
Harald Wodrich, Tinglu Guan,
Gino Cingolani, Dan Von Seggern1,
Glen Nemerow1 and Larry Gerace2

Departments of Cell Biology and 1Immunology, The Scripps Research
Institute, 10550 N. Torrey Pines Road, La Jolla, CA 92037, USA

2Corresponding author
e-mail: lgerace@scripps.edu

Replication and assembly of adenovirus occurs in the
nucleus of infected cells, requiring the nuclear import
of all viral structural proteins. In this report we show
that nuclear import of the major capsid protein,
hexon, is mediated by protein VI, a structural protein
located underneath the 12 vertices of the adenoviral
capsid. Our data indicate that protein VI shuttles
between the nucleus and the cytoplasm and that it
links hexon to the nuclear import machinery via an
importin a/b-dependent mechanism. Key nuclear
import and export signals of protein VI are located in
a short C-terminal segment, which is proteolytically
removed during virus maturation. The removal of
these C-terminal transport signals appears to trigger
a functional transition in protein VI, from a role in
supporting hexon nuclear import to a structural role
in virus assembly.
Keywords: adenovirus/assembly/hexon/nucleo-
cytoplasmic transport/protein VI

Introduction

Proteolytic processing or degradation is a key event in
numerous unidirectional cellular pathways including
mitosis, differentiation and apoptosis. Similarly, the
replication cycle of most viruses involves proteolysis,
which can occur during disassembly of the infecting virus
as well as during assembly of the newly replicated virion
(Krausslich and Wimmer, 1988). Here we report that
proteolysis act in an unprecedented way as a functional
switch in adenovirus assembly.

Adenovirus is a non-enveloped icosahedral virus with
an ~36 kb double-stranded DNA genome (Philipson,
1995). It consists of an outer capsid surrounding an inner
nucleoprotein core. The capsid, the major structural
protein of which is hexon, is stabilized by a number of
relatively minor components. These include protein VI,
which helps to link the nucleoprotein core to the capsid
(Stewart and Burnett, 1995). During infection, adenovirus
enters the cell by receptor-mediated endocytosis
(Nemerow and Stewart, 1999), which is followed by
virus escape into the cytosol. During the early stages of
infection, the virus undergoes stepwise dismantling, in part
through the action of the virally encoded cysteine protease
(Greber et al., 1993; Russell and Kemp, 1995). Ultimately

the viral nucleocapsid, still containing the hexon protein,
docks at the nuclear pore complex (NPC) (Lonberg-Holm
and Philipson, 1969; Chardonnet and Dales, 1970; Greber
et al., 1993, 1997; Whittaker et al., 2000). The particle
undergoes further disassembly at the NPC, culminating
with the translocation of the DNA into the nucleoplasm,
where viral transcription and DNA replication take place
(Greber et al., 1993, 1996; Whittaker et al., 2000).

Assembly of new adenovirus particles occurs in the
nucleus, and is tightly connected to the expression and
nuclear import of viral structural proteins. Virus assembly
is believed to involve insertion of the genome into an
empty capsid (Sunquist et al., 1973; D'Halluin, 1995) and/
or assembly of the capsid around the viral nucleoprotein
core (Zhang and Imperiale, 2003). Following formation of
the genome-containing capsid, a maturation process
renders the progeny virion infectious. During this matur-
ation, several viral proteins, including protein VI, are
processed by the viral cysteine protease (Anderson et al.,
1973; Bhatti and Weber, 1978; Weber, 1995).

The nuclear import of viral proteins (Whittaker et al.,
2000) is believed to involve cellular pathways of signal-
mediated transport through the NPC, which are mediated
by nucleocytoplasmic shuttling receptors of the karyo-
pherin/importin b superfamily. Karyopherins interact with
nuclear localization signals (NLSs) or nuclear export
signals (NESs) on the cargo molecules and carry them
through the NPC (Kuersten et al., 2001; Macara, 2001;
Bednenko et al., 2003). NLSs are commonly short
stretches enriched in basic amino acid residues. This
class of NLS has been found in a number of adenoviral
proteins. However, a NLS has not to date been identi®ed
on the hexon (Russell and Kemp, 1995).

In this report we show that nuclear import of hexon in
cultured cells is mediated by protein VI, which shuttles
between the nucleus and the cytoplasm and appears to
provide an adaptor for hexon import. Interestingly, both
the major NLS and NES of protein VI are contained within
a short C-terminal peptide that is proteolytically cleaved
during virus maturation. This peptide forms a complex
with the import receptors importin a/b in vitro and is
suf®cient to direct the nuclear import of a carrier protein in
permeabilized cells in an importin a/b-dependent path-
way. We propose that proteolysis of protein VI changes its
function from a shuttling transport adapter to a viral
structural protein.

Results

Expression of hexon in cultured cells from
transfected cDNA
Hexon, the major adenovirus capsid protein, is a 320 kDa
trimer (Roberts et al., 1986) that is present at 240
copies/virion (van Oostrum and Burnett, 1985). Hexon
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accumulates in the nucleus late in viral infection for
assembly of new virions. To analyze the nuclear import of
hexon, we ®rst established a virus-independent system for
expression of hexon in cultured cells. It was previously
shown that ef®cient expression and trimerization of hexon
during viral infection requires the `100K' protein, a
chaperone that is encoded by all adenoviruses (Frost and
Williams, 1978; Cepko and Sharp, 1982). Cos-7 cells were
transfected with a hexon expression vector in presence or
absence of an expression vectors for the 100K protein, and
transfected cells were analyzed for hexon expression by
western blot analysis. The ~320 kDa hexon trimer was
obtained when the hexon and 100K expression vectors

were co-transfected (Figure 1A, compare lanes 1 and 4). In
contrast, no hexon was detectable in cells transfected with
the hexon plasmid without the 100K plasmid (Figure 1A,
compare lanes 2 and 3). Boiling the sample caused
dissociation of the trimer to the monomer (Figure 1A,
lane 5). In most cells, both proteins were concentrated in
the cytoplasm and showed little or no nuclear staining
(Figure 1B) after immuno¯uorescence staining to detect
the epitope tag.

The predominantly cytoplasmic localization of hexon
seen in the transfection experiments was unexpected, since
previous work in other experimental systems indicated
that hexon ef®ciently localizes to the nucleus (Saphire
et al., 2000; Carlisle et al., 2001). To investigate the
nuclear import capacity of hexon with a second experi-
mental approach, hexon trimer puri®ed from infected cell
lysates was microinjected into the cytoplasm of NRK
cells. Hexon localized exclusively to the cytoplasm in all
of the injected cells (Figure 1C, right panel, and injection
marker left panel). Therefore, whether it is introduced into
cells by microinjection or transfection, hexon by itself is
not localized to the nucleus in most cells.

Protein VI strongly promotes nuclear import of
hexon
Circumstantial evidence has suggested that adenovirus
protein VI might be involved in hexon nuclear import. The
ts147 strain of adenovirus, which shows degradation of
protein VI at the non-permissive temperature, is defective
for the nuclear import of hexon (Kauffman and Ginsberg,
1976; Praszkier and Ginsberg, 1987). In addition, direct
interactions between protein VI and hexon have been
reported (Boulanger et al., 1979; Russell et al., 1981;
Matthews and Russell, 1994, 1995).

To test whether protein VI can promote the nuclear
import of hexon, we constructed an expression vector in
which protein VI was fused to the C-terminus of green
¯uorescent protein (GFP). This vector was co-transfected
with the hexon and 100K protein expression vectors into
Cos-7 cells (Figure 2A). Interestingly, both proteins were
signi®cantly more concentrated in the nucleus than in the
cytoplasm of the transfected cells as seen by ¯uorescence
microscopy (Figure 2A). The strong nuclear localization
of hexon in cells transfected with both hexon and
protein VI contrasts sharply with the mostly cytoplasmic
localization of hexon in the absence of protein VI
(Figure 1B).

To examine the role of protein VI in nuclear import of
hexon by a separate approach we microinjected puri®ed
hexon trimers into the cytoplasm of cells transfected with
GFP±protein VI without the 100K protein. All of the
microinjected cells expressing GFP±protein VI showed
strong localization of hexon in the nucleus (lower injected
cell in Figure 2B), whereas none of the non-transfected
cells showed nuclear accumulation of hexon (e.g. upper
injected cell in Figure 2B). These data not only con®rmed
that protein VI strongly promotes the nuclear import of
hexon, they also indicated that the100K protein is not
essential for hexon import.

Nuclear import signals in protein VI
The ®nding that protein VI can promote the nuclear import
of hexon suggests that protein VI might be an

Fig. 1. Expression of hexon in transfected cells and its localization to
the cytoplasm. (A) Cos-7 cells were transfected with CMV promoter-
driven plasmids encoding the Ad5 hexon (lanes 3±5) or 100K proteins
(lanes 4 and 5), and hexon expression was detected by immunoblot
analysis with a rabbit polyclonal antiserum against hexon. Hexon mi-
grates as a trimer when gel samples are not boiled (lane 4), having a
mobility similar to puri®ed hexon that was mixed with a cell lysate be-
fore sample preparation without boiling (lane 1). In contrast, the hexon
migrates as the monomeric form after the gel sample is boiled (lane 5).
(B) Cos-7 cells transfected with a plasmid expressing the HA-tagged
100K protein (left panel) or HA-tagged 100K protein and myc-tagged
hexon (right panel) were labeled for immuno¯uorescence with anti-
bodies to the epitope tags to detect the 100K (left) and hexon (right).
(C) Adherent NRK cells were injected in the cytoplasm with puri®ed
hexon, and hexon localization was determined 30 min after injection by
immuno¯uorescent staining with a monoclonal anti-hexon antibody
(right panel). The integrity of the nuclei in the injected cells was
veri®ed by coinjection of ¯uorescently labeled BSA (left panel). The
microinjection was repeated twice, each time including >15 cells
with consistent cytoplasmic localization of hexon.
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NLS-containing adapter that links hexon to the nuclear
import machinery. An examination of the primary
sequence of protein VI revealed two basic amino acid-
rich, classical NLS-like sequences, `NLS-1' between
amino acids K131±P135 and `NLS-2' between amino
acids K245±R248 (Figure 3A). In addition, two hydro-
phobic regions that are potential NESs were seen (NES-1
and NES-2; Figure 3A). Both potential NESs contain
sequence homologies to known leucine-rich NES such as
found in the HIV-1 Rev protein and PKI (Supplementary
®gures 1 and 2, available at The EMBO Journal Online)
(Fischer et al., 1995; Wen et al., 1995; Bogerd et al., 1996;
Fukuda et al., 1996; Taagepera et al., 1998). Interestingly,
NLS-2 is located at the very C-terminus of protein VI, and
is removed upon maturation by proteolysis together with
an essential part of the potential NES-2 (Figure 3A)
(Mangel et al., 1993; Webster et al., 1993; Weber, 1995).

To investigate whether the NLS-like sequences in¯u-
ence the nuclear localization of protein VI, we transfected
Cos-7 cells with an expression vector in which protein VI
was fused to the C-terminus of a GFP±chicken muscle
pyruvate kinase (GFP±PK) fusion protein. GFP±PK is a
cytoplasmic protein of ~90 kDa, which exceeds the limit
for passive diffusion into the nucleus (Sherman et al.,

2001). While GFP±PK localized entirely to the cytoplasm
(unpublished observation; Sherman et al., 2001), the GFP±
PK±protein VI fusion protein was localized to both the
nucleus and the cytoplasm (Figure 3B, a). In cells
expressing a low level of protein, the GFP fusion was
more concentrated in the nucleus, whereas in cells
expressing a high level of protein, the fusion protein was
more concentrated in the cytoplasm.

The partially cytoplasmic localization obtained with the
GFP±PK±protein VI fusion in many cells suggests that the
putative NES(s) in protein VI might functionally antag-
onize the NLSs. To analyze the nuclear import of
protein VI in the absence of competing nuclear export,
we generated the mutant m1 in which the two putative
NESs were altered to impair their potential export activity.
For this, amino acids 70±72 were changed from Lys-Leu-
Lys to Lys-Ala-Lys, and amino acids 239±241 were
changed from Leu-Gly-Val to Asp-Gly-Ala (Figure 3A,
m1). In contrast to the wild-type fusion protein, the fusion
protein containing the protein VI-m1 mutant accumulated
exclusively in the nucleus in all transfected cells
(Figure 3B, compare a and b).

Starting with protein VI-m1, we removed the putative
NLS-2 by deleting residues downstream of amino acid

Fig. 2. Nuclear localization of hexon promoted by adenovirus protein VI. (A) Cos-7 cells were co-transfected with plasmids encoding the 100K
protein, hexon and GFP±protein VI fusion. The localization of protein VI was determined by GFP ¯uorescence (left panel), and hexon localization
was determined by staining with a monoclonal anti-hexon antibody (middle panel). The merged images are indicated in the right panel. (B) Cos-7
cells were transfected with an expression vector for protein VI fused to GFP. Twenty-four hours after transfection, clusters of cells were microinjected
in the cytoplasm with puri®ed hexon together with a ¯uorescent injection marker. Thirty minutes after injection, cells were ®xed and hexon localiza-
tion was detected with a monoclonal anti-hexon antibody. Localization of the injection marker (left panel), protein VI (middle panel) and hexon (right
panel) are depicted. Whereas hexon localizes to the cytoplasm in the upper cell that does not express GFP±protein VI, it becomes concentrated in the
nucleus (indicated by an arrow in the lower cell expressing protein VI). The microinjection was repeated twice, each time including at least 10 cells.
Nuclear accumulation of hexon was consistently observed in all cells transfected with the GFP±protein VI fusion.
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239, generating m1-DC, which contained only an intact
putative NLS-1. The truncated C-terminus of protein VI in
the DC mutant is identical to that generated in wild-type
protein VI by the viral protease. In a second construct, we
changed two basic amino acid residues in putative NLS-1
to alanines to impair the predicted NLS-1 function,
generating mutant m2, which contained an intact NLS-2
(Figure 3A). Inactivation of either NLS-1 (in mutant m2;
Figure 3B, d) or NLS-2 (in m1-DC; Figure 3B, c) resulted
in a shift of the fusion protein from the exclusively nuclear
localization seen with the m1 mutant to a mostly
cytoplasmic localization in all transfected cells
(Figure 3B, compare b with c and d). Low, but detectable,
levels of nuclear localization of the fusion protein was
seen with both the m2 and the m1-DC mutants, as
evidenced by nucleolus-excluded ¯uorescence in the
nucleoplasm (Figure 3B, c and d). Lastly, we inactivated
both putative NLSs within a single construct by generating
a C-terminal deletion of the m2 mutant to create the
m2-DC construct. The fusion protein containing m2-DC

localized exclusively to the cytoplasm. Together, these
data indicate that both NLS-1 and NLS-2 contribute to the
nuclear localization of protein VI.

The above analysis, carried out with the mutant m1 form
of protein VI, suggested that the NLS-2 cleaved from
protein VI during virus maturation might contribute
signi®cantly to the nuclear localization of the unprocessed
wild-type protein VI. To examine this further, we
constructed a fusion protein containing wild-type
protein VI that is C-terminally deleted at residue 239
(Figure 3A, wt DC). As predicted, the fusion protein had a
strong cytoplasmic localization in all cells independent of
the expression levels (Figure 3B, e), con®rming that NLS-
2 has substantial nuclear localization activity.

Protein VI is a nucleo-cytoplasmic shuttling
protein
The point mutagenesis experiments discussed above
suggested that putative NES-1 and/or NES-2 serve as
NESs, because a combination of mutations in these two

Fig. 3. Nuclear localization signals and nuclear export signals in protein VI. (A) Potential NLSs and NESs in protein VI, and the mutants constructed
to analyze the functions of these regions. Potential NLSs and NESs are indicated as solid and hatched boxes, respectively. Cleavage sites for the viral
protease at the N- and C-termini of protein VI are indicated. Note that the C-terminal cleavage disrupts NES-2 and removes NLS-2. (B) Cos-7 cells
were transfected with plasmids expressing wild-type or mutant forms of protein VI [according to nomenclature of (A)], fused to the C-terminus of
GFP±PK. Localization of fusion proteins was monitored by the GFP signal. Potential transport signals present in each construct are given in paren-
thesis (see text for details).
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regions (mutant m1) shifted the GFP±protein VI fusion
from a mixed nuclear + cytoplasmic localization to an
exclusively nuclear localization (Figure 3B). The presence
of an NES(s) in protein VI would enable it to shuttle
between the nucleus and the cytoplasm, allowing a single
molecule of protein VI to promote the nuclear import of
multiple hexons.

We directly examined the nuclear export activity of the
C-terminal putative NES-2. This region was of particular
interest because its activity is predicted to be modulated by
the cleavage of the C-terminal 12 amino acids of protein VI
by the 23 kDa adenovirus cysteine protease, which
removes hydrophobic residues that are critical for the
activity of leucine-rich NESs (Supplementary ®gure 1;
Fischer et al., 1995). To test this possibility, we expressed
and puri®ed a recombinant GST construct fused at its
C-terminus with the last 25 amino acids of protein VI,
which includes both NLS-2 and putative NES-2, followed
by an HA tag (termed GST-p6c-NES/NLS; Figure 4B). As
a control, a GST fusion protein was expressed that
contains only the last 12 amino acids of protein VI,
which include NLS-2, followed by an HA tag (termed
GST-p6c-NLS; Figure 4A). Each puri®ed fusion protein,
together with a ¯uorescent microinjection marker, was

microinjected into one nucleus of bi- or multinucleated
cells, and the ability of the GST fusion protein to shuttle
from one nucleus to another via the common cytoplasm
was monitored. GST without any fusion partner (unpub-
lished observation), or GST fused to the C-terminal
12 amino acids of protein VI (dotted arrows in
Figure 4A, middle panel), remained in the injected nucleus
and thus was incapable of nucleo-cytoplasmic shuttling. In
contrast, GST fused to the 25 C-terminal amino acids of
protein VI rapidly shuttled from the injected nucleus
(dotted arrow in Figure 4B) to the non-injected nucleus
(solid arrows in Figure 4B), reaching the same concentra-
tion in the two nuclei at the earliest time measured
(30 min). These experiments clearly established that the
C-terminal segment of protein VI contains an NES, in
addition to NLS-2 described above. When the constructs
were injected into the cytoplasm instead of the nucleus,
both GST fusion proteins accumulated in the nucleus,
suggesting that the NLS at the C-terminus of protein VI is
dominant over the NES (data not shown)

We found that full-length protein VI fused to GST also
was able to shuttle from nucleus to nucleus in a similar
microinjection assay (Figure 4C, injected nucleus, dotted
arrow, and noninjected nucleus, solid arrow). We believe

Fig. 4. Nucleo-cytoplasmic shuttling by protein VI. Bi- or multinucleated cells (left panel) were microinjected into one nucleus with GST-p6c-NLS
(A) or GST-p6c-NES/NLS (B), together with ¯uorescently labeled BSA as an injection marker (middle panel). After 1 h cells were ®xed and injected
protein was detected with a monoclonal antibody against the HA tag (right panel). Dotted arrows point to the injected nucleus, solid arrows point to
non-injected nuclei. (C) Bi- or multinucleated Cos-7 cells (left panel) were microinjected into one nucleus with GST±protein VI and ¯uorescently
labeled BSA as an injection marker (middle panel). One hour after injection, cells were ®xed and stained for immuno¯uorescence with antibodies to
GST (right panel). Dotted arrows point to the injected nucleus, solid arrows point to non-injected nuclei.
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that the lower signal intensity in the non-injected nucleus
is due to the fact that we detected the fusion protein with

antibodies to GST, and that our GST±protein VI prepar-
ation was partially degraded (see Materials and methods
for details). Taken together, the above results indicate that
protein VI is a nucleo-cytoplasmic shuttling protein, and
suggest that the C-terminus containing NLS-2 and NES-2
plays an active role in this process.

The C-terminal segment of protein VI promotes
nuclear import via importin a/b
Since the C-terminal peptide of protein VI appears to
strongly contribute to protein VI import, we investigated
the nuclear import pathway used by this region.
Therefore we incubated the GST-p6c-NLS (described
above) with cytosol in a pull-down assay to de®ne
nuclear transport receptors that bind to it. As a speci®city
control, some binding reactions were carried out in the
presence of RanQ69L preloaded with either GDP or
GTP. The RanQ69L mutant is impaired in GTP
hydrolysis and promotes import complex dissociation
when present in its GTP-bound state (Macara, 2001).
Using immunoblotting, we found that signi®cant amounts
of importin a/b in cytosol bound to the fusion protein
containing the C-terminal peptide of protein VI, as
compared with the background levels of binding obtained
with GST alone (Figure 5A, compare lane 4 with 2).
Whereas binding was normal with RanQ69L-GDP,
essentially all binding was abolished with RanQ69L-
GTP (Figure 5A, compare lane 3 with 4). Speci®c
binding of recombinant importins a/b to the NLS fusion
protein was also obtained (unpublished observation).
Thus, NLS-2 in the C-terminal peptide of protein VI
binds speci®cally to classical import receptors.

We next examined whether we could reconstitute
nuclear import of the C-terminal domain of protein VI
fused to GST in permeabilized HeLa cells using
recombinant importin a/b. Nuclear accumulation of the
fusion protein was detected by immuno¯uorescence to
detect the HA tag. As a control, we examined the import of
BSA coupled to the classical SV40 T antigen NLS, known
to use the importin a/b pathway. Like the BSA-NLS
control, GST-p6c-NLS accumulated in the nucleus during
a 20 min import reaction (Figure 5B, a). Nuclear
accumulation of the fusion protein was temperature
sensitive (Figure 5B, c). It also was energy dependent, as
determined by the addition of hexokinase/glucose to
deplete the endogenous pool of NTPs from the cells
(Figure 5B, b). Furthermore, the import was inhibited by
addition of the lectin wheat germ agglutinin (WGA), a
selective inhibitor of nuclear import (Figure 5B, d).
Consistent with the results from our pull-down experi-
ments, nuclear accumulation of GST-p6c-NLS was sig-
ni®cantly impaired in the absence of recombinant
importin a, indicating that NLS-2 of protein VI does not
directly bind to importin b, as seen for certain importin b-
dependent import substrates (Macara, 2001). The residual
import activity in this case most likely is a consequence of
endogenous importin a that was not depleted from the
permeabilized cells. In summary, these experiments
directly show that the C-terminal domain of protein VI
contains a classical NLS that promotes nuclear import by
binding to importin a/b.

Fig. 5. C-terminal domain of protein VI mediates import via importin
a/b. (A) Western blot analysis of material bound to GST-p6c-NLS
after GST pull-down from cytosol. Glutathione beads were saturated
with either free GST (lane1 and 2) or GST-p6c-NLS (lanes 3 and 4)
and incubated with cytosol in the presence of RanQ69L preloaded with
GTP (lanes 1 and 3) or GDP (lanes 2 and 4). Bound material was
examined by western blotting with antibodies against importin a (lower
row) or importin b (upper row). (B) In vitro import of GST-p6c-NLS in
permeabilized cells. Confocal images are shown. Detection of BSA-
NLS-FITC was performed directly after ®xation of cells (®rst column).
To detect GST-p6c-NLS, indirect immuno¯uorescence with a speci®c
antibody against the HA tag was carried out after ®xation (second col-
umn). All reactions contained an energy regenerating system (except
the reaction shown in b), and the recombinant transport factors Ran,
NTF2, importin b and importin a (except the reaction shown in e,
which lacks recombinant importin a). In b the reaction was depleted of
energy by addition of hexokinase/glucose.

H.Wodrich et al.

6250



C-terminal processing of protein VI abolishes
nuclear import of hexon
Having established the role of the C-terminal domain of
protein VI in nuclear import, we investigated whether its
removal by proteolytic processing would abrogate the
ability to promote nuclear import of hexon by protein VI.
Cos-7 cells were transfected with expression plasmids for
hexon, the 100K protein and GFP±PK fused to either wild-
type protein VI or to the DC mutant, which mimics the

naturally processed form. Consistent with the ®ndings
discussed above (Figure 2), we found that both protein VI
and hexon were strongly localized to the nucleus when the
unprocessed (wild-type) protein VI sequence was co-
transfected (Figure 6A, upper row). In contrast, when the
processed form of protein VI (DC) was co-transfected, the
protein VI mutant was localized to the cytoplasm as noted
above (Figure 3), and hexon failed to accumulate in the
nucleus (Figure 6A, lower row).

Fig. 6. Requirement of the C-terminus of protein VI for nuclear import of hexon. (A) Cos-7 cells were transfected with plasmids expressing the 100K
protein, hexon and GFP±PK fused to either full-length protein VI (upper row) or to protein VI-DC lacking the C-terminus (lower row). Localization of
protein VI was determined by GFP ¯uorescence (left panels) and hexon localization was detected with a monoclonal anti-hexon antibody (middle pa-
nels). The merged images are shown in the right-hand panels. (B) Cos-7 cells were transfected with GFP±PK fusions containing wild-type protein VI
(upper row) or protein VI-DC lacking the C-terminal peptide (lower row). Twenty-four hours after transfection, cells were microinjected in the cyto-
plasm with a ¯uorescent injection marker and puri®ed hexon. Thirty minutes after injection, the cells were ®xed and hexon was detected using a
monoclonal anti-hexon antibody. The localization of the injection marker (left panel), protein VI (middle panel) and hexon (right panel) are indicated.
All microinjection experiments were carried out at least twice, each time including an average of 10±15 cells. All cells transfected with wild-type
protein VI fused to GFP±PK showed nuclear accumulation of hexon as shown in the upper row, while none of the cells transfected with protein
VI-DC showed nuclear accumulation of hexon after microinjection (lower row).
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In a complementary approach, Cos-7 cells were
transfected with GFP±PK fused to wild-type protein VI
or the DC mutant. Subsequently, puri®ed hexon was
microinjected into the cytoplasm of the transfected cells
(see Figure 1), and the localization of hexon was
determined. As shown in Figure 6B, hexon was strongly
localized to the nucleus in all of the microinjected cells
transfected with the wild-type protein VI (Figure 6B,
upper row), consistent with the above results (Figures 3
and 6A). In contrast, hexon remained entirely cytoplasmic
in all of the microinjected cells transfected with the DC
mutant of protein VI (Figure 6B, lower row). This result
provides strong support for the hypothesis that C-terminal
processing of protein VI abrogates its ability to promote
hexon import.

Discussion

Our data indicate that the nuclear import of adenoviral
hexon involves the structural protein VI, which appears to
serve as a nucleo-cytoplasmic shuttling adapter that links
hexon to the nuclear transport machinery. To achieve this
role, protein VI encodes NLS and NES that are evolu-
tionary conserved among mastadenoviral serotypes
(Supplementary ®gure 1). Moreover, our results indicate
that the C-terminal proteolytic processing of protein VI
triggers a functional transition in this protein, from a role
in supporting hexon transport to an exclusively structural
role in virus assembly.

Based on our results and on previous studies, we
propose that protein VI links the processes of hexon import
and virus assembly, as outlined in the model in Figure 7.
We suggest that protein VI and hexon form a complex in
the cytoplasm, which binds to the importin a/b complex
via NLSs on protein VI (step 1). Subsequently the import
complex is translocated into the nucleus (step 2), and the
import receptors are dissociated by the action of RanGTP
(Macara, 2001; Bednenko et al., 2003). At this point,
hexon dissociates from protein VI and remains nuclear
(step 3), whereas protein VI binds to an exportin (step 4)
and is transported back to the cytoplasm (step 5), where it
dissociates from the export receptor (step 6) and engages
in a new round of hexon import. Since the association
between hexon and protein VI involves hydrophobic
regions of protein VI, including the region containing
NES-1 (Supplementary ®gure 2; Matthews and Russell,
1995), we suggest that the NESs on protein VI are masked
by binding to hexon. This would ensure that only
protein VI, and not the hexon±protein VI complex, is
exported back to the cytoplasm after these two proteins are
transported into the nucleus.

We propose that protein VI undergoes a transition from
a nuclear transport function to a virus assembly role by a
combination of mass-action effects and proteolytic pro-
cessing of protein VI. Whereas the af®nity of unprocessed
protein VI for hexon is relatively low (Matthews and
Russell, 1994), the strength of the interaction is increased
by the N- and C-terminal proteolytic processing of

Fig. 7. Model for involvement of protein VI in the nuclear import of hexon. Protein VI and hexon from a complex in the cytoplasm via hydrophobic
interactions involving the NESs present in protein VI (step 1). Exposed NLSs within protein VI recruit the import receptors a and b and the complex
is imported into the nucleus (step 2), where the complex dissociates (step 3) leaving hexon inside the nucleus. Complex dissociation exposes the NES
on protein VI, which in turn binds to export receptor(s) (step 4). An export complex is formed and protein VI is exported into the cytoplasm (step 5).
Dissociation of the export complex releases protein VI (step 6), which can engage in a new round of hexon nuclear transport. Late in infection
protein VI is processed at its C-terminus by the viral protease, removing the transport signals and enhancing the af®nity for hexon. As a consequence
protein VI is converted into a structural component of the maturing new assembled viral particle (step 3b) (see text for details).
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protein VI (Matthews and Russell, 1994). Since hexon is
the major viral binding partner for protein VI, we suggest
that the concentration of intranuclear unprocessed
protein VI increases co-ordinately with a rise in the
concentration of intranuclear hexon. This is because
binding of protein VI to intranuclear hexon, either free
or present in partially assembled virions, would compete
with export of protein VI from the nucleus (see above).
The increased nuclear concentration of protein VI in turn
would trigger the activation of the viral cysteine protease
over its basal level, because the C-terminal peptide
released from protein VI by the protease considerably
enhances protease activity (Mangel et al., 1993; Webster
et al., 1993; Weber, 1995). Owing to this positive feedback
loop, the level of proteolytically processed protein VI
would increase. This would promote assembly of
protein VI into the virus due to the enhanced af®nity of
processed protein VI for hexon and trigger virus matur-
ation. Thus, the C-terminal processing of protein VI would
help to convert it from a recycling import adapter into a
structural component of the virus (step 3a). To our
knowledge, the presence of a proteolytically cleavable
NLS and an NES in immediate proximity on a protein, as
we have described at the C-terminus of protein VI (with an
~16 amino acid stretch), is unprecedented. This cleavable
`shuttling' region provides an economic mechanism to
trigger a shift in the functions of protein VI.

Genetic evidence for a pivotal role of protein VI in
hexon nuclear import comes from the Ad5 ts147 mutant,
which is characterized by a strong impairment of hexon
nuclear import at the non-permissive temperature, accom-
panied by instability of protein VI (Kauffman and
Ginsberg, 1976). The ts147 mutation was mapped to the
region of the adenovirus genome containing the adjacent
hexon and protein VI open reading frames (ORFs)
(Kauffman and Ginsberg, 1976). We sequenced the
hexon ORF from the ts147 virus strain, and detected ®ve
point mutations (Supplementary ®gure 3), of which only
the G776D mutation was predicted to have a profound
effect on protein VI binding. G776 is located at the central
cavity of hexon, the proposed binding site for protein VI
(Stewart et al., 1993). Our molecular modeling analysis
suggests that the G776D mutation has the potential to
extend helix V2-a1, which in turn could alter the local
protein structure and potentially inhibit protein VI binding,
which would explain the loss of hexon import in cells
infected with Ad5 ts147 (Supplementary ®gure 3;
Kauffman and Ginsberg, 1976). This tertiary rearrange-
ment of the hexon cavity is predicted to be more
pronounced at the non-permissive temperature, consistent
with the enthalphic nature of helix folding (Creigthon,
1993)

Proteolysis of protein VI is not absolutely required for
assembly of protein VI-containing particles. The tempera-
ture-sensitive mutant Ad2 ts1, which contains a mutation
that inactivates the viral protease, assembles virus particles
with morphology resembling the wild-type virus at the
non-permissive temperature (Weber, 1976). Nuclear
import of hexon and the level of protein VI are not altered
in ts1-infected cells and protein VI is not cleaved, although
the assembled particles are non-infectious due to the lack
of virus maturation (Begin and Weber, 1975; Weber,
1976; Bhatti and Weber, 1978). These results are consist-

ent with our model, since accumulation of hexon to high
levels in the nucleus would promote protein VI assembly
into the virus even in the absence of processing.

In contrast to our results, previous work suggested that
hexon could be transported into the nucleus in a
permeabilized cell import assay (Saphire et al., 2000) or
by microinjection into cells (Carlisle et al., 2001).
However, we have determined that the hexon prepared
by the methods described in these studies contains a
signi®cant amount of co-puri®ed protein VI (our unpub-
lished observations). For the present study, we obtained
hexon devoid of protein VI by using an additional
puri®cation step involving gel ®ltration.

A recent report showed that the nucleocapsid of the
infecting adenovirus docks at the NPC via hexon (Trotman
et al., 2001). The authors of that study suggest that nuclear
import of some hexon occurs at this point by direct
interaction with histone H 1.2, which is proposed to serve
as an import adapter providing the requisite import signal
(Trotman et al., 2001). This raises the interesting possi-
bility that different nuclear import pathways for hexon
have evolved, one of which is linked to capsid disassembly
early in infection in the context of a docked nucleocapsid,
and a second of which occurs during assembly when high-
level import of hexon trimers involving protein VI takes
place.

In summary, our data support the notion that a key event
late in adenovirus replication is the conversion of
protein VI from a nuclear transport adapter to a structural
component of the mature viral particle. This transition is
promoted by the proteolytic processing of protein VI by
the adenoviral cysteine protease, which co-ordinately
removes key transport signals from the protein and
increases its af®nity for hexon. Analogous to these
®ndings with adenovirus, the removal of nuclear transport
signals from cellular proteins by proteolysis might be used
in the regulation of other directional processes such as the
cell cycle, apoptosis and differentiation.

Materials and methods

DNA cloning and sequencing
Expression vectors for hexon, 100K and protein VI were ampli®ed from
the pAdEasy vector (He et al., 1998). The hexon ORF was ampli®ed
using the 5¢ primer (GGGAATTCAAGatggctaccccttcgatgatgcc), which
introduced an EcoRI site (underlined), and the 3¢ primer (ggtctaga-
ctattaCAAGTCTTCTTCAGAAATAAGCTTTTGCTCtgttgtggcgttgccgg),
which introduced a myc epitope tag and an XbaI site (underlined). The
EcoRI±XbaI fragment was cloned into pcDNA3.1 (Invitrogen) to generate
pcDNA3.1-hex-myc. The 100K protein was ampli®ed using the 5¢ primer
(GGGAATTCAAGatggagtcagtcgagaagaagg) and the 3¢ primer (GCTCT-
AGAttagtcgagtgcgtagtctggtacgtcgtacggatacggttgggtcggcgaacg), which
introduced the same restriction sites and an HA tag. The EcoRI±XbaI
fragment was cloned into pcDNA3.1 to generate expression vector
pcDNA3.1-100K-HA. The expression vector for the GFP±protein VI
fusion protein was cloned by amplifying the protein VI ORF with the 5¢
primer (GAATTCGCGGCCGCAAGatggaagacatcaactttgcg) to introduce
an EcoRI site and the 3¢ primer (GTGGATCCCGgaagcatcgtcggcgcttcagg)
to introduce a BamHI site. The EcoRI±BamI fragment was cloned into
pEGFP-N1 (Invitrogen). For the analysis of nuclear transport signals, the
protein VI coding sequence was ampli®ed with the 5¢ primer (ccGGTACC-
gcatggaagacatcaactttgcg) and the 3¢ primer as above and cloned as a KpnI±
BamHI fragment downstream of the GFP±PK ORF in the vector pEGFP-
CMPK (Sherman et al., 2001).

Introduction of mutations into protein VI was performed using an
in vitro mutagenesis kit (Stratagene). GST expression vectors are based
on pGEX-KG (Novagen). The protein VI ORF was ampli®ed and cloned
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in-frame to the C-terminus of GST. GST-p6c-NES/NLS and GST-p6c-
NLS were constructed by amplifying amino acids 226±251 (NES/NLS)
and 239±251 (NLS) of protein VI followed by HA tagging and cloning to
the C-terminus of GST. Expression of proteins was con®rmed by
transfection and western blotting. The hexon gene was ampli®ed from
Ad5 ts147 DNA and subcloned for sequencing.

Cell culture and transfection
NRK cells and Cos-7 cells were maintained in complete Dulbecco's
modi®ed Eagle's medium, supplemented with 10% fetal calf serum
(FCS). Cos-7 cells (2 3 105) were seeded into 6-well dishes the day
before transfection. The medium was replaced by serum-reduced Opti-
MEM (Gibco) 1 h prior to transfection. Four micrograms of DNA were
suspended in 1 ml of Opti-MEM and 5 ml of Targetfect F2 reagent
(Targetsys, San Diego, CA) was added. The solution was mixed and
incubated for 10 min at room temperature before addition to a well of the
6-well plates. In co-transfection assays, the total amount of DNA was
maintained at a constant value by including appropriate amounts of empty
vector DNA. Three hours after transfection, the medium was replaced
with fresh Dulbecco's medium. Protein expression was analyzed 24±48 h
after transfection.

Immuno¯uorescence microscopy
Cells grown on coverslips were rinsed with PBS, ®xed for 10 min in PBS
4% paraformaldehyde, and pre-blocked and permeabilized with 0.2%
Saponin in PBS containing 10% FCS. Staining for hexon was performed
with a monoclonal antibody speci®c for the hexon trimer (clone141;
Biodesign) at a dilution 1:100 in PBS containing 10% FCS and 0.2%
saponin. A Texas Red-coupled secondary donkey anti rabbit antibody
(Jackson Immunoresearch, West Grove, PA) was used at a dilution 1:50
in the same solution. 100K protein was detected using an anti-HA mAb
(HA.11; Babco, Richmond,) at a dilution of 1:500 and a Texas Red-
coupled anti-mouse secondary at a dilution of 1:50. Stained cells were
mounted in Slow Fade (Molecular Probes, Eugene, OR). GFP ¯uores-
cence was monitored by ®xing the cells in 4% paraformaldehyde and
mounting them in Slow Fade. Cells were examined using Bio-Rad 1024
laser scanning confocal microscopy.

Western blot analysis
Cells were harvested 24±48 h after transfection. Cell lysates were
analyzed by SDS±PAGE on 12.5% gels and proteins were transferred to
nitrocellulose membranes as described previously (Wodrich et al., 2000).
Hexon was detected using polyclonal rabbit anti-hexon antiserum
(Saphire et al., 2000) at a dilution 1:250. Secondary horseradish
peroxidase-conjugated anti-rabbit antibodies (Jackson Immunoresearch)
were used at a dilution 1:5000. The signal was detected by
chemiluminescence.

Microinjection
For microinjection of NRK cells, hexon puri®ed from infected cells was
injected into the cytoplasm of subcon¯uent cells at a concentration of
1 mg/ml in transport buffer (Adam et al., 1991), together with Alexa-460
labeled BSA as an injection marker. After injection cells were incubated
for 30 min at 37°C, and were ®xed and labeled for immuno¯uorescence
(see above). The same protocol was used for microinjection of Cos-7
cells, except that the Cos-7 cells were transfected 24 h prior to injection,
as described above. For the shuttling experiments a preparation
containing GST±protein VI at a concentration of 0.2 mg/ml (see below)
was injected into one nucleus of bi- or multinucleated Cos-7 cells, and
after 1 h incubation at 37°C, the cells were ®xed and stained for
immuno¯uorescence with antibodies to GST. For microinjection, GST-
p6c-NES/NLS-HA and GST-p6c-NLS-HA were concentrated to
0.5 mg/ml. Injected cells were immunolabeled with a monoclonal
antibody against the HA tag to detect only intact protein. Each
microinjection experiment included an average of 10±15 cells and was
repeated at least twice.

In vitro import assay in permeabilized cells
Nuclear import assays in digitonin-permeabilized HeLa cells were carried
out essentially as in Kehlenbach et al. (2001), except that cells were
preincubated in TB for 15 min at 30°C before import to deplete
endogenous transport factors. FITC labeling and NLS peptide conjuga-
tion to BSA was performed as in Melchior et al. (1993). Unlabeled GST-
p6c-NLS was added to the reaction at ~500 nM and detected with a
monoclonal antibody against the HA tag. Import reactions contained an
energy regenerating system and recombinant factors: importin b at
250 nM, importin a at 330 nM, Ran at 300 nM and NTF2 at 500 nM. In

control reactions, WGA was added to the reaction at a ®nal concentration
of 200 ng/ml. In the absence of an energy regenerating system,
hexokinase/glucose was added to deplete endogenous cellular NTPs.

Protein puri®cation
Hexon was puri®ed according to a protocol from Waris and Halonen
(1987). Brie¯y, 293-T cells were infected with Ad5 at an m.o.i. of 100 and
incubated for additional 48±60 h until the cells started to detach. Cells
were harvested and washed once with PBS. Cells were disrupted by three
alternating freeze±thaw cycles in 2 vol. of 20 mM Bis-Tris propane pH
6.5 and 1 vol. of 1,1,2-trichlorotri¯uoroethane (Freon 113; Aldrich).
Lysates were cleared by low-speed centrifugation (1000 g for 20 min) and
high-speed centrifugation (100 000 g for 30 min). The cleared supernatant
was applied to a MonoQ column (Pharmacia). Elution of hexon from the
MonoQ column was performed with a 0±0.5 M NaCl salt gradient in
20 mM Bis-Tris propane pH 6.5. The pool of peak hexon fractions was
further puri®ed by molecular sieving on a S-200 column. Fractions
containing trimeric hexon were pooled, concentrated to 1 mg/ml and
frozen in liquid nitrogen.

GST fusion proteins were expressed in the Escherichia coli strain BL
21±. Cells were grown to an OD of 0.6 at 37°C and induced with 50 mM
IPTG. When expressing full-length GST±protein VI together with the
IPTG, NaCl to a concentration of 300 mM was added to the growth media
to prevent hypotonic cell lysis, due to high toxicity of the expressed
protein VI. Otherwise, cell lysis occurred within minutes as described
previously (Matthews and Russell, 1995). Induction was continued for 2 h
and cells were disrupted by sonication in the presence of 10 mg/ml
RNAse and protease inhibitors (2 mM PMSF).

Puri®cation was performed using glutathione±Sepharose according to
the manufacturer's protocol (Amersham). In the GST±protein VI
preparation the eluate from the glutathione column contained some
full-length GST±protein VI, but also had many degradation products that
migrated at the size of GST and larger. The protein was concentrated to
~0.2 mg/ml and frozen in liquid nitrogen. GST-p6c-NLS and GST-p6c-
NES/NLS were concentrated to 0.5 mg/ml and stored in liquid nitrogen.

GST pull-down assays
Glutathione beads (Amersham) were loaded to saturation with GST or
GST-p6c-NLS in transport buffer (see above) containing 1% BSA.
Loaded beads were incubated with cytosol diluted to 2 mg/ml in transport
buffer in the presence of protease inhibitors. Cytosol was obtained from
HeLa cells by digitonin lysis (Melchior et al., 1993). The sample was
rotated for 3 h at 4°C in the presence of RanQ69L, which was preloaded
either with GTP or GDP (Kehlenbach et al., 2001). The beads were
collected by centrifugation and washed three times with transport buffer.
Bound material was analyzed by western blotting with antibodies to
importin a and importin b.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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