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Although human adenovirus type 5 (AdS) has been widely studied, relatively little work has been done with
other human adenovirus serotypes. The Ad5 E4orf6 and E1B55K proteins form Cul5-based E3 ubiquitin ligase
complexes to degrade p53, Mrell, DNA ligase IV, integrin a3, and almost certainly other targets, presumably
to optimize the cellular environment for viral replication and perhaps to facilitate persistence or latency. As
this complex is essential for the efficient replication of AdS, we undertook a systematic analysis of the structure
and function of corresponding E4orf6/E1B55K complexes from other serotypes to determine the importance of
this E3 ligase throughout adenovirus evolution. E4orf6 and E1B55K coding sequences from serotypes repre-
senting all subgroups were cloned, and each pair was expressed and analyzed for their capacity to assemble the
Cullin-based ligase complex and to degrade substrates following plasmid DNA transfection. The results
indicated that all formed Cullin-based E3 ligase complexes but that heterogeneity in both structure and
function existed. Whereas Cul5 was present in the complexes of some serotypes, others recruited primarily
Cul2, and the Ad16 complex clearly bound both Cul2 and Cul5. There was also heterogeneity in substrate
specificity. Whereas all serotypes tested appeared to degrade DNA ligase IV, complexes from some serotypes
failed to degrade Mrell, p53, or integrin a3. Thus, a major evolutionary pressure for formation of the
adenovirus ligase complex may lie in the degradation of DNA ligase IV; however, it seems possible that the
degradation of as-yet-unidentified critical targets or, perhaps even more likely, appropriate combinations of
substrates plays a central role for these adenoviruses.

The human adenovirus type 5 (AdS) early region 4 34-kDa
product from open reading frame 6 (E4orf6) and the E1B55K
protein have been known for some time to act in concert to
carry out several important functions during the infectious
cycle, including regulation of the activity and stability of p53
and, late in infection, the selective transport of viral mRNAs
(2, 14, 18, 19, 37, 46, 51, 52, 56). Our group and others have
shown that the cooperative functions of these AdS proteins,
including the E4orf6-E1B55K interaction itself, appear to re-
quire formation of a Cul5-based E3 ubiquitin ligase complex
(8). We showed that Ad5 E4orf6 recruits an E3 ubiquitin ligase
complex containing the Cullin family member Cul5, Elongins
B and C, and the RING protein Rbx1 (8, 20). E1B55K appears
to associate with the E4orf6 protein only in the context of this
complex, and it is believed to function as the substrate recruit-
ment component, introducing specific proteins for ubiquitina-
tion and degradation by proteasomes (8, 11, 28). The forma-
tion and function of this complex are essential to permit
efficient viral replication. At one time p53 was its only known
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substrate (10, 34, 36, 40, 47, 48); however, a growing list of
additional targets is emerging, including the cellular proteins
Mrell (8, 49), DNA ligase IV (4), and integrin o3 (13), as well
as two adeno-associated viral proteins (35). The basis for the
role of the complex in late viral mRNA transport is still not
known.

Many cellular and viral proteins are present in ligase com-
plexes containing Elongins B and C and usually function to
bind target proteins for ubiquitination and degradation (22-24,
29, 31). Such complexes are always associated with one of two
members of the Cullin family, Cul2 or Cul5 (24, 29, 31). In
most cases a single cellular or viral protein binds Elongins B
and C and Cul 2 or Cul5 and recruits substrates for ubiquiti-
nation and degradation (22, 29); however, in the case of Ad5
E4orf6/E1B55K, E4orf6 protein forms the ligase complex
whereas E1B55K seems to recruit substrates (8). Formation of
Cul2/5-based complexes requires an interaction with Elongins
B and C via a highly conserved “BC box” (23, 25). Curiously,
E4orf6 from Ad5 (and, based on sequence homology, other Ad
serotypes) contains three such BC boxes (BC1, BC2, and BC3),
all of which are required for optimal degradation of p53 (8, 11,
28). Ad E4orf6 products are the only proteins known to con-
tain multiple BC boxes, all of which conform to the generalized
BC box consensus sequence, which is now considered to be
[STPILXXX[CSA]XXX®D (31).



766 CHENG ET AL.

Cellular proteins selectively recruit either Cul2 or Cul5 via
consensus sequences, termed Cul2 and Cul5 boxes (24, 31), as
do certain viral products, including E7 from high-risk human
papillomavirus (HPV) (Cul2) (21) and HIV Vif (Cul5) (55);
however, neither of these motifs is present in the E4orf6 pro-
teins from any Ad serotype (11, 28). Thus, it remains unclear
how Ad E4orf6 proteins recruit Cullin family members.

The over 50 human Ad serotypes have been subdivided into
six species (A to F) (15, 16) (also commonly termed subgroups
[26]) with species B further subdivided into subspecies B1 and
B2 based largely on antigenic and sequence similarity (3, 30).
In the present report we have cloned appropriate cDNAs en-
coding E4orf6 and E1B55K from selective serotypes represent-
ing all six subgroups of human adenoviruses (including both B1
and B2) and analyzed them when expressed alone for their
ability to form ligase complexes and to degrade known sub-
strates of the Ad5 E4orf6/E1B55K complex. The results indi-
cated significant heterogeneity both in selection of Cul5 or
Cul2 and in substrate specificity.

MATERIALS AND METHODS

Cells and cell lines. Human small cell carcinoma H1299 cells (ATCC CRL-
5803), carrying a deletion of the p53 gene (33), were cultured in o minimal
essential medium (Gibco) supplemented with 10% fetal calf serum (FCS; Gibco)
containing 0.292 mg/ml L-glutamine (Gibco). The H1299 Cul5 knockdown cell
line (H1299/Cul5SKD) and H1299 control cells were described previously (8, 11)
and maintained in the presence of 1 pg/ml puromycin. The H1299 Cul2 knock-
down cell line (H1299/Cul2KD) was generated by cotransfection with plasmid
DNAs expressing interfering RNA (RNAI) against Cul2, which was previously
verified for Cul2 RNAI efficiency in transient-transfection studies, and with
pcDNA3-puro (carrying the gene for puromycin resistance) at the ratio of 10:1,
followed by selection in medium containing 2 pg/ml puromycin. Individual col-
onies were picked and expanded, and the level of expression of endogenous Cul2
was verified by Western blotting using antibody against Cul2. A clone that
showed the greatest reduction in expression level of Cul2 was chosen for further
experiments and maintained in the presence of 1 wg/ml puromycin.

Plasmids. Hemagglutinin (HA)-Cul5, HA-Cul2 (38), and p53 (41) plasmid
DNAs expressing human Cul5, Cul2, and p53, respectively, were described pre-
viously. cDNAs encoding E4orf6 and E1B55K proteins from each serotype
studied were cloned by PCR using the respective viral genomic DNAs as tem-
plates with the primers indicated in Table 1. Sequences encoding the FLAG
(Edorf6) and HA (E1B55K) tags were added to the primers. The PCR fragments
were then cloned into the pcDNA3 vector using the restriction enzymes listed in
Table 1. The Ad12 E1B55K plasmid was created by inserting an HA tag se-
quence into pcDNA3.1 Ad12 E1B54K plasmid (a gift from Roger Grand), and
Ad5 pcDNA3 FLAG-E4orf6 was created by inserting a FLAG tag sequence into
the AdS pcDNA3 E4orf6 plasmid DNA described previously (8), using PCR-
based mutagenesis. As shown previously (39), an aberrantly spliced product is
generated from the Ad5 E4orf6 sequence cloned into pcDNA3, as the 5’ donor
site normally used to generate the E4orf6/7 product is utilized along with a 3’
receptor site in an alternative reading frame in the E4orf6 cDNA. As the same
phenomenon was observed with the other serotypes, silent mutations were in-
troduced by PCR mutagenesis in 5’ donor sites of each E4orf6 coding sequence
to eliminate this aberrant spliced product. Primers utilized in all the PCRs
described above are listed in Table 1.

Antisera. Anti-p53 pAb1801 hybridoma supernatants were prepared as de-
scribed previously (41). HA epitopes were detected using anti-HA mouse mono-
clonal HA.11 (BabCO) or, for immunofluorescence (IF) with rat monoclonal
3F10 (Roche), FLAG epitopes with anti-FLAG M2 mouse monoclonal antibody
peroxidase conjugate (Sigma), or, for IF with rabbit anti-FLAG (Sigma-Aldrich),
Elongin C with mouse monoclonal antibody SIII p15 (Transduction Laborato-
ries), Mrell with rabbit polyclonal antiserum NB 100-142D3 (Novus Biologi-
cals), DNA ligase IV with rabbit polyclonal antibody (AHP554) (Serotec), inte-
grin a3A with mouse monoclonal 29A3 (Millipore), Cul5 with rabbit polyclonal
anti-Cul5 antibody (H-300) (Santa Cruz Biotechnology), Cul2 with rabbit poly-
clonal anti-Cul2 antibody NBP1-02780 (Novus Biologicals), tubulin with rat
monoclonal anti-a-tubulin antibody (YOL1/34) (Abcam), and actin with mouse
monoclonal anti-actin C4 (Millipore).
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DNA transfections, cell lysis, and preparation of samples for degradation
assays and immunoprecipitations. Cells growing in 6-well plates for degradation
assays or 100-mm-diameter dishes for binding assays were transfected with plas-
mid DNAs using Lipofectamine 2000 (Invitrogen), as described by the manu-
facturer. The amount of Lipofectamine 2000 used was calculated based on a ratio
of 3 ul of transfection reagent per 1 ug of DNA. For the p53 degradation assays,
0.25 ng of pcDNA3-p53, 2 g of the appropriate pcDNA3-FLAG E4orf6, and
1.75 pg of the appropriate pcDNA3-HA E1B55K were transfected for 24 h.
When required, the total amount of DNA was made up by addition of pcDNA3
empty vector DNA. For the Mrell and DNA ligase IV degradation, cells were
transfected as previously except without the p53 plasmid. For integrin o3 deg-
radation, cells were first either mock infected or infected with Ad5LacZ (5)
diluted in infection medium (0.2 mM CaCl,, 0.2 mM MgCl,, and 2% serum in
phosphate-buffered saline [PBS]) at a multiplicity of infection (MOI) of 10
PFU/cell for 90 min, followed by DNA transfection as described for Mrell and
DNA ligase IV, except at 48 h postinfection (p.i.). Cells were lysed for 15 min on
ice with NP-40 lysis buffer (50 mM Tris-HCI, pH 8, containing 150 mM NaCl, 5
mM EDTA, 0.15% NP-40, 2 mM dithiothreitol [DTT], 4 mM NaF, 2 mM NaPP,
500 uM Na;VO,, 200 pg/ml phenylmethylsulfonyl fluoride [PMSF], 2 pg/ml
aprotinin, 5 pug/ml leupeptin) followed by three cycles of freezing-thawing and
then two rounds of sonication at 100% power output for 30 s with a VCX130
sonicator (Sonics & Materials). Aliquots of cell extracts containing 15 to 50 ng
of protein were examined by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE).

For binding assays with Edorf6 or E1B55K, cells in 100-mm dishes were
transfected with different quantities of plasmid DNAs for each of the seven
serotypes in order to attempt to obtain comparable levels of protein expression.
Nevertheless, there remains some unavoidable variability in expression with
individual cDNAs. To ensure that our results were reliable and that the conclu-
sions were unequivocally correct, every experiment was repeated several times (4
to 6 and even more in some cases). For these reasons, it was not possible to make
specific comparisons on the relative level of binding between all the serotypes.
Rather it was more appropriate to make semiquantitative conclusions, which
should be sufficient for the purposes of this study. pcDNA3 empty vector DNA
was added to each preparation to yield a total of 9 pg of DNA transfected for
Edorf6 or 8 pg for EIB55K. In addition, 2 pg of plasmid DNAs expressing
HA-Cul5 or HA-Cul2 was also cotransfected in respective binding assays. Cells
were then lysed for 20 min on ice with the immunoprecipitation lysis buffer (20
mM Tris-HCI, pH 7.5, containing 150 mM NaCl, 2 mM EDTA, 1% Triton X-100,
5% glycerol, 2 mM DTT, 4 mM NaF, 2 mM NaPP, 500 pM Na;VO,, 200 pg/ml
PMSF, 2 pg/ml aprotinin, 5 wg/ml leupeptin). Aliquots of cell extracts containing
400 to 1,000 wg of protein (constant within each experiment) were used for
immunoprecipitation using 1 pl of mouse monoclonal anti-HA antibody (HA.11)
(BabCO), 1 pl of rabbit polyclonal antibody anti-HA (HA.11) (BabCO), or 1.5
wl of rabbit polyclonal anti-FLAG antibody (Sigma) followed by incubation with
50% protein G and 50% protein A agarose (Upstate). The beads were exten-
sively washed in the lysis buffer and eluted, and bound proteins were examined
by SDS-PAGE.

Western blotting. Proteins were examined by Western blotting, essentially as
described previously (8, 11). Briefly, proteins separated by SDS-PAGE were
transferred to polyvinylidene difluoride (PVDF) membranes and blocked using
5% nonfat dry milk in Tris-buffered saline-Tween (TBST). Membranes were
incubated with the indicated primary antibodies in TBS-1% Tween with 1%
nonfat dry milk, followed by appropriate peroxidase-conjugated secondary anti-
body (Jackson ImmunoResearch Laboratories). Polypeptides on membranes
were then visualized by enhanced chemiluminescence with ECL Plus Western
blotting reagents (Amersham-Pharmacia Biotech).

Immunofluorescence. Cells grown on coverslips in 6-well dishes were trans-
fected as described with 0.5 wg of HA-Cul2 or 0.75 pg HA-Cul$5 with up to 3 g
of FLAG-E4orf6 for 24 h. Cells were then fixed for 15 min with 4% parafor-
maldehyde and permeabilized for 15 min with 0.5% Triton X-100 in PBS.
Following washes in PBS, immunofluorescence was performed with rabbit FLAG
antibodies and rat HA antibodies for 2 h at room temperature in a humidity
chamber. The secondary antibodies used were anti-rat antibody conjugated to
Alexa 594 dye and anti-rabbit antibody conjugated to Alexa 488 dye (Molecular
Probes). Images were taken on an LSM3 confocal microscope with a 63X
objective with the LSM 4.2 Image browser software.

RESULTS

Cloning of Edorf6 and E1B55K cDNAs of representative
serotypes. Ad5 is by far the most highly studied human ade-
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TABLE 1. Primers used in PCR-based mutagenesis for cloning cDNAs expressing E4orf6 and E1B55K of different serotypes®

Subgroup Protei Primer Restriction
rotein
(serotype) Direction Sequence enzyme
A (Ad12) E4orf6 F AAGGATCCATGGACTACAAGGACGACGATGACAAGACTACGCAGCGCGACAGACGGTATC BamHI
R AAGGATCCTCAGTGTCCATCAGCCGCC
Edorf6-fix F GTAATAGTCTGACTTTACATAATGTTTCCGAGGTAAGAGGCATTCCTTC NA
R GAAGGAATGCCTCTTACCTCGGAAACATTATGTAAAGTCAGACTATTAC
E1B55K F GTCCAGTGTGGTGGAATTCATGTACCCATACGACGTCCCAGACTACGCTGAGCGAGAAATCC NA
CACCTGAG
R CTCAGGTGGGATTTCTCGCTCAGCGTAGTCTGGGACGTCGTATGGGTACATGAATTCCACCAC NA
ACTGGAC
B1 (Ad16)  Edorf6 F AAGAATTCATGGACTACAAGGACGACGATGACAAGACTACGTCAGGAAGCAACTCCATTATG EcoRI
R AAGAATTCTCATCTGGAAGAAGAACGATG
Edorf6-fix F GTGATACTATGACTATGCATAGTGTTTCCTGTGTTCGTGGTCTTCCTTGTTC NA
R GAACAAGGAAGACCACGAACACAGGAAACACTATGCATAGTCATAGTATCAC
E1B55K F AAGAATTCATGTACCCATACGACGTCCCAGACTACGCTGATCCGCCAAACCCACTTCAG EcoRI
R AATCTAGATTAGTCAGTTTCTTCACCACTAG Xbal
B2 (Ad34)  Edorfo F AAGGATCCATGGACTACAAGGACGACGATGACAAGACTACGTCAGGAAGCAACTCCATTATG BamHI
R AAGGATCCTCATCTGGAAGAAGAACGATG
Edorfo-fix F GTGATACTATGACTATGCATAGTGTTTCCTGTGTTCGTGGTCTTCCTTG NA
R CAAGGAAGACCACGAACACAGGAAACACTATGCATAGTCATAGTATCAC
E1B55K F AAGAATTCATGTACCCATACGACGTCCCAGACTACGCTGATCCCGCAGACTCATTTCAG EcoRI
R AATCTAGATTAGTCAGTTTCTTCTCCACTGG Xbal
C (AdS) E4orf6 F GGTTTTGCTTCAGGAAATATGGACTACAAGGACGACGATGACAAGACTACGTCCGGCGTTCC NA
R GGAACGCCGGACGTAGTCTTGTCATCGTCGTCCTTGTAGTCCATATTTCCTGAAGCAAAACC
Edorf6-fix F GAATGTAACACTTTGACAATGCACAATGTTTCCTACGTGCGAGGTCTTCCCTGCAG NA
R CTGCAGGGAAGACCTCGCACGTAGGAAACATTGTGCATTGTCAAAGTGTTACATTC
E1B55K F AAGAATTCATGTACCCATACGACGTCCCAGACTACGCTGAGCGAAGAAACCCATCTGAG EcoRI
R AACTCGAGTCAATCTGTATCTTCATCGCTAGAG Xhol
D (Ad9) E4orf6 F AAGAATTCATGGACTACAAGGACGACGATGACAAGACTACGCAAACCGAGATTCAATCCAGC EcoRI
R AAGAATTCTCACAGTCTGGTGGAATGAG
Edorf6-fix F GTGATCATGCAGATTATCATAATGTTTCCTCTGTCCGTGGATTACCATGTG NA
R CACATGGTAATCCACGGACAGAGGAAACATTATGATAATCTGCATGATCAC
E1B55K F AAGGATCCATGTACCCATACGACGTCCCAGACTACGCTGAGCCAGGACACCCAACTGAG BamHI
R AATCTAGACTAATCTGTGTCCTCCCCAC Xbal
E (Ad4) Edorf6 F AAGGATCCATGGACTACAAGGACGACGATGACAAGACTACGTCCGGAAACAGCTCCATC BamHI
R AAGGATCCTTATCTGGAATAAGAGCGATG
Edorfo6-fix F GATACCCTGTCCATGCACAATGTTTCCTCCGTGCGAGGATTGCCCTG NA
R CAGGGCAATCCTCGCACGGAGGAAACATTGTGCATGGACAGGGTATC
E1B55K F AAGAATTCATGTACCCATACGACGTCCCAGACTACGCTGAGTCAAGAAACCCATTTCAGC EcoRI
R AATCTAGACTAGTCAGATTCTTCCCCACTGG Xbal
F (Ad40) Edorf6 F AAGGATCCATGGACTACAAGGACGACGATGACAAGACTACGATGCAACGCGACAGATGG BamHI
R AAGGATCCTCAAGCTCTCCACGGGTTC
Edorf6-fix F GTGAACATTTGAATATGCATTATGTTTCCGAGGTGAGGTCTATTCCATC NA
R GATGGAATAGACCTCACCTCGGAAACATAATGCATATTCAAATGTTCAC
E1B55K F AAGAATTCATGTACCCATACGACGTCCCAGACTACGCTGACCGCCCAAACTCATCTGTC EcoRI
R AATCTAGATTAATCCTCATCGCTGGATTCG Xbal

“ Abbreviations: F, forward; R, reverse; NA, not applicable.

novirus and has served as a model for the more than 50 iden-
tified serotypes. A high degree of homology exists in the se-
quences encoding the corresponding E4orf6 and E1B55K
products of these various serotypes (data not shown). (Note
that there are some small variations in the molecular masses of
the E1B55K protein among serotypes; however, for simplicity
we will refer to all as E1B55K.) Thus, it seemed reasonable to
believe that E4orf6/E1B55K pairs from all subgroups form E3
ubiquitin ligase complexes similar to that in Ad5 (8, 11, 38). To
examine this possibility, we studied E4orf6 and E1B55K prod-
ucts from serotypes representative of each of the six human
adenovirus subgroups, including one from both subgroups B1
and B2 (Table 2). In all cases it was necessary to clone the
appropriate coding sequences from full-length viral DNAs us-
ing a PCR-based approach, as most had not been studied
previously (see Materials and Methods and Table 1 for de-
tails). In the case of Edorf6 cDNAs, modified forms were
generated to eliminate a splice variant found previously to be

produced with Ad5 (39) and predicted for the other serotypes.
All were introduced into pcDNA3 plasmid DNA and shown to
produce stable products upon transfection into H1299 cells
(see, for example, Fig. 1A and B).

E4orf6 products from all serotypes generate complexes with
Elongin C and E1B55K. To determine if, as with AdS, the
E4orf6 proteins from all selected serotypes form complexes
with Elongin C and E1B55K, extracts from H1299 cells that
had been transfected with plasmid DNAs expressing the vari-
ous FLAG-E4orf6 products were immunoprecipitated using
anti-FLAG antibody and then analyzed by Western blotting
using anti-Elongin C antibodies. The levels of E4orf6 and
Elongin C in whole-cell extracts were determined by Western
blotting using anti-FLAG or anti-Elongin C antibodies. Due to
the often variable expression levels of E4orf6 (and E1B55K), it
should be noted that for this type of study, several repetitions
(a minimum of 4 to 6) were routinely carried out and the
results presented reflect the clear consensus outcome for each
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TABLE 2. Human adenovirus serotypes

Model

Subgroup Serotype(s) serotype
A 12, 18, 31 12¢
Bl 3,7, 16, 21, 50 16°
B2 11, 14, 34, 35 34¢
C 1,2,5,6 54
D 8,9, 10, 13, 15, 17, 19, 20, 22-30, 32, 9¢

33, 36-39, 42-49, 51

E 4 &
F 40, 41 409

“ Ad12, NCBI accession no. X73487; E4orf6, positions 31436 to 32311;
E1B55K, positions 1847 to 3295.

? Ad16, NCBI accession no. AY601636; E4orf6, positions 32800 to 33696;
E1B55K, positions 1903 to 3381.

¢ Ad34, NCBI accession no. AY737797; E4orf6, positions 32060 to 32959;
E1B55K, positions 1916 to 3400.

4 Ad5, NCBI accession no. AC_000008; Edorf6, positions 33193 to 34077,
E1B55K, positions 2019 to 3509.

¢ Ad9, NCBI accession no. AJ854486; Edorf6, positions 32279 to 33157,
E1B55K, positions 1876 to 3363.

/Ad4, NCBI accession no. NC_003266; Edorf6, positions 33270 to 34169;
E1B55K, positions 1905 to 3356.

& Ad40, NCBI accession no. NC_001454; E4orf6, positions 31876 to 32745;
E1B55K, positions 1719 to 3149.

serotype. Figure 1A shows that in all cases, reasonable levels of
E4orf6 expression were observed, although in this particular
study somewhat less was seen with Ad40. In the many studies
that we have done, the E4orf6 products of Ad12 and Ad40
were present at consistently lower levels than were those with
other serotypes, even using large amounts of plasmid DNA.
This effect may occur because these proteins are intrinsically
more unstable. Importantly, Fig. 1A also shows that significant
levels of Elongin C coimmunoprecipitated with E4orf6 from all
serotypes. It should be noted that in control studies no inter-
action was observed between Elongin C and unrelated FLAG-
tagged proteins (data not shown). Similar studies conducted
using anti-Elongin B antibodies indicated that this species was
also present in complex with E4orf6 (data not shown). These
results indicated that E4orf6 proteins from all serotypes form
complexes with Elongins B and C. To determine if EIBS5K
products, like that of Ad5, bind to such complexes, a similar
study was conducted except that cells were cotransfected with
plasmid DNAs expressing both FLAG-E4orf6 and HA-
E1B55K. Figure 1B shows that with all serotypes E1B55K
coimmunoprecipitated with E4orf6. With the Ad5 serotype, it
is known that E1B55K does not bind directly to E4orf6 but
rather to the assembled ligase complex (8). Thus, unless com-
plex assembly is drastically different with the other serotypes,
these data suggest that with all of the serotypes studied, the
E4orf6 products formed complexes containing Elongins B and
C and E1B55K as was the case with AdS.

Not all Ad E4orf6/E1B55K E3 ubiquitin ligases degrade p53.
The first known substrate of the E4orf6/E1B55K complex of
AdS was p53 (8, 10, 34, 36, 38, 40, 47-49). To determine if the
E4orf6/E1B55K complexes from other serotypes are functional
as E3 ubiquitin ligases and if they also degrade p53, studies
were carried out in a fashion similar to those of Fig. 1B using
pS53-null H1299 cells, except that cells were also cotransfected
with plasmid DNA expressing human p53. The levels of exog-
enous p53 present in whole-cell extracts harvested at 24 h
posttransfection, as well as those of E4orf6 and E1B55K, were
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determined by Western blotting using appropriate antibodies.
Figure 2 shows that in the case of AdS5 and as described pre-
viously (8, 38), degradation of p53 was evident from the virtual
absence of this protein in extracts from cells expressing both
E4orf6 and E1B55K. Highly comparable results were also ev-
ident with E4orf6 and E1B55K products of Ad12 (subgroup A)
and Ad40 (subgroup F), suggesting that p53 was also a sub-
strate with these serotypes. Such was not the case with other
serotypes. Figure 2 shows that with Ad16 (subgroup B1), Ad34
(subgroup B2), Ad9 (subgroup D), and Ad4 (subgroup E),
little p53 degradation was evident, indicating that the E4orf6/
E1B55K ligases from some serotypes did not degrade p53
efficiently.

Degradation of Mrell and DNA ligase IV by various Ad
serotypes. As both Mrell and DNA ligase IV have been iden-
tified as substrates for the AdS E4orf6/E1B55K ligase, studies
were conducted to determine if ligases from other Ad sero-
types also degrade them. An experiment similar to that de-
scribed in Fig. 2 was conducted at 24 h posttransfection in the
absence of p53, and the disappearance of endogenous Mrell
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FIG. 1. Formation of the E4orf6/E1B55K E3 ligase complex in
different serotypes. (A) Association of E4orf6 with Elongin C. H1299
cells were transfected with plasmid DNAs expressing FLAG-tagged
Edorfo6 of different serotypes. Immunoprecipitates (IP) were prepared
using anti-FLAG antibodies and analyzed by Western blotting using
anti-Elongin C antibodies. Whole-cell extracts (WCE) were also im-
munoblotted using anti-FLAG (E4orf6) or anti-Elongin C antibodies.
(B) Association of E1B55K with E4orf6. H1299 cells were transfected
with plasmid DNAs expressing FLAG-E4orf6 and HA-E1B55K of
different serotypes as indicated. Immunoprecipitates obtained using
anti-HA (E1B55K) antibodies were immunoblotted using anti-FLAG
antibodies, and whole-cell extracts were immunoblotted with anti-HA
(E1B55K) and anti-FLAG (E4orf6) antibodies. In both panels A and
B the serotype (with subgroup) has been indicated at the top.



VoL. 85, 2011

A(Ad12)  B1(Ad16) B2 (Ad34)
P53 + + + + + + + + + + + +
HA-E1B55K - + + - - + + - - + + -
FLAG-Edorf6 - + - + - + - + - + - +
p53 — S m—————— e ——
HA-E1B55K —_ - Could
FLAGEdorfs | == == B - @ e -
Actin * TP = S W | e S ST, g ——
C (Ad5) D (Ad9)
P53 + + + + + + + +
HA-E1B55K - + + - - + + -
FLAG-Edorf6 - + - + - + - +
% I ——
HA-E1B55K —_—— cov

FLAG-E4orf6é - s — e

ACHN o w— —— e —— o ——

E (Ad4) F (Ad40)
p53 + + + + + + + +
HA-E1B55K - + + - - + + -
FLAG-E4orf6 - + - + - + - +
p53 — —
HA-E1B55K - s PN}
FLAG-E4orf6 — - - -
Actin T — — — —

FIG. 2. Degradation of p53 by E4orf6/E1B55K ligase complexes
from different serotypes. H1299 cells were transfected with plasmid
DNAs encoding human p53, FLAG-E4orf6, and HA-E1B55K as indi-
cated, and at 24 h posttransfection whole-cell extracts were immuno-
blotted for p53, FLAG (E4orf6), and HA (E1B55K) using appropriate
antibodies. Actin levels were assessed by Western blotting as loading
controls, and the serotype (with subgroup) has been indicated at the
top of each set. Degradation of p53 was determined by the decrease of
p53 in the presence of both E4orf6 and E1B55K.

and DNA ligase IV was determined by Western blotting of
whole-cell extracts using appropriate antibodies. Figure 3
shows that the E4orf6/E1B55K ligases from all serotypes in-
duced significant or extensive loss of DNA ligase IV, indicating
that all appeared to degrade this protein fairly efficiently. Such
was not the case with Mrell. Figure 3 shows that whereas the
ligases from Ad5, Ad12, and Ad40 induced an almost total loss
of Mrel1, those from Ad9, Ad16, and Ad34 were considerably
less efficient and that of Ad4 had no detectable effect on Mrell
levels. As the analyses of DNA ligase IV and Mrell levels were
conducted in the same cell extracts, these results clearly indi-
cated that the ligases from some serotypes were much more
efficient in degrading DNA ligase IV, and at least in one case,
Ad4, Mrell did not appear to be a substrate.

Degradation of integrin a3 by various Ad serotypes. As we
have recently found that integrin «3 is also degraded in re-
sponse to the expression of AdS E4orf6/E1BS55K, this substrate
was also tested with the ligase complexes of the other sero-
types. For reasons that still remain unclear, degradation of
integrin a3 with Ad5 is much enhanced after infection by
wild-type virus, or in the case of expression of E4orf6 and
E1B55K alone from plasmid DNAs, by coinfection with Ad-
LacZ, a control AdS5 viral vector that expresses almost exclu-
sively LacZ under the control of the cytomegalovirus (CMV)
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FIG. 3. Degradation of Mrell and DNA ligase IV by E4orf6/
E1BS55K ligase complexes from different serotypes. A study similar to
that shown in Fig. 2 was conducted, except that no p53 was present and
levels of endogenous Mrell and DNA ligase IV were determined by
Western blotting using appropriate antibodies. Tubulin levels were
assessed by Western blotting as loading controls, and the serotype
(with subgroup) has been indicated at the top. Degradation of DNA
ligase IV and Mrell was determined by the decrease of these species
in the presence of both E4orf6 and E1B55K.

promoter (13). Indeed we have found that expression of E4
genes by AdLacZ is limited to less than 5% of levels seen with
wild-type virus (E. Querido and P. E. Branton, unpublished
data). Thus, H1299 cells were transfected with plasmid DNAs
expressing E4orf6 and E1B55K from the range of serotypes
directly following infection with AdLacZ at an MOI of 10.
Cells were harvested at 48 h posttransfection and analyzed for
expression levels of integrin a3. As shown in Fig. 4 and as
published previously (13), degradation of integrin a3 by Ad5
was more efficient following infection with control viral vector
(AdLacZ lanes). Similar results were seen with the serotypes
from group A (Ad12), E (Ad4), and F (Ad40). In contrast,
little or no degradation was observed with serotypes from
group B1 (Ad16), B2 (Ad34), and D (Ad9). Thus, as was the
case with p53 and Mrell, integrin a3 is not a conserved sub-
strate for all serotypes.

Cullin specificity of E4orf6/E1B55K ligase complexes from
various serotypes. Previous studies have indicated that Ad5
E4orf6 forms ligase complexes predominantly with Cul5, as
only extremely low levels of Cul2 were evident (38) (C. Y.
Cheng and P. Blanchette, unpublished data). To determine if
E4orf6 proteins from other serotypes maintain this Cul5 spec-
ificity, coimmunoprecipitation studies similar to those de-
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FIG. 4. Degradation of integrin a3 by E4orf6/E1B55K ligase complexes from different serotypes. A study similar to that shown in Fig. 3 was
performed, except that in some cases cells were infected with AdLacZ viral vector prior to transfection with plasmid DNAs encoding FLAG-E4orf6
and HA-E1B55K as indicated. The levels of endogenous integrin a3 were determined by Western blotting using appropriate antibodies. Actin
levels were assessed by Western blotting as loading controls, and the serotype (with subgroup) has been indicated at the top. Degradation of
integrin a3 was determined by the decrease of these species in the presence of both E4orf6 and E1B55K.

scribed above were conducted using cells expressing FLAG-
E4orf6 from the various serotypes and HA-Cul5 or HA-Cul2.
The presence of Cullins was detected by Western blotting
using anti-HA antibodies of immunoprecipitates prepared us-
ing anti-FLAG antibodies. Figure 5A shows that whereas
E4orf6 from Ad34, AdS, and Ad9 interacted efficiently with
Cul5, somewhat lower levels were observed with Adl16 and
Ad4, and little or none was evident with E4orf6 from Ad12 and
Ad40. Figure 5B shows that Cul2 was present with E4orf6 from
Ad12, Adl6, and Ad40, but little was evident in the cases of
Ad34, AdS, Ad9, and Ad4. These results suggested that E4orf6
proteins from Ad34, AdS, Ad9, and Ad4 form ligase complexes
that contain primarily Cul5 and that those from Ad12 and
Ad40 form ligase complexes that contain primarily Cul2,
whereas Ad16 Edorf6 appears to interact with both at signifi-
cant levels. If indeed the complexes from Ad12 and Ad40 rely
on Cul2, one would predict that degradation of Mrell and p53
with these serotypes, which both degrade these substrates,
should not be inhibited in H1299/Cul5KD cells in which Cul5
has been knocked down by constitutive expression of Cul5-
specific RNAI (Fig.5Ci). To test this possibility, studies similar
to those shown in Fig. 2 and 3 were conducted in both H1299
control and H1299/Cul5KD cells. Figure 5Cii shows that with
AdS, a significant decrease in Mrell and p53 degradation was
evident in H1299/Cul5KD cells, as shown previously (11),
whereas no reduction occurred with E4orf6/E1B5S5K from
Ad12 and Ad40. These data were consistent with the use of
Cul2 by these two serotypes.

To confirm that Cul2 functioned in the E4orf6/E1B55K li-
gases of Ad12 and Ad40, we generated a new H1299/Cul2KD
cell line in which Cul2 levels were reduced by constitutive
expression of Cul2-specific RNAi (Fig.5Di) and studied again
the degradation of p53 and Mrell by AdS, Ad12, and Ad40
ligase complexes. Figure 5Dii shows that indeed the degrada-

tion of p53 and Mrell was significantly reduced in H1299/
Cul2KD cells, whereas with Ad5 degradation remained effi-
cient.

Additional evidence for recruitment of Cul2 or CulS was
obtained by comparing the abilities of E4orf6 proteins of dif-
ferent serotypes to relocalize either Cul2 or Cul5. H1299 cells
grown on coverslips were transfected with FLAG-tagged
E4orf6 of different serotypes in combination with either HA-
Cul2 or HA-CulS for 24 h. An immunofluorescence assay was
then performed on the fixed and permeabilized cells using
antibodies to the FLAG and HA tag. As shown in Fig. 6, the
localization of Cul2 and Cul5 in the absence of E4orf6 includes
both the nucleus and the cytoplasm (Mock row). Thus, a re-
localization of either Cul2 or Cul5 is characterized by the
transition of the cytoplasmic form of the Cullin to the nucleus.
Complementing the results obtained in Fig. 5, a better relo-
calization of Cul2 was observed for Ad12 and Ad40, whereas
relocalization of Cul5 was observed for the other serotypes. It
should be noted that relocalization of Cul2 by Ad12 and Ad40
did not appear to be as efficient as that of Cul5 by most of the
other serotypes, most likely because E4orf6 is present at some-
what lower levels with these serotypes. A less efficient relocal-
ization of Cul5 by Ad16 was also observed even though high
levels of E4orf6 were present, a finding that was perhaps con-
sistent with the earlier observation that Ad16 appears to inter-
act with both Cul5 and Cul2. Together, results from Fig. 5 and
6 confirmed that with Ad12 and Ad40 ligase complexes con-
taining Cul2 and not Cul5 were utilized.

DISCUSSION

The present studies have indicated that the E4orf6 proteins
of representative serotypes from all subgroups of human ad-
enoviruses form Cullin- and Elongin B/C-based E3 ubiquitin
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FIG. 5. Cullin specificity of the various E3 ligase complexes. (A and B) H1299 cells were cotransfected with plasmid DNAs encoding
FLAG-E4orf6 of different serotypes and either HA-Cul5 (A) or HA-Cul2 (B). Immunoprecipitations were carried out using anti-FLAG (E4orf6)
antibody, and immunoprecipitates were immunoblotted using anti-HA (Cul5 or Cul2) antibodies. Whole-cell extracts were also immunoblotted
using anti-HA or anti-FLAG antibodies. (Ci) Cul5 levels in H1299 control and H1299/Cul5KD cells. The levels of endogenous Cul5 present in
H1299 control cells and H1299/Cul5KD cells were analyzed by Western blotting using anti-Cul5 antibodies, as described in Materials and Methods.
(Cii) Dependence of p53 and Mrell degradation by various E3 ligase complexes on Cul5. Mrell and p53 degradation assays were conducted as
described for Fig. 2, except that levels of both exogenous p53 and endogenous Mrell were determined by Western blotting using appropriate
antibodies, and studies were conducted in both H1299 control and H1299/Cul5KD cells, as indicated. Actin levels were assessed by Western
blotting as loading controls, and the serotype (with subgroup) has been indicated at the top. (Di) Cul2 levels in H1299 control and H1299/Cul2KD
cells. The levels of endogenous Cul2 present in H1299 control cells and H1299/Cul2KD cells were analyzed by Western blotting using anti-Cul2
antibodies. (Dii) Dependence of p53 and Mrell degradation by various E3 ligase complexes on Cul2. A study identical to that shown in panel Ci

was conducted using H1299 control cells and H1299/Cul2KD cells.

ligase complexes that also contain E1B55K. In our earlier work
we found that the ligase complex formed by Ad5 appeared to
contain predominantly or perhaps exclusively Cul5 (38); how-
ever, our continuing studies have led us to believe that a spec-
trum of Cullin specificity probably exists with E4orf6 proteins
from various serotypes. Several form primarily Cul5-based li-
gases (Ad5/subgroup C, Ad34/B2, Ad9/D, and Ad4/E); others
form primarily Cul2-based ligases (Ad12/A and Ad40/F). An-
other group has also found a similar difference in Cullin spec-
ificity between Ad5 and Ad12 (7) (A. S. Turnell and R. J
Grand, personal communication). Nevertheless, it is uncertain
whether or not these interactions are entirely Cullin specific,
and thus, some level of association with both Cul5 and Cul2
may occur with all species. Studies employing cell lines with

levels of either Cul5 or Cul2 reduced through constitutive
expression of appropriate RNAI species clearly indicated de-
pendence on either Cul5 or Cul2 with E4orf6 from these se-
rotypes for the degradation of p53 and Mrell. With E4orf6
from Ad16/B1, the case was found to be somewhat different.
This protein was seen to bind fairly efficiently with both Cul5
and Cul2; however, it was seen to only efficiently relocalize
Cul5. Thus, we have still not clearly resolved whether Ad16
forms a truly functional complex with Cul2. An alignment of
the predicted protein sequences of the E4orf6 proteins from all
serotypes used in this study is shown in Fig. 7A, with the most
highly conserved amino acids highlighted. Figure 7B shows the
evolutionary tree of E4orf6 sequences from the serotypes that
we have examined. Ad12 and Ad40, which both predominantly
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FIG. 6. Cullin specificity of the various E3 ligase complexes as seen by Cullin relocalization. H1299 cells were cotransfected with plasmid DNAs
encoding FLAG-E4orf6 of different serotypes and either HA-Cul2 (left panels) or HA-Cul5 (right panels). The immunofluorescence assay was
carried out using rabbit anti-FLAG (E4orf6) antibody and rat anti-HA (Cul2 or Cul5) antibody. DAPI, 4’,6-diamidino-2-phenylindole.

bind Cul2, are highly related and the most divergent from
those of other serotypes, suggesting that the ability to bind
Cul2 preferentially may have evolved separately. Based on this
evolutionary homology, E4orf6 from Ad16, which seems to
bind both Cul2 and Cul5 fairly efficiently, is most closely re-
lated to products of predominantly Cul5-binding species, sug-
gesting that its dual specificity (and that of possibly other

serotypes that we have not examined) may be the result of
as-yet-unidentified modifications in sequence. At present it is
also unclear if the properties of these serotypes are typical of
all members of the various subgroups or if heterogeneity also
exists among individual members of subgroups as well. Al-
though the finding of heterogeneity in Cullin selection was
perhaps unexpected, it is not yet understood how Ad5 E4orf6
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FIG. 7. (A) Edorf6 protein sequences. An alignment of the E4orf6 protein sequences was made using the Clustal W program. The shading is
based on the percent identity as analyzed by Jalview (alignment editor program). (B) Phylogenetic relationship of E4orf6 sequences from various
human adenovirus serotypes. The protein sequences of E4orf6 proteins of the seven serotypes were analyzed using the multiple alignment program
CLUSTAL W. The figure illustrates the relationship between these E4orf6 proteins using the dendrogram with branch length option provided by

this program.

preferentially selects Cul, as it lacks a typical Cul5 box. In fact,
none of the adenovirus E4orf6 sequences contain either Cul5
or Cul2 boxes, suggesting that Cullin selection occurs via a
different process or binding sequence. E4orf6 coding se-
quences from all serotypes are highly similar, and thus, it may
be possible to identify the Cul5/Cul2 binding sites within the
nonhomologous regions, and such studies are now under way
in our group.

Another perhaps surprising result was the failure of ligase
complexes from some serotypes to degrade p53, Mrell, or
integrin a3 (summarized in Table 3). Recent studies by other
groups have suggested that in addition to AdS, Ad12 infection
also targets p53 (6, 53), Mrell (6), and DNA ligase IV (7) for
degradation. Degradation of p53 was believed to be vital to
prevent early apoptotic death of infected cells and thus poor
progeny yields due to the activation and stabilization of p53 by
the adenovirus E1A product (12, 42, 45). In addition, Mrell
and DNA ligase IV were believed to be of major importance in

preventing formation of viral genome concatemers, thus en-
hancing packaging of progeny DNA (32, 49). It should be
noted, however, that Ad5 (and thus perhaps all adenoviruses)
has multiple ways to block p53 activity (43), and Mrell is also

TABLE 3. Summary of results

Degradation of”:

Subgroup . Cul2/5 selectivit
DNA Integrin Y

(serotpe) ps3 Mrell ligase TV a%
A (Ad12) +++ +++ ++ +++ Predominantly Cul2
B1 (Ad16) - + ++ - Both Cul2 and Cul5
B2 (Ad34) - + ++ - Predominantly Cul5
C (Ad5) +++ +++ ++ +++ Predominantly Cul5
D (Ad9) - + ++ - Predominantly Cul5
E (Ad4) - - ++ +++ Predominantly Cul5
F (Ad40) +++ +++ ++ +++ Predominantly Cul2

¢ ++4+ to —, most to least degradation, respectively.
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functionally inactivated by relocalization by E4orf3 (1, 27). In
fact, the effectiveness of the ligase may lie in its ability to
degrade a sufficient collection of substrates to establish condi-
tions suitable enough for efficient progeny production or to
enhance viral persistence or latency. For example, DNA ligase
IV was found to be the only substrate that was significantly
degraded by all serotypes tested, and its degradation, even in
the absence of a significant reduction in Mrell levels, may be
sufficient to prevent formation of genomic DNA concatemers,
as is suggested by results from Stracker et al. (49). We ob-
served that Mrell did not appear to be degraded by Ad4,
unlike what was suggested by previous studies by another
group (50); however, the degradation of Mrell observed by
these researchers was in the context of a full Ad4 infection
whereas our studies employed Ad4 E4orf6 and E1B55K ex-
pressed alone. Thus, it is possible that other viral gene prod-
ucts may also regulate Mrell levels.

The ligase complexes from serotype B1, B2, and D sub-
groups were unable to degrade integrin a3 even following
infection by the AdLacZ viral vector. This finding may not be
totally surprising, as the AdLacZ vector has an Ad5 backbone.
Since at least the B subgroup viruses use a different cellular
receptor (17) for viral entry than that used by AdS5, it is possible
that these viruses might require infection with a viral vector
from the same subgroup. Integrin o3 functions as a coreceptor
for Ad5 entry (44), and we are currently investigating the
relationship between the degradation of integrin o3 and cell
surface receptors utilized by various adenovirus serotypes.

Our present results suggest that the E4orf6/E1B55K ligases
of the different subgroups did not appear to evolve to target
p53, Mrell, or integrin a3. Of more importance may be the
degradation of as-yet-unidentified targets. The AdS E4orf6/
E1B55K ligase complex is required for the regulation of late
viral mRNA transport to optimize formation of high levels of
progeny virions (9, 54). It is not known if this function of the
ligase has been conserved across all adenovirus serotypes; how-
ever, the search for potential substrates or actions of the ligase
complex with respect to the control of late viral mRNA re-
mains a major priority of our group.
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