gradient
inputs from panels C and D analyzed by WB for Gag. (C) H9 T cells chronically infected with HIV-1 were treated with 1 uM indinavir for 48 h to inhibit proteolysis and
then analyzed as described for panel A. Western blots for Gag are shown for fractions from the membrane flotation gradient and from the subsequent velocity
sedimentation analysis of M and NM fractions. (D) COS-1 cells transfected with the indicated constructs were analyzed as described for panel A. Western blots for Gag
are shown for fractions from the membrane flotation gradients and from the subsequent velocity sedimentation analyses of the M and NM fractions. Positions of
assembly intermediates are indicated by brackets above the velocity sedimentation WB assays. Data are from one experiment that is representative of three independent
experiments.

tion (Fig. 2A) (18, 49). Taken together, these data suggest that
mutations in this CA-NTD surface result in inefficient progres-
sion past the final step of the immature capsid assembly pathway,
where assembling Gag exits from the last high-molecular-mass
assembly intermediate (the ~500S intermediate) to form the
completely assembled immature capsid.

To test the hypothesis that CA-NTD H4-6 mutants progress
inefficiently past the ~500S assembly intermediate relative to WT
Gag, we examined the stability of the WT and mutant ~500S
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assembly intermediates. We would expect WT assembly interme-
diates to be relatively stable upon exposure to a higher than phys-
iological salt concentration, while improperly assembled mutant
intermediates might disassemble in response to a high salt con-
centration, allowing inherent defects in assembling capsids to be
detected. For this experiment, we analyzed WT and EE75/76AA
mutant lysates by membrane flotation in the presence of the stan-
dard intracellular NaCl concentration (0.1 M NaCl) or a high salt
concentration (0.375 M NaCl) and then analyzed the resulting
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membrane fractions by velocity sedimentation (Fig. 7A to C).
When membrane flotation was performed in the presence of a
physiological salt concentration, the membrane fraction of both
WT and the EE75/76AA mutant contained intact ~80S and
~500S intermediates (Fig. 7C), as expected from our previous
velocity sedimentation analyses (Fig. 6). When membrane flota-
tion was performed in the presence of a high salt concentration,
the WT ~500S intermediate retained its integrity, despite the
ionic stress (Fig. 7C). In contrast, EE75/76AA Gag in the ~500S
intermediate was lost upon exposure to a high salt concentration,
appearing instead in the ~80S intermediate and in the pellet,
which likely contains Gag that had disassembled and formed large
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aggregates (Fig. 7C). These data demonstrate that residues in the
CA-NTD H4-6 surface contribute to the stability of the last assembly
intermediate and support the hypothesis that mutations in the CA-
NTD H4-6 surface cause inefficient progression past the last step in
immature capsid assembly. The instability of the ~5008S intermediate
produced by the CA-NTD H4-6 mutants could also explain why the
mutant ~500S intermediates are present in smaller amounts than the
WT ~5008 intermediate at steady state (Fig. 6).

Next, we used velocity sedimentation to analyze the effect of
mutations in two critical regions in the CA-CTD subdomain: the
CA-CTD dimer interface and the CA-CTD base. A number of
studies have shown that mutations of residues in the crystallo-

Journal of Virology


http://jvi.asm.org

Temporospatial Map of HIV Assembly Interactions

A o
TS v e ¥
& of &K
WB: Ga
9 “ b b P55
o — B e —p41
B 501 Q
% % Gag (Avg + SE) in each Assembly Intermediate
451 3% 10S 80S 150S 5008
404 3 —O— WTGag 83%25(355+4.0|26+09|287+50
55 1) O GagMACA 86.4+16 | 1.5+08 | 0.1+00| 0.1£0.1
K —E—  G,A 212%43 [57.7+54 | 05+0.3| 0.8%04
o 301 N —e— VR 1.1+12 (663%385 | 1.3+08| 1.1£06
O 254 .X. —_— LA 11£15 |688+12 | 1.0£05| 1.1£06
O
2 201 \
=
o
B
A ~ _
Bl =0 AT A A A AT A A AT A A= AT A A AT A A
I9 10 I11 12 I13 I14 15 16 17 18|19 20 21 22 23 24 25 26
1508 500S
(3 T 1 T 1 T 1T 1
1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
WT Gag v o o Sl o | e ————— —p55
Gag MACA (e —pa1
GA - e —— — —p55
V7R e — e O S e —p55
LgA — - — e — —p55
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experiment, and the table inset shows data averaged from three independent experiments.

graphic CA-CTD dimer interface, which are exemplified by the
WM184/185AA and LL189/190AA mutations, cause large reduc-
tions in virus particle production as well as moderately reduced
membrane targeting of Gag (9, 11, 13, 14, 18) (Fig. 2B). Previ-
ously, we found that the WM184/185AA mutant is arrested as an
~80S assembly intermediate (42). Here, we also examined two
other mutants with mutations in the dimer interface, the previ-
ously described LL189/190AA mutant (13) and VKI181/182AA
mutant, whose mutations were previously studied individually
(9). As expected, our membrane flotation experiments confirmed
that all three CA-CTD dimer mutants exhibited only modest re-
ductions in the amount of Gag at the membrane (33% to 71% of
that for WT Gag), in contrast to the dramatic reductions in the
amount observed in mutants with the MA mutations (8% to 9% of
that for WT Gag) (Fig. 2B). Velocity sedimentation analyses re-
vealed that all three dimer interface mutants formed only the
~10S and ~80S assembly intermediates (Fig. 8). Collectively, our
data suggest that CA-CTD dimer mutants form ~80S intermedi-
ates that are capable of membrane targeting but exhibit other de-

May 2014 Volume 88 Number 10

fects that prevent further multimerization at the membrane; thus,
these mutants fail to form the ~500S assembly intermediate.
The second critical surface within the CA-CTD subdomain is at
the CA-CTD base. K158 (in the MHR), D197 (in helix 10), and P224
(downstream of helix 11) are residues on this surface that are known
to be important for assembly (18) (Fig. 2A). Membrane flotation
experiments revealed that membrane targeting of the CA-CTD base
mutants was only modestly reduced (61% to 81% of that for WT Gag;
Fig. 2B), similar to the results for the CA-CTD dimer mutants. Ve-
locity sedimentation analyses revealed that all the CA-CTD base mu-
tants formed the ~10S and ~80S assembly intermediates (Fig. 9) but
not the ~500S assembly intermediate, suggesting that they are ar-
rested as membrane-bound ~80S intermediates. Thus, like the CA-
CTD dimer mutants, the CA-CTD base mutants are capable of mem-
brane targeting but incapable of further multimerization and
progression to the next step in the assembly pathway.
Distinguishing between the action of CA-CTD dimer inter-
face residues and CA-CTD base residues. The phenotype of arrest
as a membrane-bound ~80S assembly intermediate, observed for
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FIG 6 CA-NTD H4-6 mutants form all the intermediates in the assembly pathway. COS-1 cells were transfected with the indicated WT or mutant provirus. (A)
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in panel C, and the position of each assembly intermediate is indicated by brackets. Data shown are from one representative experiment, and the table inset shows

data averaged from three independent experiments.

both the CA-CTD dimer and CA-CTD base mutants, could be ex-
plained either by formation of an unstable membrane-bound ~80S
assembly intermediate or, alternatively, by formation of a stable
membrane-bound ~80S intermediate that is unable to form addi-
tional Gag-Gag interactions. To distinguish between these possibili-
ties, we examined the stability of the arrested ~80S assembly inter-
mediates formed by the CA-CTD mutants (Fig. 7A, B, and D).
Lysates of cells expressing the CA-CTD dimer mutation WM184/
185AA or the CA-CTD base mutation D197A were analyzed by
membrane flotation in the presence of the physiological salt concen-
tration (0.1 M NaCl) versus a high salt concentration (0.375 M NaCl),
followed by velocity sedimentation analysis of the membrane frac-
tion. For both mutants, membrane fractions isolated in the presence
of salt at the physiological concentration contained only the ~80S
assembly intermediate, as expected from results in Fig. 8 and 9. Inter-
estingly, the high-salt-concentration-treated membrane fraction
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from cells expressing the CA-CTD dimer WM184/185AA mutant
contained a substantial amount of the ~10S assembly intermediate,
as well as an accumulation of Gag near the pellet, which likely repre-
sents disassembling Gag that has aggregated (Fig. 7D). Because there
was little or no ~10S Gag observed when WT or mutant membrane
fractions were isolated in the presence of salt at the physiological con-
centration (Fig. 7C and D), the appearance of membrane-associated
WM184/185AA Gagin the ~10S position was likely due to disassem-
bly of an unstable, ~80S assembly intermediate upon exposure to a
high salt concentration. Similar results were obtained for the CA-
CTD dimer LL189/190AA mutant (data not shown). In contrast,
membrane fractions from cells expressing the CA-CTD base D197A
mutant contained only the ~80S intermediate, with no Gag detected
in the ~10S region, regardless of ionic condition (Fig. 7D). Similar
results were obtained for the CA-CTD base K158 A mutant (data not
shown). Thus, mutations in the CA-CTD dimer interface led to for-
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FIG 7 Mutations in CA-NTD H4-6 and the CA-CTD dimer interface result in unstable assembly intermediates. COS-1 cells were transfected with the indicated
proviruses, and total cell lysates were subjected to hypotonic lysis. The postnuclear supernatant (PNS) was analyzed by membrane flotation in the presence of a
standard intracellular salt concentration (0.1 M NaCl) or a high salt concentration (0.375 M NaCl), and the membrane (M) fraction was subsequently analyzed
by velocity sedimentation. (A) Schematic of experimental setup. (B) Equivalent aliquots of input used for membrane flotation gradients (PNS input) and velocity
sedimentation gradients (M fraction input) were analyzed by WB for Gag. (C, D) Fractions from the membrane flotation gradients and subsequent velocity
sedimentation analysis were analyzed for Gag by WB. Each set of membrane flotation Western blots in panels C and D is from a single exposure, allowing them
to be directly compared within each panel. In contrast, the velocity sedimentation Western blots were developed separately for each condition (paired with a
control, as shown) to obtain optimal exposures. The Gag present in bottom fractions of the velocity sedimentation gradient (fractions 22 to 25) represents Gag
that has likely disassembled and aggregated due to experimental processing. The positions of assembly intermediates are indicated by brackets above the velocity
sedimentation Western blots. Data in panels C and D are each from one experiment that is representative of three independent experiments.
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FIG 8 Mutations in the CA-CTD dimer interface arrest immature capsid assembly at the ~80S intermediate. COS-1 cells were transfected with the indicated WT
or mutant provirus. (A) Equivalent aliquots of cell lysates were analyzed by WB for relative Gag expression. (B, C) Equivalent aliquots of cell lysates were also
subjected to velocity sedimentation, and gradient fractions were analyzed by WB for Gag. (B) The graph depicts the relative amounts of Gag in each fraction,
corresponding to the blots in panel C, and the position of each assembly intermediate is indicated by brackets. Data shown are from one representative
experiment, and the table inset shows data averaged from three independent experiments.

mation of an unstable membrane-bound ~80S intermediate, while
mutations at the CA-CTD base led to formation of a stable mem-
brane-bound ~80S intermediate that failed to progress to the ~500S
assembly intermediate, most likely because of multimerization de-
fects. Because CA-CTD base mutants were capable of forminga stable
~80S intermediate, while CA-CTD dimer mutants were not, we con-
cluded that the CA-CTD dimer residues act before the CA-CTD base
residues during immature capsid assembly. These findings also sug-
gest that the modest reduction in the amount of membrane-associ-
ated Gag observed with the CA-CTD dimer and base mutants (Fig.
2B) could be due to endocytosis and degradation of abnormal assem-
bly intermediates that are arrested at the membrane; alternatively, for
the CA-CTD dimer mutants, this reduction could be due to instabil-
ity of the arrested ~80S intermediate at the membrane.

Double mutations and analysis using human 293T cells sup-
port the proposed order in which exposed surfaces act during
assembly. Thus far, our biochemical studies had shown that each

5730 jviasm.org

of the four surfaces that we analyzed acts at a different step in the
assembly pathway. To confirm the order in which these four Gag
surfaces act during assembly, we used analysis of mutants with
double mutations (e.g., V7R or L8A paired with EE75/76AA and
K158A or P224A paired with EE75/76AA or TQ110/112AA),
where we would expect that mutations that act early in the path-
way would be dominant over mutations that act late. Indeed, dou-
ble mutants containing a mutation that causes ~80S arrest and a
mutation causing ~500S arrest were arrested at the upstream step
(~80S arrest) in all four cases that we examined (data not shown).
These results are consistent with the temporal order of assembly
intermediates that was established previously (40—42, 44) and
confirm our conclusions regarding the order in which exposed
surfaces act during assembly.

As mentioned earlier, for analysis of intracellular assembly in-
termediates following transfection (Fig. 5 to 9), we used COS-1
cells (derived from African green monkey kidney) because they
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FIG 9 Mutations in the CA-CTD base arrestimmature capsid assembly at the ~80S intermediate. COS-1 cells were transfected with the indicated WT or mutant

provirus. (A) Equivalent aliquots of cell lysates were analyzed by WB for relati
velocity sedimentation, and gradient fractions were analyzed by WB for Gag. (
to the blots in panel C, and the position of each assembly intermediate is indica
inset shows data averaged from three independent experiments.

produce and endocytose relatively small amounts of virus. To ad-
dress whether the same patterns of arrest for assembly-defective
Gag mutants would be observed in human cells, we established
conditions for studying assembly intermediates in 293T cells,
which are derived from human embryonic kidney cells but release
and endocytose large amounts of virus (54). We found that unlike
in COS-1 cells, where assembly intermediates could be readily
identified for up to 36 h posttransfection, in 293T cells the signal
from ~750S completed capsids became progressively larger at
longer times after transfection (data not shown), consistent with
the time course that others have observed for virus endocytosis in
these cells (54). Ultimately, this ~750S signal became so large that
it obscured detection of the ~500S and ~150S assembly interme-
diates (data not shown). However, we were able to circumvent this
problem by harvesting 293T cells at early times (15 h) following
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ve Gag expression. (B, C) Equivalent aliquots of cell lysates were also subjected to
B) The graph depicts the relative amounts of Gag in each fraction, corresponding
ted by brackets. Data shown are from one representative experiment, and the table

transfection with small amounts of proviral DNA; under these
conditions, little virus was produced or endocytosed, allowing
sufficient resolution of assembly intermediates (Fig. 10). Using
this approach, we analyzed a subset of representative mutants and
confirmed that mutants with mutations on each of the four critical
surfaces of Gag displayed the same phenotype in human cells as in
nonhuman primate cells (compare Fig. 10 to Fig. 5, 6, 8, and 9).
Mutations on critical surfaces cause accumulation of assem-
bly-defective Gag at the plasma membrane of infected cells but
do not disrupt binding to ABCE1 and DDXG6. Previously, we had
demonstrated that truncations of NC (e.g., Gag MACA) or muta-
tions of basic residues within NC (e.g., Gag KR9A or Gag KR10A)
(40-42, 44, 45, 47) arrest assembling Gag within the ~10S assem-
bly intermediate, which does not contain the cellular facilitators of
assembly ABCE1 and DDX6 (40, 43, 45, 46). In contrast, all 13 of
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FIG 10 Gag mutants display similar assembly phenotypes in COS-1 and 293T cells. 293 T cells were transfected with the indicated WT or mutant provirus. (A)
Equivalent aliquots of cell lysates were analyzed by WB for Gag expression. (B, C) Equivalent aliquots of cell lysates were also subjected to velocity sedimentation,
with gradient fractions analyzed by WB for Gag. (B) The graph depicts the relative amounts of Gag in each fraction, corresponding to the blots in panel C, and

the position of each assembly intermediate is indicated by brackets.

the MA and CA mutations that we analyzed here progressed past
the ~10S step, forming either defective ~80S or defective ~500S
assembly intermediates. Because the WT ~80S and ~500S assem-
bly intermediates contain both ABCE1 and DDX6, we asked
whether the 13 assembly-defective MA and CA mutants are also
associated with ABCE1 and DDX6 in cells. Lysates of cells express-
ing WT or mutant proviruses were subjected to immunoprecipi-
tation either with antibody to ABCE1 (Fig. 11A) or with antibody
to DDX6 (Fig. 11B), followed by WB for Gag. WT Gag and all 13
MA and CA mutants were associated with both ABCEl and
DDX6, unlike Gag MACA (Fig. 11). Thus, mutations within these
four critical surfaces of MA and CA that function during assembly
do not alter the ability of Gag to associate with previously de-
scribed cellular facilitators of assembly.
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Additionally, we used an ultrastructural approach to verify the
results of our biochemical analyses. Given the point at which each
mutant was arrested in the assembly pathway, we expected EM
analysis to reveal that the CA-NTD H4-6 mutants progress to a
late stage in assembly, while the CA-CTD dimer and base mutants
would likely be arrested at a relatively early stage at the PM. More-
over, although our biochemical studies revealed differences in the
stability of the membrane-bound ~80S assembly intermediates
formed by the CA-CTD dimer and that of the CA-CTD base mu-
tants (Fig. 7D), we would not expect this difference to be apparent
upon EM analysis. To test these predictions, we infected COS-1
cells with virus encoding a mutation in either the CA-NTD H4-6
surface, CA-CTD dimer interface, or CA-CTD base surface and
examined sections by immunogold double labeling (immuno-
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FIG 11 Mutations on four critical Gag surfaces do not alter the association with cellular facilitators of assembly. COS-1 cells were transfected with the indicated
WT or mutant provirus. (A) Lysates were immunoprecipitated with ABCEI antiserum («A) or nonimmune IgG (N) and then analyzed by WB for Gag and
ABCE]. Equivalent inputs were also analyzed for Gagand ABCE1 by WB. (B) Lysates were immunoprecipitated with DDX6 antibody (aD) or nonimmune IgG
(N) and then analyzed by WB for Gag. Equivalent inputs were also analyzed for Gag and DDX6 via WB.

EM) using antibodies against Gagand ABCE1 (Table 2; Fig. 12) or
Gag and DDX6 (Table 2; Fig. 13). We used sections from four
independent experiments to analyze membrane-associated Gag
quantitatively, as previously described (43). Labeled Gag at the
PM was scored as being in one of three stages of assembly (Table
2): targeted Gag, defined as a cluster of Gag labeling without mem-
brane deformation; an early assembly site, defined as Gag labeling
in the presence of significant electron density at the PM or less
than 50% of full membrane curvature; or a late assembly site,
defined as Gag labeling in the presence of more than 50% of full
membrane curvature. We found that 42% of WT Gag clusters
were in early and late assembly sites at the PM (15% early, 26%
late). In contrast, for the assembly-incompetent MACA Gag mu-
tant (negative control), only 1% of Gag clusters were in the form
of early and late assembly sites. For the CA-NTD H4-6 mutant,
early and late assembly sites (8% early, 14% late) were readily
observed, albeit less frequently than for WT Gag. However, for
both the CA-CTD dimer and base mutants, the proportions of
Gag clusters in early and late assembly sites were 2% and 6%,
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respectively, which were not significantly different from the values
for the MACA negative control (Table 2). Thus, morphological
analysis of the distribution of early and late assembly sites con-
firmed that the CA-NTD H4-6 mutant is arrested at a very late
stage of the assembly pathway, while the CA-CTD dimer and base
mutants are arrested soon after PM targeting (as shown quantita-
tively in Table 2 and with representative images in Fig. 12 and 13).
Immuno-EM labeling also revealed extensive colocalization of
ABCE1 and DDX6 with Gag in early and late assembly sites at
the PM for WT Gag and the CA-NTD H4-6 mutant (Fig. 12 and
13, respectively), as we have shown quantitatively for WT Gag
(40, 42, 43).

DISCUSSION

Here we provide, for the first time, a detailed temporospatial map
showing when and where critical surfaces of Gag function during
HIV-1immature capsid assembly in cells. Our analysis of the sub-
cellular localization of each WT assembly intermediate provides
support for a model in which the ~80S cytosolic assembly inter-
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FIG 12 EM analysis of assembly-defective mutants in infected cells using immunolabeling for Gag and ABCEI1. Infected COS-1 cells expressing WT Gag or
mutations on the indicated critical surfaces were analyzed by immunogold double-label EM, using antibodies to Gag and ABCE1. Small gold particles represent
HIV-1 Gag; large gold particles represent ABCEL. Images showing sites of labeling at the PM were chosen to correspond to the approximate distribution of
targeted Gag, early assembly sites, and late assembly sites that were observed for each group in the quantitative analysis of EM images (Table 2). One example each
of targeted Gag (dark arrow), an early assembly site (dark arrowhead), and a late assembly site (open arrowhead) is shown. Bars, 200 nm.

mediate takes Gag from the cytosol to the membrane, where all
subsequent intermediates are located. Additionally, we demon-
strated that all of the high-molecular-mass intermediates in the
assembly pathway (the ~80S, ~150S, and ~500S complexes)
contain HIV-1 gRNA, as would be expected for assembly interme-
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diates. Next we examined four critical surfaces, chosen because
they are exposed in crystal structures of MA or the CA subdomains
and are known to be important for assembly of the HIV-1 imma-
ture capsid in cells. Analysis of three or four mutations in each
surface revealed that critical residues on a single surface all func-
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FIG 13 EM analysis of assembly-defective mutants in infected cells using immunolabeling for Gag and DDX6. Infected COS-1 cells expressing WT Gag or
mutations on the indicated critical surfaces were analyzed by immunogold double-label EM, using antibodies to Gag and DDX6. Small gold particles represent
HIV-1 Gag; large gold particles represent DDX6. Images showing sites of labeling at the PM were chosen to correspond to the approximate distribution of
targeted Gag, early assembly sites, and late assembly sites that were observed for each group in the quantitative analysis of EM images (Table 2). One example each
of targeted Gag (dark arrow), an early assembly site (dark arrowhead), and a late assembly site (open arrowhead) is shown. Bars, 200 nm.

tion at the same step in the assembly pathway even when these
residues are dispersed in the amino acid sequence. Our biochem-
ical studies also showed that each of the four critical surfaces acts
at a different step in assembly and allowed us to define the exact
order in which these surfaces act (summarized in Fig. 14A): the
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MA arm is required for membrane targeting of the cytoplasmic
assembling Gag oligomer (~80S intermediate), the CA-CTD
dimer interface is critical for stability of the ~80S intermediate
upon initial binding to the membrane, the CA-CTD base is
needed for multimerization at the membrane to allow progression
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FIG 14 A temporospatial map of HIV-1 capsid assembly in cells. (A) Temporospatial map of HIV-1 assembly highlighting when and where each critical surface of Gag
plays a role in the pathway. Assembly begins when newly synthesized Gag first forms the ~10S assembly intermediate. Progression past the ~10S intermediate requires
Gag oligomerization mediated by either NC or a leucine zipper (LZ) (42). Formation of the cytosolic ~80S assembly intermediate results when oligomerized ~10S Gag
co-opts a host precursor complex containing the cellular enzymes ABCE1 and DDX6 (43). The ~80S intermediate targets to the membrane, where it undergoes
continued multimerization to form the ~150S and ~500S intermediates. ABCE1 and DDX6 dissociate from the immature capsid upon completion of assembly (40, 43,
46), and release of the budding immature capsid requires residues that interact with cellular factors involved in budding, as shown by others (reviewed in reference 3).
The chart shows domains/surfaces and critical residues required for progression past each step in the assembly pathway. (B) A model for when three distinct CA-CA
interfaces (identified in the high-resolution structure of a completed immature capsid [29]) are formed during assembly. Ovals represent the individual CA subdomains
that form the hexameric lattices in the assembling, immature capsid, in which CA-CTD subunits (white ovals) form the lower hexameric lattice and CA-NTD subunits
(gray ovals) form the upper hexameric lattice. The three distinct inter- and intrahexameric interfaces in these lattices are shown as colored lines. These three interfaces
involve residues that are identical or adjacent to residues analyzed here on the three CA surfaces and are colored accordingly. In this model, the interhexameric CA-CTD
contacts (pink), mediated by residues on the CA-CTD dimer interface, are formed upon or just after membrane targeting of the ~80S intermediate. The intrahexameric
CA-CTD contacts (blue), mediated by residues within the CA-CTD base, form at the membrane and are required for multimerization of assembling Gag. The
interhexameric CA-NTD contacts (green), mediated by residues within the CA-NTD H4-6 surface, form late during assembly, just prior to completion of the immature
capsid. The two interhexameric CA-CA interfaces promote stability of the assembling capsid at two distinct steps in the assembly pathway.

past the low oligomer stage, and the CA-NTD H4-6 surface is Our data also have implications for our understanding of the

important for the stability of the nearly completed immature cap-
sid (~500S intermediate) just prior to budding. These findings
were confirmed by immuno-EM analyses of intact cells infected
by selected mutants.
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structure of the final immature capsid. Structural studies have
shown that the immature retroviral capsid consists of two stacked,
irregular lattices of CA hexamers connected by inter- and intra-
hexameric contacts, with the more internal lattice formed by CA-
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CTD and the lattice outside that formed by CA-NTD (reviewed in
reference 38). After we began the studies reported here, an 8-A-
resolution cryo-EM structure of an immature retroviral capsid
identified residues responsible for CA-CA interactions within the
CA-NTD and CA-CTD hexameric layers of the immature capsid
(summarized in Fig. 15; also see Table S2 in reference 29). Inter-
estingly, this new high-resolution structure identified CA-CA
contact residues different from those suggested by previous, low-
er-resolution structures of immature capsids (31, 36). To analyze
the structural implications of our findings, we superimposed our
temporospatial map of residues critical for HIV-1 immature cap-
sid assembly onto a map of residues found to be important for
inter- and intrahexameric CA-CA interfaces in the aforemen-
tioned 8-A-resolution immature retroviral capsid structure (29)
and found a striking correspondence (Fig. 15A). Specifically, we
observed that all the critical CA residues that we analyzed here
overlap or are adjacent to residues identified as making critical
CA-CA contacts in the fully assembled immature capsid. Given
this correlation and the generally accepted view that the main
function of CA during assembly is to form Gag-Gag contacts, it
seems reasonable to assume that an important function of the
critical CA residues analyzed here is to make CA-CA contacts
within the immature capsid structure and that the failure to estab-
lish each of these critical CA-CA contacts leads to the arrest in the
assembly pathway that we observed. If one accepts these two as-
sumptions, then the temporospatial map in Fig. 14A can be used
to generate a CA-CA interaction model (Fig. 14B) that proposes a
specific sequence of intermolecular interactions leading to forma-
tion of the hexameric CA lattices in the immature capsid. In this
sequence of events, the CA-CTD lattice is initiated by dimer con-
tacts between CA-CTD subunits (which will later belong to adja-
cent hexamers), and this initial contact occurs while Gag is in the
~80S intermediate, just before or upon membrane targeting. Af-
ter Gag stably targets to the PM, individual CA-CTD hexamers are
completed through formation of the intrahexameric CA-CTD
base contacts. Most likely, this process of CA-CTD dimer forma-
tion followed by CA-CTD hexamer formation is reiterated as Gag
subunits are added during multimerization at the PM. Finally, our
data suggest that the outer hexameric lattice is generated very late
in the pathway through interhexameric CA-NTD contacts estab-
lished upon or just before formation of the last assembly interme-
diate (the ~500S intermediate). Thus, while the 8-A-resolution
cryo-EM structure identified CA-CA contacts in the completed
immature capsid, our study adds a new dimension to our under-
standing of the immature capsid structure by proposing a model,
based on the assumptions described above, for a temporal se-
quence in which CA-CA contacts are formed during assembly in
cells.

Overall, the CA-CA interaction model (Fig. 14B) suggests that
both the CA-CTD and CA-NTD hexameric lattices form after
membrane targeting of the Gag oligomer. More specifically, this
model proposes that, following membrane targeting, the inter-
hexameric CA-CTD dimer interaction forms first, the intrahexa-
meric CA-CTD base interactions form next, and the CA-NTD
hexameric lattice forms last. Notably, this model is compatible
with the possibility that one or more of the exposed surfaces of
Gag may transiently interact with a cellular protein(s) present in
the assembly intermediates before they form the CA-CA contacts
observed in the completed, immature capsid; however, that pos-
sibility was not tested here.
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Additionally, our stability experiments (Fig. 7), when viewed
in the context of our CA-CA interaction model (Fig. 14B), offer
insights into the function of CA-CA interactions during assembly.
We found that residues important for interhexameric CA-CTD
dimer interface contacts act early to confer stability of the Gag
oligomer upon membrane targeting, and residues important for
interhexameric CA-NTD H4-6 contacts confer stability to the
nearly completed immature capsid prior to budding. In contrast,
residues important for intrahexameric CA-CTD contacts (the
CA-CTD base residues) do not affect stability but instead appear
to be required for continued multimerization at the PM. Thus,
importantly, our data suggest that additional subunits of Gag are
recruited into the targeted Gag oligomer only if that oligomer
contains CA-CTD hexamers with properly formed inter- and in-
trahexameric CA-CTD contacts.

While we do not yet know the exact stoichiometry or oligomer-
ization state of Gag in the assembly intermediates, our data shed
some light on this question. Previous live imaging and biochemi-
cal studies suggested that the complex that targets Gag to the PM
contains gRNA (53), is in the form of a small oligomer (in which
the number of Gag proteins is too low to be visualized by live
imaging [4, 53]), and undergoes additional multimerization after
membrane anchoring (53). Our biochemical studies are consis-
tent with the live imaging observations and suggest that Gag is
taken to membranes in an assembly intermediate that is roughly
the size of a ribosome (~80S) and contains HIV-1 gRNA as well as
cellular proteins. Our biochemical studies also indicate that the
assembling Gag complex increases in size (from ~80S to ~500S)
after PM targeting, which is consistent with recruitment of addi-
tional Gag proteins at the PM. Based on our CA-CA interaction
model (Fig. 14B), we speculate that soon after targeting to the PM,
assembling Gag progresses from being organized as dimers (held
together by the interhexameric CA-CTD dimer interface contacts)
to being organized as higher-order multimers (held together by
the intrahexameric CA-CTD base contacts). We also speculate
that the temporal sequence of contacts for CA-CTD hexamer for-
mation is likely repeated as additional Gag proteins are recruited
to the PM, during progression to the ~500S intermediate. Finally,
our data suggest that the hexameric CA-NTD lattice is formed
late, after multimerization at the PM is largely completed. In the
future, these hypotheses regarding the oligomerization state of
Gag in assembly intermediates could be tested using cross-linking
of WT and mutant assembly intermediates isolated from cell ly-
sates. This approach is likely to be technically challenging, given
the transient nature and very small quantities of assembly inter-
mediates in cells. Note, however, that our hypothesis that Gag is
likely dimeric until after it targets to membranes fits well with
results obtained by others, in which cytosolic Gag formed com-
plexes no larger than dimers upon cross-linking (4).

Our findings raise a number of questions that will need to be
answered in the future. The first relates to our observation that
gRNA is associated with all the high-molecular-mass assembly
intermediates that contain Gag and ABCE1 (~80S, ~150S, and
~500S intermediates) (Fig. 4). These experiments were per-
formed on intermediates immunoprecipitated using ABCE1 an-
tibody and indicate that gRNA is associated with ABCE1-contain-
ing assembly intermediates, as would be expected. Note that
similar gRNA immunoprecipitation studies using immunopre-
cipitation with Gag antibody will be required to determine when
Gag first associates with gRNA during assembly and whether
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FIG 15 Overlap between Gag residues required for assembly and residues that form CA-CA interfaces in the immature capsid. (A) Amino acid sequence of HIV-1 LAI
Gag, with the numbering for individual domains and spacer peptides (MA, CA, sp1, NC, and sp2) shown below and the numbering for the complete polyprotein shown
above. The 12 actual or predicted alpha helices within CA (H1 to H12) are enclosed in gray boxes. Residues mutated in this study are indicated in colors that correspond
to the surface in which they are located (see the key on the left), with lines above those residues indicating single-residue (1) or double-residue (A) mutations. Colored
boxes enclose residues that form inter- and intrahexameric interfaces in the fully assembled immature retroviral capsid (see the key on the right), as reported in reference
29 and via personal communication from J. Briggs. Note that because loops connecting alpha helices are flexible, there is little certainty regarding the positions of residues
in those regions. While all critical residues in the CA-NTD H4-6 surface and the CA-CTD dimer interface are within 1 residue or identical to residues that form interfaces
in the immature capsid (29), the overlap between the CA-CTD base residues analyzed here and residues that form interfaces in the immature capsid (29) was less obvious.
Specifically, although one critical residue in the CA-CTD base is identical to an interface residue (K158), two others (D197 and P224) are located further from interface
residues in the linear amino acid sequence (29). (B) To analyze whether D197 and P224 are in the right orientation to form intrahexameric interfaces in the three-
dimensional structure, we generated a schematic and ribbon diagram showing the spatial relationship of four CA-CTD domains within two adjacent hexamers, oriented
as predicted elsewhere (29), using a Protein Data Bank file provided by J. Briggs. Residues critical for the CA-CTD interhexameric interface are colored in pink, and
residues at the CA-CTD base studied herein (K158, D197, P224), along with their side chains on three CA-CTD domains, are shown in blue. The ribbon diagram shows
the predicted orientations of residues (but not relative distances) and reveals that residues within the CA-CTD base surface are in the correct orientation to form
intrahexameric interfaces in the immature capsid.
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gRNA is associated with all Gag-containing complexes or only a
subset of Gag-containing complexes. Another set of questions fol-
lows from our model that the cytosolic ~80S assembly interme-
diate likely takes assembling Gag to the PM. It is clear from pulse-
chase analyses that assembling Gag chases out of both the ~10S and
the ~80S intermediates, indicating that both are intermediates in
assembly and not dead-end complexes (40, 41). However, because
our pulse-chase analyses did not distinguish between the cytosolic
and membrane-associated ~80S intermediates, we cannot defini-
tively say that the membrane-associated ~80S intermediate is de-
rived from the ~80S cytosolic intermediate and not from the ~10S
cytosolic intermediate. However, it seems likely that the ~80S cyto-
solic intermediate is the direct precursor of the ~80S membrane-
associated intermediate for two reasons. First, all the mutations that
inhibit membrane targeting of Gag cause arrest of Gag as the cy-
tosolic ~80S intermediate (Fig. 5) and not as the ~10S interme-
diate. Second, both the cytosolic and membrane-associated ~80S
intermediates contain ABCE1 and DDX6, as do the subsequent
~150S and ~500S intermediates, while the ~10S intermediate
does not. Nevertheless, to acknowledge that the immediate pre-
cursor to the ~80S membrane-associated intermediate remains
hypothetical to date, we have used dotted lines in Fig. 14A to show
the ~80S cytosolic intermediate giving rise to the ~80S mem-
brane-associated intermediate. Future studies aimed at defining
all the Gag-containing complexes that contain gRNA may be able
to identify the complex responsible for initially anchoring Gag-
associated gRNA at the PM. This type of Gag- and gRNA-contain-
ing anchoring complex has been proposed to act as the initial
nucleation site for further assembly at the PM on the basis of live
imaging studies (53).

While previous studies by others had identified which critical
surfaces act while Gag is in the cytosol and which act after Gag
targets to membranes, the data presented here allow a precise or-
dering of multiple critical events in assembly for the first time (Fig.
14A). For example, previous studies found that mutations in the
three CA surfaces examined here cause defects upon or after mem-
brane targeting (9, 13, 14, 18), but the sequence in which these
surfaces act had not been defined. Our study suggests an exact
order in which these three critical CA surfaces act (with the CA-
CTD dimer interface acting after the MA arm residues but before
CA-CTD base residues, which in turn act before the CA-NTD
H4-6 residues) and allowed us to make functional distinctions
between them by identifying which of these surfaces are important
for stabilizing the assembling capsid at the membrane (Fig. 6 to 9).

Our data also shed light on the temporal order in which indi-
rect and direct Gag-Gag interactions are formed early during as-
sembly. Others have shown that early HIV-1 Gag-Gag associa-
tions arise in two ways: through indirect interactions mediated by
the NC domain of Gag binding to RNA (26, 50-52, 55-65) and
through direct CA-CA interactions (9, 11, 13, 18, 26, 29). Previ-
ously, we found that NC-mediated interactions are required to
form the ~80S cytosolic assembly intermediate (45). Here we pro-
vide data suggesting that MA arm residues are required for mem-
brane targeting of the ~80S intermediate following formation of
indirect NC-mediated interactions, while the CA-CTD dimer in-
terface is required for stability of the membrane-targeted ~80S
assembly intermediate. Together these findings clarify the tempo-
ral and spatial order of the indirect versus direct Gag-Gag associ-
ations (NC-mediated interactions precede interactions requiring
MA arm residues prior to membrane targeting, which in turn
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precede the interaction at membranes that requires the CA-CTD
dimer interface residues; Fig. 14A). Notably, our conclusion that
RNA-mediated, indirect Gag-Gag associations are formed prior to
the direct CA-CTD dimer interactions makes sense, since the CA-
CTD dimer contact is known to be a low-affinity interaction (dis-
sociation constant = 18 wM [11]) and would therefore be facili-
tated by bringing Gag monomers into proximity with each other
through RNA-mediated, indirect interactions.

All the findings reported here are consistent with results re-
ported by other groups, with the exception of our EM analysis of
the CA-NTD H4-6 mutant EE75/76AA. Our biochemical analyses
revealed that this mutant causes arrest at the ~500S assembly
intermediate but fails to undergo proper release of VLPs, consis-
tent with progression to a late stage of Gag multimerization at the
PM. The findings of our quantitative ultrastructural analysis of
infected COS-1 cells expressing this mutant were consistent with
our biochemical findings and showed abundant early and late
assembling forms. In contrast to our results, ultrastructural anal-
ysis of the EE75/76AA mutant by other groups (18, 49) revealed
large sheets of electron density at the PM with few late budding
forms in transfected 293T or HeLa cells. This discrepancy in the
ultrastructural phenotype can be explained by the observation
that 293T and HeLa cells are highly prone to endocytosis, while
COS-1 cells are not (data not shown; supported by results pre-
sented in reference 54). Thus, the abnormal, arrested late budding
forms that we observed in COS-1 cells may have initially been
present in 239T and HeLa cells but were subsequently endocyto-
sed and were therefore not readily visible by EM at late times after
transfection. Regardless, the discrepancy in the degree of budding
observed for this mutant does not alter our key conclusion regard-
ing the CA-NTD H4-6 mutants: that these mutants achieve a de-
gree of Gag multimerization that allows formation of the ~500S
late assembly intermediate, unlike the other categories of mutants
that we examined. In support of this, we found that the EE75/
76AA mutant forms the ~5008S intermediate in COS-1 cells as well
asin 293T cells at both early (15 h) and late (36 h) times posttrans-
fection (data not shown). Thus, under all conditions that we ex-
amined, EE75/76AA forms the ~500S intermediate, but in some
situations, this intermediate may be internalized and therefore not
observed at the PM in EM analyses.

Importantly, our data also show that all of the interfaces critical
for formation of a stable immature lattice are formed while assem-
bling Gag is in high-molecular-mass assembly intermediates con-
taining host proteins, including the facilitators of assembly
ABCE1 and DDX6. Exactly how these cellular facilitators act re-
mains to be determined. In a previous study, we demonstrated
that DDX6, an RNA helicase, promotes formation of assembly at
or after the membrane-targeting step (43). Clues to how DDX6
may act during assembly come from the observation that purified
nucleic acids promote capsid formation in recombinant Gag as-
sembly systems in vitro (55). Because RNA is found only within
ribonucleoprotein complexes in cells, we have speculated that
DDXG6 likely promotes immature capsid assembly by liberating
gRNA from ribonucleoprotein complexes and making it available
as a scaffold for assembly (43). Moreover, since DDXG6 first asso-
ciates with Gag in the cytosol and remains associated with Gag at
the PM (43) (Fig. 12 and 13), such DDX6-dependent RNA remod-
eling could occur at an early step (i.e., in the cytosolic ~80S inter-
mediate) or could assist with the formation of one or more of the
critical direct CA-CA interactions that occur at the PM.
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Finally, our data provide an important link between structural
models of assembling Gag and events of immature capsid assem-
bly that occur in cells. While the recent high-resolution structure
of an immature retroviral capsid was generated from recombinant
Gag domains that were assembled noncatalytically by mass action
in vitro (29), our studies were performed in cells that were either
transfected with provirus or HIV-1 infected, where immature cap-
sid assembly appears to occur via an enzyme-catalyzed mecha-
nism (40—43, 47). Interestingly, our data fit remarkably well with
the structural models generated from recombinant immature
capsids, thereby adding a temporospatial dimension to our under-
standing of CA-CA interactions and immature capsid structure
for the first time. This elegant convergence of two fundamentally
different approaches argues that the mass action and enzyme-
catalyzed models describe the process of assembly from distinct,
but complementary, angles. Moreover, this convergence also
demonstrates how we can gain valuable insight into immature
capsid structure through studying transient assembly intermedi-
ates formed in cells.
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