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Abstract
In general, apoptotic stimuli lead to activation of caspases.
Once activated, a caspase can induce intracellular signaling
pathways involving proteolytic activation of other caspase
family members. We report the in vitro processing of eight
murine procaspases by their enzymatically active counter-
parts. Caspase-8 processed all procaspases examined.
Caspase-1 and -11 processed the effector caspases
procaspase-3 and -7, and to a lesser extent procaspase-6.
However, vice versa, none of the caspase-1-like procaspases
was activated by the effector caspases. This suggests that the
caspase-1 subfamily members either act upstream of the
apoptosis effector caspases or else are part of a totally
separate activation pathway. Procaspase-2 was maturated by
caspase-8 and -3, and toa lesser extent by caspase-7, while the
active caspase-2 did not process any of the procaspases
examined, except its own precursor. Hence, caspase-2 might
not be able to initiate a wide proteolytic signaling cascade.
Additionally, cleavage data reveal not only proteolytic
amplification between caspase-3 and -8, caspase-6 and -3,
and caspase-6 and -7, but also positive feedback loops
involvingmultiple activated caspases.Our results suggest the
existence of a hierarchic proteolytic procaspase activation
network, which would lead to a dramatic increase in multiple
caspase activities once key caspases are activated. The
proteolytic procaspase activation network might allow that
different apoptotic stimuli result in specific cleavage of
substrates responsible for typical processes at the cell
membrane, the cytosol, the organelles, and the nucleus, which
characterize a cell dying by apoptosis.
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Asp(OMe)-aminomethylcoumarin; Ac-YVAD-amc, acetyl-Tyr-Val-
Ala-Asp-amino-methylcoumarin; afc, 7-amino-4-trifluoromethyl-
coumarin; amc, 7-amino-4-methylcoumarin; zVAD-afc, benzylox-
ycarbonyl-Val-Ala-Asp(OMe)-amino-tri¯uoromethylcoumarin

Introduction

Apoptosis is an evolutionary well-preserved process of cell
death essential to ontogeny, homeostasis and cellular
differentiation.1 A conserved family of cytoplasmic cysteinyl
aspartate-specific proteinases, called caspases, are crucial in
this physiological pathway to cell death.2,3 Based on amino
acid homology these caspases can be subdivided in three
families: the caspase-1 subfamily (caspase-1, -4/-11, -5, -12
and -13), the caspase-3 subfamily (caspase-3, -6, -7, -8 and
-10) and the caspases related to caspase-2 (caspase-2, -9,
and -14).2,4 ± 6 This comparison also shows that caspase-11/
Ich3 is most probably the murine homologue of human
caspase-4/TX/Ich2/ICErelII.

4,7 The primary structure of the
caspase zymogens (procaspases) consists of a prodomain
followed by a large subdomain of *20 kDa (p20) and a small
subdomain of *10 kDa (p10).2 Small linker peptides often
separate the different subunits. Procaspase-3, -6, -7 and -14
have very small prodomains (up to 3 kDa), while the other
procaspases contain longer prodomains (from 10 to 26 kDa).
The caspase zymogens are believed to be enzymatically
inactive or at most to have a very low enzymatic activity.8

Some caspase precursors require oligomerization of the large
prodomain for activation.9 ± 12

The maturation of procaspases involves cleavage after
specific aspartic acid residues located between the different
subdomains. So far, only three types of protease have
been reported to perform this type of maturation: the
caspases themselves, the serine proteinase granzyme
B7,13 ± 15 and cathepsins.16,17 Experimental evidence
suggests that caspases might act in some form of
proteolytic activation cascade.18 ± 22 These proteolytic
caspase activation cascades presumably constitute an
intracellular mechanism for transmission of (death) sig-
nals. However, data reported so far on potential caspase
proteolytic cascades are fragmentary and have not been
obtained under comparable experimental conditions.

We cloned and purified nine different murine cas-
pases.4,5,23 In this paper, we examined the mutual in vitro
processing of eight of these (pro)caspases in order to
provide a comprehensive understanding of the proteolytic
signaling by procaspase activation cascades.

Results

Bacterial expression and puri®cation of eight
murine caspases

Previously, we reported the cloning of seven different murine
caspases by family PCR.4 Additionally, we isolated murine
caspase-8.23 In order to obtain enzymatically active prepara-
tions, we expressed the caspases devoid of prodomains (p30
caspases) in Escherichia coli. The caspases were purified
based on a His6 tag interacting matrix. Bacterially expressed
p30 caspases were processed with variable efficiency to the
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*p20 and *p10 subunits, characteristic of active caspases.
To normalize for the amount of mature caspases, equal
concentrations of *p20 subunit of each caspase were used
in all experiments. Incubation of the recombinant caspase
preparations under conditions identical to these applied in
cleavage experiments did not change the silver stain pattern
of the caspase preparation, suggesting the absence of
autoprocessing at the concentrations tested (Figure 1). The
caspase concentration in this experiment (2 mg/30 ml)
exceeded the concentration used in the procaspase
cleavage assays (60 ng/25 ml), a fortiori excluding autopro-
cessing in the latter experiment.

A number of oligopeptide substrates have been
developed based on the recognition site in prototype
substrates. Acetyl-Tyr-Val-Ala-Asp-aminomethylcoumarin
(Ac-YVAD-amc) and benzyloxycarbonyl-Val-Ala-Asp(OMe)-
aminotrifluoromethylcoumarin (zVAD-afc) are derived from
one of the two caspase-1 cleavage sites in prointerleukin-
1b (YVHD), while acetyl-Asp(OMe)-Glu(OMe)-Val-
Asp(OMe)-aminomethylcoumarin (Ac-DEVD-amc) was
based on the caspase-3 cleavage site in poly(ADP-ribose)
polymerase. Fluorometric assays were performed to test
the enzymatic activities of the purified caspases on these
peptide caspase substrates. All caspase preparations,
except caspase-12, scored positive on at least one of the
three oligopeptide substrates (Table 1), which confirms
their functionality. Since the concentrations of caspases
had been normalized on the amount of p20, differences in
specific enzymatic activities were most probably due to
substrate specificity of the caspases.

In vitro cleavage of procaspases by caspases

On the basis of their biological function, the caspases tested
can be classified in three groups: proinflammatory caspases
(caspase-1, -11 and -12), receptor-associated caspases
(caspase-2 and -8) and effector caspases (caspase-3, -6 and
-7).24 35S-Met-labeled in vitro transcription/translation products
of the murine cDNA clones coding for caspase precursors
(procaspases) were used as substrates for purified recombi-
nant caspases. In order to distinguish between prodomain and

p10 processing, both the precursor forms (Figures 2 ± 4) and
the p30 caspases were examined as substrates (data not
shown). Since we were unable to show any enzymatic activity
for caspase-12 in these assays (Table 1), caspase-12
experiments were not included. The in vitro proteolytic
experiments were performed at an enzymatic concentration
of 60 ng *p20/25 ml, which corresponds to approximately
120 nMofmaturecaspase.Thisconcentration is inaccordance
with that of active caspase-3 in cell lysates, viz. 100 nM.25

Cleavage of proinflammatory procaspases

Procaspase-1 was weakly processed between the *p20 and
*p10 subunits by caspase-1 itself and by caspase-11, as
evidenced by the generation of 37/35-kDa bands (Figure 2A).
On the other hand, caspase-8 efficiently cleaved procaspase-
1 (Figure 2A). The 35-kDa band is probably a result of further
processing of the 37-kDa form by removal of the 2-kDa spacer
peptide present between the *p20 and *p10 subunits. The
cleavage sites in procaspase-1 shown in Figure 2A are based
on literature data.8

Procaspase-11 was weakly processed by caspase-1,
reflected by the appearance of a weak 37.5-kDa band
above a band formed as a result of internal initiation (Figure
2B). However, since p30 caspase-11 was not a substrate
for caspase-1 (data not shown), this cleavage probably
occurred at the prodomain level. As was the case for
procaspase-1, procaspase-11 was most effectively cleaved
by caspase-8, resulting in release of the *p10 subunit. The
exact cleavage sites responsible for human procaspase-4
or murine procaspase-11 processing have not yet been
defined, but a similar cleavage pattern was also observed
when human procaspase-4 was hydrolyzed by human
caspase-8.20,26 Furthermore, Western blotting revealed that
tissues of mice treated with lipopolysaccharide contained
similar caspase-11 fragments.27 Release of the *p10
subunit presumably results in activation of procaspase-11,
by analogy with activation of procaspase-1 and -4.8,9

Caspase-3 and -7 processed procaspase-12 at the
prodomain (Figure 2C), since p30 caspase-12 showed no
cleavage by caspase-3 or -7 under identical conditions
(data not shown). This cleavage occurred presumably at
the DEDD94 site, which encompasses the DXXD con-
sensus sequence for caspase-3-like enzymes.24 Although

Figure 1 Incubation of recombinant caspase preparations. Caspases devoid
of prodomain were expressed in E. coli and purified. All caspase preparations,
except caspase-12 and -14 (data not shown), contain fragments indicative of
mature caspase (arrowheads). In order to control further autoprocessing
during incubation with substrate, the caspase preparations (2 mg/30 ml) were
incubated in reaction buffer for 1.5 h at 378C. The caspase preparations before
and after incubation were analyzed by 15% SDS ± PAGE (2 mg per lane) and
revealed by a modified silver stain protocol43

Table 1 Caspase activity on peptide substrates

Ac-DEVD-amc Ac-YVAD-amc zVAD-afc

Caspase-1
Caspase-11
Caspase-12
Caspase-2
Caspase-8
Caspase-3
Caspase-6
Caspase-7

11 726
17 969

0
42 000

911 950
8 004 500

568 180
312 800

118 300
7 637

0
0

67 610
53 000

357
8 500

38 195
62 039

ND
0

91 080
23 900
4 535
ND

Speci®c enzymatic activities of recombinant caspases on peptide substrates are
expressed in U/mg. Equal amounts of active caspase protein were added, based
on the p20 subunit content of the preparation. One unit of caspase activity
corresponds to the amount of caspase required to generate 1 pmole of free amc
or afc/min at 308C
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caspase-8 generated additional cleavage products, it
mainly cleaved at the prodomain of procaspase-12
(presumably D144 and D152), which does not result in
activation of procaspase-12. This suggests that procas-
pase-12 might be activated by an alternative mechanism.

In general, it might be concluded that procaspase-1, -11
and -12 are, compared to other procaspases (see below),
poor substrates for the caspases tested. One exception is
caspase-8, which might represent an efficient apical initiation
mechanism of activation of these proinflammatory caspases.
However, involvement of other activation mechanisms for
the processing of these proinflammatory caspases, such as
autoproteolytic activation by homodimerization9 ± 12 or other
proteases, such as cathepsin B16,17 may be more likely. In
this respect, the high transcriptional inducibility of caspase-
1,28 caspase-11 and caspase-12 should be noted (G
Denecker, unpublished data). Nevertheless, it cannot be
excluded that untested initiator caspases are involved in the
activation of proinflammatory caspases.

Cleavage of receptor-associated procaspases

In addition to caspase-8, caspase-2 has also been reported to
be recruited to an activated receptor complex, though the
evidence is indirect.29 Caspase-8, caspase-3 and, to a lesser
extent, caspase-7 were able to process procaspase-2, as
clear from the disappearance of the precursor form (Figure
3A). Additionally, procaspase-2 was processed between the
*p20 and *p10 subunits (in decreasing order of activity) by
caspase-2, -6, -1 and -11 (Figure 3A). The in vitro
procaspase-2 cleavage fragments generated by caspase-8,
-3 and -7 were also detected in HeLa or Jurkat cells stimulated
to apoptosis by tumor necrosis factor or Fas, respectively;
D333 was mapped by mutagenesis to be the primary cleavage
site of human procaspase-2.29 Indeed, most caspases appear
to cleave procaspase-2 at position D333, as witnessed by the
generation of a 14-kDa band. The heterogeneity of the
caspase-2 bands around 37 kDa was also noticed by
Western blot analysis of human cell lysates and by in vitro
cleavage of human procaspase-2 with caspase-1, -2 and
-3.29,30 Interestingly, an additional weaker cleavage of
procaspase-2 by caspase-2 between prodomain and *p20
subunit has also been observed.30

The profile of procaspase-8 cleavage was rather
complex, but the molecular mass profile of the cleavage
products from human procaspase-8 after Fas stimulation,31

the assignment of the cleavage sites in human caspase-
8,20,32 as well as multiple sequence alignment of human
and murine caspase-823 allow to identify the fragments
generated. Generation of the *p20 and *p10 subunits
indicative of fully mature caspase-8 was only clearly
detectable in the case of treatment with caspase-8 and
-3, as well as (though hardly detectable) with caspase-6.

A

B

C

Figure 2 In vitro cleavage of proinflammatory procaspases by different
caspases. 35S-labeled proinflammatory procaspases were incubated for 1.5 h
at 378C with recombinant caspases in caspase buffer, and then analyzed by

15% SDS ± PAGE and autoradiography. Closed arrowheads, substrate
(procaspase); open arrowheads, cleavage products. The smaller products
are due to internal initiation in the in vitro translation reaction.7 Diagrams show
the location of the presumed cleavage sites and the molecular mass of the
theoretically expected (T) and experimentally obtained (Exp.) fragments. (A)
Cleavage of procaspase-1; (B) cleavage of procaspase-11; (C) cleavage of
procaspase-12
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The amount of 45-kDa fragment generated, which
represents the prodomain connected to the *p20
subunit, indicated that caspase-6 could efficiently process
procaspase-8 between the *p20 and *p10 subunits
(Figure 3B). Also caspase-8 and -3 preferentially cleaved
at the latter site. Recently, it has been demonstrated that
oligomerization of procaspase-8 might initiate receptor-
dependent activation of procaspase-8.12 Our results
suggest that mainly caspase-8 and -3, but also caspase-
6, might be implicated in the amplification of procaspase-8
activation, and might therefore mediate procaspase-8
activation independently of death domain recruitment.

Cleavage of effector procaspases

Procaspase-3 was fully converted to the active form, in
decreasing order of activity, by caspase-6, -8, -11 and -3,
as can be deduced from the generation of *p20 and

*p10 fragments (Figure 4A). The caspase cleavage sites
have been identified for human caspase-333 and are
conserved in murine caspase-3.7 Caspase-7 processed

A

B

Figure 3 In vitro cleavage of receptor-associated procaspases-8 and -2 by
caspases. Incubation, analysis and autoradiography were performed as
described in the legend to Figure 2, where the indications on the diagrams are
also explained. (A) Cleavage of procaspase-2; (B) cleavage of procaspase-8

A

B

C

Figure 4 In vitro cleavage of effector procaspases by different caspases.
Incubation, analysis and autoradiography were performed as described in the
legend to Figure 2, where the indications on the diagrams are also explained.
(A) Cleavage of procaspase-3; (B) cleavage of procaspase-6; (C) cleavage of
procaspase-7
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procaspase-3 weakly at the prodomain, as shown by the
presence of a faint band just below the precursor form. The
other potential cleavage sites were not recognized by
caspase-7. Interestingly, caspase-1 cleaved procaspase-3
at the *p10 domain, but the small prodomain was not
removed from the 19-kDa subunit as evidenced by the
absence of a 16.5-kDa fragment. Also this type of cleavage
results in active caspase-3.34

Many caspases could process procaspase-6: caspase-3,
caspase-6, caspase-8 and, to a lesser extent, caspase-7,
as shown by the generation of *p20 and *p10 fragments
(Figure 4B). It should be noted, however, that these results
contradict those of Kang et al 35 who show that neither
caspase-8 nor caspase-3 are able to process procaspase-6
during coexpression in Saccharomyces cerevisiae. Cas-
pase-1 and caspase-11 induced only a minor maturation of
procaspase-6. The cleavage sites of human caspase-6
have been determined.36 These sites are conserved in the
mouse and correspond to D5, D162 and D175.4 This
suggests the existence of a linker peptide between the
large and small subunits as is the case with human
caspase-6 (ranging from D162 to D175).

Procaspase-7 was fully processed by caspase-6, -1, -11
and -3 (Figure 4C). Caspase-8 also generated efficiently
*p20 and *p10 fragments indicative of active caspase-7
(Figure 4C). On the other hand, caspase-7 potently
autoprocessed between its short prodomain and the
*p20 subunit (DGVD23). D23 and D198 are conserved
between human and murine caspase-74 and have been
reported as the caspase cleavage sites in human caspase-
7.15 The origin of the 17-kDa fragment obtained with
caspase-1 is unclear.

Ordering of caspases on the basis of their
enzymatic specificity

The following conclusions can be drawn from the in vitro
cleavage data of procaspases by mature caspase-1, -2, -3, -6,
-7, -8 or -11 (Figure 5):

(i) All mature caspases tested processed their own
precursor form, except for caspase-11. This processing
does not always result in full caspase maturation. For
example, caspase-1 and caspase-2 processed between
their *p20 and *p10 subunits, but caspase-7 mainly
processed its own precursor form at the short
prodomain. On the other hand, the active forms of
caspase-8, caspase-6 and caspase-3 were able to fully
process their own precursor form, suggesting a powerful
proteolytic autoampli®cation. Moreover, since the *p36/
*p10 forms of both caspase-1 and -4 have been
demonstrated to be enzymatically active,8 cleavages at
the link between *p20 and *p10 subunits may be
suf®cient to activate also other caspases. Taking this
type of cleavage as a parameter for activation of the
respective caspases, our data suggest that also
caspase-2 is capable of activating its precursors.

(ii) The apical caspase-8 was able to process all
procaspases tested. Procaspase-2 and the effector
procaspases-3, -6 and -7 were very ef®ciently and fully
maturated, while caspase-8 was also the most ef®cient
caspase in processing proin¯ammatory caspases. The
preferred cleavage of procaspase-1 and -11 by
caspase-8 took place at the boundary of the *p20
and *p10 subunits. As mentioned above, this type of
cleavage presumably activates caspase-1 and -11.
Procaspase-12 was very ef®ciently cleaved by cas-
pase-8 between the prodomain and the *p20 subunit
(proteolysis between *p20 and *p10 was much
weaker).

(iii) Caspase-1 and -11 processed procaspase-3 and
procaspase-7, and to some degree also procaspase-6,
but not vice versa. This imposes a hierarchical order in
the procaspase activation cascade leading from proin-
¯ammatory to effector caspases. Interestingly, caspase-
1 and caspase-11 did not process procaspase-8,
placing these caspases downstream of caspase-8 or
in a completely separate activation pathway.

(iv) The couples caspase-3 and caspase-6, caspase-6 and
caspase-7, or caspase-3 and caspase-8 maturate each
other's precursors well, providing potential intermole-
cular proteolytic ampli®cation.

(v) Our data also suggest the existence of positive
feedback loops that make use of multiple caspases.

(vi) The only activity detected for caspase-2 is processing of
its own precursor. Procaspase-2 was strongly activated
by caspase-3 and -8, and to a lesser extent by
caspase-7. This indicates that caspase-2 may be
involved in a caspase cascade, but cannot initiate a
wide procaspase activation cascade by itself, at least
not with the procaspases examined.

Discussion

We here report on the in vitro mutual processing of eight
murine caspases (caspase-1, -2, -3, -6, -7, -8, -11/4 and -12)
in order to gain insight into possible caspase proteolytic
cascades. Unfortunately, we were not able to show enzymatic
activity of caspase-12, not even upon separate expression of
the *p20 and *p10 subunits in bacteria and subsequent

Figure 5 Overview of in vitro cleavage of procaspase substrates by
caspases. Data are compiled from the results illustrated in Figures 2 ± 4.
The different cleavage patterns are represented by symbols according to the
lower scheme; the relative strength of cleavage is indicated by the number of
symbols. Caspase-12 was not included as an enzyme since no substrate has
been identified so far
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mixing of both fragments; possibly a suitable substrate has
not yet been identified. All other caspases exhibited
proteolytic activity to a different extent on at least one of the
oligopeptide substrates tested. This variation in specific
enzymatic activity is most probably due to substrate
specificity of the caspases.

Caspase-1 and -11 are able to maturate the effector
procaspases-3 and -6. Hence, the proinflammatory
caspases can act upstream of the effector caspases.
Remarkably, none of the effector proteases caspase-3,
-6 or -7 could proteolyze the proinflammatory procaspase-1
or -11. These results are in agreement with reports on
sequential activation of caspase-1-like and caspase-3-like
proteases in the course of Fas-mediated apoptosis.18,37

The effector caspases procaspase-3, -6 and -7 were
very efficiently activated by caspase-8. Additionally, among
all caspases examined, caspase-8 was the best enzyme for
in vitro processing of the proinflammatory procaspases-1, -
11 and -12. Since caspase-1 and -11 are also efficient
activators of the effector caspases, it might be hypothe-
sized that, depending on the cell line and/or the apoptotic
stimulus, the inflammatory caspases might be involved in
the amplification of caspase-8-initiated activation of effector
caspases. A few cell types (thymocytes and embryonic
fibroblasts) of caspase-1 and -11 knockout mice exhibit
reduced Fas-mediated cell death,27,38,39 which suggests
that caspase-8 might at least partially act by activating
proinflammatory caspases. So the death pathway may
need caspase-1 and/or -11 in some cell types for its proper
execution, while in other cell types these caspases are not
included or can be by-passed.

Interestingly, not only caspase-8 itself, but also caspase-
3 was able to fully process procaspase-8 in vitro. In
addition, caspase-6 was able to process procaspase-8
substantially at the *p20/*p10 subunit border generating
a 43-kDa and an 11-kDa fragment. The latter cleavage is a
first step in the activation process of procaspase-8 by active
caspase-8.31 This suggests that maturation of procaspase-8
may not only result from oligomerization-induced autocata-
lysis,10 ± 12 but may in some systems also result from
proteolytic cleavage by caspase-3 or -6. Consequently,
caspase-3 and -6 may constitute a positive feedback
mechanism potentiating procaspase-8 activation at either
the receptor site or at other subcellular localizations.

As already discussed above, caspase-1 and caspase-11
unidirectionally activate procaspase-3 and -7. Caspase-3
and -7 in turn efficiently maturate procaspase-6. Because of
the weak ability of caspase-1 and -11 to process
procaspase-6, the latter most likely becomes activated by
caspase-3 and -7. Caspase-6 in turn is a very potent
processor of procaspase-3 and -7, providing a positive
feedback system to both of them. There is no such mutual
proteolytic amplification between caspase-3 and caspase-7.

Our data also suggest that the intracellular proteolytic
caspase-signaling pathways operate in a network-like
fashion, in which initial activation of one caspase can lead
to activation of multiple other family members, resulting in
cleavage of many different substrates. A remarkable
observation, however, it that a similar set of cellular events
is induced, irrespective of the apoptotic stimulus, such as

tumor necrosis factor-ligand family members, growth factor
depletion, drugs, irradiation, or viral infection. This implies
that apoptosis induction finally converges at the same set
of effector caspases. The procaspase activation network,
as proposed here, might integrate the different apoptotic
stimuli to an identical proteolytic output. One should be
aware that the cellular context is more complex than a
mixture of labeled procaspases and recombinant caspases
as used here. In the present study, the activity of the crucial
caspase-9 is not included.22 Nevertheless, most fragmen-
tary in vitro and in vivo studies on mutual procaspase
activation schemes reported in the literature do fit in the
network model presented here.

Materials and Methods

Bacterial expression of murine caspase-x
(x = 1, 2, 3, 6, 7, 8, 11 or 12)

Full-length cDNA clones of murine caspases4 were used as a template
for PCR amplification with Vent-DNA polymerase (New England
Biolabs, Beverly, MA, USA) to generate p30 caspases (sometimes
referred to as Dprocaspases). First, a p30 caspase-1 construct was
made using synthetic oligonucleotide primers designed to eliminate
the N-terminal region corresponding to the prodomain of caspase-1, to
add an EcoRV restriction site upstream of an inserted Met start codon
and to append a 10 amino acid (N)SAWRHPQFGG(C) Strep tag to the
C-terminus of caspase-1,40 followed by two stop codons as well as
BamHI, MunI, EcoRI and XbaI restriction sites. GCGGATATCGG-
TACCTGCCACCATGGGCACATTTCCAGGACTGACTGG was used
as sense primer. The antisense primer, including the Strep tag, was
CGCGTCTAGAGAATTCAATTGCCGGATCCTATTAACCAC-
CAAACTGGGGGTGGCGCCAAGCGCTAGCATGTCCCGGGAA-
GAGGTAGAAACGT. The resulting PCR product was digested with
EcoRV and EcoRI, and was inserted into an EheI/EcoRI-opened
pLT10TH plasmid41 downstream of the His6 tag, to generate
pLTmCASP-1a. This plasmid was further used as a basic vector to
subclone other caspases. The primers CGGGGTACCTGCCAC-
C A T G G C A T C T G G G A T C T A T C T G G A C A G T A G a n d
CGCGCTAGCGTGATAAAAGTACAGTTCTTTCGT were used for
p30 caspase-3 amplification. The p30 caspase-6 amplicon was
generated with the primers CGGGGTACCTGCCACCATGGCAC-
CAGCCGAGCAGTACAAGATGGA and CGGGCTAGCCTTGC-
TAGGTTTGGGACAGAAATG. For the p30 caspase-11 amplicon, the
primers CGGGGTACCTGCCACCATGGCACCAGGCAGCCAC-
CATGGTGAAGC and CGCGCTAGCGTTGCCAGGAAAGAGGTA-
GAAATA were used, while p30 caspase-12 was obtained with the
primers CGGGGTACCTGCCACCATGGAAATGGAGGTAAATGCTG-
GATTGG and CGGGCTAGCATTCCCGGGAAAAAGGTAGAAATA.
The resulting DNA fragments were KpnI/NheI-cloned in pLTmCASP-
1a, replacing the caspase-1 reading frame, to generate pLTmCASP-x
(x = 3, 6, 11 or 12). p30 caspase-7 and p30 caspase-2 were NcoI/NheI-
cloned in a slightly different pLTmcaspase-1 plasmid, which contained
an in-frame NcoI restriction site instead of a KpnI site, and which was
named pLTmCASP-1b. p30 caspase-7 was amplified with the primers
CGGGGTACCACCATGGCCAAGCCAGACCGCTCCTCTATC and
CGGGCTAGCACGGCTGAAGTACAGCTCTTTGGT. The primers
CGGGGTACCACCATGGCAACAAGTCTCCCTTTCTCGGTGTGT
and CGCGCTAGCCGTGGGTGGGTAGCCTGGGAACAG were used
for p30 caspase-2. The plasmids generated were named pLTmCASP-
7 and -2, respectively. The primers GCGGATATCCAGTGAGTCACG-
GACTTCAGACAAAG and GCGGATATCGAATTCTCATTAGGGAGG-
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GAAGAAGAGCTTC were used to generate pLTmCASP-8. EST clone
533745 (Washington University School of Medicine, St. Louis, MO,
USA42) was used as template DNA; the amplicon was EcoRV-cloned
into pLT10TH. As a result, murine caspase-8 did not contain a Strep
tag. All plasmid inserts were confirmed by dideoxy-DNA sequencing
and transformed in MC1061 bacteria containing a pICA2 plasmid (N
Mertens, unpublished data). Exponentially growing E. coli bacteria
(A600 = 0.5) were induced overnight with 1 mM isopropyl b-D-
thiogalactopyranoside at 208C. The cells were harvested by
centrifugation and the cell paste was frozen until required. Frozen
MC1061 cell pellets were suspended in buffer A, comprising 20 mM
Tris-HCl, pH 7.5, 10% glycerol, 1 mM oxidized glutathione, 200 mM
NaCl, 1 mM phenylmethylsulfonyl fluoride, 50 mM leupeptin and 20 mg/
ml aprotinin (approximately 28 A600/ml), and were lysed by sonication
or in a French press. Insoluble proteins were removed by
centrifugation. Bacterial DNA was removed over a DEAE column
(XK26/20) (Pharmacia Biotech, Uppsala, Sweden) equilibrated with
buffer A. The flow-through was applied on a Co+2 metal chelate
column (Clontech Laboratories, Palo Alto, CA, USA), which was
washed with buffer A for 4 to 16 h. Low-strength metal-binding proteins
were removed by a short washing with buffer B, consisting of 20 mM
Tris-HCl pH 7.5, 10% glycerol, 1 mM oxidized glutathione, 200 mM
NaCl and 10 mM imidazole. His6-tagged caspase was eluted from the
column with buffer C, containing 20 mM Tris-HCl pH 7.5, 10% glycerol,
1 mM oxidized glutathione, 50 mM NaCl and 100 mM imidazole. The
purity of the preparation was checked by SDS ± PAGE. Only murine
caspase-7 was purified to homogeneity at this stage. Caspase-1, -2, -3
and -12 were further purified over Q-Resource (Pharmacia Biotech)
whereas caspase-6, -8 and -11 were purified over monoQ columns
(Pharmacia Biotech). p30 caspases were processed in the bacteria
with variable efficiency to the *p20 and *p10 subunits characteristic
of active caspase. To estimate the amount of *p20 subunit, a dilution
series of purified caspases and of a reference protein (purified
lysozyme; Sigma-Aldrich, Deisenhoven, FRG) was made. The
different subunits of the caspases were separated on 15% SDS ±
PAGE, together with the reference protein, and were visualized with
Coomassie blue. Scanning of the gels allowed approximate
quantification of the *p20 subunit with the concentration of the
reference protein as internal standard and by means of ImageQuant
software (PhosphorImager; Molecular Dynamics, Sunnyvale, CA,
USA) (data not shown).

Assays on synthetic substrates

Activity assays on peptide substrates were performed in a reaction
buffer containing 220 mM mannitol, 170 mM sucrose, 5 mM NaCl,
5 mM MgCl2, 10 mM HEPES pH 7.5 and 2.5 mM KH2PO4. Purified
murine caspases containing 60 ng of *p20 subunit were diluted with
reaction buffer. The peptides Ac-YVAD-amc and Ac-DEVD-amc
(Peptide Institute, Osaka, Japan) or custom-synthesized zVAD-afc
(Enzyme Systems, Dublin, CA, USA) were added to a final
concentration of 50 mM. The total volume was adjusted to 150 ml.
The generation of free 7-amino-4-methylcoumarin (amc) was
continuously monitored for 30 min in a fluorometer (CytoFluor;
PerSeptive Biosystems, Framingham, MA, USA) at an excitation
wavelength of 360 nm and an emission wavelength of 460 nm. Free 7-
amino-4-trifluoromethylcoumarin (afc) was monitored at an excitation
wavelength of 409 nm and an emission wavelength of 505 nm. One
unit of purified caspase represents the amount of enzyme necessary
to generate 1 pmole of free amc or afc/min from 50 mM peptide
substrate at 308C.

In vitro transcription/translation

The inserts, encoding the entire open reading frame, used to obtain
pCAGGS-mCASP-x4 were cloned into a pGEM11zf(+) vector
(Promega, Madison, WI, USA). The resulting plasmids were named
pGEM-mCASP-x (x = 1, 2, 3, 6, 7, 11 or 12). Full-length murine
caspase-8 was cloned into a pCDNA3 vector (Invitrogen, San Diego,
CA, USA) to generate pCDNA-mCASP-8. All these plasmids were
used to produce radiolabeled murine precursor caspases by coupled
transcription/translation (TNT kit; Promega) according to the
manufacturer's recommendations. To produce 35S-Met-labeled
prodomain-deleted caspases, pLTmCASP-x plasmids were used
(data not shown). The reaction products were analyzed by SDS ±
PAGE and stored at 7708C until needed.

In vitro assay of active p30 caspases on labeled
substrates

The equivalent of 60 ng of *p20 subunit of purified caspase was
incubated with 1 ml of in vitro radiolabeled substrate in a total volume
of 25 ml caspase buffer (50 mM HEPES pH 7.5, 10 mM dithiothreitol,
1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 50 mM leupeptin
and 20 mg/ml aprotinin) for 1.5 h at 378C. The resulting cleavage
products were analyzed on 15% SDS ± PAGE.
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