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ABSTRACT

Biochemical and Genetic Investigation of
Immature Murine Leukemia Virus Assembly

Sedef Tinaztepe

Production of infectious retrovirus particles is a complex and poorly-understood process
with multiple steps that are often linked to one another. Our aim in this study was to gain better
understanding of the path the murine leukemia virus (MLV) structural protein Gag follows to
assemble into immature capsid structures, the process of which is central to retroviral assembly
and release. Extensive studies of human immunodeficiency virus type 1 (HIV-1) assembly have
led to the development of a model proposing that the assembly of immature HIV-1 capsids
proceeds sequentially through multiple intermediates, in association with an RNA granule
containing some well-conserved cellular factors, such as ATP-binding cassette subfamily E
member 1 (ABCE1) and DEAD-box helicase 6 (DDX6) [3-16]. In this work, we provided evidence
suggesting that MLV Gag associates with endogenous ABCE1 in human cells expressing assemblycompetent MLV, and can be found in at least three high-molecular weight complexes with

sedimentation properties highly resembling the HIV-1 assembly intermediates. Furthermore, we
assessed the Gag proteins of select assembly-defective MLV mutants in terms of their expression
levels, ability to form viral particles, involvement in intracellular complexes, membrane
association, and ABCE1 interaction. Our findings were not only consistent with a model of MLV
assembly through host-mediated intermediates, but also provided novel information about the
effects of various MLV Gag mutations that are associated with defects in particle production.
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CHAPTER 1 : INTRODUCTION

Overview of Retroviruses
Significance
Retroviruses are a large and diverse family of enveloped viruses (Table 1.1, Fig. 1.1) that
reverse transcribe their RNA genome into DNA for integration into host genome. They are found
in all vertebrates, and many are pathogenic. Basic research into retroviral biology has continually
had significant impact not only on medical and research applications (e.g. development of tools
for diagnostics and therapy of retrovirally caused conditions, viral vectors for gene delivery), but
also on our scientific understanding of the molecular processes that govern life (e.g. reverse
transcription, integration, transduction, oncogene activation, various cellular pathways also
involved in retroviral infections) [15]. This study aims to further our understanding of retroviral
biology, focusing on the poorly understood events that facilitate immature retroviral capsid
assembly.
Classification
The family Retroviridae is subdivided into seven genera based mainly on phylogenetic
analyses: alpha-, beta-, gamma-, delta-, epsilon-retroviruses, lentivirus, and spumavirus [4]
(Table 1.1, Fig. 1.1). Although all retroviruses share various structural and functional features,
members of different genera show little sequence similarity at the nucleotide or amino acid level,
with the notable exception of some moderately conserved domains in reverse transcriptase (RT)
1

[21]. Spumaviruses are unique among retroviruses in multiple aspects, including virion
morphology and the timing of reverse transcription [4, 15]. Any generalizations made about
retroviruses in this study will refer mainly to orthoretroviruses, which exclude spumaviruses
(Table 1.1).
Retroviruses are also commonly categorized into two groups based on their genomic
complexity [15, 16] (Table 1.1). All retroviruses at a minimum encode the three main retroviral
polyproteins: Gag (Group-specific antigen; the major structural protein), Gag(Pro)Pol (a Cterminally extended version of Gag carrying the enzymatic domains), and Env (the envelope
protein). Complex, but not simple, retroviruses additionally encode a number of regulatory
proteins that serve diverse functions [15] (Fig. 1.2).
The main subject of this study is murine leukemia virus (MLV; Fig. 1.2.A), a simple
gammaretrovirus that has been a long-standing interest of our research group. However, the
Table 1.1 Classification of retroviruses.
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Figure 1.1 The retrovirus family. Unrooted phylogenetic tree of select retroviruses, based on amino acid sequence
analyses of conserved regions in reverse transcriptase (RT). Full names of viruses are presented in Table 1.1. Figure
adapted from [4].

information presented in this chapter also draws heavily from studies of human
immunodeficiency virus 1 (HIV-1; Fig. 1.2.B), the complex lentivirus infamous for being the causal
agent of acquired immune deficiency syndrome (AIDS). This is both because HIV-1 is by far the
most extensively studied retrovirus, and because the assembly model tested in this study in the
context of MLV has originally been established for HIV-1.
Replication Cycle
Retroviral "life" begins inside a stably infected cell, with the synthesis, assembly, and
release of virions, collectively referred to as exit events (see Fig. 1.3.A for an overview of the exit
events and Fig. 1.4 for a more detailed depiction of assembly and release). The genome of a cell
stably infected by a retrovirus carries proviral DNA, which gets transcribed by the cellular RNA
polymerase II (RNAPII) into full-length transcripts that are processed in the nucleus by the regular
host machinery [15, 22]. The viral mRNA is transported into the cytoplasm in both spliced and
3

Figure 1.2 Genomic organization of MLV and HIV-1. The proviral DNA of MLV (A) or HIV-1 (B) is depicted at the
top with the flanking white boxes representing long terminal repeat (LTR) regions. The protein-coding regions are
shown as colored boxes below, with each relevant reading frame (RF) displayed on a separate line, and each color
representing translation from alternate transcripts. Gag and GagPol polyproteins are both translated from
unspliced transcripts, with the synthesis of GagPol requiring a translational readthrough (A) or frameshift (B)
event, shown here with arrows. The region marked by asterisk (A) denotes the additional N-terminal sequence
observed in a gammaretrovirus-specific, glycosylated, Gag-related protein called glycoGag (gGag), which is
translated from a noncanonical initiation codon in-frame with Gag. The dashed lines (B) connect the coding exons
of the HIV-1 regulatory proteins Tat and Rev, joined by alternative splicing events. The lengths of proviral DNA and
coding regions are to scale.

unspliced forms, with retroviruses employing various strategies for nuclear export of introncontaining transcripts [22-24]. The Env precursor is translated from a singly-spliced transcript,
glycosylated, inserted into the endoplasmic reticulum, and transported to the plasma membrane
(PM) through the trans-Golgi network, during which it gets cleaved by cellular proteases into the
surface (SU) and transmembrane (TM) subunits that together form the membrane-associated
Env complex [15, 25]. On the other hand, the Gag and Gag(Pro)Pol polyproteins are translated at
free ribosomes from unspliced transcripts, a subset of which also serves as the genomic RNA
(gRNA) [26, 27]. Translation of Gag(Pro)Pol occurs through translational frameshift or
readthrough mechanisms, at about 1:20 ratio to Gag [28]. 1,500 to 5,000 copies of the structural
protein Gag, along with a much smaller number of Gag(Pro)Pol proteins, radially assemble into
an incomplete spherical lattice [19, 29], encapsidating two copies of the single-stranded gRNA
[20, 27, 30, 31]. Higher-order assembly of the immature capsid generally takes place at the PM
[15, 30, 32], with the major exceptions of betaretroviruses and spumaviruses, the capsids of
4

Figure 1.3 Retroviral replication cycle. Major exit (A) and entry (B) events of the retroviral replication cycle are
depicted. See text for description. Figure adapted from [17].

which translocate to the PM after they are assembled in the cytoplasm [4, 15]. The immature
virion, enveloped by the host lipid bilayer containing the retroviral Env complexes [33], is
released from the cell with the aid of host endosomal sorting complex required for transport
(ESCRT) machinery [20, 34-36]. During or immediately following budding, the capsid undergoes
major structural changes including the cleavage of Gag into matrix (MA), capsid (CA), and
nucleocapsid (NC) proteins by the viral protease (PR) and reassembly of a subset of CA proteins
into a mature capsid lattice, giving rise to an infectious virion [19, 20, 37].
The retroviral entry events (Fig. 1.3.B) begin with the binding of Env to specific receptors
on the target cell [38, 39]. This triggers a cascade of events leading to the fusion of the viral and
cellular membranes, which results in the release of the viral core into the host cytoplasm [40,
41]. There, the viral core forms a ribonucleoprotein (RNP) structure termed the reverse
5

Figure 1.4 Immature retrovirion assembly and release. The production of infectious retrovirions requires the
proper assembly of retroviral components into immature structures, followed by their release and maturation. For
purposes of studying immature retrovirion assembly, maturation (faded) can be prevented by utilizing proviral
constructs with inactive protease (PR). The central feature of immature retrovirion production is the radial
assembly of 1,500-5,000 Gag proteins into imperfect spherical lattice structures. For many retroviruses, including
HIV-1 and MLV, this higher-order Gag assembly takes place at the cytoplasmic face of the host plasma membrane
(PM), although low-order Gag multimerization can take place at the cytoplasm, before PM-association. Structurally
and functionally conserved Gag domains play specialized roles in different steps of immature capsid assembly, as
indicated. The N-terminally-myristoylated matrix (MA) domain is crucial for PM-targeting and -association of Gag,
and likely plays a direct or indirect role in envelope (Env) incorporation. The capsid (CA) domains form the major
Gag-Gag interactions that make up the capsid lattice structure. The nucleocapsid (NC) domain, through its ability
to bind non-specifically to RNA and specifically to the corresponding retroviral genomic RNA (gRNA), mediates Gag
multimerization and gRNA packaging, respectively. The late (L) domain motifs, which are found in different
locations in retroviral Gag proteins, recruit the host endosomal sorting complex required for transport (ESCRT)
machinery for proper release of retroviral particles from the host cell. Figure adapted from [20].

transcription complex (RTC), in which the positive-sense gRNA is reverse transcribed into doublestranded linear DNA by RT [42]. The RTC goes through structural rearrangements in a process
called uncoating and recruits a number of host factors, giving rise to the pre-integration complex
(PIC) [43]. Whereas the PIC of some retroviruses, such as HIV-1, can be transported into intact
nuclei to initiate integration, other retroviruses such as MLV require the breakdown and
reformation of the nuclear membrane through cell division [44, 45]. Integration of the viral DNA
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into the host genome by the viral integrase (IN) establishes the provirus [46, 47], which may
initiate the synthesis of progeny virions right away or after a period of latency [48].

HIV-1 and MLV Gag Structure and Function
Overview of the Gag Polyprotein
The retroviral structural protein Gag is the only retroviral protein necessary for immature
capsid assembly in cells [49] or in vitro [50]. It stays as a polyprotein during immature assembly,
with individually folded domains serving distinct functions (Fig. 1.4). The spherical immature
capsid is formed by the radial assembly of 1,500-5,000 copies of Gag (estimated to be 2,400 for
HIV-1 [51]) in an extended form, with the N-terminal domains at the surface of the sphere and
the C-terminal domains pointing inwards [19, 29, 52, 53]. As Gag is central to immature retrovirus
assembly, a good understanding of its structural and functional features is fundamental to
delineating this process.
Gag proteins are divided into domains mainly based on their PR-cleavage products (Fig.
1.5). All known orthoretroviral Gag proteins contain the canonical domains, MA, CA, and NC,
invariably in this relative order within the polyprotein. Besides these three major domains, Gag
can also contain additional domains (e.g. p12 of MLV Gag, p6 of HIV-1 Gag) and short spacer
peptides (e.g. SP1 and SP2 of HIV-1 Gag) [37, 54]. Although the amino acid sequences of Gag
proteins are not well conserved among retroviruses, both the tertiary structures and the
functions of the canonical domains show remarkable similarities throughout the family [55-58].
The MA domain mediates membrane association of Gag; the CA domains (as two separately
folded N- and C-terminal domains, CANTD and CACTD) form the major Gag-Gag interactions that
7

Figure 1.5 MLV and HIV-1 Gag proteins. Schematic representations of MLV (A) and HIV-1 (B) Gag proteins. The
structural domains and myristate modifications are indicated.

make up the capsid lattice; and the NC domain is responsible for gRNA encapsidation [20]. In
addition, Gag proteins also contain at least one late (L) domain motif that plays an important role
in the release of retroviral particles, although the type(s) of the L motif(s) and their location within
Gag may vary among species [54, 59, 60].
The Gag polyprotein is flexible with linker regions that connect the individually folded
domains (Fig. 1.6.A). Although this has proven to be a challenge for structural studies of fulllength Gag as a polyprotein, X-ray and/or nuclear magnetic resonance (NMR) structures are
available separately for all HIV-1 [61-73] and some MLV [55, 57, 74] Gag domains, as well as for
some partial Gag constructs spanning multiple domains, in various spatial organizations [67, 7577]. These structures, combined with analyses of the capsid lattice in immature and mature
states by cryo-electron microscopy (cryo-EM) [52, 53, 78] and tomography (cryo-ET) [2, 58, 7982], provide valuable insight on Gag structure during assembly and the ways in which structural
motifs can relate to function.
MA Domain
At the N-terminus of retroviral Gag is the MA domain, which commonly forms a
compactly-folded globular core composed of four or five -helices [55] (Fig. 1.6.A). The N8

Figure 1.6 Structures of HIV-1 Gag and mature CA. Tertiary structure models of HIV-1 Gag polyprotein (A) and
mature CA (B). Arrowheads indicate PR cleavage sites. Figure adapted from [1].

terminal region of most retroviral MA domains contains two features that together regulate
membrane targeting and binding of Gag: a myristate fatty acid chain cotranslationally attached
to the N-terminal glycine residue, and a number of basic amino acid residues – usually clustered
in polybasic groups – that form a basic patch on the surface of the globular core. The C-terminal
end of HIV-1 MA contains an additional -helix that extends out from the core [63], whereas the
corresponding region in MLV MA is unlikely to form a helix due to its high proline content [55].
Unlike HIV-1 Gag, in which the MA domain is followed directly by the CA domains, MLV Gag has
between MA and CA an additional p12 domain (Fig. 1.5.A), the N-terminal half of which is also
rich in prolines. It has been suggested that the proline stretches in MLV MA and p12 domains
take an extended conformation, providing rigidity to this region and contributing to the overall
extended conformation of Gag observed in immature capsids. [83]. HIV-1 MA domains, which
9

form trimers in solution [72] and in crystals [63], have been suggested to organize as hexamers
of trimers during assembly [84]. Although detection of trimeric MA has been elusive in structural
studies of virions, a recent biochemical study employing a crosslinking strategy demonstrated the
presence of MA trimers in replication-competent HIV-1 virions [85]. A growing amount of
evidence suggests that trimerization of MA domains is important for Env incorporation in HIV-1,
but not necessarily other retroviruses [85-87]. The multimeric arrangement of the MA domains
may also contribute to the overall stability of the immature HIV-1 capsid lattice, especially
considering that the adjacent CANTD domains were suggested to arrange in a remarkably similar
pattern of interhexameric trimers in the recent cryo-ET analyses of immature HIV-1 virions [58].
MLV MA domains have not been observed to form trimers to our knowledge.
Most retroviral Gag proteins are modified by the addition of a myristoyl group at their Nterminal glycine residue [88-90]. Promoting reversible membrane binding via insertion of the
hydrophobic myristate into a lipid bilayer is a well-established function of N-myristoylation in
eukaryotic cells, and it is often regulated by a second signal that leads to sequestration or
exposure of the myristate moiety and/or enhancement of membrane binding through additional
interactions [91]. Studies of myristoylation site mutants (ΔG2* or G2A) have demonstrated that
myristoylation of Gag is critical for membrane localization and immature particle production in
both HIV-1 [49, 92, 93] and MLV [94, 95]. The A5D [96, 97] and V5D [98] mutations targeting
residues within the predicted N-myristoyl transferase recognition site [99] of HIV-1 and MLV MA,
respectively, also lead to a significant block of myristoylation and viral particle production. On

*

The residue numbers in this study refer to amino acid positions of Gag, taking the translation initiating
methionine as position 1.
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the other hand, two separate point mutations only a few residues further downstream (V7R and
L8A) both allow HIV-1 Gag myristoylation at levels comparable to wild-type, while still blocking
membrane association and viral particle production [97, 100]. Similarly, MLV Gag carrying the T7I
mutation can get myristoylated, but is defective in viral particle production; this defect is even
more pronounced when an adjacent residue is also mutated (T6I/T7I or T7I/P8L) [101]. NMR
studies of HIV-1 MA V7R and L8A mutants have suggested that the myristate moiety is stably
sequestered within the MA domain of these mutants [102], providing a structural basis for the
observed phenotypes.
A ‘myristoyl switch’ model was originally suggested for HIV-1 Gag upon observing that
full-length Gag binds membranes much more efficiently than does the MA protein alone [103]. It
was proposed that the myristate moiety is exposed on the Gag polyprotein, binding it to the PM
for viral assembly, and that the proteolytic cleavage of Gag during maturation causes a
conformational change that sequesters this fatty acid chain within MA, allowing MA to dissociate
from the membrane to perform its functions during viral entry [103-105]. NMR studies later
showed that myristoylated HIV-1 MA exists in solution as an equilibrium mixture of myristoylsequestered monomers and myristoyl-exposed trimers [72]. Increasing the concentration or
including the self-associating CA domain in the construct drives this equilibrium more towards
the myristoyl-exposed conformation, suggesting that self-association between Gag proteins
might promote myristate exposure [72]. However, trimerization of the HIV-1 MA domain per se
is not necessary for membrane binding, since mutants defective in MA trimerization assemble
and release at relatively normal levels [85]. Although myristoyl switches are commonly
accompanied by large structural changes [106-108], myristate-sequestered and -exposed
11

conformations of HIV-1 MA show only minor differences in tertiary structure [72]. Furthermore,
the C-terminal residues of HIV-1 MA domain look disordered in models of both MA alone [61-63]
and in extended constructs containing CANTD [67, 75], making it unlikely for cleavage at the MACA junction to trigger a conformational switch. Therefore, although the regulation of myristate
exposure does seem to play a pivotal role in controlling reversible membrane association of Gag
and MA, there is no solid evidence that this regulation involves structural changes in MA upon
proteolytic cleavage of Gag. Besides conformational changes and self-association, various other
factors have been proposed to regulate myristate exposure of HIV-1 Gag, such as pH [109],
binding of calmodulin [110], binding of phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P2) [111],
membrane association [112], and RNA dissociation [113]; the last three are discussed further
later. Another level of regulation on myristoylated Gag was suggested by a recent study from our
group, in which the host heme oxygenase 2 (HO-2) was observed to bind the myristate moiety
on HIV-1 and MLV Gag and restrict retrovirus production [114].
Also common in retroviral MA domains is the presence of at least one basic patch on the
surface of its globular core, though their size and location vary among species [115]. It has been
proposed that the basic surface patch forms electrostatic interactions with acidic membrane
phospholipids to promote membrane binding of Gag [115, 116]. Studies in various retroviruses
have established that basic residues of MA indeed play a vital role in membrane localization of
Gag during assembly [98, 117-123]. In both HIV-1 and MLV, basic residues are clustered within
polybasic regions. The polybasic region of HIV-1 important for membrane association, also
termed the highly basic region (HBR), spans the residues 15-32 and contains a total of eight or
nine lysine and arginine residues [116, 124]. The MLV MA polybasic region consists of a stretch
12

of four basic residues at positions 31-34 [98, 122], with additional basic residues at positions 17
and 21 also implicated in membrane targeting [98].
HIV-1 HBR is necessary for efficient membrane association of Gag in a manner dependent
on PI(4,5)P2 [125], a phosphatidylinositol phosphate (PIP) enriched at the PM [126]. The
K30E/K32E mutation in HBR that inhibits the specific interaction of HIV-1 Gag with PI(4,5)P2 [125]
results in the mistargeting of Gag to intracellular compartments and a block on viral particle
production [127], a phenotype that is also observed upon enzymatic depletion of PI(4,5)P2 [128].
Notably, single amino acid changes at residues 85-89 in the C-terminal half of HIV-1 MA also block
viral particle production [96] and the Y86G and V88E mutants display the same mistargeting
phenotype as the K30E/K32E mutant [129], but how they affect Gag targeting is unclear, as these
residues are predicted to be buried within the globular core of MA [63]. HIV-1 HBR also mediates
MA-RNA interactions, but as opposed to PI(4,5)P2, binding of RNA to this region has an inhibitory
effect on membrane association of Gag [113, 130, 131]. Studies using the HIV-1 Gag
HBR/RKswitch mutant carrying an HBR with the position of lysine and arginine residues swapped
suggest that the specific sequence of HBR is necessary for PI(4,5)P2-dependent membrane
binding, but not for binding to RNA or for forming non-specific interactions with other acidic
phospholipids [132]. In the absence of MA-RNA interactions, HIV-1 Gag does not display a high
preference for PI(4,5)P2, and can bind even neutral liposomes in a myristoylation-dependent
manner, suggesting that RNA binding might be causing myristate sequestration [113]. PI(4,5)P2containing liposomes, but not others tested, can outcompete RNA for MA binding [113, 133].
These findings establish a central role for PI(4,5)P2 in selective targeting of HIV-1 Gag to PM,
supporting a model in which binding of RNA to the MA domain prevents Gag from nonspecifically
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docking on intracellular membranes until PI(4,5)P2 at PM lifts this RNA-mediated inhibition. It
was proposed that HIV-1 gRNA simultaneously binds the MA and NC domains in the cytoplasm,
and dissociates from MA at the PM, remaining bound to NC for encapsidation [133]. Such a model
would provide a functional basis for the observations from small-angle neutron scattering (SANS)
experiments suggesting that monomeric HIV-1 Gag takes a folded-over conformation in solution,
with its MA and NC domains in close proximity, as opposed to the rod-shaped conformation it
holds in the immature virion [134, 135]. However, a crosslinking immunoprecipitation (CLIP)
sequencing study examining HIV-1 Gag-RNA interactions revealed that the HIV-1 MA domain
almost exclusively binds specific host tRNAs in the cytoplasm in an HBR-dependent manner, and
suggested that it is the binding of these tRNAs to MA that inhibits membrane association of Gag
[131].
Although it is now commonly accepted that PI(4,5)P2 plays an important role in PMtargeting of HIV-1 Gag, the mechanism of action of this phospholipid is still controversial. An NMR
study using soluble PI(4,5)P2 with truncated acyl chains suggested that PI(4,5)P2 binds HIV-1 MA
in an "extended-lipid" conformation, with one acyl chain inserted in a hydrophobic cleft within
the MA domain and the other docked inside the cytoplasmic leaflet of PM, and that this
interaction induces small conformational changes in MA that lead to myristate exposure [111]. A
similar extended-lipid binding model was also suggested for the membrane phospholipids
phosphatidylserine (PS), phosphatidylcholine (PC), and phosphatidylethanolamine (PE) [112].
However, computational analyses [115, 136] and recent NMR-detected liposome binding studies
[137] that employ native PI(4,5)P2 are instead consistent with a model where PI(4,5)P2 enhances
membrane association of HIV-1 Gag through mainly electrostatic interactions between its inositol
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head group and the HBR, without extending an acyl chain into the MA domain. Furthermore,
even in the absence of PI(4,5)P2, myristoylation significantly increases affinity of HIV-1 Gag to
acidic membrane surfaces [138] and myristate can be readily exposed upon association of Gag
with lipid bilayers [112], raising questions about the biological importance of PI(4,5)P2 association
for myristate exposure.
Little is known about the role of PI(4,5)P2 or MA-RNA interactions in Gag localization of
MLV or other retroviruses. A study employing chimeric HIV-1 Gag constructs carrying different
retroviral MA domains suggested that Gag membrane binding is susceptible to an RNA-mediated
block and dependent on PI(4,5)P2 in retroviruses with a large MA basic surface patch, like HIV-1,
but is RNA-insensitive and PI(4,5)P2-independent in retroviruses with a small MA basic surface
patch, like MLV [139]. Mutations that confer a large basic patch can convert an RNA-insensitive
MA domain to an RNA-sensitive one, but do not allow PI(4,5)P2-dependent membrane binding of
Gag [139], a pattern similar to that observed with the HIV-1 HBR/RKswitch mutant [132],
suggesting that presence of a large basic patch is sufficient for MA binding to RNA, but not to
PI(4,5)P2. Although this study with chimeric Gag constructs suggests that membrane binding of
MLV is not dependent on PI(4,5)P2 [139], the enzymatic depletion of PI(4,5)P2 restricts both HIV1 [128, 140] and MLV [122, 140] virus production in other studies. In an in vitro system employing
large unilamellar vesicles (LUVs) [122], non-myristoylated HIV-1 MA interacts with PS, but not
with PIPs, whereas non-myristoylated MLV MA interacts with PIPs (without a specific preference
in the absence of PS), but not with PS alone. Addition of PS to LUVs enhances the affinity of MLV
MA for PI(4,5)P2, but not other PIPs, suggesting that MLV MA has a PS-dependent specific affinity
for PI(4,5)P2. Furthermore, mutations in the polybasic region of MLV MA inhibit binding to LUVs
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containing PI(4,5)P2/PS in vitro and lead to mislocalization of Gag and inhibition of virus
production in cell culture [122]. Even though the apparent contradiction of these findings with
the chimeric Gag study could be attributed to the differences in experimental systems and to
possible effects of non-MA regions, it is currently difficult to make any definitive remarks about
the role of PI(4,5)P2 in MLV Gag membrane targeting or binding.
Our group has shown that MLV MA interacts with the C-terminal RasGAP domain of IQ
motif containing GTPase activating protein 1 (IQGAP1) [141], a host scaffold protein with multiple
functions throughout the cell [142-144]. Triple amino acid substitutions within residues 51-56,
60-68, and 81-92 of MLV MA domain, corresponding respectively to the linker region preceding
helix 4, helix 4, and helix 5 [55], lead to restriction of viral particle production, as well as to loss
of IQGAP1 interaction, with the severity of the two defects generally correlating with one
another, and one particular mutant (SMA6, T85A/W86A/E87A) showing no detectable amount
of IQGAP1 interaction or released viral particles [141]. A second-site reversion mutation in helix
2 of MA (F38L) rescues both defects of at least two of these mutants [141]. Double knockdown
of IQGAP1 and one of its two homologs, IQGAP2, causes a noticeable delay in MLV replication,
and the exogenous expression of an MLV MA-interacting IQGAP1 fragment predicted to act in a
dominant-negative manner significantly restricts both the production of and infection by MLV
virions, suggesting that IQGAP1 promotes both entry and exit phases of MLV replication [141].
The mechanism by which IQGAP1 promotes MLV replication and how this relates to an
interaction with the MA domain remain to be elucidated.
Beside membrane targeting and binding, MA domain has another major role in HIV-1
assembly, which is incorporating the Env proteins into the virion [86]. Successful pseudotyping
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of retroviruses with various viral Env proteins suggests that specific interactions are not
necessary for Env incorporation in general [33, 145-147]. However, the incorporation of intact
HIV-1 Env, but neither of HIV-1 Env with a shortened cytoplasmic tail (CT) nor of MLV Env, into
HIV-1 particles is dependent on the MA domain [148-150], suggesting that the HIV-1 Env CT
domain, which is unusually long in lentiviruses, requires special accommodation by the MA
domain of HIV-1 Gag. Although a consensus has not yet been reached on the structural details of
this accommodation, evidence from many genetic, biochemical, and structural studies point to
the importance of trimerization of the MA domain for HIV-1 Env incorporation [85-87, 151, 152].
MLV virions can incorporate HIV-1 Env with truncated CT, but not intact HIV-1 Env [153],
suggesting that MLV MA cannot accommodate the long CT of HIV-1 Env. MLV Env is selectively
incorporated into MLV virions when it is coexpressed with both MLV and HIV-1 Gag proteins, and
this selectivity is retained when the MA domains of MLV and HIV-1 Gag are swapped, suggesting
that a region of Gag outside of MA is responsible for the selective incorporation of MLV Env [154].
CA Domains
CA is composed of two individually folded domains, CANTD and CACTD, connected with a
short linker (Fig. 1.6). HIV-1 [65] and MLV [74] CANTD contain seven (H1-7) and six (H1-6) -helices,
respectively. HIV-1 H1-4 and H7 are structurally homologous to MLV H1-4 and H6, respectively,
with H1-3 showing the highest similarity [74]. The N-terminal region of CA preceding H1 is found
in an extended configuration when part of an N-terminally extended structure as it would be in
Gag [58, 67, 75, 77] (Fig. 1.6.A), but folds into a -hairpin in the mature CA protein [57, 65, 67,
74] (Fig. 1.6.B). This -hairpin is stabilized by a salt bridge between the N-terminal proline residue
and a conserved aspartate residue in H3 [65, 67, 74, 155]. HIV-1 CANTD contains a large loop region
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between H4 and H5 that is known for interacting with the host protein cyclophilin A (CypA) [66],
which modulates entry phase of HIV-1 infection [156, 157] and has been suggested to stabilize
mature HIV-1 capsid by simultaneously binding two CA proteins from neighboring hexamers
[158]. Although MLV H5 is also flanked by two loop regions, these are smaller than and distinct
from the CypA-binding loop of HIV-1 [74].
In the immature HIV-1 virion, CACTD and the adjacent spacer peptide region (SP1) together
form a single assembly unit that contains a short 310-helix and five -helices (H8-12; H12 also
known as “CA-SP1 helix” [81] or “junction helix” [76]) [81] (Fig. 1.6.A). The H12 sequence is
cleaved in half during HIV-1 maturation, and the remaining portion has not been observed to
form a secondary structure in the mature HIV-1 CA [68, 73, 159, 160] (Fig. 1.6.B). MLV, unlike
HIV-1, has a single cleavage site between CA and NC domains, and therefore does not contain an
SP1 region (Fig. 1.5). Unique to gammaretroviruses, the C-terminal end of MLV CA contains a
charged region predicted form a helical structure, termed charged assembly helix (CAH) [161].
Although there is no published high-resolution structure of MLV CACTD, an unpublished study
from our group has determined the crystal structure of hexamerically arranged MLV CA (CA218)
with a C-terminal truncation that leaves out the CAH [162]. This studied portion of MLV CACTD
contains five -helices (H7-11), with H8-11 showing remarkable structural homology to HIV-1 H811, respectively, and MLV H7 spatially aligning well with the HIV-1 310-helix [68]. Notably, CACTD
contains one of the few conserved sequence motifs of retroviral Gag, called major homology
region (MHR), which spans the extended strand preceding H8 (MHR strand), as well as most of
H8.
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Figure 1.7 Immature and mature retroviral capsid structures. (A) Global maps of HIV-1, MPMV, and RSV immature
capsids. (B) 3D model of immature HIV-1 capsid. (C) Representations of the CA-SP1 domains of two neighboring
hexameric immature HIV-1 Gag units in side-view (upper panel) and top-view (lower panel). (D) EM images (upper
panels) and fullerene models (lower panels) of mature HIV-1, MPMV, and MLV capsids. (E) 3D model of immature
HIV-1 capsid. (F) Representations of hexameric and pentameric mature HIV-1 CA units in side-view (upper panels)
and top-view (lower panels). (A) adapted from [2], (B) adapted from [18], (C-F) adapted from [19].

CA, as a Gag domain and as a mature protein, assembles into hexameric lattices that form
the capsid structures encasing gRNA in the immature and mature virion, respectively [29].
Mature retroviral capsids follow fullerene geometry, with twelve pentameric “defects” allowing
the hexameric capsid lattice to fold into a closed shell, and differential distribution of these
pentamers causing the observed variation in mature capsid morphology (e.g. conical HIV-1 capsid
with seven pentamers at wide end and five at narrow end; nearly spherical MLV capsid with
homogeneously distributed pentamers) [78, 82, 163-166] (Fig. 1.7.D-F). Immature retroviral
capsids, on the other hand, are commonly incomplete spherical structures [2, 167, 168], the
19

irregular gaps on which allow curvature of the hexameric lattice without the need for pentamer
incorporation [167] (Fig. 1.7.A-C). Structural analyses of immature [58, 79, 81] and mature [73,
78, 160] hexameric HIV-1 assemblies have demonstrated that the overall morphological
difference is accompanied by substantial differences in the organization of CANTD and CACTD.
In the immature HIV-1 capsid, six CA domains within a hexameric unit form a goblet-like
structure, with the C-terminal H12 regions arranged in a six-helix bundle forming the stem, the
rest of the CACTD domains forming the base of the cup, and the CANTD domains forming the upper
walls [58, 76, 79, 81, 167] (Fig. 1.7.C). Recent optimizations of subtomogram averaging methods
have allowed for the development of an atomic-level model for the immature capsid lattice,
based on cryo-ET analyses of intact immature HIV-1 virions [81]. The key features of this structure
can be summarized as follows: 1) H12 regions arranged into six-helix bundles within hexameric
units comprise the C-terminal end of the structured portion of the immature capsid lattice. Some
residues within MHR and H10 that are located nearby in the three-dimensional structure are
predicted to stabilize the H12 bundle [81]. 2) The hexameric CA unit is further stabilized by one
intrahexameric interface between the H7-310-helix region and H8 [58, 81], a smaller one between
the N-terminal ends of the MHR and H11 [81], and possible intrahexameric interactions in the
CANTD layer between the C-terminal region of H4 and the H5-H6 linker [58] and/or H3 [81]. 3)
Hexameric units are connected by homodimeric interactions of H9 at the CACTD layer and of H1
at the CANTD layer [58], as well as by a CANTD trimeric interface that involves a three-helix H2
bundle [58] and appears to be stabilized by interhexameric interactions between H1 and H4 [81].
4) Various intramolecular interactions, including ones within the fold of MHR, at the NTD-CTD
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linker, and between H1 of CANTD and the H8-H9 linker in CACTD, are predicted to stabilize the CA
capsid domains in their proper conformation [58, 81].
The mature HIV-1 hexameric unit, on the other hand, resembles a flower in top-down
view, with the CANTD domains arranged like six petals at the top layer, and parts of the CACTD
domains visible from the layer beneath like six sepals [73, 78, 160] (Fig. 1.7.F). Unlike the loose
CANTD ring in the immature HIV-1 capsid, the mature CANTD domains are clustered closely around
the hexameric center, with the H1-3 helices forming an eighteen-helix barrel and H1 helices
constituting a central ring [73, 78]. This CANTD organization is staggeringly different from the one
observed in the immature HIV-1 capsid, as clearly evident from the positioning of H1 and H2,
which mediate interhexameric interactions in the immature capsid [58, 81], but are located by
the hexameric center in the mature structure. The mature hexamers appear to be too distant
from one another at the CANTD layer to make contacts, however they are joined at both dimeric
(involving 310 helix and H9 of both partners) [73, 78] and trimeric (involving a three-helix H10
bundle) [78, 169] interfaces at the CACTD layer. The hexameric organization of the CACTD domains
appears to be mainly mediated by intrahexameric NTD-CTD interactions, and the CACTD domains
within a hexamer do not appear to contact one another [73]. This is also in stark contrast to the
immature capsid, where each hexameric unit is bundled at H12 and stabilized by various
intrahexameric interactions throughout CACTD. Both the N-terminal and C-terminal cleavage of
CA, which lead to formation of an N-terminal -hairpin and to the loss of the C-terminal H12
helical structure, respectively, are believed to play important roles in capsid maturation. The H12
bundle is a key component of the hexamer structure in the immature HIV-1 capsid, as detailed
below, and in vitro studies have demonstrated that the deletion of the SP1 sequence disrupts
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immature-like spherical particle formation [50]. On the other hand, whereas HIV-1 CA or a
fragment missing the -hairpin sequence assembles into mature-like cylinders in vitro [170], Nterminal extension of CA or disruption of the hairpin-stabilizing salt bridge leads to assembly of
immature-like spheres [155, 170-172], suggesting that if the hairpin sequence is present at the
N-terminus of CA, it needs to be folded and stabilized for mature capsid assembly to take place.
Although the -hairpins are located close to hexameric centers in the mature lattice structure,
structural studies suggest that they are not directly involved in intrahexameric interactions [73,
78]. It has been proposed that the intramolecular interactions involving the -hairpins promote
the mature orientation of H1 and H3 [172, 173].
The crystal structure of hexameric MLV CANTD [57, 74] shows remarkable similarity to the
CANTD hexameric unit in mature HIV-1 capsid [73, 78], with the six subunits arranged like petals
of a flower, held together around the center by an eighteen-helix H1-3 barrel. The N-terminal
end is folded into a -hairpin and stabilized by a salt bridge to H3, as well as other intramolecular
interactions [57, 74, 162]. This -hairpin was not observed in NMR studies of an MLV Gag
fragment containing the p12 and CANTD domains [77], suggesting that N-terminal extension of
MLV CA inhibits -hairpin formation, like in HIV-1. Consistent with this, the -hairpin was
observed in the previously mentioned unpublished crystal structure of a C-terminally truncated
MLV CA (CA218), but not in the structure of a copy that is extended at the N-terminus by four
amino acid residues (4-CA218) [162]. Interestingly however, the CANTD domains of both 4-CA218
and CA218 are arranged in a flower-like pattern with a central eighteen-helix H1-3 barrel,
showing some differences in local interactions without much change on the overall orientation
of the subunits [162]. The hexamers are spaced farther apart in CA218 than they are in 4-CA218,
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so even though the 4-CA218 CANTD domains contact one another at dimeric and trimeric
interfaces involving H4-6, interhexameric interactions are mediated solely by CACTD domains in
CA218 [162]. The portion of CACTD domains included in these constructs are arranged in CA218 in
a manner reminiscent of mature HIV-1 capsid, but the structure of CACTD domains in 4-CA218
could not be determined [162]. The crystal structures of 4-CA218 and CA218 demonstrate that
the N-terminal -hairpin formation is not necessary in MLV for "mature-like" arrangement of
CANTD domains with H1-3 facing the hexameric center, although the local changes in the CANTD
layer induced by -hairpin formation appear to lead to a more significant change in the CACTD
layer, as observed by the more spread apart distribution of the hexamers in CA218. One
important thing to note, however, is that neither of these constructs contain the C-terminal CAH
sequence, which is normally present in both immature and mature MLV CA, has been implicated
in immature capsid assembly, as detailed later, and could potentially influence immature and/or
mature MLV capsid structure.
Mutational studies have identified several HIV-1 CA regions where single or double amino
acid substitutions lead to severe, if not complete, block of viral particle production and release
from cells. These include H12 (along with some residues within close proximity to the H12 bundle)
[174-178], H9 [14, 176, 179-181], some conserved residues of MHR [3, 14, 176, 182, 183], and
some residues within H4-6 of CANTD [14, 176]. There is much less known about the structure and
function of MLV CA domains, so the CA regions implicated in immature MLV capsid assembly are
presented below in relation to similar regions of HIV-1.
The H12 bundle is a central feature of the immature HIV-1 capsid structure. It possibly
both promotes the hexameric arrangement of immature CACTD domains through the extensive
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intrahexameric interfaces it comprises, and provides a rigid physical separation between the rest
of the CA structure and the RNA-bound NC domain during immature capsid assembly. A threeway interaction between D329 (in H10) and H358 (in H12) of one molecule and P356 (in H12) of
a hexameric neighbor appears to stabilize this structure, while the positively-charged side chains
of residues K290 (in MHR strand) and K359 (in H12) protrude above and below the layer of these
stabilizing interactions and toward the hexameric center, where they presumably coordinate a
negative ion cluster [81]. Various single amino acid substitutions throughout H12 or the
preceding linker, as well as the substitutions K290A or D329A, abolish proper immature capsid
assembly in vitro [76] and in cells [174-178]. The H12 region has been proposed to act as a
structural switch during both immature capsid assembly and maturation. A peptide of H12
sequence is observed as unstructured coils at low concentration in aqueous solution, but folds
into an -helix when environmental polarity is reduced or the concentration of the peptide is
increased [184], providing the structural basis for a possible switch mechanism regulating
immature capsid assembly. On the other hand, blocking PR cleavage of the CA-SP1 junction
prevents formation of mature conical capsids, suggesting that CA-SP1 cleavage, and thus
disruption of the H12 helical structure, is necessary for mature capsid assembly [174].
Furthermore, the H12 bundle carries an important role in the regulation of CA-SP1 cleavage itself,
as it sequesters the PR binding site. At least two maturation inhibitors (MIs) [185], which are
currently the only class of FDA-approved antiretrovirals that target the exit events of infection
[186], act by stabilizing the H12 bundle to prevent access of PR to the cleavage site [76, 81]. H12,
H10, or MHR mutations that confer resistance to these MIs [187-194] are in turn proposed to
destabilize this bundle [76, 81]. Consistent with this model, many of these MI-resistant mutants
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show defects in viral particle production [187, 189, 190, 192], and some are completely MIdependent for replication [189, 192].
As previously mentioned, MLV does not contain a spacer region between CA and NC
domains, but instead contains a unique region rich in charged residues called the CAH at the Cterminal region of the CA domain [161]. The CAH is important for immature capsid assembly
[161], and mutating three arginine residues to alanine (R466A/R468A/R469A) diminishes viral
particle production, completely blocks spread in culture, and prevents Gag-Gag interactions in a
yeast-two-hybrid setup [195]. Although the structure of CAH has not yet been studied in the
context of CA, this region was recently identified as a single -helix (SAH) [196], a helical motif
that does not require higher order interactions for stability [197]. It is hypothesized that the rodlike SAHs remain as separate helices in the immature MLV lattice, rather than bundling together
like the immature HIV-1 H12 regions, and that the SAH region retains its helical conformation in
the mature particle [196]. Even though such a model suggests that this charged region of MLV
does not contain an assembly or maturation switch like the HIV-1 H12 region, the MLV CAH/SAH
could still promote immature capsid assembly by providing a rigid physical barrier between CA
and NC domains and/or by promoting the rod-like extended conformation of MLV Gag that is
observed in immature capsids [52], as well as in MLV Gag monomers in solution [83].
Apart from the CAH, one more residue at the C-terminal end of MLV CACTD has been
identified to play a role in virus production. The L477P mutation at the residue adjacent to the
CA-NC junction leads to a severe defect in MLV particle production from cells [198]. How this
residue contributes to MLV assembly and/or release remains to be elucidated.
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MHR is one of the few conserved sequence motifs of retroviral Gag, the others being the
Cys-His motifs of NC and the L domain motifs. In addition to all known orthoretroviruses, this
motif is also found in the yeast retrotransposon Ty3 [199], a distant relative of retroviruses [200],
suggesting that MHR has an evolutionarily conserved function in retroviral biology. It has been
implicated in various steps of retroviral particle production, including immature capsid assembly
[3, 14, 176, 182, 183, 201, 202], membrane association [183, 201], GagPol incorporation [203,
204], and maturation [182, 205-207], as well as in early retroviral infection [176, 208] and in Ty3
retrotransposition [199, 209]. Although its involvement in multiple events can be generally
attributed to a conserved function of MHR to mediate CA-CA interactions, there is not yet a clear
unifying theory to explain its unique sequence conservation at a molecular level.
MHR spans the residues I285-L304 in HIV-1 Gag. Mutants with an MHR deletion (ΔMHR)
[3, 183, 201] or a single amino acid substitution at one of five residues within this region (Q287N,
K290A, E291D, Y296A, F300A) [3, 14, 176, 182, 183] are highly defective in particle production
when expressed in cells, and the tested mutants also show a significant defect in higher-order
immature capsid assembly [3, 14, 183, 201]. The five MHR residues implicated in HIV-1 particle
production can be divided into three groups with respect to their degree of conservation and
placement within the immature capsid structure. Q287 and E291 are invariant in retroviral MHRs,
as well as in Ty3 [3, 199]. Along with the only other invariant retroviral MHR residue, R299, they
form an intramolecular interface within the fold of MHR to stabilize the MHR strand in immature
HIV-1 capsid [81]. Although Y296 and F300 are conserved among primate lentiviruses, these
locations are occupied by phenylalanine and lysine residues, respectively, in other MHR
sequences. These residues are stacked closely within H8 of the immature HIV-1 CA domain [81]
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and an interaction between their side chains, though not specifically described, would be
consistent with their coevolution. Considering the location of these side chains [81], it is also
likely that they partake in intramolecular hydrophobic interactions that further stabilize the MHR
strand and/or the NTD-CTD linker. K290, which is mostly conserved in lentiviruses, but variant in
other MHR sequences [3], is in a group of its own. As mentioned before, the side chain of K290
protrudes toward the hexameric center, right above the H12 bundle in the immature HIV-1 capsid
structure [81]. It is possible that a negative ion cluster interacts with the positively-charged side
chains of the K290 residues around a hexameric unit, thus promoting the assembly, tightening,
and/or stability of the hexamer. Although higher-order assembly is defective in the K290A
mutant, as it is in ΔMHR, Q287N, Y296A, and F300A, the membrane-associated population of
HIV-1 Gag K290A appears to be different than that of the other mutants [3, 183]. One study
suggested that the F300A, but not K290A, mutant has a defect in association with raft-like
membrane domains [183]. Another study detailed later suggested that a membrane-associated
Gag-containing RNP complex of the ΔMHR, Q287N, or Y296A mutant is more sensitive to highsalt conditions than that of wild-type HIV-1 Gag or the K290 mutant [3].
There is no published study to our knowledge that systematically examines the role of
MLV MHR residues. One unpublished study from our group identified the E363G and L372F
mutants in a yeast-two hybrid screen for non-interactors of a C-terminal MLV CA fragment, and
demonstrated that these mutants are severely defective in virion production [162]. These
residues correspond to E291 and F300 of HIV-1 Gag, respectively, and both are well-conserved
residues, as described above. Transmission electron microscopy (TEM) imaging of cells expressing
these mutants showed clusters of Gag E363G trapped at the PM, generally forming structures
27

resembling large sheets, but some inducing membrane curvature associated with higher-order
assembly [162]. Although particles of L372F mutants could be observed outside the PM, they
often had aberrant morphologies [162].
H9 of HIV-1 CACTD mediates interhexameric dimeric interactions in both immature and
mature capsid structure, although the two interfaces are different from one another, with the
mature dimerization domain involving a larger surface that also includes the 3 10-helices. Several
amino acid substitution mutations in HIV-1 H9, including K314A, W316A, M317A, and
L321A/L322A, lead to a severe defect in viral particle production from cells [14, 176, 179-181]. In
the immature HIV-1 capsid, W316 and M317 are directly involved in making the dimeric contacts
[81], and the other implicated H9 residues likely promote this interaction. The unpublished
crystal structure of hexamerically arranged MLV CA fragment suggests that H9 also constitutes
the dimerization domain in MLV [162].
HIV-1 Gag mutants with a deletion of the entire CANTD can still assemble into capsids and
release particles from cells at a level comparable to wild-type [210, 211]. However, the released
particles are highly heterogeneous in size, and have aberrant condensed cores that do not
mature into conical capsids [211]. This is consistent with the described structure of immature
and mature HIV-1 capsids, as the interactions mediated by CANTD appear to be central to mature
hexamer stability, yet redundant with CACTD-mediated interactions in the immature capsid. On
the other hand, several mutations in CANTD, including a double amino acid substitution in H4
(E207A/E208A) and various substitutions in the region spanning H5-H6 (R232A/S234A,
T239A/T240A, T242A/Q244A), lead to severe defects in viral particle production from cells [14,
176]. In the immature HIV-1 capsid, E207 and E208 of H4 appear to form an interhexameric salt
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bridge with R150 of H1 [81], whereas the H5-H6 linker is predicted to make intrahexameric
contacts with the C-terminal tip of H4 [58]. Therefore, the mutations in H4 and H5-6 likely
destabilize the immature lattice and hexamer structure, respectively. These findings from HIV-1
CANTD deletion and substitution studies suggest that even though CANTD is not necessary for
immature capsid assembly per se, it is important for production of particles of normal size and
morphology, and it needs to be properly packed when present.
In a study examining the viability of MLV mutants with insertions at different locations in
CANTD, mutants with an insertion in the loop between H4 and H5 showed a severe defect in
particle production [212, 213]. In the crystal structure of hexamerically-arranged CANTD from Ntropic or B-tropic MLV (N-MLV and B-MLV, respectively)†, this loop constitutes a three-fold
interhexameric interface, mainly involving interactions between D298 and R300 [57]. Although it
is not clear whether these interhexameric interactions are present in immature MLV capsid,
D298R or R300D mutants of N-MLV have severe defects in particle production and fail to form
properly-assembling structures at the PM [57], suggesting an important role for these residues
in immature capsid assembly regardless. Though different from the ones observed in N-MLV or
B-MLV, the interhexameric contacts observed in hexameric sheets of N-terminally extended, Cterminally truncated MMLV CA (4-CA218) are also heavily mediated by the H4-H5 loop [162]. The
N-terminal R295-D298 residues of this loop are involved in interhexameric contacts with another

†

MLV strains are often named by their specificity for certain cell types. NB-tropism is determined by the resistance
of a strain to variants of the mouse restriction factor, Fv1, and is mediated by a small number of residues within
CANTD. This restriction occurs between reverse transcription and integration, in the early phase of infection.
Moloney MLV (MMLV), which is the most commonly studied laboratory strain and the one used in this study, is
NB-tropic.
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R295 and two residues in H6 at the two-fold interface, whereas the residues R300-N306 make
contacts with H4 and the H5-H6 linker at the three-fold interface [162].
One MLV CANTD mutant that has an intact H4-H5 loop, yet is defective in particle
production is R334C/P348L [214]. R334 is in H6, adjacent to the two-fold interhexameric interface
in the MMLV 4-CA218 structure, whereas P348 resides at the NTD-CTD linker [162]. In addition,
an MLV Gag R334C/P361S mutant fails to interact with itself or wild-type Gag in yeast two-hybrid
studies [215], although it is not known whether this defect is due to the mutation of R334 in H6
or the one of P361 residing in the MHR.
NC Domain
NC is the major RNA-binding domain of most retroviral Gag proteins [216]. Even though
it does not appear to directly contribute to the capsid lattice structure, the NC domain plays an
important role in the assembly of the immature capsid. Deletion of the NC domain significantly
delays HIV-1 [217] and almost completely blocks MLV [218] immature capsid assembly in cells.
At least for HIV-1, the dependency of immature capsid assembly on the NC domain can be
mapped to basic residues within this domain, which are thought to form non-specific
electrostatic interactions with RNA to promote low-order Gag multimerization [10, 219-221].
Interestingly, an unrelated leucine zipper (LZ) motif, which mediates direct protein-protein
interactions, can functionally replace the NC domain for the purposes of capsid assembly.
Chimeric HIV-1 or MLV Gag constructs, known as GagZip constructs, in which the NC domain - or
sometimes a larger portion of HIV-1 Gag also containing the SP2 and p6 domains - is substituted
by an LZ motif, can assemble into immature capsids of normal size and morphology that are
effectively released from cells [12, 198, 210, 222, 223], and can even mature when in the context
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of GagPol [224]. The particles produced by these GagZip constructs do not contain detectable
amounts of viral or cellular RNA [223]. Furthermore, although in vitro assembly of an HIV-1 Gag
fragment into immature capsids of correct size requires the presence of both RNA and inositol
phosphates (IPs) [225], a GagZip construct in the same context can assemble in the presence of
IPs alone [223]. These findings suggest that even though immature capsid assembly does not
require RNA per se, RNA-binding of the NC basic residues promotes capsid assembly by mediating
Gag-Gag interactions. A recent study has demonstrated that the H12 region of HIV-1 CA-SP1 can
spontaneously take a helical conformation when fused to an LZ motif [226]. Taken together with
the previously-mentioned observation that a peptide of H12 sequence is found as unstructured
coils at low concentration, but folds into an -helix at high concentrations [184], these findings
suggest that HIV-1 GagZip multimerization at the LZ motif promotes immature capsid assembly
by increasing the local concentration of Gag, thus triggering -helix formation at the CA-SP1
junction. It is possible that in the context of wild-type HIV-1 Gag, concurrent binding of multiple
NC domains to the same RNA molecule or to the same gRNA dimer also triggers this assembly
switch in a similar manner.
In addition to multiple basic residues, gammaretrovirus NC domains contain one and NC
domains from most other genera contain two conserved Cys-His box motifs that form zinc fingers
or knuckles [227] and are critical for specific encapsidation of gRNA [228]. When HIV-1 or MLV
NC mutants with substitutions at zinc-coordinating residues are expressed in cells, they assemble
into particles that have seemingly normal capsids, but mostly, if not entirely, lack gRNA [229232]. The specific packaging of gRNA is dependent on its dimerization and on a packaging
sequence termed ψ [229, 233-239]. Unlike the GagZip particles, the viral particles formed by zinc
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finger- or ψ-mutants contain significant amounts of cellular RNAs [232, 240]. Wild-type
retrovirions also carry - predominantly non-coding - cellular RNAs, some of which seem to be
selectively packaged, but it is not clear if the NC zinc fingers play any role in their packaging [241].
Although higher-order assembly of immature HIV-1 capsids takes place at the PM [20,
242-247], there is growing amount of evidence suggesting that low-order Gag multimerization
[14, 245, 247-250] and the initial Gag-gRNA interactions [247] take place in the cytoplasm.
Cytosolic oligomerization of HIV-1 Gag is independent of its membrane-targeting ability [247,
250], but highly sensitive to mutations at basic residues of the NC domain [250], suggesting that
the NC-mediated Gag multimerization takes place before PM localization. HIV-1 gRNA stably
associates with the PM if and only if ψ is intact and myristoylated Gag is present [251-253], which
suggests that the specific NC-gRNA interactions are required for recruitment of gRNA to the PM.
Dimerization of HIV-1 gRNA is necessary for its specific packaging [236], but a clear consensus
has not been reached on when and where it occurs. Although a recent study employing total
internal reflection fluorescence (TIRF) microscopy suggested that the dimerization of HIV-1 gRNA
takes place exclusively at the PM, usually at an early point in capsid assembly [254], this has
already been challenged by another study that demonstrated the presence of small amounts of
interacting gRNA in the cytoplasm, using three-dimensional super-resolution structured
illumination microscopy (3D-SIM) [255].
L Domain Motifs
Many enveloped viruses utilize the cellular ESCRT pathway to drive the membrane fission
step required for viral release [34, 256]. Short conserved motifs of L domains recruit the ESCRT
machinery for this process. Budding defects caused by mutating L domains or disrupting the
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ESCRT pathway are typically characterized by retention of membrane stalks that tether fullyassembled virions to the PM [257-261] and/or to one another [258-261]. Retroviral Gag proteins
contain at least one of the three known L domain motifs, P(T/S)AP, YPXL ‡, and PPXY, which
interact with the host TSG101, ALIX, and NEDD4-family proteins, respectively [34, 36, 60].
Although the locations of these L motifs vary among retroviruses, they are often observed in
flexible domains of Gag [71, 77]. HIV-1 Gag carries P(T/S)AP [259, 260, 262-264] and YPXL [265]
motifs in its C-terminal p6 domain. MLV Gag contains all three L motifs, but only the PPXY motif
in the p12 domain appears to be necessary for ESCRT-dependent release [258, 261, 266-269].
Studies in both HIV-1 [270, 271] and MLV [272] have suggested that viral factors outside of L
domain motifs are also involved in ESCRT recruitment. It has been reported that the HIV-1 NC
domain can interact with ALIX and cooperate with the L domain motifs to recruit the ESCRT
machinery [218, 273-279]. In addition, membrane stalks reminiscent of L domain mutants have
been observed upon partial deletions of the MLV NC domain [218, 280], suggesting that MLV NC
also contributes to budding and release.

HIV-1 Immature Capsid Assembly: The Assembly Intermediate Model
Self-Assembly of Gag
Studies using in vitro assembly systems have demonstrated that retroviral Gag has the
capacity for self-assembly [281]. Supplemented only with RNA and IPs, recombinant nonmyristoylated HIV-1 Gag lacking the p6 domain can assemble into virus-like particles (VLPs) that

‡

The YPXL motif is more accurately described as ФYX0/2(P/Ф)X0/3(L/I), where Ф represents a hydrophobic residue.
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are similar to immature virions in size, shape, and stability [225]. The p6 domain is often avoided
in these studies, as its presence leads to partial degradation of Gag in the recombinant system,
as well as to production of predominantly elongated particles [171]. Further deletion of a large
MA domain portion containing the HBR absolves the need for IPs in the assembly system [50,
225]. On the other hand, in vitro assembly of a recombinant HIV-1 Gag in which the NC-SP2-p6
domains have been replaced with an LZ motif can be promoted by the addition of either RNA or
IPs [223]. Taken together with the concepts introduced in the MA and NC sections above, these
results suggest that HIV-1 Gag can self-assemble in vitro, as long as C-terminally mediated Gag
oligomerization is promoted (by NC-RNA interactions or LZ), the MA HBR is neutralized (by IP or
RNA binding), and any RNA-mediated inhibition is released (by IP binding). Notably, in vitro MLV
assembly does not require IPs in the system for production of regular-sized VLPs [83, 225],
consistent with the hypothesis detailed earlier that the smaller basic patch of MLV MA is not
susceptible to RNA-mediated inhibition [139].
The studies highlighted above show that retroviral Gag has the intrinsic ability to selfassemble into spherical capsids. However, it is unclear how findings from such isolated systems
translate to the context of a cell, where Gag is within a complex environment containing various
regulatory factors, and gRNA would not be expected to be readily accessible. Over two decades
of studies by Lingappa and colleagues address this issue and suggest that cellular assembly of
HIV-1, and possibly other retroviruses, proceeds through a step-wise, host-mediated, and ATPdriven pathway [3, 5-14, 282, 283]. This model, hereinafter referred to as the assembly
intermediate (AI) model, proposes that the cellular assembly of immature HIV-1 virions requires
association of Gag with a host RNA granule (Fig. 1.8).
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Figure 1.8 Model of immature HIV-1 assembly through host-mediated AIs. The AI model of HIV-1 assembly
proposes that a host RNA granule associates with Gag proteins and the retroviral gRNA in the cytoplasm; remains
associated as this complex translocates to the PM, stabilizes, and proceeds through higher-order Gag assembly;
and dissociates before immature capsid assembly is completed. The identified AIs can generally be distinguished
by their sedimentation velocities, and are named by their estimated sedimentation coefficients. HIV-1 Gag
mutations that have been identified to block immature capsid assembly progression past certain steps are
presented. Figure adapted from [3].

AIs in the Cell-Free Assembly System
The AI model was initially proposed upon studies of HIV-1 assembly in a cell-free system
utilizing wheatgerm extract [5]. In this system, full-length Gag is translated de novo, becomes
myristoylated, and assembles into VLPs morphologically and biochemically similar to authentic
immature capsids [5]. A fraction of the wheatgerm extract pelletable by ultracentrifugation is
required for the assembly of HIV-1 Gag, though not for its synthesis, implying that one or more
cellular complexes are necessary for capsid assembly in this system [5]. Furthermore, posttranslational assembly of Gag is sensitive to ATP depletion and cannot be rescued by
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nonhydrolyzable analogs of ATP, suggesting that it is energy-dependent [5, 8]. Fractionation of
the cell-free assembly reaction products by velocity sedimentation (VS) shows that Gag is found
in multiple complexes, which are referred to by their approximate calculated sedimentation
coefficients: ~10S, ~80S, ~150S, ~500S, and ~750S [5]. These complexes are also observed in cells
expressing HIV-1 Gag, with the ~750S complex found in the culture supernatant as released VLPs
[5, 10]. Results of pulse-chase analyses in the cell-free system were consistent with sequential
progression of Gag through these complexes as AIs, starting at ~10S as newly synthesized Gag
and ending at ~750S as fully-assembled capsid [5]. When some Gag mutants known to be
defective in viral particle production were synthesized in this cell-free assembly system, they
were largely, if not completely, missing from the ~750S and ~500S fractions, but accumulated at
~10S, ~80S, or ~150S fractions [5, 6]. These accumulations, suggestive of different points of arrest
during retroviral assembly, provided further support to the hypothesis that the Gag-containing
complexes observed in the cell-free assembly system represent true AIs. Notably, at least
partially due to technical limitations, the ~150S AI has not been consistently observed as a
complex distinct from ~80S, and it is therefore sometimes left out of the model [3] or grouped
together with ~80S as the ~80S/~150S AI [14].
Host Factors of the AI Pathway
Three host factors have been implicated in the AI pathway so far: ATP-binding cassette
subfamily E member 1 (ABCE1), DEAD-box helicase 6 (DDX6), and argonaute 2 (AGO2) [7, 13].
ABCE1, previously known as host protein 68 (HP68) or RNase L inhibitor (RLI), is an exceptionally
well-conserved ATPase that has a conserved role in ribosome recycling [284, 285], although it has
also been implicated in inhibition of the antiviral 2',5'-oligoadenylate (2-5A)/RNase L pathway
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[286, 287], cancer metastasis [288, 289], cell cycle progression [290-292], cytoskeletal regulation
[292, 293], and RNAi suppression [294]. DDX6, a DEAD-box RNA helicase, and AGO2, an essential
member of the RNA-induced silencing complex (RISC), are well-known markers of processing
bodies (P-bodies), and their involvement in the HIV-1 AI pathway was tested because P-body
proteins were previously implicated in the assembly of the yeast retrotransposon, Ty3 [295].
Co-immunoprecipitation (coIP) studies show that ABCE1, DDX6, and AGO2 interact with
one another in cells in the absence of HIV-1 proteins, as well as in ~80S, ~150S, and ~500S, but
not ~10S, fractions during HIV-1 assembly [13]. In addition, ABCE1 and DDX6 associate with HIV1 Gag in the ~80S, ~150S, and ~500S, but not ~10S, AIs [12-14], and ABCE1 was further shown to
associate with HIV-1 gRNA in the ~80S, ~150S, and ~500S AIs [14]. AGO2 also coimmunoprecipitates with HIV-1 Gag in transfected cells, but the presence of this interaction in
individual AIs was not tested [13]. HIV-1 Gag co-immunoprecipitates with ABCE1 in the presence
or absence of RNase, demonstrating that the maintenance of this interaction does not require
RNA [7, 13]. On the other hand, the coIP of HIV-1 Gag with DDX6, and that of AGO2 with ABCE1
or DDX6, as well as the stability of the ~80S AI, are all sensitive to RNase treatment [13]. These
observations open up the possibility that ABCE1 plays a role in connecting Gag to a larger RNP
complex also containing DDX6 and AGO2. In addition to coIP studies, the association of Gag with
the host proteins was also demonstrated in double immunogold labeling experiments visualized
by EM, which showed that each of these three proteins colocalizes with HIV-1 Gag at sites of
capsid assembly at the PM [11-13] and that ABCE1 can also be found colocalized with intracellular
clusters of Gag [12]. Separate VS analyses of membrane and non-membrane fractions of cells
expressing HIV-1 Gag suggest that it is the ~80S AI that translocates from the cytoplasm to the
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PM [14]. None of the three host factors studied were detected in released viral particles [7, 8,
13], suggesting that these host factors dissociate from assembling capsids after the formation of
the ~500S AI, but before particle release. Pulse-chase analyses demonstrate that the timing of
ABCE1 dissociation from HIV-1 Gag correlates with the timing of particle release [11]. These
studies together suggest that ABCE1, DDX6, and AGO2 are part of a pre-existing RNP complex,
which recruits HIV-1 Gag via ABCE1, remains associated with Gag and gRNA during immature
capsid assembly, and dissociates before particle release.
Testing the effects of ABCE1 or AGO2 depletion on HIV-1 Gag assembly in intact cells has
not been possible, since ABCE1 carries out vital cellular functions and AGO2 knockdown was
observed to severely reduce Gag expression [13]. Immunodepletion of ABCE1 from wheatgerm
extracts prior to performing the cell-free assembly reaction leads to a significant decrease in fully
assembled HIV-1 VLPs, which can be rescued by the addition of recombinant wheatgerm or
human ABCE1 [7]. Furthermore, expression of a dominant-negative-acting fragment of ABCE1
along with HIV-1 Gag leads to a significant block in VLP production [7]. On the other hand, DDX6
can successfully be knocked down in cells without noticeably affecting cell viability or Gag
expression, and this leads to a significant block in VLP production that can be rescued by
expression of an siRNA-resistant DDX6, but not by a DEAD-box point mutant (E247A) with an
inactive ATP binding and hydrolysis motif [13]. Although depletion of ATP in the cell-free
assembly system leads to accumulation of HIV-1 Gag in the ~80S/~150S AIs [8], it is not clear
whether the ATP-hydrolyzing function of DDX6 acts at this step.
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Classification of Assembly-Defective HIV-1 Mutants
Assembly-defective HIV-1 Gag mutants, which can be expressed in cells at levels
comparable to wild-type, but produce greatly reduced amounts of viral particles in the culture
supernatant, fall into five categories with regards to three phenotypes: their interaction with
ABCE1 and DDX6, level of progression within the AI pathway, and intracellular localization [3, 14]
(Fig. 1.8).
Class 1 is the only group that does not show any interaction with ABCE1 or DDX6 in coIP
studies and any progression beyond the ~10S AI, consistent with the hypothesis that it is the
recruitment of Gag to a host complex that marks the progression to the ~80S AI. Class 1 mutants
include a Gag fragment C-terminally truncated at the end of the CA domain (MACA; also referred
to previously as p41, Tr361, ΔNCΔp6, and Δp2-NC-p1-p6) [5, 7, 10, 12, 13] and full-length Gag
proteins in which nine or ten basic residues of the NC domain are substituted with alanines (KR9A
and KR10A, respectively) [10, 12, 13]. Double immunogold labeling studies demonstrate that
although HIV-1 Gag MACA proteins can be observed at the PM in small clusters, they do not
undergo higher-order assembly and their co-localization with ABCE1 or DDX6 is significantly
reduced compared to wild-type Gag [11-14]. It was previously hypothesized that the NC basic
residues substituted in the KR10A mutant, which are also known to mediate Gag polymerization
via non-specific RNA binding [219], interact with ABCE1 either directly or indirectly [10].
However, a chimeric HIV-1 GagZip construct, in which the NC domain is replaced by a dimerizing
LZ motif, still interacts with ABCE1 and progresses through the AI pathway at levels comparable
to wild-type, but not when residues critical for LZ dimerization are mutated [12]. This finding
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suggests that low-level multimerization of Gag, but not the NC domain itself, is necessary for
ABCE1 interaction and formation of the ~80S AI.
Class 2 is comprised of myristoylation (G2A) and myristate exposure (V7R, L8A) mutants.
These mutants, which are known to be deficient in membrane binding [49, 92, 93, 97, 100],
interact well with ABCE1 and DDX6, and show arrest at ~80S AI [13, 14]. Furthermore, the HIV-1
Gag G2A mutant is observed in cytoplasmic clusters that are often colabeled with ABCE1 in
double immunogold labeling studies [3]. These mutants demonstrate that membrane binding is
necessary for progression of assembly beyond the ~80S AI, but not for recruitment of HIV-1 Gag
to the RNP complex containing ABCE1 and DDX6.
Class 3 and Class 4, both comprised of CACTD mutants arrested at the ~80S AI, are
differentiated by the stability of their membrane-associated ~80S AIs [3, 14]. When membrane
fractions are collected under high-salt (0.25-0.375 M NaCl) instead of regular (0.1 M NaCl)
conditions prior to VS analyses, Class 3 mutants show partial breakdown of the ~80S AIs into the
~10S fractions, whereas the ~80S AIs of Class 4 mutants remain stable like their wild-type
counterpart [3, 14]. Class 3 includes mutants with amino acid substitutions in H9 (V313A/K314A,
W316A/M317A, L321A/L322A) or MHR (Q287N, Y296A), as well as the MHR deletion mutant
(ΔMHR) [3, 14]. H9 forms the interhexameric dimer interface in the immature capsid lattice,
predicted to interact with another H9 through hydrophobic interactions between the highlyconserved residues W316 and M317 [81]. Of the residues substituted in the aforementioned
Class 3 MHR mutants, Q287 is conserved among all examined MHR sequences, whereas Y296 is
unique to lentiviruses, the corresponding residue being a phenylalanine in other MHRs. In the
immature capsid, both of these residues are predicted to be at an intramolecular interface within
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MHR that stabilizes the helix 310/MHR linker region, which forms intrahexameric interactions
with a neighboring H8, as well as connecting CANTD and CACTD [81]. On the other hand, the three
identified Class 4 mutants each contain a single amino acid substitution of a residue within the
base region of CACTD, right above the six-helix bundle in the immature capsid [81], even though
these residues are scattered within the primary CACTD sequence (K290A in MHR, D329A in H10,
P356A in H12) [14]. The recent cryo-ET structure of immature HIV-1 capsid predicts the
involvement of two of these residues (D329 and P356) at an intrahexameric interaction that
anchors the six-helix bundle to the CACTD base and stabilizes the CACTD hexamer [81]. The only
MHR mutant that is grouped in Class 4 has a substitution at a particularly unique non-conserved
MHR residue (K290), the charged side chain of which is predicted to protrude above the six-helix
bundle toward the hexameric center in the immature HIV-1 capsid, presumably interacting with
a negative ion cluster at the center [81]. Both Class 3 and Class 4 mutants examined by double
immunogold labeling show small PM-associated Gag clusters that are sometimes co-labeled with
ABCE1 or DDX6, without any detectable higher-order capsid assembly [3, 14]. These results
together demonstrate that both intrahexameric and interhexameric interactions mediated by the
CACTD are necessary for detectable progression beyond the ~80S AI and for higher-order capsid
assembly, which possibly are the same event. Although the two biochemically different ~80S AIs
formed by the Class 3 and Class 4 mutants do not necessarily represent distinct steps in a wildtype AI pathway, their difference suggests that dimeric CACTD interactions and a stabilizing
function of the MHR, but not the hexameric organization at the CACTD base, are required for a
salt-stable ~80S AI.
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The final group of assembly-deficient HIV-1 Gag mutants identified is Class 5, which
contains CANTD mutants that have double amino acid substitutions in H4 (E207A/E208A) or within
a region spanning H5 and the N-terminal end of H6 (R232A/S234A, T239A/T240A, T242A/Q244A)
[14]. Standard VS analyses of cells expressing any of these mutants display patterns similar to
wild-type, with mutant Gag observed in all of ~10S, ~80S, ~150S, and ~500S fractions [14].
However, when membrane fractions are isolated under high-salt conditions prior to VS analyses,
the ~500S AIs of Class 5 mutants appear to dissociate into the ~80S fractions, whereas the ~500S
AI of wild-type Gag remains stable [14]. The region between H5 and H6 has been suggested to
form intrahexameric interactions with the C-terminal end of H4 in the immature HIV-1 capsid
structure [58], whereas E207 and E208 are predicted to form an interhexameric salt bridge with
R150 in H1 that stabilizes the two-fold and three-fold interfaces between CANTD hexamers [81].
Double immunogold labeling studies of the E207A/E208A mutant show Gag in PM-associated
structures that resemble fully-assembled capsids and are often colabeled with ABCE1 or DDX6
[14]. Notably, in other EM studies this mutant was observed at the PM in sheets without
curvature [296] or in aberrant elongated structures [176]. Class 5 mutants demonstrate that
residues at both interhexameric and intrahexameric interfaces of CANTD are important for some
late exit event necessary for release of viral particle, though not for progression beyond the ~80S
AI or capsid lattice formation.
Function of the Putative ABCE1/DDX6/AGO2 Complex
The studies summarized above provide substantial evidence for the AI model proposing
that the assembly of HIV-1 Gag into immature capsids is accompanied and promoted by an RNA
granule containing ABCE1, DDX6, and AGO2. However, the function of this host complex and its
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mechanism of action during assembly are not entirely clear. Whereas DDX6 and AGO2 are wellknown P-body proteins, raising the possibility that it is a P-body-related complex, the RNA granule
in question appears to be notably smaller than P-bodies, which also do not normally contain
ABCE1 [13]. On the other hand, the critical involvement of ABCE1 in ribosomal function raises the
possibility that this complex is related to ribosomes or polysomes. However, when samples are
treated with puromycin and EDTA prior to VS analyses, which would break down those
structures, Gag still is present in all AIs, and co-immunoprecipitates with DDX6 at ~80S and ~500S
[13]. ABCE1 has also been implicated in inhibition of the antiviral 2-5A/RNase L pathway [286,
287], but no interaction could be detected between ABCE1 and RNase L in the experimental
system where the AI pathway was studied [7]. As cellular non-translating mRNAs associate with
RNA granules, and the retroviral gRNA to be packaged is essentially a non-translating mRNA, it is
hypothesized that the HIV-1 gRNA is recruited to an RNA granule that contains ABCE1, DDX6, and
AGO2, and that Gag co-opts this RNA granule to assemble into immature capsids. Modulation of
RNA granules is a strategy widely employed by viruses to evade host anti-viral responses [297].
Notably, other RNA granule-associated proteins, such as APOBEC3G [298-300], Staufen1 [301307], and MOV10 [308-311], have also been implicated to interact with assembling HIV-1 capsids
and carry out complex roles during retroviral replication, though their connections to the AI
pathway described above, if any, remain to be elucidated. The yeast DDX6 homolog Dhh1, as well
as some other P-body proteins, has been implicated in the assembly of Ty3 into VLPs [295],
suggesting that DDX6-containing RNA granules might have an evolutionarily conserved function
in retroviral capsid assembly.
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CHAPTER 2 : IDENTIFICATION AND CHARACTERIZATION OF PUTATIVE
MLV IMMATURE ASSEMBLY INTERMEDIATES

The current AI model (Fig. 1.8) proposes that the immature assembly of retroviral Gag
requires association with an RNA granule, and proceeds through multiple intermediate structures
with increasing sedimentation velocities. This model was developed mainly through studies of
HIV-1 assembly [3, 5-14], and has also been implicated in other primate lentiviruses [8, 9, 283].
The work presented in this chapter examines MLV assembly in order to determine whether the
AI model can also apply to this simple gammaretrovirus.

Buffer Effects on Detection of Intracellular Gag Complexes
We began our studies by testing a variety of conditions for monitoring the course of MLV
assembly in VS sucrose gradients. Since this method has been used extensively to study HIV-1
assembly [3, 10-14], we first examined the behavior of HIV-1 Gag AIs in our experimental setup.
293T cells transfected with HIV-1 proviral plasmids that have a deletion in env and point
mutations that either inactivate PR (HIV-1 PR-) or truncate Gag and GagPol after the CA domain
(HIV-1 MACA) were lysed in an NP-40 buffer used in the literature for similar experiments (N
buffer§) [3, 12-14], and post-nuclear lysates were sedimented through a sucrose gradient.

§

N buffer: 10 mM Tris [pH 7.4], 100 mM NaCl, 50 mM KCl, 10 mM EDTA [pH 8.0], 0.625% NP-40
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Figure 2.1 Buffer effects on detection of intracellular HIV-1 and MLV Gag complexes. (A-C) Velocity sedimentation
(VS) analyses of full-length assembly-competent HIV-1 Gag (A), an assembly-defective HIV-1 Gag fragment (B), and
full-length assembly-competent MLV Gag (C) under different buffer conditions. 293T cells transfected with the
indicated proviral plasmids were lysed in the indicated buffer 24 hours post-transfection (hpt). Post-nuclear lysates
were sedimented through a VS sucrose gradient with buffer conditions mirroring that of the corresponding lysis
buffer, with the exception of the samples lysed in T-HS buffer (C), which were sedimented through sucrose
gradients in T buffer conditions due to technical difficulties in making the concentrated T-HS solution necessary for
the preparation of sucrose gradients. Twenty-eight VS fractions collected from top to bottom were pooled by
twos, and aliquots of these pools were run on SDS gels, along with aliquots of the VS inputs. Full-length (A,C) and
truncated (B) Gag proteins were detected by Western blotting, using antibodies targeted against HIV-1 (A,B) or
MLV (C) CA domains. The VS fractions roughly corresponding to the sedimentation positions of previously reported
HIV-1 Gag AIs are indicated (A,B). (D) VS analysis of poliovirus particles. Poliovirus particles (courtesy of Amy
Rosenfeld) were sedimented through sucrose gradients in T buffer conditions, and fractions were collected and
pooled as described above. An antibody against the enterovirus structural protein VP3 was used to detect the
poliovirus particles, which are reported to be approximately 150S.

Fractions collected from top to bottom were pooled by twos and analyzed by Western blotting
(Fig. 2.1.A-B). The Gag protein from the assembly-competent HIV-1 PR- was detected in a broad
distribution across all fractions, with peaks at fractions 7-10, 15-18, 23-24, and 27-28, whereas
Gag from the assembly-deficient HIV-1 MACA was largely confined to the top fractions, 1-4.
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Comparison of our findings with previously reported data in the literature, along with our
observation that 150S poliovirus particles [312] sediment at fractions 11-12 (Fig. 2.1.D), suggests
that the four peaks observed with HIV PR- correspond to the ~80S and ~500S AIs, the ~750S fullyassembled viral particles, and aggregated Gag, respectively, and that Gag from HIV-1 MACA is
mainly in the ~10S unassembled form. The results were fully compatible with published findings.
After validating the experimental setup with HIV-1, we performed the VS analysis on cells
transfected with an MLV proviral plasmid carrying a point mutation that inactivates the protease
(MLV PR-). The distribution of the MLV Gag protein revealed peaks at fractions 1-2 and 9-10,
corresponding to the putative ~10S and ~80S Gag in the HIV-1 experiments, respectively. No
peaks corresponding to faster-sedimenting species were detected. Considering the possibility
that some MLV AIs could be more sensitive to the lysis conditions used than their HIV-1
counterparts, we repeated the VS analyses upon lysis with a lower-salt buffer we commonly use
for coIP assays (T buffer**). Although changing the lysis buffer did not have a large effect on the
VS profile of HIV-1 PR- Gag (Fig. 2.1.A) or HIV-1 MACA Gag fragment (Fig. 2.1.B), it led to
significant differences in the VS profile of MLV PR- Gag (Fig. 2.1.C). In contrast to the distribution
of MLV Gag after lysis with N buffer, lysis with T buffer caused MLV Gag to sediment broadly at
fractions 9-20, with negligible amounts of Gag detected at fractions 1-2 (see Fig. 2.1.C for
representative images and Fig. 2.3.C-D for representations of all VS trials of MLV PR- using T
buffer).
To test whether the higher salt concentration in N buffer causes the breakdown of high
molecular weight complexes containing MLV Gag, we repeated the VS analysis of MLV Gag

**

T buffer: 20 mM HEPES [pH 7.9], 10 mM NaCl, 10 mM EDTA [pH 8.0], 0.35% Triton X-100
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following lysis of cells in a low-salt (10 mM NaCl) version of N (N-LS) buffer or a high-salt (100
mM NaCl, 50 mM KCl) version of T (T-HS) buffer (Fig. 2.1.C). Both of these conditions yielded
similar results to the ones observed using T buffer, with a significant portion of MLV Gag
sedimenting at fractions 15-18. These data suggest that a combinatorial effect of the higher salt
conditions and at least one other factor, such as the difference in detergent and/or the slightly
lower pH, influences the apparent breakdown of high molecular weight MLV Gag complexes
upon lysis with N buffer. The remainder of the VS analyses presented in this study were all
performed using T buffer conditions.

Examination of Gag Complexes Formed During Immature MLV Capsid Assembly
For most of our studies on the immature MLV capsid assembly, we utilized the PR-mutant
MLV presented above. Although PR cleavage of Gag, and therefore maturation of the virions, is
prevented in this setup, viral expression, assembly, and release all appear to proceed otherwise
normally (Fig. 2.2.A), allowing us to study immature assembly of MLV Gag without any interfering
effects due to viral proteolytic activity. Yet, it is still valuable to examine MLV assembly in the
context of the infectious virus, even if only to characterize any such interfering effects.
Representative Western blots for VS experiments performed on cells producing either
wild-type MLV (WT) or MLV PR- (PR-) are presented in Fig. 2.2.B and Fig. 2.2.C, respectively. As
can be seen from these images, the antibody used in the Western analyses, which was raised
against the MLV CA protein, detects multiple MLV protein products. However, only the bands
corresponding to the full-length Gag protein of approximately 65 kDa are clearly and consistently
observed in the fast-sedimenting fractions, whereas the rest are mainly concentrated in the top
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Figure 2.2 Analyses of Gag proteins expressed by MLV WT and MLV PR-. (A) Gag and related proteins detected in
lysates and culture supernatants of cells expressing MLV WT or MLV PR-. 293T cells were transfected with no-DNA
(mock) control, full MLV proviral plasmid (WT), or PR-inactivated MLV proviral plasmid (PR-). Cells and culture
supernatants were harvested 24 hpt. Viral particles in the culture supernatant were cleaned and concentrated by
pelleting through a sucrose cushion. Gag and other CA-containing proteins in total cell lysates and pelleted virions
were detected by Western blotting. (B-C) VS analyses of MLV Gag expressed by MLV WT or MLV PR- proviral
plasmids. 293T cells transfected with MLV WT (B) or MLV PR- (C) were harvested 24 hpt, and post-nuclear lysates
were sedimented through a VS sucrose gradient. Fractions collected from top to bottom were pooled by twos, and
the Gag and other CA-containing proteins in these pools were detected by Western blotting.

fractions. In some trials, we could also detect a faint signal corresponding to GagPol in a pattern
mirroring Gag (data not shown). These results suggest that Gag and GagPol, but not other Gagrelated protein products, assemble into high molecular weight complexes that likely correspond
to viral AIs.
In order to quantitatively analyze the VS profile of MLV Gag and allow for integration of
multiple runs, we measured the intensity of corresponding Western blot bands and plotted them
as a percentage of total Gag for each of four independent WT (Fig. 2.3.A) and fourteen
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Figure 2.3 Quantitative VS analyses of Gag proteins expressed by MLV WT and MLV PR-. VS analyses were
performed on post-nuclear lysates of cells transfected with MLV WT (A-B) or MLV PR- (C-D), as previously
described. The amount of Gag protein in each pooled fraction was quantified as the intensity of the corresponding
Western blot band, and converted into a relative amount. The data from all independent trials is presented both
individually as connected dot plots (A,C) and as average values displayed by bar graphs (B,D). The only outlier is
indicated with a dashed line (C); the data from this sample was excluded from the calculation of average values
(D). The error bars (B,D) indicate standard error of the mean.

independent PR- (Fig. 2.3.C) trials, as well as for the average values of all trials in each group (Fig.
2.3.B and Fig. 2.3.D, respectively). The overall VS pattern of Gag was remarkably similar in all
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trials for both WT and PR-, with the majority of Gag (64-72% in WT and 62-80% in PR-) in fractions
9-18. The only outlier was a PR- sample (dashed line in Fig. 2.3.C), in which 23% of Gag was
observed in fractions 27-28, presumably due to aggregation. Although the rest of the Gag pattern
was fairly normal for this sample, data from this trial was disregarded in the calculation of the
average values (Fig. 2.3.D) and all other analyses.
Despite the overall similarities in the VS pattern of MLV Gag obtained from independent
experiments, we noted several differences both between WT and PR-, and within each group.
Although still relatively low in all cases, a consistently higher percentage of Gag was detected in
fractions 1-6 of WT (10-14%; Fig. 2.3.A-B) than of PR- (2-7%; Fig. 2.3.C-D). At the other end of the
gradient, a consistently low percentage of Gag was detected in fractions 21-28 for WT (2-8%; Fig.
2.3.A-B). However, both the abundance and the distribution of Gag within these fractions was
much more varied in PR- trials (4-18%; Fig. 2.3.C-D). Though not apparent in the average data
(Fig. 2.3.D), Gag was detected in small yet clear local peaks at fractions 21-24 and/or 27-28 in
approximately half of the PR- samples (Fig. 2.3.C). Although slight local increases in Gag
concentration were also detected at fractions 23-24 and/or 27-28 in three out of four WT samples
(Fig. 2.3.A), there were no such clear peaks as the ones observed with PR-. Because the last
fraction of the gradient is collected along with the pellet, any signal observed at fractions 27-28
is generally presumed to be Gag-containing aggregates. The peak observed in many PR- trials at
fractions 23-24 – and once at fractions 21-22 –, on the other hand, corresponds to the
sedimentation of putative ~750S fully-assembled HIV-1 particles observed previously (Fig. 2.1.A)
and might represent fully-assembled MLV particles, as further supported later.
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There was also variation in the distribution of Gag within fractions 9-18, which constituted
the majority of Gag concentration in all samples. An overall comparison of the average WT (Fig.
2.3.B) and PR- (Fig. 2.3.D) data reveals contrasting trends within these fractions, with WT Gag
concentrating more at the slower-sedimenting end (observed as a right-skewed peak at fractions
9-12) and PR- Gag at the faster-sedimenting end (observed as a left-skewed peak at fractions 1518). However, data from individual trials did not perfectly follow these overall patterns. While in
all four of the WT trials concentration of Gag showed a clear peak around fractions 9-12 (Fig.
2.3.A), three of the samples had a right-skewed distribution at this peak and one had a more
bimodal distribution with an additional peak at fractions 17-18. Individual trials of PR- (Fig. 2.3.C)
yielded even more varied patterns within these fractions, including bimodal distribution with
peaks at fractions 9-12 and 15-18 of varying relative intensities, single peak at fractions 15-18
with a left-skewed distribution, and normal distribution spanning fractions 9-18 with a peak at
fractions 13-14.
In order to gain better insight into the Gag populations sedimenting at fractions 9-18, we
performed a more detailed analysis of all four WT (Fig. 2.4.A) and eight of PR- (Fig. 2.4.B) trials
by examining fractions 7-20 individually rather than pooling pairs of fractions together. Although
there are slight shifts in fractions from trial to trial, three distinct peaks can be observed in almost
all samples. These three MLV Gag populations that peak at fractions 9 or 10, 12 or 13, and 16 or
17 will be referred to as P1, P2, and P3, respectively. In addition, two of the WT samples show a
slight local increase at fraction 15, which might be representing another small Gag population
between P2 and P3. However, we have no further data supporting the presence of such a distinct
population. While P1 and P2 have similar concentrations in both WT and PR-, P3 has a lower
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Figure 2.4 High-resolution VS analyses of Gag proteins expressed by MLV WT and MLV PR-. VS fractions 7-20 of
all MLV WT (A) and a subset of MLV PR- (B) samples presented in Fig. 2.3 were analyzed individually. The
connected dot plots of all analyzed samples are presented. The fractions corresponding to the three MLV Gag
populations identified are indicated as P1, P2, and P3.

concentration than P1 or P2 in WT, whereas its concentration is either similar to or higher than
those of P1 or P2 in PR-. Overall, these results suggest that most of the Gag protein can be found
in three distinct high molecular weight populations during MLV assembly. Although we do not
have evidence for MLV Gag progression through these populations during immature capsid
assembly, a comparison of their sedimentation positions to the HIV-1 AIs reported in literature
suggests that P1, P2, and P3 likely represent MLV AIs equivalent to the ~80S, ~150S, and ~500S
AIs of HIV-1.
In order to test the short-term stability of P1, P2, and P3 under experimental conditions,
we collected the VS fractions 9, 13, and 17, respectively, from a PR- trial, diluted them with T
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Figure 2.5 Re-sedimentation analyses of MLV Gag populations, P1, P2, and P3. 293T cells transfected with MLV
PR- were harvested 24 hpt, and post-nuclear lysates were sedimented through a sucrose gradient. Twenty-eight
fractions were collected from top to bottom. Aliquots of fractions 9 (P1), 13 (P2), and 17 (P3) were diluted, and
immediately sedimented through another sucrose gradient with identical conditions as the original. Fractions were
collected as before. VS fractions of both the original gradient and the re-sedimentation gradients were pooled by
twos, and the Gag proteins in these pools were detected by Western blotting.

buffer to reduce their sucrose concentrations, and sedimented them through another sucrose
gradient, using the same conditions as the original run. We observed that while P1 and P3 resedimented roughly in their original fractions of 9-10 and 17-18, respectively, P2 sedimented at
the position of the original P3 fractions of 17-18 (Fig. 2.5). These results suggest that P2
represents a transient – perhaps labile or unstable – intermediate in MLV assembly that can
progress in the lysates to form species sedimenting with P3, whereas P1 and P3 represent more
stable complexes. These re-sedimentation experiments have not been performed multiple times
and will need to be repeated to allow firm conclusions.

VS Analysis of Mature and Immature MLV Virions
We investigated the VS profile of mature and immature MLV virions both in order to learn
about the sedimentation properties of these virions and to use these properties as a reference
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Figure 2.6 VS analyses of particles released by cells expressing MLV WT or MLV PR-. Culture supernatants of 293T
cells transfected with MLV WT (A) or MLV PR- (B) were harvested 24 hpt. Viral particles in the culture supernatants
were concentrated by pelleting through a sucrose cushion, and subsequently sedimented through a sucrose
gradient for VS analyses. Gag and other CA-containing proteins in pooled VS fractions, as well as the inputs, were
detected by Western blotting.

for better understanding the intracellular VS profile of Gag during MLV assembly. Culture
supernatants of cells expressing WT (Fig. 2.6.A) or PR- (Fig. 2.6.B) MLV were filtered and pelleted
through a 25% sucrose cushion to concentrate viral particles, which were then stripped of the
lipid envelope by resuspension in T buffer and run through a sucrose gradient for VS analysis. As
expected, WT virions were mostly processed, displaying approximately six-fold higher signal for
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mature CA than for the precursor Gag polyprotein. The CA signal was largely confined to fractions
1-2, suggesting that the structure of mature MLV capsids does not withstand the experimental
procedures, consistent with a previous report demonstrating that mature, but not immature,
MLV capsids are sensitive to 0.1% NP-40 or 0.1% Triton X-100 treatment [313]. The low amount
of Gag detected for WT viral particles was mainly concentrated in fractions 17-18, with an
additional peak of varying relative intensity at fractions 27-28 representing aggregated products.
As expected, practically all PR- Gag and GagPol was uncleaved in the PR- virions, with no CA
detected. Concentration of both Gag and GagPol polyproteins of PR- capsids peaked at fractions
23-24. These results suggest that mature MLV capsids break down during lysis and handling,
whereas immature MLV capsids stay intact and sediment at fractions 23-24. These fractions also
correspond to the sedimentation of putative ~750S fully-assembled HIV-1 PR- viral particles (Fig.
2.1.A) and of Gag peaks observed in some cellular samples with assembling MLV (Fig. 2.3), further
putting our results into context.
As we observed that the immature MLV capsids sedimented at fractions 23-24 (Fig. 2.6.B),
we were intrigued by the small amount of unprocessed Gag sedimenting at fractions 17-18 in WT
particle preparations (Fig. 2.6.A). One hypothesis was that these are virions that somehow did
not incorporate any GagPol, thus lack PR and cannot mature, and yet sediment differently than
other immature virions due to the absence of GagPol. In order to test this, we performed VS
analyses on cells transiently expressing MLV Gag without any Pol or other viral components, and
on VLPs produced by these cells (Fig. 2.7). These analyses yielded results that had roughly the
same patterns as PR-, with the VLP capsids produced by Gag alone also sedimenting at fractions
23-24, thus refuting the said hypothesis. We should note that the MLV Gag protein expressed in
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Figure 2.7 VS analyses of Gag proteins expressed by and particles produced by MLV PR- and MLV GAG. VS
analyses were performed on post-nuclear lysates and pelleted culture supernatants of cells transfected with the
MLV PR- proviral plasmid or a plasmid encoding only MLV Gag without any other retroviral proteins (GAG). Gag
proteins in pooled VS fractions, as well as in inputs, were detected by Western blotting.

this experiment is tagged with a c-myc epitope and six histidines at the C-terminal end. However,
we do not expect these tags to cause any significant change in the sedimentation of high
molecular weight complexes such as VLPs.
We then hypothesized that these relatively slow-sedimenting unprocessed Gag proteins
in the WT particle preparations represent a small subset of immature virions with delayed
processing. To test this, we incubated the filtered WT culture supernatant at 37°C for six hours
before pelleting the viral particles through a sucrose cushion and subsequently performing VS
analyses. When we directly compared the pelleted viral particles that were incubated beforehand
to the ones that were not (Fig. 2.8.A), we observed no notable difference in the ratio of Gag to
CA, suggesting that the additional six-hour incubation did not lead to further protease cleavage.
Furthermore, VS analysis of these incubated viral particles yielded results practically identical to
those from samples that were directly processed (Fig. 2.8.B), suggesting that the WT particles in
question remained structurally intact during this process. Our results suggest that the uncleaved
Gag peak in our WT preparations observed at fractions 17-18 represents a distinct population of
Gag-containing particles that are structurally stable and resistant to PR cleavage. While it is still
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Figure 2.8 Analyses of particles released by cells expressing MLV WT, processed with or without an initial
incubation period. Culture supernatant of 293T cells transfected with MLV WT was harvested 24 hpt. Upon
filtration to remove cell debris, the sample was split into two. Viral particles in one half were immediately pelleted
through a sucrose cushion, and subsequently sedimented through a VS sucrose gradient. The other half of the
filtered culture supernatant was incubated at 37°C for 6 hours before being subjected to the same process. Gag
and other CA-containing proteins in the pelleted supernatants (A) and in pooled VS fractions (B) were detected by
Western blotting.

unclear why or how these particles escape processing, their similar sedimentation properties to
intracellular P3 leaves open the possibility that these two populations are somehow related.

VS Analysis of Candidate Host Factors in the Presence and Absence of
Assembling MLV
In the current HIV-1 AI model (Fig. 1.8), binding of Gag, as a dimer or a small oligomer, to
an RNP complex containing host factors such as ABCE1 and DDX6 is proposed to form the ~80S
AI, whereas the ~500S AI represents host-factor-associated structures in which higher-order Gag
multimerization has taken place to a significant degree, if not completed. If such an RNP complex
also associates with MLV Gag in a similar manner, then it might be possible to detect the
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Figure 2.9 VS analyses of various cellular proteins in the presence and absence of MLV expression. 293T cells
transfected with MLV WT or no-DNA control were harvested 24 hpt, and post-nuclear cell lysates were sedimented
through a VS sucrose gradient. Fractions collected from top to bottom were pooled by twos and ran on a
denaturing gel alongside the corresponding VS inputs. Select cellular proteins, ABCE1, DDX6, AGO2, IQGAP1, and
GAPDH, as well as MLV Gag, were detected by Western blotting.

associated host factors in some fast-sedimenting fractions corresponding to late MLV AIs, in the
presence, but not absence, of assembling MLV Gag. To this end, we analyzed the VS profiles of
three host factors implicated in this RNP complex, ABCE1, DDX6, and AGO2, in cells that were
either transfected with the MLV WT proviral plasmid or mock-transfected (Fig. 2.9). We also
examined the VS profiles of IQGAP1, as this protein was suggested to associate with MLV Gag
and promote MLV particle production [141], and of glyceraldehyde-3-phosphatedehydrogenase
(GAPDH) as a negative control since it is not expected to interact with Gag (Fig. 2.9). Every host
protein analyzed displayed practically identical VS profiles in the presence and absence of
assembling MLV, suggesting that if any of these host factors does accompany MLV Gag through
immature assembly, the Gag-associating population constitutes only a small fraction of the total
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amount of that host factor in the cell. Although these results do not provide any evidence for
host-mediated assembly of MLV, they are still consistent with the idea that only a small number
of the host complex is associated with each assembling immature capsid that accumulates
hundreds of Gag molecules. In addition, ABCE1, DDX6, and AGO2, but not IQGAP1 or GAPDH, are
abundant in the fractions 9-10 that correspond to the sedimentation of P1, leaving open the
possibility that the former three proteins are associated within a host complex that recruits MLV
Gag to form P1.

Examination of ABCE1 Interaction with Assembling MLV Gag
In order to determine whether MLV Gag associates with endogenous ABCE1 in cells, we
performed coIP experiments on post-nuclear lysates of 293T cells that were transfected with the
MLV PR- proviral plasmid, using a rabbit antibody produced against a C-terminal peptide of
ABCE1 (Fig. 2.10.A). Both ABCE1 and MLV Gag were recovered from cells with the use of the
ABCE1 antibody, at levels well above the background observed when a non-immune rabbit IgG
was used instead, suggesting that MLV Gag associates with ABCE1. While ABCE1 was recovered
at similar levels from mock-transfected cells, no MLV Gag was detected in these samples,
demonstrating the specificity of our method of Gag detection. One thing to note is that, due to
epitope similarity, the polyclonal ABCE1 antibody utilized in this study binds to a few other
cellular proteins and can lead to immunoprecipitation of at least two proteins migrating on SDS
gels at approximately the position of the 100-kDa marker. These signals likely represent a β-COPrelated protein, which is thought to not play a role in HIV-1 assembly (J.R. Lingappa, personal
communication).
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Figure 2.10 Association of MLV Gag with ABCE1. (A) coIP of MLV Gag with endogenous ABCE1 in cells expressing
MLV PR-. 293T cells transfected with MLV PR- or no-DNA control (mock) were harvested 48 hpt, and post-nuclear
lysates were incubated with a rabbit antibody against ABCE1 (IP) or a non-immune rabbit IgG.
Immunoprecipitation products were run on a denaturing gel alongside inputs, and MLV Gag and ABCE1 proteins
were detected by Western blotting. (B) coIP of MLV Gag with endogenous ABCE1 in P1, P2, and P3. 293T cells
transfected with MLV PR- were harvested 24 hpt, and post-nuclear lysates were sedimented through a VS sucrose
gradient. Twenty-eight fractions were collected from top to bottom, and diluted aliquots of fractions 9 (P1), 13
(P2), and 17 (P3) were incubated with a rabbit antibody against ABCE1. Immunoprecipitation products were run on
a denaturing gel alongside inputs, and MLV Gag and ABCE1 proteins were detected by Western blotting.

We also performed some preliminary coIP experiments on fractions 9, 13, and 17
collected upon VS of cells expressing MLV PR-, representing P1, P2, and P3, respectively (Fig.
2.10.B). In these experiments utilizing the same anti-ABCE1 antibody as before, MLV Gag was
pulled down from each of the three populations at a much higher proportion than previously
observed for post-nuclear cell lysates that were not objected to VS (Fig. 2.10.A). Interestingly, no
ABCE1 (or any of the non-target host factors) could be detected in the input or the IP sample of
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fraction 13 or 17. While this is consistent with the hypothesis that only a small number of the
ABCE1-containing RNA granule is associated with each assembling capsid that accumulates
hundreds of Gag molecules, further studies with proper controls are needed to make any
conclusive remarks about the interaction of MLV Gag with ABCE1 within P1, P2, and P3.

Discussion
Upon VS analyses of MLV-producing cells, we have identified three distinct populations
of Gag-containing complexes (P1, P2, P3) that potentially represent MLV AIs. The sedimentation
positions of these populations (Fig. 2.3, Fig. 2.4) and of the immature MLV capsid (Fig. 2.6.B)
roughly correspond to those of HIV-1 ~80S, ~150S, and ~500S AIs, and of the ~750S immature
HIV-1 capsids, respectively, as presented in literature for similar studies examining HIV-1
assembly [3, 12, 14]. Poliovirus particles, which are reported to be 150S [312], sediment (Fig.
2.1.D) similarly to P2 (Fig. 2.4), further supporting our suggestion that MLV P2 is equivalent to
the ~150S HIV-1 AI. We should note that the sedimentation coefficients of HIV-1 AIs were
estimated in an early study employing linear sucrose gradients [5]. We are not confident in
making similar estimations of the S values for the MLV Gag-containing complexes we observed
due to the non-linear nature of the gradient used in the current study, which was optimized for
AI detection [12].
MLV P3 appears to be more sensitive to experimental conditions than the similarlysedimenting putative HIV-1 ~500S AI. Whereas assembling HIV-1 Gag presented similar VS
profiles when either of two different lysis buffers was used (Fig. 2.1.A), MLV P3 could be detected
under T buffer, but not N buffer conditions (Fig. 2.1.C). This difference can be partially explained
61

by the higher ionic strength of N buffer (150 mM salt, compared to 10 mM in T buffer), as P3
could be detected in a low-salt version of the N buffer (Fig. 2.1.C). However, we could also detect
P3 in a high-salt version of the T-buffer (Fig. 2.1.C), demonstrating that ionic strength alone
cannot account for the observed difference between N and T buffers. It was reported that MLV
immature capsids are more sensitive to NP-40 treatment than HIV-1 immature capsids [12], so
perhaps the NP-40 in N buffer has some effect on destabilizing P3. In place of the 0.625% NP-40
in N buffer, T buffer contains 0.35% Triton X-100, which may not have the same disruptive effect
on MLV P3 because of its different properties and/or lower concentration.
Although P1, P2, and P3 are all clearly detectable in VS analyses of cells transfected with
either the WT or the PR- MLV provirus, a higher proportion of the Gag protein appeared in the
P3 peak in PR- (Fig. 2.4.B) than in WT (Fig. 2.4.A) preparations. Loss of PR activity in HIV-1 has
been implicated to cause prolonged association of Gag with ABCE1 [11], as well as delayed
particle production [11, 314], suggesting that the progression of Gag past one or more ABCE1containing AIs is promoted by HIV-1 PR, and thus is delayed in the PR- mutants. As PR would not
be expected to act before higher-order immature assembly has completed, it is likely that this
delay occurs at the stage of the ~500S AI. A similar delay occurring at P3 for MLV PR- Gag could
account for the differences we observed between the VS profiles of MLV WT and PR- Gag.
In the most recent versions of the HIV-1 AI model, the ~150S AI is either grouped together
with ~80S as ~80S/~150S [14, 282] or left out of the model altogether [3]. Detection of the ~150S
AI appears to be inconsistent, although whenever it is distinctly detected, it is always in the
presence of both ~80S and ~500S AIs (i.e. assembling HIV-1 Gag has never been reported to arrest
specifically at ~150S) [3, 5, 12-14]. Therefore, the only apparent reason for grouping the ~80S
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and ~150S AIs together is that they are difficult, if not impossible, to distinguish from one another
in some low-resolution VS studies. Our preliminary findings suggest that MLV P2, which we think
might be the equivalent of HIV-1 ~150S AI, can progress to P3 in vitro (Fig. 2.5). Although it is not
clear how this progression could occur within diluted VS fractions, if the transient nature of MLV
P2 is also shared by HIV-1 ~150S AI, this would help explain its inconsistent detection.
Both the remarkable consistency of data from independent experiments (Fig. 2.3, Fig. 2.4)
and the re-sedimentation of P1 and P3 at roughly their original positions (Fig. 2.5) demonstrate
the reproducibility of results obtained employing the VS methodology. However, due to slight
shifts in fractions between trials, averaging out the data can mask real peaks, and we have found
it useful to examine data from individual trials in order to detect repeating trends. It was the
variation in the sedimentation patterns of Gag within fractions 9-18 (Fig. 2.3.A, Fig. 2.3.C), and
particularly the bimodal distribution observed in some trials, that compelled us to perform a
higher-resolution analysis, which in turn allowed us to identify the three distinct MLV Gag
populations within these fractions (Fig. 2.4).
A number of studies have demonstrated that a subset of HIV-1 particles can be
endocytosed after assembly at the PM, even when no envelope protein is present on the particles
[242-244]. Such internalization of retroviral particles has the potential to cloud AI analyses, as it
would introduce a population of assembled particles - and possibly their degradation products that are not part of a productive exit pathway. In HIV-1 AI studies, this was avoided by using COS1 cells that show minimal endocytosis of retroviral particles, and by performing VS analyses at an
early time-point (15 hpt) whenever the more endocytosis-prone 293T cells were used [14]. When
VS analyses of HIV-1 Gag assembling in 293T cells were performed at a later time-point (36 hpt),
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an overwhelming signal was observed at ~750S, which was presumed to be due to internalization
of fully-assembled particles [14]. For the current study, we used 293T cells and performed all VS
analyses at 24 hpt. While the putative ~750S signal observed at fractions 23-24 for HIV-1 PRmight at least partially be due to endocytosed particles (Fig. 2.1.A), we argue that there is little,
if any, endocytosis of MLV particles in our experimental setup, as the signals we have detected
for intracellular mature (Fig. 2.2.A-B, CA signals) and immature (Fig. 2.3, Gag signal in VS fractions
23-24) MLV particles are very low.
The HIV-1 AI model proposes that Gag is associated with an RNA granule containing a
number of host factors including ABCE1 and DDX6 during multiple steps of immature capsid
assembly. Results of our coIP experiments suggest that MLV Gag also associates with ABCE1 in
cells (Fig. 2.10.A). However, further studies are needed to confirm the specificity of this
interaction, as well as to assess the validity of the MLV Gag-ABCE1 association within P1, P2, and
P3, suggested by our preliminary findings (Fig. 2.10.B) and to determine whether the other host
factors are also involved in these complexes.
In summary, we identified three putative MLV AIs, two of which appeared to be robust
complexes, whereas one displayed a more transient nature. In addition, we presented data
suggesting an association between MLV Gag and endogenous ABCE1 within human cells. Our
findings are consistent with a model of immature MLV assembly through intermediate structures
associated with host factors.
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CHAPTER 3 : COMPARATIVE ANALYSES OF MLV MUTANTS DEFECTIVE
IN VIRAL PARTICLE PRODUCTION

In Chapter 2, we demonstrated that MLV Gag associates with ABCE1 and can be found in
at least three high-molecular weight complexes with distinctive sedimentation properties (P1-3)
in virus-producing cells, consistent with a model of immature MLV assembly occurring through
host factor-mediated AIs. If P1-3 represent true AIs, then it could be possible to arrest immature
MLV assembly at different stages to observe differential Gag accumulation at these complexes.
One way to achieve this would be by introducing mutations into Gag that disrupt specific
functions during assembly, as it has been done in similar HIV-1 studies [3, 5, 6, 8, 10-12, 14]. To
this end, we surveyed the literature for MLV Gag mutants that show significantly reduced, if not
completely blocked, particle production, and selected a number of mutants for further analysis.
We assessed the Gag proteins of select mutants (Fig. 3.1) in terms of their expression levels,
ability to form particles released from cells, involvement in intracellular complexes, membrane
association, and ABCE1 interaction (Table 3.1). The work presented in this chapter not only
provides further insight into the intracellular Gag-containing complexes formed during immature
MLV assembly, but also allows us to comparatively characterize and categorize various MLV Gag
mutants defective in particle assembly and/or release.
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Figure 3.1 MLV Gag mutations selected for study. MLV Gag mutations examined in Chapter 3 are presented in
small groups based on spatial and possible functional relatedness. The region affected by each group is indicated
on a schematic representation of MLV Gag.

Mutation Selection
In our survey of the literature for MLV mutants defective in particle production (i.e.
mutants that express Gag well in cells, but show reduced particle production as assessed from
the culture supernatant), we focused mainly on mutations in the MA and CA domains. Given that
we were particularly interested in studying mutants that are specifically defective in one step of
assembly, we selected short (up to a few residues) amino acid substitution mutations (Fig. 3.1),
and mostly avoided large insertions or deletions, which are more likely to lead to multiple defects
or have dominant effects. Although most mutants we selected for study have already been linked
to defects in MMLV production, we also added to our study some mutants that were likely, yet
not reported, to be defective in MMLV assembly (D298R, R300D, R334C, P348L) or that
complemented our work in another way (IQ1Rev1, IQ1Rev2).
We selected three groups of mutations in the MA domain. The first group is comprised of
the well-known G2A mutation, which prevents N-terminal myristoylation, and thus membrane
localization, of Gag [94]. The second group is composed of three other mutations close to the N66

terminus (T7I, T6I/T7I, T7I/P8L) that were reported to lead to a reduction in MLV particle
production [101]. Our group has previously reported that at least the T7I mutation alone does
not prevent myristoylation [101]. Although mutations at similar locations in the HIV-1 MA domain
lead to stable sequestration of the myristate moiety [102], how these three MLV MA mutations
lead to a block in particle production remains to be elucidated. The third and final MA group we
selected includes two triple mutations in the central region of the MA domain (L60A/I61A/T62A,
previously named T4, here referred to as IQ1; and T85A/W86A/E87A, previously named SMA6,
here referred to as IQ2) [141]. These mutations significantly prevent direct interaction of the MLV
MA domain with the host factor IQGAP1 [141]. It is likely that their effect on viral particle
production is due to the diminished ability of mutant Gag proteins to recruit IQGAP1. As controls
in our studies, we also investigated two revertants of the IQ1 mutation. The first
(L60A/I61V/T62A, previously named T4 Rev, here referred to as IQ1Rev1) was identified upon
long-term passage of cells infected with MLV carrying the IQ1 mutation, and contains a
substitution at one of the residues originally mutated [141]. The other revertant
(F38L/L60A/I61A/T62A, previously named T4 F38L, here referred to as IQ1Rev2) contains a
second-site mutation that was reported to rescue the replication and IQGAP1 interaction defects
of two other mutations in the same region as IQ1 [141]. Although our group has previously
reported that the F38L second-site mutation does not rescue the replication defect of IQ1 [141],
we have recently observed that MLV IQ1Rev2 mutants can produce viral particles at levels
comparable to wild-type (can also be observed in Fig. 3.2.A). It is possible that the F38L mutation
rescues the capsid assembly defect of IQ1, but not another defect that renders the produced viral
particles non-infectious.
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We also selected various mutations in the CA domains for analysis. The D298R and R300D
mutations were picked because the introduction of either of these mutations in N-MLV has been
reported to completely block viral particle production [57]. The residues targeted by these
mutations make interhexameric contacts in the crystal structure of both N-MLV and B-MLV CANTD
hexameric lattices [57]. To our knowledge, these two mutations have not previously been studied
in the context of MMLV. Another mutation we selected was the double mutation R334C/P348L,
which was initially identified upon a screen of randomly generated MLV CA point mutations
[214], but was not further characterized. We also added the R334C and P348L mutations
separately to our analyses, in order to determine if the particle production defect observed with
the R334C/P348L mutant could be pinpointed to a single residue. We picked three single amino
acid substitution mutations in the MHR, all of which were suggested to lead to defects in GagGag interaction [162, 214, 215]. One of these mutations (E363G) is at a universally-conserved
MHR residue, another (L372F) is at a residue that appears to be conserved in all MHR sequences
except for primate lentiviruses, and the third selected mutation (P365L) is at a residue conserved
only in gammaretroviruses [3]. We included in our study a mutation in the CAH region of MLV CA
(R466A/R468A/R469A, previously named CA2, here referred to as CAHm), which was also
suggested to disrupt Gag-Gag interactions [195]. Finally, we selected the L477P mutation, which
targets the penultimate residue of the CACTD, and has been suggested to prevent the interaction
of the host factor nucleolin with the NC domain [198].
In addition to the mutations we selected in the MA and CA domains, we also added to our
analyses a substitution of the PPPY L domain motif (P162A/P163A/P164A/Y165A, referred to as
APY) and a C-terminal truncation of Gag after the CA domain by substitution of the codon
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encoding the N-terminal amino acid residue of the NC domain to a termination codon (A479X,
referred to as ΔNC).

Gag Expression and Immature Virion Production
We introduced the selected Gag mutations (Fig. 3.1) into the MLV PR- provirus plasmid
described in Chapter 2, transfected 293T cells, and harvested cells and culture supernatants at
approximately 24 hpt. The cells were lysed directly in a denaturing buffer, whereas the viral
particles in the culture supernatants were pelleted through a sucrose cushion before
denaturation. The Gag content of cells and viral particles, as well as the GAPDH content of cells,
were assessed by SDS-PAGE and Western blotting (Fig. 3.2.A, Table 3.1).
All cellular samples had comparable amounts of GAPDH, suggesting that expression of the
control or mutant provirus does not affect cell viability or overall protein expression levels in a
significant manner. In addition, all mutants tested showed cell-associated Gag levels either
similar to or higher than the PR- control, suggesting that the introduced mutations do not lead
to gross defects in the production or stability of the Gag protein. We detected varying amounts
of Gag in pelleted culture supernatants of cells transfected with different mutant proviral
plasmids. These levels of observed viral particle production were mostly consistent with previous
reports, with some of the MA mutants and the ΔNC mutant displaying very strong defects, and
the p12 and CA mutants generally showing reduced, yet abundant, levels of extracellular Gag.
We also detected GagPol at levels proportional to the Gag level in each sample, with the
exception of the ΔNC mutant, which would not be expected to synthesize GagPol.
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Figure 3.2 Gag expression and particle production by select MLV Gag mutants. (A) Gag and Gag-related proteins,
as detected by Western blotting, in total lysates and pelleted culture supernatants of cells transfected with the
parental MLV PR- proviral plasmid or one containing the indicated Gag mutation. (B) VS analysis of particles
released by cells transfected with MLV PR-/APY.

All in agreement with previous reports of MA domain mutants [94, 101, 141], the G2A
mutant led to a complete block of particle production, the T6I/T7I and T7I/P8L mutants both
showed stronger particle production defects than the T7I mutant, and IQ2 showed a stronger
defect than IQ1. When analyzing the T6I/T7I mutant, we observed very low levels of extracellular
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Gag, which was not detected before [101].The two revertants of IQ1 were indistinguishable from
the control.
The APY mutation of the L motif PPPY led to only a mild reduction in the extracellular
levels of Gag. However, we observed upon VS analyses of the released APY mutant particles (Fig.
3.2.B) that only a small portion (12%) of the extracellular Gag sedimented at the fractions
corresponding to immature capsids, while most (61%) were observed in the bottom fractions.
The latter population (at fractions 27-28) could represent particles connected to one another
through unresolved membrane stalks, as previously observed in EM studies of MLV L domain
mutants [258], while our observation of the former population (at fractions 23-24) is consistent
with previous reports of basal levels of MLV budding in an L-domain-independent manner [268].
Out of the two CA mutations that were reported to block N-MLV particle production [57],
R300D led to a substantial block, while D298R caused only a mild reduction in MMLV particle
production. Since the residue at position 297 of MMLV Gag, but not the corresponding residue
in N-MLV or B-MLV, is also an aspartic acid (D), it is possible that this residue compensates in the
case of the D298R mutation in MMLV. We used only the R300D mutant in further studies. The
P348L mutation appears to be responsible for the exit defect observed with the R334C/P348L
mutant [214], since the P348L mutant showed a significant defect in particle production, at a
level comparable to the double mutant, while the R334C mutation did not lead to any reduction
in extracellular Gag levels. The rest of the CA mutants tested showed moderate to strong defects
in MLV particle production, consistent with previous reports [162, 195, 198, 214].
Consistent with a previous study [218], we observed that the ΔNC mutant displayed very
low levels of truncated Gag in the pelleted culture supernatant. These findings suggest that a
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basal level of MLV assembly and release can take place in the absence of an NC domain. However,
it is important to note that the ΔNC mutants were generated by introduction of a termination
codon after the sequence encoding the CA domain in both studies. Therefore, it is possible that
low levels of full-length Gag proteins were synthesized in these systems through rare
translational readthrough events. Such full-length Gag proteins could carry out the NC domain
function in the initiation of assembly, upon which hundreds of ΔNC Gag proteins could join to
complete the immature capsid. Studies utilizing constructs in which the NC sequence has been
completely deleted would shed light on this issue.
For all p12, CA, and NC mutants we tested, as well as for the G2A mutant, reduced Gag
levels in pelleted culture supernatant correlated with increased levels of cell-associated Gag,
suggesting that blocking virion release in these cases resulted in stable accumulation of Gag in
the cells. Interestingly, this correlation was less pronounced, if present at all, for the rest of the
MA mutants, particularly those with mutations close to the N-terminus. The T7I/P8L mutant even
displayed cell-associated Gag levels slightly lower than that of the control in some trials. These
observations suggest that either the synthesis rate or the stability of Gag is somehow affected
differently by different mutations.
We observed that, with the exception of G2A and T7I/P8L, the MA mutants that showed
a defect in particle production also showed increased levels of glycoGag (gGag), which is an Nterminally extended gammaretroviral Gag product that does not appear to have any critical roles
in particle assembly [315, 316]. While the reason behind the increase in the gGag levels observed
with some of the MA mutants is not clear, we are confident that higher level of gGag is not the
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cause of the particle production defect of these mutants, based on our studies of MA mutants
that are unable to produce gGag (data not shown).

Intracellular VS Profiles
In order to determine whether the Gag proteins produced by the selected mutants are
arrested at particular AIs, we performed VS analyses, as described in the previous chapter, on
post-nuclear lysates of cells transfected with the mutant proviral plasmids. We divided the
mutants into smaller groups for easy viewing, and plotted the Gag protein level at each paired
fraction as percentage of total Gag (Fig. 3.3, Table 3.1). The data for the mutants is presented as
connected dot plots, while each graph also contains in the background as a control the bar plot
for wild-type Gag of MLV PR-, which was previously presented in Fig. 2.3.D. In cases where the
VS experiment was performed multiple times for the same mutant, the dot plots represent the
average values, whereas the error bars mark the data range.
Gag proteins of all selected MA mutants that are defective in particle production (G2A,
T7I, T6I/T7I, T7I/P8L, IQ1, and IQ2) displayed very similar VS patterns to one another, with a large
peak at fractions 7-8, and a smaller peak at fractions 1-2 (Fig. 3.3.A-B). We will refer to the
population detected in fractions 1-2, which likely represents Gag proteins in monomeric or small
oligomeric form or in low-molecular-weight complexes, as P0. Although each sample contained
significant levels of Gag in fractions 9-10, which correspond to the sedimentation of P1, the major
peak for each was clearly at fractions 7-8, suggesting the presence of a previously-undefined
population, which we will call P1’. We should note that Gag proteins sedimenting within a range
of multiple fractions are referred to as ~80S in similar HIV-1 studies [3, 14], and the sedimentation
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Figure 3.3 VS analyses of Gag proteins expressed by MLV Gag mutants. VS analyses were performed on postnuclear lysates of cells transfected with the MLV PR- proviral plasmid containing the indicated Gag mutation. The
amount of Gag protein in each pooled fraction was quantified as the intensity of the corresponding Western blot
band, and converted into a relative amount. Each connected dot plot represents a different mutant. In cases where
the VS analyses were repeated for a mutant in multiple independent experiments, the dots mark the average
values and error bars mark the range. The bar graph displayed in the background show the average data obtained
for the parental proviral plasmid, MLV PR-, with error bars indicating the standard error of the mean, as presented
in Fig. 2.3.D.

positions of both P1’ and P1 appear to fall within this range. The two mutants with the milder
particle production defects (T7I and IQ1) displayed low, but notable, levels of Gag proteins
broadly distributed of Gag across fractions 11-18, in addition to the the peaks at fractions 1-2 and
7-8.
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The two IQ1 revertants (IQ1Rev1 and IQRev2) displayed VS patterns overall similar to the
control, with a broad distribution of Gag across fractions 9-18 (Fig. 3.3.B). However, we note that
within fractions 9-18, the Gag protein of these revertants are more concentrated towards the
slower-sedimenting end (fractions 9-10), as opposed to the wild-type Gag proteins of the PRcontrol, which are more concentrated towards the faster-sedimenting end (fractions 15-18).
The Gag proteins of the P348L and R334C/P348L mutants showed a bimodal distribution
with peaks at fractions 7-8 and 15-18 (Fig. 3.3.C), corresponding to P1’ and P3, respectively. The
P334C mutant, on the other hand, displayed a broad distribution of Gag in fractions 9-20, roughly
similar to the control, supporting our suggestion that the P348L mutation alone is responsible for
the particle production defect observed with the R334C/P348L mutant.
Out of the three MHR mutants tested, two (E363G and P365L) displayed a broad Gag
distribution across fractions 7-18 with multiple local peaks, whereas one (L372F) displayed a
right-skewed broad Gag distribution across fractions 11-24 (Fig. 3.3.D). Compared to the PRcontrol, the E363G and P365L mutants showed increased Gag levels at fractions 7-8, while the
P365L and L372F mutants showed increased Gag levels at fractions 19-24.
The three remaining CA mutants (R300D, CAHm, and L477P) all displayed a major peak of
Gag proteins within fractions 13-18, and reduced Gag levels compared to the PR- control at
fractions 9-12 (Fig. 3.3.E). Gag proteins of the L477 mutant showed a bimodal distribution with a
major peak at fractions 15-18, corresponding roughly to P3, and a minor peak at fractions 7-8,
corresponding to P1’.
The VS profile of the L domain mutant (APY) is remarkably similar to that of the PR- control
(Fig. 3.3.F). One small difference is the slightly increased Gag levels at fractions 27-28 of the APY
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preparation, which could represent particles tethered to one another and to the PM through
unresolved membrane stalks, as previously observed in EM studies of MLV L domain mutants
[258].
The truncated Gag protein of the ΔNC mutant is concentrated in the top VS fractions,
displaying a major peak at fractions 1-2, corresponding to P0, and a minor peak at fractions 9-10,
corresponding to P1 (Fig. 3.3.F). This pattern resembles the one observed with MA mutants (Fig.
3.3.A-B) in the sense that the Gag proteins are almost entirely confined to the slowersedimenting half of the sucrose gradient. However, unlike the MA mutants that show high
concentrations at fractions corresponding to both P1’ and P1, with a clear peak at P1’, Gag ΔNC
does not seem to concentrate distinctly in P1’ and shows only a small peak corresponding to P1.

Membrane Association
As association with the PM is an important step in immature MLV Gag assembly, we were
interested in finding out whether some of the mutants we selected, besides the well-established
G2A mutant [94], are defective in membrane association of Gag. To this end, we used a hypotonic
non-detergent buffer to lyse cells transfected with the PR- control or select mutant proviral
plasmids, and separated the lysates into membrane and non-membrane fractions by a
membrane floatation (MF) method involving ultracentrifugation of samples upward through
layers of sucrose solutions. The Gag protein in fractions obtained from the MF experiments was
detected by Western blotting (Fig. 3.4, Table 3.1). Membrane and non-membrane fractions were
confirmed for each sample by blotting for ATPase Na+/K+ transporting subunit alpha 1 (ATP1A1)
and GAPDH, respectively (see Fig. 3.4.A for representative images). We quantified the intensity
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Figure 3.4 Membrane association of wild-type and mutant MLV Gag proteins. 293T cells transfected with the
parental MLV PR- proviral plasmid (A,B) or one containing the indicated Gag mutation (B) were lysed in hypotonic
buffer. Post-nuclear lysates were subjected to membrane floatation (MF) assay, in which membrane-associated
components of the lysates are floated upward through layer of sucrose solutions. Thirteen fractions collected from
top to bottom were run on denaturing gels, and the Gag proteins were detected by Western blotting. Positions of
membrane- and non-membrane fractions were confirmed in each case by probing for ATP1A1 as a membrane
marker and for GAPDH as a cytoplasmic marker; the control blots for MLV PR- are shown as examples (A). The
amount of Gag protein in each MF fraction was quantified as the intensity of the corresponding Western blot
band, and the amount of Gag protein in membrane-associated fractions (roughly determined as fractions 2-6) was
reported as a percentage of total Gag amount in all fractions (Gag M).

of the Gag bands in each fraction and presented the levels observed in the membrane-associated
fractions (fractions 2-6) as a percentage of total Gag (GagM in Fig. 3.4.B). However, these numbers
are to be taken solely as rough guides, both because the intensity of some of the bands are
outside the linear detection range, causing over- or under-estimation of Gag levels, and because
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we do not have data from independent trials for most of the mutants, which would be needed
for statistical analyses.
The highest level of membrane association was observed with the Gag proteins of the PRparental control and of the E363G and L372F mutants, for which Gag was hardly detectable in
the non-membrane fractions. The Gag proteins of the IQ2 and ΔNC mutants displayed a very mild
reduction in membrane association compared to the parental Gag, whereas the T6I/T7I and G2A
mutations led to moderate and near-complete reduction, respectively. Although quantified
results suggest that the APY and R300D mutants are mildly defective in membrane association,
at levels similar to the IQ2 and ΔNC mutants, we unexpectedly detected a significant amount of
Gag APY and Gag R300D in the intermediary fractions between the membrane- and nonmembrane-associated layers. While we do not have a clear explanation for this result, we have
noticed two things that the APY and R300D mutants have in common: 1) The MF inputs of both
had a much higher Gag protein concentration than the rest of the samples (Fig. 3.4.B). 2) VS
analyses of cells transfected with the APY (Fig. 3.3.F) or the R300D (Fig. 3.3.E) mutant proviral
plasmids displayed a noticeable increase in Gag protein levels at fractions 27-28 compared to the
PR- control, as well as to the rest of the mutants. In any case, neither of these two mutants
appeared to have a substantial defect in membrane association of Gag.

ABCE1 Interaction
In order to determine whether selected mutations in the Gag protein affected its ability
to associate with endogenous ABCE1, we performed coIP experiments, as described in the
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Figure 3.5 Association of mutant MLV Gag proteins with ABCE1. The association of mutant MLV Gag proteins with
endogenous ABCE1 was assayed by coIP experiments, as described before.

previous chapter, on post-nuclear lysates of cells transected with select mutant proviral plasmids
(Fig. 3.5, Table 3.1). Gag proteins of the three MA (G2A, T6I/T7I, IQ2) and the four CA (R300D,
P348L, E363G, CAHm) mutants we tested co-immunoprecipitated well with ABCE1, whereas no
detectable truncated Gag protein of the ΔNC mutant was recovered upon immunoprecipitation
with the ABCE1 antibody. The mutant Gag proteins that did co-immunoprecipitate with ABCE1
were all recovered at higher efficiencies than the wild-type Gag of the MLV PR- control. We
should note that, as described in the previous chapter, the ABCE1 antibody utilized binds to a
couple of non-target proteins, which were also recovered in these coIP studies (data not shown).
Therefore, while our results suggest an association of the selected MA-mutant and CA-mutant
Gag proteins with ABCE1, we cannot rule out the possibility that the recovery of these mutant
Gag proteins could be due to their association with a non-target host protein.
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Discussion
The work we presented in this chapter had two general goals. One was to determine
whether the Gag proteins of various MLV mutants that are thought to be defective in different
stages of viral particle production accumulate at one or more of the putative MLV AIs that we
identified in the previous chapter. The other goal was to further characterize many MLV mutants
that were previously identified – mostly through extensive screens performed by our group – to
be defective in viral particle production. Our findings are summarized in Table 3.1.
Table 3.1 Summary of results from MLV Gag mutant analyses.
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Our VS analyses clearly showed that the Gag proteins of the MA and NC mutants defective
in particle production were almost completely confined to the slower-sedimenting half of the
fractions in our sucrose gradient setup (Fig. 3.3.A,B,F), while Gag proteins of all other mutants,
as well as wild-type Gag, were readily detectable in faster-sedimenting fractions (Fig. 3.3.B-F).
Out of the assembly-defective MA and NC mutants tested, only the Gag proteins of the T7I and
IQ1 mutants were distinctly observed to sediment at fraction 13 or beyond (Fig. 3.3.A-B), which
correlated well with the ability of these two mutants to produce low levels of viral particles (Fig.
3.2.A). These results support the hypothesis that P2 (at fractions 12-13) and P3 (at fractions 1617) represent complexes formed in later stages of immature virus assembly, which are blocked
in MA and NC mutants.
Upon VS analyses of cells transfected with MLV proviral plasmids carrying one of various
mutations in the MA (G2A, T7I, T6I/T7I, T7I/P8L, IQ1, or IQ2) or the CA (P348L, R334C/P348L,
E363G, or P365L) domains, we observed a population of Gag-containing complexes that
sedimented close to, but slightly slower than, the previously-described P1, and named this novel
population P1’. It is possible that P1’ represents a highly transient MLV AI that can only be
detected upon a complete (as in most MA mutants tested) or partial (as in some of the CA
mutants tested) arrest at this stage. Further studies are needed to characterize P1’ and determine
whether P1’ and P1 are related to one another in composition or assembly sequence.
The truncated Gag proteins of the ΔNC mutant MLV were previously reported to be
arrested at the PM [218], and our findings confirm that these mutants associate well with lipid
membranes (Fig. 3.4.B). The ΔNC mutant was unique in our study both in terms of its VS profile
(Fig. 3.3.F) and because it was the only mutant for which we could not detect any co81

immunoprecipitation of Gag with ABCE1 (Fig. 3.5). This MLV ΔNC mutant largely resembles the
Class 1 HIV-1 assembly mutants [3, 14, 282] in that its Gag protein associates with the PM, but
not with ABCE1, and accumulates largely in fractions 1-2 in VS analyses, which correspond to the
HIV-1 ~10S AI. However, we also detected a notable portion of Gag ΔNC in fractions 9-10,
corresponding to P1. This observation shows a deviation from Class 1 HIV-1 assembly mutants
and appears to contradict the hypothesis that P1 is formed upon binding of MLV Gag to an RNA
granule containing ABCE1. One possibility is that there was a basal level of interaction between
very small subsets of Gag ΔNC and ABCE1 that fell below our detection capabilities with the
current coIP methodology, yet allowed recruitment of a small portion of Gag ΔNC to the RNA
granules, forming P1. If that is the case, repeating the coIP experiments on VS fractions 9-10 –
instead of post-nuclear lysates – of cells expressing the ΔNC mutant should greatly enhance the
recovery of Gag ΔNC. However, it is also possible that Gag ΔNC truly does not associate with
ABCE1 and that the Gag ΔNC proteins observed in VS fractions 9-10 are in an ABCE1-independent
complex. This would imply that at least a portion of wild-type Gag proteins sedimenting at these
fractions could also be in ABCE1-independent complexes, although our preliminary data suggest
that at least a portion of them are associated with ABCE1 (Fig. 2.10.B).
Gag proteins of multiple MA mutants displayed nearly identical VS profiles (Fig. 3.3.A-B)
and the ones tested all co-immunoprecipitated well with ABCE1 (Fig. 3.5). The G2A mutant was
largely confined to non-membrane-associated fractions (Fig. 3.4.B), consistent with previous
reports [94]. In all aspects tested, the MLV G2A mutant resembles the Class 2 HIV-1 assembly
mutants [3, 14, 282], which also includes the homologous HIV-1 G2A mutant. On the other hand,
we observed that the T6I/T7I mutant showed only about a two-fold reduction in membrane
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association compared to the PR- control, and we could detect the IQ2 mutant Gag at the
membrane-associated fractions at levels close to the PR- control. These results suggest that the
strong particle production defects observed with the T6I/T7I and IQ2 mutants are not direct
results of defects in membrane association of Gag. However, it is important to note that the
particular methodology we used provides no information about the type(s) of membrane that
these Gag proteins are associated with.
The Gag protein of all CA and p12 mutants tested could readily be detected in relatively
fast-sedimenting fractions 13-18, suggesting that all of these mutants are able to form high
molecular-weight complexes. The Gag proteins of the P348L and R334C/P348L mutants showed
a bimodal distribution (Fig. 3.3.C), with one peak corresponding to P1’, and the other to P3. The
Gag proteins of the rest of the CA mutants (Fig. 3.3.C-E), as well as the p12 APY mutant (Fig. 3.3.F)
and the IQ1 revertants (Fig. 3.3.B) displayed VS profiles that at least roughly resembled the
reference Gag profile obtained from the MLV PR- trials. Although several differences in the VS
profiles of Gag were also observed within this last group (e.g. the E363G and P365L mutants
showed significant levels of Gag in the fractions corresponding to P1’; the CAHm mutant Gag was
largely concentrated at fractions 13-18; the APY and R300D showed some accumulation of Gag
in the bottom fractions 27-28), we cannot confidently categorize this group further without
repeated higher-resolution analyses that would clarify the nuances of Gag accumulation in
individual populations.
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CHAPTER 4 : CONCLUSION

Production of infectious retrovirions is a complex and poorly-understood process with
multiple steps that are often linked to one another. It requires synthesis of viral RNAs and
proteins, their localization to productive sites of assembly, immature capsid formation, gRNA
encapsidation, Env incorporation, budding and release of immature particles from the PM, and
maturation of the released virions. Many of these steps, from transcription to particle release,
rely heavily on well-conserved cellular machineries.
Extensive studies examining Gag-associated intracellular complexes formed during HIV-1
assembly suggest that the assembly of immature HIV-1 capsids proceeds sequentially through
multiple intermediates, at least some of which can be separated by their varying sedimentation
velocities in sucrose gradients [3, 5-14] (Fig. 1.8). The first high-molecular-weight AI, named the
~80S AI, is proposed to form in the cytoplasm upon the association of HIV-1 Gag with an RNA
granule containing ABCE1, DDX6, and possibly other cellular factors [7, 13]. The ~80S AI then
translocates to the PM and proceeds to form ~150S and ~500S AIs, after which the host granule
dissociates from the complex and the ~750S immature capsid buds off the cell [5, 11]. Studies of
HIV-1 assembly mutants have demonstrated that mutations disrupting different functions of Gag
can lead to the arrest of immature capsid assembly at different AIs [3, 5, 6, 8, 10-12, 14].
This model of host-mediated immature capsid assembly through intermediate structures,
referred to in this study as the AI model, has also been implicated in other primate lentiviruses
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[8, 9, 283], and the implication of highly-conserved cellular proteins in the process leaves open
the possibility that it could be a conserved mechanism for assembly of retroviruses that infect a
wide range of hosts. In this study, we used genetic and biochemical tools to examine the assembly
of immature MLV capsids, and demonstrated that the AI model is also compatible with the
assembly of this simple retrovirus (Fig. 4.1).

Putative MLV AIs
Through VS analyses of cells transfected with proviral plasmids encoding assemblycompetent MLV (Fig. 2.3, Fig. 2.4), we identified three distinct populations of intracellular Gagcontaining complexes, dubbed P1, P2, and P3 (Fig. 4.1). Upon further studies using various MLV
mutants defective in particle production (Fig. 3.3.A-C), we noted the appearance of another Gag
population, P1’, that sediments very close to, but slightly slower than P1. Gag proteins
sedimenting within a range of multiple fractions are referred to as ~80S in HIV-1 studies [3, 14],
and the sedimentation positions of both P1’ and P1 appear to fall within this range. On the other
hand, P2 and P3 sediment at positions that highly resemble the ~150S and ~500S HIV-1 AIs,
respectively. We also observed a distinct population of some mutant Gag proteins that did not
sediment well into the gradients and thus were detected in the top fractions (Fig. 3.3.A,B,F),
resembling HIV-1 ~10S AI. We named this low-molecular-weight Gag population P0. VS analyses
of released immature MLV particles (Fig. 2.6.B) showed that immature capsids sediment faster
than all of the detected Gag-containing intracellular complexes, at a position resembling that of
~750S immature HIV-1 capsids.
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Figure 4.1 Model of immature MLV assembly through host-mediated AIs. Our findings in this study are
compatible with a model of MLV assembly through host-mediated AIs, where a host complex containing ABCE1
associates with a small number of Gag proteins in the cytoplasm and remains associated through translocation to
the PM and at least some part of higher-order Gag assembly. We identified three putative MLV AIs, termed P1, P2,
and P3, that resemble ~80S, ~150S, and ~500S HIV-1 AIs, respectively. Upon analyses of various MLV Gag mutants
with defects in particle production, we characterized four groups of Gag mutants with distinct points of arrest
within the assembly pathway, as indicated.

We tested the effects of various mutations throughout MLV Gag on the formation of Gagcontaining intracellular complexes (Fig. 3.3), and observed that MLV Gag proteins containing
mutations known to prevent higher-order assembly (e.g. G2A, ΔNC) do not form P2 or P3, while
Gag was readily detectable in corresponding fractions for mutants known to form higher-order
assemblies (e.g. APY, E343G). These results suggesting that P2 and/or P3, but not P1’ or P1,
represent products of higher-order assembly are entirely compatible with previous findings for
HIV-1 [282].
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Although further studies are needed to properly characterize P1’ and P1, a few of our
observations provide some suggestions as to how these populations might relate to immature
capsid assembly. We observed P1’ as a clear population with several mutants, but not with wildtype Gag. So, this population could represent either a highly transient intermediate that can only
be detected when progression out of this intermediate is blocked, or a dead-end complex that is
only formed when there is a certain block during particle production. While all MA mutants show
a strong peak at P1’, Gag ΔNC is not distinctly detected in this population, even though it is also
blocked in an early step of assembly and shows a clear peak for P1. Therefore, P1’ could be a
transient intermediate that proceeds into P1, or the ΔNC mutant could be blocked at a step
preceding P1’ formation. Perhaps P1’ represents the complex formed upon recruitment of MLV
Gag to the host granule containing ABCE1, and Gag ΔNC cannot be recruited as it fails to bind
ABCE1. Another possibility is that P1’ represents Gag associated with gRNA. Dimeric retroviral
gRNA has an approximate sedimentation coefficient of 70S [15], so the sedimentation of P1’
would be consistent with dimeric gRNA bound to Gag monomer or dimer. This could also explain
the lack of a distinct P1’ peak in MLV ΔNC mutant trials.
Considering that the MA domain is mainly known to be responsible for targeting Gag
proteins to the assembly sites at the PM and that all the MA mutants we examined displayed a
very strong peak at P1’ (Fig. 3.3.A-B), we can speculate that progression out of P1’ requires
association with the assembly site. It is important to note here that the MA mutants we tested
showed varying levels of membrane association (Fig. 3.4.B). So, this scenario would mean that
those MA mutants that do show membrane association are targeted to membrane sites that are
not suitable for higher-order assembly. This is a possibility that is discussed further below. Since
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there are also some CA mutants (P348L, R334C/P348L, E363G, P365L) that display a distinct peak
at P1’ (Fig. 3.3.C-D), this scenario would imply that either these CA mutants are also somehow
defective in association with the ‘correct’ assembly sites or progression out of P1’ has further
requirements that are affected by these CA mutations.
All the data we present in this work has been collected through studies utilizing human
embryonic kidney (HEK) 293T cells. We note that MLV is known to be able to assemble and
release particles equally well in virtually all mammalian cells. We have also attempted using rat
fibroblasts (Rat2) in order to examine the putative MLV AIs in cells of a natural host species, but
we were not able to achieve transfection efficiencies high enough for such studies (data not
shown). However, HIV-1 AIs show similar sedimentation properties whether immature assembly
takes place in human cells or in a cell-free system utilizing wheatgerm extracts [5], so it appears
that host-specific factors do not significantly affect the sedimentation properties of AIs. Although
we would not expect to see a large difference in the sedimentation properties of the putative
MLV AIs in different assembly-permissive cell types, it would still be useful to examine the VS
profile MLV Gag assembling inside cells of natural host species, even if only to confirm that the
sedimentation properties of the putative MLV AIs are independent of host species. Furthermore,
the distribution of Gag across putative AIs might show variation depending on the host cell type,
since the rates of different steps of assembly might be affected by cell-type-specific factors. This
could possibly help us identify additional AIs that were too transient to be detected in the context
of HEK cells.
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Membrane Association of MLV Gag
It is well-established that production of HIV-1 or MLV particles that are released from cells
requires myristoylation-dependent membrane association of the Gag protein, as the G2A
mutation targeting the myristoylation site of either virus leads to an almost complete block in
particle production [92, 94]. Furthermore, the G2A mutant Gag proteins do not go through
higher-order assembly, unless they are expressed at extremely high levels, in which case they
form cytoplasmic capsid structures [317]. These findings suggest that under normal
circumstances, higher-order Gag assembly requires membrane association, possibly in order to
increase local Gag concentration.
Our MF results for the MLV G2A mutant confirmed a very substantial block on membrane
association of Gag (Fig. 3.4.B) and a complete block on formation of putative higher-order AIs, P2
and P3 (Fig. 3.3.A), as well as on particle production as detected from the culture supernatant
(Fig. 3.2.A). Although two other MA mutants we tested, T6I/T7I and IQ2, also showed complete
or almost complete block of higher-order assembly (Fig. 3.3.A-B) and particle production (Fig.
3.2.A), they displayed only moderate or mild reduction in membrane association of Gag,
respectively, compared to the parental control (Fig. 3.4.B). Therefore, a defect on the ability of
these Gag proteins to associate with lipid membranes per se does not by itself explain the strong
assembly defects observed with these mutants. A possible explanation to our observations is that
the assembly of these mutants is blocked at a step that either occurs after membrane association
of Gag or is independent of it. Class 3 and 4 assembly mutants of HIV-1 work in such a manner
and are arrested as membrane-associated ~80S AIs [3, 14]. However, these mutations are all in
HIV-1 CA domain and are thought to be involved in mediating Gag-Gag interactions, which is not
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a function we would normally expect from the MA domain. The IQ2 mutant cannot associate
with the host factor IQGAP1 [141], so we could speculate that this interaction could somehow be
necessary for higher-order Gag assembly, but not for membrane association.
Another explanation to the phenotypes we observed with the T6I/T7I and IQ2 mutants is
that these mutants mistarget to membranes that are not suitable for assembly. Although it was
a topic of hot debate not so long ago, it is now commonly regarded that productive HIV-1
assembly takes place at the PM [20], and this is also likely to be the case for MLV. Furthermore,
both HIV-1 and MLV assembly have been suggested to localize to specific sites at the PM [124].
Even though numerous studies suggest that the specificity of HIV-1 Gag for the PM is dependent
on basic residues of the MA domain and the presence of PM-associated PI(4,5)P2, our current
knowledge about the mechanisms by which MLV Gag specifically targets to the assembly sites at
the PM is limited and the literature is riddled with contradictory findings [318]. Mutations in basic
residues of HIV-1 MA have been shown to lead to the mistargeting of Gag proteins to intracellular
compartments and to a block on particle production [127, 129]. It would be of interest to find
out whether the MLV MA mutations we tested in this study, all of which target non-basic
residues, similarly lead to mistargeting of the Gag protein to either non-PM membranes or nonproductive regions of the PM, and whether such an effect is related to sequestration/exposure
of the myristate moiety in the case of the N-terminal MA mutations (T7I, T6I/T7I, T7I, P8L) or to
a loss of direct interaction with IQGAP1 in the case of the mutations in the central region of the
MA domain (IQ1, IQ2, and more as detailed in [141]). It would also be informative to determine
the membrane association and assembly phenotypes of MLV Gag proteins with mutations at MA
basic residues [98], which we did not include in the current study, and compare these to the
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results we have obtained with other MA mutants. Examining the intracellular localization of MLV
Gag by immunofluorescence (IF) microscopy could be useful in determining the membranes
targeted by the various Gag mutants. Alternatively, prior to MF ultracentrifugation, samples
could be treated with the non-ionic detergent Brij98, which solubilizes non-raft, but not raft-like,
membranes [183], in order to determine if these MA mutations lead to a defect in association of
Gag proteins specifically with raft-like membranes [319].
The rest of the MLV mutants we tested, which had mutations outside of the MA domain,
showed at most a mild reduction in membrane association of Gag (Fig. 3.4.B). Many of these
mutants have previously been demonstrated to localize at the PM by EM studies. Though it is still
a possibility that these mutants could be mistargeted to non-productive membranes, with our
current knowledge we would not expect non-MA domains to direct localization. It is more likely
that these mutants are arrested at steps that take place after PM localization or are independent
of it.

Association of MLV Gag with the Host ABCE1
Findings from HIV-1 assembly studies in cells and cell-free systems suggest that
association of HIV-1 Gag with an RNA granule containing ABCE1 and DDX6, and possibly other
host factors, is necessary for higher-order assembly [7, 13]. We demonstrate that MLV Gag, like
HIV-1 Gag, co-immunoprecipitates with ABCE1 (Fig. 2.10.A). Furthermore, out of all the mutants
we tested, only the ΔNC mutant did not show any detectable association with ABCE1 (Fig. 3.5).
This is compatible with findings from HIV-1 studies demonstrating that either deletion of the NC
and p6 domains, but not just the p6 domain, or substitution of at least nine arginine residues in
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the NC domain to alanine leads to the loss of detectable ABCE1 interaction [10, 12]. The NC
domain of HIV-1 Gag can be replaced by a dimerizing LZ motif, but not by a non-dimerizing
mutant, without causing a notable change in particle production efficiency or ABCE1 interaction
[12], suggesting that the dependence of ABCE1 association on the HIV-1 NC domain is due not to
a direct interaction with this domain, but to the NC function to drive RNA-mediated low-order
Gag oligomerization. It is likely that the association of ABCE1 with MLV Gag has a similar nature,
and that the lack of detectable interaction between ABCE1 and MLV ΔNC Gag is due to the loss
of a functional effect of the NC domain rather than of a direct interaction site within. Testing the
association of ABCE1 with MLV GagZip chimeras [198] could provide a more conclusive answer
on this matter.
ABCE1, as well as DDX6, has been shown to associate with HIV-1 Gag in ~80S, ~150S,
~500S, but not ~10S AIs. We presented preliminary data suggesting that MLV Gag associates with
ABCE1 in P1, P2, and P3 (Fig. 2.10.B). An unusual observation in these experiments was that a
very large amount of MLV Gag was recovered from VS fractions corresponding to P2 and P3 by
immunoprecipitation with an ABCE1 antibody, even though no ABCE1 could be detected in these
samples. Although these findings need to be validated by repeated trials with proper controls,
they are consistent with the hypothesis that P2 and P3 represent products of higher-order
assembly, and thus may contain hundreds of Gag and only a few ABCE1 proteins.
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Classification of MLV Mutants Defective in Particle Production
In summarizing our studies of various MLV mutants with defects in particle production,
we can categorize them roughly into five groups (Fig. 4.1):
Group 1 contains the ΔNC mutant. This is the only group in which the Gag proteins do not
show any detectable interaction with ABCE1 (Fig. 3.5). We observed that Gag ΔNC associates well
with membranes (Fig. 3.4.B) and is highly concentrated in P0 (Fig. 3.3.F), which we presume
contains Gag proteins in monomeric or small oligomeric form or in low-molecular-weight
complexes. These findings are in full agreement with previous reports demonstrating that MLV
Gag ΔNC is localized at the PM and does not form higher-order assemblies [218]. The ΔNC mutant
closely resembles the HIV-1 Class 1 mutants [10, 12], with one difference. Although both MLV
Gag ΔNC and Gag proteins of the HIV-1 Class 1 mutants were largely concentrated in top fractions
of VS analyses, an additional small Gag peak could be distinctly observed for MLV ΔNC, but not
HIV-1 Class 1 mutants, at fractions corresponding to MLV P1 or HIV-1 ~80S AI. Future studies
could utilize proviral constructs with an actual deletion of the NC sequence to determine if the
low levels of Gag ΔNC observed at P1 is due to low level expression of full-length Gag that
nucleates a low level of assembly. One could also perform coIP experiments on the VS fractions
corresponding to P1 in order to determine if there is an overall low level of association between
Gag ΔNC and ABCE1 that is specific to this population. Further studies could utilize an MLV GagZip
construct, in which the NC domain is replaced by an LZ motif, to see if the ABCE1 interaction can
be restored by allowing RNA-independent capsid assembly.
Group 2 contains the G2A mutant. This is a well-studied mutant, both in the context of
HIV-1 and MLV, that lacks the myristoylation site and is commonly characterized with a complete
93

block on membrane binding and particle production [49, 92-95]. Our observations are in general
agreement with these previous findings, though we did detect a low level of membrane
association of MLV Gag G2A (Fig. 3.4.B). This mutant shows high accumulation of Gag in P1’/P1
(Fig. 3.3.A), similar to the arrest of HIV-1 Class 2 mutants, which include HIV-1 G2A, at the ~80S
AI. High resolution analyses of the VS fractions, by examining each fraction separately rather than
pairing them, could assist us in determining whether the Gag proteins detected in fractions
corresponding to P1’ and P1 are really two distinct populations or just very high levels of one
population. Although there are many possibilities as to what P1’ and P1 can represent, some of
which have been discussed above, our findings are consistent with at least a portion of these
populations being cytosolic Gag proteins – in monomers or small oligomers – in association with
a host RNA granule containing ABCE1 and the viral gRNA, as has been suggested for the HIV-1
~80S AI.
Group 3 contains the T6I/T7I and IQ2 mutants, which have membrane-associated Gag
proteins (Fig. 3.4.B) that show a clear arrest at P1’/P1 (Fig. 3.3.A-B). The rest of the assemblydefective MA mutants (T7I, T7I/P8L, and IQ1) could also belong to this group, assuming their Gag
proteins associate with ABCE1 and lipid membranes as well. This group resembles HIV-1 Class 3
and Class 4 mutants in that the Gag proteins associate with ABCE1 and lipid membranes, but do
not assemble into higher-order structures [3, 14]. However, HIV-1 Class 3 and Class 4 mutations
are all in the CA domain and are thought to be involved in mediating Gag-Gag interactions, which
is not a function we would normally expect from the MA domain. Future studies could aim to
further characterize these MLV MA mutants by determining the nature of their membrane
association.
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Group 4 contains the P348L and R334C/P348L mutants, though the defects observed with
the double mutant appear to be solely due to the P348L mutation. VS analyses demonstrate that
the Gag proteins of these mutants are distinctly concentrated in P1’/P1 and P3 (Fig. 3.3.C),
suggesting defects at both early and late stages of assembly that lead to accumulation of Gag in
these two populations. Another – less likely – possibility is that the arrest of these mutants at P3
led to the formation of P1’/P1, either through a novel path or by partial dissociation of the
arrested complexes. The P348 residue, which seems to be the critical residue for both mutants,
is located in the short linker region connecting CANTD and CACTD. With the anticipation that the
linker plays an important role in the relative orientation of the two CA domains, it would not be
surprising if mutations in this region lead to multiple defects in MLV capsid assembly.
The rest of the assembly-defective CA and p12 mutants we examined (APY, E363G, P365L,
L372F, R300D, CAHm, L477P) all display VS profiles that roughly resemble wild-type Gag (Fig.
3.3.D-F). These mutants are similar to the HIV-1 Class 5 mutants in that the mutant MLV Gag
proteins can be found abundantly in high-molecular-weight complexes (P2 and P3) that are the
putative equivalents of the HIV-1 ~150S and ~500S AIs. It is possible that at least some of these
MLV Gag mutations lead to defects that hinder particle production after formation of P2/P3.
However, especially considering that none of these mutations lead to complete block of MLV
production, it is also possible that these mutants have some earlier defects that we were not able
to characterize with our VS analyses. It is likely that this large group of various mutations in CA
and p12 will be subdivided once these mutants and the specific assembly functions they are
defective in are further characterized.

95

Summary and Future Directions
In this study, we took biochemical and genetic approaches to study immature MLV
assembly. Our findings are compatible with a model of MLV assembly through host-mediated AIs,
where a host complex containing ABCE1 associates with a small number of Gag proteins in the
cytoplasm and remains associated through translocation to the PM and at least some part of
higher-order Gag assembly. We identified three putative MLV AIs, termed P1, P2, and P3, that
resemble ~80S, ~150S, and ~500S HIV-1 AIs, respectively. Upon analyses of various MLV Gag
mutants with defects in particle production, we characterized four groups of Gag mutants with
distinct points of arrest within the assembly pathway (Fig. 4.1).
Although we have taken important steps towards delineating the assembly pathway of
MLV Gag (Fig. 4.1), there are various aspects of immature MLV capsid assembly that we have not
directly explored in this work. For instance, we have not examined the involvement of gRNA in
the MLV assembly pathway. HIV-1 gRNA was shown to associate with ABCE1 in the ~80S, ~150S,
and ~500S AIs [14]. It would be important to learn at what stage gRNA associates with MLV Gag
and the putative ABCE1-containing host complex. Another big question that remains is regarding
the composition and function of this putative host complex. We have only studied the association
of MLV Gag with ABCE1 in this work. Future studies could examine the involvement of P-body
proteins; both those that have already been implicated in the host-mediated assembly pathway
of HIV-1 (i.e. DDX6 and AGO2), and others, such as APOBEC3G, Staufen1, and MOV10, that are
known to associate with assembling retroviral capsids, but have not been directly linked to this
pathway. Yet another unexplored area relates to the trafficking of Gag from the cytoplasm to the
PM. Both previous HIV-1 studies and the work we have presented here suggest that the Gag
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protein can associate with ABCE1 and proceed into early high-molecular-weight AIs (HIV-1 ~80S
AI or MLV P1’/P1) in the cytoplasm, suggesting that at least a portion of Gag proteins translocate
to the PM within a large complex. It would be of interest to find out if and how the cellular
cytoskeletal network and motor proteins are involved in this transport.
Retroviral capsid assembly is a robust yet complex multi-step process that likely involves
a large network of components far beyond our current knowledge. Studying assembly is not only
important for learning more about retroviral biology, but also provides a useful platform for
investigating cellular factors and processes. Deepening our understanding of the mechanisms
governing retrovirus production will guide us in making better retroviral tools for medical and
research applications. Furthermore, especially considering that immature capsid assembly is a
largely unexplored part of the retroviral replication cycle for therapy purposes, these studies are
likely to provide novel targets for antiretroviral drugs.
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MATERIALS AND METHODS

Plasmids
The proviral MMLV plasmid pNCA (referred here as MLV WT) has been described before
[320]. HIV-1 expression constructs were kindly provided by J.R. Lingappa. Mutations were
introduced using QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) and confirmed by
commercial sequencing.

Cell Culture
HEK 293T cells were maintained in Dulbecco’s Modified Eagle Medium (Gibco)
supplemented with 10% fetal bovine serum, penicillin/streptomycin, and L-glutamine. Cells were
kept in 37°C incubators with a humidified atmosphere containing 5% CO2, trypsinized for
passaging, and discarded when morphological changes were observed during routine
microscopic examination.

Transfection
70-80% confluent 293T cells were transfected with the aid of FuGENE 6 Transfection
Reagent (Roche) or X-tremeGENE 9 DNA Transfection Reagent (Roche), following manufacturer’s
protocol. The transfection mix was prepared in OPTI-MEM (Gibco), using 3μL of transfection
reagent per μg of plasmid DNA.
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Harvest of Released Viral Particles
3-4mL of cell culture supernatant passed through a 0.45μm-pore filter was layered on a
1mL 25% sucrose cushion and ultracentrifuged for 90 minutes at 32,000 rpm and 4°C in Beckman
SW55Ti rotor. Upon removal of supernatant, the pellet was resuspended in appropriate buffer.
In experiments where the viral particles were directly analyzed by SDS-PAGE, the 25%
sucrose cushion was prepared in TEN buffer (10mM Tris-Cl, 1mM EDTA, 100mM NaCl) and the
pellets were resuspended in 50-200μL Laemmli buffer for 10-15 minutes at room temperature
before collection.
In experiments where the viral particles were subsequently sedimented through a
sucrose gradient, the 25% sucrose cushion was prepared in T buffer conditions without the
detergent and the pellets were resuspended in 300-350μL T buffer for 20-40 minutes on ice
before collection.

Harvest of Cells
In experiments where the cell lysates were directly analyzed by SDS-PAGE, the cells were
washed once with DPBS and lysed directly in Laemmli buffer. Lysates were boiled for 1-3 minutes,
and stored at -20°C if not directly processed for analysis.
Cells for VS or coIP experiments were washed twice with ice-cold DPBS, lysed in
appropriate buffer, and collected into microcentrifuge tube, upon which the lysate was pulled
twenty times through a 21G needle. The sample was centrifuged at 1,000 rpm and 4°C for 10
minutes, upon which the supernatant was centrifuged at maximum speed for 30 seconds. The
resulting post-nuclear lysate was used directly in VS experiments.
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Velocity Sedimentation (VS)
Non-linear sucrose gradients were prepared by layering 675 μL each of the following
concentrations of sucrose (in appropriate buffer) in an ultracentrifuge tube: 80%, 70%, 60%, 50%,
40%, 15%, 10%. 200 μL of sample was layered on top of the gradient, and ultracentrifuged for 45
minutes at 42,000 rpm and 4°C in Beckman SW55Ti rotor. Twenty-eight 175-μL fractions were
collected from top to bottom.

coIP
Protein G-coupled Dynabeads (Thermo Fischer) were washed three times with T buffer,
and blocked overnight with bovine serum albumin. After resuspension in T buffer, the beads were
incubated with affinity-purified ABCE1 antibody for 30 minutes on ice. Samples were added to
the bead-antibody mixture, and incubated for 2 hours. After washing the beads three times with
T buffer, immunoprecipitation products were eluted by resuspension in Laemmli buffer and
boiling for two minutes.

Membrane Floatation (MF)
Cells were washed twice with PBS and trypsinized for collection. Trypsinization was
stopped by addition of fresh culture media, and the cells were washed three times with PBS,
pelleting each time by centrifugation at 1,000 rpm for 5 minutes. Resulting cell pellet was
resuspended in hypotonic lysis buffer and homogenized in a glass douncer, immediately upon
which the reversal salt solution was added. The lysates were centrifuged at 1,000 rpm for 5
minutes, and the supernatant was collected. 200 μL of lysate was mixed into 1.3 mL 87% sucrose
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solution inside an ultracentrifuge tube. On top of this mixture, 2.5 mL 65% sucrose and 1 mL 10%
sucrose were layered. The ultracentrifugation was done at 32,500 rpm and 4°C for 4 hours using
Beckman SW55Ti rotor. Thirteen 400-μL fractions were collected from top to bottom.
Membranes were visible by eye in the layer between the 10% and 65% sucrose solutions, often
corresponding to fraction 3.
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