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Demonstrating in vivo interaction of two important biomolecules
and the relevance of the interaction to a biological process have
been difficult issues in biomedical research. Here, we report the use
of a homology modeling approach to establish the significance of
protein interactions in governing the activation of programmed
cell death in Caenorhabditis elegans. A protein interaction cascade
has been postulated to mediate activation of cell death in nema-
todes, in which the BH3-domain-containing (Bcl-2 homology region
3) protein EGL-1 binds the cell-death inhibitor CED-9 and induces
release of the death-activating protein CED-4 from inhibitory
CED-4yCED-9 complexes. We show here that an unusual gain-of-
function mutation in ced-9 (substitution of glycine 169 to gluta-
mate) that results in potent inhibition of most nematode cell
deaths impairs the binding of EGL-1 to CED-9 and EGL-1-induced
release of CED-4 from CED-4yCED-9 complexes. Based on a mod-
eled EGL-1yCED-9 complex structure, we generated second-site
compensatory mutations in EGL-1 that partially restore the binding
of EGL-1 to CED-9(G169E) and EGL-1-induced release of CED-4 from
CED-4yCED-9(G169E) complexes. Importantly, these mutations also
significantly suppress the death-protective activity of CED-
9(G169E) in vivo. These results establish that direct physical inter-
action between EGL-1 and CED-9 is essential for the release of
CED-4 and the activation of cell death. The structure-based design
of second-site suppressors via homology modeling should be
widely applicable for probing important molecular interactions
that are implicated in fundamental biological processes.

Programmed cell death is a tightly regulated cellular process
crucial for metazoan development and homeostasis (1, 2).

Improper regulation of programmed cell death can lead to a
variety of diseases, including cancer and degenerative disorders
(3). Genetic analysis of programmed cell death in Caenorhabditis
elegans has identified four genes whose activities are essential for
proper activation and execution of programmed cell death (4).
Three of them promote cell death (ced-3, ced-4, and egl-1), and
the fourth, ced-9, protects against cell death (5–7). Importantly,
these genes encode proteins that share significant sequence and
functional homology with mammalian cell death regulators.
EGL-1 is similar to BH3-only pro-apoptotic proteins (7, 8),
CED-3 is a member of the aspartate-specific cysteine protease
family (caspases) (9, 10), CED-4 is similar to one of the apoptotic
protease-activating factors (Apaf-1) (11, 12), and CED-9 is a
member of a family of anti-apoptotic proteins first defined by the
mammalian Bcl-2 protein (8, 13, 14). Some of the C. elegans
proteins and their mammalian homologues have been shown to
be functionally interchangeable (4), indicating that the cell death
pathway is evolutionarily conserved.

Bcl-2 was first identified as an inhibitor of apoptosis by virtue
of its ability to protect against lymphocyte cell death (14–16).
Subsequently, a family of Bcl-2-related proteins, which have at
least one of the four conserved BH domains, was identified (8,
14), some of which (e.g., Bak and EGL-1) are pro-apoptotic,
whereas others (e.g., Bcl-2 and CED-9) are anti-apoptotic.
Several biochemical properties have been associated with Bcl-2

family proteins, including the ability to localize to outer mem-
branes of mitochondria and nuclei and membranes of endoplas-
mic reticulum, to form heterodimers with other family members,
and to form ion-conducting channels in synthetic membranes
(reviewed in ref. 17). However, the precise functions associated
with each biochemical property remain poorly understood,
especially the function of heterodimerization between Bcl-2-like
proteins and proteins bearing an amphipathic helical BH3
domain (17). Study of the biochemical functions of EGL-1 and
CED-9, the invertebrate prototypes of BH3-only proteins and
Bcl-2-like proteins, may provide important insights into this
fundamental question.

In C. elegans, CED-9 localizes to mitochondria and is capable
of interacting with both EGL-1 and CED-4 in various in vitro
protein interaction assays (18 and reviewed in ref. 19). CED-4
colocalizes with CED-9 at mitochondria in living cells but
translocates to nuclear membranes in cells induced to die by
overexpression of EGL-1, suggesting that CED-9 and CED-4
may physically associate at mitochondria in vivo and that EGL-1
may cause cell death by releasing CED-4 from CED-4yCED-9
complexes (18). These observations lead to a protein interaction
cascade model in which binding of EGL-1 to CED-9 induces
release of CED-4 from mitochondria-localized CED-4yCED-9
complexes and subsequent translocation of CED-4 to nuclear
membranes. Intriguingly, translocation of CED-4 to nuclear
membranes is blocked by an unusual gain-of-function mutation
(n1950) in the ced-9 gene that potently inhibits almost all
programmed cell deaths in C. elegans and is a result of substi-
tution of glycine 169 with glutamate in the BH1 domain of
CED-9 (18, 20). This finding suggests that CED-9(G169E) either
is unable to interact with EGL-1 or is unable to release CED-4.
However, no difference has been detected between the interac-
tions of EGL-1 with CED-9 or CED-9(G169E) by in vitro protein
interaction assays (18). This result raises important questions
regarding whether EGL-1 interacts directly with CED-9 in vivo
or indirectly through an intermediate protein to release CED-4
and the mechanistic basis of n1950 in blocking the translocation
of CED-4 from mitochondria to nuclear membranes.

In this report, we carried out biochemical analyses to dem-
onstrate that the ced-9(n1950) mutation blocks release of CED-4
from CED-4yCED-9 complexes by impairing the binding of
EGL-1 to CED-9, providing a mechanistic explanation for the
function of the ced-9(n1950) mutation. Furthermore, using
homology modeling, we constructed a modeled structure of the
EGL-1yCED-9 complex and used it to design and generate
second-site compensatory mutations in EGL-1 that suppress the
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activities of CED-9(G169E) both in vitro and in vivo, providing
convincing evidence that EGL-1 and CED-9 interact physically
in C. elegans and that such interaction is essential for activating
cell death in nematodes.

Materials and Methods
Plasmid Construction. We used standard methods of molecular
biology to generate various EGL-1, CED-9, and CED-4 con-
structs and their mutant derivatives (21).

Protein Purification. Glutathione S-transferase (GST)-CED-4 was
expressed in Escherichia coli XA-90 cells and purified by gluta-
thione affinity chromatography as instructed by the manufac-
turer (Amersham Pharmacia). His-tagged CED-9 proteins were
expressed in E. coli BL21(DE3)pLysS cells and purified by
Ni-NTA affinity chromatography as directed by the supplier
(Qiagen). GST-CED-4 and His6CED-9(68–251) or His6CED-
9(68–251; G169E) were coexpressed in BL21(DE3)pLysS
cells and copurified by either glutathione or Ni-NTA affinity
chromatography. EGL-1 proteins were expressed in
BL21(DE3)pLysS and purified from inclusion bodies using the
method for purification of UNC-86 (22). EGL-1 proteins pre-
pared using this procedure are about 90% pure.

Electrophoretic Mobility-Shift Assays. Purified CED-9 was incu-
bated with purified EGL-1 in CED-3 buffer (23) containing 2.5
mM DTTy0.01% Nonidet P-40y10% glycerol at room temper-
ature (unless otherwise indicated) for 30 min, resolved on 6%
native polyacrylamide gels (PAGE) containing 0.01% Nonidet
P-40 at 4°C, and then transferred to nitrocellulose membrane for
Western blotting and ECL detection (Amersham Pharmacia).
Nonidet P-40 was added to binding reactions where indicated.

CED-4 Release Assays. GST-CED-4yHis6CED-9(68–251) com-
plexes (wild type or G169E) were purified and immobilized on
glutathione-Sepharose beads, and 500 ng of EGL-1 protein was

added to the immobilized protein complexes in the presence of
0.25% Nonidet P-40. Supernatants were collected after 30 min
at room temperature and resolved by native PAGE. The EGL-
1yCED-9 complexes released were detected by Western blot
analysis using anti-His6 antibodies. Alternatively, protein com-
plexes were eluted from glutathione-Sepharose with 20 mM
reduced glutathione, immobilized on Ni-NTA agarose, and
subsequently incubated with 500 ng of EGL-1 protein as de-
scribed above. Supernatants were analyzed by SDS-PAGE, and
the release of GST-CED-4 was detected by Western blotting
using anti-GST antibodies.

Structural Modeling. Homology modeling of the structure of the
CED-9yEGL-1 BH3 domain complex was performed with the
SWISS-MODEL package (24) using the published structure of
the Bcl-xLyBak BH3 domain complex as a template (25). The
modeled CED-9yEGL-1 structure was further evaluated by
packing density analysis and residue profiling using SWISS-
MODEL and judged to be reasonable.

Results and Discussion
The G169E Substitution in CED-9 Impairs the Binding of EGL-1 to CED-9
but Does Not Affect Association of CED-9 with CED-4. Because the
n1950 mutation in CED-9 alters a highly conserved residue
(Gly-169) in the BH1 domain, which has been implicated in
mediating protein interactions (26), we investigated whether this
mutation affects the binding of EGL-1 to CED-9 or formation
of CED-4yCED-9 complexes. Using deletion analysis and lim-
ited protease digestion analysis, we identified a core domain of
CED-9 (amino acids 68 to 251) that is sufficient to mediate
interactions of CED-9 with both EGL-1 and CED-4 (Figs. 1A
and 2A, and data not shown). This core domain is also sufficient
to confer the gain-of-function phenotype associated with CED-9
(G169E) (ref. 27 and data not shown). This protease-resistant
core (68–251) was thus used for the in vitro protein interaction
assays described below. Using electrophoretic mobility-shift

Fig. 1. Characterization of interactions between EGL-1 and CED-9 proteins. (A) CED-9(68–251) is sufficient to bind EGL-1. Purified His10CED-9(1–251) or
His6CED-9(68–251) (1.5 mg each) was incubated with the indicated amount of EGL-1 and subjected to native PAGE followed by Coomassie blue staining. (B) The
G169E substitution in CED-9 impairs the binding of EGL-1 to CED-9. Purified His6CED-9(68–251) or His6CED-9(68–251; G169E) (500 ng each) was incubated with
increasing concentrations of purified EGL-1 and then subjected to native PAGE and Western blotting analysis using anti-His6 antibodies. The amounts of bound
and unbound CED-9 were quantified using ImageQuant software (Molecular Dynamics). The percentage of CED-9 in complex with EGL-1 is displayed as a function
of the amount of EGL-1 used in the binding reactions. (C) Formation of CED-9(G169E)yEGL-1 complexes but not CED-9yEGL-1 complexes is sensitive to the
concentration of the non-ionic detergent Nonidet P-40. Binding reactions were carried out as described (B) using 500 ng of CED-9 and EGL-1 proteins in the
presence of the indicated amount of Nonidet P-40. (D) Interactions between CED-9 and mutant EGL-1 proteins. Wild-type or mutant EGL-1 proteins (250 ng each)
were incubated with 500 ng of the indicated CED-9 proteins in the presence or absence of 0.25% Nonidet P-40, and the assays were carried out as described (B).
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assays, which resolve proteins or protein complexes by native
PAGE, we found that the G169E substitution in CED-9 reduced
the binding affinity of EGL-1 for CED-9 by about 4-fold in the
absence of nonionic detergent (Fig, 1B). In the presence of
nonionic detergent (0.1% or more Nonidet P-40), the affinity of
EGL-1 for CED-9(68–251; G169E) was further reduced,
whereas the binding of EGL-1 to CED-9(68–251) was unaf-
fected (Fig. 1C). These results suggest that the G169E mutation
impairs the binding of EGL-1 to CED-9. The observation that
nonionic detergent destabilizes binding of EGL-1 to CED-9(68–
251; G169E) but not CED-9(68–251) may have significant
implications regarding the interaction of EGL-1 and CED-9 in
vivo. Both EGL-1 and CED-9 may localize at, or insert into,
membrane-bound organelles such as mitochondria (18) in a
fashion analogous to their mammalian counterparts, Bid and
Bcl-xL, both of which contain structural motifs similar to those
of the membrane translocation domains of bacterial toxins, such
as diphtheria toxin (28–32).

We found that the G169E substitution in CED-9 did not seem
to affect the binding of CED-4 to CED-9 based on two different
experiments. First, in GST-fusion protein pull-down experi-
ments, GST-CED-4 bound CED-9(68–251) and CED-9(68–251;
G169E) with comparable affinities (Fig. 2 A, lanes 3 and 4).
Similar results were obtained when different concentrations of
CED-9 proteins (wild type or G169E) were incubated with
GST-CED-4 or when a different CED-4 fusion protein (CED-
4-FLAG) was used in pull-down experiments using anti-FLAG
affinity chromatography (data not shown). Second, when we
coexpressed GST-CED-4 with CED-9(68–251) or CED-9(68–
251; G169E) in bacteria, we found that both CED-9(68–251) and
CED-9(68–251; G169E) copurified with GST-CED-4 in approx-
imate 1:1 ratios, further indicating that the G169E substitution
does not affect binding of CED-4 to CED-9 (Fig. 2B, lanes 4
and 5).

EGL-1 Induces Release of CED-4 from CED-9yCED-4 Complexes but Not
from CED-9(G169E)yCED-4 Complexes. We next tested whether the
reduced binding of EGL-1 to CED-9(G169E) affected release of
CED-4 from CED-4yCED-9(G169E) complexes. We examined
this process using two different assays. In the first assay, we
monitored EGL-1-induced release of GST-CED-4 from GST-
CED-4yHis6CED-9(68–251) or GST-CED-4yHis6CED-9(68–
251; G169E) complexes immobilized on Ni-NTA beads that
bound the six-histidine tag of the CED-9 proteins. We found that
GST-CED-4 was released from GST-CED-4yHis6CED-9(68–
251) complexes but not from GST-CED-4yHis6CED-9(68–251;
G169E) complexes by addition of EGL-1 (Fig. 2C, lanes 2 and
8). In the second assay, we analyzed both the release of CED-9
from GST-CED-4yCED-9 complexes immobilized on glutathi-
one-Sepharose beads, which bound GST-CED-4 and the forma-
tion of EGL-1yCED-9 complexes using the electrophoretic
mobility-shift assay. As shown in Fig. 2D (lanes 3 and 10), upon
addition of EGL-1, His6CED-9(68–251) was released from
GST-CED-4yHis6CED-9(68–251) complexes, and new EGL-1y
His6CED-9(68–281) complexes were formed, indicative of the
displacement of CED-4 from CED-4yCED-9 complexes by
EGL-1. In contrast, release of His6CED-9(68–251; G169E) from
GST-CED-4yHis6CED-9(68–251; G169E) complexes was unde-
tectable. Taken together, these results suggest that the G169E
substitution in CED-9 impairs the binding of EGL-1 to CED-9
and the ability of EGL-1 to release CED-4 from CED-4yCED-9
complexes, resulting in enhanced death-protective activity of
CED-9(G169E) in C. elegans. This finding provides a mecha-
nistic explanation for the interesting observation that the n1950
mutation blocks the translocation of CED-4 from mitochondria
to nuclear membranes induced by expression of EGL-1 (18).
Furthermore, our ability to reconstitute the early death-
activation events (EGL-1-mediated release of CED-4) in vitro

Fig. 2. Interactions of CED-9 with CED-4 and EGL-1-induced release of CED-4
from CED-4yCED-9 complexes. (A) His6CED-9(68–251; G169E) binds GST-CED-4
as well as His6CED-9(68–251). Purified CED-9 proteins (2.5 mg) were incubated
with an equivalent amount of GST-CED-4 or GST-Sxl immobilized on gluta-
thione-Sepharose beads. Protein complexes were washed three times with
CED-3 buffer (23) containing 0.01% Triton X-100 and subjected to SDS-PAGE
followed by Coomassie Blue staining. The CED-9 proteins pulled down by
GST-CED-4 are indicated with asterisks (lanes 2–4). (B) CED-4 copurifies with
CED-9 proteins in 1:1 ratios. GST-CED-4 and His6CED-9(68–251) or His6CED-
9(68–251; G169E) were expressed alone or were coexpressed in E. coli and
purified using affinity chromatography. (C) EGL-1 releases CED-4 from CED-
4yCED-9 complexes. Five-hundred nanograms of wild-type or mutant EGL-1
was added to approximately 1 mg of purified GST-CED-4yHis6CED-9(68–251) or
GST-CED-4yHis6CED-9(68–251; G169E) complexes immobilized on Ni-NTA
beads, and the resulting supernatants were subjected to SDS-PAGE and West-
ern blot analysis using anti-GST antibodies to assess the amount of GST-CED-4
released. As positive controls, 1 M NaCl and 1% Nonidet P-40 were used to
disassociate GST-CED-4 from GST-CED-4yCED-9 complexes. (D) EGL-1 displaces
CED-4 from CED-4yCED-9 complexes. Five-hundred nanograms of wild-type or
mutant EGL-1 was added to approximately 1 mg of purified GST-CED-4y
His6CED-9(68–251) or GST-CED-4yHis6CED-9(68–251; G169E) complexes im-
mobilized on glutathione-Sepharose beads, and the resulting supernatants
were subjected to native PAGE and Western blot analysis using anti-His6

antibodies to visualize the amount of EGL-1yCED-9 complexes released. In
lanes 1 and 8, purified CED-9 (250 ng) was loaded as a control for free CED-9
species. EGL-1yCED-9 complexes containing EGL-1(D63R), EGL-1(D64A), or
EGL-1(D64G) migrate slower than complexes with wild-type EGL-1 as a result
of loss of a negatively charged Asp residue.
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using purified recombinant proteins strongly suggests that the
proposed protein interactions are direct.

Homology Modeling of the CED-9yEGL-1 Complex Structure and Struc-
ture-Based Design of Second-Site Suppressors of the ced-9(n1950)
Mutation. To understand the structural basis of the effect of the
G169E substitution on the binding of EGL-1 to CED-9, we
carried out homology modeling of the structure of the complex
between the EGL-1 BH3 domain and CED-9 based on the
published structure of the complex between Bcl-xL, a CED-9
homologue, and a 16-amino acid BH3 domain peptide from the
pro-apoptotic protein Bak (25). In this modeled structure,
Gly-169 of CED-9 sits at the base of a hydrophobic cleft formed
by the BH1, BH2, and BH3 domains of CED-9 and may be in
close contact with one or more of four residues (Asp-63, Asp-64,
Phe-65, and Asp-66) at the carboxyl terminus of the BH3 domain
of EGL-1 (Fig. 3A). Substitution of glutamate for Gly-169 may
destabilize the interaction between EGL-1 and CED-9 by two

possible mechanisms. First, the negatively charged glutamate in
CED-9(G169E) may electrostatically repulse one or more of the
three negatively charged residues in the BH3 domain of EGL-1
(Asp-63, Asp-64, and Asp-66). Alternatively, the bulkier gluta-
mate side chain may block the access of the BH3 domain of
EGL-1 to the hydrophobic binding pocket in CED-9. To distin-
guish between these two possibilities, we attempted to make
compensatory second-site mutations in EGL-1 that might alle-
viate either the electrostatic repulsion (D63R, D64RD66R, or
D63ND64ND66N) or steric hindrance (D64G or D64A) caused
by the G169E substitution in CED-9. We found that none of the
EGL-1 proteins carrying the first set of mutations (D63R,
D64RD66R, or D63ND64ND66N) bound CED-9(68–251;
G169E) (Fig. 1D). These mutations also affect the binding of
EGL-1 to CED-9(68–251); the binding affinity of EGL-1(D63R)
or EGL-1(D63ND64ND66N) for CED-9(68–251) was partially
reduced, and the binding of EGL-1(D64RD66R) to CED-9(68–
251) was totally abolished (Fig. 1D). In contrast, both EGL-1
mutant proteins of the second class (D64G or D64A), while
binding CED-9(68–251) as well as EGL-1, bound CED-9(68–
251; G169E) significantly better than EGL-1 and formed stable
complexes that are not sensitive to treatment with Nonidet P-40
(Fig. 1D). These results suggest that steric hindrance caused by
the G169E substitution in CED-9 can partially account for the
reduced binding of EGL-1 to CED-9(68–251; G169E), but they
do not rule out the possibility that electrostatic repulsion may
still play a role in destabilizing the interaction of EGL-1 with
CED-9(68–251; G169E).

Consistent with the hypothesis that the binding of EGL-1 to
CED-9 is important for the release of CED-4 from CED-4y
CED-9 complexes, none of the EGL-1 proteins carrying the first
set of mutations was capable of promoting release of CED-4
from CED-4yCED-9(68–251; G169E) complexes, whereas both
EGL-1(D64G) and EGL-1(D64A) were able to displace a
significant amount of CED-4 from CED-4yCED-9(68–251;
G169E) complexes by forming new complexes with CED-9(68–
251; G169E) (Fig. 2C, lanes 7–12; Fig. 2D, lanes 8–14). Rein-
forcing this conclusion, EGL-1 mutants that retained the ability
to bind CED-9 (D63R, D64A, or D64G) were also able to release
CED-4 from CED-4yCED-9(68–251) complexes, whereas EGL-
1(D64RD66R), which did not bind CED-9, failed to release
CED-4 (Fig. 1D; Fig. 2C, lanes 3–6; Fig. 2D, lanes 4–7).

Second-Site Mutations in EGL-1 Suppress the ced-9(n1950) Mutation in
Vivo. We next examined whether the ability of EGL-1 to bind
CED-9 and to release CED-4 from CED-4yCED-9 complexes in
vitro correlates with its ability to induce cell death in nematodes.
Briefly, we generated transgenic nematodes expressing either
wild-type or mutant EGL-1 proteins under the control of C.
elegans heat-shock promoters or the endogenous egl-1 promoter.
We then determined the extent of cell killing induced by
expression of these proteins by counting the number of cell
corpses generated in embryos of transgenic animals (7). The
transgenes were introduced into ced-1(e1735); egl-1(n3082) an-
imals to test for rescue of the egl-1(n3082) loss-of-function
phenotype and ced-1(e1735); ced-9(n1950) animals to test for
cell killing in the ced-9(n1950) background (the ced-1 mutation
results in a persistent cell corpse phenotype, facilitating the
scoring of cells that have undergone programmed cell death; ref.
33). When examined at 20°C, late-stage embryos of ced-1(e1735),
ced-1(e1735); egl-1(n3082), and ced-1(e1735); ced-9(n1950) an-
imals have an average of 31, 0.2, and 3.3 cell corpses, respectively,
indicating that in the absence of EGL-1 or in the presence of
CED-9(G169E) very few cell deaths occur (Table 1). Heat
shock-induced expression of the wild-type EGL-1 protein re-
stored cell killing and resulted in an average of around 40 cell
corpses in ced-1(e1735); egl-1(n3082) animals but failed to
induce any additional cell death in ced-1(e1735); ced-9(n1950)

Fig. 3. Modeled structure of the complex between the BH3 domain of EGL-1
and CED-9. (A) Ribbon stereodrawing of the modeled complex. Backbones of
CED-9 and EGL-1 (BH3 domain) are shown in green and magenta, respectively.
Potentially critical interface residues are depicted with colored sticks: Y168
(yellow), G169 (red), and R170 (blue) in CED-9 and D63, D64, and D66 (all in
red) in EGL-1. The dashed Glu residue at the position of G169 in CED-9 indicates
the gain-of-function mutation in CED-9. (B) Sequence alignments between
the BH3 domains of EGL-1 and human Bak and between CED-9 and Bcl-xL. The
sequence alignment between CED-9 and Bcl-xL was optimized using the
SWISS-MODEL program (24). The previously defined seven a-helices (H1–H7)
in Bcl-xL are indicated with green bars (25).
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animals (Table 1). In contrast, expression of the EGL-
1(D64RD66R) protein, which could not bind either CED-9 or
CED-9(G169E), did not induce any additional cell death in
either of the mutant animals (Fig. 1D and Table 1). Further-
more, expression of either EGL-1(D63R) or EGL-
1(D63ND64ND66N), both of which bind CED-9 but not
CED-9(G169E), induced robust cell killing in ced-1(e1735);
egl-1(n3082) animals but did not cause any additional cell death
in ced-1(e1735); ced-9(n1950) animals (Fig. 1D and Table 1).
These results provide further support for the hypothesis that the
binding of EGL-1 to CED-9 is important for its cell-killing
activity.

Interestingly, when EGL-1(D64A) or EGL-1(D64G) proteins,
which bind CED-9(G169E) significantly better than EGL-1 and
bind CED-9 as well as EGL-1, were expressed under the control
of heat-shock promoters, we observed inconsistent cell killing in
both ced-1(e1735); egl-1(n3082) and ced-1(e1735); ced-9(n1950)
animals, ranging from robust cell killing to no cell killing (data
not shown). One possible explanation for this inconsistency in
cell killing, which was not seen with other EGL-1 mutant
proteins, is that the mutations (D64A or D64G) may have
temperature-sensitive effects on either the stability of EGL-1 or
its interaction with CED-9. Indeed, we found that the in vitro
binding of both EGL-1(D64G) and EGL-1(D64A) to CED-9
(wild type or G169E) was destabilized at 33°C, the temperature
used for the heat-shock experiments (data not shown). The
binding of EGL-1 to CED-9 or CED-9(G169E) was also affected
by temperature, but to a much lesser extent (data not shown; see
below). To examine the death-inducing activity of EGL-
1(D64G) and EGL-1(D64A) proteins at normal temperatures,
we expressed these mutant proteins under the control of the

promoter of egl-1 gene, which is thought to be expressed in most
cells destined to die in nematodes (34), and scored the cell-killing
activity of the mutant proteins at three temperatures (15, 20, and
25°C) normally used to grow nematodes. As described above, few
cell deaths occurred in ced-9(n1950) animals. An average of 4.5,
3.3, and 3.2 cell corpses was observed in ced-1(e1735); ced-
9(n1950) animals at 15, 20, and 25°C, respectively (Fig. 4).
Expression of the wild-type EGL-1 under the control of the egl-1
promoter resulted in increased numbers of cell deaths in ced-
1(e1735); ced-9(n1950) animals at 25, 20, and 15°C by an average
of one, three, and six cell corpses, respectively, indicating that the
CED-9(G169E) mutant responds to higher levels of EGL-1
expression in a temperature-sensitive manner (Fig. 4). Consis-
tent with these in vivo observations, we found that EGL-1 binds
CED-9(G169E) in vitro with higher affinity at 15°C than at 25°C
(data not shown). Importantly, at all three temperatures tested,
both EGL-1(D64G) and EGL-1(D64A) mutant proteins clearly
demonstrated stronger death-inducing activity in ced-1(e1735);
ced-9(n1950) animals than the wild-type EGL-1 protein (P ,
0.0001), with the strongest death-inducing activity observed at
15°C [an average of 20 cell corpses was observed with EGL-
1(D64G); Fig. 4]. These results indicate that the D64G and
D64A substitutions, which enhance the binding of EGL-1 to
CED-9(G169E), also significantly enhance the cell-killing activ-
ity of EGL-1 in ced-9(n1950) mutants. In parallel with these
experiments, we examined the death-inducing activity of these
two EGL-1 mutant proteins in ced-1(e1735); egl-1(n3082) ani-
mals with the wild-type ced-9 gene. We found that expression of
EGL-1(D64G) or EGL-1(D64A) under the control of the egl-1
promoter induced robust cell killing at 15°C at a level compa-
rable to that of wild-type EGL-1. This finding is consistent with
the results that EGL-1(D64G) and EGL-1(D64A) bound CED-9
and released CED-4 from CED-4yCED-9 complexes in vitro as
well as EGL-1 (Figs. 1D, 2C and D, and 4). At 20 and 25°C, the
death-inducing activity of EGL-1(D64G) and EGL-1(D64A)
was reduced significantly, further confirming the temperature-
sensitive nature of these mutations. In contrast, wild-type EGL-1

Table 1. The cell-killing activities of EGL-1 and EGL-1 mutants

hsp construct* Array

egl-1(n3082) ced-9(n1950)

No. of
embryos

No. of
corpses†

No. of
embryos

No. of
corpses†

None 30 0.2 6 0.4 30 3.3 6 1.8

Vector 1 30 0.3 6 0.5 30 1.6 6 1.6
2 30 0.2 6 0.5 30 2.7 6 1.7
3 30 0.3 6 0.5 30 2.6 6 1.3

EGL-1 1 31 46.0 6 24.6 30 4.0 6 1.9
2 31 33.6 6 20.9 30 3.8 6 1.8
3 30 40.5 6 15.7 30 2.3 6 1.8

EGL-1(D63R) 1 32 43.4 6 24.3 31 2.6 6 2.3
2 30 31.9 6 25.1 30 2.8 6 2.7
3 30 46.9 6 13.2 30 3.2 6 2.0

EGL-1(D64RD66R) 1 30 0.6 6 1.3 30 3.2 6 2.6
2 33 0.2 6 0.6 32 2.6 6 1.5
3 31 0.7 6 1.3 30 3.4 6 1.8

EGL-1(D63ND64ND66N) 1 30 34.8 6 17.0 30 3.6 6 2.5
2 30 32.2 6 19.0 30 2.6 6 1.5
3 30 35.0 6 17.6 30 3.4 6 1.9

*The hsp constructs (at 50 mg/ml each) were injected into ced-1(e1735);
egl-1(n1084 n3082) unc-76(e911) animals with pTG96 (at 20 mg/ml), which
expresses GFP in many somatic cells in most of the developmental stages (35),
and p76-16B (at 50 mg/ml), which rescues unc-76 uncordinated phenotype
(36). The transgenes were then crossed into ced-1(e1735); ced-9(n1950)
mutant background.

†Heat shock experiments and cell-killing assays were performed as described
(7). Fluorescent transgenic embryos at the three-fold or later stages of
embryogenesis were scored for cell corpses in the head region. Data shown
are means 6 SEM. All data except the first row depicts results obtained after
heat-shock treatment. For comparison, ced-1(e1375) animals have an aver-
age of about 31 cell corpses in the same region.

Fig. 4. EGL-1(D64G) and EGL-1(D64A) induce stronger cell killing in ced-
9(n1950) mutants than EGL-1. A 10-kb egl-1 wild-type genomic fragment
(hatched box) containing 3.8 kb upstream of the egl-1 start codon and 5.7 kb
downstream of the egl-1 stop codon (34) or the corresponding egl-1 genomic
fragment carrying either the D64G (gray box) or D64A (empty box) mutation
was introduced at 40 mg/ml into ced-1(e1735); egl-1(n1084 n3082) unc-
76(e911) or ced-1(e1735); ced-9(n1950) animals with pTG96 (20 mg/ml) (35)
and p76–16B (50 mg/ml) (36). The transgenic animals were cultured at three
temperatures (15, 20, or 25°C), and the cell-killing activity of the EGL-1
proteins was assessed by counting the number of cell corpses in the head
region of 3-fold or later-stage transgenic embryos. All data are averages 6
standard deviations of results (n . 50) obtained from three independent
transgenic lines.
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proteins were mildly temperature-sensitive and induced compa-
rable amounts of cell death at all three temperatures tested (Fig.
4). Taken together, these results provide a strict correlation
between the in vivo cell-killing activity of EGL-1 and its binding
affinity for CED-9 as well as its ability to release CED-4 from
CED-4yCED-9 complexes in vitro, clearly establishing that direct
physical interaction between EGL-1 and CED-9 is required in
vivo for EGL-1 to induce cell death.

Critical Residues in the BH3 Domain of EGL-1 Differ from Those of
Other BH3 Domain-Containing Pro-Apoptotic Proteins. Asp-63 is a
residue in the BH3 domain of EGL-1 that is absolutely conserved
in all BH3 domain-containing proteins and has been shown to be
critical for heterodimer formation among Bcl-2 family proteins
and for the cell-killing activity of BH3 domain-containing pro-
apoptotic proteins (reviewed in ref. 8). Interestingly, the EGL-
1(D63R) mutant in which Asp-63 was replaced by an oppositely
charged arginine was still capable of binding CED-9, albeit with
reduced binding affinity, and could still induce efficient cell
killing in ced-1(e1735); egl-1(n3082) animals (Fig. 1D and Table
1). Similar results were obtained with another EGL-1 mutant,
EGL-1(D63ND64ND66N). In contrast, similar amino acid sub-
stitutions at Asp-64 and Asp-66 of EGL-1 (D64RD66R) abol-
ished the binding of EGL-1 to CED-9 and the in vivo killing
activity of EGL-1 (Fig. 1D and Table 1). These results and the
result that the D64G or D64A substitution can partially restore
the binding of EGL-1 to CED-9(G169E) suggest that the less
conserved Asp-64 residue, rather than the highly conserved
Asp-63 residue, is the critical amino acid at the interface of
EGL-1yCED-9 complexes that contributes to the binding spec-
ificity of EGL-1 for CED-9. In this regard, EGL-1yCED-9
complexes seem to differ from the human Bcl-xLyBak complexes
used as a template for our homology modeling. One interpre-
tation that is consistent with our results is that the EGL-1 BH3
helix is rotated slightly within the binding pocket in CED-9 when
compared with the orientation of the Bak BH3 helix within the
Bcl-xL binding pocket.

It is interesting that a similar mutation (G145E) in Bcl-2 does
not result in a gain-of-function phenotype (26). It is likely that
the interface between Bcl-2 and its cognate BH3-containing
ligand is different from that of EGL-1yCED-9. Thus, it will be
interesting to see whether the binding specificity among other
Bcl-2 family members is determined primarily by conserved or
nonconserved residues at the interfaces of the complexes. Our
success in generating second-site suppressor mutations based on
this cross-species homology modeling should encourage further
applications of this approach to investigate molecular interac-
tions such as protein–protein, protein–DNA, and protein–RNA
interactions that are crucial for other fundamental biological
processes, especially in systems where genetic approaches are not
available.

Our biochemical, structural, and functional analyses of the
nature of the ced-9(n1950) mutation and the identification of its
compensatory suppressor mutations in CED-9 binding partner
EGL-1 have established an in vivo mechanism of protein–protein
interactions that govern the appropriate activation of pro-
grammed cell death in C. elegans. Given that the cell death
pathway is highly conserved, the basic components of this
regulatory circuit, direct physical interaction between an anti-
apoptotic Bcl-2-like death regulator (CED-9) and a BH3-bearing
pro-apoptotic protein (EGL-1) resulting in release and activa-
tion of another death-activating protein (CED-4) from an in-
hibitory protein complex (CED-4yCED-9) or from a restricted
compartment like mitochondria, could function in regulation of
apoptosis in a wide range of species, including humans.
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