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Members of the caspase family of cysteine proteases coordi-
nate the highly disparate processes of apoptosis and inflamma-
tion. However, although hundreds of substrates for the apopto-
sis effector caspases (caspase-3 and caspase-7) have been
identified, only two confirmed substrates for the key inflamma-
tory protease (caspase-1) are known. Whether this reflects
intrinsic differences in the substrate specificity of inflammatory
versus apoptotic caspases or their relative abundance in vivo is
unknown. To address this issue, we have compared the specific-
ity of caspases-1, -3, and -7 toward peptide and protein sub-
strates. Contrary to expectation, caspase-1 displayed concentra-
tion-dependent promiscuity toward a variety of substrates,
suggesting that caspase-1 specificity is maintained by restrict-
ing its abundance. Although endogenous concentrations of
caspase-1 were found to be similar to caspase-3, processed
caspase-1 was found to be much more labile, with a half-life of
�9 min. This contrasted sharply with the active forms of
caspase-3 and caspase-7, which exhibited half-lives of 8 and
11 h, respectively. We propose that the high degree of substrate
specificity displayed by caspase-1 is maintained through rapid
spontaneous inactivation of this protease.

The caspase family of cysteine proteases plays a conserved
role in apoptosis and inflammation (1–3). Although the apo-
ptosis-associated effector caspases (caspases-3 and -7) have
been extensively characterized, less is known concerning the
mechanism of action of the inflammatory caspases. Caspases-1,
-4, and -5 comprise the human inflammatory caspases and
these proteases do not appear to play any significant role in
apoptosis (1, 2). Instead, caspases-1, -4, and -5 play central roles
in inflammatory processes and are essential for the production
of the mature forms of certain inflammatory cytokines in
response to infectious agents as well as sterile injury (4, 5). To
date, over 600 substrates for the apoptosis-associated effector
caspases have been identified through a combination of global
proteomic and single protein analyses (3, 6). In sharp contrast,
only two confirmed substrates for the inflammatory caspases
have been identified (interleukin-1� and interleukin-18), which

suggests that these proteases aremore specific than the apopto-
tic caspases by more than two orders of magnitude.
The inflammatory caspases are present as dormant precur-

sor enzymes in many cell types but become activated in
response to proinflammatory stimuli such as bacterial LPS, uric
acid crystals, and several other proinflammatory agents (4, 7).
Although the precisemechanism of activation of the inflamma-
tory caspases is still under active investigation, these caspases
become activated upon recruitment to a variety of related
caspase-activating platforms called inflammasomes (4). Dis-
tinct inflammasome complexes, built upon different members
of the NALP family of scaffold proteins in tandem with the
ASC/PYCARD adaptor molecule, assemble in response to dis-
tinct proinflammatory stimuli (8–11).
Becauseof thepaucity of substrates thathavebeen identified for

caspase-1, it is often assumed that inflammatory caspases are
much lesspromiscuous thantheapoptosis effectorcaspases.How-
ever, because this issuehasnotbeenexamined formally, it remains
unclear whether caspase-1 is indeed more stringent in substrate
selection than caspases-3 and -7, thereby explaining why so few
substrates have been found for this protease. To address this ques-
tion, we have compared the specificity of caspases-1, -3, and -7
toward a diverse panel of peptide and protein substrates.
Here, we show that caspase-1 exhibits concentration-depen-

dent promiscuity toward synthetic as well as natural substrates,
suggesting that the specificity of this protease is maintained by
restricting its availability within the cell. However, concentrations
of endogenous procaspase-1 were found to be similar to that of
procaspases-3 and -7 in a number of commonly used cell lines,
suggesting that caspase-1 specificity is not maintained by regulat-
ing the amount of available zymogen. Instead, we have found that
caspase-1 is muchmore labile than caspases-3 or -7 and is rapidly
inactivated upon formation of themature enzyme, with a half-life
of�9min at 37 °C. In contrast, caspases-3 and -7were found tobe
muchmore stable enzymes,maintainingessentially full activity for
periods of 8–11 h at 37 °C. Collectively, these data suggest that
caspase-1 specificity ismaintained throughrapiddestabilizationof
this protease within minutes of activation, thereby restricting the
activity of this enzyme toward highly preferred substrates such as
IL-1� and IL-18.

EXPERIMENTAL PROCEDURES

Materials—Antibodies specific to caspase-1 (N-terminal and
p10-specific) were purchased from Santa Cruz Biotechnology
(catalog nos. sc-622 and sc-515). Anti-caspase-4 and caspase-5
were purchased fromMBL (catalog nos. M029-3 andM060-3).
Caspase-2, caspase-3, caspase-6, caspase-7, BID, gelsolin,
RhoGDI, ROCKI, and XIAP antibodies were purchased from
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BD Biosciences (catalog nos. 611022, 610323, 556581, 610813,
550365, 610413, 556511, 611136, and 610763). Caspase-8- and
caspase-9-specific antibodies were obtained from Apotech
(catalog no. APO-20A-071-C050) and Oncogene Research
Products (catalog no. AM47), respectively. Anti-active
caspase-3 and anti-PAK2 were purchased from Cell Signaling
(catalog nos. 96615 and 2608). Anti-co-chaperone p23 was from
Affinity Bioreagents (catalog no. MA3-414) and anti-IL-1� was
from R&D Systems (catalog no. MAB201). All small peptide sub-
strates and inhibitors (YVAD-CHO, ZVAD-fmk,2 DEVD-AMC,
IETD-AMC, WEHD-AMC, YVAD-AMC and ZVAD-AMC)
were purchased from Bachem, and biotin-VADwas from ICN.
Expression and Purification of Recombinant Caspases and

Substrates—Caspase-1 p30 (lacking N-terminal prodomain)
was cloned into pET21a. pET23b caspase-3 and caspase-7 con-
structs were kindly provided by Dr. Guy Salvesen (Burnham
Institute, La Jolla, CA). Sequences encoding interleukin-1� and
RhoGDI were cloned into pET45b. Plasmids encoding polyhis-
tidine-tagged proteins were transformed into Escherichia coli
BL21/DE3/pLysS and bacteria were induced to express the
recombinant proteins in the presence of isopropyl 1-thio-�-D-
galactopyranoside. The zymogen forms of caspase-3 and -7
were expressed by restricting the induction time to prevent
spontaneous autoprocessing of these proteases. His-tagged
fusion proteins were subsequently purified using nickel-nitrilo-
triacetic acid-agarose beads according to standard procedures.
Active Site Titration of Caspases—The active site concentra-

tion of recombinant caspases was determined by the method
described by Stennicke and Salvesen (12). Briefly, recombinant
caspases were co-incubated for 30 min with the irreversible
caspase inhibitor Z-VAD-fmk over a range of concentrations
(from 0 to 800 nM). Because of the instability of caspase-1 at
37 °C, incubations with Z-VAD-fmk were performed at 4 °C.
Enzymatic activity of enzyme-inhibitor complexes was then
measured through hydrolysis of the fluorogenic substrates;
WEHD-AMC for caspase-1 and DEVD-AMC for caspases-3
and -7. The rate of substrate hydrolysis was then plotted against
the inhibitor concentration to determine active site concentra-
tions. The concentration of recombinant caspase-1, -3, and -7
in the active site titrations depicted in supplemental Fig. S1
were 56, 87, and 74 nM, respectively.
Fluorimetry Assays—Recombinant caspases or THP-1 cell-

free extractswere diluted to a final volumeof 30�l in the appro-
priate buffer containing 50 �M substrate. Fluorescence was
then measured over time in an automated fluorimeter at wave-
lengths of 430 nm (excitation) and 535 nm (emission).
Cell-free Reactions—Cell-free extract was generated from

exponentially growing healthy THP-1 or Jurkat cells as
described previously (13). Briefly, cells (5� 108) were harvested
by centrifugation at 800 � g into a Dounce-type homogenizer.
Cells were then incubated for 15min in three volumes of ice-cold
cell extract buffer (20 mM Hepes, pH 7.5, 10 mM KCl, 1.5 mM

MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mMDTT, 100 �M PMSF, 10

�g/ml leupeptin, and 2 �g/ml aprotinin), followed by homogeni-
zation using a B-type pestle to the point of cellular but not organ-
ellar rupture (i.e. mitochondria remained intact). Lysates were
then clarified by centrifugation at 15,000� g for 20min to remove
nuclei, mitochondria, and other cellular debris. In the case of
THP-1 cell-free extracts, cells were prestimulated for 5 h with 1
�g/ml of LPS to promote IL-1� synthesis and inflammasome for-
mation.Extractswere thenaliquotedand frozenat�70 °Cprior to
use. For in vitro activation of inflammatory caspases, THP-1 cell-
free extracts were simply incubated at 37 °C. To provoke apopto-
some-dependent caspase activation, cytochrome c (bovine heart)
and dATP were added to final concentrations of 50 �g/ml and 1
mM, respectively. For Jurkat cell-free experiments, extracts were
incubated with recombinant caspases for 2 h at 37 °C. Recombi-
nant IL-1� (10 ng per reaction) was added to cell-free extracts as a
positive control for caspase-1 activity.
Biotin-VADCapture of Active Caspases fromTHP-1 Cell-free

Extracts—Inflammasome or apoptosome activation in THP-1
cell-free extracts was initiated as described above. At each time
point (0, 30, 60, and 120 min) 50 �l of cell-free extract was
sampled and 5 �l of biotin-VAD was added to a final concen-
tration of 10 �M. Samples were then incubated with biotin-
VAD for 30 min at 37 °C to permit labeling of active caspase.
Following labeling, sampleswere diluted to 250�l with PBS and
30 �l of streptavidin beads were added. Biotin-VAD labeled
caspases were captured under constant rotation for 3 h at 4 °C
before beads were isolated, resuspended in SDS-PAGE loading
buffer, and boiled for 7 min. Captured caspases were analyzed
by SDS-PAGE, followed by immunoblotting onto nitrocellu-
lose. Blots were then probed for the full length and processed
forms of caspase-1 or caspase-3.
Cross-linking of Recombinant Caspases—Cross-linking was

carried out using bis[sulfosuccinimidyl]suberate (BS3) or Bis-
[maleimido]hexane (BMH, both from Pierce) in 50 mM phos-
phate buffer at the appropriate pH (8.0 and 6.8, respectively).
Cross-linking was achieved by incubation on ice for 2 h with
1–2 mM BMH in the presence of 5 mM EDTA. Cross-linked
proteins were run on 12% SDS-PAGE gels and visualized by
staining with Commassie Blue.
Chymotrypsin Susceptibility Analysis—Samples of recombi-

nantcaspase-1orcaspase-7 (0.5�gper sample)werepreincubated
at 4 or 37 °C for 2 h. Caspases were then further incubated for 30
min at 37 °C in the presence or absence of chymotrypsin (from
0.25 to2�g/ml).Chymotrypsin-mediateddegradationof caspases
was then evaluated by SDS-PAGE and Commassie Blue staining.
Two-dimensional Electrophoresis—Approximately 450 �g of

proteins were solubilized to a final volume of 350 �l in isoelectric
focusing sample buffer (8 M urea, 4%CHAPS, 0.05% SDS, 100mM

DTT, 0.2% w/v Bio-Lyte ampholytesTM, 0.02% w/v bromphenol
blue). Immobilized pH gradient strips were actively rehydrated at
50 V in the presence of protein samples overnight. Samples were
then focused on a Bio-Rad isoelectric focusing cell under the fol-
lowingconditions: (i) a linearvoltage rampto500Vover1h, (ii) 5h
ataconstant500Vto facilitatedesalting, (iii) linearvoltagerampto
3500 V over 5 h, and (iv) 15 h at a constant 3500 V. Following
isoelectric focusing, the immobilized pH gradient strips were pre-
pared for seconddimensionSDS-PAGEbya10-min incubation in
reducing buffer (2% (w/v) DTT in 6 M urea, 375mMTris-HCl, pH

2 The abbreviations used are: Z, benzyloxycarbonyl; fmk, fluoromethyl ketone;
BS3, bis[sulfosuccinimidyl]suberate; or BMH, Bis[maleimido]hexane; ASC, apo-
ptosis-associated Speck-like protein containing a caspase recruitment
domain.
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8.8, 2% SDS, 20% glycerol), followed by a 10-min incubation in
alkylating buffer (2.5% (w/v) iodoacetimide in 6 M Urea, 375 mM

Tris-HCl, pH 8.8, 2% SDS, 20% glycerol). Strips were then
mountedon12%SDS-PAGEgelsusing1–2mlofeasymeltagarose
(Bio-Rad) and electrophoresed at 37.5 mA per gel in a Bio-Rad
Protean IIxi electrophoresis cell (Bio-Rad). Proteins were visual-
ized using a mass spectrometry-compatible silver staining proto-
col (14).

RESULTS

Inflammatory and Apoptotic Caspase Activation Events Can
Be Separated in THP-1 Cell-free Extracts—To compare the
specificities of apoptotic versus inflammatory caspases, we ini-

tially employed a cell-free system based upon concentrated
homogenates of LPS-treated cells of the human macrophage
cell line, THP-1. This system has been used previously to iden-
tify IL-1� as a substrate for caspase-1 (15, 16) and also to
explore the composition of the human inflammasome (4).
THP-1 cells express all of the inflammatory caspases, which
undergo spontaneous activation, in an ASC-dependent man-
ner, upon incubation of cell-free lysates of THP-1 cells at 37 °C
(4). Under these conditions, caspases-1, -4, and -5 underwent
proteolytic processing to their mature forms and the caspase-1
substrate IL-1� was also cleaved to its biologically active p17
form (Fig. 1A). All of these events were readily suppressed by
addition of the tetrapeptide caspase inhibitor, Ac-YVAD-CHO,

FIGURE 1. Inflammatory versus apoptotic caspase activation in THP-1 cell-free extracts. A, spontaneous processing of inflammatory caspases and IL-1� in
THP-1 cell-free extracts incubated at 37 °C. B, caspase-1 and IL-1� processing in THP-1 cell-free extracts in the presence or absence of the caspase inhibitor
YVAD-CHO (5 �M). C, processing of endogenous caspases in THP-1 cell-free extracts under control (10 �M YVAD-CHO), inflammasome (37 °C incubation) or
apoptosome (50 �g/�l cytochrome c, 1 mM dATP) activating conditions. D, processing of endogenous caspase substrates in THP-1 cell-free extracts under
control, inflammasome-activating, and apoptosome-activating conditions. Results are representative of at least three independent experiments.
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to the cell-free extracts, and this was used as a control condition
in subsequent experiments (Fig. 1B).
Of note, under conditions where the inflammatory caspases

were processed to their mature forms, the apoptosis-associated
caspases (caspases-2, -3, -6, -7, and -9) failed to display any
significant processing (Fig. 1C). Consistent with this, we failed
to detect proteolytic processing of any of the known substrates
for the apoptotic caspases we examined under these conditions
(Fig. 1D). However, all of the apoptotic caspases were readily
activated upon addition of the co-factors for apoptosome
assembly, cytochrome c and dATP, to the same cell-free
extracts (Fig. 1C). Under these conditions, multiple apoptotic
caspase substrates (XIAP, gelsolin, Bid, co-chaperone p23, and
PAK2) were readily cleaved (Fig. 1D). Interestingly, under con-
ditions that permitted assembly and activation of apoptosomes,
both caspase-1 and IL-1� processing were suppressed, suggest-
ing that apoptotic and inflammatory caspase activation events
may be mutually antagonistic (Fig. 1, C and D).
Apoptotic Caspases Appear more Promiscuous than Inflam-

matory Caspases—Having established conditions where we
could selectively activate inflammatory or apoptotic caspases in
the same setting, we then analyzed THP-1 cell-free extracts
under these conditions using two-dimensional SDS-PAGE. As
Fig. 2 illustrates, whereas numerous alterations to the protein
spot patterns were readily detected after incubation of cell-free
extracts under conditions permissive for apoptotic caspase
activation (i.e. in the presence of cytochrome c and dATP), few
alterations were detected under conditions permissive for
inflammatory caspase activation. Such analyses resolved
�2000 of the most abundant proteins present in THP-1 cell-
free extracts and strongly suggest that the inflammatory
caspases cleave considerably fewer substrates than the apopto-
sis-associated caspases (Fig. 2C). These observations are
entirely consistent with the paucity of inflammatory caspase
substrates, and conversely with the abundance of apoptotic
caspase substrates, that have been identified to date. Of the few
proteins that did become altered upon activation of the inflam-
matory caspases, we succeeded in identifying only one of these
byMALDImass spectrometry (due to low protein abundance),
and this substrate was identified as IL-1�. However, multiple
apoptotic caspase substrates were readily identified under con-
ditions of apoptosome activation, andmany of these are known
substrates for the cell death caspases (supplemental Table S1).
Specificity of Caspases -1, -3, and -7 toward Synthetic Peptide

Substrates—The above observations suggested that inflamma-
tory caspases are much more specific than the apoptotic
caspases, as few proteins were cleaved in THP-1 cell-free
extracts upon activation of the former but not the latter. How-
ever, a major problem with this conclusion is that the relative
abundance of each of these proteases in THP-1 cells is not
known. Previous studies have suggested that endogenous con-
centrations of caspases -3 and -7 are in the range of 100–200 nM
(17, 18), but the concentration of endogenous caspase-1 is not
known. Therefore, a trivial explanation for our observations is
that there is simply much less caspase-1 than caspase-3/-7 in
THP-1 cells. To address this issue, we expressed each of these
proteases in bacteria and active site titrated each enzyme
against synthetic peptide substrates to determine the precise

molarity of each recombinant protease (supplemental Fig. S1).
This enabled us to directly compare the activities of normalized
amounts of each caspase against a panel of tetrapeptide sub-
strates. Surprisingly, this analysis gave us a very different
result to the cell-free experiments described above and sug-
gested that caspase-1 was considerably more promiscuous
than either caspase-3 or caspase-7 at a concentration of 100
nM, with caspase-1 specificity toward WEHD maintained
only at very low nanomolar concentrations (Fig. 3A). By
comparison, caspases -3 and -7 maintained their specificity
for DEVD over the same concentration range (Fig. 3A).

FIGURE 2. Global proteomic analysis of inflammatory versus apoptotic
caspase-dependent substrate proteolysis. A, two-dimensional gel analysis
of THP-1 cell-free extracts incubated for 2 h under control (10 �M YVAD-CHO)
and inflammasome-activating conditions (37 °C). New protein spots resulting
from inflammatory caspase activation are marked with circles. B, two-dimen-
sional gel analysis of THP-1 cell-free extracts incubated for 2 h under control
(10 �M YVAD-CHO) or apoptosome-activating conditions (50 �g/ml cyto-
chrome c, 1 mM dATP, 37 °C). Protein spots that disappeared upon activation
of the apoptosome are marked with squares, whereas protein spots that
appeared upon apoptosome activation are marked by circles. C, summary of
the number of two-dimensional gel protein spots that appeared/disap-
peared as a result of inflammatory or apoptotic caspase activation in THP-1
cell-free extracts. Results are representative of at least three independent
experiments.
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FIGURE 3. Caspase-1 exhibits greater promiscuity toward synthetic substrates than caspases-3 or -7. A, hydrolysis of synthetic tetrapeptide substrates
(DEVD-AMC, WEHD-AMC, YVAD-AMC, ZVAD-AMC, and IETD-AMC) by recombinant caspase-1, -3, or -7 at the indicated enzyme concentrations. B, Relative
amounts of endogenous procaspase-1, -3, and -7 in the myelomonocytic cell lines, THP-1, U937, and HL-60. Cell lysates were generated from identical numbers
of cells and were ran in a dilution series, as indicated, along with known amounts of the indicated recombinant procaspases. Caspases were detected by
SDS-PAGE followed by immunoblotting. Results are representative of at least three independent experiments. RFU, relative fluorescence units.
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Concentrations of Endogenous Caspase-1, -3, and -7 Are
Similar—As mentioned earlier, one reason for the high sub-
strate specificity of caspase-1 seen upon activation of the
endogenous protein was that lower amounts of this protease
may be present in THP-1 cells, as compared with caspases -3
and -7. To explore this issue, we carried out quantitative immu-
noblotting, by comparison with known amounts of recombi-
nant caspases, to determine the relative concentrations of
caspases-1, -3, and -7 in THP-1, U937, and HL60 cells. Surpris-
ingly, we found that endogenous amounts of caspase-1were com-
parable with those of caspase-3, with caspase-7 being somewhat
more abundant than either of the latter caspases (Fig. 3B). Thus,
the specificity of endogenous caspase-1 observed in THP-1 cells
does not appear to be related to a severely reduced abundance of
this protease relative to caspase-3.
Caspase-1 Displays Promiscuity toward Natural Protein

Substrates—To explore whether the promiscuity displayed by
recombinant caspase-1 was related to the use of synthetic (i.e.

peptide-based) rather than natural substrates, we repeated our
analyses, this time using Jurkat cell-free extracts (which lack
endogenous caspase-1) as a source of natural protein substrates
(Fig. 4A). Because Jurkat cells do not express endogenous
IL-1�, we added recombinant pro-IL-1� to these extracts to
serve as a positive control for caspase-1 activity.
In agreement with the results of the synthetic tetra-peptide

experiments (Fig. 3A), we again observed that concentrations of
caspase-1 in excess of 20 nM resulted in proteolysis of multiple
proteins that are not normally cleaved upon activation of the
inflammasome (Fig. 4A). When added to cell-free extracts at
100 nM, caspase-1 readily cleaved multiple substrates that are
cleaved by caspases-3 and -7 during apoptosis (Fig. 4A). More-
over, caspases-3 and -7 failed to cleave the caspase-1 substrate,
IL-1�, under conditions where these proteases displayed activ-
ity toward their known substrates (Fig. 4A).
To confirm these observations in the absence of any con-

founding elements (particularly other proteases) presentwithin

FIGURE 4. Caspase-1 exhibits greater promiscuity toward natural substrates than caspases-3 or -7. A, processing of substrate proteins in Jurkat
cell-free extracts after addition of the indicated amounts of recombinant caspase (Casp)-1, -3, and -7 followed by incubation for 2 h at 37 °C. Recombi-
nant caspases were active site titrated (see supplemental Fig. S1) as described under “Experimental Procedures.” Recombinant IL-1� (10 ng per reaction)
was added to cell-free extracts as a positive control for caspase-1 activity. Substrate proteolysis was detected by SDS-PAGE followed by immunoblot-
ting. B, caspase-1-mediated processing of the purified recombinant proteins over the indicated concentration (Conc.) range. The indicated proteins
were incubated with recombinant active caspase-1 for 2 h at 37 °C. C, caspase-3-mediated processing of the purified recombinant proteins over the
indicated concentration range. The indicated proteins were incubated with recombinant active caspase-3 for 2 h at 37 °C. Results are representative of
at least three independent experiments.
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Jurkat cell-free extracts, we also tested caspase-1 activity
against purified recombinant protein substrates. Caspase-1was
highly active toward proIL-1�, as processed cytokine was
detectable following incubation with caspase-1 at concentra-
tions as low as 1 nM (Fig. 4B). This suggests that very low intra-
cellular concentrations of active caspase-1 may be sufficient to
serve its primary physiological role of cytokine activation.How-
ever, caspase-1 was also able to process the proforms of
caspase-3 and caspase-7 at concentrations of 100 nM in a man-
ner similar to that of caspase-3 (Fig. 4, B and C). Once again,
these data argue that caspase-1 becomes more promiscuous at
concentrations approaching 100 nM, which are well within the
physiological range.
Caspase-1 Is Much Less Stable Than Caspases-3 and -7—Be-

cause caspase-1 loses its marked preference for WEHD/IL-1�
at concentrations approaching 100 nM, it is likely that a mech-
anism exists to limit the availability of active caspase-1 within
cells. Otherwise, the consequence of untrammeled caspase-1
activation is likely to be apoptosis or necrosis of the host cell
due to proteolysis of numerous substrates. One way of limiting
the activity of a protease in vivo is through rapid destabilization.
For example, lysis of host plasmamembranes by components of
the complement system is prevented by factors that immedi-
ately dissociate the complement proteases C3bBb and C4b2a
(19). Thus, we explored whether a limit on the concentration of
active caspase-1 available within a cell might be achieved
through rapidly inactivating this protease.
To explore this possibility, we measured the activity of

recombinant caspase-1 after incubation for varying periods of
time at 37 °C. As Fig. 5A illustrates, we observed a dramatic loss
of caspase-1 activity within 15–30 min of incubation at 37 °C,
which was independent of buffer composition. In contrast,
caspases-3 and -7 failed to display any discernable loss of activ-
ity even upon 90 min of incubation under the same conditions
(Fig. 5A).We also carried outmore quantitative active site titra-
tion measurements on all three caspases after incubation peri-
ods of up to 2 h at 37 °C, with identical results (Fig. 5B). Further
experiments revealed that caspase-1 has an approximate half-
life of 9min at 37 °C (Fig. 5C). By comparison, caspases-3 and -7
displayed half-lives of 8 and 11 h, respectively, under the same
conditions (Fig. 5C). Thus, active caspase-1 is �50 times less
stable that either caspases -3 or -7 under identical conditions.
Previous studies on recombinant caspase-1 have noted that

at concentrations greater than 2 �M, this protease may inacti-
vate through autolytic digestionwithin the p10 subunit (20, 21).
To examine whether this occurs at the concentrations used
here, we incubated 100 nM caspase-1 at 37 °C over 60 min fol-
lowed by immunoblotting for both the p20 and p10 subunits.
As shown in Fig. 6A, we did not observe any evidence for auto-
lytic digestion of caspase-1 at 100 nM. In addition, we also
examined whether the instability of caspase-1 was concentra-
tion-dependent. We found that, irrespective of initial enzyme
concentration (100, 20 or 4 nM), caspase-1 lost activity at a
similar rate upon incubation for 10 or 20 min at 37 °C. This
argues that activity loss was concentration-independent under
the conditions used in our experiments (Fig. 6, B and C).

Caspase-1 Instability Is Associated with Loss of Quaternary
Structure—Unlike the apoptotic effector caspases which
form homodimers as inactive zymogens, proximity induced
dimerization appears to be the key activating event for
caspase-1 (22). Thus, we examined the possibility that the rapid
loss of caspase-1 activity was due to instability of the quaternary
structure of the active enzyme, resulting in loss of caspase-1
heterodimers/heterotetramers.
To explore this issue, we used homo-bifunctional cross-link-

ing agents to covalently link heterodimeric (p20p10) and
homodimeric (p20p10)2 caspase-1 oligomers before and after
incubation at 37 °C, to determine whether a change in these
oligomeric forms could be detected. Two different cross-link-
ing reagents (BS3 and BMH)were tested to establish conditions
for optimal caspase-1 cross-linking. As seen in Fig. 7A, we
found that BMH efficiently cross-linked caspase-1 as indicated
by the appearance of two oligomeric forms upon incubation
with this cross-linker. Based upon previous studies, these bands
most likely represent (p10p20) heterodimers and (p10p20)2
homodimers (Fig. 7A), as indicated. However, caspase-1 that was
preincubated for 2 h at 37 °C, and therefore inactivated, displayed
a clear reduction in the pattern of oligomers observed upon cova-
lent cross-linking (Fig. 7, B and C). In contrast, little change was
observed for thecovalentcomplexesdetectedunder the samecon-
ditions for either caspase-3 or caspase-7 (Fig. 7C).
Digestive proteases, such as chymotrypsin, are useful probes

for protein structure and can reveal changes in protein confor-
mation and higher order structure, as these factors influence
the rate as well as extent of substrate hydrolysis. Monomeriza-
tion of caspase-1 is likely to result in the exposure of previously
hidden chymotrypsin cleavage sites and increase susceptibility
to proteolysis. To test this, we compared the susceptibility of
caspase-1 to chymotrypsin treatment, before and after incu-
bation for 2 h at 37 °C. As Fig. 7D illustrates, incubation at
37 °C for 2 h increased the susceptibility of caspase-1 to
digestion by chymotrypsin (Fig. 7D). In contrast, caspase-7
remained resistant to chymotrypsin under the same condi-
tions (Fig. 7D). Once again, these data are consistent with a
change in the structural configuration of caspase-1 upon
incubation at 37 °C, which correlates with a drastic loss in
activity of this enzyme.
Endogenous Caspase-1 Is Rapidly Inactivated in THP-1 Cell-

free Extracts—Although the above experiments strongly sug-
gested that caspase-1 is much more labile than either caspases
-3 or -7, it was possible that this could be an artifact of using
recombinant caspases. To control for this possibility, we also
repeated our activity measurements in the THP-1 cell-free sys-
tem as described earlier, where inflammatory and apoptotic
caspases can be differentially activated. As shown in Fig. 8A,
measurement of caspase activity under either inflammasome or
apoptosome activating conditions revealed two very different sce-
narios. Although apoptosome-associated caspase activity, once
triggered, accumulated and remained high, inflammasome-asso-
ciated activity was not only comparatively much weaker but also
short-lived.Thiswasdespite the fact that, asmeasuredbyWestern
blot, processed caspase-1 continued to accumulate (Fig. 8B).
Additionally, we used biotin-VAD-fmk as an affinity ligand to

capture active endogenous caspase-1 after different periods of
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FIGURE 5. Processed caspase-1 is highly unstable compared with caspases-3 and -7. A, stability of caspase-1, -3, and -7 (all at 10 nM) at 37 °C under two
different buffer conditions. Based on previous optimization studies, protease reaction buffer (PRB) was made to an optimal pH of 7.5 with the inclusion of two
alternative stabilizers 10% glycerol or 10% sucrose, as indicated. B, active site titration of caspase-1, -3, and -7 following incubation at 37 °C for 0, 15, and 30 min.
Line of best fit extrapolates the concentration of active enzyme remaining under each condition. The estimated concentration of active sites for caspases-3 and
-7 was consistent under all conditions (for caspase-3, 0 min, 69 nM; 15 min, 67 nM; 30 min, 62 nM; for caspase-7, 0 min, 99 nM; 15 min, 98 nM; 30 min, 98 nM).
However, the measured concentration of caspase-1 dropped by 63% (from 51 to 19 nM) after 15 min of preincubation at 37 °C, and by 73% (from 51 to 14 nM)
after 30 min of preincubation 37 °C. C, long term stability of caspase-1, -3, and -7 (at 10 nM initial concentrations). Half-lives of caspase-1 (9 min), caspase-3 (8
h), and caspase-7 (11 h) were estimated by measuring the residual enzyme activity, by comparison with the initial input amounts, after incubation for the
indicated times at 37 °C. Results shown represent the mean � S.E. of three independent experiments. RFU, relative fluorescence units.
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incubation ofTHP-1 extracts at 37 °C.As Fig. 8C shows, using this
approach we observed a sharp time-dependent decline in the
quantity of active caspase-1 captured using biotin-VAD-fmk,
despite the processed protein being readily detectable in the cell-
free extracts. By contrast, using a similar approach to capture
endogenous caspase-3under conditionspermissible for activation
of apoptosomes in the same THP-1 extracts revealed robust cap-
ture at all time points examined (Fig. 8C).
Collectively, these data suggest that caspase-1 is not an espe-

cially specific protease, but rather, that this caspase displays prom-
iscuity toward multiple substrates if the concentration of active
enzyme exceeds a threshold of �50–100 nM. To minimize this
likelihood, active caspase-1 displays a rapid loss of proteolytic
activity with a half-life of �9min. By comparison, caspases-3 and
-7arehighly stableproteaseswithhalf-livesof almost twoordersof
magnitude longer than caspase-1. On the basis of these observa-
tions,wepropose thatcaspase-1 substrate specificity ismaintained
through rapid spontaneous inactivation of this enzyme.

DISCUSSION

Here, we have shown that the key inflammatory caspase,
caspase-1, processed a very limited set of substrates upon acti-
vation in THP-1 cell-free extracts under conditions where
IL-1� was fully processed. In contrast, the apoptosis effector
caspases, caspase-3 and -7, cleaved numerous substrates upon
activation in the same setting. Although these observations

suggest that caspase-1 has a much more restricted substrate
range than either caspases-3 or -7, direct comparison of the
substrate specificities of all three caspases revealed that
caspase-1 was actually more promiscuous toward synthetic as
well as natural substrates at concentrations approaching 100
nM. However, although this concentration appears to be within
the physiological range of caspase-1 present in macrophages,
we also found that caspase-1 underwent spontaneous inactiva-
tion �50-times more rapidly than either caspase-3 or -7. This
leads us to propose that the highly restricted substrate reper-
toire of caspase-1 is maintained by mechanisms, including
rapid spontaneous inactivation of this protease, which operate
to limit the amount of caspase-1 that accumulates in response
to stimuli capable of activating the inflammasome. Whereas
caspase-3 and -7 exhibited half-lives of 8 and 11 h, respectively,
at 37 °C, the half-life of active caspase-1 was 9 min under the
same conditions. Our study also suggests that structural insta-
bility of caspase-1 is linked to a rapid loss of quaternary struc-
ture, which disrupts the active site as a result of disassociation
of higher order forms of this protease. This is consistent with
previous observations concerning caspase-1 stability (20, 21),
which suggest that twomechanisms underpin loss of caspase-1
activity. At high concentrations (�2 �M), autolytic proteoly-
sis of the p10 subunit leads to rapid inactivation of this pro-
tease. However, it is debatable whether such concentrations
would ever be achieved under physiological conditions. At
concentrations significantly lower than this, dissociation of
the enzyme subunits was found to be the primary factor (20).
At the enzyme concentrations used in our study, we found
no evidence for caspase-1 autolysis but instead found evi-
dence of structural instability that led to very rapid inactiva-
tion of this protease, in sharp contrast to the marked stability
of caspase-3 and -7.
The scarcity of validated caspase-1 substrates, when com-

pared with caspase-3/-7 substrates (6), has often been attrib-
uted to the specificity of the substrate-binding pocket of
caspase-1. Combinatorial peptide library screens have identi-
fied WEHD (and to a lesser extent YVAD) as preferred sub-
strates for inflammatory caspases, as compared with DEVD for
caspase-3 and -7 (23, 24). However, equating substrate prefer-
ence with substrate specificity is highly problematic as these
factors are greatly influenced by enzyme as well as substrate
abundance. Many proteases exhibit substrate specificity that
can be lost upon increasing the abundance of enzyme, or
alternatively, by adding a less preferred substrate in great
abundance. For these reasons, there are serious problems
associated with equating the hydrolysis of synthetic sub-
strates in a complex protein mixture with activity of a spe-
cific enzyme. As we have shown here, although caspase-1
displayed a marked preference for WEHD at 4–20 nM, this
caspase is very capable of hydrolyzing DEVD, IETD, and
ZVAD at enzyme concentrations of 100 nM. Similar obser-
vations have also been made for the apoptotic caspases
where LEHDase activity, for example, is frequently assumed
to be indicative of caspase-9 activity. However, caspases-3
and -7 are very capable of hydrolyzing this peptide at physi-
ological concentrations (25, 26).

FIGURE 6. Instability of caspase-1 at 37 °C is not dependent on autolysis
or enzyme concentration. A, caspase-1 (100 nM) was incubated at 37 °C for 0,
30, or 60 min followed by SDS-PAGE/immunoblot analysis to determine
whether the p20 or p10 subunits underwent autodigestion. B, caspase-1 (100,
20, or 4 nM) was incubated for 0, 10, or 20 min at 37 °C, followed by assessment
of enzyme activity by WEHD-AMC hydrolysis. C, percent loss of caspase-1
activity, relative to time zero (T0), upon incubation for 10 or 20 min at 37 °C at
the indicated initial concentrations.
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Although there are only two confirmed substrates for
caspase-1 (IL-1� and IL-18) it is generally believed that the
range of caspase-1 activity goes beyond the activation of these
two cytokines. For example, caspase-1 activity is also thought to
be required for the nonclassical secretion pathway and the
release of molecules such as IL-1� that are not themselves
direct substrates for caspase-1 (27). A number of additional
caspase-1 substrates have also been proposed from targeted
single protein studies, as well as through large-scale screens.
These include MyD88 adapter like protein (Mal), Parkin, and
several others (28–33). Indeed, aside from IL-1� and IL-18,
more than one hundred additional caspase-1 substrates have
been proposed. However, a critical factor inmost of these stud-
ies is that the concentration of caspase-1 used to demonstrate

substrate processing was typically at least 50–100 fold higher
than that required for robust IL-1� processing. For example, in
three reported caspase-1 screens, an active enzyme concentra-
tion of 400 nM or greater was employed (29–31). Due to the
very high promiscuity observed with caspase-1 at concentra-
tions of 100 nM or greater, the present study casts considerable
doubt on the physiological relevance of such observations, as it
is highly unlikely that such concentrations of active caspase-1
could be achieved in vivo. Thus, investigators should be aware
of the high likelihood of false-positives when using arbitrarily
selected, non-physiological, concentrations of enzyme for such
studies.
As we have shown, concentrations of caspase-1 approaching

100 nM or greater are capable of cleaving numerous substrates

FIGURE 7. Caspase-1 inactivation is associated with loss of quaternary structure. A, recombinant caspase-1 was treated for 2 h at 4 °C with the indicated
amounts of BS3 or BMH cross-linking reagents. Cross-linking with BMH resulted in a pattern of two up-shifted complexes of �32 and 47 kDa. In line with
previous studies, we interpreted these complexes to represent (p20p10) heterodimers and (p20p10)2 homodimers, respectively. B, cross-linking of recombi-
nant processed caspase-1 after preincubation at 37 °C for the indicated times. C, cross-linking of recombinant processed caspase-1, -3, and -7 after preincu-
bation at 37 °C for the indicated times. D, susceptibility of caspase-1 versus caspase-7 to chymotrypsin-mediated proteolysis after incubation for 2 h at 4 °C
versus 37 °C. Following preincubation at 4 or 37 °C, caspases were incubated for a further 30 min at 37 °C in the presence of the indicated concentrations of
chymotrypsin. Results are representative of at least three independent experiments.
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normally cleaved during apoptosis, as opposed to inflamma-
tion. Thus, rapid activation of the total complement of
caspase-1 within a cell might be expected to result in apoptosis
or even necrosis. Indeed, hyperactivation of the inflammasome
has been suggested to drive caspase-1-dependent necrosis or
pyroptosis (34). Why this does not occur in most instances
may be linked to factors such as the level of inflammasome
activation, which could set a threshold on caspase-1 activity.
However, under more standard conditions of inflammasome
activation, accumulation of the processed form of caspase-1
is typically observed in the absence of proteolysis of ‘apopto-
tic’ substrates. This strongly suggests that factors such as
enzyme stability have an important role in limiting the
amount of active caspase-1 present within a cell at any one
time.
In conclusion, we have shown that the major inflamma-

tory caspase, caspase-1, is a relatively promiscuous enzyme
with the potential to process numerous substrates that are
not typically processed during inflammation. However, to
counteract this propensity, the specificity of caspase-1

appears to be maintained through rapid spontaneous inacti-
vation of this protease.
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Geisslinger, G., and Brüne, B. (2010) Blood 115, 3531–3540

34. Bergsbaken, T., Fink, S. L., and Cookson, B. T. (2009)Nat. Rev. Microbiol.
7, 99–109

Processed Caspase-1 Undergoes Rapid Inactivation

32524 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 37 • SEPTEMBER 16, 2011


