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Introduction

The central event in the retroviral life cycle is integration of the DNA replica of the
retroviral genome into the host cell’s chromosomal DNA. Integration enables the virus to
replicate and express its genome to give rise to new virus generations. All events of the
retroviral life cycle prior to integration are referred to as the early phase events, whereas all
post-integration events represent late phase events. The early phase events include virus
entering into target cell, conversion of its genome from RNA to DNA (reverse
transcription), delivery of intact DNA to the site of integration and integration itself.
Noteworthy, all these steps occur in the presence of an active counteraction of the target cell.
Since relatively few virus particles initiate infection under natural conditions, the early phase
of retroviral life cycle is particularly vulnerable to host anti-viral responses. Thus, it is not
surprising that retroviruses acquired during their evolution specific mechanisms that allow
them protect their genome and reverse transcription machinery and perform transportation of
the viral genetic material towards the site of integration. From this standpoint, formation of
multimolecular complexes termed reverse transcription complexes (RTCs) at a post-entry
step of infection may be considered as one of key adaptations of retroviruses that
accomplishes protective and transport functions.

Different groups of retroviruses are characterized by different mechanisms of intracellular
transfer of their genomes to the site of integration. HIV as a representative of lentiviruses
delivers its genome into the nucleus of target cells by translocating the RTC through the
nuclear pore complex (NPC) [1-4]. Foamy viruses likely employ a similar strategy [5].
Onco-retroviruses, on the other hand, can get into the nuclear compartment only during cell
division, when the nuclear envelope disappears. Their RTCs probably bind chromatin during
mitosis and are subsequently retained in the nucleus upon formation of the nuclear envelope

([6-9]).

Technical difficulties associated with observation, isolation and analysis of RTCs at
different steps of their trafficking in the cytoplasm and especially in the nucleus explain our
poor understanding of the events in the early phase of the retroviral life cycle (reviewed in
[10-12]) in comparison with the late phase events (reviewed in [13]). This gap in our
knowledge is even more regrettable given that pre-integration events are preferable targets
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for chemotherapy (reviewed in [14] and understanding of the early events in the life cycle of
HIV-1 should be helpful for drug development. Moreover, knowledge of the early phase
events is necessary for understanding of the mechanisms of activity of host cell restriction
factors, most of which block retroviral infection at pre-integration steps (reviewed in [15]).
Finally, early phase events are critical for the ability of lentiviruses to infect non-dividing
cells, and are therefore crucial for developing safe retroviral vectors for gene therapy
(reviewed in [16]).

Post-fusion events: formation of RTC

The central function of RTC is accomplishment of reverse transcription. This process
underlies formation of RTCs, re-arrangements of the structure of the complexes and their
transformation into the integration-competent complexes termed pre-integration complexes
(PICs) ([17]). The RTCs are multimolecular complexes which assemble shortly after entry
of a retrovirus into the cytoplasm of a target cell. It is commonly accepted that activation of
reverse transcription results from disassembly of the viral core (uncoating), and that this
reaction is carried out within the RTC (reviewed in [10,18]). On the other hand, it has been
reported that reverse transcription of HIV-1 can be initiated within the capsid core early
after viral entry ([19,20]) or even within the intact virion ([21,22]). It was demonstrated that
initial steps of the endogenous reverse transcription (ERT), which takes place before
infection of the target cell, can increase replication of HIV-1 in quiescent T cells as well as
non-proliferating cells such as macrophages, whereas completion of ERT within virions
leads to morphologic changes in the viral particles that abrogate virion infectivity ([23]).
These results suggest that activation of reverse transcriptase (RT) and initiation of reverse
transcription are not triggered by RTC formation and do not require viral core disassembly.
Thus, viral capsids, released into the cytoplasm of target cells after fusion of the viral
envelope with the plasma membrane, actually represent pre-RTC (Fig. 1). Since it was
demonstrated in numerous /n vitro experiments that RT reaction itself does not need any
special multimolecular complexes, and no viral or cellular proteins other than reverse
transcriptase is required for this process, post-entry re-assembly of retroviral core particles is
likely needed for optimization of RT activity, protection of reverse transcription machinery
from destructive cellular factors and also for intracytoplasmic and nuclear transport of the
viral genome.

Eukaryotic cells have various defense mechanisms targeting early events in replicative cycle
of viruses and intracellular parasitic organisms. The cortical actin network which lies
directly below the plasma membrane constitutes a physical barrier ([24,25]; reviewed in
[26,27]), whereas proteasomal and lysosomal activity in target cell as well as action of
restriction factors preventing early steps of viral infection, such as TRIM5, may be
considered as functional barriers (reviewed in [15]). The cascade of events leading to the
formation of reverse transcription-competent RTC requires passing of the entering core
particles through the cortical dense layer of actin ([25]) which is capable of preventing virus
trafficking into the cytoplasm. Campbell and co-authors [25] demonstrated that HIVV-1 Nef
incorporated into cores of infectious virions is crucial for local actin depolymerization and
disruption of normal composition of the actin network (Fig. 1, step 1). This is likely
accomplished through known interactions of Nef with proteins involved in actin
cytoskeleton dynamics, such as Vav and PAK [25]. This effect is essential for successful
traversing of the submembrane cortex by incoming subviral particles and for subsequent
reverse transcription [28], which is facilitated by engagement of microtubules ([29].
Moreover, the large subunit of HIV-1 reverse transcriptase interacts with B-actin ([30]),
although the role of this interaction in RT function has not been demonstrated.
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Very little is known about disassembly of the viral matrix in incoming virions, which is an
obvious step in releasing the viral capsid. Since the amino terminal glycine residue of the
matrix protein (MA p17©29) is myristoylated [31,32], this protein directly binds the viral
envelope and, when virions fuse with the plasma membrane, remains associated with the
inner surface of the membrane of infected cell [33] (Fig. 1, step 1). However, some MA
molecules tightly associate with the RTC where they subsequently function at the stage of
the nuclear import (reviewed in [10,12,34,35]). Currently, there is no information about the
nature of these RTC-associated MA molecules or when and how they get into the core.
Similar to the main bulk of MA, MA molecules within RTC are myristoylated [33].
However, membrane targeting property of myristoylated MA is regulated by
phosphorylation ([36,37]). Non-phosphorylated MA remains predominantly at the plasma
membrane, whereas phosphorylated protein may incorporate into the RTC. MA protein is
phosphorylated at serine residues by protein kinase C ([38]). Bukrinskaya and colleagues
reported that al least five of ten serine residues in MA are phosphorylated during HIV-1
entry into susceptible cells [33]. Consistent with the role of phosphorylation in MA
incorporation into RTC, phosphorylated molecules of MA associate with actin filaments in
infected cells [28] and phosphorylation of serine residues 9, 67, 72 and 77 was critical for
implementing the early post-entry steps of infection [38]. Thus, distribution of MA between
the plasma membrane and RTCs may occur during the traversing of incoming core particles
through the actin cortex. In other words, formation of the RTC may begin early after the
entry, before the cores reach the deeper layers of the cytoplasm. However, at this step of
trafficking, viral RNA molecules as well as RT and other RNA-associated proteins
subsequently involved in RTC formation, are encircled by a dense capsid shell composed of
p24©a9 capsid protein (CA). The capacity of MA molecules to traverse this dense layer is
unknown, making this model of MA incorporation into RTC highly speculative.

Another, more attractive, possibility is that some MA molecules are incorporated into the
viral core during its assembly shortly after virus budding from a producer cell. Indeed, some
of serine residues of MA are phosphorylated in virus-producing cell before virion budding
when MA protein is still not processed and exists as an MA domain of Pr55%29 or
Pr160GagPol polyprotein precursors [38]. Release of the matrix protein is the first step of the
polyprotein precursor processing and occurs before the p24 CA and sp2 spacer proteins are
released [39,40]. Thus, MA protein appears in the virion before capsid assembly, suggesting
that some of phosphorylated MA molecules can get into the RNA-containing compartment
of the virion prior to CA shell formation (Fig. 1). These MA molecules can subsequently
incorporate into the RTC.

Taken together, the available data reveal several novel features of the early steps of RTC
formation. Initial steps of reverse transcription as well as initiation of capsid disassembly
can take place in intact virions prior to fusion. The release of viral core particles following
fusion of the virions with the plasma membrane of a target cell and traversing of the cores
through the cortical actin network likely associates with a rearrangement of the viral matrix
and, probably, with changes in the capsid morphology. Thus, the beginning of uncoating, a
key step in formation of the functional RTC, can not be definitively separated from the
preceding events.

Uncoating and RTC assembly

Viral core particles incoming into susceptible cell are covered by a shell composed of CA.
Proportion of the CA protein in RTCs varies depending on both the method of RTC isolation
(capsid is relatively unstable and easily disassembles in the presence of detergents or in low
salt conditions of hypotonic lysis [41-43]) and the time post-entry when the complexes are
analyzed [44-46]. McDonald and co-workers, using immunofluorescence technique,
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determined that 67+6% of the early cytoplasmic RTCs contained the amount of CA similar
to that found in extracellular virions [47]. On the other hand, in integration-competent
complexes (PICs), which are the end result of RTC maturation, CA protein was not detected
[29,48,49]. Electron microscopic studies of acutely infected cells did not reveal visible
conical cores [50]. Our immunopreciritation analysis of HIV-1 PICs isolated from the nuclei
of infected cells identified most of RTC proteins, but not CA, whereas in the early
cytoplasmic RTCs this protein was detected at a 50% ratio relative to MA protein [44].
These data confirm the hypothesis that disintegration of the capsid correlates with
accomplishment of reverse transcription and is required for carrying out the subsequent
steps of replication [44,45,51,52] (Fig. 1, steps 2-4). In contrast to HIV-1, the RTCs of onco-
retrovirus MLV, which is not capable of overcoming the nuclear envelope barrier, contain
CA protein throughout the whole time of RTC/PIC persistence in the cell [7,9,53]. This
likely ensures a long-term protection of the MLV RTC (see below) and is possible because
the size and protein composition of its RTC are not limited by requirement to interact with
the cellular transport machinery and traverse through the tight nuclear pore.

Studies by McDonald and co-workers [47] demonstrated that reverse transcriptase activity is
not suppressed in HIV-1 RTCs encircled by the capsid shell. Analysis of the structure of the
HIV capsid suggested the presence of pores sufficient to provide entry of the nucleotides
into the core [54]. Moreover, according to several reports [45,51,52,55,56], the presence of
capsid is necessary for stability of the RTC and rapid disassembly of the capsid shell blocks
HIV infection [52]. Thus, perseverance of CA in RTCs provides stability of the complexes
and facilitates the process of reverse transcription.

The capacity of the lentiviral RTC to enter the nuclear compartment of a non-dividing cell
implies that it can recruit cellular nuclear import machinery, most likely via interaction of
viral protein(s) contained in the RTC with the cellular nuclear import factors. A number of
studies revealed at least three HIV proteins capable of performing this activity, MA, IN and
Vpr (reviewed in [12,14,35,57]). The presence of a capsid shell would likely mask the
nuclear localization signals (NLSs) on these proteins and prevent or make difficult their
interaction with components of the nuclear import machinery. Consistent with this notion,
mutations within HIV-1 CA have profound effects on nuclear import. For example,
substitutions in positions 63 and 67 of CA (Q63A/67A) resulted in elevated levels of CA in
the RTC and impaired RTC nuclear import and integration [45]. These results suggest that
lentiviruses need to disassemble their capsid shell for successful nuclear import, and
uncoating may be considered as a necessary attribute of the strategy of infection adopted by
this group of retroviruses.

The mechanism of retroviral uncoating is poorly understood, but there are experimental data
suggesting that this mechanism is multifactorial and may require cellular activation. This
knowledge comes from analysis of HIV infection of quiescent T cells. It has been found that
HIV replication in quiescent CD4+ T cells is blocked at the pre-integration step of infection
[58,59], before translocation of the HIV genome into the nucleus [2]. Later studies
demonstrated that reverse transcription of HIV-1 RNA was also inefficient in resting cells
[60,61] and took significantly longer time (2-3 days) to proceed to completion than in
activated T cells [62]. Another report demonstrated that efficient reverse transcription
requires transition of the infected cell from G0/G1, to G1, phase of the cell cycle, implying
that cellular activation is needed [63]. Experiments using inhibitors of cell cycle progression
demonstrated that cell cycle arrest in the G2/M phase also strongly increased HIV-mediated
gene transduction [64]. Since this boost in transduction efficiency did not depend strongly
on whether the HIV envelope or vesicular stomatitis virus G protein was used to deliver HIV
into cells, the stimulation of transduction by cell cycle arrest was likely not due to increased
entry but rather to action at a later step, such as uncoating. Recently, Auewarakul and co-
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authors demonstrated a critical role of GO/G1, to G1, cell cycle transition in uncoating of
the HIV-1 core particles [65], suggesting an alternative interpretation for earlier results.
Indeed, a block to uncoating would affect later steps of the viral life cycle, such as reverse
transcription and nuclear import. Therefore, both G1 and G2/M phases of the cell cycle may
be associated with activation of some cellular factors facilitating uncoating and subsequent
early events of HIV replication.

In vitro analysis of uncoating, RTC formation and reverse transcription of avian sarcoma
and leucosis virus (ASLV) in a cell-free system demonstrated dependence of these early
events on cellular factors and ATP hydrolysis [66]. A cytoplasmic factor was required for
initiation of reverse transcription, whereas late DNA synthesis was dependent on
recruitment of a factor from the nuclear fraction. It was suggested that the cytoplasmic factor
could stimulate uncoating events required for initiation of reverse transcription [66].
Requirement of a nuclear factor for enhancement of the late DNA synthesis suggests that
uncoating and reverse transcription may occur via discrete intermediates involving different
cellular factors. ATP hydrolysis was also required for initiation of ASLV early DNA
synthesis [66]. Thus, energy is needed to trigger the earliest steps of retroviral uncoating.
Extending these observations to HIV-1, it appears possible that ATP is used as a substrate to
phosphorylate viral proteins such as HIV-1 MA [38], an important event in HIV RTC
formation (see above). Another possibility is that ATP is required for the function of a
molecular chaperone that my play a role in viral uncoating [66]. As has been reported,
family members of the heat shock proteins Hsp60, Hsp70 and Hsc70 are specifically
incorporated into the cores of retroviral virions [67]. Treatment of HIV-1 virions with
ATPYS, a nucleotide triphosphate analogue resistant to hydrolysis, did not decrease the
capacity of virions to fuse with the target cell membrane, but dramatically impaired viral
cDNA synthesis. Endogenous RT reaction in ATP-yS-treated virions of SIV, HIV and MLV
was also inhibited [68]. These inhibitory effects appeared to be indirect and resulted from
disruption of virion core morphology observed using electron microscopy [68]. Thus, the
ATPase activity of virion-incorporated heat-shock proteins, in particular Hsp70, appears
critical for correct processing of the Gag precursor. This notion was further supported by
inability of ATPyS-treated virus-like particles to saturate restriction factor TRIM Cyp, which
binds CA and blocks HIV-1 infection in owl monkey kidney cells [68].

Another indication that viral uncoating is an active and regulated process was obtained from
the studies of HIV-1 CA mutants. These studies demonstrated that certain point mutations in
CA could either reduce or increase the stability of the HIV-1 capsid without impairing
formation of the cone-shaped capsid capsule in virions [56]. Alterations in capsid stability
resulted in severely attenuated HIV-1 replication and impaired reverse transcription in target
cells. The authors concluded that formation of the viral capsid of optimal stability is a
prerequisite for efficient HIV-1 infection and suggested that capsid uncoating may be a
temporally regulated process. Both a too rapid or a too slow disassembly of the capsid
negatively affected viral infectivity [56].

As one of the critical points in the retroviral life cycle, viral uncoating is a target for cellular
restriction factors acting in a species-specific manner (reviewed in [15]). For example, two
alleles of the Fv gene, widely distributed in various strains of mice, provide resistance to
infection by particular murine leukemia viruses. The determinant of viral sensitivity to Fv2
was found to lie in the CA protein of the virus [69], suggesting that uncoating might be
involved. TRIM5a, a member of a large family of TRIM proteins, impairs accumulation of
HIV-1 reverse transcripts in cells of Old World monkeys, such as rhesus macaques and
African green monkeys [70]. The TRIM5a molecules from Old World monkeys specifically
associate with the HIV-1 CA and promote its rapid premature disassembly [71]. This
accelerated uncoating is likely not associated with proteasomal activity of the target cell, as
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inhibition of proteasomes did not significantly alter the anti-HIV-1 effect of TRIM5a [71]
despite involvement of some TRIM proteins in ubiquitylation and proteasomal degradation
[72]. Surprisingly, in HeLa cells stably expressing GFP-tagged rhesus TRIM5a., disruption
of proteasomal function altered TRIM5a localization and allowed the normal generation of
HIV-1 late reverse transcription products [73]. The authors suggested that rhesus TRIM5a
restricts HIVV-1 not at the phase of uncoating, but at the step of transport of reverse-
transcribed viral genome to the nucleus by re-directing the RTCs to proteasomes. One
possible explanation for these contradictory results may be the differences between cell
types used for analysis, but more experiments would be required to resolve this seeming
controversy.

It should be noted here that TRIM5a. affects HIV-1 uncoating and dramatically restricts
infection of HIV-1 only in Old World monkey cells. The human TRIM5a does not block
HIV-1 infection, suggesting that HIVV-1 has adapted to counteract TRIMb5a activity in the
natural target cells. Braaten and co-workers [74] found that the cellular peptidyl prolyl
isomerase cyclophilin A (CypA), which is incorporated into virions via binding to the CA
domain of Pro5Gag [75,76], is critical for correct disassembly of the HIV-1 cores early after
infection. Recently, Towers and colleagues provided a direct demonstration that CypA
incorporated into virions can counteract the restriction activity of a cellular factor and
protect the viral capsid in human cells [77]. Interestingly, CypA has an inhibitory effect on
HIV-1 infection in Old World monkey cells by rendering virus particles sensitive to
restriction by TRIM5a, and inhibition of CypA activity rescued HIV-1 infectivity [78]. It
appears that CypA-mediated isomerization of a proline residue in the TRIM5a-targeted site
of the HIV-1 CA sensitizes it to restriction by the Old World monkey TRIM5a., whereas in
human cells CypA protects CA from TRIM5a activity. Taken together, these results
indicate that uncoating is a tightly regulated step of the retroviral life cycle which is rather
vulnerable to cellular factors and can be considered as a target for anti-HIV therapy.

Structure and maturation of the RTC

Reverse transcription is the key characteristic of retroviruses (for review see [79]. This
process is catalyzed by RT, which is constitutively present in RTCs. However, efficient
implementation of this reaction, as well as related events (nuclear transport of RTC and
integration), require the presence of certain viral and cellular proteins. Alterations in protein
composition and structure of the RTC associated with reverse transcription and subsequent
nuclear import is termed RTC maturation [44,80,81].

Extensive experimental data (reviewed in [12]) established that incoming HIV-1 core
particles comprise diploid viral RNA, tRNALys primer, viral proteins MA, CA,
nucleocapsid (NC), RT, integrase (IN), viral protein R (\Vpr), and cellular proteins
incorporated during virion assembly, such as uracil DNA glycosylase (UNG2) [82], CA-
bound cyclophilin A [75,76], and Hsp70 [67,68] (Fig. 1, steps 1,2). Capsid disassembly,
which probably proceeds hand-in-hand with reverse transcription, results in formation of
uncoated, CA-deprived RTCs characterized by exposure of such viral NLS-containing
proteins as MA, Vpr and IN [44,47,56,83,84]. These complexes were found to be associated
with host cell proteins, such as non-homologous DNA end joining proteins Ku70 and Ku80
[85], lens epithelium-derived growth factor (LEDGF/p75) [86], nonhistone chromosomal
protein HMGA [87], integrase interactor 1 (Ini1) and PML protein [88] (Fig. 1, steps 4,5).

Analysis of the protein composition of HIV-1 RTCs using immunoprecipitation established
that mature RTCs are characterized by a three- and seven-fold increased proportion of NLS-
containing Vpr and IN, respectively, compared to the early complexes [44]. Transmission
electron microscopy (TEM) with gold-labeled antibodies demonstrated that these proteins
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were not distributed evenly along the nucleic acid-containing filaments of the early RTCs.
Small clusters of gold particles were observed, presumably reflecting protein
oligomerization and suggesting formation of nucleoprotein structures at the viral DNA ends
that contain IN as well as cellular proteins involved in subsequent integration event [84,89—
91]. Biochemical analisys revealed binding of RTC proteins to the ends of LTRs in
complexes analyzed at 8.5 h post-infection, whereas in later RTCs these proteins were
bound along the length of the cDNA [81]. These findings suggest rearrangement of RTC
morphology in the course of maturation. This rearrangement is likely required for surface
exposure of the proteins comprising NLSs [44] and for protection of the viral cDNA from
nuclease activity in the host cell [81,84]. TEM analysis also indicated that NC and other
small proteins coating the viral nucleic acids also contribute to protection from nuclease
attack [84]. Remarkably, the viral nucleic acids within CA-shelled immature RTCs are
sensitive to nuclease digestion, whereas mature RTCs which had lost CA protected cDNA
from this enzymatic activity [81,83]. This phenomenon suggests that the predominant
function of the capsid shell is to protect particle from the proteasomal attack rather than
from activity of nucleases.

Studies of cytoplasmic HIV-1 RTCs using TEM [84] and scanning EM analysis [47]
produced some intriguing results. Negative staining revealed relatively large structures (a
few hundred nanometers in diameter) consisting of a mesh-like network of flexible filaments
6 nm thick. The size of the complexes was larger than what was previously determined
using gel filtration chromatography (56 nm in diameter) [49]. Importantly, the size of RTCs
isolated 3, 4, and 16 h after acute infection (mature RTCs) did not change, making it unclear
how such big structures can translocate through the NPC with the maximal effective
aperture of 45 nm [92,93]. Our recent data showed that migration of the RTC into the
nucleus correlated with significant changes in the RTC protein composition. Nuclear RTCs
were characterized by a dramatic decrease of RT molecules, which coincided with reduction
of RTCs comprising incomplete reverse transcripts [44]. Interestingly, RTCs containing
incomplete cDNA were unable to integrate into isolated chromatin even after /n vitro
completion of reverse transcription, suggesting that reverse transcription has to be
completed in the cytoplasm to produce functional PICs [44]. Perhaps, completion of reverse
transcription, as well as RT disassembly and, probably, interaction with importins prior to
nuclear import can facilitate conversion of RTCs into more condensed particles. This
conversion may occur at the nuclear membrane vicinity, immediately before the
translocation through the nuclear pore.

Taken together, information about RTC structure and maturation obtained using
morphological and biochemical methods suggests that maturation of the RTCs coincides
with completion of reverse transcription, which in turn proceeds parallel to uncoating. The
conformation and protein composition of mature RTCs is optimized to protect completed
reverse transcripts from host nuclease activity and to recruit the cellular nuclear import
machinery for RTC transport through the NPC.

Another important function of the RTC is to increase the fidelity of reverse transcription. At
least one RTC protein, Vpr, has been implicated in reparation of RT errors. Mansky and
Temin showed that the forward mutation rate for HIV-1 RTCs was about 20-fold lower than
the error rate of purified HIV-1 reverse transcriptase [94], whereas Vpr-deficient HIV-1 had
an overall mutation rate as much as 4-to-18-fold higher than that of the parental Vpr-positive
virus [95,96]. It was suggested that this activity of Vpr couples with its capacity to bind
UNG2 and incorporate this enzyme into HIV-1 particles (reviewed in [97]). Indeed, UNG2
catalyzes the base excision repair that specifically removes the RNA base uracil from DNA
and thus can repair errors of reverse transcriptase [82,96]. However, recent experiments with
cells expressing human UNG inhibitor UGI as well as with human UNG ™~ cells
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demonstrated that UNG2 expression in both virus producer and target cells was dispensable
for viral replication [98]. Moreover, Schrofelbauer and co-workers showed that Vpr can
induce proteosomal degradation of UNG2, and UNG2 levels in Vpr-positive virions were
significantly lower than in Vpr-deficient virus particles [99]. Thus, the contribution of
UNG?2 to reverse transcription fidelity in HIV-1 RTC remains uncertain, however, the
presence of Vpr in incoming virions and RTC decreases the error rate of the HIV-1 RT.

Intracellular trafficking of RTCs

Efficient nuclear import of RTC requires interaction of its karyophilic components (MA, IN,
Vpr and LEDGFp75) with factors of the host cell nuclear import machinery. These nuclear
transport proteins called importins or karyopherins bind NLS-containing proteins in the
cytosol and target them to the NPC [100]. An important step in RTC nuclear translocation is
the interaction between RTC-importin complexes and nucleoporins, which is greatly
facilitated by perinuclear accumulation of the cargo. Experiments with EGFP-Vpr labeled
HIV-1 showed that RTCs localized to the perinuclear area as early as two hours after
infection, whereas 30 min after infection the GFP signal was spread throughout the cell [47].
Numerous studies performed during the last decade established that HIV-1, as well as many
other viruses replicating within the nucleus (herpes simplex virus type 1, adenovirus), utilize
cellular cytoskeleton for their trafficking toward the nucleus [101-103].

Association of the viral Nef and MA proteins with actin microfilaments at early post-fusion
steps of infection may be critical for trafficking of the RTCs from the peripheral region of
the cell toward deeper layers of the cytoplasm [25] (Fig.1, step 1). Actin filaments have been
implicated in short distance motility within the cell [27,104]. Actin can be used also to gain
access of the cargo to the microtubule (MT) network [105], which is essentially a
cytoskeletal highway system responsible for long distance transport of host and viral cargo
[106]. Since in cells infected with the EGFP-Vpr-labeled HIV-1 more than 90% of
intracellular particles were associated with MT network versus only a few percent co-
localizing with filamentous actin, and since analysis of HIV-1 movement within the cell
showed dependence of intracellular trafficking on both the actin and MT, actin
microfilaments can be considered as a local transporter network that transfers coated
subviral particles to the MT cytoskeleton [47] (Fig. 1 steps 2-8). The MT network provides a
curvilinear movement of subviral particles in the cytoplasm with final accumulation in the
perinuclear region, often near the microtubule-organizing center (MT minus end-directed
movement). The presence of CA in the particles, as well as its disassembly, did not have any
effect on RTC interaction with MT [47], suggesting that CA protein is not involved in this
association.

Cytoplasmic dynein and kinesins represent the motor proteins mediating transport either to
the minus-ends of MT at the MT-organizing center (dynein), or toward the plus-ends in the
cell periphery (kinesins) [104]. Blocking of motor function of dynein by specific antibody
resulted in the clustering of subviral particles at points most distant from the nucleus of
infected cell, indicating dominance of the plus-end-directed transport [47]. A candidate
motor for this transport can be KIF-4, a kinesin shown to bind MA protein of HIV, SIV and
MMLYV [107]. Since binding of the MA domain of the Gag precursor to KIF-4 is likely
involved in membrane targeting of newly synthesized Gag molecules, the KIF-4-binding site
should be masked on MA within RTCs for their successful transport towards the nucleus.
We can speculate that suppression of this interaction may be associated with
phosphorylation of the processed MA protein. On the other hand, proteins within the RTC
should expose motives responsible for binding of dynein. Which proteins mediate this
interaction is unclear, but CA and Vpr can be excluded as candidates as HIVV RTCs lacking
these proteins still accumulate in the perinuclear area.
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Misfolded cellular proteins which can not be corrected by chaperone-mediated refolding
aggregate into specialized “holding stations” called aggresomes [108]. The aggresomal
pathway provides a mechanism by which aggregated proteins form particulate
(approximately 200 nm) mini-aggregates that are transported on MTs towards the MT
organizing center by a process mediated by the dynein. Aggresomes recruit various
chaperones and proteasomes, presumably to aid in the disposal of the aggregated proteins.
They also likely activate the autophagic clearance mechanism that terminates in lysosomal
degradation [108]. Since RTCs represent particles a few hundred nanometers across [84],
they can be driven into the aggresomal pathway [106] (Fig. 1, step 8). Indeed, treatment of
HIV-infected cells with proteasomal and lysosomal inhibitors resulted in a dramatic increase
of HIV infection in comparison to untreated cells [64,109,110]). About two thirds of
intracellular subviral particles are destroyed by proteasomes already at 4 h post infection
with HIV-1 [109]. These results suggest that most RTCs that engage dynein-MT system for
intracytoplasmic traveling are destroyed by proteasomes and lysosomes shortly after
infection. Therefore, to ensure its survival, the virus needs to employ highly efficient
mechanisms governing subsequent early steps (nuclear import and integration). Our recently
published quantitative analysis of the nuclear import of HIV-1 RTCs demonstrated that
about 1.6% of total cytoplasmic RTC population was translocated into the nucleus at 5 h
post-infection. However, when this calculation was performed for cytoplasmic RTCs
comprising complete reverse transcription product, 14% of the complexes were imported
into the nuclear compartment [44]. Thus, the efficiency of nuclear translocation of mature
RTCs is relatively high, indicating effectiveness of the nuclear import mechanism used by
these complexes.

The mechanism of nuclear import of lentiviral RTCs/PICs is the subject of many recent
reviews [10,12,18,34,111]. Here we will briefly characterize the principal features of this
process. As mentioned above, HIVV-1 RTC/PIC is capable of translocating into the nucleus
through the nuclear pore complex (NPC) by an active, energy-dependent mechanism. In
order to gain access to the nucleus, the virus likely recruits the cellular nuclear transport
machinery. Mature RTC/PIC is likely karyophilic itself, since at least four components of
the complex (MA, IN, Vpr and LEDGF/p75) comprise nuclear targeting signals (NLSs)
(Fig. 1, step 6).

The data about host nuclear import pathways engaged by these proteins are very
controversial. Most of this controversy comes from the finding that nuclear import of HIV
RTCs cannot be completely suppressed by inactivation of NLSs in any or even several
karyophilic proteins within the RTC. However, this finding can simply indicate that the
nuclear import of HIV PIC results from cumulative activity of several karyophilic factors.
This would be a logical solution on the part of the virus to maximize efficiency of its nuclear
import. However, this solution has been challenged in a recent paper that suggested a
completely revised view on the nuclear transport of HIV-1 [46]. Because this paper
illustrates the problems and misconceptions common to many other articles analyzing this
issue, it is worth some consideration. In this paper, the authors attempted to answer the
question what determines the difference between HIV and MLV in the ability to infect non-
dividing cells. They approach this question by inactivating potential nuclear import signals
within HIV proteins or replacing them with MLV-derived counterparts (which supposedly
do not have karyophilic capacity), and then analyzing infectivity of such recombinant
viruses on dividing and non-dividing (growth-arrested) HelLa cells. Infectivity of the wild-
type HIV-1 was similar in both cell-types, whereas MLV could efficiently infect only
dividing cells. These experiments demonstrated that even when all known HIV-1 nuclear
localization signals where inactivated, infectivity of the resultant construct was similar in
growth-arrested and dividing cells. The only construct that showed preferential infectivity
for dividing cells, similar to what was observed with MLV, was the construct carrying the
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whole MLV Gag within the context of the HIV genome. Since the main feature of this
construct is that it replaces the HIV-1 CA with the CA of MLV (in addition to other Gag
proteins), and CA plays the central role in uncoating, the authors conclude that uncoating,
but not the features of the HIV pre-integration complex, is the critical step regulating nuclear
import.

There is a major problem with the proposed interpretation of these results. The authors
suppose that HIV has acquired the ability to infect non-dividing cells by transporting its PIC
through the intact nuclear envelope while retaining the capacity to enter the cell nucleus
during mitosis, which is typical for onco-retroviruses such as MLV. However, evolution
usually leads to development of the new pathways at the expense of the old ones, and it
appears wasteful for a virus to preserve two replication mechanisms, when one is so much
superior to the other, as it allows infection of both dividing and non-dividing cells. This
notion is supported by our finding that HIV-1 PICs that get into the nucleus during mitosis
are significantly attenuated in their integration capacity [44]. The dependence of HIV on
transition through the nuclear pore may be due to modifications of the PIC, such as
rearrangement or loss of proteins which occurs during this step. This would be consistent
with the differences in protein composition observed between cytoplasmic and nuclear PICs
[44,83]. If we assume that HIV replicates in both dividing and non-dividing cells by
transporting its PIC through the nuclear envelope, it would not be of surprise that
inactivation of nuclear import signals diminishes replication in both cell types. This is
exactly what Yamashita and Emerman [46] observed: about a 4 log decrease in infectivity of
the HIV clone with deletion or inactivation of known nuclear import signals. The fact that
such inactivation did not completely kill the virus is interesting, however, given an
extremely weak infectivity of this construct, a likely explanation for this result is the
presence of yet another weak nuclear import signal. Therefore, results of Yamashita and
Emerman do not argue against the role of nuclear import signals in regulating HIV-1
replication in non-dividing cells, but in fact provide a support for this notion. Therefore,
nuclear import of HIV RTC is mediated most likely by a synergetic activity of several
karyophilic factors, including MA, Vpr, IN, DNA flap and LEDGF.

Following entry into the nucleus, RTC/PIC has to get to the site of integration. Given a
highly structured composition of the nuclear compartment, this step is unlikely to occur by
passive diffusion. However, very little is known about intranuclear trafficking of PIC. Our
studies showed that nuclear PICs are enriched in Inil and PML [44]. These and other host
proteins (HMGAL, BAF and LEDGF) associated with RTC/PIC may facilitate interaction
between the PIC and chromatin. Recently, a role for components of nuclear lamina in
chromatin engagement by intranuclear PICs has been suggested [112]. The authors
demonstrated that siRNA-induced knockout of emerin, an integral inner-nuclear-envelope
protein, in primary macrophages altered cDNA integration into chromatin. BAF (barrier-to-
autointegration factor), a binding partner of emerin, and viral IN were required for the
association of viral cDNA with emerin. Emerin and BAF did not facilitate cDNA integration
but were required for the appropriate localization of the viral cDNA before chromatin
engagement [112]. These intriguing results await confirmation from other laboratories.

Conclusions and perspectives

The following principal events can be outlined in the life cycle of RTC/PIC: release of the
viral capsids (pre-RTCs) into the cytoplasm of the target cell, uncoating, reverse
transcription and RTC maturation, intracytoplasmic transport toward the nucleus, nuclear
import, intranuclear transport and engagement of the chromatin, and integration (Figs. 1, 2).
Despite numerous studies addressing individual events in the replication cycle of HIV,
information about mechanisms of many of RTC-related processes, as well as the spatial and
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temporal organization of the principal events is very limited. While certain events are
strongly dependent on preceding steps (e.g., successful nuclear import depends on
completion of reverse transcription, maturation of RTCs and recruitment of nuclear import
factors [35,44]), some events are relatively independent from each other. For instance,
transport of RTCs on microtubules toward their minus-ends does not require uncoating and
does not depend on completion of reverse transcription; reverse transcription itself can start
at different steps of RTC formation: either in intact virion [21,22] or after release of the core
particles into the cytoplasm [18]. Interdependence of reverse transcription and uncoating is
still an open question. While TRIM5a-induced rapid uncoating results in disruption of
reverse transcription and RTC degradation [71], reverse transcription itself can initiate
capsid disassembly [23].

Certain events in RTC saga are practically unknown and await detailed analysis. One such
event is incorporation of HIV MA into the viral capsid and RTC. Does this incorporation
occur before or after fusion with the target cell? Where does processing of RTC-associated
MA take place: in the producer cell or in the virion? Answers to these questions would help
understand subsequent steps of RTC functioning. The role of MA in RTC life cycle in the
cytoplasm, particularly its potential contribution to intracytoplasmic trafficking of the
complexes is also unclear. Despite arising interest to the mechanism of uncoating in recent
years, information about this event is still very scarce. We expect that future studies will
identify new cellular factors involved in uncoating of HIV and other retroviruses. Another
interesting problem is recruitment of the cytoskeleton by HIV-1 RTCs. While it was shown
that cellular actin interacts with MA protein [25,28], with Nef [25], and with RT [30], the
role of these interactions remains unknown. Exploitation of the microtubule network by
RTCs is also open for future studies. Since RTCs of HIV-1 recruit dynein motor for directed
transport toward the minus ends of MT, it would be interesting to determine how RTCs
manage to avoid proteasomes recruited to the MT organizing center by aggresomes. Of
course, since only a small percentage of RTCs reach the nucleus, it may be a fortuitous
process. However, given a perfect adaptation of HIV to its host, a specific mechanism may
be expected. Another interesting and highly controversial area is HIV nuclear import.
Despite significant efforts of many laboratories, we still do not fully understand the
mechanisms that allow HIVV RTC to traverse the nuclear membrane. Finally, a lot of
interesting findings can be expected from the studies of intranuclear transport of PICs. This
area is now in its infancy.
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Figure 1.

Schematic view of the early phase events involving coated HIV-1 cores (pre-RTC). The
significant events are numbered and highlighted. (1) Fusion of the viral envelope with the
plasma membrane leads to release of the matrix protein (MA) localized outside of the core.
Cores are released into the cell. Molecules of core-associated phosphorylated MA (MA-P)
and Nef interact with microfilaments of the actin cortex, resulting in local rearrangement of
the actin cytoskeleton. (2) Coated core particles (which may be called pre-RTCs) of Nef-
containing virus traverse the submembrane cortex and get into the cytosol. This step usually
correlates with the early step of reverse transcription (synthesis of negative-strand “strong-
stop” DNA). (3) Core particles interact with dynein which provides directed trafficking of
the particles along microtubules (MT) to their minus (=) ends. Reverse transcription occurs
within encapsidated RTCs. Cyclophilin A (CypA) bound to some molecules of CA (CA
+CypA) (~10% of all CA molecules) likely protects RTCs from attack by the host restriction
factor TRIM5a and hence from rapid capsid disassembly (uncoating). Encapsidated
molecules of the heat shock protein 70 (Hsp70) probably also stabilize RTCs. Molecules of
the viral protein R (Vpr) within RTCs facilitate higher fidelity of reverse transcription.
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Schematic view of the early phase events involving uncoated HIV-1 RTC. The numbering
of events continues from Fig. 1. (4) Completion of reverse transcription results in double-
strand cDNA comprising 99-nucleotide-long central DNA flap produced as a result of
additional initiation of the (+) DNA synthesis at the second polypurine tract in the middle of
the HIV genome. Newly synthesized DNA is probably covered by molecules of
nucleocapsid (NC) protein. Progress of reverse transcription is likely associated with
progressive capsid disassembly (uncoating). (5) RTCs undergo protein rearrangement which
results in binding of MA and Vpr molecules along the length of cDNA. This RTC design
protects cDNA from nuclease attack and provides proper exposure of the nuclear
localization signals (NLSs) of MA, Vpr and IN to importins. RTC also incorporates host cell
proteins: high-mobility group DNA-binding protein, HMGA, and the transcriptional co-
activator LEDGF/p75. The latter protein binds IN molecules and contributes to protection of
IN from proteolysis and to nuclear targeting of RTC. (6) During their intracytoplasmic
transport toward the (=) ends of MT, uncoated RTCs interact with importin (karyopherin) a/
B heterodimers which provide translocation of the RTC through the nuclear pore complex
(NPC). NLS-comprising proteins of RTC (MA, IN, Vpr and LEDGF/p75) can bind importin
a of the a/B heterodimer. IN also binds importin 7, however the role of this interaction in
RTC nuclear import is unclear. (7) Cytoplasmic transport of the RTC-importin complexes in
the productive pathway ends with interaction with nucleoporins of the NPC and subsequent
translocation into the nucleus. (8) Most RTCs traveling to the (=) ends of MT end up in an
aggresomal (non-productive) pathway. In this pathway, RTCs are transported on MTs
towards the MT organizing center (MTOC) together with aggresomes, which recruit
proteasomes. Thus, this pathway results in disposal of RTCs.
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