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Abstract

The genomes of many viruses traffic into the nucleus where they are either
integrated into host chromosomes or maintained as episomal DNA and then
transcriptionally activated or silenced. Here, we discuss the existing evidence on
how the lentiviruses, adenoviruses, herpesviruses, hepadnaviruses and
autonomous parvoviruses enter the nucleus. Depending on the size of the
capsid enclosing the genome, three principles of viral nucleic acids import are
discussed. The first principle is that the capsid disassembles in the cytosol or in
a docked state at the nuclear pore complex and a subviral genomic complex is
trafficked through the pore. Second, the genome is injected from a capsid that is
docked to the pore complex, and third, import factors are recruited to cytosolic
capsids to increase capsid affinity to the pore complex, mediate translocation and

allow disassembly in the nucleoplasm.



Introduction

Many viruses have evolved the ability to replicate and store their genome in the
cell nucleus. The nucleus not only provides a machinery for viral DNA and RNA
polymerisation, processing and stabilisation, but it also supplies essential factors
for viral replication, egress and maturation. Viruses aim to maintain their genome
in the infected cells until the host organism dies, and they usually achieve this by
integrating genomic DNA into the host chromosomes or segregating episomal
DNA to daughter cells. The efficient delivery of the incoming genome into the
nucleus is important for viruses with both large and small genomes. This is no
simple task, illustrated by the fact that any transfected plasmid DNA is poorly
delivered into the nuclei of cultured cells or tissue, and accordingly, plasmid-
based expression systems are generally of limited efficacy. In contrast, viral
assemblies are professional intracellular carriers maximizing gene delivery and
also allowing for efficient assembly and protection of their genome. This requires
a tight cooperation with cellular functions. Considering that the cell contains
multiple pathways for importing proteins and nucleic acids into the nucleus, it is
not surprising that viruses have found various ways to access the nucleoplasm.
In this review, we are considering different DNA-import strategies of prototypic
retroviruses and DNA-tumor viruses. For additional discussions of viral import
the reader is referred to recent reviews (1-5).

The nuclear pore complex controls nucleo-cytoplasmic traffic

Ever since the discovery of pores in replica and thin section preparations of the
nuclear envelope in the 1950’s (6, 7), a wealth of experiments have addressed
the question of the maximal pore diameter. Early on, the diameter of the pore
proper was estimated to be about 70 nm and in the late 1980’s it was restricted
to 26 nm (8). The pores are part of the nuclear pore complex (NPC), which
spans the double membrane of the nuclear envelope and controls the
macromolecular transport into and from the nucleus. In a growing cell, an NPC



accommodates a considerable flux of proteins and nucleic acids. It has been
estimated in permeabilized cells that several dozens of cargo-receptor
complexes translocate through one NPC per second (9). Both yeast and
vertebrate NPCs are large, eight-fold symmetrical structures that slightly differ in
size but are thought to function similarly, although the yeast NPCs lack certain
components (10). The overall mass of a vertebrate NPC is about 125 MDa and
roughly corresponds to the mass of an Adenovirus (Ad) particle (11). This

considerable size may be related to the diverse transport functions of the NPC.

Nuclear cargo often bears nuclear localization sequences (NLSs) that are
complexed with NLS-receptors, i.e. importins or karyopherins. This complex
passes through the central NPC core that contains nucleoporins rich in
hydrophobic repeats, such as FxFG (12, 13). The translocation of small proteins
is independent of ATP and GTP hydrolysis and the transport directionality is
determined by the different concentrations of Ran-GTP in the nucleus versus the
cytoplasm (12, 14). The translocation mechanism has been addressed by
several models, as recently reviewed in detail (15). An affinity gradient model
invokes the movement of molecules along binding sites of increasing affinity from
the cytoplasmic to the nucleoplasmic side (16). Alternatively, receptor-cargo
complexes may bind to NPC filaments and thus increase the probability to cross
the central channel by Brownian motion (17). A third model proposes that the
central channel filled with a mildly hydrophobic selective phase excludes most
molecules with the exception of the specialised transport receptors (18).

Concerning the import of large protein cargo, a recent study suggested that Ran
and hydrolysable GTP was required to facilitate diffusion of the large complexes
through the NPC (19). From the viral point of view, the concept of a large and
impermeable central channel structure is rather attractive. Intact or partially
uncoated viruses that are small enough could thus cross the NPC simply by
recruiting the right nuclear import receptors or by undergoing conformational
changes that would allow the outer surface to interact with channel components.

Larger viruses, on the other hand, would need to uncoat their nucleic acid prior to



nuclear import. Whether facilitated translocation will be efficient enough to
translocate very large DNA molecules, such as the 150 kbp genome of herpes
simplex viruses (HSVs) is not clear, and it may be that additional mechanisms
are in place. Here we present some of the recent advances and problems in
understanding nuclear import of viral DNA genomes.

Onco-retroviruses

Retroviruses are enveloped viruses with a diploid positive strand RNA genome.
After entry into the cell, the viral RNA is reverse transcribed into a double
stranded DNA molecule that integrates into the host chromosomes. While
reverse transcription and integration are fairly well understood processes, little is
known on the mechanisms that mediate nuclear import of retroviral genomes
(20). Several problems limit our ability to investigate nuclear-cytoplasmic
trafficking of retroviruses. First is the lack of an in vitro assay that allows direct
detection of nuclear import of intracellular viral particles and particularly viral
genomes. Tagging of viral proteins like the human immunodeficiency virus type-
1 (HIV-1) Vpr with the green fluorescent protein (GFP) is a potentially fruitful
strategy. Accordingly, GFP-tagged Vpr has recently been used to trace incoming
HIV reverse transcription complexes (RTCs) that were shown to traffic along
microtubules towards the nucleus (21). The second limitation is that we have
only limited structural and biochemical information on the RTC (21, 22) and
essentially no structural information on the pre-integration complexes (PICs).
This makes it is difficult to follow the nuclear translocation of viral genome-protein
complexes by, for example, electron microscopy techniques. The third reason
limiting our understanding of retroviral nuclear import is that genetic analyses of
viral proteins associated with either RTCs or PICs have so far shown little clear
cut phenotypes, in particular in the case of HIV (for reviews, see 3, 4, 20, 23).
Possible reasons are that the introduced mutations have pleiotropic effects, that
different proteins of the PIC act cooperatively or that there are unknown cellular
PIC-binding factors that have key functions in importing the viral genome into the

nucleus.



Despite these limitations, there is sufficient information to conclude that the type
C onco-retroviruses, like the Moloney murine leukemia virus (MoMLV), the
lentiviruses, such as HIV-1, the avian retroviruses, like Rous sarcoma virus, and
the foamy viruses utilize different mechanisms to enter the nucleus (24, 25).
MoMLYV can infect only dividing cells while HIV-1 and also HIV-1 derived vectors
infect dividing and non-dividing cells, including macrophages, post-mitotic
neurons and hematopoietic stem cells. MoMLYV restriction in nondividing cells is
very tight while Rous sarcoma virus is only partially restricted (26) and human
foamy virus might have some ability to infect cells in interphase, although there is
controversy on this issue (27, 28). The difference between MoMLV and HIV has
been largely attributed to the assumption that the intracellular complexes of
MoMLYV are too large to be transported to or into the nucleus and that they lack
the appropriate nuclear targeting signals to cross the NPC. Rather, they would
gain access to host chromatin after breakdown of the nuclear envelope in
mitosis. Yet there is no definitive evidence that this is the case. Earlier electron
microscopy studies indicated that MOMLV integrase and nucleocapsid proteins,
which are part of the RTC/PIC accumulate in the nuclei and nucleoli shortly after
infection (29). In addition, mutations in the p12 portion of the gag protein block
MoMLYV replication after reverse transcription is completed (30). The mouse anti-
viral gene Fv-1 can also block viral replication after completion of reverse
transcription, presumably by interfering with the trafficking of the viral genome
towards the nucleus (31). Together, this evidence suggests that nuclear import
of MoMLV might involve more complex mechanisms than the simple breakdown

of the nuclear envelope in mitosis.

The enigmatic import of lentiviral genomes

In contrast to onco-retroviruses, lentiviruses have evolved mechanisms allowing
them to infect nondividing cells. HIV-1 PICs are transported into the nuclei of
infected cells by a process requiring energy (32). Although the underlying
molecular mechanisms of PIC nuclear import are not yet known, there is

evidence to discuss several possibilites. First, PIC import into the nucleus may
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be mediated by proteins that remain associated to the viral genome after
uncoating, and this may be assisted by specific cellular factors. Matrix, Vpr and
integrase possess one or several NLSs, are associated to the viral nucleic acids
after infection and have been implicated in nuclear import of PICs. However,
matrix and Vpr are unlikely to be solely responsible for PIC import, since HIV-1
mutants lacking both of these proteins efficiently infect non-dividing cells, and the
same is true for HIV-1 based vectors lacking Vpr (20, 33). There is controversy
on the nature and location of integrase NLSs responsible for PIC nuclear import
(34, 35). Second, the retroviral genome itself may contain nuclear targeting
elements. Recently, HIV-1 mutants lacking the central polypurine tract (PPT), a
second site of initiation of plus strand DNA synthesis present in all lentiviruses,
appear to have a reduced ability to access the nucleus (36). This reduction is,
however, rather small (two to five fold) and it seems to be strain-dependent (37,
38). A third possibility has been raised by the observation that the HIV Vpr
causes blebbing of the nuclear envelope and thus might locally open the gate for
nuclear entry of PIC independent of NPCs (39). Since HIV-1 is not a typical lytic
virus, it is uncertain, however, if the Vpr-mediated nuclear envelope disruption is
enough to allow PIC passage. It is also possible that Vpr enhances viral
replication by activating the target cells prior to PIC entry into the nucleus (40).
Cell signalling during or prior to entry is, in fact, used by many viral agents that
infect nondividing cells, although signalling of HIV through its cell surface
receptors alone is not required for DNA delivery into the nucleus (reviewed in
41). Alternatively, Vpr might have a crucial, yet redundant role in PIC import,
because it is able to attach directly to NPC proteins that contain FxFG repeats
(42). In this case, Vpr may be acting cooperatively with NLS-receptors to drive
PIC into the nucleus. It will be important to define NLSs on PIC that are

accessible to the soluble import factors.

Direct docking to the NPC

The Ty element and other long terminal repeat (LTR)-containing

retrotransposons of yeast have a genomic organisation close to onco-
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retroviruses and encode similar structural and catalytic proteins that assemble to
form the virus-like particle (VLP) in which reverse transcription takes place. The
VLPs are approximately 60 nm in diameter, too large to diffuse though the
nuclear pores. There is evidence that nucleoprotein complexes directly interact
with the nucleoporins. Tf1, a retrotransposon of S. pombe has a nuclear
targeting signal in the N-terminal portion of gag that mediates nuclear entry
through the recognition of the nuclear pore protein Nup124 (43, 44). Yeast cells
that were mutated in Nup124 block the nuclear import of Tf1 protein and also
cDNA. This import defect appears to be specific since overall protein or RNA
import is not affected in this mutant. A nuclear targeting signal in integrase is
involved in nuclear transport of Ty3, a retrotransposon of S. cerevisiae (45). Itis
not clear if VLPs must generally disassemble to let the retrotransposon genome
cross the NPC. Perhaps, this is the case for Ty3 since integrase is believed to
be located inside the VLP. The strong similarity of yeast retrotransposons to
retroviruses will make it very interesting to apply yeast genetics to study LTR-
retrotransposon mobility. A recent screen has in fact shown that the silencing
factor Sin3, which is a histone H3 and H4 deacetylase in S. pombe, is required
for Tf1 nuclear import (46). This implies that acetylation is directly or indirectly
involved in the regulation of import or disassembly of the retrotransposon
particles. It will be interesting to see if a transport or a disassembly factor is

regulated by acetylation.

It was recently shown that the overall levels of nuclear acetylation affect the
motility of the linker histone H1 (47), and histone H1 has been implicated as a
key factor of Ad2 and Ad5 disassembly (48). The Ad particles directly dock to
the NPC protein CAN/Nup214, located at the cytoplasmic filaments (see Fig. 2).
The viral affinity to the NPC is independent of transport factors but virus particles
are not imported without importins (48, 49). The NPC-docked Ad traps the
nuclear histone H1, and H1 import factors together with additional cytosolic
factors, such as Hsc70 (50) then trigger the disassembly of the capsid which
enables DNA translocation into the nucleoplasm. The translocation of the 36 kbp
double strand DNA measured appears to be a slow process as measured by



fluorescence in situ hybridisation experiments, peaking approximately 30 to 60
min after the onset of viral disassembly (48, 51). Accordingly, empty capsids, i.e.
DNA-less capsids cannot be found at the NPC of Ad2 or Ad5 infected cells (K.
Boucke, personal communication, and EM studies reviewed in 2).

Import by injection

In contrast to Ad, empty capsids of incoming HSV are often found docked at the
NPC, suggesting an active DNA release process rather than capsid
disintegration prior to DNA import (see Fig. 3, and 52). Like the Ad capsid (90
nm in diameter), the icosahedral HSV capsid with a diameter of 125 nm is far
larger than the maximal estimated nuclear pore. Accordingly, capsids from
purified HSV-1 were found to bind to the cytosolic face of NPCs on rat liver
nuclear envelopes in the absence of cytosol, provided that the soluble importin 8
was present (53). Viral DNA was not released under these conditions. DNA
release required the addition of cytosol and energy. Earlier genetic analyses of
HSV had identified a mutation of a virion protein affecting DNA release at the
NPC and inhibiting the onset of viral DNA synthesis (54). This suggests that
coordinated changes in the capsid are required for DNA ejection. Since the
packaging of the DNA into capsids is energy-dependent (55), it can be
speculated that the ejection of DNA, i.e., the reverse process of DNA-packaging
occurs spontaneously, if the capsid is opened at a strategic position, e.g. at the

portal of DNA entry. The factors catalysing this process are unknown.

Capsid import and disassembly in the nucleus

A recent study in Xenopus oocytes suggested that the NPC can accommodate
human hepatitis B virus capsids up to about 39 nm in diameter (56). The
recombinant HBV capsids devoid of DNA were found within the nuclear baskets,
suggesting that the translocation process of these capsids was slow. In
permeabilized cells, the association of HBV capsids with NPCs required capsid



phosphorylation, apparently to make NLSs accessible for importin o and
binding (57), and a classical NLS was required for the association of the duck
HBV core with NPCs (58). These results show that HBV capsids increase their
affinity to the NPC by recruiting importins, and that DNA-less capsids can
associate with the NPCs of a non-natural host without disassembly (see Fig. 4).
Whether the DNA-containing capsids can be imported into nuclei of host cells or
if they dissociate at the NPC remains to be analysed.

Viral capsid proteins often carry multiple NLSs targeting them to assembly or
DNA-packaging into the nucleus. Alternatively, NLSs on capsid proteins may
direct the incoming particle into the nucleus. This multiple NLS strategy is
elegantly used by the autonomous parvovirus minute virus of mouse (MVM).
The capsid of parvoviruses is 25 nm in diameter and filled with a single-strand
negative-sense DNA of about 5 kb. The MVM enters by endocytosis depending
on a low endosomal pH and also the actin and microtubule cytoskeleton (59).
The T=1 icosahedral MVM capsid contains 10 copies of the viral protein (VP) 1
and 50 copies of VP2. The amino acid sequence of VP1 is identical to VP2,
except that it has an 146 amino acid N-terminal extension due to alternative
splicing (60). The VP1 N-terminus contains four basic clusters two of which
perfectly match the classical NLS of SV40 large T antigen, but it is located inside
the capsid (61). In addition, VP2 has a C-terminal structural nuclear localization
motive which serves to import newly synthesized VP1 into the nucleus and drives
capsid formation (62), but it is also located inside the capsid. Genetic deletion
studies have shown that the N-terminal basic clusters of VP1 are required for the
onset of infection, as measured by Southern blots of viral DNAs and
immunofluorescence stainings (63). It is thought that the N-terminus becomes
exposed during capsid entry, similar to the N-terminus of the canine parvovirus,
which was shown to be neutralized by cytoplasmic microinjections of anti-N-
terminus antibodies (64). Possibly, a limited uncoating of MVM is facilitated by
proteasomal degradation of cellular factors that normally inhibit infection, or
perhaps proteasomes target the incoming capsid (59). Whether this increases
the nuclear affinity of the capsids is unknown, but it is clear that the autonomous
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parvoviruses are structurally dynamic during entry, similar to their larger relatives,
the Ads (65). It will be interesting to see if the minor MVM capsid protein VP1
suffices for capsid traversal through the NPC or if the nuclear localization motive
of VP2 needs to be exposed. If the former were true, one could argue that VP1
accompanies the viral DNA into the nucleus. If the VP2 NLSs need to be
exposed for the onset of infection, this might drive the capsids through the pores
prior to disassembly.

Conclusions

The nuclear pore complexes are morphologically homogeneous and functionally
equivalent, but viruses have found multiple strategies to abuse them. Complex
viruses, such as the lentiviruses, reverse transcribe their RNA genome into DNA
and uncoat the genome in the cytoplasm. They recoat the DNA and drive it into
the nucleus by a cooperative enhancement of multiple factors, including
redundant NLSs, import receptors, conformational changes and unknown cellular
factors and possibly also nonconventional mechanisms of cell signalling from
within the infected cell. Larger DNA-viruses, such as Ad and HSV dissociate the
genome from the capsid prior to nuclear import. Small DNA-viruses are thought
to maintain their genome in an encapsidated state until they arrive in the nucleus.
The denouement of viral import strategies will no doubt shed new light on the
complexity of nuclear import of cellular macromolecules and open the way to
improved viral vectors for gene therapy. We are sure that increasingly thorough
analyses of the cell biology of viral infections will teach us more of the intricate
relationship between viral pathogens and their hosts.
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Figures

Fig. 1. Major steps of HIV-1 entry into post-mitotic cells.

Shortly after fusion of the viral envelope with the plasma membrane, the viral
core containing a diploid viral RNA-genome disassembles in the cytosol. The
RNA is reverse transcribed into complementary DNA in a reverse transcription
complex (RTC) to yield the preintegration complex (PIC) consisting of proteins
and DNA. The PIC is imported into the nucleus using as yet undefined
mechanisms that may involve various nuclear localization signals (NLSs) of viral
and cellular proteins, and perhaps the central polypurine tract (PPT). The role of
Vpr is controversial. Vpr has been proposed to assist in disrupting the nuclear
envelope although there is no evidence yet that PICs pass through such
localised lesions. Vpr also directly interacts with FXFG repeats of nuclear pore
complex (NPC) components similar to cellular import receptors.

Fig. 2. Direct docking and disassembly of Ad particles at the NPC.

After a stepwise uncoating process, a fiber-less Ad capsid is delivered to the
cytosol and transported to the NPC where it directly docks to the FxFG
containing filament protein Nup214/CAN. At this position, a series of
disassembly factors are recruited, including the nuclear histone H1, the H1
import factors importin § and importin 7 and also the heat shock protein Hsc70.
These factors facilitate the spacially controlled capsid disassembly at the NPC

and are required for import of the viral deoxyribonucleo-protein core.
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Fig. 3. Importin f-mediated NPC docking of HSV-1 and cytosol-dependent
DNA injection into the nucleus.

Herpes simplex virus type 1 fuses with the plasma membrane and releases the
tegument proteins in a stepwise manner from the capsid which encloses a linear
double-strand DNA genome of about 150 kbp. An essentially tegument-free
capsid then docks via importin § to cytoplasmic NPC proteins. Upon recruitment
of unknown cytosolic factors and energy, one particular vertex region of the
icosahedral capsid is thought to open up and enable the ejection of the viral DNA

into the nucleus.

Fig. 4. Importin a and g-dependent nuclear import of parvoviruses and HBV
capsids.

Parvoviruses and HBV capsids are smaller than about 35 nm in diameter. In the
case of MVM and human HBV, the cytosolic capsids undergo conformational
changes that expose NLSs and enable capsid interactions with importins. This
increases the affinity to the NPC and it is suggested that the viral capsids
translocate through the NPC. The mechanisms of capsid disassembly in the

nucleoplasm are unknown.
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