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Schistosomiasis is an infectious disease caused by parasites of the
phylum platyhelminthe. Here, we describe the identification and
characterization of a Bcl-2–regulated apoptosis pathway in Schis-
tosoma japonicum and S. mansoni. Genomic, biochemical, and cell-
based mechanistic studies provide evidence for a tripartite path-
way, similar to that in humans including BH3-only proteins that
are inhibited by prosurvival Bcl-2–like molecules, and Bax/Bak-like
proteins that facilitate mitochondrial outer-membrane permeabi-
lization. Because Bcl-2 proteins have been successfully targeted
with “BH3 mimetic” drugs, particularly in the treatment of cancer,
we investigated whether schistosome apoptosis pathways could
provide targets for future antischistosomal drug discovery efforts.
Accordingly, we showed that a schistosome prosurvival protein,
sjA, binds ABT-737, a well-characterized BH3 mimetic. A crystal
structure of sjA bound to a BH3 peptide provides direct evidence
for the feasibility of developing BH3 mimetics to target Bcl-2 pro-
survival proteins in schistosomes, suggesting an alternative appli-
cation for this class of drugs beyond cancer treatment.

Distinct mechanisms have been described for the intrinsic cell
death pathways in organisms from different phyla, although

all culminate in the activation of caspases, the proteolytic
enzymes that destroy vital intracellular substrates. In vertebrates,
the Bcl-2 protein family regulates apoptosis through a complex
interplay between opposing prosurvival and proapoptotic fac-
tions (1). The prosurvival group, including Bcl-2 itself, Bcl-w,
Bcl-xL, Mcl-1, and A1, protects cells against various cytotoxic
stimuli by binding to proapoptotic family members. The proa-
poptotic faction comprises two subgroups, the Bax/Bak proteins,
which are essential mediators of apoptosis, and the BH3-only
proteins (of which there are eight in humans) that trigger the
apoptotic cascade. Members of the Bcl-2 protein family contain
at least one of four conserved sequence motifs known as Bcl-2
homology domains (BH1–BH4). Interactions between the dif-
ferent factions of the Bcl-2 family are mediated by the BH3
domains of the proapoptotic proteins, which engage a hydro-
phobic groove on the surface of the prosurvival molecules (2–5).
The nematode Bcl-2 pathway is significantly less complex be-

cause there are no Bax/Bak orthologs and only one prosurvival
protein (and one caspase with its specific adaptor) (6–8). In
insects, a prosurvival protein (Buffy) and a Bax/Bak ortholog
(Debcl/dBok) have been described, although the control of the
pathway is dominated by proteins of the inhibitor of apoptosis
(IAP) class that function by inhibiting caspases (9–11). More re-
cently, Bcl-2 proteins in the fresh water polyp Hydra, from the
phylum of cnidaria, have also been described (12, 13). Cnidaria
diverged from the metazoan lineage before the appearance of
bilaterians, although they appear to have a more complex cell
death machinery than either nematodes or insects as putative Bcl-
2 prosurvival as well as putative proapoptotic Bax/Bak and BH3-
only proteins were identified. However, further characterization
of these proteins is required to fully establish their function(s).
Multi–BH-domain Bcl-2 proteins have also been described in the
most ancient metazoans, sponges (phylum Porifera) (14–16), but
their functions are only poorly characterized.

Recently, the genomes of two species of Schistosoma, from the
phylum platyhelminthe, were sequenced (17–19). Platyhelminthes,
like nematodes, are bilateralian protostomes although of the super-
phylum lophotrochozoa (sometimes classified platyzoa) rather
than ecdysozoa, which also includes insects. Schistosomes are the
parasitic flatworms that cause schistosomiasis, one of the most
serious and prevalent diseases in tropical and subtropical regions,
ranking with malaria and tuberculosis as a major source of human
morbidity (20). Widespread use of a single drug, praziquantel, to
treat the disease has led to growing concerns about the devel-
opment of drug-resistant parasites and, hence, there has been
considerable urgency for the identification of new drug targets
within schistosomes. The Bcl-2–regulated apoptotic pathway is
a therapeutic target of interest in the treatment of cancer. Recently,
highly potent small organic compounds (BH3 mimetics) capable of
disrupting protein:protein interactions within the pathway to trig-
ger apoptosis in tumor cells have entered phase I/II clinical trials
(21–23). The availability of these compounds raised the possibility
that the Bcl-2 pathway in infectious pathogens, such as schisto-
somes, could provide unique targets for this class of drugs.
Here, we describe the identification of all of the necessary com-

ponents of an intrinsic cell death pathway in schistosomes. Charac-
terization of the Bcl-2 family members demonstrated the existence
of a tripartite set of regulators similar to that found in humans,
providing further insight into the evolution of the cell death ma-
chinery. Moreover, we show that one of the schistosome prosurvival
Bcl-2 family members can bind a small molecule BH3 mimetic,
opening up a potential avenue for the treatment of schistosomiasis.

Results
Identification of Bcl-2 Relatives in Schistosomes. By mining the an-
notated schistosome genome databases (17–19) using full-length
human Bcl-2 family protein sequences as well as individual Bcl-2-
homology (BH) domains as search parameters, we identified
proteins containing all BH domains (BH1–BH4) in S. japonicum
(e.g., “sjA” and “sjB”) and their homologs (e.g., “smA” and
“smB”) in S. mansoni (Fig. 1A). Proteins containing solely the
BH3 domain (“BH3-only” proteins), as well as downstream
components of the Bcl-2–regulated apoptotic pathway, including
homologs of the caspase activator APAF-1 and caspases them-
selves, were also identified (Fig. 1A and Fig. S1). The presence of
these genes in the schistosome genomes suggested the existence
of a previously unrecognized Bcl-2–regulated apoptotic pathway.
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Biochemical Analysis of Schistosome Bcl-2 Family Proteins. To un-
derstand how cell death might be regulated in schistosomes, we
focused on three proteins in S. japonicum: sjA, sjB, and sjC,
which are closely related in their domain architecture to human
Bcl-2 family members. The presence of multiple BH domains in
sjA and sjB suggested that these might be prosurvival Bcl-2–like
and/or Bax/Bak–like proapoptotic proteins. Phylogenetic analy-
sis using Bcl-2 proteins from diverse organisms clustered sjA with
prosurvival Bcl-2 proteins, whereas sjB was more similar to Bax/
Bak-like molecules (Fig. S2). The single BH3 domain in sjC
clearly indicated it might be a proapoptotic BH3-only protein.
Other family members identified (sjBcl2/2, smBcl2/2) contained
multiple BH domains, but also possessed N- and C-terminal
elaborations that we thought could complicate an initial analysis
of how the pathway is regulated.
Despite attempts with various constructs, we were only able to

produce sjA recombinantly for detailed biochemical analysis.
Interactions between prosurvival and proapoptotic Bcl-2 proteins
are mediated by the BH3 domains within proapoptotic molecules
(1). In binding assays, sjA bound peptides corresponding to the
BH3 domains from sjB and sjC with high affinity, but weakly to
the BH3 sequence of sjA itself (Fig. 1B). In coimmunoprecipita-
tion experiments in which full-length HA-tagged sjA and FLAG-
tagged sjB or sjC were coexpressed in HEK293T cells, sjA en-
gaged both sjB and sjC (Fig. 1C). Based on the behavior of
mammalian prosurvival proteins in similar assays, and consistent
with our phylogenetic analyses, these results suggested that sjA
is a prosurvival Bcl-2–like protein because it can engage the BH3
motif of both a putative BH3-only protein (sjC) and a putative
multi-BH domain proapoptotic Bax/Bak-like protein (sjB) from
schistosomes (1, 24). The binding behavior of sjB together with its
multi-BH domain architecture suggested it was a Bax/Bak-like
protein, again consistent with the phylogenetic analysis.

Cellular Activity of Proapoptotic Schistosome Bcl-2 Family Members.
To determine the function of each protein, we examined the effect
of their enforced expression in mammalian cells. If sjC is a BH3-
only protein, as its sequence and binding activity suggested, it might
be expected to induce apoptosis in cells expressing Bax andBak but

not those in which the corresponding genes are deleted (25). In-
deed, sjC, like the mammalian BH3-only protein Bim, is a potent
killer of wild-type MEFs but not bax−/−bak−/− cells (Fig. 2A).
Mutations of conserved BH3 domain residues in sjC abrogated its
cell-killing activity (Fig. 2B), indicating that this is the critical
functional domain, as in mammalian BH3-only proteins (1, 24).
In contrast, significant suppression of colony formation in both

wild-type and bax−/−bak−/− MEFs was observed after enforced
expression of sjB (Fig. 2A), as occurs when Bax or Bak is over-
expressed in such cells, providing evidence that sjB is a Bax/Bax-
like protein. This activity of sjB also appeared to be mediated by
its BH3 domain as mutations of conserved residues within this
region abrogated its cell-killing activity (Fig. 2C). Moreover, re-
constitution of bax−/−bak−/−MEFs with sjB enabled the release of
cytochrome c from mitochondria upon addition of a Bim BH3
peptide to permeabilized cells (Fig. 2D and Fig. S3). Because
cytochrome c release is a hallmark of the activation of the Bcl-2–
regulated apoptotic pathway, particularly in mammals, these data
further suggest that sjB may function like a Bax/Bak-like protein.

Reconstitution of the Schistosome Bcl-2–Regulated Apoptotic Pathway.
Enforced expression of sjA alone had no discernable effect in any
cell type tested (Fig. 2A), therefore we could not conclusively
establish its prosurvival function suggested by its binding behavior.
However, stable expression of sjA in wild-type MEFs significantly
inhibited sjC-mediated cell death (Fig. 3A), demonstrating its
prosurvival activity. Some rescue of BimS and BimSPumaBH3-
mediated killing was also observed (Fig. 3A). Moreover, sup-
pression of colony formation by sjB expression in bax−/−bak−/−

MEFs was inhibited by sjA (Fig. 3B), whereas coexpression of
BimS together with sjB enhanced the suppression of colony for-
mation, as did coexpression of sjC with sjB, albeit to a lesser extent
(Fig. 3C). Unlike Bcl-xL or Mcl-1, sjA was unable to inhibit apo-
ptosis in response to experimentally applied cytotoxic stressors,
such as UV irradiation (Fig. 3D). Most likely this outcome was due
to the relatively inefficient binding of sjA to the mammalian BH3-
only proteins (e.g., Noxa) (see below) that are the critical initiators
for these apoptotic stimuli (26). Collectively, these results reveal
the existence of a tripartite Bcl-2–regulated apoptotic pathway
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in schistosomes similar to that observed for mammals whereby a
prosurvival protein, sjA, promotes cell survival by engaging both
Bax/Bak-like (sjB) and/or BH3-only proteins (sjC) via their BH3
domains (Fig. 3E).

Schistosome Prosurvival Protein, sjA, Binds the BH3-Mimetic ABT-737.
Our discovery of a Bcl-2–regulated apoptotic pathway in schisto-
somes suggested that drugs that mimic BH3-only proteins (BH3
mimetics) (21–23) might be useful for killing schistosomes by
triggering their intrinsic apoptotic pathway. Such BH3 mimetics
have recently attracted significant attention as potential anticancer
therapeutics (21), but have not been considered as anti-infectives.
Because BH3 mimetics function by engaging prosurvival proteins,
we examined the ability of ABT-737 (the best characterized BH3
mimetic to date) to bind to sjA. Indeed, ABT-737 binds sjA with
moderate affinity (IC50 170 nM), whereas a closely related analog,
W1191542 (27), binds significantly weaker (IC50 5 μM), suggesting
a highly specific interaction (Fig. 4A).
Cells deficient for Mcl-1 (mcl-1−/− MEFs) are highly sensitive

(EC50 ≈ 80 nM) to ABT-737. Significantly, overexpression of sjA
in mcl-1−/− MEFs leads to significant resistance to ABT-737,
similar to when either Bcl-xL or Mcl-1 are overexpressed (Fig.
4B). This inhibition could be a result of sjA binding to Bax and
Bak, which we observe in coimmunoprecipitation experiments
(Fig. S4) and to isolated Bax/Bak BH3 peptides (Fig. 5B). Al-
ternatively, sjA might be sequestering the drug within the cells
although this possibility appears less likely given the moderate
affinity of sjA for ABT-737 (Fig. 4A).
Experiments examining the effect of ABT-737 treatment on

adult schistosomes in culture have provided variable results thus
far, although in several experiments accelerated parasite death
has been observed (at 20 μM) compared with parasites treated
with the closely related, weaker binding analog W1191542 (27).

It is likely that the moderate affinity of ABT-737 for sjA (IC50
170 nM) compared with the very high affinity (≈1 nM) of ABT-
737 for human prosurvival Bcl-2–like proteins (22) accounts for
the inconsistent activity. We suspect that ABT-737 binding to sjA
is beyond the threshold affinity required to trigger death, hence
higher affinity compounds are required if BH3 mimetics are to
be pursued as antiparasitic agents.

sjA Adopts the Bcl-2 Protein Fold. To provide a basis for such future
drug development efforts, an X-ray crystal structure (2.6 Å) of
sjA complexed with a Bak BH3 domain peptide was determined
(Fig. 5A, Fig. S5A, and Table S1). This structure demonstrated
that sjA adopts a typical Bcl-2 protein fold, with the BakBH3
peptide binding into the hydrophobic groove of sjA, analogous to
BakBH3 binding to Bcl-xL (Fig. 5A) (4). The four signature hy-
drophobic residues of the Bak BH3 domain are buried within
the groove (Fig. S5B), as in all previously determined BH3:pro-
survival protein complexes (2–5, 27), and a salt bridge between
a critical aspartyl residue on the peptide and an arginyl residue
on the BH1 domain of the prosurvival protein, is also evident
(Fig. S5C). Hence, this structure unambiguously reveals that sjA
is a Bcl-2 family protein and provides a framework for rational
drug design efforts, much as the Bcl-xL:BakBH3 complex struc-
ture served as a framework for the development of ABT-737 (22).

Schistosome Prosurvival Protein, sjA, Has a Unique BH3 Domain
Binding Profile. For BH3 mimetics to be maximally useful as anti-
infectives, they must be able to target parasite prosurvival pro-
tein(s) without significant cross-reactivity with the human Bcl-2
counterparts. To address this issue, we examined the ability of sjA
to bind a panel of mammalian BH3 domains (Fig. 5B). A com-
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plementary experiment measuring mammalian prosurvival protein
binding to schistosome BH3 domains was also performed (Fig.
5C). Collectively, these results show that sjA exhibits a unique
BH3-binding profile compared with human prosurvival proteins
(28). Hence, its BH3 ligand-binding groove is sufficiently different
from that of mammalian prosurvival Bcl-2 proteins to potentially
allow for its selective targeting.

Discussion
The recently published genomes of S. mansoni and S. japonicum
provide an invaluable resource for the identification of new targets
for development of antischistosomal drugs (17–19). No previous
analysis of a schistosome Bcl-2–regulated apoptotic pathway, be-
yond characterization of a putative caspase inhibitor (IAP) has been
reported (29), although the recent description of Bcl-2 proteins in
evolutionarily related nonparasitic Platyhelminthes (planarians)
(30) suggested that similar pathways could exist in schistosomes.
Here, we showed that schistosomes possess all necessary compo-
nents of an intrinsic (Bcl-2 regulated) cell death machinery. By fo-
cusing on the Bcl-2 proteins, we demonstrated that the pathway is
similar to that in humans, consisting of a tripartite cassette archi-
tecture: BH3-only proapoptotic proteins, multi-BH domain pro-
survival proteins, and multi-BH domain proapoptotic Bax/Bak-like
proteins (1). Although our functional characterization involved
expression of the various proteins in mammalian cells, we were able
to exploit genetically modified cell lines to provide compelling ev-
idence for how the pathway is structured. In particular, the ability
of sjB to significantly reduce the clonogenic potential of MEFs
deficient in bax and bak indicates its function as a Bax/Bak-like
protein. Moreover, bax−/−bak−/− cells stably expressing sjB, unlike
the parental cells, release cytochrome c from their mitochondria in
response to treatment with a BH3 peptide. Because outer mito-
chondrial membrane permeabilization, and concomitant release of
cytochrome c (and other apoptogenic factors), are the critical func-
tions of Bax/Bak in the apoptotic program (31), these data provide
unequivocal evidence for the Bax/Bak-like function of sjB. Impor-
tantly, this activity could be inhibited by sjA, and this inhibition could,
in turn, be derepressed by BH3-only proteins, (e.g., Bim or sjC).
Hence, we were able to reconstitute the entire pathway, as occurs
in mammalian Bcl-2 regulated apoptosis. This structure we propose
for the schistosome pathway is supported by biochemical data show-
ing prosurvival and proapoptotic members bind one another with

nanomolar affinity, similar to that observed for pro- andantiapoptotic
Bcl-2 familymembers in the human pathway (28), and agrees entirely
with functional predictions based on phylogenetic analysis of the
protein sequences (at least for sjA and sjB). Finally, the sjA:BakBH3
crystal structure provides definitive evidence that sjA exerts its pro-
survival function in exactly the same manner as mammalian (and
indeed nematode) prosurvival proteins by engaging BH3 sequences
within a well-defined ligand binding groove (2–5, 32).
In addition to the proteins characterized here, other Bcl-2–

related proteins (based on sequence similarity) we identified in
S. japonicum and S. mansoni (Fig. S1) likely participate in this
pathway and probably provide some functional redundancy, as
occurs in human apoptosis pathways. Phylogenetic analysis sug-
gests that at least one of these proteins (sj/smBcl-2/1) might be
a prosurvival molecule while another (sj/smBcl-2/2) is likely a Bax/
Bak-like protein, although further study will be required to confirm
these functions. Regardless, the pathway in schistosomes is more
complex than that observed in nematodes, further supporting the
growing evidence that nematodes (and insects)maybe evolutionary
outliers with a divergent Bcl-2–regulated pathway. A similar com-
plex pathway architecture was recently proposed forHydra (12, 13),
belonging to an even more ancient phylum (cnidaria) than platy-
helminthes. That pathway, however, was not fully reconstituted as
we have done here with schistosome Bcl-2 family members, and
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Fig. 4. sjA binds to ABT-737. (A) Binding affinity of sjA for ABT-737 or the
structurally related compound W1191542 (27). Values represent IC50 in
nanomolars (SD, n = 3). ND, not determined. (B) Overexpression of sjA inmcl-
1−/− MEFs inhibited cell death mediated by ABT-737, similar to that observed
with Bcl-xL and Mcl-1 overexpression.
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functional experiments with proposed Bax/Bak-like proteins were
performed by using cells expressing mammalian Bax/Bak proteins
and, hence, could be open to interpretation. Regardless, even cni-
daria seem to bemore closely related to mammals than nematodes
based solely on the number of Bcl-2–related proteins identified.
One of our motivations for identifying a cell death pathway in

schistosomes was to uncover potential new drug targets for the
treatment of schistosomiasis. By demonstrating that sjA can en-
gage the BH3 mimetic drug ABT-737, we provide some proof-
of-principle that molecules of this class could be considered as
a basis for the development of novel anti-infectives, although
clearly compounds with a higher affinity for the schistosome
prosurvival protein(s) will be required to explore this avenue
further. Such compounds should be capable of inducing apoptosis
in those cells critical for parasite survival. Although we focused on
schistosomes in this study, other disease-causing metazoan para-
sites, including other parasitic flatworms and nematodes, could
also be considered for such therapeutic approaches based on BH3
mimetics, provided that they rely on the Bcl-2–regulated apo-
ptotic pathway for their survival and development.

Materials and Methods
Identification of Schistosome Bcl-2 Proteins. Schistosome Bcl-2–related pro-
teins were identified by using BLAST (33) to search GenBank as well as the
SchistoDB (19) using full-length Bcl-2 prosurvival proteins and individual Bcl-
2 homology domains as search sequences. Schistosome APAF-1 and caspases
were identified by using human homologs as search sequences.

Protein Expression and Purification. For recombinant sjA production, a syn-
thetic gene, codon optimized for expression in Escherichia coli was obtained
from Genscript. A C-terminally deleted construct (ΔC41) of sjA with N-
terminal hexahistidine tag was expressed in E. coli. The protein was purified
by nickel-affinity chromatography followed by gel-filtration chromatography

on a Superdex 75 (16/60) column. Human Bcl-2 proteins for SPR studies were
expressed and purified as described (2, 28, 34).

Binding Assays. Binding affinities were measured by solution competition
assays by using the Biacore 3000, as described (35).

Coimmunoprecipitation and Western blotting. Expression constructs for FLAG-
tagged sjB and sjC were cotransfected with constructs encoding HA-tagged
sjA into HEK293T cells by using Lipofectamine (Invitrogen). Cell lysates were
prepared in lysis buffer [20 mM Tris at pH 7.4, 135 mM NaCl, 1.5 mM MgCl2,
1 mM EDTA, 10% (vol/vol) glycerol] containing 1% (vol/vol) Triton X-100 and
supplemented with protease inhibitors (Roche). FLAG-tagged proteins were
immunoprecipitated and associated HA-tagged proteins were detected as
described (36). Whole-cell lysates (WCL) were probed with anti-FLAG, anti-
HA, and anti-actin (loading control) antibodies. HRP-conjugated anti-rat Ig
(SouthernBiotech) was used as the secondary antibody throughout.

Cytochrome c Release Assays. Cytochrome c release assays were performed
on sjB expressing MEFs as described (34).

Other Methods. Details of the phylogenetic analysis, cell killing assays, and
structural determination are provided with SI Materials and Methods.
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