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During the adenovirus infectious cycle, the early proteins E4orf6 and E1B55K are known to perform several
functions. These include nuclear export of late viral mRNAs, a block of nuclear export of the bulk of cellular
mRNAs, and the ubiquitin-mediated degradation of selected proteins, including p53 and Mre11. Degradation
of these proteins occurs via a cellular E3 ubiquitin ligase complex that is assembled through interactions
between elongins B and C and BC boxes present in E4orf6 to form a cullin 5-based ligase complex. E1B55K,
which has been known for some time to associate with the E4orf6 protein, is thought to bind to specific
substrate proteins to bring them to the complex for ubiquitination. Earlier studies with E4orf6 mutants
indicated that the interaction between the E4orf6 and E1B55K proteins is optimal only when E4orf6 is able to
form the ligase complex. These and other observations suggested that most if not all of the functions ascribed
to E4orf6 and E1B55K during infection, including the control of mRNA export, are achieved through the
degradation of specific substrates by the E4orf6 ubiquitin ligase activity. We have tested this hypothesis
through the generation of a virus mutant in which the E4orf6 product is unable to form a ligase complex and
indeed have found that this mutant behaves identically to an E4orf6� virus in production of late viral proteins,
growth, and export of the late viral L5 mRNA.

The late phase of an adenoviral infection, typified by human
adenovirus type 5 (Ad5), is characterized by a massive produc-
tion of progeny virions. To support this production, the virus
takes control of the cellular machinery to produce abundant
amounts of its own late proteins to the detriment of the syn-
thesis of cellular proteins. This host cell shutoff is achieved via
several mechanisms. The translation of cellular mRNAs is
blocked by the action of the L4-100K protein on the ribosomal
machinery (15, 16) so that only the late viral mRNAs contain-
ing the tripartite leader sequence can be translated (26). At the
same time, export of cellular mRNAs to the cytoplasm is
blocked by the action of the early viral proteins E4orf6 and
E1B55K (3, 6, 23, 42). These same proteins were also shown to
be required for the export of the late viral mRNAs (4, 20, 23,
42, 53). The E4orf6 and E1B55K proteins were shown to in-
teract during infection (48) and to function in the same path-
way, as a viral mutant with defects in both of these products
was seen to have essentially the same phenotype as mutants
affecting only one of these species (3, 17, 23, 42). The role that
E4orf6 and E1B55K proteins play in the control of mRNA
export has yet to be defined.

It has been known for some time that the E4orf6 and
E1B55K proteins play a role in the degradation of the p53
tumor suppressor, and recently the mechanism for such deg-
radation has been elucidated by our group. Expression of the
virus E1A protein results in increased levels of p53 (10, 34);

however, during infection, in the presence of both E4orf6 and
E1B55K products, p53 is degraded in a proteasome-dependent
manner (12, 24, 43, 44, 46, 50). The E4orf6 polypeptide was
shown to assemble with the cellular proteins cullin 5 (Cul5),
Rbx1, and elongins B and C to form an E3 ubiquitin ligase that,
in the presence of E1B55K, ubiquitinates p53 (7, 24). Although
E4orf6 can bind p53 in the absence of E1B55K (18), the sub-
strate specificity component of this complex appears princi-
pally to be E1B55K, which ensures efficient recruitment of p53
to the complex (7). The E4orf6/E1B55K complex also de-
grades the MRN double-stranded break repair complex,
Mre11, and in this case E1B55K alone is responsible for re-
cruitment of Mre11 (7, 11). Under normal conditions, 95% of
E1B55K is associated with the ligase complex (24); however,
little E1B55K was found to associate with E4orf6 mutant pro-
teins that were unable to bind to elongins B and C (7), sug-
gesting that the E4orf6/E1B55K interaction is probably not
direct but rather occurs through the formation of the ligase
complex. Thus, in infected cells, E4orf6 appears to highjack a
cellular Cul5-based E3 ligase in order to ubiquitinate and de-
grade specific substrates brought to the complex by E1B55K.

As noted in our previous report (7), we have observed a
perfect correlation between the ability of E4orf6 mutants to
complement the growth of an E4� virus and their ability to
form the E3 ligase complex. This observation suggested to us
that the major functions ascribed to E4orf6 and E1B55K dur-
ing infection, including the control of mRNA export, are
achieved through ubiquitination by the E4orf6/E1B55K com-
plex and subsequent degradation of specific protein substrates.
This model is supported by the observation that active protea-
somes are required in the early phase of infection for maximal
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virus growth (14). More recently, a study has been published in
which similar conclusions were drawn when the ligase complex
was blocked by the expression of a dominant-negative mutant
of Cul5 (54).

In this report, we demonstrate that a virus mutant in which
the BC boxes of the E4orf6 protein are nonfunctional exhibits
the same defective phenotype as does a viral mutant com-
pletely defective for production of the E4orf6 product in terms
of virus growth and nuclear export of viral mRNAs. These
results strongly implicate the ligase activity of the E4orf6 com-
plex in the majority of the E4orf6 and E1B55K functions dur-
ing infection.

MATERIALS AND METHODS

Cell lines. Human non-small-cell lung carcinoma H1299 cells (ATCC CRL-
5803) carrying a homologous deletion of the p53 gene (37), human lung carci-
noma A549 cells (ATCC CCL-185) containing wild-type (wt) p53, and W162
containing the whole Ad5 E4 region (52) were cultured in monolayers in Dul-
becco’s modified Eagle’s medium (Gibco; catalog no. 11995) supplemented with
10% fetal calf serum (Gibco) and 100 U/ml of penicillin and streptomycin.

Antibodies. Primary monoclonal and polyclonal antibodies used included
E1B55K mouse monoclonal 2A6 (48), E4orf6 rabbit polyclonal 1807 (8), Mre11
rabbit polyclonal pNB 100-142 (Novus Biologicals, Inc.), elongin C mouse mono-
clonal SIII p15 (Transduction Laboratories), E4orf6 mouse monoclonal RSA3
(36), E1A mouse monoclonal M73 (25), E4orf3 rat monoclonal 6A11 (39), Ad5
capsid rabbit polyclonal L133 (30), and DBP (E2A) mouse monoclonal B6-8
(45). Secondary antibodies conjugated to horseradish peroxidase for detection in
Western blotting were goat anti-mouse immunoglobulin G (IgG), goat anti-
rabbit IgG, and goat anti-rat IgG (Jackson ImmunoResearch Laboratories).

Viruses. The construction of plasmid pH5pg4100 and the transfer vector pE4-
1155 has been described recently (22). The Ad5 genome in pH5pg4100 is inserted
into the PacI site of the bacterial cloning vector pPG-S2 (22). It lacks nucleotides
(nt) 28593 to 30471 (encompassing most of E3) and contains an additional
unique endonuclease restriction site at nt 30955 (BstBI) (nucleotide numbering
is according to the published Ad5 sequence from GenBank, accession no.
AY339865). The transfer vector pE4-1155 contains Ad5 nt 32840 to 35934 in
pPG-S2 (22). The entire sequences of pH5pg4100 (36,067 bp) and pE4-1155
(5,099 bp) are available upon request.

To generate the Ad5 E4orf6� virus and the mutant carrying amino acid
changes in the BC1 and BC2 box motifs (see Fig. 1), point mutations were first
introduced into the E4orf6 gene in pE4-1155 by site-directed mutagenesis with
oligonucleotide primers 930 (5�-CGT GCG AGG TCT TCC TGC AGT GTG
G-3�) and 931 (5�-CCA CAC TGC AGG AAG ACC TCG CAC G-3�), resulting
in pE4-1298, and with primers 1076 (5�-GGA GGA TCA TCC GGG GCT GCC
CGA ATG TAA CAC-3�), 1077 (5�-GTG TTA CAT TCG GGC AGC CCC
GGA TGA TCC TCC-3�), 1078 (5�-GGT TAC GAG TCC TGG GCT TCC
CAC TGT CAT TGT TCC-3�), and 1079 (5�-GGA ACA ATG ACA GTG GGA
AGC CCA GGA CTC GTA ACC-3�), resulting in pE4-1435. Plasmid pE4-1298
contains a 1-bp deletion (nt 33870), and pE4-1435 carries two amino acid
changes at positions 47 (L47G) and 122 (L122S). The mutations in both plasmid
DNAs were verified by sequencing. Finally, the 5.1-kb BstBI fragment from
pH5pg4100 was replaced with the corresponding fragments from plasmids pE4-
1298 and pE4-1435 to generate adenoviral plasmids pH5pm4154 (orf6�) and
pH5pm4139 (BC1/2), respectively. Recombinant plasmids were partially se-
quenced to confirm the mutations in the E4orf6 gene.

For the generation of mutant viruses H5pm4154 and H5pm4139 and their wt
parent H5pg4100, the viral genomes were released from the recombinant plas-
mids by PacI digestion and transfected in the complementing W162 cells by the
calcium phosphate procedure (21). After 5 days, cells were harvested and viruses
were released by four freeze-thaw cycles. The viruses were propagated in W162
monolayer cells, and titers were determined by the fluorescence-forming unit
(FFU) method (22). Briefly, serial dilutions of the viruses were used to infect
A549 cells, which were fixed at 20 h postinfection (hpi). Infected cells were then
identified by immunostaining with an antibody against the early E2A protein
(B6-8). Viral DNA was isolated as described previously (49) from viral particles
purified by cesium chloride equilibrium density centrifugation (22, 49) and an-
alyzed by HindIII restriction endonuclease digestion. In addition, the viral DNA
was partially sequenced to verify the presence of the E4orf6 mutations.

Infections, immunoprecipitations, time courses, and growth curves. Cells were
infected with viruses diluted in infection medium (0.2 mM CaCl2, 0.2 mM MgCl2,
2% serum in phosphate-buffered saline plus 100 U/ml of penicillin and strepto-
mycin) for 90 min before its removal and addition of normal growth medium. For
time course studies, cells were infected at a multiplicity of infection (MOI) of 5
or 50 FFU/cell depending on the experiment and harvested by scraping at
different times postinfection. The cells were washed in phosphate-buffered saline
and collected by centrifugation, and the pellets were frozen until completion of
the experiment. Pellets were then lysed in RIPA buffer (10 mM sodium phos-
phate, pH 7.2, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 1% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM dithiothreitol) plus inhibitors
(4 mM NaF, 2 mM NaPP, 500 �M sodium vanadate, 200 �g/ml phenylmethyl-
sulfonyl fluoride, 2 �g/ml aprotinin, and 5 �g/ml leupeptin), freeze-thawed in
liquid nitrogen, and sonicated three times for 20 s. Equal amounts of protein
were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride membranes. For immunoprecipitations,
cells were infected at an MOI of 50 FFU/cell, and at 24 hpi, they were lysed in
a less stringent buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1%
Triton X-100, 5% glycerol, 1 mM dithiothreitol) plus inhibitors (as above) on ice
for 20 min. Equal protein amounts (1 mg) were immunoprecipitated with 1807
(E4orf6) antibodies, before the addition of protein G Sepharose (Upstate).
Following extensive washing in lysis buffer plus phenylmethylsulfonyl fluoride,
the beads were eluted in Laemmli buffer and run on SDS-polyacrylamide gels.
For the viral growth curves, cells were infected at an MOI of 5 or 50 FFU/cell
depending on the experiment and harvested at 24, 48, and 72 hpi. Viruses were
released from the cells by three freeze-thaw cycles, and titers were determined by
the fluorescent antibody assay. Total progeny virions in each sample were cal-
culated, and values were plotted on a graph.

Rescue experiment. Cells expressing E4orf6 were generated by cotransfecting
H1299 cells with plasmid DNAs encoding either wt E4orf6 or the BC-box mutant
L47G/L122S (BC1/BC2) (7) or with control pcDNA3 and a plasmid DNA in-
cluding the puromycin resistance gene at a ratio of 10:1. These cells were selected
with puromycin (2 �g/ml), and the resistant colonies were pooled and frozen.
Cells were cultured as little as possible before use in experiments to maximize the
retention of high levels of E4orf6 expression. These cells were then infected with
either wt or mutant viruses and analyzed as described for growth curves.

RNA analysis. Nuclear and cytoplasmic mRNA was extracted from virus-
infected cells using an RNA purification kit (Qiagen) according to the manufac-
turer’s instructions. RNA samples (0.5 �g) were separated by denaturing elec-
trophoresis in formaldehyde-agarose gels and transferred to positively charged
nylon membranes (Roche Molecular Biochemicals) by capillary transfer with
20� SSC (0.3 M sodium citrate, 3 M sodium chloride, pH 7.2) for 6 h. RNAs
were cross-linked to membranes by exposure to 120,000 mJ UV light using a UV
Stratalinker (Stratagene). Analysis of the methylene blue-stained 18S and 28S
rRNA bands was used to verify that equal amounts of RNA were loaded onto
each lane. The blot was prehybridized at 68°C for 30 min in prewarmed hybrid-
ization buffer (DIG-Easy Hyb; Roche Molecular Biochemicals). The prehybrid-
ization solution was then replaced with prewarmed hybridization buffer contain-
ing 50 ng/ml digoxigenin (DIG)-labeled L5 fiber probe and hybridized at 68°C
overnight. The membranes were washed two times for 10 min at room temper-
ature with 2� SSC-0.1% (wt/vol) SDS and three times for 15 min at 68°C with
0.1� SSC-0.1% (wt/vol) SDS. Probe detection was performed using the DIG
Luminescent Detection Kit (Roche Molecular Biochemicals) according to the
manufacturer’s protocol. In brief, blots were incubated in blocking solution for
30 min and then in antibody solution containing anti-DIG, alkaline phosphatase-
conjugated antibody for 30 min at room temperature, followed by two washes in
washing buffer. After equilibration in detection buffer, blots were incubated with
chemiluminescent substrate CSPD and exposed to CL-XPosure film (Pierce).
Signals corresponding to L5 fiber transcripts were quantitated using ImageJ
software (1).

To generate L5 fiber-specific probes, cytoplasmic RNA from late H5pg4100-
infected A549 cells was isolated as described above and single-stranded comple-
mentary cDNA was prepared using 12- to 18-mer oligo(dT) primers and Super-
script III reverse transcriptase (Invitrogen). A �600-bp L5 fiber cDNA fragment
was then PCR amplified with primers 996-forward (5�-CTCTCGAGAAAGGC
GTCTAACCAG-3�) and 1218-reverse (5�-CCATTTTGAGCGCAAGCATGC-
3�), cloned into the pCRII-TOPO vector (Invitrogen), and sequenced. Primers
996-forward and 1218-reverse correspond to Ad5 wt nt 9697 to 9720 and 31215
to 31235, respectively. For the synthesis of the DIG-labeled L5 fiber-specific
RNA probe the plasmid was linearized with XbaI and antisense labeled RNA
was generated in the presence of DIG-labeled UTP (DIG-UTP) as runoff tran-
scripts with SP6 RNA polymerase. Labeling efficiency was checked by detection
of oligonucleotides spotted on a positively charged nylon membrane (Roche
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Molecular Biochemicals) with a DIG detection system (Roche Molecular Bio-
chemicals).

RESULTS

Generation of mutant viruses. To evaluate further the
functional role of the ligase activity associated with E4orf6
during infection, a viral mutant was generated that con-
tained specific point mutations in the E4orf6 sequence en-
coding BC boxes 1 and 2 that had been shown previously in
DNA transfection experiments to almost completely abolish
the association of E4orf6 with the Cul5-containing ligase
complex (7). Using the wt H5pg4100 sequence as template
(30), point mutations in each of the first two BC boxes
(L47G/L122S) were introduced, creating virus mutant
H5pm4139, also referred to as mutant BC1/BC2. The altered
E4orf6 product encoded by this mutant thus corresponds to
that of the previously published “mutant 5” from our plasmid-
based BC-box mutant series (7). A virus mutant in the same
genetic background was also generated, which produced a se-
verely truncated E4orf6 product (E4orf6�) through the dele-
tion of 1 base pair following the codon for proline 66, resulting
in the creation of an opal stop codon shortly after the coding
sequence shared with the alternatively spliced product
E4orf6/7. This virus, named H5pm4154 (also referred to as
E4orf6�), should express normal E4orf6/7 protein but an un-
stable or nonfunctional product of E4orf6 containing only the
first 66 residues. These mutant viruses are depicted in Fig. 1.

Characterization of the E4orf6 virus mutants. The E4orf6
virus mutants were first tested in a time course assay to com-
pare the expression of both early and late adenovirus gene
products with that of wt virus (Fig. 2A). H1299 cells were
infected at the low MOI of 5 FFU/cell, and cells were har-
vested at different time points, as indicated. Equal amounts of
protein were then analyzed by SDS-PAGE followed by West-
ern blotting using appropriate antibodies. Figure 2A shows
that wt virus (H5pg4100, left panel, as indicated) produced
high levels of E4orf6 protein whereas none was seen with the
null mutant E4orf6� (H5pm4154, middle panel). Interestingly,

reduced levels of E4orf6 protein relative to wt were observed
with the BC1/BC2 mutant (H5pm4139, right panel). This was
surprising, as reduced stability of the E4orf6 mutant protein
was not seen previously in experiments in which the equivalent
E4orf6 mutant (“mutant 5”) and wt E4orf6 were expressed
following transfection with equal amounts of appropriate plas-
mid cDNAs (7). Figure 2A shows that expression of other early
viral proteins in cells infected with either the E4orf6� or BC1/
BC2 mutant was comparable with wt virus infection. While the
expression of E1B55K and E4orf6/7 proteins was similar to
that of the wt with both viral mutants, such was not the case for
the late proteins. E4orf6 (along with E1B55K) is required for
the export of the late viral mRNAs (4, 20, 23, 42, 53) and
consequently the expression of the late viral proteins. Figure
2A shows that infection by E4orf6� virus indeed resulted in a
decrease in production of the late proteins. Interestingly a
similar decrease in late protein levels was also observed with
the BC1/BC2 (H5pm4139) virus mutant.

The effect of the BC1/BC2 mutation on the growth of the
virus was verified by growth curve experiments. H1299 cells
were infected at an MOI of 5 FFU/cell, and at different time
points thereafter the cells were harvested and lysed by succes-
sive freeze-thaw cycles and the amount of virus produced was
quantified, as described in Materials and Methods. The results
of a representative experiment are shown in Fig. 2B. In some
experiments the growth of the viruses (in particular the wt
virus) decreased at 72 h. For this reason, the 48-h time point
was chosen to perform standard deviation analysis, and these
analyses are shown in Fig. 2C (n � 6). In all experiments, the
growth of E4orf6� (H5pm4154) virus was found to be signifi-
cantly reduced compared to that of wt virus. Importantly, the
growth of the BC1/BC2 virus (H5pm4139) was equally defec-
tive, reflecting the results obtained for the expression of late
viral proteins (Fig. 2A).

The defect of the BC1/BC2 virus (H5pm4139) is a conse-
quence of the E4orf6 mutations. Due to the lower level of
expression of E4orf6 protein with the BC1/BC2 mutant virus
(H5pm4139), it was not possible to determine if the effect

FIG. 1. Virus mutants. (A) Schematic representation of the E4orf6 protein indicating the positions of the BC boxes and the mutations created,
the region shared by E4orf6 with the E4orf6/7 protein, and the position of the deletion generated for the E4orf6� virus. (B) List of the viruses
used with their respective mutations.
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FIG. 2. Characterization of virus mutants—low MOI. (A) H1299 cells were infected with H5pg4100 (wt, left panels), H5pm4154 (E4orf6�,
middle panels), or H5pm4139 (BC1/BC2, right panels) virus at the low MOI of 5 FFU/cell, and cells were harvested at several time points, as
indicated. Cell extracts were analyzed by SDS-PAGE followed by Western blotting using appropriate antibodies as indicated to the right.
(B) H1299 cells were infected with indicated viruses at an MOI of 5 FFU/cell and were collected at indicated times. The collected cells were broken
by freeze-thaw cycles, and the progeny virions were titrated by immunofluorescence, as described in Materials and Methods to generate growth
curves. A representative experiment is presented. (C) The 48-h time points of six experiments were converted to percentage of yield of wt virus
(H5pg4100) and charted with error bars (standard errors of the means).
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obtained with this mutant was the result of the disruption of
the ligase function of E4orf6 or of the low level of mutant
E4orf6 protein expression. To evaluate the role of the ligase
function during infection, two complementary approaches
were taken. The first approach was to infect cells at higher
MOIs to increase expression of mutant E4orf6 protein while
saturating the expression of wt protein, thus reducing the dif-
ference of expression. Experiments similar to those in Fig. 2
were done at an MOI of 50 (Fig. 3A, B, and C). Although the
expression of mutant E4orf6 protein in the BC1/BC2 virus did
not quite reach the levels of wt E4orf6, especially at 48 h (Fig.
3A), the levels were much more similar than at MOI 5 (Fig.
2A). Figure 3A also shows that the expression levels of the
early proteins E1B55K, E1A, E2A, E4orf3, and E4orf6/7 were
very similar in all three infections. As expected, the cellular
substrate of the E4orf6/E1B55K ligase complex, Mre11, was
degraded in the wt-infected cells but not in E4orf6� or in
BC1/BC2-infected cells. As in the case of the low-MOI exper-
iments, the expression of the late viral proteins was much
reduced in the infections with the mutant viruses at high MOIs.

This reduction of late proteins was consistent with the effect of
the mutations on the growth of their viruses as shown in Fig.
3B. As was done in Fig. 2C, standard deviation analyses were
performed on the 48-h time point, and the results are shown in
Fig. 4C (n � 4).

In previous studies in which the BC1/BC2 mutant E4orf6
protein was expressed in cells from a cDNA following trans-
fection, it was found to be incapable of forming the E3 ligase
as well as binding E1B55K (7). To confirm that this phenotype
was also exhibited in the context of virus infections, H1299 cells
were infected at an MOI of 50 FFU/cell and at 24 hpi cell
lysates were immunoprecipitated with antibodies against
E4orf6 (1807) under conditions where the antibody was limit-
ing. As seen in Fig. 3D (top panel), equal amounts of E4orf6
proteins were immunoprecipitated from lysates of cells in-
fected with wt virus and from lysates of cells infected with the
BC1/BC2 mutant virus. The ability of wt or mutant E4orf6 to
assemble the ligase complex was determined by looking at its
ability to coimmunoprecipitate elongin C (7). As seen in Fig.
3D (bottom), the mutant E4orf6 protein produced by the BC1/

FIG. 3. Characterization of virus mutants—high MOI. (A) H1299 cells were infected as for Fig. 2A but with a high MOI of 50 FFU/cell. Cell
extracts were analyzed by SDS-PAGE followed by Western blotting using appropriate antibodies as indicated to the right. (B) H1299 cells were
infected with indicated viruses at an MOI of 50 FFU/cell and were collected at indicated times. The collected cells were broken by freeze-thaw
cycles, and the progeny virions were titrated by immunofluorescence, as described in Materials and Methods to generate growth curves. A
representative experiment is presented. (C) The 48-h time points of four experiments were converted to percentage of yield of wt virus (H5pg4100)
and charted with error bars (standard errors of the means). (D) H1299 cells were infected at an MOI of 50 FFU/cell, and at 24 hpi equal amounts
of proteins were immunoprecipitated with antibodies to E4orf6 (1807), separated on SDS gels, and immunoblotted with antibodies against either
E4orf6 or elongin C.
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FIG. 4. Growth of H5pm4139 cannot be rescued by overexpression of the BC-box mutant E4orf6 protein. (A) Time course. Semistable H1299
cell lines expressing either wt E4orf6 or the BC1/BC2 mutant E4orf6 (BC1/BC2) or containing a control vector only were infected with either wt,
E4orf6�, or mutant BC1/BC2 viruses at an MOI of 5 FFU/cell. Cells were harvested at several time points, as indicated, and cell extracts were
analyzed by SDS-PAGE followed by Western blotting using appropriate antibodies as indicated to the right. (B) Growth curves. Semistable H1299
cell lines expressing either wt E4orf6 or the BC1/BC2 mutant E4orf6 (BC1/BC2) or containing a control vector only were infected with either wt
or mutant BC1/BC2 virus at an MOI of 5 FFU/cell. Growth curves were generated as described for Fig. 2B.
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BC2 virus had a drastically reduced ability to associate with the
complex compared to the E4orf6 protein from the wt virus.
Thus, the mutant E4orf6 protein produced by the BC1/BC2
virus behaved just like the identical protein generated during
transfection experiments (7).

The second approach used to evaluate the role of the ligase
activity of E4orf6 during infection was to perform a rescue
experiment. Semistable H1299 cell lines were created that ex-
press either wt or BC1/BC2 mutant E4orf6 protein from plas-
mid cDNAs, and a control line that contained the pcDNA3
vector alone was also created. These three cell lines were
infected with the wt (H5pg4100, top set in Fig. 4A), E4orf6�

(H5pm4154, middle set), or BC1/BC2 (H5pm4139, bottom set)
viruses, and time course analyses were performed as described
for Fig. 2A and 3A. Figure 4A shows the expression levels of
both early and late viral proteins as well as the degradation
state of the cellular substrate Mre11.

E4orf6 expression levels of the cell lines can be seen in the
mock lanes of E4orf6 and BC1/BC2 cell lines. The mutant
E4orf6 protein was expressed at slightly higher levels than was
wt E4orf6 protein while no exogenous E4orf6 protein was
produced. In all cases the expression patterns of the early
genes E1B55K, E1A, E2A, E4orf3, and E4orf6/7 were similar,
indicating that the lack of E4orf6 expression or expression of
the E4orf6 mutant does not affect the early phase of the virus
infection. Unlike the expression pattern of the early products,
expression of the late viral proteins was highly dependent on
the cell lines infected. While high levels of late proteins were
detected in all cell lines infected with wt (H5pm4100) virus, for
both mutant viruses, significant amounts of late proteins were
detected only following infection in the cell line expressing wt
E4orf6 protein (middle column). Infection of cells expressing
mutant E4orf6 protein (right column) resulted only in a slight
increase of expression of the late proteins. These results indi-
cated the existence of a strong defect in the late phase of the
virus infection of both mutant viruses. Results obtained on the
degradation of Mre11 were also of interest. The expression of
exogenous E4orf6 (wt or mutant) did not affect the ability of
the wt virus to cause the degradation of Mre11 (top set);
however, considering the degree of rescue of the late protein
expression in the wt E4orf6 cell line, it was surprising to ob-
serve only a slight increase in the degradation of Mre11 fol-
lowing infection by both mutant viruses (middle column, mid-
dle and bottom sets). This slight increase of degradation was
specific for wt E4orf6, as it was not observed in the cell line
expressing mutant E4orf6 protein (right column, middle and
bottom sets).

These three cell lines were also used to study the growth of
wt (H5pg4100) and BC1/BC2 (H5pm4139) viruses in a fashion
similar to that of Fig. 2B and 3B. Figure 4B shows that while wt
virus grew well in all cell lines, such was not the case for the
BC1/BC2 mutant virus (H5pm4139). Expression of wt E4orf6
during infection in the semistable E4orf6 cell line greatly res-
cued growth of the mutant virus (wt E4orf6 H5pm4139); how-
ever, expression of similar levels of mutant BC1/BC2 protein
(BC1/BC2 H5pm4139) was unable to rescue the growth of this
virus. Together these results strongly suggest that the defect
observed with the BC1/BC2 mutant virus (H5pm4139) is in-
deed caused by the mutations in the BC boxes of E4orf6, which
prevent the assembly of the ligase complex.

Control of mRNA export is defective in the BC1/BC2
(H5pm4139) virus mutant. One well-known function of the
E4orf6/E1B55K complex is to promote the export of late viral
mRNAs. If, as we believe, most functions of E4orf6 during
infection are achieved by degradation of specific substrates,
then the BC-box virus mutant BC1/BC2 (H5pm4139) should
behave identically to E4orf6� (H5pm4154) and exhibit re-
duced ability to export late viral mRNAs. To address this
possibility, we used the stable cell line system to analyze the
subcellular localization of the late L5 mRNAs. The L5 fiber
mRNA was chosen for this analysis since among all viral late
mRNA families cytoplasmic accumulation of this transcript is
the most dependent on E1B55K functions (19, 31, 42) and,
more importantly, on E1B55K/E4orf6 ubiquitin-protein ligase
activity (54). The three cell lines were infected with the three
viruses for 48 h, the cells were then fractionated into nuclear
and cytoplasmic extracts, and the RNA was extracted. Figure
5A shows the relative amount of the late mRNA L5 as de-
tected and quantified by Northern analysis. As was seen in
previously published results (23, 47), infection with the
E4orf6� virus in the pcDNA3 cell line resulted in a reduced
level of late mRNAs (pcDNA3 line, H5pm4154); however,
infection with the BC1/BC2 virus (H5pm4139) exhibited a
much lower reduction of late mRNAs even though, with this
virus, there was a clear reduction in the level of expression of
the mutant E4orf6 protein (pcDNA3 control cell line [Fig.
4A]). This reduction of late mRNA expression was also ob-
served in cells expressing mutant E4orf6, but it was not appar-
ent following infection of cells expressing wt E4orf6, indicating
that the wt E4orf6 protein rescued this phenotype.

To determine the ability of the BC1/BC2 mutant E4orf6
protein to facilitate nuclear export of late viral mRNAs, the
cytoplasmic-to-nuclear ratio of late mRNAs was measured. As
seen in Fig. 5B, in the control pcDNA3 cell line, infection with
both mutant viruses resulted in an approximately twofold re-
duction in the cytoplasmic-to-nuclear ratio for the late viral
mRNA L5 compared with wt virus. This defect of mRNA
export with both mutant viruses was rescued by the expression
of wt E4orf6 in the cell line but not by the expression of the
BC1/BC2 E4orf6 mutant. These results clearly suggest that the
ligase function of E4orf6 is required for the ability of E4orf6 to
function in concert with E1B55K to control the export of late
viral mRNAs.

Together the results presented here support the conclusion
that most functions attributed to E4orf6 during infection, at
least those required for efficient virus growth, including late
viral mRNA export, are mediated through the formation of the
ubiquitin E3 ligase.

DISCUSSION

In this report we have taken a genetic approach to study the
importance of the ubiquitin ligase activity of E4orf6 during
productive viral infection. It was already clear that this activity
is crucial for E4orf6, with E1B55K, to destabilize p53 and
Mre11; however, some of our earlier work had suggested that
other events requiring E4orf6 may also be dependent on for-
mation of the ligase complex (7), and indeed recent studies
that were published while our work was being completed have
now suggested that such may be the case concerning control of
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mRNA export (54). We decided to address this question di-
rectly in the context of the virus infection by generating a virus
mutant in which the BC boxes of the E4orf6 protein that
interact with elongins B and C had been altered to render the
protein incapable of forming the E3 ligase complex. This point
mutant approach has the advantage over a deletion approach
in that the E4 region remains largely intact, including all the
splice donor and acceptor sites. In addition, the mutant protein
is expressed from the endogenous viral E4 promoter, which is
subjected to normal virus-mediated regulation. BC boxes in
cellular proteins contain two highly conserved residues, a
leucine and a cysteine (27, 28). We have shown previously that
E4orf6 contains two such BC boxes (7), but more recently we
have also shown the existence of a third modified BC box (13),
similar to the one found in the human immunodeficiency virus
type 1 Vif protein (56). Our previous work involving DNA
transfection experiments demonstrated that alteration of the
first two BC boxes of E4orf6 was sufficient for the near-com-
plete abolition of E3 ligase complex formation (7). In making
mutant viruses, we chose to generate a double leucine mutant
(equivalent to “mutant 5”) (7) without changing the conserved
cysteine residue because this mutant also exhibited near-com-
plete abolition of E3 ligase activity in DNA transfection ex-
periments (7). We also wanted to avoid altering cysteine resi-
dues which could be part of a functionally important zinc finger
motif (9). In all but one of our experiments and in all of the cell
lines and primary cells tested (data not shown), our BC-box
mutant virus BC1/BC2 (H5pm4139) behaved exactly like mu-
tant E4orf6� (H5pm4154), which produced only a very short
nonfunctional amino-terminal E4orf6 peptide. Thus, these re-
sults strongly support our hypothesis that the ligase activity
assembled by the E4orf6 protein is required for most of the

functions ascribed to the E4orf6/E1B55K complex, including
the control of mRNA export.

Deletion of E4orf6 resulted in a twofold decrease in the
ratio of cytoplasmic to nuclear concentrations of the late
mRNA L5, indicating a block in its export. This effect was
clearly as great with the BC1/BC2 mutant, which is defective
only in the formation of the E3 ligase. In addition normal L5
mRNA transport was restored following infection of cells ex-
pressing wt E4orf6 protein but not with those expressing mu-
tant E4orf6 protein. These results formally confirmed in a virus
context similar conclusions presented in recent studies that
addressed the question from a very different approach in which
the ligase activity of E4orf6 was inhibited by coinfecting cells
with a viral vector expressing a dominant-negative mutant of
Cul5 (54). Thus, these results also strongly imply that the
degradation of a specific substrate(s) by the E4orf6/E1B55K
ligase complex is responsible for the control of mRNA export.

The only experiment for which the BC1/BC2 virus behaved
differently from the E4orf6� virus was with the relative accu-
mulation of the late viral mRNA L5 (Fig. 5A). Unlike the
E4orf6� virus the BC1/BC2 virus did not exhibit a reduced
accumulation of the late mRNAs. These results imply that,
unlike mRNA transport, the accumulation of late mRNA de-
pendent on E4orf6 is not achieved through the ligase function.
They also suggest that the abundant accumulation of late
mRNA is not sufficient for efficient virus growth (at least in
tissue culture), as the BC1/BC2 mutant virus did not grow
better than the E4orf6� virus.

Three substrates for the E4orf6 ligase complex have thus far
been identified: p53, Mre11, and DNA ligase IV (5, 7, 11, 12,
24, 43, 44, 46, 50). Although inactivation of these proteins is
probably important for the virus, as p53 and Mre11 have been

FIG. 5. Effect of the BC1/BC2 mutation in E4orf6 on nuclear export efficiency of viral late L5 fiber mRNA. (A) L5 fiber mRNA levels.
Semistable H1299 cell lines expressing either wt E4orf6 or the mutant E4orf6 (BC1/BC2) or containing a control vector only were infected at an
MOI of 5 FFU/cell with wt and E4orf6 mutant viruses. At 48 h after infection, total RNA was isolated from both the cytoplasmic and nuclear
fractions, and L5 fiber transcript levels were determined by Northern blotting and quantified as described in Materials and Methods. L5 fiber
signals were corrected using the 18S rRNA internal control (41) and are expressed relative to the wt value, which was set at 1.0. The results shown
are averages obtained from three independent experiments. Error bars indicate the standard errors of the means. (B) Cytoplasmic-to-nuclear ratio
of L5 fiber transcripts. Steady-state concentrations of RNAs in both the cytoplasm and the nucleus were determined by Northern blotting at 48 h
after infection of the cell lines with wt or the E4orf6 mutant viruses. Signals were corrected using the 18S rRNA as described and used to calculate
the ratios of cytoplasmic to nuclear L5 fiber mRNAs. The results shown are averages obtained from three independent experiments. Error bars
indicate the standard errors of the means.
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found to be inactivated by more than one pathway (2, 12, 18,
29, 33, 35, 38, 55), they are probably not the only substrates of
the complex. In the context of the present studies, it is difficult
to imagine how degradation of p53, Mre11, or DNA ligase IV
would contribute to the block of cellular mRNA export and
enhancement of late viral mRNA export. The effects of E4orf6
and E1B55K are also seen in p53� cells (H1299), and E4orf3
is also present to redistribute the MRN complex, which pre-
vents formation of viral genome concatemers (51). Obviously it
will be of great interest to identify the precise substrates in-
volved.

Expression of the mutant E4orf6 protein by the BC1/BC2
virus was reduced relative to that of wt at low MOIs. This effect
was partially diminished by infection at higher MOIs. This
observation was somewhat surprising, as such lower levels were
not evident with the equivalent mutation (“mutant 5”) in DNA
transfection experiments in the absence of the other viral prod-
ucts (7). The reasons for this observation are still unclear. It
could be that in the presence of other viral proteins, the mu-
tant E4orf6 protein somehow becomes less stable. Perhaps
E4orf6 can regulate the cytoplasmic export of its own mRNA.
Although intriguing, no observations so far support this possi-
bility, but the subnuclear localization of the E4orf6 mRNA has
not been determined in the BC1/BC2 mutant. Another possi-
bility could be that in the context of expression from the E4
promoter, wt E4orf6 is capable, dependent on its ligase activ-
ity, of affecting the alternative splicing of the E4 RNA, thus
increasing expression of its own mRNA. It is of interest that in
experiments done in another cell line (A549 [data not shown]),
we observed a decrease of expression of the other E4 gene
products in addition to E4orf6 itself with both virus mutants.
E4orf6 (as well as E4orf3) is thought to have an effect on the
splicing of the major late promoter (40) as well as on some
alternatively spliced chimeric �-globin RNA (40). Thus, per-
haps it also plays some role in the splicing of other RNAs.

It also was surprising to observe the effect of the E4orf6-
expressing cell lines on the degradation of Mre11. Although
Mre11 was clearly degraded in all cell lines when they were
infected with the wt viruses, infection by the mutant viruses of
cells expressing wt E4orf6 protein, which rescued production
of late protein as well as growth of the viruses, resulted only in
partial degradation of Mre11. The reasons for this effect are
also not clear. It could be possible that E4orf6 expressed out-
side the context of the virus infection (in the absence of other
viral proteins) is not properly localized. Overexpressed E4orf6
is also known to change the subnuclear localization of
E1B55K, resulting in a reduced association of E1B55K with
the nuclear matrix (32). Perhaps under these conditions,
E1B55K is less efficient at recruiting Mre11 to the E3 ligase
formed by E4orf6.

In summary, the present studies have indicated that in ad-
dition to the degradation of the known substrates, functions of
E4orf6 critical for efficient virus growth, including the regula-
tion of viral mRNA export from the nucleus, and possibly
additional functions attributed to E4orf6 and E1B55K, are
dependent on the E4orf6-associated E3 ligase. It will be of
great interest to identify the substrates involved in these activ-
ities to understand how these functions are elicited.
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