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Structure and zymogen activation of caspases
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Abstract

Apoptosis is primarily executed by active caspases, which are derived from the inactive zymogens. Structural and
biochemical studies of caspases-1, -3, -7, -8 and -9 have greatly enhanced our understanding of the structure, function,
and specificity of the active form of these enzymes. Only recently, the structures of procaspase-7 and biochemical
studies of procaspase-9 and -8 have provided insight into the process of procaspase activation. The mechanism of
zymogen activation requires limited proteolysis as for many other proteases. In addition, self-activation through
oligomerization has been demonstrated for the initiator caspases-8, -9 and -10. These studies provide a structural
mechanism for caspase activation, substrateyinhibitor binding, and contribute to the understanding of the biological
role of caspases in the processes of apoptosis.
� 2002 Elsevier Science B.V. All rights reserved.

Keywords: Caspases; Inhibitor binding; Structure comparison; X-ray structure; Apoptosis; Zymogen activation

1. Structural overview of active caspases

Programmed cell death(apoptosis) is an essen-
tial mechanism in the development and homeosta-
sis of multicellular organisms to eliminate
unwanted cellsw1,2x. Dys-regulated cell death is
implicated in a growing number of clinical disor-
ders. Excessive apoptosis can lead to ischemic
damage and neurodegenerative diseases whereas
conditions such as cancer or autoimmune diseases
result from insufficient apoptosisw3x.

Whilst controlled cell death pathways still need
to be fully investigated, biochemical and genetic
have established that caspases(cysteine aspartatic
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acid proteases) play an essential role at various
stages of the apoptotic processw4–6x. The highly
regulated apoptotic process involves an intricate
cascade of events(Fig. 1a). Currently two major
extrinsic pathways are known, which involve api-
cal caspases; one of the extrinsic pathways relies
on a cell surface stimulus. Here, the death signal
is transmitted through binding of an extracellular
death ligand such as tumor necrosis factor(TNF)
to its cognate receptor, the TNF receptor. For both
ligands and receptors alike, a number of different
homologous proteins are already known, which act
on cells that must die during tissue development,
immunological development, and in response to
viral infection. The death receptors transmit signals
to the interior of the cells, where the apical
proteases of the extrinsic pathway, caspases-2, -8
and -10 are recruitedw7x. The other pathway occurs
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Fig. 1.
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Fig. 2. Ribbon diagram of the caspase-fold represented by the
caspase-8–Z-DEVD-CHO complex(1F9E.pdb) w30,31x. This
figure was generated using the programSETOR w32x.

Fig. 1. (a) Schematic representation of the known apoptotic pathways, in which apical caspases are involved. In the death receptor-
induced extrinsic pathway, the apoptotic signal is initiated by direct ligand-mediated trimerization of death receptors at the cell
surface. This leads to the recruitment of adaptor proteins inside the cell, which is followed by the activation of the initiator caspases-
2, -8 or -10. The executioner caspases-3, -6 -7 are cleaved and activated, which leads to the limited proteolysis events that are
typical of programmed cell death. Irreparable genomic damage caused by mutagens, pharmaceuticals, or ionizing radiation, activates
the intrinsic pathway in which cytochromec is released from the mitochondria. This event triggers the formation of a complex
between procaspase-9, Apaf-1, and cytochromec. Caspase-9 subsequently activates the downstream caspases-3, -7, and possibly -
6. Alternatively, procaspase-12, located in the ER, can be activated in the presence of Ca . This leads to the activation of executioner2q

caspases or to the limited proteolysis of substrates. The cytokine pathway leading to inflammation is activated by caspase-1.
Caspases-4, -5, -11 and -14 are also involved in inflammatory processes.(b) Schematic representation of the proteolytic activation
process of caspases. Caspases are synthesized as single chain precursors. Activation proceeds by cleavage of the N-terminal domain
at Asp119, Asp296, and Asp316(all caspase-1 numbering convention) leading to a large,a, and a small,b, subunit. The activity
and specificity determining residues, R179, H237, C285 and R341 are brought into the necessary structural arrangement for catalysis.
C285 is the catalytic nucleophile, H237 represents the general base. The crystal structures reveal that the active enzyme is a dimer
in which oneayb unit that harbors the active site is related by a twofold axis with a second unit to form the active(ayb) dimer.2

as a consequence of cellular stress, and is mediated
by cytochromec in the mitochondrion, which leads
to caspase-9 activationw8x. Recently, a third, stress-
induced apoptotic pathway via the endoplasmic
reticulum was discovered in murine cells where
caspase-12 is involvedw9x. All these pathways
lead to the activation of downstream executioner
caspases, which activate or inactivate their specific
cellular protein targets via limited proteolysis(Fig.
1a).

Based on phylogenetic analyses, caspases have
been classified into two subfamilies: the interleu-
kin-1b converting enzyme-(ICE-) and theCae-
norhabditis elegans protein-like (CED-3-like)
family, for which the prototypes are ICE(caspase-
1) and CED-3 w10x. To date, 14 mammalian
caspase sequences have been reported, of which
11 are of human origin and 3 of murine origin
(reviewed inw4x).

All caspases recognize tetrapeptidic sequences,
with caspase-2 being the exception, and have a
stringent specificity for cleaving C-terminally of
aspartic acid residues(Fig. 1b). Downstream cas-
pases are targeted and cleaved in a specific fashion,
enabling cellular disassembly, which is character-
istic of apoptosisw11,12x.

The global fold, the topology, and the quarter-
nary structure of caspases define a new family of
cysteine proteases. Three-dimensional X-ray crys-
tallographic structures are available for caspase-1
w13,14x, caspase-3w15,16x, caspase-8w17,18x, cas-
pase-7w19x, and caspase-9w20x. The caspase fold
consists of a large,a subunit and a small,b
subunit(Fig. 2). Eachayb subunit comprises six

b-strands, five parallel(a, b, c, d, e), and one
antiparallel (f), which form a twistedb-sheet
structure with twoa-helices(H2, H3) on one side,
and threea-helices (H1, H4, H5) on the other,
running approximately parallel to theb-strands.
The active site cavity is located at the C-terminal
end of the parallelb-strands within eachayb

heterodimer(Fig. 2). Two heterodimers associate
and are related by a twofold axis. The entire
quarternary arrangement can be described as an
(ayb) tetramer, composed of two symmetry-2

relatedayb heterodimers, each representing one
folding unit (Fig. 2). Substrate recognition occurs
in the active site cleft formed by loop regions from
both thea and theb subunit. The cleft recognizes
a tetrapeptide N-terminal of the canonical cleavage
site Asp-X(Fig. 2). This review focuses on struc-
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tural and functional research related to caspases
within the last year. The recently published struc-
tures of procaspase-7 and studies regarding acti-
vation of procaspase-9 will specifically be
reviewed. These experiments provide a preliminary
picture of zymogen activation in caspases and
further our understanding of the biological role of
these proteolytic enzymes in programmed cell
death.

2. Zymogen activation

Caspases are produced as inactive zymogens,
which are activated by specific proteolytic cleav-
age. Initiator caspases activate downstream caspas-
es-3, -6 and -7. However, the activation process
for apical proteases is difficult to rationalize. Pro-
caspase-8 possesses limited catalytic activity,
which is sufficient to allow intramolecular proc-
essing of zymogen molecules at high concentra-
tions w21,22x. The high concentration is achieved
by zymogen clustering at the cytosolic part of the
death receptor forming the death inducing signal-
ling complex(DISC) (Fig. 1a) w23,24x. Activation
is mediated by like–like protein interactions
through adaptor proteinsw22x. Activation of cas-
pase-9 occurs in a similar manner by the formation
of a complex between caspase-9, apoptotic prote-
ase activating factor-1(Apaf-1) and cytochrome
c: the apoptosomew25x. The adaptor protein, Apaf-
1, acts as a cofactor, increasing the proteolytic
activity by orders of magnitudew26x (Fig. 1a).

The activation of proteases, generally, proceeds
by limited proteolysis and removal of an N-
terminal peptide or an entire N-terminal domain
(Fig. 1b). Caspase zymogens possess an N-termi-
nal prodomain, and a linker peptide within the
protease domain, which are cleaved to render an
active caspasew27x. Internal cleavage sites are
consistent with the ability to auto-activate or to
activate other caspases as part of an amplification
cascade. The sequences of the prodomains vary
considerably among caspase family members.
There are small N-terminal peptides(e.g. caspases-
3, -6, -7) and large N-terminal domains that are
involved in recruitment andyor activation (e.g.
caspases-2, -8, -9, -10 and the cytokine processing

caspases-1, -4, -5, -11, -12, -13) w4x. The recent
procaspase-7 structures and caspase-9 structure,
along with biochemical data, provide insights into
the molecular mechanism of caspase activation
w28,29x.

3. Structure and activation mechanism of pro-
caspase-7

The structures of procaspase-7(a caspase zymo-
gen), and an active caspase-7 without ligand,
display significant structural differences in the
active site cleft regionw28x. As in the bound
caspase-7, the zymogen is composed of two cata-
lytic domains. Each domain contains a central six-
strandedb-sheet and fivea-helices(Fig. 3). Four
surface loops emerge from the core structure to
form the potential active site. Comparison of the
loop positions between the zymogen and the active
enzyme shows large structural differences(Fig. 3)
w28,29x.

The procaspase-7 zymogen is a single continu-
ous polypeptide chain. It possesses an intersubunit
linker (called L2), which forms a loop between
the large and the small subunits of the mature
caspase. This intersubunit segment contains the
cleavage site(Ile195–Gln196–Ala197–Asp198)
for the activation of procaspase-7. Part of this loop
(residues 190–203) was not visible in the struc-
ture, due to flexibility in the active site region,
which is probably required for binding to the active
site of an activator caspase(Fig. 3). In the crystal
structure, the N-terminus of the small subunit in
one heterodimer traverses the dimeric interface,
and is oriented towards the C-terminus of the large
subunit. This indicates that the heterodimer of
procaspase-7 is built from a single polypeptide
chain.

A second procaspase-7 structure was published
towards the end of last yearw29x describing similar
findings as in the earlier structure. Continuous
electron density for the intersubunit linkers was
not observed, however, the direction which the C-
terminus of the large subunit follows supports the
idea that two monomers are brought together in
close association, rather than monomer interdigi-
tation. Unlike in the active caspase structures,
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Fig. 3. A superposition of caspase-7 structures are shown here, in stereo, as a ribbon representation. Procaspase-7, shown in yellow
(1K88.pdb), wild-type caspase-7, shown in pink(1K86.pdb) w28x, and caspase-7–Ac-DEVD-CHO, shown in cyan(1F1J.pdb) w19x
were superimposed in Ow33x. For clarity, the structure of procaspase-7 has been shown in full and only loop regions from the other
two structures have been shown, to highlight the differences. Labels written in parentheses represent alternative nomenclature, which
agrees with caspase-1 nomenclaturew14,34x. This figure was produced inSETOR w32x.

where the chain extends straight on after Cys 285,
the zymogen chain turns 908, and travels upwards
toward the activation loop. Linkers in both struc-
tures insert themselves into the central cavity and
the dimer interface but in an asymmetric manner
(Fig. 3) w28,29x.

4. The loop bundle

The loop bundle, termed by Chai et al.w28x,
comprises L2(intersubunit linker), L4 (Loop-3),
and L29 (symmetry-related intersubunit linker)
(Fig. 3) and is present in all structures of active
caspases. Conversely, the procaspase-7 structures
both have disseminated loop bundles; the required
structural arrangement, which favours catalysis, is
not present. L2, which in active caspases extends
outwards to the bulk solvent, is turned 908 such
that the catalytic cysteine is completely turned
away from the active sitew29,28x. L4, which
normally lines one side of the active site, now
turns by 608 away from the active site. The C-
terminus of L29 in procaspase-7 is actually
observed as the N-terminus of the small subunit,
in active caspases. This loop flips 1808 to point
downwards towards its active site rather than
upwards into the bulk solvent to interact with L2
and L4 like in the active caspases(Fig. 3).

5. Substrate-induced fit

A structure of an unbound active caspase was
also determined as mentioned abovew28x. Surpris-
ingly, a few notable structural differences do exist
between bound active caspase-7 and active caspase
alone. The active site cleft is more defined than in
procaspase-7, but less defined than in an inhibited
caspase-7, indicating that active caspase-7 adopts
an active site conformation, which is intermediary
between the two extremes. L3(activation loop)
and L4(L3, caspase-1 nomenclature) are in similar
positions as that of an inhibited caspase. However,
L29 is still in a procaspase conformation; it is still
flipped 1808 and points downwards towards the
N-terminal side of L29. Therefore, the loop bundle
is not yet fully assembled in unbound, active
caspase-7, and binding of a substrateyinhibitor is
the catalyst for achieving a correctly assembled
active caspase(Fig. 3) w28x. The flipping of L29
cannot occur prior to intersubunit cleavage in
procaspase-7, thus deeming procaspase-7 as inca-
pable of substrateyinhibitor interaction.

6. Procaspase-9

Renatus et al.w20x have shown that caspase-9
exists primarily as a monomer, under normal phys-
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Fig. 4. Secondary structure ribbon representation of caspase-9
showing the two different active site conformations and resul-
tant dimeric asymmetry. Thea subunits are coloured in yellow
and theb subunits are coloured in cyan. Nomenclature used in
this figure are in accordance with caspase-1 nomenclature(see
Fig. 3 references). This figure was generated inSETOR w32x.

iological concentrations. They used gel filtration
chromatography coupled with activity assays, and
glutaraldehyde crosslinking experiments followed
by SDS-PAGE, to demonstrate that the majority
of the enzyme exists in an inactive monomeric
form, which is in equilibrium with an active
dimeric form. The crosslinking experiment fol-
lowed by SDS-PAGE conducted with caspase-9,
in the presence of the inhibitor Z-VAD-FMK,
drives the equilibrium towards the dimeric form.
At high concentrations, as used in crystallization,
the dimeric form is the predominant species. The
idea of a concentration dependent dimer formation
preceding activationw22x is supported by these
findings. The structure of a caspase-9 inhibitor
complex was also publishedw20x. The unique
feature in this caspase structure is the presence of
two different active site conformations, one for the
inhibited form, and the second for the uninhibited
(Fig. 4). The active site of the inhibited active
catalytic domain is very similar to other inhibited
caspase structures. The loops forming the active
site are the shortest in caspase-9, resulting in a
shallower binding groove and wider substrate spec-

ificity. Large structural differences are visible in
the region of the catalytic site of the uninhibited
domain, rendering it inactive. The greatest differ-
ences exist in the activation loop(Fig. 4).

7. Caspase-9 dimeric interface

Two features distinguish caspase-9 from other
caspases regarding the dimer interface. Ab-sheet
between the C-terminus of the large subunit and
the N-terminus of the small subunit is absent when
compared to other caspases. Additionally, a seven-
residue loop in the large subunit juts across the
dimer interface and is proximal to its symmetry-
related loop. These two features could be the
reason for the weak dimer interaction in caspase-
9. The dimer asymmetry is necessary and inherent
to caspase-9, however, it could also be a contrib-
uting factor to its instability. Residues Phe-390 and
Phe-3909 are symmetry-related residues located on
b-strand-8, which is the mainb-strand involved
in the dimeric interface. If the two residues were
to have the equivalent orientations in their respec-
tive molecules, they would collide into each other
(Fig. 4). Therefore, caspase-9 resolves the problem
by having an inactive, asymmetrically related mon-
omer w20x.

8. Caspase-9 activation

Renatus et al.w20x show that proteolytic cleav-
age between the caspase-9 subunits is not neces-
sary for proteolytic activity. Moreover, catalytic
activity is only present in dimeric caspase-9. Based
on their findings, a novel ‘self-priming’ mecha-
nism for procaspase-9 activation is proposed. Acti-
vation is achieved when two inactive monomers
pair up, the priming bulge is inserted into the
dimer interface, and the activation loop is properly
orientated in its active conformation. The above
sequence of events permits the alignment of the
catalytic residuesw20x.

It appears that caspase-8 follows a similar
sequence of events leading to activation as caspa-
se-9. Using gel filtration chromatography, we have
observed that caspase-8 exists primarily as a mon-
omer in solution, but shifts to a dimer when bound
to an inhibitor. However, procaspase-8 stays mono-
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Fig. 5. A schematic representation of the events leading up to caspase activation. A monomeric procaspase molecule dimerizes; this
event is concentration-dependent for the initiator caspases. Once dimerized, proteolytic processing occurs, which causes some
structural rearrangements in the active site, thus enabling the cleaved caspase to optimally bind its substrates and inhibitors.

meric even in the presence of an inhibitor, sug-
gesting that cleavage is necessary for optimal
substrateyinhibitor binding, and that dimerization
precedes cleavage(unpublished results). A model
of procaspase-8 shows that the intersubunit linker
could contribute to the sub-optimal catalytic
arrangements in the active site, thus preventing
optimal substrateyinhibitor binding(Fig. 5, general
caspase activation scheme).

9. Conclusions

The recent structural and biochemical investi-
gations of caspase-7 and -9 provide a more detailed
picture of the activation mechanism of caspases.
The structures of caspase-7 and procaspase-7
reveal that the active site cleft in procaspase-7 is
deformed and is occluded by a linker peptide
between the two domains that form the active site
after the enzyme is activated. This represents a
new mechanism of zymogen activation in prote-
ases. The mechanism might hold true for execu-

tioner caspases-7, -3 and -6, which all have linker
peptides that are comparable in length. The situa-
tion in initiator caspases such as caspase-2, -8, -9
and -10 is somewhat different. At least for caspase-
9, its activation seems to be governed by proteo-
lytic cleavage as well as a monomer–dimer
equilibrium. These caspases are activated by a
proximity-induced mechanism. In vivo, caspases
are brought together in supramolecular complexes,
such as the DISC for caspase-8, and the apopto-
some for caspase-9, via their N-terminal domains.
In vitro, the proximity can be obtained by the high
concentration of the enzyme, e.g. as used in
crystallization.

Although all aspects of substrate specificity are
not yet clearly elucidated for the caspases, a
plethora of structural information already exists.
We have just begun to understand the molecular
processes involved in activating this family of
enzymes. What remains to be determined and
discovered are the subtleties associated with each
caspase’s activation mechanism. Do the N-terminal
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prodomains play a role in keeping the caspases
dormant? Three-dimensional X-ray crystallograph-
ic structures of full-length caspases and complexes
with interaction partners involved in the activation
process are needed to answer these questions.
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