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Bcl-2 oncogene expression plays a role in the establish-
ment of persistent viral infection by blocking virus-
induced apoptosis. This might be achieved by
preventing virus-induced activation of caspase-3, an
IL-1 B-converting enzyme (ICE)-like cysteine protease
that has been implicated in the death effector phase of
apoptosis. Contrary to this model, we show that three
cell types highly overexpressing functional Bcl-2 dis-
played caspase-3 activation and underwent apoptosis
in response to infection with alphaviruses Semliki
Forest and Sindbis as efficiently as vector control
counterparts. In all three cell types, overexpressed
26 kDa Bcl-2 was cleaved into a 23 kDa protein.
Antibody epitope mapping revealed that cleavage
occurred at one or two target sites for caspases within
the amino acid region YEWD?'L AGD3* A, removing
the N-terminal BH4 region known to be essential for
the death-protective activity of Bcl-2. Preincubation of
cells with the caspase inhibitor Z-VAD prevented Bcl-2
cleavage and patrtially restored the protective activity
of Bcl-2 against virus-induced apoptosis. Moreover, a
murine Bcl-2 mutant having Asp31, Asp34 and Asp36
substituted by Glu was resistant to proteolytic cleavage
and abrogated apoptosis following virus infection.
These findings indicate that alphaviruses can trigger a
caspase-mediated inactivation of Bcl-2 in order to evade
the death protection imposed by this survival factor.
Keywords alphaviruses/apoptosis/Bax/Bcl-2/caspase,
ICE-like protease/Semliki/Sindbis

Introduction

et al, 1995). Thus, it has become a major challenge to
understand the biochemical and molecular events that con-
trol apoptosis in the hope that such knowledge may ulti-
mately be used in the treatment of diseases.

The apoptotic process can be divided into three phases:
initiation, effector and degradation (Kroemer, 1997). The
initiation phase comprises death stimulus-specific signal-
ling pathways that converge on a common effector phase
whose role it is to execute death by degrading various
cellular components (Fraser and Evan, 1996). Crucial
molecular players in these phases are interleuitdn-
verting enzyme (ICE)-like cysteine proteases—recently
renamed cysteine-aspartate proteases (caspases) (Yuan,
1995; Alnemriet al,, 1996). These enzymes are activated
from zymogens and cleave substrates by proteolysis at
aspartate residues (Martin and Green, 1995), thus forming
protease cascades similar to those seen in clotting and com-
plement activation. Whereas most caspases participate in
death stimulus-specific signalling, a subgroup founded by
caspase-3 (formerly CPP32) controls the common death
effector phase (Nicholsoet al., 1995; Kumar and Lavin,
1996). Importantly, death effector caspases are the closest
homologues of ced-3, a caspase that has previously been
shown to be essential for apoptosis in the development of
the nematode worr@aenorhabditis eleganshaham and
Horvitz, 1996). Numerous substrates of the ced-3/caspase-
3 subfamily have so far been identified (reviewed in Martin
and Green, 1995), among them poly (ADP-ribose) poly-
merase (PARP), an enzyme implicated in DNA repair
(Lazebniket al., 1994; Orthet al., 1996).

The caspase death effector machinery is under negative
control by members of the Bcl-2 family (Yang and Korsme-
yer, 1996). These are homologues of thelegansed-9
gene productknownto suppress apoptosis during nematodal
apoptosis (Shaham and Horvitz, 1996). The prototype of
this family is Bcl-2, a proto-oncogene product that was
originally identified as overexpressed membrane protein
in follicular lymphomas carrying a t(14;18) chromosomal
translocation (Cleargt al., 1986). Meanwhile, overexpres-
sion of Bcl-2 has been shown to delay or block apoptosis
induced by numerous, often unrelated physiological and
pathological stimuli (Reed, 1994). How Bcl-2 performs this
action is about to be revealed. Through its hydrophobic
C-terminus, it is anchored to the outer membranes of mito-
chondria, the endoplasmic reticulum (ER) and the nucleus
(Krajewski et al., 1993), where it may form a cation-

Programmed cell death (apoptosis) plays a crucial role in selective ion channel (Minet al, 1997; Schendett al,,

the proper embryonic development and later life of multi-

1997), block the release of cytochrome c from mitochondria

cellular organisms because it removes damaged, expendedhto the cytosol (reviewed in Kroemer, 1997), and attract

and misplaced cells (Jacobsatral,, 1997). When dysregul-

cytosolic adapter molecules (reviewed in Reed, 1997). This

ated, apoptosis contributes to many diverse human diseasemultifunctional action of Bcl-2 probably serves to prevent
that are either caused by too many unwanted cells, for the activation of the ced-3/caspase-3 subfamily in response

example cancer and autoimmunity, or by insufficient cell

to apoptotic stimuli and thus to suppress the death effector

numbers, as seen in neurodegeneration and AIDS (Bellamymachinery (Boulakiat al, 1996; Chinnaiyart al., 1996;
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Cleavage of Bcl-2 in alphavirus-infected cells

Monneyet al,, 1996). For its activity Bcl-2 requires four  Unexpectedly, R6-Bcl-2 cells were similarly sensitive to
protein domains (BH1-4) that are highly homologous killing by SFV as control counterparts (Figure 1C and D
between members of the Bcl-2 family. Among them is a 30 and Figure 2A). This was also true for vector control
amino acid stretch at the N-terminus of Bcl-2, called BH4 and Bcl-2-overexpressing U937 monocytes and L929
(Borneret al, 1994). fibroblasts as well as for the respective pairs of R6 cells
There are many examples of viruses that kill cells apopto- infected with SIN (Figure 2). To ensure that Bcl-2 was
tically. In most cases, apoptosis is a defence mechanismfunctional as a survival factor in R6 cells, control and
beneficial for the host because it curtails the infectious cycle Bcl-2-overexpressing cells were treated with 50 mM
and prevents neighbouring cells from being infected with NH,CI. This agent provoked a loss of control R6 cell
progeny virions (Vauwet al, 1994). However, pathological viability that was markedly delayed by Bcl-2 overexpres-
situations of viral infections exist. At one extreme, the host sion (Figure 2C). Similar death-protection by Bcl-2 has
defence system is circumvented by the presence of anti-been reported in R6, U937 and L929 cells exposed to
apoptotic proteins that are either endogenous to host cellsnumerous other agents that induce apoptosis (Borner,
(for example Bcl-2; Levinet al,, 1993) or broughtintothe  1996; Monneyet al,, 1996; Olivieret al, 1997). Thus, in
cells by viruses [viral latent membrane protein-1 (LMP-1) spite of being capable of conferring cell death resistance
of Epstein—Barr virus, E1B of adenovirus; Hendersbal., to other stimuli, Bcl-2 did not provide significant protection
1991; Racet al, 1992]. In these cases, host cells survive from death induced by alphavirus infection.
viral infections and persistently produce progeny virions
(viral persistence). At the other extreme, viruses provoke The death of control and Bcl-2-overexpressing
pathological lesions because they benefit from the anti- cells induced by SFV exhibits the characteristic
apoptotic properties of the host cells for reproduction but hallmarks of apoptosis
then kill these cells by overcoming their survival potential To determine the kind of cell death induced by alpha-
at a later stage (Ubdat al., 1994). viruses, we analysed the genomic DNA of control R6 and
Our particular interest is in unveiling the molecular R6-Bcl-2 cells infected with 30 m.o.i. of SFV. As shown
mechanisms that govern the survival and death of cellsin Figure 3, both cell types exhibited a marked, time-
infected by the alphaviruses Sindbis (SIN) and Semliki dependent cleavage of their DNA into nucleosome-sized
Forest virus (SFV). Alphaviruses are RNA viruses that fragments, a hallmark of apoptosis (Duvall and Wyllie,
can be severe pathogens for a broad range of mammals1986). This fragmentation was initially delayed by 4 h in
including humans (reviewed in Strauss and Strauss, 1994).R6-Bcl-2 cells as compared with control R6 cells but
Following endocytotic uptake by the host cell the viral RNA occurred as efficiently in both cell types at later time
is delivered to the cytoplasm where first non-structural and points of infection (Figure 3A and B). Again, the inability
then structural proteins are synthesized. The capsid proteinof Bcl-2 to prevent DNA fragmentation was a peculiarity
is a serine protease that cleaves itself from the nascentof viral infection, since Bcl-2 potently interfered with the
structural polyprotein and contributes to the dramatic shut- degradation when induced by 50 mM NE (Figure 3C)
off of host cell protein synthesis early after infection or other apoptotic agents (Borner, 1996; Monretyal,,
(reviewed in Strauss and Strauss, 1994; Fatid., 1996). 1996; Olivieret al, 1997).
This allows the production of high titres of progeny virions.
Depending on cell type and viral strain, the host cell Infection of SFV results in caspase-3 activation
undergoes apoptosis or develops persistent infectionand PARP cleavage that cannot be inhibited by
(Levineet al, 1991). While apoptosis involves the activa- Bcl-2 overexpression
tion of caspase-3 and PARP cleavage by so far unknownlIt has been reported previously that apoptosis induced by
viral factors (Ubokt al, 1996), viral persistence appearsto viral infection is preceded by the activation of the death
be due to the overexpression of Bcl-2 or other survival protease caspase-3 and cleavage of its major substrate
factors that block these activations (Levigteal., 1993). PARP (Ubolet al, 1996). Moreover, Bcl-2 is known to
During the study of the molecular mechanisms under- prevent caspase-3 activation in response to apoptotic
lying viral persistence in Bcl-2-overexpressing cells, we stimuli (Boulakiaet al., 1996; Chinnaiyaret al., 1996;
discovered that alphaviruses can actively break this persist-Monney et al, 1996). We therefore examined whether
ence by inducing the cleavage and inactivation of Bcl-2 SFV infection triggered caspase-3 activation in our cells
in a caspase-dependent manner. To our knowledge this isand whether Bcl-2 was somehow defective in interfering
the first time that an apoptotic stimulus such as alphaviruseswith the caspase activation process in this particular case.
is shown to exploit caspase proteases to destroy the deathAs shown in Figure 4A, infection of control R6 cells with
protective action of a survival factor. SFV leads to a time-dependent cleavage of the 32 kDa
pro-caspase-3 zymogen into the 17 kDa active protease.
Similar kinetics of activation were noted upon SFV

Results infection of control U937 cells (Figure 4B). In addition,
Cells overexpressing Bcl-2 are rapidly killed by simultaneously with caspase-3 maturation, the latter cells
infection with SIN or SFV displayed a cleavage of the 116 kDa caspase-3 substrate

The infection of subconfluent rat 6 (R6) embryo fibroblasts PARP into the 85 kDa fragment (Figure 4B), typically
with SFV [multiplicity of infection (m.o.i.) 30] leads to a  seen in apoptotic cells (Lazebnék al., 1994; Orthet al.,
time-dependent loss of cell adherence (Figure 1A and B) 1996). As found previously for DNA fragmentation, R6-
and viability (Figure 2A). To examine whether viability Bcl-2 cells exhibited a delay in caspase-3 activation by
loss could be blocked by the survival factor Bcl-2, 4 h as compared with the respective vector control cells
we overexpressed this protein in R6 cells (R6-Bcl-2). (compare Figure 3A and B and Figure 4). Bcl-2 also
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Fig. 1. Phase-contrast microscopy of R6 and R6-Bcl-2 cells following infection with SFV at a m.o.i. oAB0Adck-infected R6 control cells;
(B) SFV-infected R6 control cellsQ) mock-infected R6-Bcl-2 cells;Y) SFV-infected R6-Bcl-2 cells;K) mock-infected R6-Bcl-2 cells treated with
Z-VAD; (F) SFV-infected R6-Bcl-2 cells treated with Z-VAD. All pictures taken at 48 h post-infection.

delayed caspase-3 activation and PARP cleavage in U937response to various apoptotic stimuli, it is defective in
cells (Figure 4B). However, neither of these processesfully exerting this activity in cells infected with
could be prevented by Bcl-2 overexpression (Figure 4). alphaviruses.

By contrast, in both R6 and U937 cells, Bcl-2 markedly

intervened with caspase-3 activation and PARP cleavageApoptosis induced by SFV and SIN in

induced by NHCI (Figure 4A and unpublished data) Bcl-2-overexpressing cells is preceded by

and other apoptotic agents (Monney al, 1996 and proteolytic cleavage of Bcl-2

unpublished data). These results indicate that althoughTo identify the deficiency in the death-protective action
Bcl-2 is functional in preventing caspase-3 activation in of Bcl-2 in alphavirus-infected cells we monitored the
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Fig. 3. DNA fragmentation in response to SFV infection. R6 control
cells (Ctrl, A) and R6-Bcl-2 cells (Bcl-2B) were infected with SFV
and DNA fragmentation was determined by 1% agarose gel
electrophoresis at serial time points after infection as described in
Materials and methodsCj) DNA laddering of R6 and R6-Bcl-2 cells
stressed with 50 mM NCI for 48 h. m, mock-infected.

presence and/or integrity of the Bcl-2 protein by Western
blot analysis. Bcl-2 is highly expressed as a 26 kDa
protein in both R6-Bcl-2 and U937-Bcl-2 cells (Figure 5).
Infection of these cells with SFV led to a time-dependent
cleavage of the 26 kDa Bcl-2 resulting in a 23 kDa
protein (Figure 5A and D). The beginning of the cleavage
coincided approximately with the detection of caspase-3
activation and PARP cleavage (16-24 h post-infection)
and preceded morphological signs of apoptosis. Similar
results were obtained with R6-Bcl-2 infected with SIN
(Figure 5C) and L929-Bcl-2 infected with SFV (unpub-

neither host cell- nor virus-type specific. Importantly,
Bcl-2 was not cleaved at any time point following exposure
of Bcl-2-overexpressing R6, U937 or L929 cells to M
(unpublished data) or other apoptotic agents (Borner, 1996;
Monneyet al,, 1996; Olivieret al, 1997). These findings
indicate that infection of eukaryotic cells with alphaviruses,
but no other as yet known apoptotic stimuli, activates a
protease that cleaves Bcl-2 into a 23 kDa product.

Cleavage of Bcl-2 occurs at membranes and also

affects the heterodimeric Bcl-2 partner Bax

Previous subcellular and immunofluorescence analyses
have shown that Bcl-2 mainly localizes to the ER/nuclear
membranes in R6-Bcl-2 cells (Krajewsdd al., 1993 and
unpublished data). Consistent with this notion, the 26 kDa
Bcl-2 was detected in a nuclear cell extract from which
it could be entirely extracted with Nonidet P-40 (NP-40)
(Figure 6). This was also the case for the 23 kDa proteolytic
fragment of Bcl-2 in SFV-infected cells (Figure 6), indicat-
ing that both wild-type and cleaved Bcl-2 were integral
membrane proteins on nuclear membranes and that the
protease in question probably acted on these membranes.
Immunofluorescence analysis of infected R6-Bcl-2 cells
confirmed that Bcl-2 did not alter its nuclear/ER membrane
localization upon cleavage (unpublished data).

Bax is a pro-apoptotic Bcl-2 homologue that hetero-
dimerizes with Bcl-2. It can be co-immunoprecipitated
with Bcl-2 from cell extracts (Oltvaet al,, 1993) and co-
localizes with Bcl-2 on mitochondria (Zhet al, 1996;
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Caspase-3 activation was also examined by stressing R6 control and
Bcl-2 cells with 50 mM NHCI for 48 h. B) Anti-caspase-3 and
anti-PARP immunoblots from total extracts of U937 control (Ctrl) and
Bcl-2 (Bcl-2) cells. m, mock-infected.

Rosseet al,, 1998), ER and nuclei in intact cells (our
unpublished data). In agreement with the notion that a
virus-induced protease acted on Bcl-2, endogenous 21 kDa
Bax was found to be cleaved into a 18 kDa fragment with Fig. 6. The truncated 23 kDa Bcl-2 remains membrane bound. The
similar kinetics to that of Bcl-2 fo"owing infection of R6- nuclear pellets obtained 48 h pogt—infection of SFV—inf_ected R6-Bcl-2
Bcl-2 cells with SFV (Figure 7A and B). A similar cells were treated-) or not (-) with NP-40 (see Materials and

. . methods) and the supernatants (sup) and pellets (pellet) obtained after
cleavage of Bax has recently been reported in lymphatic centrifugation were subjected to anti-Bcl-2 (27-6) immunoblot
cells following treatment with cytotoxic agents (Thomas analysis.
et al, 1996). Cleavage of Bax was also noted in SFV-
infected L929-Bcl-2 (our unpublished data) and SIN- virus infection as judged from protein analysis on SDS—
infected R6-Bcl-2 cells (Figure 7C), but not in R6-Bcl-2  PAGE (unpublished data).
cells treated with NHCI (unpublished data) or other
apoptotic agents (Borner, 1996; Monney al, 1996; Both Bcl-2 and Bax are cleaved at their N-termini
Olivier et al, 1997). Since Bax cleavage occurred as during virus-induced apoptosis
efficiently in infected vector control and Bcl-2 over- Next, we determined the cleavage sites of Bcl-2 and Bax
expressing cells (Figure 7), the responsible protease wasby antibody epitope mapping. Both Bcl-2 and Bax have
not attracted to Bax because of Bcl-2 overexpression butbeen shown to insert into membranes via their C-terminal,
by an as yet unknown alphavirus-induced mechanism. hydrophobic amino acid sequence. Because the cleaved
Importantly, alphavirus-induced proteolytic cleavage of 23 kDa Bcl-2 (Figure 6) and 18 kDa Bax (unpublished
both Bcl-2 and Bax appeared to be specific, because theradata) were still membrane-bound, we assumed that cleav-
was no bulk degradation of total protein in response to age occurred at their N-termini. We therefore searched for

NP-40 = b + +
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Fig. 7. Time course of the cleavage of Bax following infection with
SFV and SIN, revealed by immunoblots of total cellular extracts.

(A) SFV-infected R6 and R6-Bcl-2 cells using an antibody directed
against amino acid residues 43—61 of Bax (Pharming®))SEV-
infected R6 and R6-Bcl-2 cells using an antibody directed against the
N-terminal amino acid residues 1-21 of Bax (UBK:)(SIN-infected

R6 and R6-Bcl-2 cells using the antibody UBI.

Fig. 8. Time course of the viability of R6, R6-Bcl-2(wt) and mutant
R6-Bcl-2ABH4 cells, as determined by trypan blue exclusion. Cells
were treated with UM staurosporine.

proteolysis in response to SFV and SIN infection. The
antibodies that reacted with different epitopes in the sequence YEWDAGDADAAPL of this region contains
N-terminal parts of Bcl-2 and Bax. As expected, whereas three putative target sites for caspases, one for caspase-1
the polyclonal anti-Bcl-2 antibody 27-6 directed against (YEWD3'A), one for caspase-3 (DAGHI A) and one
residues 41-54 of Bcl-2 detected the proteolytic 23 kDa for another caspase (GDAR A) (Figure 9). Since at
fragment (Figure 5A, C and D), no reactivity of this least caspase-3 (but also maybe other caspases) was
fragment was seen with the anti-Bcl-2 antibody Ab-2, activated in response to SFV and SIN infection (Figure
recognizing amino acids 20-34 (Figure 5B). This indicates 4), we tested whether Bcl-2 cleavage was caspase-mediated
that the 23 kDa Bcl-2 was devoid of the N-terminus and could be prevented by caspase inhibition. As anticip-
including the BH4 domain. As shown before in neurones ated, treatment of R6-Bcl-2 cells with 1Q01 benzyloxy-
(Borner et al, 1994), a Bcl-2 mutant lacking the BH4 carbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD) 12 h
was incapable of protecting R6 cells from apoptosis before and during infection with SFV (see Materials and
induced by staurosporine (Figure 8), suggesting that the methods) completely blocked Bcl-2 cleavage (Figure 10C).
23 kDa cleaved Bcl-2 is most likely inactive as a cell Bcl-2 appeared to be functional in these cells because
survival factor in SFV- and SIN-infected R6-Bcl-2 cells. activation of caspase-3 was barely detected following
As with Bcl-2, Bax was cleaved at its N-terminus in both SFV infection (Figure 10B) and the cells were partially
control R6 and R6-Bcl-2 cells infected with SFV. While protected from virus-induced apoptosis (Figure 10, com-
an antibody reactive against residues 43-61 of Bax pare Figure 1D and F). However, since Z-VAD also
detected the 18 kDa Bax fragment (Figure 7A), this was delayed caspase-3 activation and apoptosis in control R6
not the case with an antibody towards the first 21 amino cells (Figure 10B), it was impossible to distinguish whether
acids of the N-terminus (Figure 7B and C). Since it is not the protective effect of Z-VAD was due to the lack of
yet known whether endogenous Bax plays an active role caspase-3 activation or to the maintenance of functional
in toxin- or virus-induced apoptosis, we cannot determine Bcl-2. This is in agreement with previous reports showing
whether the 18 kDa Bax fragment is an active or inactive that the death-protective effects of Bcl-2 and Z-VAD are
species. Because this fragment has retained the BH3often non-additive because they probably target similar
region known to be crucial for the pro-apoptotic activity molecules (Boulaki&t al, 1996; Chinnaiyaret al, 1996;
of Bax when overexpressed (Chittendehal., 1995), it Monney et al, 1996). Importantly, the effect of Z-VAD
is possible that cleavage of Bax in virus-infected cells on R6 cells was not due to an interference with viral

does not abrogate its potential cytotoxic activity. infection, replication and/or progeny production as similar
amounts of viral structural proteins and titres of infectious
Alphavirus-induced cleavage of Bcl-2 and progeny virions were made in the presence or absence of
apoptosis are prevented by the caspase inhibitor Z-VAD after SFV infection (unpublished data). These
Z-VAD findings indicate that R6-Bcl-2 cells may be susceptible

Calculation of the molecular mass of the proteolytic to SFV- or SIN-induced apoptosis because the viruses
fragments and antibody epitope mapping revealed that ahave developed ways to activate a Z-VAD-sensitive
protein domain between approximately amino acids 30 caspase(s) that directly or indirectly cleave(s) and inactiv-
and 40 of mouse Bcl-2 served as cleavage site for ate(s) Bcl-2.
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Fig. 9. Putative caspase cleavage sites in Bcl-2 and Bax showing the epitopes of all antibodies described in this study.

Mutation of Asp31, Asp34 and Asp36 to glutamic

acid in the BH4 region prevents cleavage of Bcl-2

and abrogates apoptosis

To confirm that alphavirus infection inactivates Bcl-2 by

In both cases, cleavage gave rise to forms of Bcl-2 that
were devoid of their essential BH4 and/or BH3 domains
and thus most likely inactive in conferring death protection
(Strack et al, 1996; Vanceet al, 1996). However, no

caspase cleavage within the amino acid region YEWDA- evidence has yet been presented that Bcl-2 is cleaved by
GDADAAPL, we changed the caspase target residues trypsin-like proteases in intact cells exposed to apoptotic
Asp31, Asp34 and Asp36 to glutamic acid by site-directed agents. In addition, although it was reported that the

mutagenesis. The mutant Bcl-2 (D31E, D34E, D36E)

cellular expression level of Bcl-2 dropped in response to

protein had the same molecular mass (26 kDa) and couldHIV infection (Stracket al, 1996), it was unclear whether
be stably overexpressed in R6 cells at similar levels to this was due to proteolysis by the HIV protease or by a

wild-type Bcl-2 in the R6-Bcl-2 cell line (Figures 5 and
11). However, in contrast to R6-Bcl-2 cells, R6 clones

down-regulation of Bcl-2 on the transcriptional or post-
transcriptional level. In fact, overexpression of Bcl-2

overexpressing the mutant Bcl-2 were resistant to protected against apoptosis induced by HIV infection and
alphavirus-induced apoptosis and did not exhibit cleavage the overproduced Bcl-2 protein was not cleaved (Strack

of the mutant Bcl-2 protein at any time following

et al, 1996). Thus, the data presented here are much

alphavirus infection (Figures 1, 5 and 11). These data different from those previously published and show for

clearly show that alphaviruses are capable of Kkilling

the first time that Bcl-2 can be proteolytically cleaved

Bcl-2-overexpressing host cells by a caspase-mediatedunder a physiologically relevant condition: the infection

proteolytic inactivation of the survival factor Bcl-2.

Discussion

of host cells by alphaviruses.

It is now widely accepted that Bcl-2 functions to prevent
the activation of caspases implicated in the execution
phase of apoptosis (caspase-3-like enzymes) (Boulakia

The present study shows that the alphaviruses SFV andet al,, 1996; Chinnaiyart al, 1996; Monneet al.,, 1996)

SIN can kill three different host cell lines by apoptosis in

rather than being attacked and/or inactivated by these

spite of the fact that the cells overexpress Bcl-2. This is proteases. Indeed, our analysis on caspase-3 activation
because the viruses activate a caspase-dependent pathwand PARP cleavage following alphavirus infection shows

to cleave Bcl-2 into a protein which is devoid of its
N-terminus and thus inactive in conferring cell death

protection. Consistent with this notion, cells overexpress-

that overexpression of Bcl-2 initially delays these events
by 4 h as compared with vector control cells consistent
with the known function of Bcl-2. However, at later

ing a Bcl-2 variant mutated at three putative caspase time points, no protection on caspase-3 activation, PARP
cleavage sites do not exhibit Bcl-2 cleavage and are cleavage or apoptosis was seen in Bcl-2-overexpressing
protected against alphavirus-induced apoptosis. Thesecells and this time period coincided approximately with

effects are reproduced by treating R6 cells overexpressingthe proteolytic cleavage of Bcl-2. These results indicate

wild-type Bcl-2 with the caspase inhibitor Z-VADOur

that in addition to activating caspase-3 and the death

data unravel a so far unanticipated mode of action of machinery, alphaviruses can launch a somehow retarded,
viruses to bypass the survival potential of the host: the caspase-dependent pathway that targets and inactivates

destruction of a host-encoded survival factor.

Bcl-2. Since no other apoptotic stimulus has yet been

Bcl-2 has been shown previously to be susceptible to shown to provoke Bcl-2 cleavage, we propose that the

proteolysisin vitro. In one report purified Bcl-2 could be

pathway comprises at least one virally encoded factor that

cleaved with trypsin-like, but not caspase-like proteases is brought into the host cell upon infection.

within the non-conserved, flexible loop region that links
the BH4 and BH3 domains (Vanet al, 1996). In another
report, a site between the BH3 and BH1 regions of Bcl-2
(Phel12-Alal113) was found to be targeted by the HIV
aspartic proteasia vitro and when the protease and Bcl-2
were co-overexpressed in intact cells (Stratlal., 1996).
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The infection of mammalian cells with alphaviruses
results in a drastic inhibition of host protein synthesis,
allowing the efficient intracellular replication of viral
progeny (reviewed in Strauss and Strauss, 1994). In most
cases viral production is associated with cytopathological
changes that ultimately lead to cell lysis within 10-20 h
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Fig. 11. Effect of caspase cleavage site-mutated Bcl-2 on alphavirus-

induced apoptosis and Bcl-2 cleavage. Following infection with SFV
B caspase-3 (30 m.o.i.), R6 cells overexpressing the mutant Bcl-2 (D31E, D34E,

D36E) were tested for cell viability by trypan blue exclusia@x) @nd

Bel-2 - - - - + + Bcl-2 cleavage by anti-Bcl-2 immunoblot analysis of total cellular
ZVAD + + + - + + extracts B). The epitope for the anti-Bcl-2 antibody used (27-6) was
entirely maintained in the Bcl-2 mutant, i.e. cleaved Bcl-2 should be
A e G ces v GBES < D32 detected by the antibody.

(reviewed in Merrick, 1992); (ii) it rapidly translocates
pr— w17 into the nucleus and associates with nucleolar structures
(Michel et al,, 1990; Favreet al, 1994); and (iii) it has a
chymotrypsin-like activity that acts ircis to release
itself from the nascent structural polyprotein (reviewed in
C Bel-2 Strauss and Strauss, 1994). Although it is yet unclear
which of these capsid protein activities would contribute

m 24 48 24 24 48

Bt = & = 'k & 5 ¥ to apoptosis, there is evidence for all of them. Firstly,
S e wa» @EP26KD overexpression of PKR has recently been shown to trigger
€23kD caspase-3 activation and apoptosis in HeLa (Lee and
m m 24 24 48 48 T2 T2 Esteban, 1994) and U937 cells (Yeuagal, 1996) and
PKR™ mice are resistant to apoptosis induced by double-
Fig. 10. Effect of Z-VAD on SFV-induced apoptosis and Bcl-2 stranded RNA, tumour necrosis facwr{TNF-a) and

cleavage in R6 and R6-Bcl-2 cellAY R6 and R6-Bcl-2 cells were . . b .
either incubated or not with 100M Z-VAD for 12 h prior to and lipopolysaccharide (Dest al, 1997). In addition, activated

during infection with SFV and viability was determined by trypan blue PKR can phosphorylate the MB inhibitor IkB, leading
exclusion. B) Anti-caspase-3 immunoblots of total extracts of SFV- to the release and activation of the nuclear transcription
ir(m:fecAtetql gzsl Zonzt;oga_nd Bcl-zbcl:etlls tfr?attelel)(?r mt)t (—f) SVIV:ig/IZf-VAth factor NFkB, a necessary component for SIN-induced
f?ﬁ) connlrolcand( Bcl-)2 I(?;Tsu?rgatzg \(I)vithOZa-\X(Dr.a;,Sr?]ock-inflgc?gd? apoptosis (K“maet al, 1994; Linet al, 19.95)' Sec.onqu’

the accumulation of the progeny capsid protein in the

nucleus following infection with SFV coincides with
post-infection (lytic infection) (reviewed in Keidinen and apoptosis (Michegt al, 1990), suggesting that the capsid
Saderlund, 1978). The cytopathological changes resemble protein may have nuclear targets crucial for apoptosis.
apoptosis both biochemically and morphologically (Levine Thirdly, and most importantly, the capsid protein may use
et al, 1993, and this study). The viral factors that trigger its serine protease activity transto proteolytically cleave
the activation of the cell death machinery have, however, and activate caspases. Caspases are usually activated by
not yet been identified. A likely candidate for such an autoproteolysis or proteolysis by heterologous caspases at
action is the virus-encoded capsid protein. We have internal aspartic acid residues (Martin and Green, 1995;
previously shown that this protein elicits several biological Alnemri et al, 1996). However, it has recently been
responses after being synthesized from viral RNA: (i) it reported that the caspase-7 zymogen can also be processed
is able to shut down protein synthesis at high expressionand activated by serine proteases that cleave at amino
levels by provoking the phosphorylation and activation acids different from aspartic acids (Zhou and Salvesen,
of the interferon-induced, double-stranded RNA-activated 1997). Experiments in our laboratories are in progress to

serine/threonine protein kinase (PKR) (Fagtal., 1996), examine whether the activation of caspases in response to
that in turn phosphorylates and inhibits the action of alphavirus infection is indeed mediated by the chymotryp-
the a-subunit of eukaryotic initiation factoro (elF2x) sin-like serine protease activity of the capsid protein.
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Unfortunately, pretreatments of infected cells with chymo- membrane in order to allow viral persistence and that the
trypsin inhibitors such as tosylphenylalanine-chloromethyl mutant E2 may not do so. Alternatively, the mutant E2
ketone (TPCK) have so far failed to resolve this issue, may have facilitated the access of caspases to Bcl-2
mainly because such inhibitors are highly toxic to mamma- and triggered Bcl-2 cleavage, a possibility that was not
lian cells and potentially interfere with the replication of envisaged in the previous study, but is now worth
alphaviruses (Zhirnoet al,, 1986). examining.

Regardless of how caspases are activated in response Contrary to our data here, Bcl-2 was reported to protect
to alphavirus infection, at least one of these enzymes effectively against apoptosis induced by the infection with
appears to be implicated in the cleavage of Bcl-2. The SIN (Levine et al, 1993), SFV (Scallaret al, 1997),
question remains whether this caspase is only one element/accinia (Hinshavet al., 1994), HIV (Antoniet al., 1995;
of a protease signalling cascade or directly interacts Stracket al, 1996) and reoviruses (Rodgesal, 1997).
with and cleaves Bcl-2. Although definitive proof is still  we do not know the exact reason for this discrepancy but
missing, our data support the latter possibility. Based assume that there might be cell type- or virus-specific
on molecular mass determination and antibody epitope differences among the experiments. In their report on the
mapping we have been able to define a putative targetconversion of lytic to persistent alphavirus infection by
sequence for Bcl-2 proteolysis that contains three cleavagepc|-2, Levine et al. (1993) used N-18 mouse neuro-
sites for caspases in mouse BC|-22Y(EWD231l AGDzil blastoma and AT-3 rat prostatic adenocarcinoma cells as
AD®I AAPL™) and two in human Bel-2XYEWD®1  hosts for SIN infection. These are transformed, tumori-
AGD*. VGAAPPY) (Figure 9). Since human Bcl-2 is  genic cell lines that may differ from the normal fibroblasts
similarly cleaved in response to alphaviral infection as yseq here in the expression, activation or subcellular
mouse Bcl-2 (unpublished data), cleavage is unlikely to |ocalization of the caspase(s) involved in Bcl-2 cleavage.
occur at the mouse-specific GDAD A cleavage site. Out | support of the idea of virus-specific differences, Liao

of the remaining two clea_vage sites, the YEWDA et al. (1997) have shown that Bcl-2-overexpressing N-18
sequence may be recognized by caspase-1 (ICE)-likecg s \vere "protected from SIN-induced, but not from

enzymes (YxxDy; x = any amino acid, y= small Ja P ; ;
\ : : d panese encephalitis virus (JEV)-induced apoptosis. In
hydrophobic amino acid) while the DAGE A sequence addition, for SIN infection Levineet al. (1993) applied

is a perfect caspase-3/-7 target site (Dxy Pre_liminary viral loads that were 10-30 times lower than ours (mse.i.
evidence from our laboratory excludes the involvement 1). It may be that in their case, Bcl-2 cleavage did not

of caspases-3 and/or -7 in Bcl-2 cleavage. Firstly, Ac- oo .
o Lo take place because the caspase-activating viral components
DEVD-CHO, a caspase-3/-7-specific tetrapeptide inhibitor, : .y :
ST were insufficiently expressed or activated. However, we
does not block virus-induced Bcl-2 cleavage even when ;o010 no marked difference in viability when R6-Bcl-2

given to cells before infection, at high doses (up to cells were infected with SIN at a m.o.i. of 1 instead of
100uM) and/or repetitively during infection (unpublished - (unpublished data). Irrespective of these experimental

data). Secondly, Z-VAD has recently been reported to beodifferences, high viral loads may occur during infections

an inefficient inhibitor of caspases such as caspase-3 an : .
-7 that prefer DxxDy target sites (Sleet al, 1996) In natural settings. Our data therefore offer the provocative

Thirdly, we also detected Z-VAD- but not DEVD-CHO- possibility that, under the latter conditio_ns, viral persi_st—

inhibitable, proteolytic cleavage of Bax, a heterodimeric €Nce may not develop because alphaviruses can actively

partner of Bcl-2, following alphavirus infection. As deter- destr_oy the surVIva_I pote_ntlal of their hO.St' Thls may

mined by antibody epitope mapping, the only possible be p|v_otal for the induction of pathogenic lesions by

caspase cleavage site in Bax is FISLR (Figure 9), an  alphaviruses.

amino acid sequence that does not conform with a classical

DxxDly caspase-3 consensus sequence. We therefore

propose that, following alphaviral infection, Bcl-2 is Materials and methods

cleaved at YEWB" A (and Bax at FIQB®IR) by as yet o

. wpr T oo eagents

unidentified Z-VAD-inhibitable caspases. Substitution of ppenyimethyisulfonyl fluoride (PMSF) was purchased from Fluka, and

the Asp31 residue by Glu (in addition to mutating Asp34  aprotinin and pepstatin from Sigma. The tetrapeptide inhibitor of ICE,

and Asp36) indeed creates a Bcl-2 mutant that is resistantbenzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD) was from

to cleavage in response to alphavirus infectidrhe Bachem, Switzerland. Ac-Asp-Glu-Val-Asp-CHO (Ac-DEVD-CHO) and

question remains how viral infection, but no other apop- staurosporine were obtained from Juro Supply, SW|tzerI_and. Superfec_tTM

totic agent so far, manages to target a specific cas;pase(sﬁs {r0m| Q'atgen and the p_CDNAB bt b Rabb't_
- - olyclonal Bcl-2 antibody (27-6) recognizing amino acid residues 41

to Bcl-2. We have shown in this report that the cleaved 54 of mouse Bcl-2 has previously been described (Boete, 1994).

23 kDa Bcl-2 fragment remains attached to the nuclear/ Anti-Bcl-2 N-terminal antibody (Ab-2) recognizing amino acid residues

ER membrane, suggesting that Bcl-2 cleavage occurs at20-34 of human and mouse Bcl-2 (rabbit polyclonal IgG) was obtained

the membranes where it functions. Thus, some viral from Oncogene Research Products. Anti-Bax antibody recognizing amino

acid residues 1-21 of human, mouse and rat Bax (UBI) was from

component either activates a caspase that ConS|Stently COUpstate Biotechnology Inc., Lake Placid, USA. Polyclonal rabbit anti-

localizes with Bcl-2 or guides a caspase into the vicinity Bax antibody, recognizing amino acid residues 43-61 of mouse and rat
of Bcl-2 following infection. Interestingly, a neurovirulent  Baxwas from Pharmingen. The rabbit polyclonal anti-caspase-3 antibody
strain of SIN containing a mutation in the E2 glycoprotein recognizing the human, mouse and rat 32 kDa and 17 kDa forms of
was recently shown to overcome the death-protective caspase-3 (Darmort al, 1995) was kindly provided by Donald

effect of Bcl-2 and induced apoptosis of Bcl-2-over- W.Nicholson, Merck Frosst, Quebec, Canada. The mouse monoclonal
pop anti-PARP antibody (C-2-10) reacting against human PARP (Lamarre

expressing host cells (U_bet al, 1994)- It was suggested et al, 1988) was a generous gift of Guy Poirier, Laval University,
that E2 may usually interact with Bcl-2 on the ER Quebec, Canada.
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Mutagenesis of Bcl-2 and transfection into R6 cells prepare nuclear and cytosolic fractions the following protocol was used.
Substitution of Asp31, Asp34 and Asp36 in murine Bcl-2 (mBcl-2) by  After infection with SFV (m.o.i. 30) of ~&10° R6-Bcl-2 cells for 48 h,
glutamic acids [Bcl-2 (D31E, D34E, D36E)] was carried out by PCR- cells were scraped and centrifuged at 12@0for 8 min at room
based site-directed mutagenesis using tHe pimer GACCCAA- temperature. The pelleted cells were resuspended in PBS and recentri-
GCTTGGTACCGAGCTCGG encompassing tHendlll and Kpnl mul- fuged. The washed cells were resuspended in RSB buffer (100 mM
tiple cloning site of the pcDNA3 vector upstream of the mBcl-2 cDNA  Tris—Cl, pH 7.5, 10 mM NaCl, 1.5 mM MgG), containing the

and the 3 primer CAGGGGCGCCGCCTCCGCTTCTCCAGCTT-  protease inhibitors PMSF (2Q0M), pepstatin (1ug/ml) and aprotinin
CCCACTCGTA (mutated nucleotides are underlined) corresponding to (10 pg/ml), and kept on crushed ice for 30 min. The cells were then
Tyr28 to Leu40 of mBcl-2. The Sprimer contained dlindlll and the passed 10 times through a 26G needle and the cytoplasm was separated
3’ primer aNarl site in order to subclone the PCR-amplified product from the nuclei by centrifugation at 4009 at 4°C for 10 min in a

into mBcl-2pcDNA3. The resulting Bcl-2(D31E, D34E, D36E) cDNA  Heraeus table-top centrifuge. The isolated nuclei were aliquoted and
was purified by CsCl and verified for the correct sequence by dideoxynu- resuspended either in RSB alone or RSB containing 1% NP-40. The
cleotide sequencing (Microsynth, Switzerlandu@ of the mutant Bcl- samples were kept on ice on a rocking platform for 30 min. The untreated
2 cDNA were transfected into subconfluent R6 cells usingud and NP-40-treated nuclei were centrifuged at 49C@ 4°C for 10 min
Superfect™ as described by the manufacturer. G418-selected mixed celland the nuclear pellets as well as their supernatants were subjected to
populations and isolated cell clones were analysed for mutant Bcl-2 anti-Bcl-2 (27-6) immunoblotting as described above.

protein expression by anti-Bcl-2 immunoblotting and high Bcl-2

expressers were used to study Bcl-2 cleavage and death protection in
response to alphavirus infection. Acknowledgements
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Note added in proof

During the reviewing process a paper by Chestgal (1997) was
published, showing that Bcl-2 was cleaved at Asp34 in response to Fas-
induced apoptosis.



