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The avian adenovirus CELO can, like the human adenoviruses, transform several mammalian cell types, yet
it lacks sequence homology with the transforming, early regions of human adenoviruses. In an attempt to
identify how CELO virus activates the E2F-dependent gene expression important for S phase in the host cell,
we have identified two CELO virus open reading frames that cooperate in activating an E2F-inducible reporter
system. The encoded proteins, GAM-1 and Orf22, were both found to interact with the retinoblastoma protein
(pRb), with Orf22 binding to the pocket domain of pRb, similar to other DNA tumor virus proteins, and GAM-1
interacting with pRb regions outside the pocket domain. The motif in Orf22 responsible for the pRb interaction
is essential for Orf22-mediated E2F activation, yet it is remarkably unlike the E1A LxCxD and may represent
a novel form of pRb-binding peptide.

Avian adenoviruses resemble human adenoviruses in many
respects (37). Both adenovirus types form icosahedral capsids
of 70 to 75 nm, with hexons and pentons as the major subunits
(12, 13, 24, 32, 35, 38, 43, 47). The viral capsids contain a linear
double-stranded DNA molecule that is associated with viral
core proteins (34). Replication and viral assembly occur in the
nucleus of the infected cell (8, 36, 46).

The chicken embryo lethal orphan (CELO) virus is repre-
sentative of the type 1 fowl adenoviruses. Characterization of
CELO virus is of importance both for the potential application
of the virus as a vaccine vector and for its use as a novel
adenovirus serotype for gene transfer. CELO virus was the first
avian adenovirus with a fully characterized viral genome (6).
Sequence determination of additional avian adenovirus sero-
types is revealing a substantial and unexpected diversity in
these viruses (e.g., egg drop syndrome virus [21] and hemor-
rhagic enteritis virus [44]). The CELO virus genome has sub-
stantial homology with mastadenovirus genomes over regions
encoding replication functions (E2 region) and capsid proteins
(late genes) which constitute the central part of the viral ge-
nome (6). No significant homology exists to the mastadenovi-
rus early regions E1, E3, and E4 (6). The leftmost 5 kb and the
rightmost 13 kb of the CELO virus genome were identified as
being unique to CELO virus (Fig. 1). The similar life cycles of
human and avian adenoviruses suggest a conservation of basic
viral functions and regulation mechanisms. For example, it was
assumed that an adenovirus should possess a gene that impairs
the host apoptotic response. Using a screen for such antiapop-
totic functions, GAM-1 was identified as a functional homolog
of human adenovirus E1B 19K protein (5). The present report
describes our efforts to identify an E1A-like, E2F-activating
function in the CELO virus genome.

The E1A gene of human adenovirus is the first gene that is
expressed during an adenovirus infection (33, 41). E1A pro-
motes expression of several viral transcription units (E2, E4,
and late genes) primarily by recruiting components of the
cellular transcription machinery. E1A also influences key tar-
gets of the host cell. One of these cellular targets is the reti-

noblastoma protein (pRb), an important regulator of G1-to-S-
phase entry during the cell cycle (10, 14, 15, 51, 52). Binding of
pRb by E1A is thought to release the cellular transcription
factor E2F and thus activate important S-phase-specific genes.
This allows progression of the host cell into S phase and there-
fore supplies the virus with cellular metabolites that are essen-
tial for the efficient replication of the viral genome.

Because of the importance of moderating the inhibitory
effects of pRb on E2F function, all small DNA viruses char-
acterized to date have been found to encode proteins that
influence this pathway. To identify regions in the CELO virus
genome that encode an activity analogous to the E1A region of
human adenoviruses, we designed a screen for E2F activation.
The adenovirus type 5 (Ad5) E2 promoter strongly depends on
E2F for its function (28). We cloned this promoter upstream of
a luciferase cDNA and used the resulting construct to search
for open reading frames in the CELO virus genome that could
upregulate this promoter resulting in increased luciferase ex-
pression. We identified two CELO virus gene products that
were able to activate this E2F-dependent promoter. The first is
a product of open reading frame 22 (Orf22) which thus far has
not been characterized. A second CELO protein, GAM-1, was
also found to activate the E2F pathway. The two proteins
synergize in E2F activation. Consistent with the E2F activa-
tion, both proteins were found to bind to pRb, albeit with
distinct sites on the cellular protein. However, neither the
Orf22 protein nor GAM-1 exhibit any significant sequence
homology to human adenovirus E1A proteins, and the two
proteins appear to define novel types of pRb-binding partners.

MATERIALS AND METHODS

Cells and transfection. The chicken embryonic fibroblast (CEF) cell line was
grown in Dulbecco’s modified Eagle medium (DMEM; BioWhittaker) contain-
ing 8% fetal calf serum and 2% chicken serum. A549 cells and Leghorn male
hepatoma (LMH) cells were grown in DMEM containing 10% fetal calf serum.
Both media were supplemented with 100 mg each of streptomycin and penicillin
per ml.

Transfection complexes were prepared by the polyethyleneimine (PEI) tech-
nique (1, 3). Cells were seeded 1 to 2 days before transfection either in 24-well
plates at a density of 4 3 104 cells/well or in 6-well plates at a density of 4 3 105

cells/well. Transfection was carried out when cells had reached 80 to 90% con-
fluence. For 24-well plates, 50 ml of transfection complex (containing 0.6 mg of
DNA) was added in 250 ml of serum-free medium; for transfection in 6-well
plates, 250 ml of complex containing 3 mg of plasmid DNA was used in 1 ml of
serum-free medium. Cells were incubated with complexes for 4 h, after which the
serum-free medium was replaced by normal growth medium.
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For luciferase assays, 4 3 104 cells were lysed in 150 ml of lysis buffer (0.25 M
Tris buffer [pH 7.5], 1% Triton X-100), of which 40 ml was measured in a
Berthold luminometer as previously described (9).

Generation of antiserum. For the generation of antibodies against Orf22
protein, rabbits were immunized with a peptide homologous to amino acids (aa)
13 to 30 of the protein (HQQ RRQ QEA ERE EEV GDD C). Antibodies
against CELO virus late proteins were raised by infecting rabbits with inactivated
CELO virus particles (39).

Plasmids. pE2-Luc was constructed by cloning the PvuII fragment from Ad5
containing the E2A promoter (nucleotides 26990 to 28837) upstream from a
luciferase cDNA-simian virus 40 intron/polyadenylation signal. The pwtE2F-Luc
construct contains three synthetic E2F-binding sites upstream from a minimal
promoter-luciferase cDNA-simian virus 40 intron/polyadenylation signal, while
pmuE2F-Luc carries mutations in the E2F-binding sites. Both constructs were
gifts from Wilhelm Krek, Friedrich Miescher Institute, Basel, Switzerland, and
are described elsewhere (29). Plasmid pCELO contains the entire CELO virus
genome flanked by SpeI sites cloned into a pBR327 derivative as described
elsewhere (39). The construct pFL/R carrying the left- and right-end sequences
which are unique to CELO virus was generated by deleting central regions of
pCELO with an HpaI digest and subsequent religation; pFL/R thus contains only
the left HpaI fragment of CELO virus (bp 1 to 5503) and the right fragment (bp
30502 to 43804). The separate constructs of plasmids pFL and pFR resulted from
digestion of plasmid pFL/R with HpaI and SpeI and ligation of the resulting
fragments into pBluescript. The central region pCN was recovered as a 26,620-bp
XbaI fragment (bp 1989 to 28608) of pCELO cloned into pBR327. Deletion
constructs named by restriction enzymes refer to fragments that were released by
the specified enzymes, which were then ligated into pBluescript (Stratagene).
Myc-tagged versions of Orf22 and E1A (pSG9MOrf22 and pSG9ME1A) were
generated by PCR amplification of their reading frames followed by cloning into
pSG9M (20). Construction of Myc-tagged GAM-1 and E1A 19K plasmids was
described previously (5). Constructs of Orf22 with N- and C-terminal deletions

were generated by PCR using primers that carried either a new starting site for
translation or a premature stop codon. Amplified fragments were cloned into the
EcoRV site of pSG9M. Correct orientation was determined by restriction anal-
ysis and sequencing. The human pRb (hRb) construct pCMV-hRb, a gift from
Meinrad Busslinger and Dirk Eberhard, Institute of Molecular Pathology, Vi-
enna, Austria, contains the full-length hRb sequence under the control of a
cytomegalovirus promoter. The glutathione-S-transferase (GST)–pRb fusion
plasmids GST-Rb, GST-Rb-D21, and GST-Rb-DC are described in reference 27.

Phage mutagenesis. Alteration of the LxCxD coding motif of Orf22 was
performed by phage mutagenesis (30, 31). All mutants were analyzed for the
presence of the expected mutations by restriction digests and sequencing.

Immunofluorescence. CEF cells were plated on glass slides at a density of 3 3
105 cells/well and transfected with 3 mg of plasmid DNA. The next day, cells were
fixed in 4% formaldehyde (in phosphate-buffered saline) and then incubated in
0.25% Triton X-100. Nonspecific binding was blocked with 5% nonfat milk.
Purified anti-Myc antibody 9E10 (16) (Calbiochem) was added at a dilution of
1:100 in blocking solution for 1 h. After repeated washing with blocking solution,
an anti-mouse antibody coupled to fluorescein isothiocyanate (DAKO) was
added at a dilution of 1:40 for 1 h. Slides were repeatedly washed with phos-
phate-buffered saline; 49,6-diamidino-2-phenylindole (DAPI) stain was included
in the last washing step to visualize the nuclear DNA. Slides were mounted with
Mowiol and analyzed by fluorescence microscopy.

Time course of CELO virus infection. LMH cells were seeded at a density of
3 3 105 cells/well in six-well plates. Infection with CELO virus was carried out
with 1,000 virus particles per cell in DMEM without serum. Where indicated,
1-b-arabinofuranosylcytosine (AraC; Sigma) was added at a final concentration
of 20 mg/ml to block adenovirus DNA replication (19). Infected cells were
harvested at the indicated time points and analyzed by Western blotting.

Immunoprecipitation. CEF cells were seeded in six-well plates and transfected
with 3 mg of plasmid DNA. Cells were lysed in 600 ml of lysis buffer (150 mM
NaCl, 50 mM Tris-buffer [pH 8.0], 5 mM EDTA, 1% Nonidet P-40) 48 h after

FIG. 1. E2F activation assay with different CELO virus constructs. (A) Schematic organization of the CELO virus genome. Some of the conserved E2 and late genes
are shown. The shaded regions flanking the central part (CN) on the left and right (FL and FR) indicate sequences that are unique to CELO virus. (B) Reporter
construct E2-Luc (0.2 mg) was transfected into CEF cells as described in Materials and Methods (control lane). For cotransfection assays, 0.4 mg of the following
plasmids were transfected in addition to E2-Luc: pCELO (full-length CELO virus sequence), pFL/R (kb 0 to 5.5) and 30 to 43 of CELO sequence), pCN (kb 5.5 to
30 of CELO sequence), pFL (kb 0 to 5.5 of CELO sequence), pFR (kb 30 to 43 of CELO sequence), and KpnI (kb 30.6 to 40.0 of CELO sequence); 24 h after
transfection, 20 ml of cell lysate was analyzed for luciferase activity.
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transfection. Insoluble material was spun down, and the supernatant was pread-
sorbed with 10 ml of protein A/G-agarose (Calbiochem). The precleared material
was incubated with 0.1 to 1 mg of specific antibody for at least 4 h, after which 15
ml of protein A/G-agarose was added and the mixture was incubated for an
additional 2 h. The complexed material was pelleted and repeatedly washed with
lysis buffer containing 150 or 500 mM NaCl. The resulting pellet was resus-
pended in 25 ml of sodium dodecyl sulfate (SDS)-sample buffer and analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE).

GST-Rb binding assay. Escherichia coli BL21 (Stratagene) was transformed
with GST-Rb constructs and grown as fresh overnight cultures in LB medium
containing ampicillin (100 mg/ml). Dilutions (1:20) of this starting material were
grown to an optical density at 600 nm of 0.5 to 0.7 and induced with isopropyl-
b-D-thiogalactopyranoside at a final concentration of 0.1 mM. After 3 h of
induction, cells were harvested and lysed on ice in 1/10 volume of NETN buffer
(20 mM Tris buffer [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40)
supplemented with a protease inhibitor cocktail (Sigma). The supernatant was
recovered after centrifugation at 10,000 3 g for 5 min, and aliquots (600 ml) were
incubated with 20 ml of equilibrated glutathione-Sepharose (Pharmacia). Sam-
ples were gently agitated at 4°C for 30 min and then washed with NETN buffer
containing 0.5% milk powder. To screen for binding partners of pRb, CEF cells
were transfected with the constructs of interest. Expression levels of the various
constructs were analyzed by Western blotting. On the basis of these results, equal
amounts of expressed proteins were incubated with recombinant GST-Rb mol-
ecules for 1 h at 4°C. After repeated washing with NETN buffer, the pellets were
resuspended in sample buffer and analyzed by SDS-PAGE (for more details, see
reference 27).

Peptide competition assay. The peptides were dissolved in 50% dimethyl
sulfoxide-HBS (HEPES-buffered saline [150 mM NaCl plus 20 mM HEPES, pH
7.4]) and adjusted to a final concentration of 0.5 mg/ml. GST-Rb proteins were
expressed and recovered as described above. Recombinant pRb proteins were
saturated with peptides and incubated at 4°C for 1 h. Subsequently the samples
were incubated with cell lysates containing the proteins of interest. Addition of
cell lysates and recovery of the complexes formed was as described above.

RESULTS

Identification of two E2F-activating regions in the CELO
virus genome. We established an E2F activation assay to
screen the CELO virus genome for E1A-like activities. A re-
porter plasmid (pE2-Luc) carrying the firefly luciferase gene
under the control of the E2F-inducible Ad5 E2 promoter was
generated and shown to respond to the control E1A signal with
an approximate 50-fold induction of luciferase expression
(data not shown). Using this assay, we found that a plasmid
encoding the full-length CELO virus genome (pCELO) was
capable of modestly activating the Ad5 E2a promoter (Fig.
1B). A second construct with all nonconserved DNA se-
quences of CELO virus, i.e., sequences flanking the central
region on the left and right side (FL/R), possessed a more
potent activation function than the full-length CELO virus
genome (Fig. 1; note that equal mass, rather than equal mol-
ecule numbers of the test plasmids, were transfected, which
may account for the relatively poor activation observed with
the large [46-kb] pCELO plasmid). A construct containing only
the conserved central part of the CELO virus genome (pCN),
i.e., the region encoding capsid proteins and E2 functions,
showed no luciferase induction (Fig. 1B). The E2F-activating
function was further localized to the right end of the CELO
virus genome (pFR) and not to the left end (pFL) (Fig. 1B).
Further deletion studies identified a large KpnI fragment from
the right end of the virus genome (bp 30639 to 40060) which
exhibited E2F activation comparable to that of the right-end
fragment (KpnI and pFR) (Fig. 1B and 2A).

The major open reading frames of the right-end fragment
are shown in Fig. 2A (see also reference 6). We analyzed the
contribution of these reading frames to the observed E2F
induction by preparing a series of deletion constructs (Fig. 2A).
Progressive deletions from either end of the right-end frag-
ment reduced the luciferase expression to almost 30% of the
originally monitored activation (Fig. 2B), suggesting that two
separate regions were involved in the observed E2F activation
(activating regions [Fig. 2A]). Two reading frames appear to be

required for full activity; the first encodes the previously iden-
tified antiapoptotic protein GAM-1 (5), and the second
(Orf22; bp 31802 to 32430) encodes a previously uncharacter-
ized CELO virus protein product. To facilitate further studies
of the Orf22-encoded protein, the reading frame was sub-
cloned and modified to include an amino-terminal Myc
epitope similar to a construct previously prepared for GAM-1
(5). Both pSG9MOrf22 and pSG9MGAM-1 were individually
capable of E2F activation (Fig. 2C). Notably, coexpression of
Orf22 and GAM-1 resulted in an enhanced activation of E2F,
comparable to the activity displayed by the full-length right-
end fragment pFR (Fig. 2B and C). In contrast, Myc-tagged
E1B 19K showed no specific activation of the reporter system
(data not shown). Consistent with the idea that the observed
E2F activation occurs via release of E2F from pRb, no activa-
tion of the reporter construct was obtained with Orf22 and
GAM-1 in Saos-2 cells, which carry a truncated and therefore
functionally inactive Rb protein (data not shown). Further-
more, the activation by Orf22 is observed with a synthetic
wild-type (wt) E2F-dependent promoter but is severely im-
paired when an identical promoter bearing mutated E2F sites
is used (Fig. 2D).

Cellular localization and sequential expression of Orf22
during CELO virus infection. To determine the cellular local-
ization of Orf22, Myc-tagged Orf22 and GAM-1 expressed in
CEF cells were subjected to immunofluorescent detection with
anti-Myc antibody. We find that Orf22 localizes to the nucleus
of transfected cells similarly to GAM-1 (Fig. 3A) (5).

To analyze the sequential expression pattern of Orf22 during
CELO virus infection, rabbit serum was raised against aa 14 to
30 of the Orf22 protein. LMH cells were infected with CELO
virus and incubated for up to 30 h postinfection (p.i.). For the
identification of early transcription units, one set of infected
cells was incubated with the DNA polymerase inhibitor AraC,
which, by preventing the replication of viral genomes, results in
a block of adenoviral late gene expression (19). Infected cells
were harvested at different time points after infection and
assayed for the expression of Orf22 and CELO virus capsid
proteins. Staining with anti-Orf22 antiserum revealed that the
protein is expressed as early as 6 h p.i. and is still accumulating
at 30 h p.i. (Fig. 3B). Orf22 protein was equally detectable both
in the presence and absence of AraC, while the expression of
CELO virus capsid genes was completely inhibited by AraC
(Fig. 3B). These data classify Orf22 as an early transcription
product, a result that is supported by studies on CELO virus
RNA products where Orf22 transcripts were detectable from
2 h p.i. (42).

Orf22 and GAM-1 interact with pRb. Since E2F activation
by E1A requires its binding to pRb, we analyzed if Orf22 and
GAM-1 also interact with pRb. Cells were transfected with
Myc-tagged Orf22, GAM-1, or control (E1B 19K) construct.
Due to the low expression levels of endogenous pRb, the first
set of experiments included a cotransfected hRb expression
construct (pCMV-hRB). Orf22 and GAM-1 complexes were
harvested from the transfected cells by anti-Myc antibody pre-
cipitation. The precipitated complexes were analyzed for the
presence of pRb by SDS-PAGE and Western blotting. Under
these experimental conditions, we found that precipitates of
Orf22 and GAM-1 included pRb (Fig. 4A). As a control, ex-
tracts of 293 cells, which constitutively express Ad5 E1A pro-
teins, were precipitated with anti-E1A antibody. Analysis of
the precipitated material by anti-pRb Western blotting re-
vealed a band of the same size for pRb, i.e., 105 kDa, as was
seen for Orf22 and GAM-1 precipitations. Transfection with
the control construct (Myc-tagged E1B 19K) did not show any
complex formation with pRb (Fig. 4A).
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We next assessed whether Orf22 and GAM-1 interact with
endogenous pRb. In this experiment, cells were solely trans-
fected with Orf22 and GAM-1 expression constructs and pre-
cipitated with anti-pRb antibody. Analysis of the immunopre-
cipitated complexes with anti-Myc antibody revealed the
presence of the Myc-tagged Orf22 (30 kDa) and GAM-1 (35
kDa) proteins in endogenous pRb complexes (Fig. 4B). Non-
transfected cells showed only background immunoglobulin
bands, which were nonspecifically recognized by the Myc an-
tibody. Thus, it appears that Orf22 and GAM-1 can associate
with both cellular and overexpressed pRb.

Interaction of Orf22 and GAM-1 with pRb mutants. The
interactions between tumor virus proteins and pRb are well
characterized (23, 40, 50). To analyze which regions of pRb
interact with Orf22 and GAM-1, we concentrated on the C-
terminal part of pRb and the pRb pocket region, since both
regions are known to be important protein interaction sites
(49). In particular, the pocket region is essential for E1A-pRb
interactions (22, 26).

To investigate the importance of both pRb regions for com-
plex formation with Orf22 and GAM-1, we compared the bind-
ing properties of both proteins to wt pRb with those of two
mutant pRb constructs carrying either a partial deletion of the
pocket region (D21) or a C-terminal truncation (DC). All pRb
constructs were fused to GST (7, 27), expressed in bacteria,
and purified on glutathione-coupled Sepharose. Constructs en-
coding Myc-tagged Orf22 and GAM-1 as well as E1A 12S, a
protein known to bind to the pocket region of pRb, were
transiently transfected into CEF cells. CEF cell lysates were
prepared and incubated with purified pRb proteins. Expres-
sion levels of the three Myc-tagged proteins were normalized
after Western blot analysis (data not shown). Complex forma-
tion between pRb and Orf22, GAM-1, or E1A was monitored
by Western blotting with anti-Myc antibody. All three proteins
bound to GST-wt Rb, while no pRb-binding activity was de-
tectable in lysates of untransfected CEF cells (Fig. 5A, wtRb).
Mutant pRb carrying a deletion in the pocket domain was no
longer able to bind E1A 12S (Fig. 5A, Rb-D21), which is

FIG. 2. Deletion analysis of pFR. (A) Scheme of pFR deletion constructs indicating open reading frames larger than 25 aa (top) and the deletions introduced by
restriction digestion (bottom). (B) A549 cells were transfected with PEI-DNA complexes containing 0.3 mg of E2-Luc reporter construct plus 0.3 mg of the control
plasmid pBluescript (control) or 0.3 mg of E2-Luc plus 0.3 mg of the indicated CELO constructs. At 24 h after transfection, luciferase activity was measured as described
in Materials and Methods. Each bar shows the average of three transfections with a standard deviation indicated. (C) A549 cells were transfected with PEI-DNA
complexes. Control, 0.3 mg of E2-Luc reporter construct plus 0.3 mg of pSG9M; Orf22, 0.3 mg of E2-Luc reporter construct plus 0.15 mg of pSG9MOrf22 plus 0.15 mg
of pSG9M; GAM-1, 0.3 mg of E2-Luc reporter construct plus 0.15 mg of pSG9MOrf22 plus 0.15 mg of pSG9M; Orf221GAM-1, 0.3 mg of E2-Luc reporter construct
plus 0.15 mg of pSG9MOrf22 plus 0.15 mg of pSG9MGAM-1. Cells were harvested 2 days after transfection and assayed for luciferase activity. Each bar shows the
average of three transfections with a standard deviation indicated. (D) A549 cells were transfected with PEI-DNA complexes. Top: wtE2F, 0.3 mg of pwtE2F-Luc plus
0.3 mg of control plasmid pSG9M; Orf22, 0.3 mg of pwtE2F-Luc plus 0.3 mg of pSG9MOrf22; E1pALM, 0.3 mg of pwtE2F-Luc plus 0.3 mg of the E1 expression plasmid
E1pALM. Bottom: muE2F, 0.3 mg of pmuE2F-Luc plus 0.3 mg of control plasmid pSG9M; Orf22, 0.3 mg of pmuE2F-Luc plus 0.3 mg of pSG9MOrf22; E1pALM, 0.3
mg of pmuE2F-Luc plus 0.3 mg of the E1 expression plasmid E1pALM. Cells were harvested 2 days after transfection and assayed for luciferase activity. Each bar shows
the average of three transfections with a standard deviation indicated.
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consistent with previous reports (22, 26). The Orf22-pRb in-
teraction was also largely impaired in the absence of a func-
tional pRb pocket region. However, GAM-1–pRb interactions
were not affected by this pRb mutation and therefore appear to
occur at a different site (Fig. 5A, Rb-D21). To test whether
Orf22 and GAM-1 interact with the C-terminal region of pRb,
the Rb-DC mutant was used. In vitro binding assays revealed
that all three Myc-tagged proteins (Orf22, GAM-1, and E1A
12S) were able to form a complex with the Rb-DC mutant (Fig.

5A, Rb-DC). Therefore, the C-terminal part of pRb is not
involved in binding reactions with Orf22, GAM-1, or E1A.
While Orf22 interacts largely with the pocket region of pRb,
the site of interaction for GAM-1 is distinct from the pRb
pocket domain and the C terminus.

To further analyze the interaction of Orf22 with the pocket
domain of pRb, we established a competition assay. The
pocket binding region of T antigen (T peptide) (10), which is
similar to the pocket-binding region of E1A (2, 4), was incu-

FIG. 3. Expression and localization of Myc-tagged Orf22 and GAM-1. (A) CEF cells were transfected with 3 mg of Myc-tagged Orf22, GAM-1, or pSG9M alone.
After 3 days, cells were fixed with paraformaldehyde and permeabilized with Triton X-100. Expressed proteins were detected with anti-Myc antibody (Calbiochem) and
visualized by fluorescein isothiocyanate-labeled secondary antibody (DAKO). (B) LMH cells were infected with CELO virus at a multiplicity of infection of 1,000
particles per cell. AraC was added at a final concentration of 20 mg/ml. Cells were harvested at the indicated time points and analyzed by Western blotting with
anti-Orf22 (top) and anti-CELO rabbit serum (bottom).

FIG. 4. Immunoprecipitation of transfected CEF cell lysates. (A) CEF cells were transfected with 1.5 mg of the indicated Myc-tagged expression constructs together
with 1.5 mg of a plasmid coding for hRb (pCMV-hRb). Lysates of transfected CEF cells and 293 cells were immunoprecipitated (IP) either with anti-Myc antibody or
anti-E1A antibody as indicated, followed by Western blot (WB) analysis with anti-hRb antibody. (B) CEF cells were transfected with 3 mg of the indicated Myc-tagged
constructs. Two days after transfection, cells were lysed and precipitated with anti-hRb antibody. The precipitated material was separated by SDS-PAGE and analyzed
by Western blotting with anti-Myc antibody.

VOL. 73, 1999 CELO VIRUS PROTEINS THAT MODIFY THE pRb/E2F PATHWAY 6521



bated with purified GST-Rb to bind and occupy the pocket
domain. Lysates from CEF cells transfected with Myc-tagged
Orf22 were added, and complexes were resolved by SDS-
PAGE; the presence of Myc-tagged proteins was verified by
anti-Myc antibody. We found that approximately 90% of the
Orf22-pRb interaction can be eliminated with the T peptide
(Fig. 5B, Orf22). This result is comparable to E1A-pRb inter-
actions, and thus binding of Orf22 to pRb resembles the in-
teraction of pRb with T antigen or E1A. However, the pres-
ence of the same quantities of peptide had no effect on GAM-
1–pRb interactions demonstrating that GAM-1 interacts with
pRb at regions other than the pocket domain (Fig. 5B, GAM-
1).

Mutation of an internal LxCxD motif of Orf22. The pRb-
binding region of E1A consists of an LxCxE motif flanked by
acidic residues. This binding motif is conserved among the viral
oncoproteins of adenovirus E1A, SV40 T antigen, and human
papillomavirus E7, all of which interact with the pRb pocket
domain (18, 49). In contrast, the protein sequence of Orf22
revealed no significant homology to viral pRb-binding motifs
except for an LLCYD sequence at aa 51 to 55. However, no
acidic sequences were found adjacent to this motif. As this was
the only recognizable motif shared with other viral pRb-bind-
ing proteins, we determined its importance for E2F activation
and pRb binding by site-directed mutagenesis. The introduced
alterations include deletion of two of the conserved amino
acids cysteine and aspartic acid as well as alterations of the
leucine, cysteine, and aspartic acid to either alanine or proline
(Fig. 6A). The modified constructs were expressed at compa-
rable levels (results not shown) and tested for E2F activation
as described above. Alterations of the LLCYD motif had no
effect on the E2F activity (Fig. 6B). Consistent with the E2F
activation, interaction of the mutant Orf22 molecules with
pRb, as monitored by immunoprecipitation studies, was unaf-
fected by any of the mutations (Fig. 6C). Thus, it appears that
the analogous functions of Orf22 and E1A in binding to pRb
and activating E2F are mediated by two different protein mo-
tifs.

In efforts to identify the pRb-binding region of Orf22, we
introduced progressive deletions from either the amino termi-

nus removing 30, 41, or 73 residues (DN30, DN41, or DN73) or
from the carboxy terminus removing 23, 77, or 118 residues
(DC23, DC77, or DC118) of the Orf22 protein (Fig. 7A). The
E2F activation capacity of the deletion clones revealed that
deletion of 41 residues from the amino terminus had no effect
on protein function. Further removal of the N-terminal 73
residues abolished E2F activation. Of the carboxy-terminal
deletions, removal of 23 or 77 residues did not impair E2F
activation (instead, the DC77 truncation produced a modest
but reproducible activation). A more substantial deletion of
DC118 disrupted the activating function of Orf22 (Fig. 7A).
When the protein levels of the truncated proteins were mon-
itored, all but the two largest deletions (DN73 and DC118)
were found to be expressed at levels comparable to wt Orf22.
Protein levels of DN73 and DC118, however, were severely
reduced (Fig. 7B). Thus the impaired E2F activation of these
two molecules could be due to lower protein levels rather than
loss of pRb interaction. It was observed that in the presence of
GAM-1, expression of the Orf22 mutant DN73 could be res-
cued to almost wt levels (the nature of this rescue event is not
understood). The Orf22 mutant DC118, carrying the largest
deletion, however, was still poorly detectable (Fig. 7C). Addi-
tion of GAM-1 stabilized the synthesis of truncated Orf22
proteins sufficiently to test their pRb-binding capacity. Extracts
of CEF cells expressing mutant Orf22 proteins in the presence
of GAM-1 were incubated with recombinant GST-Rb (extracts
were normalized for constant Orf22 protein levels). Complex
formation with pRb was monitored by Western analysis with
anti-Myc antibody. Amino-terminal Orf22 mutants DN30,
DN41, and DN73 (which removes the LLCYD motif) and car-
boxy-terminal truncations DC23 and DC77 bound to pRb to
the same extent as wt Orf22 (Fig. 7D). This analysis further

FIG. 5. Complex formation of Orf22 and GAM-1 with pRb mutants. (A)
CEF cells were transfected with 3 mg of the indicated expression constructs and
lysed 24 h after transfection. Equal amounts of the expressed proteins were
incubated with recombinant GST-Rb proteins as described in Materials and
Methods. Complex formation was monitored by subsequent Western analysis
with anti-Myc antibody. (B) Competition assay with T peptide. Myc-tagged
constructs of Orf22, GAM-1, and E1A 19K were expressed in CEF cells. Lysates
of these cells were incubated with recombinant GST-Rb together with increasing
amounts of T peptide. Lane 1, no peptide; lane 2, 20 mg of peptide; lane 3, 40 mg
of peptide; lane 4, lysate of transfected CEF cells (40 ml).

FIG. 6. Mutation analysis of the LxCxD motif of Orf22. (A) Schematic dia-
gram showing modifications of the LxCxD motif. (B) CEF cells were transfected
with increasing amounts (0.003, 0.03, and 0.3 mg) of the indicated constructs. All
complexes contained 0.3 mg of E2F-Luc reporter construct. At 24 h after trans-
fection, cells were lysed and analyzed for luciferase activity. (C) Precipitation of
transfected CEF cells with anti-hRb antibody followed by Western analysis with
anti-Myc antibody. All cells were cotransfected with 1.5 mg of plasmid
pSG9MOrf22 and 1.5 mg of pSG9MGAM-1.
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supports our finding that the LLCYD motif in Orf22 is neither
required for E2F activation nor involved in interactions with
pRb. It appears that pRb interaction does not occur in the
regions outside aa 88 to 129. However, the instability of the
proteins lacking this region made it difficult to assess such
interaction directly. An alternate approach was taken.

Analysis of aa 88 to 129 in Orf22. To evaluate the impor-
tance of aa 88 to 129 in Orf22 for pRb binding, we designed a
series of overlapping peptides of 15 to 18 aa homologous to
this region. Figure 8 shows the amino acid sequences and
locations relative to the Orf22 sequence for four of the syn-
thesized peptides (395, 397, 428, and 429). Peptide 395 con-
tains the LLCYD region of Orf22 and was included in the
experiment (Fig. 8A). Competition assays with various pep-
tides were performed as described for the T-peptide assay.
Briefly, GST-wt pRb was incubated with single peptides, Orf22
extracts were added, and complex formation with pRb was
monitored by Western analysis. Orf22 and pRb alone formed
complexes as shown before. Addition of increasing amounts of
peptide 395 had only a slight effect on Orf22-Rb complex
formation (Fig. 8B), confirming our previous findings. A sim-
ilar result was obtained for most of the other peptides that
were homologous to the aa 88 to 129 region of Orf22, i.e.,
peptides 397 and 429 (data not shown). In contrast, peptide
428 efficiently interfered with the binding of Orf22 to pRb.
Increasing amounts of the peptide nearly completely abolished

complex formation between Orf22 and pRb, while similar lev-
els of the control peptide had no effect on binding (Fig. 8B).
This finding supports the involvement of aa 97 to 114 of Orf22
in binding to pRb. The specificity of the competition was an-
alyzed by testing the ability of peptide 428 to compete for
E1A-Rb interactions. Under the same conditions that revealed
peptide 428-Orf22 competition, there was no effect on the
complex formation between Myc-tagged E1A 12S and pRb
(Fig. 8B). Thus, the ability of peptide 428 to disrupt Orf22-
pRB interactions appears to be specific for Orf22 and does not
impair binding of E1A.

To examine the Orf22-pRB interaction in an alternate man-
ner, we generated a Myc-tagged Orf22 mutant construct that
carried an internal deletion of aa 97 to 114 (pSG9MD428) (Fig.
8C). Protein stability was not impaired by this internal deletion
(Fig. 8C, top) and allowed us to determine the importance of
the aa 97 to 114 region for pRb binding. Binding assays re-
vealed that Orf22 formed a complex with pRb, while a control
protein (E1B 19K) showed no association with pRb. Deletion
of the internal aa 97 to 114 fragment severely impaired the
binding of Orf22 to pRb (Fig. 8C, bottom). We therefore
conclude that the pRb-binding region of Orf22 is within the
region between aa 97 and 114.

FIG. 7. Deletion analysis of the Orf22 construct. (A) Diagram of N- and
C-terminal deletions of Orf22. CEF cells were transfected with 0.3 mg of E2F-
Luc reporter plasmid and 0.3 mg of Orf22 construct. Two days after transfection,
cells were lysed and assayed for luciferase activity. (B to D) GST-Rb was ex-
pressed in bacteria and recovered on glutathione-Sepharose. CEF cells were
transfected with each 1.5 mg of Orf22 constructs and GAM-1 plasmid. Two days
after transfection, cells were assayed for recombinant protein expression by
Western blotting (B and C). Equal amounts of the expressed Myc-tagged protein
were incubated with recombinant GST-Rb. Resulting complex formation was
analyzed by Western blotting with anti-Myc antibody (D).

FIG. 8. Analysis of the Orf22 mutant D428. (A) Amino acid composition of
Orf22 and spatial arrangement of four of the peptides used in competition assays.
(B) GST-Rb was expressed in bacteria and recovered on glutathione-Sepharose;
0, 10, or 50 mg of peptide 395 or 428 was incubated with GST-Rb before addition
of lysates of pSG9MOrf22-transfected cells (left and middle) or pSG9ME1A12S-
transfected cells (right). The resulting complexes were analyzed by Western
blotting with anti-Myc antibody. (C) CEF cells were transfected with 3 mg of
Myc-tagged Orf22, D428, or E1A 19K construct; 30 h after transfection, cells
were lysed and incubated with recombinant GST-Rb. Complex formation was
monitored by Western analysis with anti-Myc antibody. (D) A549 cells were
cotransfected with 0.12 mg of E2F-Luc reporter construct and 0.16 mg of Orf22
and D428 plasmids. Cells were assayed for luciferase activity 24 h after transfec-
tion.

VOL. 73, 1999 CELO VIRUS PROTEINS THAT MODIFY THE pRb/E2F PATHWAY 6523



Our starting model was based on the finding that E2F acti-
vation is directly linked to the inactivation of pRb, i.e., by viral
oncoproteins. After having identified Orf22 as an E2F-activat-
ing and pRb-binding protein, we analyzed whether elimination
of its pRb-binding activity would result in a reduction or loss of
its E2F activation potential. Comparing the E2F-activating
functions of Orf22 and the mutant construct D428, we found,
as shown earlier, that Orf22 clearly activates E2F. Deletion of
the internal aa 97 to 114 fragment, however, severely impaired
E2F activation (Fig. 8D). This assay demonstrated that binding
of Orf22 to pRb and activation of E2F are both dependent on
an internal region between aa 97 and 114.

DISCUSSION

We have identified two CELO virus proteins that, like the
human adenovirus E1A proteins, are capable of binding pRb
and activating E2F-dependent transcription. The E2F-activat-
ing and pRb-binding properties of E1A serve as essential ini-
tiating steps for viral replication, especially in nondividing
cells. As both viruses infect terminally differentiated cells, a
similar mechanism can be expected for avian adenoviruses. A
screen of the CELO virus genome for E2F activation identified
GAM-1 and Orf22 as viral proteins that were capable of in-
ducing an E2-Luc reporter system individually; the combina-
tion of both proteins was synergistic for the activation. The
molecular basis for this synergy is not clear at the molecular
level, complex formation between GAM-1 and Orf22 has not
yet been observed.

Orf22 and GAM-1 bind to recombinant pRb in vitro and to
both endogenous and overexpressed pRb in transfected cells.
While Orf22 interacts with the pocket region of pRb, GAM-1
binds neither to the pocket domain nor to the C-terminal part
of pRb. As both proteins apparently interact with different
regions of pRb, it is possible that a complex composed of
GAM-1, Orf22, and pRb exists. Only the formation of such a
complex might ensure the complete inactivation of the repress-
ing functions of pRb. This model would account for the coop-
erative effect of Orf22 and GAM-1 on E2F activation. Whether
such a complex forms during CELO virus infection is not
known. Initial studies on the sequential appearance of CELO
virus transcripts revealed that Orf22 transcripts are detectable
2 h p.i. and therefore belong to the early transcription units
(42), a feature shared with human adenovirus E1A. These
RNA data have been confirmed by Western blotting with se-
rum raised against the Orf22 protein. Orf22 protein can be
detected as early as 6 h p.i.; protein levels increase until at least
30 hours p.i., and Orf22 protein expression occurs independent
of viral DNA replication. For GAM-1, Northern analysis de-
tected first transcripts at late stages of infection (24 h p.i.) (42).
The presence of a N-terminal bipartite leader sequence on the
GAM-1 transcript suggests that expression is regulated by the
major late promoter. Therefore, GAM-1 appears to be a pro-
tein which is expressed late in infection. The pRb-E2F inter-
actions required for initiation of virus infection would thus be
primarily the function of Orf22, with triple complex formation
between pRb, Orf22, and GAM-1 occurring only at late stages
of viral infection; the importance of these GAM-1–pRb inter-
actions late in infection are not immediately clear.

Analysis of the pRb-binding region of Orf22 identified a
region of 18 aa (aa 97 to 114) that was able to mediate Orf22
binding. Deletion of this region resulted in strongly reduced
pRb binding and loss of E2F activation. These 18 aa share no
homology with the conserved LxCxE motif of E1A or other
viral pRb-binding proteins and thus far have been found to
have homology in the database with only CELO virus and fowl

adenovirus type 8 sequences. One could speculate that rather
than sharing a conserved peptide sequence, the VAGVYFVAM
sequence of Orf22 may present important chemical moieties in
the appropriate three-dimensional organization to bind the
pRb pocket. This structure, in combination with the acidic
domain adjacent to this motif, could be sufficient to bind pRb
and displace E2F. However, in the absence of crystallographic
data on E1A-pRb interactions, it is difficult to examine this
hypothesis in greater detail. Although different motifs are used
by Orf22 and E1A, their interactions with pRb seem to be
similar in some aspects: both proteins bind to the pocket re-
gion of pRb, and both compete with the same peptide (T
peptide) for binding to the pRb pocket domain. However,
peptide 428 was not capable of disrupting E1A-pRB interac-
tions, demonstrating that the interactions do not strictly over-
lap.

The similar pRb-binding properties of Orf22 and E1A and
their activation of the E2F pathway lead to further specula-
tions. E1A has been demonstrated to exhibit transforming
activity. Essential for the transforming capacity of E1A are
both inactivation of pRb and binding to p300/CBP, a family of
proteins with histone acetylase activity. Preliminary studies
showed that Orf22 also interacts with p300 (32a). The ability of
Orf22 to interact with both pRb and p300 makes it tempting to
speculate that Orf22 possesses transforming activity, and ex-
periments to examine this possibility are in progress.
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