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During the late phase of adenovirus infection, viral mRNA is efficiently transported from the nucleus to the
cytoplasm while most cellular mRNA species are retained in the nucleus. Two viral proteins, E1B-55 kDa and
E4orf6, are both necessary for these effects. The E4orf6 protein of adenovirus type 5 binds and relocalizes
E1B-55 kDa, and the complex of the two proteins was previously shown to shuttle continuously between the
nucleus and cytoplasm. Nucleocytoplasmic transport of the complex is achieved by a nuclear export signal
(NES) within E4orf6. Mutation of this signal sequence severely reduces the ability of the E1B-55 kDa–E4orf6
complex to leave the nucleus. Here, we examined the role of functional domains within E4orf6 during virus
infection. E4orf6 or mutants derived from it were transiently expressed, followed by infection with recombinant
adenovirus lacking the E4 region and determination of virus yield. An arginine-rich putative alpha helix near
the carboxy terminus of E4orf6 contributes to E1B-55 kDa binding and relocalization as well as to the synthesis
of viral DNA, mRNA, and proteins. Further mutational analysis revealed that mutation of the NES within
E4orf6 considerably reduces its ability to support virus production. The same effect was observed when nuclear
export was blocked with a competitor. Further, a functional NES within E4orf6 contributed to the efficiency of
late virus protein synthesis and viral DNA replication, as well as total and cytoplasmic accumulation of viral
late mRNA. Our data support the view that NES-mediated nucleocytoplasmic shuttling strongly enhances
most, if not all, intracellular activities of E4orf6 during the late phase of adenovirus infection.

A number of viruses that replicate in the nucleus of the cell
have devised specialized mechanisms that ensure efficient ex-
port of viral RNA from the nucleus to the cytoplasm. Such
viruses include the human immunodeficiency virus (HIV) and
other lentiviruses (9, 10, 37), simple retroviruses (6), influenza
virus (43), hepatitis B virus (23, 27), and adenovirus. In the late
phase of infection with adenovirus type 5, viral mRNA is effi-
ciently transported to the cytoplasm but, simultaneously, most
cellular mRNA molecules are retained in the nucleus of the
cell (1, 3, 46).

Two proteins encoded by adenovirus type 5 are known to be
required for the modulation of mRNA transport: E1B-55 kDa
and E4orf6 (E4-34 kDa) (1, 18, 46, 56). These proteins form a
specific complex within infected (54) and transiently trans-
fected (17) cells. The E4orf3 protein of adenovirus type 5 also
colocalizes with E1B-55 kDa. However, E1B-55 kDa preferen-
tially associates with E4orf6 when all three proteins are present
in an infected or transfected cell (33, 34). When E1B-55 kDa
is expressed by transient or stable transfection, it is mostly
localized in cytoplasmic clusters (64, 65). However, in adeno-
virus-infected cells, several localization patterns were identi-
fied in addition to this cytoplasmic location (45). Most notably,
E1B-55 kDa colocalizes with E4orf6 in the periphery of viral
replication centers within the nucleus. It was therefore sug-
gested that the two proteins may be directly involved in the
transport of viral mRNA from these replication centers to the
cytoplasm (45). Upon transient coexpression of E1B-55 kDa
with E4orf6, both proteins are evenly distributed over the

nucleus, arguing that E4orf6 relocalizes E1B-55 kDa from the
cytoplasm to the nucleus (17). However, even though the
steady-state localization of both proteins is almost exclusively
nuclear under these circumstances, the complex of E1B-55
kDa and E4orf6 continuously shuttles between the nucleus and
cytoplasm, as has been shown by heterokaryon assays (8).
While the two proteins can exit the nucleus when expressed
together, neither of them is able to undergo nuclear export in
the absence of the other. Nuclear export is driven by a leucine-
rich nuclear export signal (NES) within E4orf6. E1B-55 kDa
apparently inactivates a nuclear retention signal upon associ-
ation with E4orf6, resulting in nuclear export of the two pro-
teins. Given the fact that both proteins are required to mod-
ulate mRNA transport during adenovirus infection, along with
the finding that they undergo nuclear export, it is tempting to
speculate that a functional NES might be contributing to the
efficient export of viral mRNA, thus supporting virus replica-
tion. To test this hypothesis, we assayed whether or not the
export function of E4orf6 contributes to the efficiency of virus
production and, if so, what stages of the infectious cycle de-
pend on E4orf6 export. Our results suggest that nuclear export
of E4orf6 contributes to several steps in virus production, in-
cluding DNA replication, mRNA accumulation, and a shift in
distribution of late viral mRNA from the nucleus to the cyto-
plasm.

MATERIALS AND METHODS

Cell culture. HeLa cells were obtained from the American Type Culture
Collection and maintained in Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum (FBS).

Plasmids. Expression plasmids for E4orf6 and E1B-55 kDa as well as rex
chimeras have been described previously (8). All E4orf6 mutants were generated
by site-directed mutagenesis (Quikchange; Stratagene). Thereby, the coding
sequences for the amino acids to be deleted were replaced by the sequence
GGCGCC to generate the mutants E4orf6D13-21, E4orf6D22-31, E4orf6D225-
232, and E4orf6D264-272. The sequences of the corresponding oligonucleotides
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employed for mutagenesis were GGCATGACACTAGGCGCCCGCACTCCG
TACAG, CTCGGTTGTCTCGGGGCGCCTTTGAGACAGAAACC, GTGGT
GCTGTGCTGCGGCGCCATCAGGGTGCGCTGC, and GCCATGTTGTAT
TCCGGCGCCTTTATTCGCGCGCTG, respectively. The plasmids pGemE4orf6
and pGemE4orf6D225-232 were generated by excising the E4orf6 coding regions
from the expression plasmids described above with BamHI and ligating them
into the vector pGem7Zf(1) (Promega) (previously linearized with the same
enzyme) in an orientation that allows the transcription of RNA in the sense
direction from the T7 promoter.

Transient transfections. For electroporation, 0.4 ml of a HeLa cell suspension
in DMEM–10% FCS (4 3 106 cells/ml) was subjected to a pulse of 230 V in a
cuvette with 0.4-cm gap width, with the resistance set to 200 V and the capaci-
tance set to 950 mF. Then, 0.2 ml of the suspension was seeded on a 3.5-cm-
diameter cell culture dish in 2 ml of DMEM–10% FCS. Transfections with
Superfect (Qiagen) were done as recommended by the manufacturer.

Immunofluorescence. Cells were seeded on plastic slides (Nunc) suitable for
microscopy and then infected as described below or transfected with Superfect.
Transfected or infected cells were fixed with paraformaldehyde (4% in phos-
phate-buffered saline [PBS]; 15 min), permeabilized with Triton X-100 (0.2% in
PBS; 25 min), and incubated with antibody as described previously (7). The
E2A-72 kDa DNA binding protein was stained with a mouse monoclonal anti-
body (clone B8-6; gift from T. Shenk). To detect E4orf6, the murine monoclonal
antibody RSA3 (45) was used. Hemagglutinin (HA)-tagged E1B-55 kDa was
stained with a polyclonal rabbit antibody to the HA tag (Santa Cruz Biotech-
nology). Primary mouse antibodies were visualized by secondary antibodies cou-
pled to fluorescein isothiocyanate (Jackson Laboratory). Primary rabbit antibod-
ies were detected by a Texas Red-labeled secondary antibody (Jackson
Laboratory). Prior to being mounted (Fluoprep mounting medium; bioMérieux),
the cell nuclei were briefly stained with 49,69-diamidino-2-phenylindole (DAPI).

Immunoprecipitation. E4orf6 and E4orf6D225-232 were prepared with
pGemE4orf6 and pGemE4orf6D225-232, respectively, by transcription and
translation in vitro with T7 RNA polymerase and rabbit reticulocyte lysate
(Promega). The reticulocyte lysate was incubated with lysates from HeLa cells or
293 cells (the latter constitutively expressing E1B-55 kDa) and immunoprecipi-
tated with an antibody against E1B-55 kDa (clone 2A6 [55]), as described
previously (51). The precipitated proteins were resolved on a 10% polyacryl-
amide gel, followed by autoradiography.

Complementation of virus growth. HeLa cells were transiently transfected
with E4orf6 expression plasmids by electroporation. Electroporated cells
(800,000) were then seeded in a 3.5-cm-diameter dish for 24 h. Subsequently, the
cells were washed with PBS and then overlayed with 800,000 infectious units of
the recombinant adenovirus 366, which lacks the entire E4 region, in 500 ml of
DMEM without serum. After 3 h of gentle rocking in an incubator, the cells were
washed again with PBS and further incubated in DMEM–10% FBS. After an-
other 48-h incubation period, the cells were harvested in PBS and lysed by three
cycles of freezing and thawing. To determine the yield of virus, a dilution series
of the lysate was made in DMEM and a fresh monolayer of HeLa cells was
infected with the dilutions as described above. Twenty-four hours after infection,
the cells were fixed and stained with a monoclonal antibody (B8-6) to the E2A-72
kDa DNA binding protein. The cells were stained with DAPI in parallel, and the
ratio of infected cells to the total cell count was determined.

When rex-derived export inhibitors were employed, the cells were first seeded
in a 3.5-cm-diameter well and then transfected with E4orf6 and export compet-
itor by using Superfect (Qiagen). The transfected cells were infected 24 h later
and then processed as described above.

The reason for using two different methods of transfection was as follows.
Superfect transfection generally yielded higher expression levels (data not
shown). This was desired when studying the effects of the NLSrex export com-
petitor, since these competitors are only effective when expressed at high levels.
In contrast, electroporation yielded lower expression levels of E4orf6, reflecting
the situation in adenovirus-infected cells. This method was therefore chosen
when analyzing the effects of E4orf6 and its mutants in the absence of export
competitors.

Assessment of late protein expression. HeLa cells were transfected and in-
fected with 366 virus as described above. Eighteen hours after infection, the cells
were radiolabeled with [35S]Met and [35S]Cys (Promix, Amersham) for 3 h and
harvested in 0.6 ml of radioimmunoprecipitation assay (RIPA) buffer (20 mM
Tris-HCl [pH 7.6], 150 mM NaCl, 10 mM EDTA, 1% Triton X-100, 1% des-
oxycholate, 0.1% sodium dodecyl sulfate [SDS]). The viral hexon protein was
immunoprecipitated as follows. After preclearing the lysate with protein A-
Sepharose (Pharmacia), incubation with a monoclonal antibody (gift from J.
Flint) to hexon was allowed to proceed for 3 h. Protein A-Sepharose (10-ml
packed volume) was added for 30 min, followed by three washing steps in RIPA
buffer and two additional washing steps in SNNTE (50 mM Tris-HCl [pH 7.6],
500 mM NaCl, 5 mM EDTA, 5% sucrose, 1% Nonidet P-40). The precipitated
protein was separated on an SDS-polyacrylamide gel, followed by autoradiogra-
phy.

Detection of virus DNA. HeLa cells were transfected and infected with 366
virus as described above. At various time points after infection, the cells were
harvested and DNA was extracted (Qiagen). The DNA was treated with HindIII
and separated on a 0.8% agarose gel, followed by transfer to nylon. The blot was

hybridized to a digoxigenin-labeled probe derived from the E1B region of ade-
novirus type 5, followed by detection with an antidigoxigenin antibody (Roche).

Cell fractionation. HeLa cells were transfected and infected with 366 virus as
described above. At various time points after infection, the cells were scraped off
the dish in PBS and pelleted. After resuspension in fractionating buffer (10 mM
Tris-HCl [pH 7.6], 150 mM NaCl, 1.5 mM MgCl2, 0.5% Nonidet P-40; 100 ml was
used to suspend 800,000 cells), the cells were subjected to vigorous shaking for
5 min, followed by fractionation. The supernatant was used as the cytoplasmic
fraction. After one washing step with fractionating buffer, the pellet was defined
as the nuclear fraction.

RNase protection assay. RNA was extracted from total cell pellets or fractions
(see above) with Trizol reagent (Life Technologies) and hybridized to a radio-
actively labeled antisense probe to the viral L5 region (generated with a plasmid
obtained from K. Leppard). Hybridization and subsequent RNase digestion were
carried out with a premanufactured system (Ambion), followed by denaturing gel
electrophoresis and autoradiography. Quantitations were performed with a Bio-
Imager system (Fuji).

Immunoblots. Proteins were separated on SDS–10% polyacrylamide gels and
transferred to polyvinylidene difluoride, followed by incubation with antibodies
in PBS containing 5% milk powder and 0.5% Tween 20 and chemiluminescent
detection (Pierce) of peroxidase-coupled secondary antibody (Jackson Labora-
tory).

RESULTS

Mapping of a region within E4orf6 that is required for
intracellular colocalization with E1B-55 kDa. To map the ac-
tivities of E4orf6, several expression plasmids expressing mu-
tants of E4orf6 were created. In these mutants, small amino
acid deletions were introduced at residues that were predicted
to be exposed to the surface by a computer-based secondary
structure calculation (48). These expression plasmids were
transfected into HeLa cells to yield protein amounts compa-
rable to that of wild-type E4orf6, as determined by Western
blot analysis (Fig. 1A). Upon deletion of amino acids 22 to 31,
the protein was no longer detectable (Fig. 1A, lane 3) with a
polyclonal antibody raised against an E4orf6-derived peptide
(generous gift from P. Branton) but did efficiently relocalize
E1B-55 kDa (see below), arguing that the deleted region is
part of the epitope recognized by this antibody. Next, we tested
whether these mutants of E4orf6 were still able to relocalize
E1B-55 kDa, as was shown previously for wild-type E4orf6 (8,
17). Expression plasmids for E4orf6 and E1B-55 kDa were
transiently transfected into HeLa cells, followed by simulta-
neous immunostaining of the two proteins. All but one of these
mutants retained the ability to relocalize E1B-55 kDa to the
nucleus (Fig. 1B, a to j). Also, the previously described point
mutations that modify the nuclear export properties of E4orf6
(L90A and I92A; R248E; L90A, I92A, and R248E [8]) did not
abolish E1B-55 kDa relocalization (Fig. 1B, k to r). Only the
deletion of amino acids 225 to 232 eliminated this activity (Fig.
1B, d and i). This deletion removes a putative amphipathic and
arginine-rich alpha helix from E4orf6 (44). In parallel, the
E4orf6/7 protein failed to colocalize detectably with E1B-55
kDa (Fig. 1B, o and t). E4orf6/7 shares the N-terminal 58
amino acids with E4orf6 but contains a different C-terminal
portion. Taken together, these results argue that the carboxy-
terminal arginine-rich alpha helix within E4orf6 is required for
the relocalization of E1B-55 kDa to the nucleus, confirming
recently published data (44).

Further mapping studies were performed to find the re-
gion(s) within E4orf6 required for import into the nucleus. The
fragments consisting of amino acids 12 to 32 and 230 to 283 of
E4orf6 were each individually capable of mediating the nuclear
accumulation of a beta-galactosidase reporter protein (S. Ris-
tea and M. Dobbelstein, unpublished observations). There-
fore, both portions of E4orf6 may contain nuclear import sig-
nals. Future studies employing double-deletion mutants and in
vitro nuclear import assays will be required to further address
the mechanism of the E4orf6 protein’s nuclear import.
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E4orf6 employs amino acids 225 to 232 to associate with
E1B-55 kDa in vitro. The results described above strongly
suggest that amino acids 225 to 232 within E4orf6 are required
to allow relocalization of E1B-55 kDa. This seems contrary to
a previous study (53) where the interaction of E1B-55 kDa and
E4orf6 was analyzed by immunoprecipitation, mapping the
region of interaction with E1B-55 kDa exclusively to the ami-
no-terminal portion of E4orf6. To further explore this issue,
E4orf6 and E4orf6D225-232 were generated by transcription
and translation in vitro (Fig. 2, lanes 1 and 2). The proteins
were incubated with a lysate from 293 cells that contain
E1B-55 kDa (lanes 5 and 6). As a control, parallel experiments
were carried out with a lysate from HeLa cells that do not
contain adenoviral proteins (lanes 3 and 4). An antibody to
E1B-55 kDa was added to the mixtures, and this antibody was
then used for immunoprecipitation with protein A-Sepharose
beads. The precipitated proteins were separated on an SDS-
polyacrylamide gel, followed by autoradiography. In this ex-

periment, considerable amounts of E4orf6 were precipitated in
the presence of E1B-55 kDa (lane 5) but not in the absence of
E1B-55 kDa (lane 3). In contrast, E4orf6D225-232 largely
failed to coprecipitate with E1B-55 kDa (lane 6). Thus, resi-
dues 225 to 232 within E4orf6 are either necessary for, or at
least strongly contribute to, the interaction between E1B-55
kDa and E4orf6.

Virus growth supported by E4orf6 and mutants. Next, we
asked how these different mutations within E4orf6 might affect
the growth of adenovirus. To test this, an assay that was pre-
viously established to assess the role of different E4 proteins in
adenovirus infection was used (30).

Expression plasmids for E4orf6 and mutants were tran-
siently transfected into HeLa cells by electroporation. Cells
(800,000) were seeded in a 3.5-cm-diameter dish and, 24 h
later, infected with the defective adenovirus 366 (lacking the
entire E4 region [18]) at a multiplicity of infection of 1. This
virus is unable to replicate at low multiplicities of infection

FIG. 1. Mutational analysis of E1B-55 kDa relocalization by E4orf6. (A) Plasmids were generated to express E4orf6 with the indicated deletions and mutations.
HeLa cells were transfected (Superfect; Qiagen), followed by SDS-polyacrylamide gel electrophoresis and Western blotting detection of E4orf6 with a polyclonal rabbit
antibody (generous gift from P. Branton). GFP, green fluorescent protein. (B) E4orf6 and its mutants (400 ng of expression plasmid) were transiently expressed as
indicated along with HA-tagged E1B-55 kDa (100 ng of the corresponding expression plasmid), followed by immunodetection of both proteins. E4orf6 and mutants
as well as E4orf6/7 are shown in panels a to e and k to o; E1B-55 kDa is shown in panels f to j and p to t. wt, wild type.
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(24). However, the presence of transiently expressed E4orf6
enables the virus to replicate and leads to the production of
new virus particles. After further incubation for 48 h, the cells
were harvested in PBS and lysed by three cycles of freezing and
thawing. The lysate was then diluted with DMEM and applied
to a fresh monolayer of HeLa cells, and infected cells were
subsequently detected with an antibody against the E2A DNA
binding protein. Expression of this protein was previously
shown not to be reduced by the deletion of the E4 region (38).
The amount of cells staining positive for E2A in the assay
involving wild-type E4orf6 was arbitrarily set to 100%, and the
other values were normalized accordingly.

This assay was performed with all the mutants described
above. Most mutations resulted in little or no detectable loss in
virus production (Fig. 3A). However, the same mutant
E4orf6D225-232 that no longer relocalized E1B-55 kDa also
failed to support virus production (lane 4), arguing that the
association of E4orf6 with E1B-55 kDa may considerably con-

tribute to efficient adenovirus production. Most notably, the
E4orf6 protein with a mutation in the NES (L90A and I92A)
was compromised in its ability to support virus replication
(lane 6). While this mutation did not completely abrogate virus
replication, it did result in a considerable reduction of virus
yield. This led us to hypothesize that the nuclear export func-
tion of E4orf6 may affect virus replication. However, this ex-
periment does not exclude the possibility that a different func-
tion of E4orf6 that contributes to virus replication might be
affected by the mutation involving the changes L90A and I92A
simultaneously with the NES function.

Export blockage suppresses E4orf6 function in virus pro-
duction. To further evaluate the concept that nuclear export of
E4orf6 contributes to virus replication, we used an export
competitor (Fig. 4A) that was previously shown to block the
activity of leucine-rich NESs (8, 29, 32, 49). This competitor
was derived from a fragment of the human T-cell leukemia
virus type 1 rex protein that contains a functional NES. This
fragment was fused to the nuclear import signal (nuclear lo-
calization signal) of simian virus 40 T antigen. The chimeric
protein expressed from this construct undergoes rapid nuclear
export and import, and it presumably exhausts the activity of
one or several components of the nuclear export machinery. As
a control, we used a similar construct with a mutation in the
NES of the rex fragment. An expression plasmid for beta-
galactosidase served as an additional control. These three plas-
mids were each cotransfected with an expression plasmid for
wild-type E4orf6 (Superfect; Qiagen), followed by infection
with the E4-less 366 virus and quantitation of newly synthe-
sized virus. Compared to the controls, the export competitor
reduced the yield of virus (Fig. 4B; compare lane 1 with lanes

FIG. 2. Association of E4orf6 but not E4orf6D225-232 with E1B-55 kDa.
E4orf6 and its mutant E4orf6D225-232 were synthesized and radioactively la-
beled by transcription and translation in vitro (lanes 1 and 2). The proteins were
then incubated with lysates from HeLa cells (lanes 3 and 4) or 293 cells (con-
taining E1B-55 kDa; lanes 5 and 6). After immunoprecipitation with a mono-
clonal antibody (2A6) against E1B-55 kDa, the precipitated material was sepa-
rated by SDS-polyacrylamide gel electrophoresis and exposed to a BioImager
screen. wt, wild type.

FIG. 3. Synthesis of virus particles upon E4orf6 expression. Expression plas-
mids for E4orf6 and mutants were transiently transfected into HeLa cells by
electroporation. Cells (800,000) were seeded in a 3.5-cm-diameter dish and, 24 h
later, infected with the defective adenovirus 366 (lacking the entire E4 region) at
a multiplicity of infection of 1. After further incubation for 48 h, the cells were
harvested in PBS and lysed by three cycles of freezing and thawing. The lysate
was then diluted with DMEM and applied to a fresh monolayer of HeLa cells,
and infected cells were subsequently detected with an antibody against the E2A
DNA binding protein. The amount of cells staining positive for E2A in the assay
involving wild type (wt) E4orf6 was arbitrarily set to 100%, and the other values
were normalized accordingly. The error bars represent standard errors of at least
three independent experiments. GFP, green fluorescent protein.

FIG. 4. Interference of an export competitor with virus production. (A)
Schematic depiction of export competitors. The carboxy-terminal portion of the
human T-cell leukemia virus type 1 (HTLV-1) rex protein was fused to the
nuclear localization signal (NLS) of simian virus 40 T antigen. A mutant of this
chimera carrying a small deletion within the rex NES was used as a control.
Another control was performed by expressing beta-galactosidase. (B) Cells were
transfected with expression plasmids for wild-type (wt) E4orf6 (1 mg) along with
beta-galactosidase or the NLSrex chimeric protein or a mutant NLSrex chimera
lacking a functional NES (2 mg each; Superfect; Qiagen). After transfection, the
function of E4orf6 in virus production was assayed as described in the legend to
Fig. 3. The amount of virus obtained in the presence of E4orf6 and beta-
galactosidase was set to 100%, and the other results were normalized accord-
ingly.
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2 and 3). This argues that it is indeed a nuclear export function
that contributes to the enhancement of virus production by
E4orf6.

Residues 225 to 232 and the NES within E4orf6 contribute
to viral protein synthesis. Given the loss in virus production
that is induced by removal of the residues 225 to 232 from
E4orf6 or a mutation in the NES of E4orf6, we attempted to
find out what step in virus replication might be relying on these
domains. Therefore, we first determined if the reduction in
virus yield is accompanied by a loss in late viral protein syn-
thesis when residues 225 to 232 or the NES within E4orf6 is
mutated. To this end, cells were transfected with E4orf6 ex-
pression plasmids or the control plasmid. After infection with
E4-less 366 virus, the cells were harvested and the amount of
hexon protein (a structural protein encoded by the L3 region
of the viral genome) was determined by radioactive labeling of
the cellular proteins, followed by immunoprecipitation of
hexon. As shown in Fig. 5A, E4orf6 supported late protein
production (lane 1), whereas a control plasmid did not (lane
4). Notably, a mutation in the NES of E4orf6 (L90A and I92A)
led to a reduction in the amount of hexon (lane 2). In the
presence of E4orf6D225-232, no hexon protein could be de-
tected (lane 3). Similarly, when the rex-derived export com-
petitor NLSrex was coexpressed with E4orf6, hexon accumu-
lation was suppressed compared to that resulting from the
transfection of control plasmids (Fig. 5B). Thus, the associa-
tion of E4orf6 with E1B-55 kDa as well as the NES function of

E4orf6 seem to contribute to the efficiency of late virus protein
synthesis.

The NES within E4orf6 supports viral DNA replication.
Besides the expression of late genes, the replication of viral
DNA is a prominent step after entry into the late phase of the
infectious cycle. Therefore, we determined whether DNA syn-
thesis is supported by the NES function of E4orf6. To test this,
HeLa cells were transfected to express wild-type or mutant
E4orf6 and infected with 366 virus. At three different time
points, the cells were harvested and viral DNA was detected by
Southern blotting. As shown in Fig. 6A, viral DNA did not
accumulate in the absence of E4orf6 (lanes 1 to 3) or in the
presence of the mutant E4orf6D225-232, which does not de-
tectably interact with E1B-55 kDa (lanes 4 to 6). In contrast,
both E4orf6 and E4orf6L90A/I92A supported viral DNA syn-
thesis. However, viral DNA accumulated to greater amounts in
the presence of wild-type E4orf6 than in the presence of the
NES mutant (compare lanes 10 to 12 with 7 to 9). In parallel,
the export competitor NLSrex but not its mutant considerably
suppressed DNA production when cotransfected with E4orf6
(Fig. 6B). Hence, a functional NES within E4orf6 ultimately
leads to enhanced production of viral DNA.

The NES within E4orf6 increases the overall accumulation
of viral mRNA. Finally, we tested the effects of E4orf6 and its
NES on the accumulation and intracellular distribution of late
viral mRNA. To this end, HeLa cells were transfected and
infected as described above, followed by an RNase protection
assay to quantitate the L5 late mRNA (this RNA species’
accumulation and export were previously shown to be most
strongly dependent on the expression of E1B-55 kDa protein

FIG. 5. Late protein synthesis upon E4orf6 expression. (A) HeLa cells were
electroporated with expression plasmids for E4orf6, E4orf6D225-232, and the
mutant E4orf6L90A/I92A within the NES. The cells were then infected with 366
as described in the legend to Fig. 2 and harvested 24 h after infection. To detect
the expression of the viral hexon protein, the cells were metabolically labeled
with [35S] Met and [35S] Cys, followed by immunoprecipitation of hexon proteins,
SDS-polyacrylamide gel electrophoresis, and autoradiography. wt, wild type. (B)
The cells were transfected by using Superfect (Qiagen) with wild-type E4orf6
along with expression plasmids for an export competitor as indicated. Hexon
protein was detected by immunoblotting.

FIG. 6. Replication of viral DNA upon E4orf6 expression. (A) HeLa cells
were electroporated and infected as described in the legend to Fig. 3. At the time
points indicated after infection, DNA was isolated, treated with HindIII, sepa-
rated by agarose electrophoresis, and blotted. A genomic fragment correspond-
ing to the adenovirus E1B region was detected by Southern hybridization. GFP,
green fluorescent protein; wt, wild type. (B) The cells were transfected (Super-
fect) with wild-type E4orf6 along with expression plasmids for the export com-
petitor as indicated. Virus DNA was detected by Southern blotting.
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[35]). Considerably more RNA accumulated in E4orf6-trans-
fected cells than in cells expressing the NES mutant (Fig. 7A;
compare lanes 1 to 3 and 4 to 6). Quantitation of the radiation
intensities revealed a roughly 50-fold difference between the
amounts of RNA that accumulated in the presence of wild-
type and NES mutant E4orf6 at 72 h postinfection (Fig. 7B,
lanes 3 and 6). When E4orf6D225-232 was expressed, no late
viral mRNA could be detected (Fig. 7A, lanes 7 to 9), similar
to the control with no E4orf6 protein (lanes 10 to 12). These
results argue that interaction of E4orf6 with E1B-55 kDa and
the NES within E4orf6 plays important roles in the overall
accumulation of late viral mRNA.

The NES within E4orf6 supports the accumulation of viral
mRNA in the cytoplasm. Given the differences in RNA accu-
mulation, we next determined if the intracellular distribution
of mRNA might also be affected by the NES function of
E4orf6. Therefore, after transfection and infection of HeLa
cells, we harvested the cells at different time points, followed
by separation into nuclear and cytoplasmic fractions. To verify
the accuracy of cell fractionation, cytoplasmic and nuclear pro-
teins were detected by immunoblot analysis in each fraction.
While the cytoplasmic b-tubulin protein was detected exclu-
sively in the cytoplasmic fraction, not in the nuclear fraction
(Fig. 8A; compare lanes 2 and 3, upper panel), the reverse was
true for the nuclear lamin proteins (lamin a and lamin c) (Fig.
8A, lanes 2 and 3, lower panel). This shows that the separation
procedure efficiently separates cytoplasmic from nuclear ma-
terial. The amount of L5 RNA in each fraction was measured
by RNase protection assay, and the band intensities were quan-
tified with a BioImager. The values obtained from the cyto-
plasmic fractions were divided by the values obtained from the
corresponding nuclear fractions. The resulting numbers are
shown graphically in Fig. 8C. At 72 h after infection, the ratio
of cytoplasmic to nuclear RNA was about 4 in E4orf6-trans-

fected cells but only between 1 and 1.5 upon mutation of the
NES (Fig. 8B and C). Concerning the intracellular distribution
of viral mRNA, the effects of an export competitor such as
NLSrex could not be successfully determined (data not
shown). This was presumably due to the fact that at late times
after transfection and infection (72 h), only small amounts of
NLSrex were still expressed, resulting in insufficient blockage
of export. Nonetheless, the results presented here argue that
the NES function of E4orf6 specifically enhances the cytoplas-
mic accumulation of late viral mRNA.

DISCUSSION

Our data show that the ability of E4orf6 to support adeno-
virus replication cosegregates with two necessary functions:
intracellular association with E1B-55 kDa seems to be required
for E4orf6-driven virus production, while nuclear export of
E4orf6 apparently increases the yield of viral particles. The
latter phenomenon correlates with the contribution of E4orf6
and its export signal to late protein synthesis and DNA repli-
cation, as well as the accumulation of total and cytoplasmic

FIG. 7. Accumulation of late viral mRNA upon E4orf6 expression. (A) HeLa
cells were electroporated and infected as described in the legend to Fig. 3. Total
RNA was isolated at the time points indicated, and L5 RNA was detected by an
RNase protection assay. wt, wild type; GFP, green fluorescent protein. (B) The
signals obtained by the RNase protection assay were quantitated with a BioIm-
ager (Fuji). The value obtained with wild-type E4orf6 24 h postinfection was set
100%, and the other signal intensities were normalized accordingly. The average
signal intensities along with the standard deviations of at least three independent
experiments are shown.

FIG. 8. Nucleocytoplasmic distribution of late viral mRNA upon E4orf6 ex-
pression. (A) HeLa cells were separated into cytoplasmic (Fc) and nuclear (Fn)
fractions as described in Materials and Methods. The fractions as well as total
cell lysate (T) were analyzed by immunoblotting with antibodies against b-tubu-
lin as well as types a and c of the lamin protein. (B) HeLa cells were transfected
and infected as described in the legend to Fig. 3. At the time points indicated, the
cells were harvested and separated into nuclear and cytoplasmic fractions. In
each fraction, L5 RNA was detected by an RNase protection assay. Note that the
exposure time chosen after expression of the NES mutant E4orf6 protein was
roughly 50 times longer than the exposure after expression of wild-type (wt)
E4orf6. GFP, green fluorescent protein. (C) The signals obtained by RNase
protection assay were quantitated with a BioImager (Fuji). Then, the ratio
between signals derived from the cytoplasmic fraction and the nuclear fraction
was calculated in each case. The average ratios along with the standard devia-
tions of at least three independent experiments are shown.
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mRNA. These data support the view that the NES within
E4orf6 is of considerable importance for virus replication and
may enhance the nucleocytoplasmic transport of late viral
mRNA.

Our mapping studies on the relocalization of E1B-55 kDa by
E4orf6 reveal that a deletion of residues 225 to 232 within
E4orf6 abolishes the protein’s ability to relocalize E1B-55 kDa
to the nucleus. Accordingly, the E4orf6/7 protein does not
detectably colocalize with E1B-55 kDa protein either. E4orf6/7
shares the amino-terminal portion with E4orf6 but differs from
it in the C-terminal part, further supporting the concept that
the C-terminal portion of E4orf6 is required to relocalize
E1B-55 kDa. This observation is in agreement with a recent
report (44). Earlier mapping studies that used immunoprecipi-
tation to detect interactions between E1B-55 kDa and E4orf6
(53) came up with a different conclusion. In these studies, only
the amino-terminal portion common to E4orf6 and E4orf6/7
was required to detect association with E1B-55 kDa and no
gross difference between the binding efficiency of full-length
E4orf6 and that of E4orf6/7 was reported. In contrast, our
results show that wild-type E4orf6 binds to E1B-55 kDa at least
more efficiently than E4orf6D225-232. While we cannot fully
explain the apparent discrepancy, we suspect that the amino-
terminal portion of E4orf6 may have some ability to associate
with E1B-55 kDa under nonstringent conditions or in the pres-
ence of a large excess of E1B-55 kDa. In any case, our immu-
nofluorescence and immunoprecipitation studies strongly sug-
gest that the C-terminal portion of E4orf6 at least enhances
the efficiency of the interaction with E1B-55 kDa.

At first glance, it was unexpected that a mutation of the NES
within E4orf6 had multiple effects on the infectious cycle. As
an explanation, one could argue that the region of E4orf6 that
contains the NES might carry out functions in addition to
nuclear export. However, this possibility is rendered unlikely
by the fact that expression of an export competitor had effects
similar to those of a mutation of the NES. Therefore, we favor
a second possibility: a defect in the nuclear export of E4orf6
may result in a defect of mRNA transport. This in turn can be
expected to reduce late protein synthesis and the production of
virus particles.

It seems surprising that differences in late protein synthesis
and DNA replication were observed as early as 24 h after
infection when wild-type E4orf6 was compared with the NES
mutant protein, while clear differences in mRNA distribution
were only detected at 72 h postinfection. Similarly, the E1B-55
kDa protein was previously shown to affect the cytoplasmic
accumulation of viral mRNA only at such late time points (35).
A possible explanation for this phenomenon is that the E1B-55
kDa–E4orf6 complex may affect intranuclear mRNA transport
and processing steps in addition to the nucleocytoplasmic dis-
tribution of mRNA. Such intranuclear transport and/or pro-
cessing may be influenced by E4orf6 and its NES at far earlier
time points than those at which the nucleocytoplasmic distri-
bution is affected. Indeed, an influence of E4orf6 on the pro-
cessing of viral mRNA was previously reported (41, 42). Any
differences in the intranuclear distribution of mRNA would
not be detected upon fractionation into nuclear and cytoplas-
mic fractions. mRNA transport between intranuclear compart-
ments and its dependence on E1B-55 kDa have been proposed
previously (35). By analogy, the temporally dissociated expres-
sion of Rev-responsive HIV RNA and the HIV Rev protein
results in a failure of mRNA export, arguing that Rev may
affect intranuclear transport steps in addition to nucleocyto-
plasmic transport (28). Further, it was recently reported that
Rev not only enhances the export of incompletely spliced HIV
mRNA but also modulates intracellular processing steps, such

as mRNA splicing and polyadenylation (26). A similar scenario
may apply to adenovirus and its mRNA transport modulators.

In our experiments, we have blocked the nuclear export
activity of E4orf6 either by point mutation or by a chimeric
protein that acts as a competitor for rev-mediated export. An-
other way of blocking rev-like nuclear export consists of the use
of the drug leptomycin, which disrupts the interaction between
leucine-rich export signals and their receptor, exportin 1 (11,
13, 40, 61). We have evaluated the effects of leptomycin B on
virus replication in our experimental system. However, the
drug was considerably toxic to HeLa cells, and it could not be
applied for the time required for virus replication (18 to 72 h)
without nonspecifically suppressing viral growth simply by kill-
ing the cells (data not shown). Therefore, we did not base our
studies on the effects of leptomycin B. It is certainly advisable
to take these toxic effects of the drug into consideration when
using it in other experimental systems, and in particular when
longer incubations of cells with the drug are required.

While it seems clear that the nuclear export function of
E4orf6 is involved in virus replication and cytoplasmic RNA
accumulation, the mechanism by which E4orf6, along with
E1B-55 kDa, affects mRNA distribution remains to be eluci-
dated. Intriguingly, E1B-55 kDa turned out to have RNA bind-
ing activity, leading to the hypothesis that direct contacts be-
tween E1B-55 kDa and viral RNA may allow RNA export (22).
Possibly, the complex of E1B-55 kDa and E4orf6 binds viral
mRNA, followed by nucleocytoplasmic export of the entire
protein-RNA compound. Since the tripartite leader region of
late viral mRNA was shown to enhance RNA export in in-
fected cells (25), one role of this RNA element may consist of
stabilizing such RNA-protein contacts.

However, the idea that the E1B-55 kDa–E4orf6 complex
might directly act as a carrier for viral mRNA, like the HIV
Rev protein, is almost certainly simplistic. First, the RNA bind-
ing activity of E1B-55 kDa could not be shown to be specific for
the tripartite leader region common to all late viral mRNA
molecules (22). Further, even cellular mRNA sequences, when
expressed by virus DNA, were found to undergo nucleocyto-
plasmic transport with characteristics similar to those of viral
mRNA, albeit with lower efficiency than tripartite-leader-con-
taining RNA (25, 62). Most importantly, the model describing
the E1B-55 kDa and E4orf6 proteins as RNA carriers does not
provide an explanation for the fact that cellular mRNA mol-
ecules are retained in the nucleus during adenovirus infection.
The simultaneous transport block on cellular mRNA and en-
hanced export of viral mRNA suggest that the viral proteins
may bind a cellular factor that is required for RNA export.
Such a factor would then be available for export of viral
mRNA but would no longer be at the disposition of cellular
mRNA. This concept is even more intriguing given the obser-
vation that a modified E1B-55 kDa protein targeted to the
nucleus is able to inhibit mRNA export in the yeast S. cerevisiae
and may thus inactivate an essential mRNA export factor (36).
The existence of an export factor that is targeted by E1B-55
kDa–E4orf6 was previously postulated (8, 45), and a candidate
protein was recently identified (14) and termed E1B-AP5.
E1B-AP5 is strongly homologous to the hnRNP U protein that
is known to be associated with mRNA. It was therefore pro-
posed that the E1B-55 kDa–E4orf6 complex might associate
with viral mRNA through E1B-AP5 and block the export of
cellular mRNA by removing E1B-AP5 from the sites of cellu-
lar mRNA production (14). While this model continues to be
attractive, our unpublished observations suggest that other cel-
lular transport factors may be contacted by E1B-55 kDa as
well. Thus, it seems conceivable that a number of cellular
mRNA transporters can be targeted by the E1B-55 kDa–
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E4orf6 complex. Future studies are aimed at the identification
and characterization of this set of proteins.

Why does the E4orf6 protein support virus growth even in
the absence of a functional export signal? Possibly, some other
functions of E4orf6 may be retained in the NES mutant, con-
tributing to virus production. Such functions of E4orf6 may be
related to the modulation of RNA splicing (4, 39) or the
avoidance of concatemer formation between viral genomic
DNA molecules (60). Alternatively, the complex of E1B-55
kDa and E4orf6 may support mRNA transport, to some extent
at least, between intranuclear compartments even in the ab-
sence of a functional NES.

Apparently, there is some overlap in the E4 gene products’
ability to support virus replication. While a recombinant virus
lacking the entire E4 region is virtually unable to replicate at
low multiplicities of infection, the orf3 and orf6 proteins are
each individually capable of rescuing the defect to some extent,
either when the orf3 or the orf6 gene is placed into the genome
of an otherwise E4-less virus (24) or when they are transiently
expressed (30). In our experiments, the orf3 proteins showed
far weaker activity in supporting virus replication than orf6
proteins (data not shown), in accordance with earlier reports
(24, 30). Possibly, E4orf3 can take over some of the functions
carried out by E4orf6 during infection, such as the modulation
of mRNA splicing (39), but fails to fulfil other functions, such
as mediating mRNA transport.

Besides RNA transport, another well-characterized function
of E1B-55 kDa and E4orf6 consists of the inactivation and
destabilization of the p53 tumor suppressor protein (47, 51, 57,
63). Important questions for future studies will be whether
these seemingly different activities are interrelated and, if so,
what biochemical mechanism connects them. These questions
become even more intriguing given the fact that E1B-55 kDa’s
role in virus replication apparently depends on the phase in the
cell cycle at the time of infection (15).

The cellular p53 antagonist mdm2 also contains a NES and
shuttles between the nucleus and cytoplasm. While the NES of
mdm2 contributes to the intracellular degradation of p53, at
least in some cell types (12, 50, 58), p53 degradation was
detected in the presence of E1B-55 kDa and E4orf6 even when
the NES of E4orf6 was mutated (51; our unpublished obser-
vations). Therefore, for adenovirus proteins, the link between
the export function of E1B-55 kDa–E4orf6 and p53 degrada-
tion may not simply consist of the ability to carry p53 to the
cytoplasm.

Mapping studies on the E1B-55 kDa protein are under way
to determine whether or not its function in mRNA transport
can be separated from its ability to bind p53. Such mutants
might be of interest in designing viruses that selectively infect
and destroy tumor cells, such as dl1520 (2), which was later
renamed onyx-015 (5). While the growth of such a virus does
not necessarily depend on the p53 status in cultured cells (16,
19, 20, 52, 59), it seems to be restricted to tumor cells in the
context of the entire organism (21, 31). A further understand-
ing of E1B-55 kDa’s different functions and possibly their se-
lective deletion may ultimately help to develop improved ver-
sions of such therapeutic viruses, in addition to providing new
insights into growth regulation and mRNA transport.
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