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We have investigated the requirements for CRM1-mediated nu-
clear export and SUMO1 conjugation of the adenovirus E1B-55K
protein during productive infection. Our data show that CRM1 is
the major export receptor for E1B-55K in infected cells. Functional
inactivation of the E1B-55K CRM1-dependent nuclear export signal
(NES) or leptomycin B treatment causes an almost complete redis-
tribution of the viral protein from the cytoplasm to the nucleus and
its accumulation at the periphery of the viral replication centers.
Interestingly, however, this nuclear restriction imposed on the wild
type and the NES mutant protein is fully compensated by concur-
rent inactivation of the adjacent SUMO1 conjugation site. More-
over, the same mutation fully reverses defects of the NES mutant
in the nucleocytoplasmic transport of Mre11 and proteasomal
degradation of p53. These results show that nuclear export of E1B-
55K in infected cells occurs via CRM1-dependent and -independent
pathways and suggest that SUMO1 conjugation and deconjuga-
tion provide a molecular switch that commits E1B-55K to a CRM1-
independent export pathway.

CRM1 � Mre11 � nucleocytoplasmic transport � p53 � SUMOylation

The 55K product from subgroup C adenovirus type 5 (Ad5)
early region 1B (E1B-55K) belongs to a group of adenoviral

regulatory proteins required for maximal virus production in a
number of different normal human cell strains and human tumor
cell lines (reviewed in ref. 1). In wild-type (WT) Ad5-infected
cells, E1B-55K controls several processes, including selective
nuclear export of viral late RNA transcripts, inhibition of cellular
mRNA transport, and proteasomal degradation of the tumor
suppressor protein p53 and Mre11, a subunit of the Mre11/
Rad50/Nbs1 (MRN) DNA double-strand break repair complex
(reviewed in ref. 2). Collectively available data suggest that these
multiple lytic activities result from oligomerization, posttrans-
lational modifications such as phosphorylation, continuous nu-
cleocytoplasmic shuttling, and interactions with a variety of
cellular and viral factors, most importantly the protein product
from early region 4 ORF 6 (E4orf6) (reviewed in ref. 3 and
references therein).

Over the past years, it has been well established that complex
formation with E4orf6 increases the multifunctionality of the
E1B protein. Several studies have shown that E4orf6 alters the
intracellular distribution of E1B-55K in virus-infected cells
directing the E1B protein to the nuclear matrix compartment (4)
and the sites of viral RNA transcription and processing (5, 6). In
addition, a substantial amount of novel information demon-
strates that E4orf6 connects E1B-55K to components of a
cellular E3 ubiquitin ligase, thereby allowing the proteasomal
degradation of p53, Mre11, and Rad50 (reviewed in ref. 7). It
appears that the latter activity also involves active nuclear export
and cytoplasmic deposition of MRN subunits into aggresomes
(8). Finally, several lines of evidence suggest that the E1B-55K/
E4orf6 complex directly participates in the selective nuclear
export of late viral mRNAs through active nucleocytoplasmic

shuttling (3) and presumably through its ubiquitin-protein ligase
activity (9).

Efforts to identify cellular targets that link the E1B-55K/
E4orf6 complex to nuclear export pathways revealed that both
viral proteins possess a single leucine-rich nuclear export signal
(NES) of the HIV-1 Rev-type (10, 11) and can individually
shuttle between the nuclear and cytoplasmic compartments via
the export receptor CRM1 (reviewed in ref. 3). In the case of
E1B-55K, nucleocytoplasmic trafficking may also involve cova-
lent conjugation of the small ubiquitin-related modifier protein
1 (SUMO1), which appears to facilitate efficient nuclear import
and/or subnuclear targeting of the Ad protein (12). Remarkably,
in Ad5 E1B-55K, the lysine residue that serves as the SUMO1
conjugation site (K104) is situated in close proximity to the E1B
NES both of which are separated by just 10 amino acids in the
E1B-55K primary sequence (Fig. 1). It is, therefore, tempting to
speculate that SUMOylation of E1B-55K regulates the NES-
dependent nuclear export of the Ad protein. To evaluate this
model, we examined the effect of amino acid substitution
mutations in the NES, SUMO1 conjugation site (SCS) and both
motifs on the nucleocytoplasmic export function of E1B-55K in
the normal context of Ad-infected cells by generating and testing
the appropriate virus mutants.

Results
SUMOylation of E1B-55K Is Enhanced in the Absence of a Functional
NES. To analyze the role of SUMO1 conjugation and NES-
dependent nuclear export on E1B-55K nucleocytoplasmic traf-
ficking, we generated three virus mutants containing defined
amino acid substitution mutations (Fig. 1 A). In mutant virus
H5pm4101, three leucine residues in the E1B NES, known to be
critical for CRM1-mediated nuclear export (11) were substituted
by alanines (L83A/L87A/L91A), whereas H5pm4102 carries a
single amino acid substitution (K104R) previously shown to
abolish SUMO1 modification of Ad5 E1B-55K (12). The double
mutant H5pm4103 contains identical amino acid exchanges in
both the E1B NES and E1B SCS. To test whether the virus
mutants produce a stable protein, the steady-state levels of
E1B-55K were determined by immunoblot analysis of total-cell
lysates from infected cells (Fig. 1B). All three mutant viruses
accumulated E1B-55K protein to levels comparable to WT
H5dl309 or WT H5pg4100 through the course of the infection.
No signal was obtained with total extracts from A549 cells
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infected with the Ad2/5 chimeric virus dl1520, which cannot
express the E1B-55K coding sequence (13).

To confirm that substitution K104R eliminates E1B-55K
SUMOylation, total infected-cell lysates were assayed for the
presence of E1B-SUMO1 conjugates by combined immunopre-
cipitation and immunoblotting (Fig. 1C). Consistent with our
previous work (12), only a minor proportion of E1B-55K present
in WT Ad-infected cells was found conjugated to SUMO1 at
steady state (Fig. 1C, lane 8). Interestingly, however, the amount
of the �75-kDa SUMO1-modified form was greatly increased in
H5pm4101-infected cells (Fig. 1C, lane 10), demonstrating that
covalent binding of SUMO1 to E1B-55K is enhanced in the
absence of a functional NES. This effect was not observed with
other E1B-55K virus mutants containing an intact SCS (data not

shown), indicating that elevated SUMO1 conjugation is a spe-
cific property of the NES mutant protein. Also, no E1B-SUMO1
conjugates were detected with the anti-SUMO1 mab in the
immunoprecipitates from dl1520- (Fig. 1C, lane 9), H5pm4102-,
or H5pm4103-infected cells extracts (Fig. 1C, lanes 11 and 12),
verifying that the K104R substitution eliminates E1B-55K
SUMOylation.

SUMOylation Regulates the Intranuclear Targeting of E1B-55K. To
assess the consequence of amino acid substitution mutations in
E1B-55K on its intracellular distribution, the steady-state local-
ization of WT and E1B mutant proteins was determined in
infected A549 cells and compared with the viral E2A-72K
DNA-binding protein (DBP) by double-label immunofluores-
cence. This protein is directly involved in viral DNA synthesis
(14) and is firmly associated with the viral replication centers
(15). Consistent with previous reports (5, 6), the E1B-55K
protein present in WT H5pg4100-infected cells demonstrated a
complex intracellular distribution (Fig. 2Ab). Within the cyto-
plasm, it was found in a diffusely distributed pattern together
with a few intensely stained bodies adjacent to the nuclear
membrane. Within the nucleus, the WT protein was mostly seen
in a granular diffuse distribution. In some cells, the WT E1B
protein localized in a limited number of globular condensations,
which mostly coincided with globular or ring-like structures
containing the DBP protein (Fig. 2 Aa–Ac). The intensity of
diffuse nuclear staining seen with WT E1B-55K was greatly
reduced in H5pm4101-infected cells (Fig. 2 Ag–Ai), and all of the
cells examined (n � 100) demonstrated a close association of the
E1B NES mutant protein with the viral replication centers. More
specifically, the E1B-55K protein appeared to be concentrated in
clusters of brightly stained smaller bodies organized about the
periphery of a more uniformly stained DBP-positive spherical
condensation. Fig. 2B shows a 5-fold enlargement of the boxed
areas from Fig. 2 Ag–Ai to illustrate the distribution of the
E1B-containing aggregates at the periphery of the replication
centers. As opposed to the WT and the NES mutant protein, no
colocalization of E1B-55K and DBP was evident in the nuclei of
H5pm4102-infected cells through the course of the infection
(Fig. 2 Aj–Al). Much of the E1B K104R mutant protein was seen
diffusely distributed throughout the nucleoplasm (but excluded
from the nucleoli) and concentrated in several cytoplasmic
aggregates often located in close proximity to the nuclear
membrane (Fig. 2 Aj–Al). Unexpectedly, a similar staining
pattern was also observed in the cytoplasm and in the nucleus of
H5pm4103-infected cells producing the NES/K104R mutant
protein (Fig. 2 Am–Ao). As opposed to H5pm4101-infected cells,
all of these cells examined (n � 100) contained numerous
cytoplasmic inclusions, demonstrating that a large portion of the
mutant E1B protein accumulates in the cytoplasm in the absence
of a functional NES and SCS. The formation of K104R and
NES/K104R cytoplasmic aggregates was not attributable to
impaired nuclear import because both mutant proteins accumu-
lated in the nucleus as efficiently as the WT 55K protein
[supporting information (SI) Fig. 5]. Also, none of the cells
contained the characteristic E1B-positive filamentous or glob-
ular aggregates at the periphery of the viral transcription centers
invariably present in the nuclei of cells infected with H5pm4101
(compare Fig. 2 Ag–Ai). Rather, by focusing through the depth
of the nucleus, it appeared that nearly all of the NES/K104R
protein was uniformly distributed throughout the nucleoplasm.
These findings indicate that accumulation of the E1B-NES
mutant protein in globular or filamentous nuclear aggregates is
dependent on the presence of a functional SCS.

A nearly identical pattern of localization was observed when
we tested the effect of the CRM1 inhibitor LMB on the
subcellular distribution of the WT and the mutant E1B proteins
in infected cells (Fig. 2C). Consistent with the results described
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Fig. 1. Effect of amino acid changes on stability and SUMOylation of E1B-55K
mutant proteins. (A) Amino acid substitution mutations in E1B-55K mutant
viruses. The leucine residues in the 55K NES known to be critical for CRM1-
mediated nuclear export (11, 29) and the lysine residue that serves as the
SUMO acceptor site (12) are indicated by triangles. Numbers refer to amino
acid residues in the WT E1B-55K protein from H5pg4100. Amino acid changes
in the E1B proteins from H5pm4101, H5pm4102, and H5pm4103 are indicated
below. (B) Steady-state expression levels of E1B-55K proteins in WT and
mutant virus-infected cells. A549 cells were infected with WT and mutant
viruses at a multiplicity of 20 ffu per cell. Cells were harvested at the indicated
times postinfection (p.i.), and total-cell extracts were prepared and subjected
to immunoblotting by using anti-E1B-55K mouse monoclonal antibody (mab)
2A6. (C) Effect of mutations on SUMO1 conjugation of E1B-55K. Steady-state
concentration of E1B-55K was detected by immunoblotting of total-cell ly-
sates by using mab 2A6 (�-E1B; Left). The same extracts were subjected to
immunoprecipitation with mab 2A6, and E1B/SUMO1 conjugates were visu-
alized by SDS/PAGE and immunoblotting with anti-SUMO1 mouse mab 21C7
(�-SUMO1; Right). The bands representing the Ig heavy chain (IgH) and E1B-
SUMO1 conjugate are indicated on Right.
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above, inactivation of CRM1 caused the nuclear retention and
the accumulation of the WT protein with the subnuclear struc-
tures (Fig. 2Cb). As before, the nuclear restriction and sub-
nuclear localization imposed on the WT protein was fully
compensated by the K104R mutation in H5pm4102- (Fig. 2Ce)
and, significantly, H5pm4103-infected cells (Fig. 2Cf ). Taken
together, these results along with the data described above
indicate that inactivation of NES-mediated nuclear export
and/or SUMO1 conjugation substantially affects the subnuclear
distribution of the Ad protein and its partition between the
nucleus and cytoplasm in Ad-infected cells. Furthermore, they
suggest that SUMOylation may play a role in the targeting of the
Ad protein to the viral replication centers and indicate that
SUMO1 conjugation and deconjugation regulate nuclear export
of E1B-55K probably through one or more CRM1-independent
pathways.

Cytoplasmic Sequestration of Mre11 by E1B-55K Involves a CRM1-
Independent Export Pathway. In addition to its important role in
stimulating nuclear export of viral late mRNAs, recent studies
indicate that E1B-55K further contributes to efficient viral
replication by inactivating p53 and two components of the MRN
complex (Mre11 and Rad50) through degradation by the ubiq-
uitin-proteasome system in combination with E4orf6 (16, 17). In
addition, inactivation of MRN functions involves deposition of
nuclear MRN subunits into cytoplasmic inclusion bodies, which
fit the criteria for aggresomes (8). It appears that this activity
requires active CRM1 (8). These observations prompted us to
investigate the effect of mutations in E1B-55K on the intracel-
lular distribution of MRN in WT and mutant virus-infected

A549 cells by double-label immunofluorescence. Representative
samples of these experiments are shown in Fig. 3.

In mock-infected cells, Mre11, the marker protein for the
MRN complex, was almost entirely restricted to the nucleus and
diffusely distributed throughout the nucleoplasm, but excluded
from the nucleoli (Fig. 3 a–c). Immunofluorescence staining of
E1B-55K and Mre11 in WT virus-infected cells revealed a
variable number of E1B-55K-positive cytoplasmic aggregates
some of which also contained Mre11 (indicated by arrowheads
in Fig. 3 d–f ). In nearly all dl1520-infected cells, Mre11 was
mostly restricted to the nucleus and found concentrated in
several short filaments (Fig. 3 g–i), which most likely correspond
to reorganized PML-NB structures (18). Additionally, a portion
of Mre11 appeared in small cytoplasmic inclusions of some
infected cells in a perinuclear fashion; �10% of the H5pm4101-
infected cells (Fig. 3 j–l) examined (n � 100) exhibited a few
small Mre11-positive cytoplasmic aggregates, which, however,
rarely coincided with the few E1B-55K-containing condensa-
tions present in a small fraction (5%) of H5pm4101-infected
cells. By contrast, several large E1B-55K/Mre11-positive cyto-
plasmic aggregates were consistently observed in H5pm4102-
(Fig. 3 m–o) and, significantly in H5pm4103-infected cells (Fig.
3 p–r). These results demonstrate that E1B-55K-mediated relo-
calization of nuclear Mre11 into cytoplasmic inclusions in late
Ad5-infected A549 cells is largely dependent on CRM1-
mediated nuclear export of E1B-55K in the presence of a
functional SCS. Again, however, consistent with data described
before, this requirement for CRM1 is fully compensated by
mutational inactivation of the adjacent SCS. The latter result
provides further support for the idea that conjugation and
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Fig. 2. Steady-state localization of E1B-55K and E2A-72K in WT and mutant virus-infected cells. (A) A549 cells were infected with WT and E1B mutant viruses
at a multiplicity of 20 ffu per cell. Cells were fixed at 20 h p.i. and double-labeled in situ with anti-E2A-72K mouse mab B6–8 (�-DBP) and anti-E1B-55K rat mab
7C11 (�-E1B), and FITC- and Texas red-conjugated secondary antibodies, respectively. Representative anti-E2A (green; a, d, g, j, and m) and anti-E1B (red; b, e,
h, k, and n) staining patterns are shown. The overlays of the green and red images are shown in c, f, i, l, and o (merge). In all panels, nuclei are indicated by a
dotted line. (Magnification: �7600.) (B) The boxed areas in g–i were enlarged 5-fold to illustrate the organization of the E1B NES mutant protein at defined sites
around the periphery of the viral replication centers. (C) Subcellular distribution of WT and mutant E1B proteins in the presence of the CRM1 inhibitor LMB. A549
cells were infected at a multiplicity of 20 ffu per cell. At 21 h p.i., LMB was added to the medium. Three hours later, cells were fixed, and steady-state localization
of E1B-55K was examined by indirect immunofluorescence as described above. In all panels, nuclei are indicated by a dotted line. (Magnification: �7600.)
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deconjugation of SUMO1 regulate CRM1-independent nuclear
export of E1B-55K.

CRM1 Is Not Required for Proteasomal Degradation of Mre11 by
E1B-55K and Maximal Virus Growth. To test the effect of mutations
in E1B-55K on the proteasomal degradation of p53 and Mre11,
we determined the steady-state concentrations of Mre11 and p53
by immunoblot assays of total-cell lysates from WT and mutant
virus-infected A549 cells (Fig. 4A). As expected, p53 and Mre11
were degraded in WT but not in dl1520 virus-infected cells. In
the latter, Mre11 expression levels remained constant through
the course of the infection, whereas p53 started to accumulate
to high levels at 16 h p.i. Mre11 steady-state levels also gradually
decreased in H5pm4101-, H5pm4102-, and H5pm4103-infected
cells, although the degradation process was delayed in the
presence of the mutant E1B proteins. This delay was not
attributable to changes in steady-state concentrations of the E1B
mutants or WT E4orf6 because the viral proteins accumulated
to levels comparable to WT virus-infected cells. Furthermore, all
three mutant proteins efficiently coprecipitated Mre11 at earlier
times in the infection (16 h), suggesting that the amino acid
substitutions do not interfere with Mre11-binding (Fig. 4B). In
contrast to Mre11, degradation of p53 in H5pm4102- and
H5pm4103-infected cells was as efficient as in WT virus-infected
cells. Interestingly, however, p53 steady-state concentrations
progressively increased at later times (48–72 h) in H5pm4101-
infected cells, albeit to lower levels as compared with dl1520-
infected cells. Thus, the absence of a functional NES in E1B-55K
interferes with complete degradation of p53 at late times in the
infection. Again, this defect is fully compensated by simulta-
neous inactivation of the adjacent SCS consistent with the
concept that reversible SUMO modification may allow E1B-55K
to access a CRM1-independent export pathway, which is appar-
ently required for complete proteasomal degradation of p53.

To verify these data, we monitored degradation of ectopically
expressed p53 and endogenous Mre11 in plasmid-transfected
p53-negative H1299 cells. Steady-state expression levels of viral
and cellular proteins were determined from total-cell lysates by
immunoblotting (SI Fig. 6). Interestingly, in these assays, all E1B
mutant proteins behaved like WT E1B-55K, demonstrating that
complete degradation of p53 is independent from CRM1-
dependent nuclear export of E1B-55K outside of the context of
a normal Ad infection.

Finally, we assessed the effect of mutations on virus yield, viral
DNA synthesis, late viral protein expression, and cytoplasmic
accumulation of the viral late L5 fiber mRNA (SI Fig. 7). With
the exception of dl1520, replication of the other mutant viruses
was comparable to that of H5pg4100 (SI Fig. 7A). Also, in line
with this result, no differences were observed when we moni-
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tored viral DNA replication (SI Fig. 7B) and late protein
synthesis in WT and mutant virus-infected A549 cells (SI Fig.
7C). More significantly, neither of the amino acid changes in
E1B-55K substantially affected the cytoplasmic accumulation
(SI Fig. 7D) and the cytoplasmic-to-nuclear ratio of the L5 fiber
mRNA (SI Fig. 7E), which serves as an indirect measure for the
efficiency of nuclear mRNA export (3). Overall these findings
are entirely consistent with recently published reports that the
E1B NES is not required to promote late gene expression (19)
and late viral mRNA transport (20) in Ad5-infected HeLa cells
and the observation that stimulation of viral late mRNA export
requires an active E1B-55K/E4orf6 ubiquitin ligase complex (9).
Furthermore, they provide further support for the model (20)
that E1B-55K can exit the nucleus through a CRM1-
independent export pathway, which likely contributes to maxi-
mal virus production.

Discussion
Over the past years, a large number of proteins have been
reported to be covalently modified by SUMO. Substantial
evidence suggests that this posttranslational modification regu-
lates protein–protein interactions and subcellular localization
(reviewed in ref. 21). Until recently, direct evidence for links
between SUMO and nuclear transport were only available for
import. However, several recent studies have provided evidence
for the requirement of SUMO in nuclear export (22, 23, 24).
Collectively, these studies indicate that SUMO negatively or
positively regulates nuclear export of proteins via CRM1-
dependent and -independent pathways. Consistent with this
model, studies in this report demonstrate that conjugation of
SUMO1 to Ad5 E1B-55K regulates intranuclear targeting and
nuclear export independent from CRM1 during productive
infection.

Evidence for this concept originates from our previous ob-
servation that overexpression of SUMO1 in transformed rat cells
stably expressing WT E1B-55K causes the accumulation of the
Ad protein at defined subnuclear structures (12). Similar to this,
the increase of the SUMO1-conjugated form of the E1B NES
mutant (Fig. 1C) correlates with the localization of a large
fraction of the viral protein to the periphery of the viral
replication centers (Fig. 2). More significantly, the redistribution
of the Ad protein observed in the nucleus of transfected and
Ad-infected cells is eliminated by mutational inactivation of the
E1B SCS (12) (Figs. 2 and 3), demonstrating that attachment of
SUMO1 regulates intranuclear targeting of the Ad protein.
Although there is no direct experimental evidence, it seems
likely that SUMO1 targets E1B-55K to subnuclear sites, which
are associated with the nuclear matrix (4, 25, 26). It is, therefore,
tempting to speculate that SUMO1 conjugation facilitates the
nuclear retention of E1B-55K, and thus may negatively regulate
its nuclear export function. Consistent with this idea, mutational
inactivation of the SCS compensates the nuclear retention of the
NES mutant (Fig. 2) or the WT protein in LMB-treated cells
(Fig. 2C) and completely restores the defect of the NES mutant
in the deposition of Mre11 into cytoplasmic inclusion bodies
(Fig. 3). These findings together with the observation that the
NES/K104R and NES mutants fully support late viral mRNA
export (SI Fig. 6 D and E), demonstrates that both mutant
proteins can efficiently exit the nucleus in the absence of a
functional NES and suggests that deconjugation of SUMO1
allows nuclear export of WT E1B-55K through one or more
CRM1-independent pathways.

The involvement of SUMO1 in regulating subnuclear target-
ing and nuclear export of E1B-55K is surprising in light of the
fact that the consequences of this modification on the subcellular
distribution of the Ad protein are not proportionate to the small
fraction of WT E1B-55K that is SUMO1-modified in infected
cells at steady state (Fig. 1C). Similar scenarios have been

described for many substrates of the SUMO conjugation ma-
chinery and have led to the model that SUMOylation may alter
the long-term fate of the modified protein even though SUMO
may be rapidly deconjugated (reviewed in ref. 27). Thus,
SUMO1 modification and deconjugation of E1B-55K may be
part of a highly dynamic process where E1B-55K undergoes
rapid SUMO1 modification followed by equally rapid deconju-
gation. Interestingly, the latter process may be further aug-
mented by E4orf6, which negatively regulates the association of
E1B-55K with the matrix and presumably SUMO1 conjugation
(4). Additionally and/or alternatively, the recent demonstration
of noncovalent binding of SUMO to substrates (28) and the
existence of multiple SUMO isoforms in mammalian cells
(reviewed in ref. 21) may further reconcile the low level of
SUMO modification with the large effects of the modification on
E1B-55K localization and function.

We currently favor a model that is adapted from one proposed
by Hay (27). In this hypothesis, SUMO1 conjugation interferes
with CRM1 binding at the adjacent NES, thereby targeting the
Ad protein to matrix-associated subnuclear structures through
interactions with proteins containing SUMO-binding domains.
According to our data, this compartment primarily corresponds
to the peripheral zones of the viral replication centers in
virus-infected cells (Fig. 2) and PML-NBs in stably transformed
rat cells (12, 29). Once the modified E1B protein is committed
to these sites, SUMO1 is rapidly deconjugated through combi-
natorial mechanisms that involve SUMO-specific proteases and
E4orf6, leaving the unmodified protein in a competent state to
access CRM1-dependent and -independent export pathways.
Subsequently, E1B-55K and/or the E1B-55K/E4orf6 complex
exits the nucleus in a SUMO1-independent fashion probably
through physical interactions with different cellular exports
receptors (30–32).

Although this model is attractive and can explain most of the
observations from this and our previous studies (12, 29), the
requirement for SUMO1 conjugation of E1B-55K during pro-
ductive infection is still unclear. One possibility is that this
modification regulates export functions of E1B-55K during the
early and late phases of the infectious cycle. Such a model would
account for the result that mutational inactivation of the E1B
NES initially delays the degradation of Mre11, but this activity
fully recovers as the late phase progresses (Fig. 4). Moreover, it
appears that deposition of Mre11 into cytoplasmic inclusion
bodies (Fig. 3) and efficient proteasomal degradation of p53 by
the E1B-55K/E4orf6/E3-ubiquitin ligase is dependent on the
E1B NES in the presence of a functional SCS (Fig. 4). These data
suggest that nuclear depletion of Mre11 and proteasomal deg-
radation of p53 through the CRM1 pathway is part of the
mechanism by which E1B-55K inactivates p53 and MRN func-
tions and indicate that both processes are regulated by reversible
attachment of SUMO1. Also, an aspect that has not been
considered yet is the observation that SUMO1 conjugation of
E1B-55K is required for repression of p53-stimulated transcrip-
tion in plasmid-transfected cells (12). In fact, this activity may
involve the interaction of the SUMO-conjugated form of E1B-
55K with PML-NBs (29) and/or PML-NB-associated factors
such as Daxx or PML (33). Thus, similar to SUMO1-modified
transcription factors, coactivators and corepressor (reviewed in
ref. 21) SUMO1 conjugation of E1B-55K may additionally
regulate transcriptional functions of the Ad protein during
infection. Furthermore, the demonstration that SUMO1 con-
tributes to the association of E1B-55K with the peripheral zones
of the viral replication centers (Fig. 2) indicates that it may play
a role in the selective CRM1-independent export of viral late
mRNA transcripts. It should be noted, however, that the K104R
mutation has no negative effect on viral mRNA export (SI Fig.
7), although it substantially interferes with the accumulation of
E1B-55K at these virus-induced subnuclear structures (Fig. 2).

6688 � www.pnas.org�cgi�doi�10.1073�pnas.0702158104 Kindsmüller et al.

http://www.pnas.org/cgi/content/full/0702158104/DC1
http://www.pnas.org/cgi/content/full/0702158104/DC1
http://www.pnas.org/cgi/content/full/0702158104/DC1
http://www.pnas.org/cgi/content/full/0702158104/DC1
http://www.pnas.org/cgi/content/full/0702158104/DC1
http://www.pnas.org/cgi/content/full/0702158104/DC1
http://www.pnas.org/cgi/content/full/0702158104/DC1
http://www.pnas.org/cgi/content/full/0702158104/DC1


Although clearly speculative at this point, it is possible that
SUMO1-mediated accumulation of E1B-55K at the viral repli-
cation centers and regulated viral mRNA export is cell-type-
dependent and, by analogy to dl1520/ONYX-015, is compen-
sated by some cellular activity in A549 tumor cells (reviewed in
ref. 3). Therefore, it will be interesting to test the effect of the
K104R and NES/K104R mutant viruses in the context of primary
cells, in which viral replication is dependent on E1B-55K-
mediated viral mRNA export (34, 35). Further studies are now
underway to test these possibilities.

Materials and Methods
Construction of Ad5 Recombinants, Virus Growth, and Titration. The
construction of plasmid pH5pg4100 and the transfer vector
pE1–1235 was described recently (36). The Ad5 genome in
pH5pg4100 was inserted into the PacI site of the bacterial cloning
vector pPG-S2 (34). It lacked nucleotides 28593–30471 (encom-
passing E3) and contained an additional unique endonuclease
restriction site at nucleotide 30955 (BstBI) (nucleotide number-
ing is according to the published Ad5 sequence from GenBank,
accession no. AY339865). To generate Ad5 mutants carrying
defined amino acid changes in the NES and SUMO conjugation
motif of Ad5 E1B-55K (Fig. 1 A) point mutations were first
introduced into the 55K gene in pE1–1235 by site-directed
mutagenesis, resulting in pE1–1236 (NES), pE1–1237 (K104R),
and pE1B-1238 (NES/K104R). The 7.7-kb SwaI/BstZ17I-
fragment from pH5pg4100 was then replaced with the corre-
sponding fragments from plasmids pE1–1236, pE1–1237, and
pE1–1238 to generate adenoviral plasmids pH5pm4101,
pH5pm4102, and pH5pm4103, respectively. Finally, the viral
genomes were released from the recombinant plasmids by PacI
digestion, and mutant viruses H5pm4101, H5pm4102, and
H5pm4103 and their WT parent H5pg4100 (Fig. 1 A) were
generated and analyzed exactly as described (36).

The following viruses were additionally used in this study:
H5pg4100 (36), H5dl309 (37), and dl1520 (13). The Ad5 deriv-
atives H5pg4100 and H5dl309 display a WT phenotype. All
viruses were propagated in 293 monolayer cultures. The titers of

the viruses used in this study were determined by a fluorescent-
focus assay as described (36).

Antibodies, Indirect Immunofluorescence, and Immunoblotting. The
following mabs were used in this study: E1B-55K mouse mab
2A6 (38), E1B-55K rat mab 7C11 (this work), E2A-72K (DBP)
mouse mab B6–8 (39), and E4orf6 rabbit polyclonal antibody
1807 (40). Primary antibodies specific for cellular proteins
included SUMO1 mouse mab 21C7 (Zymed Laboratories, South
San Francisco, CA), p53 mouse mab DO-1 (Santa Cruz Bio-
technology, Santa Cruz, CA), Mre11 rabbit polyclonal antibody
pNB 100–142 (Novus Biologicals, Littleton, CO), and Mre11
mouse monoclonal antibody 12D7 (Abcam, Cambridge, MA).
The E1B rat mab 7C11 was generated against the carboxy-
terminal region of the Ad5 protein corresponding to amino acids
348–496. A fragment of the 55K ORF (Ad5 nucleotide 3060–
3510) was amplified by PCR with oligonucleotide primers 687
(5�-G-C-C-A-G-G-A-T-C-C-T-G-T-G-G-C-A-A-C-T-G-C-G-
A-GG-3�) and 688 (5�- G-C-C-A-G-A-A-T-T-C-T-C-A-A-T-C-
T-G-T-A-T-C-T-T-C-3�) and cloned into the BamHI and EcoRI
sites of pGEX-2T (Amersham Pharmacia, Piscataway, NJ). The
GST-E1B fusion protein was expressed in Escherichia coli
TOPP5 (Stratagene, Cambridge, U.K.) purified from inclusion
bodies (41) and used to immunize LOU/C rats.

Indirect immunofluorescence analysis and protein analysis
were performed as described previously (29). For immunopre-
cipitation, protein A-Sepharose (30 mg/ml) was incubated with
1 ml of hybridoma supernatant 2A6 for 2 h at room temperature
and washed twice in lysis buffer. The antibodies bound to protein
A-Sepharose were added to the protein A-Sepharose precleared
extracts and rotated overnight at 4°C. The immune complexes
were washed three times with lysis buffer, separated by SDS/
PAGE, and analyzed by immunoblotting.
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