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The adenovirus type 5 (Ad5) early 1B 55-kDa protein (E1B-55kDa) is a multifunctional phosphoprotein that
regulates viral DNA replication and nucleocytoplasmic RNA transport in lytically infected cells. In addition,
E1B-55kDa provides functions required for complete oncogenic transformation of rodent cells in cooperation
with the E1A proteins. Using the far-Western technique, we have isolated human genes encoding E1B-55kDa-
associated proteins (E1B-APs). The E1B-AP5 gene encodes a novel nuclear RNA-binding protein of the hetero-
geneous nuclear ribonucleoprotein (hnRNP) family that is highly related to hnRNP-U/SAF-A. Immunoprecip-
itation experiments indicate that two distinct segments in the 55-kDa polypeptide which partly overlap regions
responsible for p53 binding are required for complex formation with E1B-AP5 in Ad-infected cells and that this
protein interaction is modulated by the adenovirus E4orf6 protein. Expression of E1B-AP5 efficiently interferes
with Ad5 E1A/E1B-mediated transformation of primary rat cells. Furthermore, stable expression of E1B-AP5
in Ad-infected cells overcomes the E1B-dependent inhibition of cytoplasmic host mRNA accumulation. These
data suggest that E1B-AP5 might play a role in RNA transport and that this function is modulated by E1B-
55kDa in Ad-infected cells.

The replication cycle of adenoviruses (Ad) is divided by
convention into two stages which are separated by the onset of
viral DNA replication (reviewed in reference 66). During the
late phase of infection, cellular protein synthesis is shut off, due
to a translational block of host cell mRNAs (reviewed in ref-
erence 80). Further, most cellular mRNAs fail to accumulate
in the cytoplasm despite continued nuclear synthesis and pro-
cessing (4). In contrast, late viral mRNAs are selectively ex-
ported to the cytoplasm and are efficiently translated late after
infection (1, 5). This severe inhibition of cellular gene expres-
sion appears to be mediated by viral proteins that operate at
the level of translation and nucleocytoplasmic mRNA trans-
port (2, 54, 79).

The selective accumulation of viral mRNAs during the late
phase of infection is mediated by a protein complex that in-
cludes the Ad early 1B 55-kDa (E1B-55kDa) and E4orf6 pro-
teins (8, 29, 63). The E1B-E4 protein complex appears to mod-
ulate viral and cellular mRNA transport after transcription and
processing but before translocation of mRNAs through the nu-
clear pores (41). Immunofluorescence and immunoelectron
microscope studies showed that both proteins are localized
within and about the periphery of nuclear viral inclusion bodies
(52) believed to be the sites of viral transcription and/or rep-
lication (34, 55). This observation is consistent with the idea
that the E1B-E4 protein complex regulates RNA metabolism
at an intranuclear step, possibly by facilitating the movement of
mature viral mRNA to the nuclear pore complex (11, 40, 50).

The selective transport is not dependent on the identity of
individual mRNAs. Cellular mRNAs transcribed from recom-
binant viral chromosomes are transported to the cytoplasm
late after infection, even at a time when the endogenous cel-
lular transcript is restricted to the nucleus (20, 30).

Ornelles and Shenk (52) have proposed a model by which
the E1B-E4 protein complex facilitates the transport and ac-
cumulation of viral mRNAs while simultaneously blocking the
same process for most host mRNAs. According to their propo-
sal, the E1B-E4 complex relocalizes a cellular factor required
for nucleocytoplasmic transport of mRNAs from the sites of
host cell transcription and processing to the viral replication/
transcription centers. This model is consistent with the obser-
vation that cellular splicing factors and heterogeneous nuclear
ribonucleoprotein particle (hnRNP) proteins are redistributed
to the sites of viral RNA transcription and DNA accumulation
during the late phase of infection (34). In addition, subcel-
lular fractionation of Ad12-transformed cells demonstrated
that E1B-54kDa exists in a high-molecular-weight complex in
the nucleus, indicating that the 54-kDa protein associates with
one or more cellular components (28). The observation that
the Ad5 E1B-55kDa-mediated accumulation of viral mRNAs
is dependent on residual splicing sites in different viral mRNAs
suggests that nuclear proteins which are involved in heteroge-
neous nuclear RNA processing may be targets for the E1B-
55kDa protein (11, 40). A similar function, which is indepen-
dent of E1B-55kDa, has been reported for the E4orf6 and
E4orf3 proteins (51). Both proteins seem to encode redundant
functions required for efficient tripartite leader splicing during
a lytic virus infection (50, 51). These observations suggests that
E1B-55kDa and two proteins from the E4 region modulate
general pathways in mRNA formation. The demonstration
that Ad5 E1B-55kDa but not E4orf6 interferes with mRNA
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export in Saccharomyces cerevisiae (42) suggests that the late
functions required for selective transport of viral mRNA are
encoded predominantly in the 55-kDa polypeptide. However,
the molecular mechanism by which the E1B-E4 protein com-
plex modulates mRNA transport and the identity of the puta-
tive transport factor are still unknown.

We have identified a novel protein referred to as E1B-asso-
ciated protein (E1B-AP5) that binds specifically to E1B-55kDa
in vitro and in vivo. E1B-AP5 is a nuclear RNA-binding pro-
tein of the hnRNP protein family that is highly related to
hnRNP-U/SAF-A. The E1B-55kDa/E1B-AP5 protein interac-
tion is mediated by two segments in the 55-kDa polypeptide
which partly overlap regions responsible for p53 binding.
Substantially more E1B-55kDa can bind to E1B-AP5 in the ab-
sence of the E4orf6 protein, suggesting that the E4 protein mod-
ulates complex formation. In Ad5 E1A/E1B-mediated trans-
formation assays, expression of E1B-AP5 causes a marked
reduction in the number of transformed cells. Furthermore, we
present evidence that stable expression of E1B-AP5 overcomes
the E1B-55kDa-dependent shutoff of host cell mRNA export
in Ad-infected cells. Our data indicate that E1B-AP5 might
play an important role in nucleocytoplasmic mRNA transport
and is at least one of the cellular proteins that is targeted by
E1B-55kDa in the selective accumulation of mRNAs in late-
Ad-infected cells.

MATERIALS AND METHODS

Generation of 32P-labeled GST fusion proteins and library screening. The
wild-type Ad5 E1B-55kDa-expressing pGEX construct was made by replacing
the 59-untranslated region (Ad5 nucleotides [nt] 1974 to 2018) of p11/55.X (62)
with an oligonucleotide with the sequence 59-GATCCATGGAGCGAAGAAA
CCCATCTGAGCGGGGGGTAC-39 and 59-CCCCCGCTCAGATGGGTTTC
TTCGCTCCATG-39, bounded by sequences recognized by BamHI and KpnI.
The DNA sequence of this construct was confirmed. After addition of BamHI
linkers to the blunted XbaI site in p11/55.BX, the 2,088-bp BamHI fragment was
inserted into the BamHI site of the pGEX-2Tk polylinker (35).

Preparation and purification of glutathione S-transferase (GST) and GST
fusion proteins was as described previously (62). To generate the radiolabeled
GSTE1B-55kDa fusion protein, we used a modified version of a procedure
described by Kaelin et al. (35). Briefly, GSTE1B-55kDa bound to glutathione-
Sepharose beads was equilibrated in 13 HMK buffer (20 mM Tris-chloride [pH
7.5], 100 mM NaCl, 12 mM MgCl2). The fusion protein was labeled in 13 HMK
buffer for 30 min at 30°C with 250 U of the catalytic subunit of cyclic AMP-
dependent protein kinase (Sigma) and 250 mCi of [g-32P]ATP (5,000 Ci/mmol;
Amersham). The reaction was terminated by the addition of HMK stop buffer
(10 mM sodium phosphate [pH 8.0], 10 mM sodium pyrophosphate, 10 mM
EDTA, 1 mg of bovine serum albumin per ml). The supernatant was removed by
aspiration, and the Sepharose was washed five times with 5 bead volumes of
NETN (20 mM Tris-chloride [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% Noni-
det P-40 [NP-40]). The labeled GST fusion protein was eluted for 30 min in 3
bead volumes of 50 mM reduced glutathione–100 mM Tris-chloride (pH 8.0)–
120 mM NaCl under constant agitation.

The expression library screen was performed as described previously (35). A
total of 2 3 106 recombinant phages of a HeLa cDNA library (Clontech) were
screened. Three rounds of screening were carried out to obtain pure phage pop-
ulations. DNA was prepared from the clones of interest and digested with EcoRI
to obtain the cDNA inserts, which were subsequently subcloned into pBKRSV
(Stratagene) for DNA sequencing.

To isolate overlapping cDNA clones of E1B-AP5, the HeLa cDNA library was
rescreened with 32P-labeled DNA fragments from E1B-AP5/2 and a 39 restriction
fragment from clone E1B-AP5/3 as described previously (14). Positive clones
were plaque purified and analyzed by subcloning into pBKRSV and DNA se-
quencing.

Homology searches. Homology searches in the GenBank and SwissProt data
bases and alignments were carried out by using the Genetics Computer Group
FASTA program (version 8.1) on an INDY workstation (Silicon Graphics) and
the BLAST homology finder program in the National Center for Biotechnology
Information database, remotely. Protein motifs and patterns were analyzed by
using the FIND PATTERN program in the Prosite dictionary of protein sites
and patterns.

RNA and protein analysis. The methods for isolation of total and cytoplasmic
RNA and Northern blot analysis have been described previously (13, 46). Total
RNA isolated from different cell lines was a generous gift from M. Rehli (Uni-
versität Regensburg). The human b-actin gene segment (46) was labeled with

[a-32P]dCTP and used as cellular probe DNA. The viral L3 and L5/E4 cDNAs
were used as viral probe DNAs (29).

To produce an E1B-AP5-specific antigen for immunization, a 2,570-bp frag-
ment corresponding to nt 174 and 2744 in the E1B-AP5 cDNA was generated by
PCR with primers fw (59-GCGCGCAGGATCCGGATGGATGTGCGCCGTC
TGAAGGTGAACG-39) and rev (59-GCGCGCGTCGACCTACTGTGTACTT
GTGCCACCCTGTG-39), which introduce a BamHI site at the 59 end and a SalI
site at the 39 end, respectively. This fragment was inserted between the BamHI
and SalI sites of pGEX-5X1 (Pharmacia) to generate pGEXE1B-AP5. The GST
fusion protein was expressed in Escherichia coli DH5a, affinity purified, and used
to immunize female New Zealand White rabbits (Charles River). Sera were
collected 14 days after the fourth boost, yielding a polyclonal antibody to E1B-
AP5. Monoclonal antibodies were also used in our studies: 2A6 (65) and 9C10
(Oncogene Science) are specific for E1B-55kDa, RSA3 (44) is specific for the
E4orf6 protein, B6 (58) is specific for the E2A-72kDa protein; and 12CA5
(Boehringer) is specific for the HA epitope.

For the analysis of proteins by Western blotting or immunoprecipitation (62),
total-cell extracts were prepared in lysis buffer (50 mM Tris-chloride [pH 8.0],
5 mM EDTA, 150 mM NaCl, 0.15% NP-40, 0.05 mM phenylmethylsulfonyl
fluoride) per 90-mm-diameter dish. After 1 h on ice, the lysate was sonicated and
the insoluble debris was pelleted at 10,000 3 g at 4°C. If necessary, cells were
labeled for 1 h with 50 mCi of [35S]methionine (Amersham) per 90-mm plate
before extract preparation. After electrophoresis, proteins were detected by
autoradiography or enhanced chemiluminescence (Amersham). The proteins
were quantitated from a TIFF file by using the Analyze Particles program (NIH
Image 1.52).

Indirect immunofluorescence. Ad5- and mock-infected cells grown on glass
coverslips were washed twice in phosphate-buffered saline (PBS) and subse-
quently fixed by incubation with 4% paraformaldehyde in CSK buffer {100 mM
KCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA [ethylene glycol-bis(b-amino-
ethylether)-N, N, N9, N9-tetraacetic acid], 10 mM PIPES [piperazine-N, N9-bis(2-
ethanesulfonic acid); pH 6.8], 1.5 mM phenylmethylsulfonyl fluoride} for 10 min
at room temperature. The cells were permeabilized with 0.5% Triton X-100 in
CSK buffer for 15 min at room temperature. The cells were washed three times
in PBS containing 0.1% Tween 20 and incubated in blocking buffer (0.5%
blocking reagent, 10 mM Tris-chloride [pH 7.5], 150 mM NaCl) for 30 min at
room temperature. Samples were incubated with the primary antibodies for 1 h
at room temperature, washed three times with PBS–0.1% Tween 20, and then
incubated with 10 mg of fluorescein- or Cy3-conjugated goat antibodies specific
for mouse or rabbit immunoglobulin G (Dako) for 1 h. After being washed five
times in PBS, the samples were mounted in PBS-glycerol containing 0.5 mg of
49,6-diamidino-2-phenylindole (DAPI) per ml and viewed with a Leitz Aristo-
plan Photomicroscope by using epifluorescence illumination.

In vitro binding assays. In vitro-radiolabeled proteins were made in a coupled
transcription-translation system (TnT; Promega), as specified by the manufac-
turer, with 1 mg of DNA, 40 mCi of [35S]methionine (1,000 Ci/mmol; Amersham)
and T7 or T3 RNA polymerase. For in vitro binding, 5 ml of reticulolysate was
added to 200 ml of binding buffer (50 mM Tris-chloride [pH 8.0], 5 mM EDTA,
150 mM NaCl, 0.15% NP-40, 1 mM dithiothreitol, 0.05 mM phenylmethylsulfo-
nyl fluoride) containing 20 ml of purified GST fusion proteins and rotated for 1 h
at 4°C. Matrices were washed five times with 1 ml of binding buffer before being
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and autoradiography.

RNA- and ssDNA-binding analyses. Binding of in vitro-translated E1B-AP5 to
ribonucleotide homopolymer and single-stranded DNA (ssDNA) was carried out
essentially as described previously (37). Briefly, radiolabeled E1B-AP5 protein
was generated by in vitro translation and incubated with 3 mg of the correspond-
ing ribonucleotide homopolymer (Pharmacia) and ssDNA-agarose (GIBCO) in
250 ml of DA250 buffer (10 mM HEPES/NaOH [pH 7.9], 250 mM NaCl, 1.5 mM
MgCl2) for 1 h at 4°C. E1B-AP5 protein bound to agarose beads was washed five
times in DA buffer containing 0.25, 0.5, or 1 M NaCl and analyzed by SDS-PAGE
followed by autoradiography.

Cells and viruses. All cell lines were grown as monolayer cultures in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf serum. To gen-
erate stable cell lines expressing epitope-tagged E1B-AP5, 8 mg of pSVfluE1B-
AP5 was cotransfected with 1.5 mg of pBabe-puro (47) into H1299 cells (45) by
calcium phosphate coprecipitation and stable transfectants (H12-AP5 cells) were
isolated in medium containing 0.5 mg of puromycin (Sigma) per ml. pSVfluE1B-
AP5 expressing epitope-tagged E1B-AP5 under the control of the simian virus 40
promoter was generated by inserting the BamHI-SalI fragment from pGEXE1B-
AP5 into pAS2 (kindly provided by S. Elledge). The E1B-AP5 cDNA fused to
the HA tag from pAS2 was then inserted between the EcoRI and SalI sites of
pSVK3 (Pharmacia).

H5wt300 served as the wild-type Ad5 parent in these studies. The following
mutant viruses were used: H5dl338 carries a 524-bp deletion in the E1B coding
region located between nt 2805 and 3329 (54). The linker insertion mutations
H17, A143, H180, H224, A262, R309, H326, H354, S380, R443, and F484 in the
E1B-55kDa gene have been described previously (76). The mutants containing
these mutations are recombinants of Ad2 and Ad5 and are named first by a letter
representing the restriction site at the insertion and then by a number repre-
senting the amino acid residue at or just preceding the 4-residue insertion.
Mutant H5in3328(1) produces an E1B protein containing an 11-amino-acid (aa)
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insert between Ile-438 and Trp-439 (72). In the E1B mutant H5pm490A/491A,
the codons for Ser-490 and Ser-491 have been changed to those for alanine (72).
H5dl355 contains a 14-bp deletion in the E4orf6 gene between nt 2331 and 2346
(29) and does not express the E4orf6 protein (29); H5dl341 contains a 1-bp
deletion in the E4orf3 gene and does express the E4orf3 protein (64). The Ad5
wild-type virus was propagated on A549 cells (21) or H1299 cells (45). E1B and
E4 mutant viruses were propagated on 293 cells (25) or W162 cells (73), respec-
tively. Virions purified by cesium chloride equilibrium density centrifugation
were used for all infections.

Ad DNA replication was determined by PCR exactly as described previously
(62).

Transformation assays. Primary cultures of baby rat kidney (BRK) cells were
prepared from kidneys of 6-day-old Sprague-Dawley rats as described previously
(48) and grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum. For transformation assays, subconfluent cells were transfected 2
days postplating by the calcium phosphate procedure (26) with salmon sperm
carrier and plasmid DNAs exactly as described previously (48). Three weeks
after transfection, foci were stained with 1% crystal violet in 25% methanol.

The following plasmids were used in this study: pXC15 (pAd5 XhoI-C), which
contains the left end (1 to 15.5 map units) of the Ad5 genome and expresses the
E1A and E1B proteins (43), and plasmid pC53-SN3, which encodes human wild-
type p53 from the pCMV/neo vector.

Nucleotide sequence accession number. The EMBL and GenBank accession
no. of E1B-AP5 is AJ007509.

RESULTS

To isolate cDNAs encoding cellular proteins capable of inter-
acting specifically with E1B-55kDa, we screened 2 3 106 recom-
binant phages of a HeLa cell lgt11 expression library with the
radiolabeled GSTE1B-55kDa protein. A total of 12 clones en-
coding fusion proteins which bound specifically to 32P-GSTE1B-
55kDa with high affinity were identified. These fell into five
classes, based on sequence analysis, and were referred to as
E1B-associated proteins E1B-AP1 to E1B-AP5. In this study,
we have focused on the E1B-AP5 family of clones. The char-
acterization of the remaining E1B-associated proteins will be
described elsewhere.

E1B-AP5 is a new member of the hnRNP family. Several
E1B-AP5 cDNA fragments were assembled into a contiguous
stretch of 3,513 bp (Fig. 1A). Analysis of the E1B-AP5 cDNA
sequence revealed a large open reading frame from nt 174 to
2742 (Fig. 1B). The proposed start codon lies in a favorable
initiation context (38), and the predicted protein contains 856
aa residues with a molecular mass of 95,805 Da and a pI of 6.5.

A comparison of the predicted amino acid sequence of the
open reading frame of E1B-AP5 to the protein databases by
using the FASTA and BLAST homology finder revealed three
regions of E1B-AP5 that are highly related to previously re-
ported protein sequences (Fig. 2A). The most striking similar-
ity in the sequence is to the human 120-kDa hnRNP-U/SAF-A
protein (37). This protein exists in two isoforms (18), both of
which have been reported to bind homopolymeric RNA (37)
and vertebrate scaffold attachment region DNA elements (17).
The predicted protein sequence of isoform 1 is 56% identical
over a 400-aa stretch to a region of E1B-AP5 between aa 198
and 598 (Fig. 2B). E1B-AP5 is not related to the second iso-
form of hnRNP-U/SAF-A. The central region of E1B-AP5
contains a Gxxxx-GKS/T phosphate-binding loop (residues 428
to 435) and the DxxG Mg21-binding motif (residues 547 to
550), both of which are required for guanine nucleotide bind-
ing (7). Significantly, these motifs are arrayed in a configura-
tion in E1B-AP5 in the same order and with comparable spac-
ing to sequences in the small GTP-binding protein Ran from
several species (22% identity in a 122-aa overlap). A second
region in the carboxy-terminal part of E1B-AP5 (residues 612
to 666) contains closely spaced RGG repeats (Fig. 2C). The
RGG box motif is involved in RNA binding (37) and is present
in a number of viral and cellular proteins with proposed roles
in RNA metabolism (reviewed in reference 9). Finally, toward
the carboxy-terminal end of the predicted E1B-AP5 sequence

lies a third region of similarity (23% identity in a 280-aa over-
lap) with the amino terminus of the RNA-binding protein
hnRNP-G (69) (Fig. 2A). This protein is a component of ribo-
nucleosomes and binds to RNA presumably through one RNP
consensus RNA-binding domain. The carboxy-terminal 255-aa
domain of E1B-AP5 is rich in proline, glutamine, and tyro-
sine residues. Based on the significant sequence similarity to

FIG. 1. E1B-AP5 cDNA maps, nucleotide sequence, and predicted amino
acid sequence. (A) cDNA clones E1B-AP5/1 and E1B-AP5/2 were isolated with
the [g-32P]ATP-labeled GSTE1B-55kDa protein probe from a lgt11 HeLa
cDNA expression library. cDNA clones E1B-AP5/3 to E1B-AP5/7 were isolated
from the same library by rescreening with E1B-AP5/2 and later with a fragment
from the 39 end of E1B-AP5/3. The thick black bar on top represents the
2,568-bp open reading frame of E1B-AP5. Thin bars denote the 59 and 39
untranslated sequences, respectively. The locations of some unique restriction
enzymes are indicated above the bars. (B) The complete E1B-AP5 cDNA se-
quence was generated by assembling restriction fragments from E1B-AP5/6 and
E1B-AP5/7 in pBKRSV. Sequence was determined from each cDNA clone twice
on both strands by sequence-derived oligonucleotide primers. The predicted
amino acid sequence is shown in the single-letter code.
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hnRNP-U/SAF-A, hnRNP-G, and other hnRNP proteins, e.g.,
A1, K, and L (data not shown), we propose that E1B-AP5 is a
member of the hnRNP protein family.

Analysis of E1B-AP5 mRNA and protein expression. To
determine the size and tissue distribution of the E1B-AP5
mRNA, Northern blot analysis was performed on a variety of
human tissues and cell lines with a 1.6-kb fragment from the
E1B-AP5 coding sequence as a probe (Fig. 3A). Two bands of
approximately 3.2 and 3.8 kb were detected in all RNA prep-
arations examined. Probing total RNA from HeLa cells with a
279-bp DraI restriction fragment from the most 39 end of the
untranslated region resulted in the detection of only the 3.8-kb
mRNA (data not shown), indicating that the two mRNAs
differ in the length of their 39 untranslated region.

To identify the protein encoded by the E1B-AP5 gene in
vivo, a polyclonal rabbit anti-E1B-AP5 antiserum was made
against the GSTE1B-AP5 fusion protein. To exclude the pos-
sibility that the anti-E1B-AP5 antiserum cross-reacts with the
highly related 120-kDa hnRNP-U/SAF-A protein, we carried
out immunoprecipitation experiments with in vitro-translated
E1B-AP5 and hnRNP-U/SAF-A proteins by using the anti-

E1B-AP5 antiserum (Fig. 3B). Only in vitro-translated E1B-
AP5 protein was efficiently precipitated with the antiserum,
while no reactivity was detectable with radiolabeled hnRNP-U/
SAF-A or a matched preimmune serum.

Immunoblot analysis with total-cell extracts from various cell
lines revealed that E1B-AP5 protein migrates with an apparent
molecular mass of 120 kDa in SDS-polyacrylamide gels (Fig.
3C), which differs from the calculated molecular mass of 95.8
kDa. The lower mobility is most probably due to posttrans-
lational modifications; epitope-tagged E1B-AP5 protein ex-
pressed from the cDNA clone in human cells also migrates at
about 120 kDa relative to marker proteins (see Fig. 7A).

Indirect-immunofluorescence analysis was performed to de-
termine the intracellular localization of endogenous E1B-AP5
protein in H1299 cells by using the E1B-AP5-specific rabbit
antiserum (Fig. 3D). The majority of the E1B-AP5 protein is
localized to the nucleus but excluded from the nucleolus of
these cells. In addition, weak staining in the cytosol indicates
that a minor fraction of E1B-AP5 might be localized in the
cytoplasm. No specific signal was detected when a matched
preimmune serum was used (data not shown).

E1B-AP5 binds to E1B-55kDa in vitro and in vivo. To con-
firm further the association of E1B-AP5 with E1B-55kDa, two
different protein-binding experiments were performed. First,
lysates were prepared from E. coli producing GST fusion pro-
teins with either wild-type E1B-55kDa, human wild-type p53
(33), or GST alone. These fusion proteins were tested in an in
vitro binding assay for their ability to capture [35S]methionine-
labeled E1B-AP5 protein, prepared by in vitro translation (Fig.
4A). In vitro-translated hnRNP-U/SAF-A and human RCC1
were used as negative controls. Consistent with data from im-
munoblot analysis (Fig. 3C), in vitro-translated E1B-AP5 mi-
grates with a molecular mass of 120 kDa in an SDS-polyacryl-
amide gel (Fig. 4A). In vitro binding studies established that
only E1B-AP5 bound specifically to GSTE1B-55kDa (Fig. 4A),
while no binding was evident with in vitro-translated human
RCC1 or hnRNP-U/SAF-A (Fig. 4A).

In the second protein-protein interaction assay, we tested
the E1B-55kDa/E1B-AP5 interaction in vivo by using a com-
bined immunoprecipitation-immunoblot assay (Fig. 4B). Hu-
man 293 cells, which express high levels of E1B-55kDa protein,
were transfected with plasmid pSVfluE1B-AP5 expressing epi-
tope-tagged E1B-AP5. Total-cell extracts were prepared and
subjected to immunoprecipitation with monoclonal antibody
12CA5 (49). The presence of a conserved nucleoside triphos-
phate (NTP)-binding motif in the predicted E1B-AP5 amino
acid sequence prompted us to evaluate whether ATP or GTP
influence the binding of E1B-AP5 to E1B-55kDa. The immu-
noprecipitate was then analyzed by immunoblotting with anti-
55-kDa rat monoclonal antibody 9C10. The E1B-55kDa pro-
tein coprecipitated with E1B-AP5 (Fig. 4B, lane 2), while no
binding was detectable in untransfected 293 cells (lane 1). The
addition of ATP or GTP (lanes 3 and 4) had no effect on E1B-
55kDa binding. Together, these experiments demonstrate that
E1B-55kDa specifically associates with E1B-AP5 in vitro and
in vivo.

RNA-binding properties of E1B-AP5. The striking sequence
similarity to the RNA-binding proteins hnRNP-U/SAF-A and
hnRNP-G, as well as the presence of several highly conserved
RGG-boxes in the predicted E1B-AP5 amino acid sequence,
prompted us to investigate the nucleic acid-binding properties
of the E1B-AP5 protein. To test for RNA and ssDNA binding,
radiolabeled E1B-AP5 protein generated by in vitro transla-
tion was reacted with ribonucleotide homopolymers and ssDNA-
agarose beads at salt concentrations ranging from 0.25 to 1 M
NaCl (Fig. 5A). The E1B-AP5 protein exhibited the highest

FIG. 2. Sequence homologies to hnRNP-U/SAF-A, hnRNP-G, and Ran. (A)
The regions that have been identified within the predicted amino acid sequence
of E1B-AP5 are shown below in their relative positions along the E1B-AP5
polypeptide (open box). The locations of the NTP-binding consensus sequence
(NTP), RGG boxes (RGG), and glutamine-, proline-, and tyrosine-rich region
(Q, P and Y-rich) at the carboxy terminus are indicated. (B) Direct sequence
comparison of the related sequences of E1B-AP5 and hnRNP-U/SAF-A. The
dashes in the hnRNP-U/SAF-A sequence are identical amino acids in E1B-AP5,
and dots indicate gaps in the hnRNP-U/SAF-A sequence alignment. (C) Align-
ment of E1B-AP5 with RGG box domains from several proteins. The consensus
sequences of hnRNP-U/SAF-A, hnRNP-A1, nucleolin, fibrillarin, and EWS1
were derived from the sequences listed in reference 9.
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salt-resistant binding to poly(G), intermediate binding to poly(C),
and very weak binding to poly(U) and poly(A). Binding to
ssDNA was also detected (Fig. 5B). These results are identical
to the nucleic acid binding properties of the hnRNP-U/SAF-A
protein, which binds preferentially to poly(G) through its RGG
box domain (37).

Domains in E1B-55kDa required for the interaction with
E1B-AP5 in Ad-infected cells. Previous work has demonstrated
that the E1B-55kDa polypeptide contains two partially over-
lapping regions that mediate the interaction with p53 and
E4orf6 (36, 62) (Fig. 6A). To determine the domains in the
E1B-55kDa protein required to interact with E1B-AP5, we
used a series of viruses (Fig. 6A) carrying different mutations
in the gene encoding the 55-kDa protein (62, 72, 76). Extracts
of Ad-infected MCF-7 cells were prepared, and the expression

levels of both proteins were analyzed by immunoblotting (Fig.
6B). The steady-state levels of E1B-AP5 and E1B-55kDa var-
ied for different mutant viruses. Cells infected with mutants
A262, R309, and H326 contained very low to nondetectable
levels of E1B-55kDa protein 40 h after infection. The same
extracts were then subjected to immunoprecipitation and im-
munoblotting (Fig. 6C), and the amount of protein for each
sample was determined as a percentage of that in the wild-type
virus by densitometry (data not shown). Several mutations in
E1B-55kDa changed its ability to interact with the E1B-AP5
protein. As expected, no E1B-55kDa protein was coprecipi-
tated from dl338-infected extracts. Insertions at aa 224 and 443
and the point mutations at positions 490 and 491 showed de-
creased binding to E1B-AP5, whereas insertions in the amino-
terminal region (aa 17 and 143) had no significant effect on the

FIG. 3. Analysis of E1B-AP5 mRNA and protein expression. (A) Northern blot analysis. A 20-mg portion of total RNA isolated from the indicated human tissues
and cell lines were subjected to electrophoresis through a 1.2% agarose gel containing formaldehyde, transferred to a nitrocellulose filter, and hybridized to a [a-32P]
dCTP-labeled E1B-AP5 coding sequence probe from E1B-AP5/5. (Monoc, monocytes; Macrop, macrophages; Lmypho, lymphocytes; Fibrob, fibroblasts; HepG2,
hepatocytes; HaCAT, keratinocytes; MelIm, melanoma). The locations of the 18S and 28S rRNAs are indicated. RNA loading was determined by staining the RNA
with ethidium bromide prior to transfer to nitrocellulose filters. (B) Immunoprecipitation of E1B-AP5 and hnRNP-U/SAF-A proteins. Radiolabeled E1B-AP5 (lanes
1 to 3) and hnRNP-U/SAF-A (lanes 4 to 6) proteins were generated by in vitro translation and subjected to immunoprecipitation with the anti-E1B-AP5 antiserum
(a-E1B-AP5; lanes 2 and 5) and a matched preimmune serum (pre; lanes 3 and 6). The precipitates were analyzed by SDS-PAGE and autoradiography. Lanes des-
ignated “input” received the same amount of in vitro-translated proteins added to each immunoprecipitation reaction mixture. The positions of markers are indicated.
(C) Western blot analysis of E1B-AP5 protein expression. Total-cell extracts were prepared and subjected to SDS-PAGE, transferred to nitrocellulose filters,
and probed with the rabbit anti-E1B-AP5 antiserum. The positions of markers are indicated on the right. (D) Indirect immunofluorescence analysis. A549 cells were
probed with the rabbit anti-E1B-AP5 antiserum (a-E1B-AP5) followed by fluorescein-conjugated sheep anti-rabbit antibodies. Magnification, 3100.
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interaction. The reduction of coprecipitated E1B-55kDa in
H354- and in3328(1)-infected cells is most probably due to
decreased expression of the Ad protein (Fig. 6B, lanes 10 and
12). In contrast, insertions at aa 180, between aa 262 to 326, and
at aa 380 as well as aa 484 strongly interfered with the binding
of the E1B-AP5 protein. The 262 to 326 mutations also inter-
fere with the binding of p53 and E4orf6 (36, 62) as well as
an apparently distinct function of E1B-55kDa involved in the
transcriptional repression of reporter constructs (77). These
mutations might disrupt the tertiary structure of the Ad pro-
tein, which results in an completely inactivated, nonfunctional
polypeptide. Nevertheless, this result suggests that three re-
gions of the 55-kDa polypeptide are required for binding to the
E1B-AP5 protein and that p53 and E1B-AP5 share at least one
binding domain in the amino-terminal region of E1B-55kDa,
because the mutation at position 180 also interferes with the
binding of p53 (75).

Also, significantly more E1B-55kDa coprecipitated with E1B-
AP5 in the absence of E4orf6 in dl355-infected cells (Fig. 6C,
lane 17). This effect was reproduced in three separate ex-
periments and was not observed with the E4orf3 mutant virus
dl341. This observation strongly indicates that the E1B-55kDa-
associated protein E4orf6 may modulate the E1B-55kDa/E1B-
AP5 interaction in productively infected cells.

Stable expression of E1B-AP5 prevents the shutdown of host
cell mRNA export. The results of the experiments presented
above, together with our finding that E1B-AP5 is highly related
to members of the hnRNP family of proteins, suggested that
E1B-AP5 might play some role in nuclear mRNA metabolism.
Over the past few years, it has been well established that E1B-
55kDa regulates nucleocytoplasmic mRNA transport in com-
plex with the E4orf6 protein (8, 29). Furthermore, it has been
proposed that the viral protein complex simultaneously inhibits
cellular and activates viral mRNA transport by binding to and
relocalizing a nuclear host factor required for mRNA export
from the sites of host transcription and processing to the viral
replication centers (52, 54). Thus, if E1B-AP5 is one of these
host factors that is modulated by E1B-55kDa and if facilitated
export of viral mRNAs is due to competition for E1B-AP5
function, overexpression of this protein should interfere, at
least in part, with the Ad-induced block to the cytoplasmic ac-
cumulation of cellular mRNAs.

To test this prediction, we generated a cell line that expresses
an epitope-tagged E1B-AP5 protein. Plasmids pSVfluE1B-AP5

FIG. 4. In vitro and in vivo association of E1B-AP5 with E1B-55kDa. (A)
E1B-AP5 binds to E1B-55kDa in vitro. In vitro-translated [35S]methionine-la-
beled RCC1 (lane 1), E1B-AP5 (lane 2), and hnRNP-U/SAF-A (lane 3) proteins
were incubated with GSTE1B-55kDa, GST-p53, or GST alone, and proteins
bound to washed beads were separated by SDS-PAGE and visualized by auto-
radiography. Molecular mass markers are indicated on the left in kilodaltons. (B)
E1B-55kDa binds to E1B-AP5 in vivo. Subconfluent 293 cells grown on 90-mm-
diameter culture dishes were transfected with plasmid pSVfluE1B-AP5 express-
ing epitope-tagged E1B-AP5 by calcium phosphate coprecipitation. At 36 h after
transfection, total-cell extracts were prepared. ATP or GTP was added to a final
concentration of 100 mM as indicated, and the extracts were subjected to immu-
noprecipitation with monoclonal antibody (MAb) 12CA5 followed by immuno-
blotting. E1B-55kDa was detected with anti-55-kDa rat monoclonal antibody
9C10. Lanes 5 and 6, designated “input,” received 1/20 of the amount of total-cell
extract added to each immunoprecipitation reaction mixture.

FIG. 5. E1B-AP5 binds to ribonucleotide homopolymers and ssDNA. (A) Quantitation of E1B-AP5 binding to ribonucleotide homopolymers. The percentage of
input E1B-AP5 bound to RNA at the indicated NaCl concentrations was determined as described in the text. The mean from three independent experiments is
presented. (B) Quantitation of E1B-AP5 binding to ssDNA. The percentage of input E1B-AP5 bound to ssDNA at the indicated NaCl concentrations was determined.
The mean from three independent experiments is presented.
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and pBabe-puro were simultaneously introduced into H1299
cells by cotransfection. Drug-resistant clones were isolated,
and expression of exogenous fluE1B-AP5 protein was exam-
ined by Western blot analysis and indirect immunofluores-
cence (Fig. 7A). Cell clone H12-AP5/7 expresses high levels of
fluE1B-AP5 protein and was used for further analyses. The
drug-resistant cell clone H12-AP5/5 does not express fluE1B-
AP5 and was used as a control cell line. Indirect immunoflu-
orescence analysis of H12-AP5/7 cells with monoclonal anti-
body 12CA5 confirmed a predominant nuclear staining for the
fluE1B-AP5 protein (Fig. 7A), while no specific signal was ob-
tained with H12-AP5/5 cells and the same antibody (data not
shown).

To explore the physiological consequences of fluE1B-AP5
expression on the viral life cycle, we first compared viral DNA
replication in H12-AP5/5 cells with that in H12-AP5/7 cells
(Fig. 7B). Although the rate of viral DNA synthesis was similar
in both cell lines, the onset of replication was delayed by sev-
eral hours in H12-AP5/7 cells. This delay was reproduced in
two separate experiments, but the significance of this effect is
unclear. Similar effects have been described for mutant viruses

dl355 and dl338, which do not express functional E4orf6 and
E1B-55kDa proteins, respectively (29, 54). The ability of wt300
virus to express late viral polypeptides and efficiently shut
down host protein synthesis in the absence or presence of
fluE1B-AP5 was then evaluated by analyzing the amounts of
synthesized viral fiber (IV), cellular actin, and E1B-AP5 pro-
teins (Fig. 7C). Fiber (IV) protein accumulated to abundant
levels in both cell lines at 20 to 25 h after infection, while the
level of actin continuously decreased from 20 h postinfection in
H12-AP5/5 and H12-AP5/7 cells. In contrast, however, the
steady-state level of the E1B-AP5 protein remained constant
throughout the lytic virus infection in both cell lines (Fig. 7C).

We next tested the effect of overexpressed fluE1B-AP5 on
the cytoplasmic accumulation of viral late (L3-hexon and L5-
fiber) and cellular b-actin and E1B-AP5 mRNAs in wt300-
infected H12-AP5/5 and H12-AP5/7 cells by Northern blot
analyses (Fig. 8). The nuclear export of b-actin and E1B-AP5
mRNAs was efficiently blocked in H12-AP5/5 cells at 20 to 25 h
after infection, whereas these mRNAs were exported at near
normal rates in H12-AP5/7 cells at the same time points. Viral
late L3 and L5 mRNAs appeared in the cytoplasm around 20 h

FIG. 6. Analysis of the E1B-55kDa/E1B-AP5 protein interaction in mutant and wild-type virus-infected MCF-7 cells. (A) E1B-55kDa mutation sites. The thick black
bar at the top represents the 496 residues of the 55-kDa polypeptide. Number 496 denotes the last amino acid. The insertion mutations and the point mutation
pm490A/491A (pm490/1) are shown below in their relative positions along the E1B-55kDa polypeptide. The deletion in dl338 is denoted by a thin bar. The p53 and
E4orf6 interaction domains (gray boxes) are shown according to their positions along the 55-kDa polypeptide below the E1B protein and were defined by Yew et al.
(75) and Rubenwolf et al. (62), respectively. (B) Expression of E1B-55kDa and E1B-AP5 virus-infected cells. Whole-cell extracts used for the coimmunoprecipitation
experiment containing 40 mg of protein were subjected to PAGE followed by Western blotting with anti-E1B-55kDa (2A6) hybridoma supernatant and anti-E1B-AP5
antiserum. (C) Coimmunoprecipitation of E1B-55kDa. E1B-55kDa bound to E1B-AP5 protein was coprecipitated with anti-E1B-AP5 rabbit antiserum from the same
whole-cell extracts, resolved on SDS–10% polyacrylamide gels, and visualized by Western immunoblot analysis with the 2A6 anti-55-kDa monoclonal antibody.
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and accumulated to high levels at 30 h after infection in both
cell lines (Fig. 8A), although L3-hexon and L5-fiber mRNAs
accumulated in the cytoplasm at a somewhat higher rate in
H12-AP5/7 cells than in the control cell line (Fig. 8B). Thus,
high levels of fluE1B-AP5 protein interfere with the virus-
induced block of cytoplasmic b-actin and E1B-AP5 mRNA
accumulation and simultaneously enhance the export of L3
and L5 mRNA to the cytoplasm. These results, together with
those presented above, indicated that overexpressed E1B-AP5
did not inhibit the virus-dependent translational block of b-ac-
tin mRNAs in the cytoplasm, since the levels of actin protein
were dramatically reduced in infected H12-AP5/7 cells (Fig.
7C). Surprisingly, the levels of the E1B-AP5 protein did not
change significantly during the late phase of infection, al-
though the nuclear export of E1B-AP5 mRNAs was efficiently
blocked in H12-AP5/5 cells. This observation suggests that the
E1B-AP5 protein has a fairly long half-life or perhaps, by
analogy to p53, is metabolically stabilized in Ad-infected cells.

E1B-AP5 interferes with Ad5 E1-mediated transformation
of primary rat cells. E1B-55kDa transforms primary cells in
cooperation with E1A by binding to and blocking p53-medi-
ated transcriptional activation (75). Because p53 and E1B-AP5
seem to interact with the same region in the 55-kDa polypep-
tide, we tested the effect of E1B-AP5 expression on primary rat
cell transformation mediated by Ad5 E1A and E1B proteins.

Primary baby rat kidney (BRK) cells were transfected with
plasmids expressing E1A and E1B oncogenes in combina-
tion with human wild-type p53 or epitope-tagged E1B-AP5
(Fig. 9). Consistent with the previous observations that wild-
type p53 inhibits oncogene-mediated focus formation (16, 19),
coexpression of p53 with Ad5 E1 proteins reduced the number
of transformed cells by almost 60%. Remarkably, inclusion of
pSVfluE1B-AP5 in the transformation mixture resulted in a 70 to
80% reduction of dense foci in a concentration-dependent man-
ner. Thus, E1B-AP5, like p53, efficiently interferes with the ability
of Ad E1A and E1B proteins to elicit neoplastically transformed
foci upon transfection of primary cells in tissue culture. This effect
is not due to toxic effects of E1B-AP5 expression, since high levels
of E1B-AP5 protein did not reduce the plating efficiency of tran-
siently transfected H1299 cells under puromycin selection (data
not shown). According to our data, it seems possible that E1B-
AP5 modulates the E1-mediated transformation process by com-
peting with p53 for the interaction with E1B-55kDa and releasing
p53 from the Ad protein.

DISCUSSION

In this report, we have described the isolation of a cDNA
encoding a protein, E1B-AP5, that physically interacts with the
Ad E1B-55kDa oncoprotein. E1B-AP5 is related to members

FIG. 7. Effects of stable expressed fluE1B-AP5 on viral DNA synthesis and host cell shutoff. (A) Expression of fluE1B-AP5 in H12-AP5/7 cells. Total-cell extracts
were prepared from H1299 cells (lane 1) and puromycin-resistant cell clones H12-AP/5 (lane 2), H12-AP5/7 (lane 3), and H12-AP5/8 (lane 4), subjected to SDS-PAGE,
and analyzed by immunoblotting with monoclonal antibody (MAb) 12CA5. The additional faster-migrating band present in all lanes is due to a cross-reactivity of a
cellular protein with monoclonal antibody 12CA5. Indirect immunofluorescence of H12-AP5/7 cells probed with 12CA5 followed by fluorescein-conjugated sheep
anti-rabbit antibody. Magnification, 3100. (B) Analysis of viral DNA synthesis. H12-AP5/5 or H12-AP5/7 cells were infected with wt300 virus at an infectivity of 200
PFU per cell. Cells were harvested at the indicated time points postinfection (hr p.i.), and viral DNA synthesis was determined by PCR. The DNA products were
subjected to agarose gel electrophoresis and ethidium bromide staining. (C) Analysis of fiber (IV) and actin protein steady-state levels. Cells were infected with wt300
virus and labeled with [35S]methionine for 1 h at 5, 10, 15, 20, 25, and 30 h after infection. A total of 2 3 105 trichloroacetic acid-precipitable counts from each time
point was fractionated by SDS-PAGE, and proteins were visualized by autoradiography. Molecular mass markers are indicated on the left. Bands corresponding to
cellular actin and several viral polypeptides are listed on the right. The levels of fiber (IV) and actin proteins were quantitated as described and plotted as a function
of time. The steady-state level of the E1B-AP5 protein was quantitated after Western blot analysis of the same total-cell extracts (data not shown).
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of the hnRNP family. These abundant pre-mRNA binding pro-
teins have been implicated in multiple steps of mRNA pro-
cessing and seem to play an important role in the localization
and transport of RNAs (reviewed in reference 15). The most
significant similarity of the predicted protein sequence of E1B-
AP5 is to the hnRNP-U/SAF-A protein (Fig. 2), including an
acidic amino-terminal region, a putative guanine nucleotide-
binding site in the central part of E1B-AP5, and closely spaced
RGG repeats toward its carboxyl terminus. However, E1B-
AP5 and hnRNP-U/SAF-A differ significantly in their most
amino- and carboxy-terminal regions, which might indicate
that the two proteins have different functions in RNA metab-
olism. In addition, the primary structure of E1B-AP5 contains
several more limited homologies to other hnRNPs, including
A1, G, K, and L. The RGG box domain in the E1B-AP5 pro-
tein presumably contributes to its RNA-binding activities (re-
viewed in reference 9). In hnRNP-U/SAF-A, the RGG box
domain is absolutely required for RNA binding (37). Other
studies demonstrate that this motif is required for the nuclear
targeting of the RNA binding protein Nlp3, an important me-
diator of mRNA export in S. cerevisiae (39). In light of these
sequence similarities, we propose that E1B-AP5 is a new mem-
ber of the hnRNP family.

Given its role in late viral mRNA transport, we find it in-
triguing that E1B-55kDa is found associated with a host factor
that might be involved in RNA metabolism. Our results sug-
gest that E1B-AP5 provides functions required for nucleocy-

toplasmic mRNA turnover including mRNA processing and/or
mRNA transport. E1B-AP5 is localized predominantly in the
nucleus (Fig. 3), it specifically associates with the E1B-55kDa
protein (Fig. 4 and 6), and the same regions that mediate the

FIG. 8. Effects of stable expressed fluE1B-AP5 on cytoplasmic mRNA accumulation in wt300-infected cells. (A) Northern blot analysis of b-actin, E1B-AP5, L3,
and L5 mRNA species in infected H12-AP5/5 and H12-AP5/7 cells. Cytoplasmic RNA was prepared at the indicated time points after infection (hr p.i.). Equal
quantities of these RNAs were subjected to electrophoresis, transferred to nitrocellulose membranes, and hybridized with [a-32P]dCTP-labeled b-actin, E1B-AP5, L3,
and L5 DNA probes. The bands corresponding to the viral and cellular mRNAs are indicated at the left. (B) The levels of b-actin, E1B-AP5, L3, and L5 mRNAs were
quantitated as described and plotted as a function of time. The mean and standard deviation is presented for three independent experiments.

FIG. 9. E1B-AP5 inhibits Ad5 E1A/E1B-mediated focus formation. Primary
BRK cells were transfected with the indicated amounts of plasmids (micrograms
of DNA per 3 3 106 cells). Focus-forming activity is presented as a percentage
of E1A plus E1B activity. The average number of dense foci for pXC15 was 128
in four independent experiments.
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binding of E1B-AP5 to E1B-55kDa (Fig. 6) have been found to
be absolutely required for host cell shutoff (76). More signifi-
cantly, high levels of the E1B-AP5 protein stimulate the export
of late viral transcripts and simultaneously prevent the shut-
down of host cell mRNA export (Fig. 8). These data are com-
patible with the hypothesis that the E1B-55kDa protein facil-
itates the cytoplasmic accumulation of viral transcripts by
binding to a nuclear host factor necessary for mRNA export
(52). Earlier work demonstrated that E1B-55kDa exerts its late
effects after an RNA molecule is spliced and polyadenylated
(41, 54). In the absence of the E1B-55kDa polypeptide, late
viral transcripts exit the nuclear matrix fraction inefficiently
and fail to accumulate in a nuclear downstream compartment
(41). Thus, E1B-AP5 may facilitate the release or movement
of mature transcripts from the nuclear matrix to the nuclear
pores, which seems to be the rate-limiting step for late viral
mRNA transport (41). Furthermore, the E4orf6 protein con-
tains a Rev-like nuclear export signal, and it shuttles between
the nucleus and cytoplasm (12). Therefore, if E1B-AP5 bridges
between viral mRNAs and the E1B-55kDa/E4orf6 complex,
it could serve as an adapter to connect newly synthesized
mRNAs to an active nucleocytoplasmic shuttling machinery.

Considerable evidence indicates that cellular DNA replica-
tion, transcription, RNA processing, and RNA transport occur
in association with intranuclear structures (reviewed in refer-
ence 70). Interestingly, it has been reported that the E1B-
AP5-related protein hnRNP-U/SAF-A may function in the
organization of chromosomal DNA and, along with other
hnRNP proteins, may be involved in the formation and main-
tenance of nuclear structures (17, 22, 61). Considering a sim-
ilar function of E1B-AP5 during infection with Ad, one might
speculate that this protein is a component of nuclear compart-
ments that mediate mRNA transport to the cytoplasm and/or
favor viral DNA replication. With the onset of viral DNA
replication, the rapidly growing number of transcriptionally
active viral chromosomes colonize transport-gated nuclear mi-
croenvironments and promote the export of late viral mRNAs
by a mechanism dependent on the E1B/E1B-AP5 protein in-
teraction. Such a mechanism would be compatible with the
idea that the transport selectivity observed in Ad-infected cells
results from the displacement of gated cellular transcription
and/or transport units by viral chromosomes in the late phase
of infection (74). Accordingly, high levels of E1B-AP5 would
efficiently interfere with the proposed competition for these
specialized compartments, as we observed (Fig. 8). Moreover,
this hypothesis would also account for the finding that mRNA
export of activated cellular genes in the late phase of Ad
infection is coupled to transcription and is dependent on the
expression of a functional E1B-55kDa protein (32, 74). Since
E1B-55kDa is present in several intranuclear localizations (52,
68), we suggest that the 55-kDa E1B protein occupies remain-
ing or newly established gated environments by binding to
E1B-AP5. Apparently, this interaction could modulate the ex-
port of these cellular mRNA molecules.

E1B-AP5 contains two additional regions of similarity to
cellular proteins that might link its function to posttranscrip-
tional regulation, signal transduction pathways, and cellular
proto-oncogenes. The carboxy-terminal region of E1B-AP5,
which exhibits significant sequence similarity to hnRNP-G,
contains clustered proline residues that resemble potential bind-
ing sites for Src homology 3 (SH3) domains (10). This domain,
which includes approximately 60 amino acids, is found in a very
large group of proteins, including cytoskeletal elements and
signaling proteins (3). We note that the putative RNA-binding
protein G3BP, which contains, similarly to E1B-AP5, the SH3
ligand motif PXXP (78) (E1B-AP5 residues 698 to 701 and 708

to 711), has been found to bind to the SH3 domain of the
p21ras GTPase-activating protein (53). In addition, hnRNP-K
has been shown to bind to the SH3 domains of the cellular
proto-oncogenes c-src and p95vav (31, 71), indicating that both
proteins might play a role in the regulation of mRNA biogen-
esis. Moreover, the central region of E1B-AP5 shows substan-
tial homology to the guanine nucleotide-binding motif present
in the nuclear G protein Ran, an important regulator of nu-
clear import and export processes (reviewed in reference 24).
This strongly implicates E1B-AP5 as a guanine nucleotide-
binding protein, but we do not yet have data to prove that this
is the case. Apparently, such an activity could potentially reg-
ulate the function of E1B-AP5. Should both activities of E1B-
AP5 be substantiated, it is possible that E1B-AP5 function is
linked to proteins that mediate protein-protein associations
and reversible GTP binding and, along with Src homology 2
(SH2) domains, regulate cytoplasmic and/or nuclear signaling
as well as cell cycle progression (59).

Over the past few years, it has been well established that the
multifunctional E1B-55kDa protein provides additional impor-
tant functions in lytically infected cells that are probably un-
related to the inhibition of mRNA transport. It has been shown
that E1B-55kDa directly inhibits host protein synthesis (1) and
blocks the E1A-induced accumulation of the cellular tumor
suppressor protein p53 in combination with E4orf6 (27, 56).
Furthermore, p53/E1B-55kDa complexes have been impli-
cated in viral replication (60) and inhibition of p53-mediated
G1 growth arrest or apoptosis (57, 67, 75). In addition, it was
shown recently that the Ad protein relieves growth constraints
of the cell cycle by mechanisms independent of p53 (23). The
latter observation strongly suggests that E1B-55kDa abates
growth restrictions on viral replication by interacting with oth-
er cellular proteins that, like p53, regulate cell cycle progres-
sion. If cell cycle-dependent viral replication and E1B-AP5
function are linked, it is tempting to speculate that E1B-55kDa
modulates cell cycle regulation, at least in part, by binding to
E1B-AP5. In fact, such an activity could also explain the re-
duction of transformed cells in our transformation assays (Fig.
9). On the other hand, because p53 and E1B-AP5 share at least
one binding region on E1B-55kDa (Fig. 6), it is also possible
that E1B-AP5 decreases the number of transformants by com-
peting with p53 for the interaction with E1B-55kDa.

An intriguing alternative for the function of E1B-AP5 is that
it participates in both cell cycle regulation and mRNA process-
ing, including mRNA transport. Based on the multiple func-
tions of E1B-55kDa in lytic infection and in Ad-induced trans-
formation, it will therefore be important to investigate whether
E1B-AP5 links the two regulatory processes. In this context, it
will be interesting to analyze the contribution of E1B-AP5 for
the use of E1B mutant viruses in tumor therapy, as recently
suggested by Bischoff et al. (6).
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