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Abstract
Objective—The preferred amino acids in the proteolytic sites have been considered to be similar
between caspase-1 and caspase-9, which do not support their differential functions in
inflammatory pyroptosis and apoptosis. We attempted to solve this problem.

Methods—We analyzed the flanking 20 amino acid residues in the cleavage sites in 34 caspase-1
and 11 capase-9 experimentally identified substrates.

Results—This study has made the following findings: first, we verified that caspase-1 and
caspase-9 shared 100% aspartic acid in the P1 position. However, the structures in the cleavage
sites of most caspase-1 substrates are different from that of caspase-9 substrates in the following
three aspects, a) the amino acid residues with the statistically high frequencies; b) the hydrophobic
amino acid occurrence frequencies; and c) the charged amino acid occurrence frequencies; second,
the amino acid pairs P1-P1′ are different; third, our identified cleavage site patterns are useful in
the prediction for the 91.4% cleavage sites of 35 new caspase-1 substrates.

Conclusion—Since most caspase-1 substrates are involved in vascular function, inflammation
and atherogenesis, our novel structural patterns for the caspases’ substrates are significant in
developing new diagnostics and therapeutics.
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INTRODUCTION
A new form of cell death, pyroptosis, or caspase 1-dependent cell death, is inflammatory and
is triggered by various pathological stimuli, both endogenous stimuli such as stroke, heart
attack or cancer, and exogenous ones including bacterial and viral infections1, 2, 3. The
recognition of pathogen-associated molecular patterns’ (PAMPs) by PAMP-receptor
families4 leads to activation of caspase-1 (EC 3.4.22.36, a proinflammatory caspase), and
subsequent proteolytic conversion of proinflammatory cytokines, interleukin-1β (IL-1β) and
IL-18 from their precursors pro-IL-1β and pro-IL-18, respectively. Activation of pro-
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caspase-1 to form active caspase-1 is mediated by a cytosolic protein complex, termed
inflammasome4. Therefore, PAMP-Rs-caspase-1-IL-1β pathway becomes an essential
mechanism for sensing stimuli and initiating inflammation and pyroptosis. In contrast, in the
activation of apoptosis, another form of cell death, the initiator caspases’ activation
platforms, such as death initiation signal complex (DISC) and apoptosome, sense pro-
apoptotic stimuli and activate either death receptor/DISC-activated caspase-8 or
mitochondrion/cytochrome c/apoptosome-activated caspase-9 pathway, respectively5, 6.
Activation of caspase-9 results in apoptosis without inflammation. Since different cell death
pathways require cellular substrates, therefore, the substrates cleaved by these two types of
caspases have to be different.

The name caspase, derived from cysteine-dependent aspartate specific protease, suggests its
stringent specificity for cleaving substrates containing aspartic acid (Asp or D in
abbreviation). The seminar work has identified the preferred amino acid residues with the
Schechter and Berger’s enzymatic cleavage nomenclature (Fig. 1)7, P4-P3-P2-P1, in the
cleavage sites of caspases’ substrates as bulky X-Glu-X-Asp (X-E-X-D)8, 9. These short
sequences are very similar among the proteolytic cleavage sites cleaved by different
caspases10. However, the pathophysiological relevance of the amino acid preferences of
caspases cleavage sites is limited, which could not explain the functional differences of
caspases. The preferences of amino acid residues in the cleavage sites used by
experimentally verified intracellular caspase-1 substrates remain to be analyzed. In addition,
another important question also remains to be identified is that whether the flanking regions
extended outside of P4-P1 motif in the natural caspase-1 substrates have any preferred
amino acids. Therefore, we hypothesized that, caspase-1 cleaves different set of protein
substrates from that of caspase-9, which is accomplished by preferring certain amino acid
residues in the P10…P1-P1′…P10′ regions. Our results indicate that most extended cleavage
sites of caspase-1 substrates are different from that of the extended cleavage sites of
caspase-9 substrates.

MATERIALS AND METHODS
1. The experimentally verified cleavage sites of natural caspase-1 substrates and natural
caspase-9 substrates

As we reported11, a data mining strategy (suppl. Fig. 1) was adopted to analyze the amino
acid occurrence frequencies in the flanking regions around the cleavage sites of
experimentally identified human caspase-1 and caspase-9 substrates, according to the
Schechter and Berger’s enzymatic cleavage nomenclature (Fig. 1)7. The protein sequences
of caspases’ substrates were obtained from the protein database of the NIH/NCBI
(http://www.ncbi.nlm.nih.gov/sites/entrez) as we reported12.

2. Amino acid occurrence frequencies in 30 randomly selected human proteins
Using a web based protein sequence software (http://www.expasy.ch/tools/protscale.html),
the confidential intervals of the amino acid occurrence frequencies in the 30 randomly
selected human house keeping gene proteins13 were generated by calculating the mean ±
1.96 × the standard deviation. If the amino acid occurrence frequency of a given amino acid
in the caspases’ cleavage sites was larger than the upper limit of the confidential intervals
(the mean ± 1.96 × the standard deviations) of the 30 proteins, the amino acid frequency in
the position was statistically significant.
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3. Prediction of the potential caspases’ cleavage sites in experimentally verified caspases’
substrates and potential caspases’ substrates

The caspases’ cleavage sites in the experimentally identified caspase-1 substrates and other
proteins were predicted by analyzing caspases’ cleavage sites in protein substrates using the
caspase-1 cleavage site consensus sequence generated in this study and a web based protein
alignment software (http://imed.med.ucm.es/PVS/).

4. Statistical analysis
The statistical analyses were performed using the functions of t test, confidential intervals
and the chi-square in Microsoft Office Excel14.

EXPERIMENTAL RESULTS
1. The amino acid occurrence frequencies in the flanking regions P10…P1-P1′-P10′ of
natural caspase-1 substrates are different from that of natural caspase-9 substrates

To analyze the amino acid occurrence frequencies of the cleavage sites of caspase-1
substrates, we collected 34 experimentally characterized caspase-1 cleavage sites in the 23
human proteins (Table 1A). In addition, for comparison, we also collected 11 experimentally
identified caspase-9 cleavage sites in the six human proteins (Table 1B).

In order to identify any amino acid residues having the higher frequencies with statistical
significance than the normal amino acid occurrence frequencies, we generated the
confidential intervals of amino acid occurrence frequency for each amino acid by calculating
12,467 amino acid positions in the 30 randomly selected human house keeping proteins13

(Suppl. Table 1). The results showed that the mean amino acid occurrence frequencies
derived by analyzing 1490 human proteins15 were all within the confidential intervals that
we generated (p >0.05), suggesting that the confidential intervals of amino acid occurrence
frequencies for each amino acid in Suppl. Table 1 are statistically unbiased representation of
human proteins, and thus can be used in this study.

The significant group contained the amino acid residues with a frequency higher than the
confidential interval of corresponding amino acid (p < 0.05). The non-significant group
contained the amino acid residues with a frequency within the confidential interval in Suppl.
Table 1 (p > 0.05). As expected, the P1 position of natural caspase-1 substrates had 100%
stringently conserved amino acid Asp (Tables 2A and B). The positions of caspase-1
substrates P10, P7, P5, P2′, P4′, P6′, P7′, P8′, P9′ and P10′ had lower percentages of amino
acids (≤40%) in the significant group. The positions of caspase-1 substrates P9, P8, P6, P4,
P3, P2, P1, P1′, P3′ and P5′ had higher percentages of amino acids (>40%) in the significant
group. Similarly, the P1 position of caspase-9 substrates had 100% stringently conserved
Asp. In contrast to caspase-1 substrates, none of the positions in caspase-9 substrates had
lower percentages of amino acids in the significant group (≤40%), suggesting that caspase-9
can cleave fewer substrates with more specialized cellular function than caspase-1. We then
compared the percentages of amino acids in the P10-P10′ positions in the significant group
of caspase-1 substrates to that of caspase-9 substrates. As shown in Table 2C, the
percentages of amino acids in the positions P7, P5, P4, P3, P2′, P6′, P7′, P8′, P9′, and P10′ in
the significant group of caspase-1 substrates were statistically different from that of
caspase-9 substrates.

In addition, we examined the hydrophobic amino acid occurrence frequencies in these
positions (Table 2C). The positions of caspase-1 substrates P7, P4, P2′, P3′, P5′ and P7′ had
higher percentages of hydrophobic amino acids (≥50%). In comparison, the positions of
caspase-9 substrates P8, P7, P4, P2, P2′, P3, P4′, and P9′ had higher percentages of
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hydrophobic amino acids (≥50%). The percentages of amino acids in the position P3 in the
hydrophobic amino acid group of caspase-1 substrates were statistically different from that
of caspase-9 substrates.

Furthermore, we examined the charged amino acid occurrence frequencies in these positions
(Table 2C). The position of caspase-1 substrates P1 had higher percentages of charged
amino acids (≥50%). In comparison, the positions of caspase-9 substrates P9, P1, P5′ and
P10′ had higher percentages of charged amino acids (≥50%). The percentages of amino
acids in the positions P8 and P5′ in the charged amino acid group of caspase-1 substrates
were statistically different from that of caspase-9 substrates.

2. The amino acid pairs in the cleavage sites P1-P1′ of caspase-1 substrates are, in as high
as 55.9%, different from that of caspase-9 substrates

We compared occurrence frequencies of the amino acid pairs in the positions P1-P1′ of
caspases’ substrates11, since they are primary structural features for the enzyme recognition
and cleavage7. As shown in Suppl. Table 2, the three amino acid pairs in the cleavage sites
P1-P1′ of caspase-1 substrates were shared 44.1% with that of caspase-9 substrates,
including the amino acid pairs D–S, D-A and D–F. However, the amino acid pairs in the
cleavage sites of caspase-1 were, in the rates as high as 55.9%, different from that of
caspase-9 substrates. Therefore, these results suggest that the amino acid pairs used in the
cleavage sites of caspase-1 substrates are different from that of caspase-9 substrates.

3. The extended cleavage site patterns P10-P10′ of caspase-1 substrates can be used in
the prediction of cleavage sites for caspase-1 substrates

A recent report identified 41 new substrates of caspase-1, which characterized only one
cleavage site in details (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) and left the
cleavage sites in the rest of 40 caspase-1 substrates unidentified16. Of note, out of the other
40 substrates, four substrates including pro-caspase-1, β-actin, HnRNP A2, and HSP90 were
previously characterized and listed in Table 1A. The calnexin’s cleavage site was predicted
using a recently reported prediction method (not shown)
(http://us.expasy.org/tools/peptidecutter/)17. The uncharacterized cleavage sites of 35
substrates out of the 40 substrates could not be predicted by the existing algorithms, which
were included in our studies. We hypothesized that the cleavage site patterns recognized in
this study may be used in the prediction for the cleavage sites of caspase-1 substrates. To
demonstrate the proof of principle, we used the amino acid sequences with the highest
occurrence frequencies in all the P10-P10′ positions (Table 2A) for the initial prediction of
caspase-1 cleavage sites including Asp in the P1 position. In the following fine tuning
(Table 2A), the matches with other amino acids in the significant amino acid group and with
amino acids in the non-significant amino acid group were also considered. In Table 3, our
analysis of 35 caspase-1 substrates, with previously uncharacterized cleavage sites, showed
that the P1 position of 32 cleavage sites (91.4%) out of 35 caspase-1 substrates were
precisely predicted whereas the cleavage sites in the remaining 3 caspase-1 substrates
(8.6%) were not predicted (Table 3A). The 60 predicted cleavage sites had more than 2
amino acid matches with ones from the significant amino acid group in the P10-P10′
positions of casapse-1 substrates (Table 2A). One substrate, adenyl cyclase, had nine amino
acid matches with ones from the significant amino acid group in the positions. In addition,
there were amino acid matches with the non-significant amino acids (Table 2A), which
made the total amino acid matches up to 20 amino acids in the P10-P10′ region in four
substrates (ARP3, SET translocation, calreticulin precursor and PHAP1/April). Of note,
future experiments are required to verify the prediction of these cleavage sites of caspase-1.
Taken together, the new cleavage site patterns can be used for prediction of the cleavage
sites of caspase-1 substrates.
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DISCUSSION
Current understanding of the specificity of caspases in the P4-P1 positions9, 18, 8 has been
employed in the various aspects: (1) as substrate reporter reagents; (2) as inhibitors; and (3)
as experimental therapeutic agents for stroke and neurodegenerative diseases19, 20.
However, these tetrapeptide-based approaches have a problem of a significant overlap
between caspases’ consensus sequences since caspases are promiscuous on these
sequences10. This problem has hampered the characterization of functional differences
between caspase-1-dependent inflammatory pyroptosis and caspase-9-dependent non-
inflammatory apoptosis. To solve the problem, we analyzed the amino acid residues in the
extended cleavage sites in the experimentally identified caspase-1 substrates and caspase-9
substrates. This study has made the following findings: first, caspase-1 and caspase-9 shared
100% stringently conserved Asp in the P1 position. However, the structures in most
extended cleavage sites of caspase-1 substrates are different from that of caspase-9
substrates in the following three aspects: a) the cleavage site positions having amino acid
residues with the statistically high frequencies; b) the positions with hydrophobic amino acid
occurrence frequencies; and c) the positions with charged amino acid occurrence
frequencies; second, the amino acid pairs P1-P1′ used in the cleavage sites of caspase-1
substrates are different from that of caspase-9 substrates; third, new cleavage site patterns
may be used in the prediction of the uncharacterized cleavage sites of caspase-1 substrates.
We have predicted the precise P1 position of 32 cleavage sites (91.4%) out of 35
experimentally identified caspase-1 substrates with previously uncharacterized cleavage
sites16, suggesting that our new cleavage site patterns have improved current caspases’
cleavage site prediction methods. Our new cleavage patterns of caspase-1 could be used in
the various aspects: (1) as substrate reporter reagents; (2) as inhibitors; and (3) as
experimental therapeutic agents but with the accuracy and efficacy potentially much higher
than the tetrapeptide-based compounds19, 20. In addition, our results in defining the cleavage
site differences between caspase-1 substrates and caspase-9 substrates may also reflect the
potential differences between caspase-1 enzymatic active site and the counterpart of
caspase-910.

Increasing evidence suggests that caspases have important functions to regulate cell
proliferation, differentiation, and migration in addition to cell death5. In contrast to 11
substrates identified for caspase-9, up to 70 caspase-1 substrates have been reported.
Functions of caspase-1, in addition to regulate inflammatory pyroptosis (maturation of
proinflammatory cytokines IL-1β and IL-18, activation of caspase-321 and caspase-722),
have also been identified including protein translation, ubiquitination-proteasome
degradation, DNA repair, stabilization of cytoskeleton and glycolysis16, etc (Table 1A). One
unique function of caspase-1 substrates constitutes orchestrated caspase-1 dependent
inflammatory pyroptosis phenotype. Indeed, we also found that most caspase-1 substrates
play a role in vascular inflammation, function and atherogenesis (Suppl. Table 3). Although
caspase-1 also activates effector caspase-321 and caspase-722 that are traditionally regarded
as caspase-9 substrates (Table 2A), relative celerity of intracellular activation of caspase-3
and caspase-7 by caspase-1 are predicted to be slower than caspase-9 because of competition
between pro-casapses-3 and -7 and many other proinflammatory caspase-1 substrates for
caspase-1 cleavage. In addition, initiation of casapse-1 activation and inflammation is
dependent on activation of NF-κB pathway3. However, activation of NF-κB also leads to
inhibition of cell death by upregulating anti-apoptotic proteins such as Bcl-xL23. Therefore,
comparing to apoptosis, caspase-1 dependent cell death has two unique features: a) it is slow
in activating effector caspases-3 and 7; b) the cell survival mechanism associated with
activation of NF-κB pathway serves as an additional “brake” for cell death aspect of
pyroptosis. Our new working model in Fig. 2 emphasizes structural differences in the
extended cleavage sites between caspase-1 and caspase-9. Our results on the extended
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cleavage sites of caspase-1 and caspase-9 are significant in developing new detection tools,
diagnostics and therapeutics for the pathology that caspases are involved.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The position nomenclature for the caspases’ cleavage sites and the flow chart of this
study
The position nomenclature for the caspases’ cleavage sites. The Schechter and Berger’s
enzymatic cleavage nomenclature is used in reference to the amino acid positions in the N-
terminal and C-terminal flanking regions, relative to the caspases’ cleavage sites. The amino
acid preferences in the positions P4-P1′ have been previously characterized with synthetic
peptide library screening, as marked.
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Figure 2.
The working model supported by our results presented in this paper.
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Table 1
The experimentally identified caspase-1 substrates and caspase-9 substrates

The experimentally identified caspase-1 substrates and caspase-9 substrates are presented with the cleavage
site position P1 of caspase, the NCBI protein database accession number, cellular function of the protein and
the reference of the substrates.

Table 1A. Experimentally Identified Substrates of Caspase-1 with Characterized Cleavage Site

Substrate
Cleavage Position (P1

amino acid)
NCBI/Protein Database (GI)

Accession No. Cellular Function Reference

caspase-1

IL-1β - cut 1 27 28317372 Mediator of Inflammation PMID: 10872455

IL-1β - cut 2 116 28317372 Mediator of Inflammation PMID: 10872455

IL-18 36 4504653 Stimulation of INF-γ PMID: 10872455

β-actin - cut 1 11 46397333 Cytoskeleton PMID: 8700913

β-actin - cut 2 244 46397333 Cytoskeleton PMID: 8700913

GADPH 189 31645 Glycolysis PMID: 17959595

HnRNP A2-cut 1 49 500638 Translation PMID: 17273173

HnRNP A2-cut 2 55 500638 Translation PMID: 17273173

HnRNP A2-cut 3 76 500638 Translation PMID: 17273173

Hsp90 259 306891 Chaperone PMID: 17273173

Calpastatin - cut 1 137 303599 Calpain Inhibitor PMID: 9705209

Calpastatin - cut 2 216 303599 Calpain Inhibitor PMID: 9705209

Calpastatin - cut 3 417 303599 Calpain Inhibitor PMID: 9705209

PPAR-γ 64 116284373 Transcription Factor PMID: 18497737

Nedd4 237 32172435 Ubiquitin-protein Ligase PMID: 9593687

Parkin 126 3063388 E3 ubiquitin ligase component PMID: 12692130

Ataxin-3 - cut 1 241 14149093 Polyglutamine disease protein PMID: 15140190

Ataxin-3 - cut 2 244 14149093 Polyglutamine disease protein PMID: 15140190

Ataxin-3 - cut 3 248 14149093 Polyglutamine disease protein PMID: 15140190

BCL-XL 61 510901 Anti-apoptotic protein PMID: 9435230

PARP 214 116283598 DNA Repair PMID: 7642516

TF AP-2α 19 4507441 Transcription Factor PMID: 11438643

MAP-Tau Isoform 2 421 6754638 Stablization of Microtubules PMID: 12888622

PSEN1 341 15079861 Regulation of APP PMID: 10069390

PSEN2 329 13623517 Regulation of APP PMID: 10069390

Pyrin 330 2407316 Mediterranean fever protein PMID: 18577712

LMNA Isoform 2 230 5031875 Nuclear Membrane PMID: 8978814

PLA2G4A 459 56202754 Phospholipid Hydrolysis PMID: 9875225

SPTAN1 1185 55663122 Cytoskeleton PMID: 9894612

IL1F7 20 20127524 Cytokine PMID: 12096920

Caspase-1 - cut 1 103 266321 Pyroptosis PMID: 7721861

Caspase-1 - cut 2 119 266321 Pyroptosis PMID: 7721861

Caspase-1 - cut 3 297 266321 Pyroptosis PMID: 7721861

Caspase-1 - cut 4 316 266321 Pyroptosis PMID: 7721861
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Table 1B. Experimentally Identified Substrates of Caspase-9 with Characterized Cleavage Site

Substrate
Cleavage Position (P1 amino

acid)
NCBI/Protein Database (GI)

Accession No. Cellular Function Reference

Caspase-9

proCaspase 3 - cut 1 28 77416852 Apoptosis PMID: 15274128

proCaspase 3 - cut 2 175 77416852 Apoptosis PMID: 15274128

proCaspase 7 - cut 1 23 1730092 Apoptosis PMID: 15274128

proCaspase 7 - cut 2 198 1730092 Apoptosis PMID: 15274128

proCaspase 7 - cut 3 206 1730092 Apoptosis PMID: 15274128

Vimentin - cut 1 85 62414289 Cytoskeleton PMID: 11514563

Vimentin - cut 2 259 62414289 Cytoskeleton PMID: 11514563

Vimentin - cut 3 429 62414289 Cytoskeleton PMID: 11514563

DCC 1290 1169233 Transmembrane receptor PMID: 11248093

RB1 270 132164 Tumor suppressor PMID: 15735701

Raf-1 279 125651 Signal Transduction PMID: 15674327
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