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Tumor necrosis factor alpha (TNF-a)-mediated death signaling causes the recruitment of monomeric pro-
apoptotic Bax into a 500-kDa protein complex. The adenovirus Bcl-2 homologue, E1B 19K, inhibits TNF-a-
mediated apoptosis, interacts with Bax, and blocked the formation of the 500-kDa Bax complex. TNF-a and
truncated Bid induced Bax-Bax cross-linking, indicative of oligomerization, and E1B 19K expression during
infection inhibited this TNF-a-mediated Bax oligomerization. TNF-a signaled conformation changes at the
Bax amino and carboxy termini. Exposure of the Bax amino terminus facilitates E1B 19K-Bax binding, which
prevented exposure of the carboxy-terminal Bax Bcl-2 homology region 2 epitope. Inhibition of Bax oligomer-
ization by E1B 19K is an activity that bears striking similarity to the means by which bacterial immunity
proteins block pore formation by bacterial toxins which have structural homology to Bax.

Infection with mammalian DNA viruses, including adenovi-
rus, results in a host immune response and production of
multiple antiviral factors, including tumor necrosis factor alpha
(TNF-a), which promote death of virus-infected cells (25).
Viruses, in turn, have evolved multiple mechanisms that pro-
tect infected cells from the host’s antiviral defenses to ensure
efficient viral replication, propagation, and persistent infection
(44). Adenoviruses inhibit apoptosis induced by TNF-a during
productive viral infection through the function of the E1B 19K
protein (10, 43) and multiple proteins (10.4K, 14.5K, and
14.7K) encoded by the E3 gene (44). While the antiapoptotic
function of the E3 proteins is restricted to that triggered by
death receptors, the E1B 19K protein functions in multiple and
distinct apoptotic pathways, suggesting that it acts at a point
central to the regulation of many pathways (41).

TNF-a is a ligand for the death receptors TNF receptors 1
and -2 (29). TNF-a–receptor interaction causes the recruit-
ment of adaptor proteins which promote the activation of
caspase-8 (29), which cleaves 23-kDa Bid, into the 15-kDa
fragment tBid (21, 24). tBid binds the proapoptotic proteins
Bax and Bak and causes them to undergo a conformation
change; in the case of Bax, it occurs at the amino terminus (32,
40). This correlates with the release of cytochrome c from
mitochondria, caspase-9 and -3 activation (22, 45), and cleav-
age of a constellation of cellular caspase substrates which leads
to apoptosis.

In adenovirus-infected cells, E1B 19K blocks TNF-a-medi-
ated death signaling at the level of mitochondria. E1B 19K
does not block caspase-8 processing or activation, Bid cleavage
into tBid, tBid-Bax association, or alteration of Bax conforma-
tion at the amino terminus (32). However, E1B 19K interacts
preferentially with the TNF-a-induced and conformationally
altered Bax and prevents cytochrome c release from mitochon-

dria. This blocks caspase-9 activation, which interrupts the
activation of caspase-3, preventing cleavage of cellular sub-
strates and apoptosis in virus-infected cells (32).

These findings indicated a role for Bax in TNF-a-mediated
apoptosis, in particular, in facilitating the release of cyto-
chrome c from mitochondria to permit caspase-9 activation.
However, how a conformation change in Bax may lead to
release of cytochrome c is unknown. To address this question,
we examined conformation changes in Bax in cells undergoing
TNF-a-mediated apoptosis and found specific and indepen-
dent alterations in the amino and carboxy termini. E1B 19K
interacts with Bax conformationally altered at the amino ter-
minus. We also characterized the Bax protein complex in TNF-
a-treated cells and found that monomeric Bax oligomerized
into a large 500-kDa complex. E1B 19K expression during
adenovirus infection did not block the conformation change in
the Bax amino terminus but did prevent exposure of the car-
boxy-terminal Bcl-2 homology region (BH2) Bax epitope and
the oligomerization of Bax into a 500-kDa protein complex.
Thus, exposure of the Bax amino terminus promotes an E1B
19K-Bax interaction that may prevent a conformational change
at the Bax carboxy terminus necessary for Bax oligomerization
and propagation of TNF-a death signaling through mitochon-
dria.

MATERIALS AND METHODS

Antibodies. The following antibodies were used: rabbit polyclonal E1B 19K
antibody generated against baculovirus-expressed full-length His-tagged E1B
19K recombinant protein; rabbit polyclonal carboxy-terminal E1B 19K antibody
raised against six carboxy-terminal amino acids of E1B 19K (from Phillip E.
Branton, McGill University, Montreal, Quebec, Canada); rat anti-Bid polyclonal
antibody that recognizes both Bid and tBid (from Junying Yuan, Harvard Med-
ical School, Boston, Mass.); rabbit polyclonal Bax antibody Bax(11–30), directed
against amino acids 11 to 30 of human Bax (Bax N-20; Santa Cruz Biotechnology,
Inc., Santa Cruz, Calif.); rabbit polyclonal Bax antibody Bax(43–61), directed
against amino acids 43 to 61 of human Bax (PharMingen, San Diego, Calif.);
mouse monoclonal antibody Bax(55–178), directed against amino acids 55 to 178
of human Bax (BioVision, Inc., Palo Alto, Calif.); and rabbit polyclonal Bax
antibody Bax(150–165), directed against amino acids 150 to 165 of human Bax
(Bax Ab-1; Oncogene Research Products, Boston, Mass.).
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Plasmids and transfection. Plasmids with Myc-tagged rat Bax in pcDNA3
(pcDNA3-Myc-rBax) and Myc-tagged human tBid in pcDNA3.1/HisB
(pcDNA3.1-htBid-Myc) were previously described (15, 32). pCDNA3.1/His B
(Invitrogen, San Diego, Calif.) was used as a control vector. HeLa cells were
electroporated with 5 mg of pcDNA3.1/His B vector or pcDNA3-Myc-rBax for
Bax transient transfection and with 6 mg of pcDNA3.1/His B or pcDNA3.1-
htBid-Myc for tBid transient transfection.

Adenovirus infection. Adenoviruses Ad5dl309 and Ad5dl337 were obtained
from T. Shenk (Princeton University, Princeton, N.J.). Ad5dl309 has a deletion
in the E3 gene and was used as the wild-type virus (19). Ad5dl337 was derived
from Ad5dl309 and has a deletion in the E1B 19K gene (33). HeLa cells were
infected as previously described (42).

Gel filtration chromatography. For gel filtration chromatography, 2.5 3 107

HeLa cells were mock, Ad5dl309, or Ad5dl337 infected for 24 h and were then
untreated or treated with TNF-a (2,000 U/ml; Boehringer Mannheim, Indianap-
olis, Ind.) plus cycloheximide (CHX; 30 mg/ml; Sigma, St. Louis, Mo.) (TNF/
CHX) for 4 h. Cell lysates prepared in 3-[(3-cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate (CHAPS; Calbiochem, La Jolla, Calif.) lysis buffer (20
mM Tris [pH 7.4], 137 mM NaCl, 2 mM EDTA, 10% glycerol, 2% CHAPS) at
a density of 107 cells/ml were centrifuged at 14,000 rpm for 20 min. and the
supernatant was loaded onto the column. The Sephacryl S-300 and Sephacryl
S-100 gel filtration media (Pharmacia, Piscataway, N.J.) were packed by gravity
in 1.5-cm (inside diameter) by 50-cm (length) Econo columns (Bio-Rad, Her-
cules, Calif.) and run by gravity. The bed and void volumes of the columns were
62 and 20 ml, respectively. The high-molecular-mass (aldolase [158 kDa], cata-
lase [232 kDa], ferritin [440 kDa], and thyroglobulin [669 kDa]) and low-molec-
ular-mass (RNase [13.7 kDa], chymotrypsinogen A [25 kDa], ovalbumin [43
kDa], and albumin [67 kDa]) calibration kits (Pharmacia) were used to calibrate
the columns. Columns were equilibriated and run in CHAPS buffer. Fractions
(0.5 ml) were collected using a Gilson FC 203B fraction collector (Gilson, Inc.,
Middleton, Wis.); 30 ml of each fraction was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting as previ-
ously described (31) and probed with the Bax(11–30) antibody, E1B 19K poly-
clonal antibody, or anti-Bid antibody.

In vitro cross-linking. Hela cells (107) were mock or Ad5dl309 infected for
24 h and were then untreated or treated with TNF/CHX for the indicated time
periods. Cell lysates prepared in HEPES-CHAPS lysis buffer (10 mM HEPES
[pH 7.4], 137 mM NaCl, 2 mM EDTA, 10% glycerol, 2% CHAPS) at a density
of 107 cells/ml were incubated with 1 mM disuccinimidyl suberate (DSS; Pierce,
Rockford, Ill.) or dimethyl sulfoxide alone for 2 h at 4°C, and quenching was
carried out as previously described (39). Microprecipitates formed were spun
down at 14,000 rpm for 20 min. A 14-ml aliquot out of the 1-ml cross-linked lysate
was resolved by SDS-PAGE and then analyzed by Western blotting with the
Bax(11–30) antibody, carboxy-terminal E1B 19K antibody, or an anti-Bid anti-
body.

Immunoprecipitation. HeLa cells were prepared for immunoprecipitation,
which was carried out as previously described (32) except that all cells were
harvested and resuspended in CHAPS lysis buffer or in CHAPS lysis buffer plus
Triton X-100 (1%), both with protease inhibitors, as previously described (32).
The Sepharose was washed three times in a 0.5% CHAPS buffer or in a 0.5%
CHAPS buffer containing 0.2% Triton X-100. Whole-cell extracts and immuno-
precipitates were resolved by SDS-PAGE and then analyzed by Western blotting
with the Bax(11–30) antibody and the E1B 19K polyclonal antibody.

RESULTS

TNF-a induces formation of a 500-kDa Bax complex. TNF-a
treatment of cells induces a conformational change at the
amino terminus of Bax; however, how this conformation
change in Bax contributes to cell death is unclear. Nonionic
detergents mimic this alteration of Bax in vitro and induce
homo- and heterodimerization (18). The zwitterionic deter-
gent CHAPS has been shown to retain Bax in its native mono-
mer conformation in extracts from normal healthy cells (1, 17).
To characterize the TNF-a-induced conformation change in
Bax, mock-infected HeLa cells were untreated or treated for
4 h with TNF/CHX to block the NFkB-activated survival path-
way. Treatment of cells with CHX alone has no effect on
caspase activation, Bax conformation, or cell viability (32). At
4 h of TNF/CHX treatment, cell viability is not yet appreciably

affected, but caspase-8 is processed, Bid is cleaved, cytochrome
c is released, and caspase-9 activation is initiated. At this time
in TNF/CHX-treated adenovirus-infected cells, E1B 19K in-
teracts with Bax and blocks cytochrome c release and caspase-9
activation (32). Cell lysates prepared in CHAPS lysis buffer
were fractionated on a Sephacryl S-300 gel filtration column to
characterize the molecular weight of the Bax protein complex
in cells in the presence or absence of TNF-a death signaling.

Western blotting of the column fractions for Bax showed
that in untreated mock-infected cells, Bax fractionated with a
molecular mass of around 25 kDa, consistent with it being a
monomer (Fig. 1). However, in the mock-infected cells treated
with TNF/CHX, there was a dramatic shift in the fractionation
profile of Bax from 25 kDa to a protein complex migrating at
approximately 500 kDa (Fig. 1). Approximately one-third of
the total Bax protein shifted from the monomer peak (frac-
tions 35 to 40) to the high-molecular-weight fractions (frac-
tions 22 to 29).

E1B 19K inhibits formation of the TNF-a-induced 500-kDa
Bax complex. To determine if the E1B 19K protein affected the
formation of the large Bax complex by TNF/CHX during ad-
enovirus infection, HeLa cells were infected with the wild-type
virus Ad5dl309 or the E1B 19K deletion mutant virus Ad5dl337
and were then untreated or treated with TNF/CHX. Lysates
prepared in CHAPS lysis buffer were fractionated on a
Sephacryl S-300 gel filtration column. Western blotting of the
column fractions with a Bax antibody showed that Bax frac-
tionated as a monomer in untreated Ad5dl309-infected cells as
it did in mock-infected cells (Fig. 1). In contrast to mock-
infected cells treated with TNF/CHX, in Ad5dl309-infected
cells treated with TNF/CHX, Bax now fractionated in the 25 to
50-kDa molecular mass range, and the 500-kDa Bax complex
was strikingly absent (Fig. 1). To directly compare the differ-
ence in Bax levels in fractions 22 to 29 from mock- and
Ad5dl309-infected TNF/CHX-treated cells, fractions from
each were run side-by-side on the same gel and subjected to
Western blotting for Bax, which revealed approximately eight-
fold more Bax in mock-infected cells than in Ad5dl309-in-
fected cells (data not shown). The inhibition of formation of
the 500-kDa Bax complex in Ad5dl309-infected cells is proba-
bly due to the interaction of E1B 19K with Bax, since 19K
coimmunoprecipitates with Bax preferentially in TNF/CHX-
treated cells (see below) (32).

To establish that the inhibition of the 500-kDa Bax complex
in TNF/CHX-treated cells was solely a function of the E1B
19K protein, HeLa cells were infected with the E1B 19K de-
letion mutant virus Ad5dl337 and left untreated or treated with
TNF/CHX. Western blotting of the Sephacryl S-300 gel filtra-
tion column fractions for Bax showed that most of the Bax
fractionated as a monomer in untreated Ad5dl337-infected
cells, although trace amounts of Bax fractionated in the higher-
molecular-weight fractions (Fig. 1), which may be due to the
induction of apoptosis by Ad5dl337 in the absence of E1B 19K
(32). In Ad5dl337-infected cells treated with TNF/CHX, how-
ever, one-third of the Bax monomer population fractionated in
the higher-molecular-weight fractions (22 to 29), similar to
mock-infected cells treated with TNF/CHX (Fig. 1). Thus, the
inhibition of the formation of the Bax 500-kDa complex in
Ad5dl309-infected cells treated with TNF/CHX was dependent
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on expression of the E1B 19K protein during adenovirus in-
fection.

Since E1B 19K binds to Bax in TNF-a-treated cells, the
fractionation profile of E1B 19K was examined in Ad5dl309-
infected cells with and without TNF/CHX. The E1B 19K peak
in the TNF/CHX-treated Ad5dl309-infected cells shifted to a
slightly higher-molecular-mass range (45 to 60 kDa) compared
to untreated cells. The corresponding Bax Western blots also
showed a similar shift in the Bax profile in Ad5dl309-infected
cells (Fig. 1). This is consistent with a 19K-Bax association and
recruitment of E1B 19K into a low-molecular-weight complex
with Bax (Fig. 1).

tBid is not present in the TNF-a-induced 500-kDa Bax com-
plex. TNF-a induces an interaction between tBid and Bax, and
E1B 19K expression has no effect on tBid-Bax association (32).
tBid expression is also sufficient to induce an alteration in Bax
conformation, as seen by the exposure of an epitope on the
amino terminus of Bax by both immunofluorescence and im-
munoprecipitation (32). Lysates from mock-, Ad5dl309-, and
Ad5dl337-infected HeLa cells untreated or treated with TNF/
CHX were fractionated on a Sephacryl S-100 gel filtration
column to resolve Bax complexes as in Fig. 1. The Sephacryl
S-100 gel filtration matrix was used because it has higher res-

olution in the range from 10 to 100 kDa, where monomeric
Bax, Bid, and tBid were expected to fractionate, while still
capable of resolving the 500-kDa Bax complex. Column frac-
tions were probed with Bax and E1B 19K antibodies (Fig. 2A)
and with an antibody that recognizes Bid and tBid (Fig. 2B) to
determine whether tBid fractionated with a specific form of
Bax.

As with the Sephacryl S-300 column, TNF/CHX induced the
formation of the 500-kDa Bax protein complex (fractions 23 to
29) in the mock- and Ad5dl337-infected cells, while the for-
mation of this 500-kDa Bax protein complex was almost com-
pletely inhibited in the TNF/CHX-treated Ad5dl309-infected
cells in the Sephacryl S-100 column fractionation (Fig. 2A). In
the untreated mock-, Ad5dl309-, and Ad5dl337-infected cell
extracts, 23-kDa Bid fractionated with a peak with a molecular
mass of 30 kDa, consistent with Bid being monomeric (Fig.
2B). Following 4 h of TNF/CHX treatment, a significant pro-
portion of Bid was cleaved into 15-kDa tBid which fractionated
with a peak corresponding to a molecular mass of 43 kDa,
whereas the remaining uncleaved Bid still fractionated at 30
kDa in all cases (Fig. 2B). These findings are consistent with
tBid-Bax coimmunoprecipitation from TNF/CHX-treated cells
(32). Strikingly, tBid did not cofractionate with the 500-kDa

FIG. 1. E1B 19K inhibits formation of the TNF-a-induced 500-kDa Bax protein complex during adenovirus infection. HeLa cells were mock,
Ad5dl309, or Ad5dl337 infected for 24 h and then untreated or treated with TNF/CHX for 4 h. Cell lysates prepared in CHAPS lysis buffer were
fractionated on a Sephacryl S-300 gel filtration column. Column fractions 20 to 43 were analyzed by SDS-PAGE followed by Western blotting for
Bax or E1B 19K, as indicated. Whole-cell lysates from both the minus- and plus-TNF/CHX samples loaded on the column were included on every
Western blot as an internal reference for Bax or E1B 19K levels. The peaks at which the molecular weight markers fractionated are indicated.
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Bax complex in TNF/CHX-treated cells (Fig. 2B). Although
tBid expression is sufficient to induce a conformational change
in Bax (32), likely by binding to monomeric Bax, tBid appar-
ently did not enter into the 500-kDa Bax complex. These find-
ings are consistent with a hit-and-run model for tBid-depen-
dent Bax activation. Interestingly, infection of Ad5dl309 and
E1B 19K expression did not affect the generation of tBid or its
fractionation at 43 kDa in cells treated with TNF/CHX (Fig.
2B). E1B 19K expression during viral infection does not pre-
vent tBid-Bax coimmunoprecipitation in TNF/CHX-treated
cells, nor does it prevent the TNF/CHX- and tBid-dependent
conformational change in Bax (32). Furthermore, the presence
of a tBid-Bax-E1B 19K ternary complex was not detected (32).
Thus, it is likely that tBid binds Bax and alters its conformation
and that after this transient tBid-Bax interaction, E1B 19K
replaces tBid to form an E1B 19K-Bax complex with a molec-
ular mass of approximately 45 to 60 kDa. This E1B 19K-Bax
interaction may block the generation of the 500-kDa Bax com-
plex and apoptosis.

TNF-a induces Bax-Bax cross-linking which is inhibited by
E1B 19K. Bax has been shown to homodimerize in vivo and in
vitro by coimmunoprecipitation, yeast two-hybrid assays, and
chemical cross-linking (1, 5, 12, 20, 36, 39, 46). Bax ho-
modimerization is triggered by different death stimuli, and
enforced dimerization of Bax has been shown to result in its
translocation to mitochondria and induction of apoptosis (5,
12). As one means to investigate whether TNF-a induced ho-
modimerization of Bax, chemical cross-linking studies were
performed. Mock-infected HeLa cells untreated or treated
with TNF/CHX for 4 h were lysed in a CHAPS lysis buffer and
then incubated with the membrane-permeable, irreversible
chemical cross-linking reagent DSS or vehicle alone. Bax cross-

linking was then assayed by SDS-PAGE and Western blotting
for Bax. To determine what effect, if any, E1B 19K would have
on Bax cross-linking, Ad5dl309-infected cells untreated or
treated with TNF/CHX were examined in parallel.

In untreated mock-infected cells, Bax migrated at 20 kDa on
SDS-polyacrylamide gels, and no cross-linked Bax products
were detected. In TNF/CHX-treated mock-infected cells, how-
ever, the presence of DSS induced the appearance of a novel
Bax-immunoreactive band migrating at 38 kDa (Fig. 3A) that
we have designated Bax*. DSS also induced lesser amounts of
higher-molecular-weight Bax-immunoreactive bands in TNF/
CHX-treated mock-infected cells (data not shown). The for-
mation of a Bax cross-linked product similar to Bax* was also
seen when cells were treated with other death stimuli (5, 12).
In Ad5dl309-infected cells, no Bax* was detected as in mock-
infected cells (Fig. 3A). In contrast to mock-infected cells
treated with TNF/CHX, however, there was no Bax* formation
by DSS in TNF/CHX-treated Ad5dl309-infected cells (Fig.
3A). Similar results were also obtained with in vivo cross-
linking with DSS and in vitro with other chemical cross-linking
reagents (data not shown). In vivo cross-linking with DSS in-
duced the formation of Bax* in TNF/CHX-treated AD5dl337-
infected cells, similar to that induced in TNF/CHX-treated
mock-infected cells (data not shown). Thus, E1B 19K expres-
sion during viral infection prevented the formation of the TNF/
CHX-induced Bax cross-linked product Bax*.

To investigate if Bax* represented cross-linking of Bax to
itself, Myc-tagged Bax (Baxmyc), which has a slightly higher
molecular weight than endogenous Bax, was transiently ex-
pressed in HeLa cells. Transient expression of Bax has been
shown to induce Bax dimerization and apoptosis (12). Bax
homodimerization would be expected to produce three differ-

FIG. 2. tBid is not present in the TNF-a-induced 500-kDa Bax protein complex. Cell lysates prepared in CHAPS lysis buffer were fractionated
on a Sephacryl S-100 gel filtration column from cells treated as in Fig. 1. Column fractions 20 to 39 were analyzed by SDS-PAGE followed by
Western blotting to Bax or E1B 19K, as indicated (A), or Bid (B). Whole-cell lysates from both the minus- and plus-TNF/CHX samples loaded
on the column were included on every Western blot as an internal reference for Bax, E1B 19K, and Bid levels. The peaks at which the molecular
weight markers fractionated are indicated.
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ent Bax cross-linked products: Baxmyc cross-linked to Baxmyc,
Baxmyc cross-linked to endogenous Bax, and endogenous Bax
cross-linked to endogenous Bax. Transiently expressed Baxmyc

in cells migrated at a molecular mass of 23 kDa, whereas
endogenous Bax migrated at 20 kDa on SDS-PAGE (Fig. 3B).
Treatment of the Baxmyc-expressing cell lysates with DSS re-
sulted in bands corresponding to the three expected cross-
linked Bax products, Baxmyc-Baxmyc migrating at 46 kDa,
Baxmyc-Bax migrating at 43 kDa, and Bax-Bax migrating at the
same molecular mass as Bax* (38 kDa) (Fig. 3B). In the con-
trol vector lysates treated with and without DSS, there were no
Bax cross-linked products, as expected (Fig. 3B). Since Bax is
known to homodimerize, this suggested that Bax* may repre-
sent Bax cross-linked to itself.

As both E1B 19K and tBid coimmunoprecipitate with Bax
from TNF/CHX-treated Ad5dl309-infected cells, we investi-
gated whether E1B 19K and/or tBid were present in a Bax
cross-linked product. When the blot in Fig. 3A was reprobed
for E1B 19K, no Bax-E1B 19K cross-linked product was de-
tected, although E1B 19K was present in the samples (Fig. 3C).
A small proportion of the E1B 19K protein was cross-linked
into a higher form (Fig. 3C arrow), which may be an E1B 19K
dimer, but its appearance was not a TNF/CHX-mediated
event, and it was not Bax*, which has a higher molecular
weight (Fig. 3C). Western blotting for Bid and tBid revealed
that neither was a component of Bax*, as no Bid-reactive band
was observed migrating at the position of Bax* (Fig. 3D). Thus,
TNF/CHX likely induced the formation of Bax dimers (or
oligomers) represented by the induction of Bax* and the 500-
kDa Bax complex, and E1B 19K expression inhibited forma-
tion of both.

tBid is sufficient to induce Bax-Bax cross-linking. TNF-a-
mediated death signaling induces an interaction between tBid
and Bax, and tBid expression is sufficient to induce an alter-
ation in Bax conformation (32). Therefore, we investigated if
tBid was sufficient to induce formation of Bax* in cross-linking
assays. HeLa cells were transiently transfected either with vec-
tor alone or with a tBid expression vector and lysed in a
CHAPS lysis buffer with or without DSS. DSS induced the
formation of a Bax cross-linked product only in tBid-express-
ing cells, not in vector control transfections which migrated at
the same molecular weight as Bax* formed in TNF/CHX-
treated mock-infected cell extracts (Fig. 3E). Thus, tBid ex-
pression was sufficient to induce the formation of Bax*, which
is likely representative of Bax dimerization or oligomerization.

E1B 19K expression prevents Bax* formation at prolonged
periods of TNF-a death signaling. E1B 19K has been shown to
block TNF-a-induced cell death for more than 24 h, at which
point survival of E1B 19K-negative control cells is negligible
(10, 32, 43). To examine if the inhibition of Bax* formation by
E1B 19K was transient or was sustained, a time course of
TNF/CHX treatment was performed on mock- and Ad5dl309-
infected HeLa cells. After 4, 8, and 12 h of TNF/CHX treat-
ment, cells were lysed in a CHAPS lysis buffer and then treated
or not treated with DSS. A Bax Western blot revealed that
Bax* was present throughout the 12 h of TNF/CHX treatment
in mock-infected cells treated with DSS (Fig. 4). In contrast,
even after 12 h of TNF/CHX treatment in Ad5dl309-infected
cells treated with DSS, no Bax* formed (Fig. 4). The E1B 19K
blot of the time course of TNF/CHX treatment showed E1B
19K expression throughout the time course of infection and
TNF/CHX treatment (Fig. 4). Therefore, the inhibition of
TNF/CHX-dependent generation of Bax* by E1B 19K expres-
sion during viral infection was sustained and not transient.

TNF-a induces conformation changes in specific regions of
the Bax protein. In cells undergoing apoptosis, including that
mediated by TNF-a, Bax has been shown to undergo a con-
formation change resulting in the exposure of the amino ter-
minus by immunoprecipitations in nondetergent conditions or
in CHAPS buffer and by immunofluorescence (4, 17, 32). To
explore the extent of the conformational changes in Bax, a
panel of antibodies with specificities to different epitopes on
Bax was used to determine the extent of conformation change
of Bax upon TNF/CHX treatment and in adenovirus-infected
cells. The Bax(11–30) antibody, which recognizes an epitope
contained within amino acids 11 to 30 near the amino terminus
of Bax, detects Bax only in TNF/CHX-treated cells (32). The
Bax(43–61) antibody recognizes an epitope contained within
amino acids 43 to 61, in what was predicted to be an unstruc-
tured loop region based on structural homology with Bcl-XL

(27). The Bax(55–178) monoclonal antibody recognizes an un-
defined epitope contained within amino acids 55 to 178 of Bax.
The Bax(150–165) antibody recognizes an epitope within
amino acids 150 to 165 encompassing BH2, near the carboxy
terminus of Bax.

HeLa cells were either mock or Ad5dl309 infected, and cell
extracts were prepared in a CHAPS lysis buffer which has been
shown not to reveal the Bax amino terminus for immunopre-
cipitation unless a death stimulus is present. As a control, cell
lysates were also prepared in CHAPS lysis buffer with 1%

FIG. 3. TNF-a induces Bax-Bax cross-linking, which is inhibited by E1B 19K during adenovirus infection. (A) E1B 19K expression during viral
infection prevents the formation of the TNF/CHX-induced Bax cross-linked product Bax*. Cell lysates prepared in CHAPS lysis buffer were
incubated with 1 mM DSS or vehicle alone from cells treated as in Fig. 1. Cross-linked samples were analyzed by SDS-PAGE followed by Western
blotting for Bax. The positions of migration of the Bax cross-linked product Bax* and the molecular weight markers on the Western blot are
indicated. Ab, antibody. (B) The TNF/CHX-induced Bax cross-linked product Bax* may be a Bax cross-linked dimer. HeLa cells were transfected
with either the control vector or pcDNA3-Myc-rBax, as indicated; 24 h posttransfection, cells lysed in CHAPS lysis buffer were incubated with 1
mM DSS or vehicle alone. Cross-linked samples were analyzed by SDS-PAGE followed by Western blotting for Bax. A 4-h TNF/CHX-treated,
cross-linked HeLa cell lysate is also included in the first lane, which shows the position of migration of Bax*. The positions of migration of Baxmyc

cross-linked to Baxmyc (BAXmyc/BAXmyc), Baxmyc cross-linked to endogenous Bax (BAXmyc/BAX), and endogenous Bax cross-linked to endog-
enous Bax (BAX/BAX) on the Western blot are indicated. (C and D) E1B 19K, Bid, and tBid are not components of Bax*. The blot in panel A
was reprobed with a E1B 19K antibody (C) and with a Bid antibody (D). The position of migration of Bax* is indicated. An arrow in panel C may
represent an E1B 19K dimer. (E) tBid is sufficient to induce Bax-Bax cross-linking. HeLa cells were transfected with either the control vector or
pcDNA3.1-htBid-Myc, as indicated; 24 h posttransfection, cells lysed in CHAPS lysis buffer were incubated with 1 mM DSS or vehicle alone.
Cross-linked samples were analyzed by SDS-PAGE followed by Western blotting for Bax. A 4-h TNF/CHX-treated, cross-linked HeLa cell lysate
is also included in the first lane, which shows the position of migration of Bax*.
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Triton X-100, which results in exposure of the Bax amino
terminus in a TNF/CHX-independent fashion. Bax and E1B
19K levels were identical regardless of the detergent lysis con-
ditions and were unaffected by TNF/CHX (Fig. 5).

The Bax(11–30) antibody immunoprecipitated Bax from
mock-infected cells only in the presence of TNF/CHX in
CHAPS buffer, suggesting that death signaling by TNF-a re-
veals the Bax amino terminus (Fig. 5A). Infection with
Ad5dl309 and expression of E1B 19K did not affect the ability
of Bax(11–30) to immunoprecipitate Bax in CHAPS buffer in
a TNF/CHX-dependent fashion (Fig. 5A). In CHAPS-plus-
Triton X-100 buffer, Bax was immunoprecipitated equally well
from mock- and Ad5dl309-infected cells treated or not treated
with TNF/CHX (Fig. 5A), indicating that Triton X-100 can
liberate the amino terminus of Bax in vitro to reveal the amino-
terminal epitope for the Bax(11–30) antibody.

Interestingly, the Bax(43–61) antibody immunoprecipitated
Bax equally well in mock or Ad5dl309-infected cells in the
presence or absence of TNF/CHX in CHAPS buffer, which
suggested that this predicted loop region of Bax was always
exposed (Fig. 5A). In CHAPS-plus-Triton X-100 buffer, Bax
was immunoprecipitated equally well with Bax(43–61) from
mock or Ad5dl309-infected cells, treated or not treated with
TNF/CHX (Fig. 5A). When the Bax(43–61) immunoprecipita-

tions were examined for E1B 19K coimmunoprecipitation with
the E1B 19K antibody, more E1B 19K coimmunoprecipitated
from Ad5dl309-infected TNF/CHX-treated cells than from the
untreated infected cells in CHAPS buffer, as expected (Fig.
5A). Moreover, purified E1B 19K protein on beads pulls down
Bax from TNF/CHX-treated cells preferentially (data not
shown). In CHAPS-plus-Triton X-100 buffer, slightly more
E1B 19K coimmunoprecipitated with Bax from the untreated
Ad5dl309-infected cells (Fig. 5A), perhaps due to the confor-
mational change in the Bax amino terminus induced by Triton
X-100.

The Bax(55–178) antibody immunoprecipitated Bax from
mock-infected cells only in the presence of TNF/CHX in
CHAPS buffer (Fig. 5A), which suggested that an epitope
between amino acids 55 to 178 of Bax also became exposed in
the presence of TNF/CHX. E1B 19K expression slightly re-
duced the ability of this antibody to immunoprecipitate Bax in
CHAPS buffer, indicating that the presence of E1B 19K can
partially influence the availablity of this epitope. Unfortu-
nately, since the location of the epitope for this monoclonal
antibody within the 55-to-178 region of Bax is not known, it is
difficult to relate this observation to Bax conformation. In
CHAPS-plus-Triton X-100 buffer, Bax was immunoprecipi-
tated equally well by the Bax(55–178) antibody from mock-

FIG. 4. E1B 19K expression prevents Bax* formation at prolonged periods of TNF-a death signaling. Hela cells were mock or Ad5dl309
infected for 24 h and then untreated or treated with TNF/CHX for 4, 8, and 12 h. Cell lysates prepared in CHAPS lysis buffer were incubated with
1 mM DSS or vehicle alone. Cross-linked samples were analyzed by SDS-PAGE followed by Western blotting for Bax (top) or E1B 19K (bottom).
The positions of migration of the Bax cross-linked product Bax* and the E1B 19K cross-linked product are indicated.
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infected or Ad5dl309-infected cells treated or not treated with
TNF/CHX (Fig. 5A).

E1B 19K expression blocks exposure of an epitope at the
Bax carboxy terminus by TNF/CHX. The Bax(150–165) anti-
body immunoprecipitated Bax from mock-infected HeLa cells
only in the presence of TNF/CHX in CHAPS buffer, suggest-
ing that an epitope encompassing BH2, near the carboxy ter-
minus of Bax, also becomes exposed upon TNF/CHX treat-
ment (Fig. 5A). Strikingly, the expression of E1B 19K in
Ad5dl309-infected cells treated with TNF/CHX dramatically
inhibited the ability of the Bax(150–165) antibody to immuno-
precipitate Bax (Fig. 5A). This suggested that either access of
the antibody to the BH2 epitope is blocked or the conforma-
tional change in this region of Bax is prevented by E1B 19K
expression during viral infection. In CHAPS-plus-Triton X-100
buffer, Bax was again immunoprecipitated only in mock-in-
fected cells treated with TNF/CHX (Fig. 5A), indicating that
1% Triton X-100 did not induce the same conformation
change in Bax BH2 as did TNF-a. The differential ability of 1%
Triton X-100 to affect the amino but not the carboxy terminus
of Bax indicates that a second and distinct conformational
change in Bax is necessary to replicate the form of proapop-
totic Bax in vivo. E1B 19K-Bax interaction is facilitated by
Triton X-100 addition to extracts even in the absence of TNF/
CHX (Fig. 5A). Thus, E1B 19K likely binds Bax that has
undergone the amino-terminal conformation change prior to
the carboxy-terminal change.

DISCUSSION

Bax oligomerization and apoptosis. Bax undergoes a con-
formation change at the amino terminus in vivo in cells treated
with staurosporine (4) or TNF-a (32) and upon interleukin-3

withdrawal (12). Furthermore, addition of purified Bid to iso-
lated mitochondria in vitro has been shown to cause Bax oli-
gomerization (5). In vitro-purified, oligomerized Bax has chan-
nel-forming activity and can release cytochrome c from
isolated mitochondria (1). Other Bcl-2 family members have
also been shown to form channels in membrane bilayers in
vitro (13). Taken together, these data suggest that conforma-
tionally altered Bax may oligomerize to form a pore and may
have a direct role in release of proteins from mitochondrial
intermembrane space. Here, we show that TNF-a induces con-
formational changes near both the amino and carboxy termini
of Bax and induces Bax oligomerization, leading to formation
of a 500-kDa Bax complex.

tBid is not a component of the Bax oligomeric complex but
rather promotes conformation changes in Bax which lead to
the formation of oligomeric Bax. Bak, another Bax-related and
E1B 19K binding protein (6) known to undergo a conforma-
tion change and oligomerize in response to death stimuli such
as Fas ligand (40), is potentially a minor component of the
500-kDa Bax complex (data not shown). Furthermore, Bid-
induced Bax cross-linked complexes do not contain Bcl-2, Bcl-
xL, Bag-1, Bid, or voltage-dependent anion channel (5).
Whether the TNF-a-induced Bax oligomeric complex is com-
posed entirely of Bax or contains other mitochondrial proteins
remains to be determined.

Structure of Bax. Bax consists of nine a helices (35), and the
overall fold of helices a1 through a8 resembles that of anti-
apoptotic Bcl-xL (27) and proapoptotic Bid (3), with amphi-
pathic a helices clustered around two central hydrophobic a
helices (a5 and a6) (Fig. 5B). This arrangement is also remi-
niscent of the membrane translocation domains of bacterial
toxins, in particular diphtheria toxin and the colicins (27). It is
believed that the trigger for insertion of the toxin pore-forming

FIG. 5. TNF-a induces conformation changes in specific regions of Bax. (A) HeLa cells were either mock or Ad5dl309 infected for 24 h and
then untreated or treated with TNF/CHX for 4 h. Cell lysates were prepared either in CHAPS lysis buffer or in CHAPS lysis buffer plus Triton
X-100. Equivalent levels of Bax and E1B 19K were present in all lysates (bottom panel). Cell lysates were immunoprecipitated with the four Bax
antibodies indicated on the left. Immune complexes were resolved by SDS-PAGE and probed with the Bax(11–30) antibody. The Bax (43–61)
immunoprecipitates were examined for 19K coimmunoprecipitation by Western blotting for 19K. (B) Structure of Bax (35), indicating the locations
of epitopes for the different antibodies.
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domain into membranes is a conformational change in the
toxin, encompassing the pore-forming domain, which occurs
when another domain of the toxin binds to a receptor on the
membrane (7). According to the umbrella model, the confor-
mation change is followed by a hydrophobic hairpin insertion
into the phospholipid bilayer while the amphipathic helices are
spread on the membrane (7, 8). This is followed by oligomer-
ization and channel or pore formation (9, 38).

A conformation change in Bax may be required, as in the
bacterial toxin pore-forming domain, to expose the central
hydrophobic helices for membrane insertion and oligomeriza-
tion to form a pore. Bcl-xL has also been found by nuclear
magnetic resonance spectroscopy to undergo a dramatic con-
formational change when in the micelle-bound form (23).
Amino acids 1 to 19 of Bax are required for retention of Bax in
a membrane insertion incompetent state in vitro (11). BH3
(a2), appears to be essential for function and interaction be-
tween the proapoptotic Bcl-2 family members, and a confor-
mation change at the amino terminus may expose Bax BH3, to
facilitate its binding to other Bcl-2 family members including
Bax itself.

Carboxy-terminal a9 of Bax occupies the hydrophobic
pocket proposed previously to mediate heterodimer formation
(35). It is the same hydrophobic cleft formed by BH1, BH2,
and BH3 which contains the Bak BH3 peptide in the Bcl-xL–
Bak structure (34). The orientation of a9 in Bax provides
simultaneous control over its mitochondrial targeting and
dimer formation. The conformational change that allows the
carboxy terminus to enter mitochondrial membranes must dis-
lodge a9 from the protein core, thereby exposing the hydro-
phobic BH3 binding pocket to participate in dimer formation.
A mutation in Bax a9 that promotes dissociation of a9 causes
Bax to constitutively localize to mitochondria (30). BH3 alone
would not be enough to compete with a9 of Bax for binding to
its BH3 pocket; therefore, dimerization via this pocket cannot
occur without an energy-driven process, probably tBid-Bax in-
teraction, to disengage a9 (35). It is likely that the TNF-a-
induced conformation change in Bax results in insertion of the
a9 transmembrane domain and a5 and a6 into the mitochon-
drial membrane, followed by Bax oligomerization. Although
Bax can oligomerize in vitro without its transmembrane do-
main, it does so to a lesser extent (1). Complete oligomeriza-
tion might require membrane insertion of both the a9 trans-
membrane domain and a5 plus a6.

Specific conformation changes in Bax on TNF-a treatment.
We found that in cells treated with TNF-a, epitopes near the
Bax amino and carboxy termini become exposed, but an
epitope in the less structured loop remains constitutively avail-
able (Fig. 5). Conformation changes at the Bax amino and
carboxy termini may be important to expose a5, a6, and a9 for
membrane insertion and oligomerization. Nonionic detergents
such as Triton X-100 cause only exposure of an epitope on the
amino terminus without exposure of the BH2 epitope near the
carboxy terminus; however, TNF-a causes exposure of both of
these Bax epitopes (Fig. 5). Thus, detergents may induce only
dimerization of Bax, whereas TNF-a may induce all the con-
formation changes needed for Bax to form the authentic 500-
kDa Bax complex. Indeed, addition of Triton X-100 to CHAPS
lysates induced Bax dimerization but not oligomerization (data
not shown).

E1B 19K interacts with and prevents Bax oligomerization.
E1B 19K interacts with Bax, as shown by in vivo coimmuno-
precipitation, yeast two-hybrid, and in vitro binding assays (14–
16, 32). The highly conserved central region of E1B 19K (po-
sitions 30 to 146) acts as receptor for the Bax BH3, and a
28-amino-acid Bax peptide containing BH3 is sufficient for
E1B 19K interaction (14, 15). Furthermore, binding of E1B
19K to Bax is required for inhibition of the proapoptotic func-
tion of Bax (14, 15). Thus, conformation changes in Bax to
expose BH3 may be required for E1B 19K interaction. Indeed,
E1B 19K binds poorly to Bax in the absence of a death stimulus
like TNF-a (Fig. 5) (32). Point mutations in the vicinity of the
BH1 and BH3 of E1B 19K that abolish Bax binding also abol-
ish protection from TNF-a-mediated apoptosis, while missense
mutations elsewhere in the protein do not (2, 16, 43). Taken
together, these data suggest that the large central region of the
E1B 19K protein, which has homology to other Bcl-2 family
members, may act as a binding pocket for an exposed Bax
BH3.

E1B 19K expression blocked access of the BH2 epitope of
Bax in vivo during TNF-a-mediated death signaling. E1B 19K
may interact with Bax in that region, thereby blocking access to
the antibody, or may prevent a change in conformation in BH2.
Regardless, the E1B 19K-Bax interaction prevents the oli-
gomerization of Bax during TNF-a-mediated death signaling,
which may prevent Bax from forming a pore in the mitochon-
drial membrane and releasing cytochrome c from mitochon-
dria.

Whether other antiapoptotic Bcl-2 family members function
similarly to E1B 19K in the TNF-a-mediated death signaling
pathway is not known. Bcl-2 blocks Bax-Bax cross-linking upon
interleukin-3 withdrawal (12) and inhibits a Fas-induced con-
formational change in the Bax amino terminus and mitochon-
drial translocation (28). On one hand, recombinant Bcl-xL has
been shown to prevent purified Bid-induced Bax oligomeriza-
tion in isolated mitochondria, and a recombinant Bcl-xL mu-
tant that cannot bind Bax does not inhibit Bax cross-linking
(5). On the other hand, Bcl-xL has been shown to bind bacte-
rially expressed, oligomeric Bax, without requiring Bax to dis-
sociate to monomers in vitro (36). These discrepancies may be
due to technical differences, and it remains to be seen if other
antiapoptotic Bcl-2 family members are functionally analogous
to E1B 19K, and whether inhibition of signaling by other death
receptors by E1B 19K occurs by the same mechanism. Simi-
larly, we do not know if the inhibition of other apoptotic
pathways by E1B 19K such as p53-dependent apoptosis in E1B
19K-expressing stable cell lines also relies on binding to and
inhibition of Bax oligomerization.

Homology of Bax and E1B 19K to bacterial pore-forming
toxins and their corresponding immunity proteins. The ability
of E1B 19K to interact with conformationally altered Bax and
prevent Bax oligomerization is very reminiscent to how bacte-
rial immunity proteins inhibit pore formation by bacterial tox-
ins. Conformational changes occur in the pore-forming do-
mains of the bacterial toxins, which result in the exposure of
the two central hydrophobic a helices and insertion of these
helices into the phospholipid bilayer. This is followed by oli-
gomerization to form the transmembrane channel, which leads
to damage of cell membranes by pore formation and colloid
osmotic lysis (9, 26). The corresponding bacterial immunity
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proteins function by specific and direct interaction between
their helices and the helices of the toxin channel-forming do-
main within the membrane bilayer to inhibit oligomerization
and productive channel formation (37, 47). Analogously, E1B
19K binding to Bax may prevent Bax oligomerization and pore
formation in the mitochondrial membrane, thereby blocking
the release of cytochrome c and perhaps other proteins from
the mitochondria. Adenoviruses may have evolved a function
in E1B 19K analogous to that of the bacterial immunity pro-
teins. Thus, there may be an evolutionary conservation in the
structure and function of bacterial pore-forming toxins and
their corresponding immunity proteins to the proapoptotic mi-
tochondrial proteins and their corresponding antagonists.
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