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The virion of HIV-1 is spherical and viral glycoprotein spikes (gp120, gp41) protrude from its
envelope. The characteristic cone-shaped core exists within the virion, caging the ribonu-
cleoprotein (RNP) complex, which is comprised of viral RNA, nucleocapsid (NC), and viral
enzymes. The HIV-1 virion is budded and released from the infected cell as an imma-
ture donut-shaped particle. During or immediately after release, viral protease (PR) is
activated and subsequently processes the viral structural protein Gag. Through this matu-
ration process, virions acquire infectivity, but its mechanism and transition of morphology
largely remain unclear. Recent technological advances in experimental devices and tech-
nigues have made it possible to closely dissect the viral production site on the cell, the
exterior — or even the interior — of an individual virion, and many new aspects on virion mor-
phology and maturation. In this manuscript, | review the morphogenesis of HIV-1 virions.
| focus on several studies, including some of our recent findings, which examined virion
formation and/or maturation processes. The story of novel compound, which inhibits virion

maturation, and the importance of maturation research are also discussed.
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INTRODUCTION

The infectious particle of virus (virion) is a very sophisticated
device since it needs to be durable enough to protect the packaged
viral genome from extracellular nucleases and other obstructions;
where it has to be subsequently dissociated appropriately in the
target cell to initiate infection.

The virion of the retrovirus, including Human Immunod-
eficiency Virus type 1 (HIV-1), is spherical with a diameter
of about 120 nm and viral glycoprotein spikes protrude from
its envelope. HIV-1 dynamically converts the interior mor-
phology of its particle during particle release, termed mat-
uration. Maturation changes the virion morphology from an
immature particle, called the donut-shaped particle, to the
mature virion; a particle that is (1) lined with viral matrix
proteins (MA), (2) containing a condensed cone-shaped core
composed of a viral capsid (CA) which finally encapsidates
the (3) RNP complex, comprised of viral RNA, NC, and
viral enzymes such as reverse transcriptase (RT) and integrase
(IN) (Frankel and Young, 1998). After the maturation, the
virus acquires ability to infect adjacent host cells and, thus,
the maturation is inevitably essential for particle infectivity.
Although much about how the process of virion maturation
contributes to achieving infectivity remain unclear, it is a well-
accepted concept that viral infectivity is fully acquired only after
complete virion maturation (Bukrinskaya, 2004). Here, I review
the morphogenesis of HIV-1 virions, focusing on studies, includ-
ing our own studies, which have examined the virion formation
and/or maturation processes. The mutual relationship between
protein processing and virion structure are discussed for a further
understanding of how virion morphology plays a key role in the
HIV-1 life cycle.

HIV-1 VIRION MATURATION PROCESS

The construction of the spherical virion of HIV-1 solely dri-
ven by the viral gag proteins. The precursor proteins of gag
(Pr55) and gag—pol (Pr160) are expressed from an unspliced full-
length viral RNA, which is targeted to the plasma membrane
by their N-terminal myristoylation and the adequate accumu-
lation of precursor proteins drive virion assembly beneath the
host cell membrane (Ganser-Pornillos et al., 2008). Many fea-
tures of the virion assembly, budding, and release processes are
largely unknown, but many host cell factors are suggested to
support and/or actively contribute to these processes (Martin-
Serrano and Neil, 2011). Several thousands of gag precursors
are required to construct the normal virion (Briggs et al., 2004),
but budded particle is not fully infectious at its current state.
To acquire infectivity, the virion must undergo a maturation
process, which is mediated by the precursor protein process-
ing by virally encoded PR (Briggs and Krausslich, 2011). Virion
maturation is believed to initiate and complete during or imme-
diately after particle release (Kaplan et al., 1994; Bukrinskaya,
2004), although it still remains unclear what triggers viral PR
activation.

The Pr55 polypeptide is composed of four protein domains —
MA, CA, NC, and p6 — and two spacer peptides, p2 and pl. The
N-to-C terminal order of the six proteins and peptides are MA—
CA—p2-NC—-p1—p6, thus containing five proteolytic cleavage sites
to be processed by PR. It was previously demonstrated that the
processing rates of the five cleavage sites were not equal (Pettit
etal., 1994), where the processing rate of the cleavage site between
p2 and NC (p2/NC) is the fastest, while p1/p6 and MA/CA are
the second and the third, respectively. The processing rates of the
two remaining sites (CA/p2 and NC/pl) are much slower than
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those of the three aforementioned sites. As virion maturation is
suggested to occur during particle production, it is very difficult
to observe the exact maturation process over a time series. There-
fore, we recently constructed four sequential HIV-1 Gag mutants
in an attempt to generate a sequential series of Gag maturation
intermediates and effectively snapshoot the process of virion mat-
uration (Ohishi et al., 2011). We examined the physical states
of the RNA viral genome, including dimerization and stability,
the ability of endogenous reverse transcription and overall infec-
tivity of particles generated with these mutants. The results are
summarized in Figure 1. During the virion maturation process,
stabilization of the RNA dimer primes during the primary cleav-
age (p2-NC) of Pr55 Gag. However, the primary cleavage alone
is insufficient and the ensuing cleavages are required for complete
the uniform dimerization of viral RNA. Although endogenous
virion RT activity was fully acquired at the initial step of mat-
uration, the following processes were necessary for viral DNA
production in the infected cell, suggesting that viral RNA/protein
maturation plays a critical role for viral infectivity outside the RT
process.

MORPHOLOGICAL STUDIES OF VIRION

It is well-accepted that HIV-1 virion morphology dramatically
changes during Pr55 processing. To investigate whether the mor-
phological changes of the virion are correlated with maturation,
we examined virion morphological features generated from the
four sequential step mutants via electron microscopy (Ohishi
et al., 2011). We classified the virion morphologies into four
main groups (A, B, C, and D) based on structure of viral core
and membrane features (Figure 1). The morphology of all APR
virions were typical immature particles (Group A) as demon-
strated by many previous reports (e.g., Peng et al., 1989). As
expected, virions from the Step0 mutant were very similar to
those of APR, containing a thick electron-dense ring devoid of
a conical-shaped core, termed a donut-shaped morphology. The
morphologies of the WT were classified into two major groups.
One was the typical mature particle (Group D), with a conical
core surrounded by an envelope. The second was an enveloped
particle containing some amorphous structures rather than an
obvious core (Group C). Most of the virions from Stepl to
1.1 were immature (Group B), but did not have an apparent
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FIGURE 1 | Schematic of morphological and biological transition of the HIV-1 virion during maturation. Stepwise features of Gag cleavage, RNA status,
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electron-dense ring observed in Group A particles, along with
envelopes that were thicker than those of Group C. The virions
from Step2 contained both Group B and C particles. Figure 1
represents the schematic of morphological transition of the HIV-
1 virion during maturation. As the change from Group A to B
was characterized by the disappearance of an electron-dense ring
inside the viral membrane, the observed ring is likely composed
by the p15 (NC—pl-p6) region within Pr55. After the cleavage
at p2-NC position, the ordered array of the pl5 region would
be lost and p15 would be released from inner viral membrane.
This transition was synchronous with initial dimeric RNA sta-
bilization, suggesting the release of genome RNA from a per-
imembrane localization to a space inside the virion where p15
could trigger dimer maturation. The thin-membraned virions
(Group C) became abundant after the third proteolytic pro-
cessing at the MA/CA region, represented by the Step2 mutant.
Viral membranes of Group B may appear to be thick because of
the fusion between the Pr55 CA and MA, which lines the inner
membrane.

Recent advances in analytical technology, particularly elec-
tron microscopy, enabled researchers to study the structure of
intact virions and even within the virion itself (Liu et al., 2010),
and several morphological studies about HIV-1 virion were
reported (Carlson et al., 2010; de Marco et al.,, 2010; Zhang
et al,, 2011). Of particular note, a cryoelectron tomography
study examined the maturation process of the HIV-1 virion
(de Marco et al., 2010). Several stepwise mutants of Gag cleav-
age were constructed and the changes in virion structure that
occurred during maturation were observed. They visualized the
arrangement of Gag in three-dimensions (3D) using cryoelectron
tomography and sub-tomogram averaging. The condensation of
the RNP complex with RNA genome and viral proteins were
detected at the initial cleavage event. This inner RNA/protein
structure appears to maintain a link with the remaining Gag
lattice. Processing on both sides of CA—p2 — the main struc-
tural module of Gag — is required for disassembly of the imma-
ture Gag lattice. The results provided structural correlates of the
ordered processing events during HIV-1 maturation and were
also consistent in principle with our observations (Ohishi et al.,
2011).

Another report studied the budding process of HIV-1 (Carlson
etal.,2010). They established experimental systems to study HIV-
1 budding sites by cryoelectron tomography and observed variable
3D structures within HIV-1 virions and budding sites. By analyz-
ing these images they showed that the organization of released
immature virions is not altered to a large degree from the state of
its intracellular assembly. They also identified a novel Gag lattice
structure present at viral budding sites. It seemed to be caused by
the premature processing of Gag precursors and resulted in the
production of dead-end particles. The structures were abundant
at viral budding sites in some HIV-1 infected T-cells, suggesting
that a crucial control step during virus maturation was lost. They
suggested this loss of control might be caused by the host cell envi-
ronment and a host factor, but the significance of this phenomena
was unclear. The actin filaments were often observed around and
at the budding sites, and sometimes they appeared stuck to the
budding virions.

Although it is not clear whether actin actively contributes to the
HIV-1 budding process or not, a recent report denied the effect
of HIV-1 replication on the coherency of the actin cytoskeleton
(Weichsel et al., 2010). On the other hand, clathrin, a major player
in the formation of coated vesicles (Pearse, 1976), was reported to
facilitate the morphogenesis of retrovirus particles (Zhang et al,,
2011). Clathrin was previously thought to be only passively incor-
porated into retroviral virions (Hammarstedt and Garoft, 2004).
However in this report, abundant amounts of clathrin was shown
to be actively and specifically incorporated into retrovirus parti-
cles. In several cases, retroviral proteins contain peptide motifs for
clathrin recruitment. HIV, SIV, and other murine and simian retro-
viruses actively packaged clathrin and the prevention of clathrin
incorporation caused a variety of defects in the generation of infec-
tious virions, evidenced by viral protein destabilization, inhibition
of particle assembly/release, and reduction in virion infectivity.
The virion morphology of an SIV mutant lacking the PTAP
motif showed grossly abnormal clathrin incorporation. Virus-
producing-cells exhibited hemispherical protrusions from their
surfaces, but complete spherical particles were hardly observed via
scanning electron microscopy. In case of MLV, the virion’s ability
to saturate the TRIMb5alpha (T5a) restriction factor was exam-
ined. For efficient elimination of T5a activity, the presence of an
unmodified capsid lattice was reported to be required (Pertel et al.,
2011). As expected, mutant particles lacking clathrin were approx-
imately 10-fold less active in the T5a saturation assay to that of
the WT. The finding suggested that their cores were not properly
formed, or unstable, therefore suggesting that clathrin is important
for correct MLV particle morphogenesis. These studies suggested
that clathrin might be frequently recruited by retroviruses to assist
the correct assembly of infectious virions.

ANTI-VIRAL DRUGS TARGETING FOR VIRION MATURATION

As the virion maturation process is essential for acquiring viral
infectivity, it is a reasonable target for developing anti-viral drugs
(Adamson and Freed, 2011). The principal anti-viral target of
HIV-1 maturation for many effective drugs was viral PR, (Perno,
2011) however, the emergence of drug-resistant strains in patients
undergoing drug treatments appear inevitable. In addition, mul-
tiple drug targeting a single protein such as PR often induces
the emergence of cross-resistant strains, which have very seri-
ous implications for infection dissemination and control (Lefeb-
vre and Schiffer, 2008). Thus, the development of drugs using
alternative strategies and targets may be required. An alternative
target for a maturation inhibitor is Pr55, which is the substrate
of PR (Adamson et al., 2009). The small molecule 3-O-(3’, 3’-
dimethylsuccinyl)-betulinic acid (DSB), also known as bevirimat
(BVM), PA-457, or MPC-4326, is the first maturation inhibitor,
which potently inhibits HIV-1 replication by blocking a late step of
the Gag cleavage pathway, preventing scission at the CA—p2 junc-
tion (Li et al., 2003). Although the structural study is still ongoing,
it has been demonstrated that BVM is incorporated into assem-
bling virus particles in a Gag-dependent manner (Zhou et al,,
2005) and is able to prevent cleavage of CA from p2 in the context
of premature Gag used in virion assembly assembled into virions,
but not in free Gag in solution (Li et al., 2003; Sakalian et al.,
2006). These data have led to a model where the BVM binding site
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FIGURE 2 | Mechanism of action of bevirimat. It binds to CA/p2 cleavage site of HIV-1 Prb5 to prevent processing by PR (left) and also to stabilize viral core
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is present during Gag assembly, at or nearby the CA—p2 cleavage
site, and binding of BVM blocks PR from accessing the cleavage
site (Figure 2). When virions isolated from BVM-treated cells were
observed, the drug disrupted virion production as particles con-
tained an incomplete shell of protein density — with a structure
similar to the Gag lattice of an immature HIV-1 particle. Simi-
lar to the CA—p2 fusion mutant, BVM binding was suggested to
stabilize the immature lattice and prevent capsid maturation, effec-
tively suppressing particle infectivity (Keller et al., 2011). Although
BVM was in Phase II clinical trial to determine its use as a treat-
ment against HIV-1, several reports suggested that there was a very
low genetic barrier for resistance against BVM (Seclen et al., 2010;
Verheyen et al., 2010), eliciting concern for the continuation of its
clinical development and subsequently the pharmaceutical com-
pany has recently halted BVM development (Wainberg and Albert,
2010). Nonetheless, other pharmaceutical companies still express
strong interests in developing a second generation of maturation
inhibitor drugs, indicating a compelling demand and promising
future for these novel drugs.

CONCLUSION

The HIV-1 virion structure, as well as the processes involved in
their generation, are not fully elucidated. The virion maturation
process is one of the most challenging events to be completely
understood. It completely changes the morphology and conditions
within the virion and primes viral infectivity by properly arranging
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