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Programmed cell death in Caenorhabditis elegans requires activation of the caspase CED-3, which strictly
depends on CED-4. CED-4 forms an octameric apoptosome, which binds the CED-3 zymogen and facilitates its
autocatalytic maturation. Despite recent advances, major questions remain unanswered. Importantly, how CED-4
recognizes CED-3 and how such binding facilitates CED-3 activation remain completely unknown. Here we
demonstrate that the L2’ loop of CED-3 directly binds CED-4 and plays a major role in the formation of an active
CED-4-CED-3 holoenzyme. The crystal structure of the CED-4 apoptosome bound to the L2’ loop fragment of
CED-3, determined at 3.2 A resolution, reveals specific interactions between a stretch of five hydrophobic amino
acids from CED-3 and a shallow surface pocket within the hutch of the funnel-shaped CED-4 apoptosome.
Structure-guided biochemical analysis confirms the functional importance of the observed CED-4-CED-3
interface. Structural analysis together with published evidence strongly suggest a working model in which two
molecules of CED-3 zymogen, through specific recognition, are forced into the hutch of the CED-4 apoptosome,

consequently undergoing dimerization and autocatalytic maturation. The mechanism of CED-3 activation
represents a major revision of the prevailing model for initiator caspase activation.
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Many concepts of programmed cell death (PCD), also
known as apoptosis, were derived from genetic investiga-
tion of cell deaths in the nematode Caenorhabditis ele-
gans (Horvitz et al. 1994). Initiation of PCD in C. elegans
is controlled by four genes—ced-3, ced-4, ced-9, and
egl-1—that act in a linear pathway (Fig. 1A; Horvitz 2003).
The cell-killing protease CED-3 belongs to the caspase
family (Yuan et al. 1993; Xue et al. 1996) and is synthe-
sized as an inactive zymogen in cells. Activation of CED-3
occurs in three sequential steps (Fig. 1B). First, in response
to cell death stimuli, the proapoptotic, BH3-only protein
EGL-1 is activated and negatively regulates the anti-
apoptotic protein CED-9 through direct interaction
(Conradt and Horvitz 1998; del Peso et al. 1998, 2000;
Parrish et al. 2000). Second, binding of EGL-1 to CED-9
leads to allosteric disruption of the interactions between
CED-9 and CED-4, resulting in the release of CED-4 from
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the inhibitory CED-9-CED-4 complex (Hengartner and
Horvitz 1994; Chinnaiyan et al. 1997; James et al. 1997;
Spector et al. 1997; Wu et al. 1997; Chen et al. 2000). Third
and finally, the released proapoptotic protein CED-4 facil-
itates autocataltytic activation of the CED-3 zymogen
(Yuan and Horvitz 1992; Chinnaiyan et al. 1997; Irmler
et al. 1997; Seshagiri and Miller 1997; Wu et al. 1997; Yang
et al. 1998). Elucidating the molecular mechanisms by
which CED-3, CED-4, CED-9, and EGL-1 control the onset of
PCD is central to understanding the regulation of PCD.
Rigorous investigations in the past decade have re-
vealed mechanistic insights into the first two steps of the
linear PCD pathway in C. elegans (Fig. 1B). First, EGL-1
uses an extended BH3 helix to recognize a hydrophobic
groove on the surface of CED-9 (Yan et al. 2004). Second,
binding of EGL-1 to CED-9 induces pronounced confor-
mational changes in CED-9, which, through allostery,
destabilize the interactions between CED-9 and CED-4,
ultimately leading to the dissociation of CED-9 from an
asymmetric dimer of CED-4 (Yan et al. 2005; Yan et al.
2006b). The freed CED-4 dimer further oligomerizes to
form the CED-4 apoptosome, which is responsible for the
activation of CED-3. In sharp contrast to the mechanistic
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elucidation of the first two steps in the linear PCD pathway,
the third and arguably most important step—how CED-4
mediates the activation of CED-3—remains largely
enigmatic.

At present, there is little information on how the CED-4
apoptosome specifically recognizes the CED-3 zymogen.
There is no experimental identification of any specific
sequence or structural motifs that are responsible for the
interactions between CED-4 and CED-3. The unorthodox
experimental revelation that the octameric CED-4 apo-
ptosome only binds two molecules of CED-3 has engen-
dered much excitement as well as doubt in the field, both
of which ask for mechanistic explanation. In this study, we
address these questions by deciphering a central piece of
the puzzle: how CED-3 is specifically recognized by CED-
4. The crystal structure unambiguously shows that CED-3
is bound within the hutch of the funnel-shaped CED-4
apoptosome, whereas our structural analysis indicates that
only two CED-3 molecules can be accommodated within
the hutch. These structural findings have important rami-
fications for understanding initiator caspase activation.

Results

Structure of processed CED-3

Despite the advent of the structural information on a
number of caspases, CED-3 remains structurally unchar-
acterized. To gain insights into CED-3 activation, we
crystallized the two-chain caspase domain of CED-3
(residues 198-374, 389-503, and C358S) and determined
its structure at 2.65 A resolution (Fig. 1C; Supplemental
Table S1). Mutation of the catalytic residue Cys358 to Ser
was essential for the generation of a stable CED-3 for
crystallization. Although CED-3 exists mainly as a mono-
mer in solution (Qi et al. 2010), it was crystallized as an
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Figure 1. CED-4-mediated CED-3 activation is
a central step to initiate PCD in C. elegans. (A)
Four genes—egl-1, ced-9, ced-4, and ced-3—act in
a linear fashion to control the onset of PCD in
C. elegans. (B) Current model of the linear PCD
pathway. In normal cells, CED-4 is sequestered by
CED-9, unable to activate the cell-killing caspase
CED-3. Upon cell death stimuli, EGL-1 is activated
and binds to CED-9. Binding by EGL-1 causes
marked conformational changes in CED-9, result-
ing in the release of CED-4. The released CED-4
dimer oligomerizes to form the CED-4 apopto-
some, which in turn facilitates the activation of
CED-3. How CED-4 binds CED-3 remains unclear,
hindering a mechanistic understanding of CED-3
activation. (C) Structure of the two-chain CED-3
(residues 198-374, 389-503, and C358S). Despite
being a monomer in solution, CED-3 was crystal-
lized as an asymmetric dimer, likely due to the
high concentrations required for crystallization.

CED-3

asymmetric homodimer in the crystals, likely due to the
high protein concentrations required for crystallization.
As anticipated, the overall structure is very similar to
that of other caspases. Notably, the two molecules of
CED-3 exhibit contrasting features at the active site. The
active site in one CED-3 molecule exists in a productive
conformation, with loops L2 and L4 interacting with the
L2’ loop of the adjacent molecule to form a loop bundle that
is characteristic of activated caspases (Fig. 1C; Supplemen-
tal Fig. S1A). In contrast, the active site in the adjacent
CED-3 molecule does not have a well-defined conforma-
tion, with the L2 loop largely disordered in the crystals.
Asymmetric features of the active site have been previously
observed in other initiator caspases, such as caspase-9
(Renatus et al. 2001) and Dronc (Yan et al. 2006a). This
structural feature might be physiologically important;
however, we cannot rule out the possibility that this
feature is a consequence of crystal-packing interactions
because the disordered active site is in close contact with
another CED-3 molecule in the crystal lattice.

Requirement of the L2’ loop for CED-3 association
with CED-4

The structural information of CED-3 empowered us to
identify the surface elements that are responsible for
binding to the CED-4 apoptosome. Guided by the structure,
we carefully designed 21 CED-3 mutants, each containing
one or more missense mutations on surface-exposed amino
acids (Supplemental Fig. S1B). These targeted amino acids
cover ~50% of the exposed surface area on CED-3 and
include most polar, charged, or long chain hydrophobic
amino acids on the surface. Ten CED-3 mutant proteins
exhibited poor solubility and were unfit for biochemical
characterization; the rest were purified to homogeneity
and assayed for their ability to interact with CED-4.



Surprisingly, none of the remaining 11 CED-3 mutants
lost the ability to associate with the CED-4 apoptosome
(Supplemental Fig. S1B). This result suggests that the
primary CED-4-interacting epitopes might be located on
flexible surface loops. To examine this scenario, we gener-
ated a number of deletion variants, each involving removal
of a stretch of surface loop sequences from CED-3. The two-
chain CED-3 (residues 198-364 and 407-503), which has
partial deletion of the L2 and L2’ loops, failed to form a
stable complex with the CED-4 apoptosome (Fig. 2A, top
two panels). Partial deletion of the L2’ loop (residues 389—
406), but not the L2 loop (residues 365-374), led to
abrogation of the interaction between CED-3 and CED-
4 (Fig. 2A, bottom two panels). Thus, the L2 loop of CED-
3 is required for binding to the CED-4 apoptosome.
Next, we examined the functional consequence of de-
letion of the L2’ loop using an in vitro CED-3 protease
activity assay. As previously reported (Qi et al. 2010), the
protease activity of the two-chain CED-3 (residues 198-
374 and 389-503) toward the peptide substrate DEVD-
AMC was markedly stimulated by the presence of the
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Figure 2. The L2’ loop of CED-3 is required for stable associa-
tion between CED-3 and the CED-4 apoptosome. (A) The L2’
loop is required for CED-3 to associate with the CED-4 apopto-
some. Gel filtration analysis reveals that removal of the L2’ loop,
but not the L2 loop, in the two-chain CED-3 (residues 198-374,
389-503, and C358A) resulted in loss of binding to the CED-4
apoptosome. (B) Deletion of the L2’ loop in CED-3 results in loss
of CED-4-mediated stimulation of CED protease activity. (C)
Missense mutations in the L2’ loop of CED-3 leads to abrogation
of CED-4-mediated stimulation of CED protease activity. The
three missense mutations L391D, F392D, and N393D target
three consecutive amino acids in the L2’ loop of CED-3.

Structure of a CED-4-CED-3 complex

CED-4 apoptosome (Fig. 2B). Strikingly, partial deletion of
the L2’ loop in CED-3 (residues 198-374 and 410-503)
nearly abolished CED-4-mediated stimulation of the CED-3
protease activity (Fig. 2B). Serendipitously, a CED-3 variant
(198-503, C358S, 1.391D, F392D, and N393D) that contains
three missense mutations in the L2’ loop was found to
cripple interactions with the CED-4 apoptosome (Supple-
mental Fig. S2). Consequently, the protease activity of the
wild-type CED-3 (residues 198-503), but not the CED-3
variant (residues 198-503, L391D, F392D, and N393D),
was markedly stimulated by the presence of the CED-4
apoptosome (Fig. 2C). These results unambiguously show
that the L2’ loop is required for CED-4-mediated stimu-
lation of CED-3 protease activity.

To examine whether the L2’ loop alone is sufficient for
binding to the CED-4 apoptosome, we engineered a caspase-
9 variant in which its L2 sequences (residues 316-331) were
replaced by the corresponding CED-3 sequences (residues
389-404). We purified this caspase-9 variant and exam-
ined its potential interaction with the CED-4 apoptosome
by gel filtration. The wild-type caspase-9 did not interact
with the CED-4 apoptosome (Fig. 3A, top two panels). In
contrast, a small fraction of the caspase-9 variant was
shifted to earlier fractions upon incubation with CED-4,
suggesting stable association (Fig. 3A, bottom two panels).
We further speculated that, due to enhanced local concen-
trations that favor caspase-9 homodimerization, the CED-
4 apoptosome might also be able to moderately stimulate
the protease activity of the caspase-9 variant. Confirming
this conjecture, this caspase-9 variant exhibited a markedly
higher level of protease activity toward the peptide sub-
strate LEHD-AFC in the presence of the CED-4 apopto-
some (Fig. 3B).

Recognition of the CED-3 L2' loop by CED-4

Our experimental observations demonstrate that the pro-
cessed CED-3, via its L2’ loop, interacts with the CED-4
apoptosome, ultimately leading to stimulation of the
CED-3 protease activity. A pivotal point in the mech-
anistic understanding of CED-3 activation is identification
of the CED-3-binding site in the CED-4 apoptosome. The
importance of addressing this point is further necessitated
by the need to understand the fourfold symmetry of the
CED-4 octamer and the 8:2 stoichiometry between CED-4
and CED-3. We investigated this point by two parallel
approaches. First, we generated a large number of CED-4
missense mutants, each targeting a surface-exposed amino
acid. Unfortunately, the majority of these CED-4 mutants
remained insoluble and defied purification; the remaining
CED-4 variants appeared to retain association with CED-3
(data not shown). Second, we sought to crystallize a com-
plex between CED-4 and the CED-3 L2’ loop fragment.
After numerous trials, we succeeded in the crystalliza-
tion of a CED-4 protein that is fused at its C terminus to
the CED-3 L2’ loop fragment (residues 389-409) via a
flexible 11-residue linker sequence. This CED-4-CED-3
fusion protein formed a stable complex, which presum-
ably represents the CED-4 apoptosome bound to the L2’
loop fragment of CED-3.
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Figure 3. The L2’ loop of CED-3 is sufficient for stable association with the CED-4 apoptosome. (A) Replacement of the L2’ loop
(residues 316-331) in caspase-9 by that in CED-3 (residues 389-404) allowed weak interaction between the caspase-9 variant and the
CED-4 apoptosome. Contiguous fractions from gel filtration were visualized on Coomassie-stained SDS-PAGE gels. Red arrows denote
a small fraction of the caspase-9 variant that had been shifted to earlier fractions. The wild-type (WT) caspase-9 controls are shown in
the top two panels. (B) Replacement of the L2’ loop (residues 316-331) in caspase-9 by that in CED-3 (residues 389-404) resulted in
higher protease activity in the presence of CED-4. LEHD-AFC was used as the substrate.

We determined the crystal structure at 3.2 A resolution
(Supplemental Table S2). The CED-4 apoptosome bound
to the L2’ loop of CED-3 exhibits a funnel-shaped architec-
ture similar to that of the free CED-4 apoptosome (Fig. 4A;
Qi et al. 2010). Eight CED-3 peptide fragments are clearly
identified in the hutch of the CED-4 apoptosome, each
binding to a shallow surface pocket on CED-4. Seven
contiguous amino acids of the CED-3 L2’ fragment
(Pro390-Leu391-Phe392-Asn393-Phe394-Leud95-Gly396)
were unambiguously assigned (Fig. 4B). Correct assignment
of these amino acids was further confirmed by three related
structures in which Leu391 and Leu395 were both or
individually replaced by selenomethionine to allow ob-
servation of the selenium anomalous signals in the L2’
loop fragments (Fig. 4C; Supplemental Table S2).

Most notably, the L2’ loop of CED-3 is bound inside the
hutch of the CED-4 apoptosome (Fig. 4D). The eight
fragments of the CED-3 L2’ loop are separated from each
other with distances ranging from 30 to 80 A (Fig. 4E).
Obviously, placement of eight L2’ fragments into the hutch
of the octameric CED-4 apoptosome is facilitated by the
small size of the peptide fragment. The processed caspase
domains of the CED-3 homodimer measure ~62 A
in length, 57 A in height, and 48 A in thickness (Supplemen-
tal Fig. S3). Taking into account the actual size of the CED-3
caspase domain, only one CED-3 homodimer (or two CED-3
molecules) can be accommodated into the hutch of the
CED-4 apoptosome without steric clash. This conclusion
is fully consistent with previous biochemical analysis,
which revealed that only two molecules of CED-3 bind to
each CED-4 apoptosome (Qi et al. 2010). Because the
binding element comes from the flexible L2’ loop, there
is more than one possibility of placing the two CED-3
molecules into the contacts of the eight CED-4 molecules.
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Five of the seven amino acids in the bound CED-3
fragment are hydrophobic and make van der Waals contacts
to surrounding structural elements of CED-4. In particular,
the aromatic side chain of Phe392 in CED-3 mediates
a number of interactions with the side chains of Val382,
Leu393, Phe463, and Leud64 in CED-4 (Fig. 5A). Leu391 and
Leu395, located on either side of Phe392, also contribute to
the interactions. To corroborate the structural findings, we
generated mutations on CED-3 and CED-4, each designed to
weaken their interactions. First, we created a CED-3 variant
(residue 198-503, C358S, L391D, F392D, and N393D),
involving mutation of three residues in the L2’ loop. Re-
placement of the catalytic residue Cys358 by Ser was
required for the generation of stable CED-3 for biochem-
ical assays. As discussed previously, this mutant CED-3
nearly crippled its interaction with CED-4, while CED-3
without mutations in the L2’ loop retained stable associ-
ation with CED-4 (Supplemental Fig. S2). Next, we gener-
ated a mutant CED-4 (A394W) that had a small amino acid,
Ala394, in the hydrophobic CED-3-binding pocket replaced
by a bulky residue, Trp. Presumably, Trp at this location may
destabilize the CED-3-CED-4 interactions by pushing out
the CED-3 L2’ element (Supplemental Fig. S4). Supporting
this analysis, the interaction between CED-3 and CED-4 is
markedly weakened by the mutation A394W in CED-4 (Fig.
5B). We also generated a number of other CED-4 mutants,
targeting Val382, Leu393, Phe463, or Leu464; unfortu-
nately, none of these CED-4 mutants was soluble, defying
further biochemical characterization (data not shown).

Requirement of specific CED-4 association for CED-3
activation and activity

The CED-4 apoptosome can stimulate both autoproteo-
lytic processing of the CED-3 zymogen and the protease
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Figure 4. Crystal structure of the CED-4 apopto-
some bound to a L2’ loop fragment of CED-3. (A)

Overall structure of the CED-4 apoptosome bound
to a L2’ loop fragment of CED-3, viewed from the
wide opening side of the funnel-shaped CED-4
apoptosome. The CED-4 apoptosome binds eight
molecules of the L2’ loop fragment. (B) A close-up
view of the CED-3 L2’ loop fragment bound to CED-4.
Seven contiguous amino acids (residues 390-396) were
unambiguously assigned. (C) Confirmation of the L2’
sequence assignment by selenium anomalous signals.
The two Leu residues in the L2’ loop fragment,
Leud91 and Leu395, were singly or doubly mutated

L391M L395M L391M

PMFNFMG PMFNFLG

to Met for generation of selenium anomalous signals
(colored magenta and shown at 3o). 2Fo — Fc electron
density (light blue) for the L2’ loop fragment is dis-
played at 1.0 sec. (D) A cut-through section of the side
view of the CED-4 apoptosome bound to the CED-3
L2’ fragment. (E) The neighboring L2’ loop fragments
within the CED-4 apoptosome are separated by dis-
tances ranging from 30 to 83 A. This and all other
structural figures were prepared using PyMol (http://
www.pymol.org).

activity of mature CED-3 caspase (Yan et al. 2005; Qi
et al. 2010). We predicted that both aspects may depend
on the specific association between the L2 loop of CED-3
and the CED-4 apoptosome. First, we investigated the
impact of loss of this specific association on the autocat-
alytic processing of the CED-3 zymogen. Under condi-
tions in which CED-3 alone undergoes little autocatalytic
processing, increasing concentrations of wild-type CED-4
stimulated the autocatalytic processing of CED-3 in a
concentration-dependent manner (Fig. 6A, lanes 1-5). In
contrast, the mutant CED-4 (A394W), which exhibited
nearly crippled interaction with CED-3, failed to stimulate
the autocatalytic processing of CED-3 (Fig. 6A, lanes 6-9).

Next, we examined the impact on the catalytic activity
of mature CED-3 protease using the fluorogenic substrate
DEVD-AMC. As reported previously (Qi et al. 2010), the
processed CED-3 exhibited a basal level of protease ac-
tivity that was markedly stimulated by the presence of
the full-length wild-type CED-4 (Fig. 6B). In contrast, the
protease activity of the processed CED-3 remained largely
unchanged in the presence of the mutant CED-4 (A394W),
which exhibited crippled interaction with CED-3. These
results, together with the findings that mutations in the

L2’ loop of CED-3 abolish both CED-4 association and
CED-4-mediated stimulation of CED-3 protease activity
(Fig. 2C; Supplemental Fig. S2), demonstrate that specific
association between CED-4 and CED-3 is essential in the
activation process of CED-3.

To further corroborate this conclusion, we examined
whether the free L2’ peptide fragment could interfere
with CED-4-mediated stimulation of CED-3 protease
activity. In agreement with our prediction, increasing
concentrations of the L2’ peptide resulted in progres-
sively diminished stimulation of CED-3 protease activity
in the presence of the CED-4 apoptosome (Supplemental
Fig. S5). Consistent with this observation, the L2’ loop
peptide at high concentration interfered with the binding
of CED-3 to the CED-4 apoptosome (data not shown).

Discussion

The structural and biochemical findings reported in this
study, together with previous knowledge (Yan et al. 2004;
Yan et al. 2005; Qi et al. 2010), allow us to propose a
molecular model on the activation of the cell-killing
protease CED-3 in C. elegans (Fig. 7). During homeostasis,
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Figure 5. Recognition of the CED-3 L2’ loop

by CED-4 is required for the stable association

of the CED-3-CED-4 complex. (A) A close-up

> view on the predominantly hydrophobic interface
between CED-4 and the CED-3 L2’ loop frag-

ment. The interface involves four hydrophobic

Q residues from CED-4 (Val382, Leu393, Phe463,
and Leu464) and two from CED-3 (Phe392 and
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CED-4 apoptosome, as judged by gel filtration.
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the CED-3 zymogen exists as a monomer, and an asym-
metric homodimer of CED-4 is sequestered by one mole-
cule of CED-9. Upon sensing cell death signals, EGL-1 is
transcriptionally activated and binds to CED-9, causing
allosteric changes in CED-9 that ultimately result in the
release of CED-4. The freed CED-4 dimer oligomerizes to
form an octameric CED-4 complex: the CED-4 apopto-
some, which recruits two molecules of the CED-3 zymo-
gen. Once bound in the hutch of the CED-4 apoptosome,
the caspase domains of the two CED-3 zymogen molecules
have a greatly enhanced opportunity to homodimerize,
thus undergoing autoproteolytic activation. Importantly,
the two processed CED-3 molecules remain bound to the
CED-4 apoptosome together as a holoenzyme with mark-
edly higher protease activity compared with that of the
free, processed CED-3. Specific association between the
L2’ loop of CED-3 and the hydrophobic pocket of CED-4
serves to enhance dimerization of the CED-3 caspase
domains.

The available structural information on CED-3 and
CED-4 also allows us to rationalize a large number of in
vivo mutations that have been reported for ced-3 or ced-4
(Yuan and Horvitz 1990; Yuan et al. 1993; Shaham et al.
1999; Sarin et al. 2007). We chose 16 missense mutations
in CED-3 and three missense mutations in CED-4 and
mapped these mutations onto the structures of CED-3
and CED-4 (Supplemental Fig. 6). On the basis of CED-3
and CED-4 structures, these mutations can be classified
into two classes: functional and structural. The structural
mutations are predicted to be detrimental to the structural
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stability of the proteins; this class is exemplified by L2F,
G162E, and S163F in CED-4 (Supplemental Fig. 6A). The
functional mutations are thought to disrupt the functions
of CED-3 or CED-4; this class includes many missense
mutations that map to the vicinity of the protease active
site of CED-3 (Supplemental Fig. 6B).

The L2’ loop of CED-3 plays a major role in association
with the CED-4 apoptosome because deletion of the L2’
loop crippled this association (Fig. 2A). A caspase-9
variant with the engrafted L2’ loop from CED-3 was
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Figure 6. Recognition of the CED-3 L2’ loop by CED-4 is
required for both efficient CED-3 activation and enhanced pro-
tease activity. (A) Autocatalytic processing of the CED-3 zymo-
gen is greatly facilitated by the wild-type (WT) CED-4 but not the
CED-4 A394W variant. Shown here is a representative autora-
diograph. The full-length wild-type CED-3 protein was in vitro
translated in the presence of *°S-Met. (B) The mutation A394W
in the CED-4 hydrophobic pocket nearly abrogated the ability of
the CED-4 apoptosome to stimulate the protease activity of the
processed CED-3. DEVD-AMC was used as the substrate.
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Figure 7. A mechanistic model of the regulation of PCD
initiation in C. elegans. In nonapoptotic cells, CED-4 is seques-
tered by CED-9, unable to form an oligomeric apoptosome for
CED-3 activation. In dying cells, EGL-1 is transcriptionally
activated, binds CED-9, and causes allosteric changes in CED-
9 that no longer allow CED-4 association. The freed CED-4
forms an apoptosome, which recruits the CED-3 zymogen. The
caspase domains of two CED-3 molecules are likely bound
within the hutch of the funnel-shaped CED-4 apoptosome,
where dimerization and subsequent autoprocessing of CED-3
are greatly facilitated. The processed CED-3 remains bound to
the CED-4 apoptosome as a holoenzyme, mainly via interaction
between the L2’ loop of CED-3 and a hydrophobic surface
pocket within the hutch of the CED-4 apoptosome.

found to form a stable complex with the CED-4 apopto-
some (Fig. 3A). Consequently, this caspase-9 variant
exhibited higher protease activity in the presence of
CED-4 (Fig. 3B). Despite the important contribution
from the L2’ loop, we cannot rule out the possibility that
additional surface elements of CED-3 might be involved
in binding to the CED-4 apoptosome. For example, a
surface element of CED-3 might weakly associate with
CED-4 to strengthen the interaction. Consistent with
this speculation, the mutation A394W in CED-4 reduced,
but failed to abrogate, the association between CED-3 and
CED-4 (Fig. 5B). The weakened interaction between the
L2' loop of CED-3 and the hydrophobic pocket of the
CED-4 A394W variant might cooperate with the yet-to-
be-identified weak interface to retain some association. A
similar case was reported previously for the association
between caspase-9 and the BIR3 domain of XIAP (Shiozaki
et al. 2003), where a major interaction between the
ATPF motif of caspase-9 and a conserved surface groove of
XIAP-BIR3 is strengthened by a weak interaction involv-
ing the caspase-9 dimerization interface and a C-terminal
helix of XIAP-BIR3. Mutation of the latter interaction had
no obvious effect on the binding between caspase-9 and
XIAP-BIR3.

The CARD domain is known to play an important role
in the activation of initiator caspases. The Apaf-1 CARD
is responsible for the recruitment of caspase-9 through
direct interaction with the CARD domain of caspase-9
(Qin et al. 1999). What is the function of the CARD domain
in CED-3? Intriguingly, the free CED-3 CARD failed to form
a stable complex with the isolated CED-4 CARD (W] Huang,
unpubl.), suggesting a variation of the Apaf-1-caspase-9

Structure of a CED-4-CED-3 complex

interaction. Nonetheless, CED-3 CARD formed a stable
complex with the CED-4 apoptosome (Supplemental Fig.
S7). We speculate that the CARD domain of CED-3 might
play an important role in the recruitment of the CED-3
zymogen in vivo, perhaps through strengthened interac-
tions. The role of the CED-3 CARD in CED-3 activation
awaits further characterization.

One unanswered question is whether the Apaf-1-medi-
ated apoptosome may employ a similar strategy to ac-
tivate caspase-9. Specifically, would caspase-9 be bound
within the hutch of the Apaf-1 apoptosome? The primary
sequences of CED-4 and the Apaf-1 N-terminal half share
~45% similarity (Supplemental Fig. S8), and the caspase
domain of CED-3 and caspase-9 share ~49% sequence
similarity. Structural overlay and comparison (Supple-
mental Fig. S9) reveal a similarly conserved hydrophobic
pocket in Apaf-1, which comprises hydrophobic amino
acids Val372, Tyr383, Phe444, and Leu445. Except for
Tyr383, the other three residues are identical between
Apaf-1 and CED-4. This analysis raises the possibility
that Apaf-1 might employ a similar interface to recruit
caspase-9. However, given considerable sequence conserva-
tion between Apaf-1 and CED-4, the hydrophobic pocket in
Apaf-1 could just be a pure coincidence and have nothing to
do with the activation of caspase-9. Examination of this
scenario requires further experimental investigation.

During apoptosis, the effector caspases (such as
caspase-3 and caspase-7) are cleaved and activated by up-
stream initiator caspases (such as caspase-8 and caspase-
9). Intrachain cleavage of the effector caspase allows free
movement of the L2’ loop, which enables formation of
a productive conformation at the active site and hence
activation (Chai et al. 2001; Riedl et al. 2001). Activation
of the initiator caspases, on the other hand, is mediated by
upstream adaptor complexes. Caspase-8 and caspase-9 are
activated by the membrane-associated death-inducing
signaling complex (DISC) and the Apaf-1 apoptosome,
respectively. Despite rigorous investigation in the past 15
years, how initiator caspases are activated by these adaptor
complexes remains mechanistically unknown. The pre-
vailing hypothesis is induced proximity (Salvesen and
Dixit 1999) or the proximity-driven dimerization (Boatright
et al. 2003). Unfortunately, this hypothesis merely states
the fact that has been known for two decades; that is,
active caspases are homodimers (Walker et al. 1994; Wilson
et al. 1994), and overexpression of caspases (hence close
proximity) readily causes their autoactivation. The crux
of the problem—how close proximity drives caspase
dimerization—remains unknown for any initiator caspase.
In this study and other published work, we attempted
to address this question by examining how, exactly, the
CED-4 apoptosome facilitates the autoactivation of
CED-3. Our finding argues against the conventional
wisdom. First, the octameric CED-4 apoptosome recruits
only two molecules of CED-3, not eight. Thus, close prox-
imity is not a consequence of multiple molecules but
only two being brought into the adaptor complexes. The
conventional wisdom that an oligomeric adaptor com-
plex recruits an equimolar amount of initiator caspases is
clearly incorrect in the case of CED-3 activation. Second,
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the recognition between the adaptor complex and initia-
tor caspase may not simply entail close proximity. Both
the CARD domain and the caspase domain of CED-3 are
capable of forming a stable complex with the CED-4
apoptosome. We suspect that additional interfaces are
required for the recognition of the CED-3 caspase domain.
The role of multiple interfaces is most likely to orient the
initiator caspase for a specific conformation, allowing the
highest probability of homodimerization. In this scenario,
it is really induced conformation (Shi 2002a,b), not in-
duced proximity, that may more faithfully represent the
activation mechanism of initiator caspases.

Materials and methods

Protein preparation

All fragments and point mutations were constructed based
on a standard PCR-based strategy. CED-4 was purified as de-
scribed (Yan et al. 2005). All clones of CED-3 were expressed in
Escherichia coli BL21 (DE3) and affinity-purified by a C-terminal
6xHis tag. Cells were grown at 37°C, and protein expression was
optimized at 15°C. After overnight induction by IPTG, cells were
collected and lysed in a buffer containing 500 mM NaCl and 25
mM HEPES (pH 7.5). Soluble protein was purified using Ni-NTA
affinity resin followed by gel filtration (Superdex-200). To facil-
itate crystallization of the CED-4 apoptosome bound to the
CED-3 L2’ loop fragment, we fused the L2’ loop sequence
(residues 389-409) to the C terminus of CED-4 via a linker
sequence (GSGSAGSAAGS). The CED-4-CED-3 fusion protein
was expressed and purified similarly to CED-4.

Crystallization and structure determination of CED-3

Crystals of the processed CED-3 (198-374, 389-503, and C358S)
were grown at 22°C using the hanging-drop vapor diffusion
method. The well buffer contained 0.1 M HEPES (pH 7.5), 20%
(w/v) PEG3350, and 0.2 M (NH,4),SO4. These crystals appeared
immediately and grew to full size within 12 h, with a typical
dimension of 0.2 X 0.2 X 0.4 mm?®. The crystals belong to the
space group I4; and contain two molecules of CED-3 per
asymmetric unit. The unit cell has a dimension of a = b = 121
A, c=58 A, and o = p =y = 90°. Native data were collected on the
Al beamline of the Cornell High-Energy Synchrotron Source.
The structure was determined by molecular replacement using
residues 45-276 of caspase-3 from Protein Data Bank (PDB) entry
1CP3 (Mittl et al. 1997) using the program Phaser (Storoni et al.
2004). The two molecules formed a tightly associated dimer in
the asymmetric unit. The structure was refined to a maximum
resolution of 2.65 A with CNS (Brunger et al. 1998) and Phenix
(Adams et al. 2002) and rebuilt using O (Jones et al. 1991) and
COOT (Emsley and Cowtan 2004). In the final stages of refine-
ment, four TLS groups were used in conjunction with grouped
B factor refinement with one group per residue. Refinement
statistics are given in Supplemental Table S1. Ramachandran
statistics were calculated by MolProbity.

Crystallization of the CED-4-CED-3 complex

Crystals of the CED-4-CED-3 L2’ loop complex were grown
at 18°C using the hanging-drop vapor diffusion method. The
crystallization condition contained 0.6-0.8 M sodium acetate,
0.1 M HEPES (pH 7.5), and 0.1 M sodium fluoride. The crystals
grew to full size overnight, with a typical dimension of 0.05 X
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0.05 x 0.5 mm?. Fresh crystals were quickly transferred to
a cryoprotectant buffer containing 25% (w/v) ethylene glycol
before snap-freezing in liquid nitrogen prior to data collection.

Data collection and structure determination
for the CED-4-CED-3 complex

The diffraction images were collected at beamline BL41XU
(Spring-8) and BL17U (Shanghai Synchrotron Radiation Facility
[SSRF]) and processed with the HKL2000 package (Otwinowski
and Minor 1997). Further processing was carried out using
programs from the CCP4 suite (Collaborative Computational
Project, Number 4 1994). Data collection statistics are summa-
rized in Supplemental Table S2. The atomic coordinates of
CED-4 from the PDB entry 3LQQ (Qi et al. 2010) were used for
molecular replacement with the program Phaser (McCoy et al.
2005). Manual model building was done using the program
COOT (Emsley and Cowtan 2004). The model was refined in
the program Phenix (Adams et al. 2002).

In vitro translation of CED-3

For in vitro translation of CED-3, the experiments were per-
formed as described (Yan et al. 2005).

Caspase assay for CED-3 and caspase-9

The fluogenic peptides Ac-DEVD-AMC and Ac-LEHD-AFC were
used as substrates to measure the protease activity of CED-3
variants and caspase-9 variants, respectively. For each assay, 250
uM substrate was used in the buffer containing 25 mM HEPES
(pH 7.4) and 500 mM NaCl.

PDB deposition

The atomic coordinates are being deposited in the PDB with
accession codes 4M9R, 4M9S, 4M9X, 4M9Y, and 4M9Z for CED-
3, CED-4 bound to the CED-3 fragment (PMFNFMG), CED-4
bound to the CED-3 fragment (PLFNFLG), CED-4 bound to the
CED-3 fragment (PLFNFMG), and CED-4 bound to the CED-3
fragment (PMFNFLG), respectively.
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