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Inflammatory Stimuli Regulate Caspase

Substrate Profiles*s

Nicholas J. Agardt, David Maltby§, and James A. Wells1{]|

The inflammatory caspases, human caspases-1, -4, and
-5, proteolytically modulate diverse physiological out-
comes in response to proinflammatory signals. Surpris-
ingly, only a few substrates are known for these enzymes,
including other caspases and the interleukin-1 family of
cytokines. To more comprehensively characterize inflam-
matory caspase substrates, we combined an enzymatic
N-terminal enrichment method with mass spectrometry-
based proteomics to identify newly cleaved proteins.
Analysis of THP-1 monocytic cell lysates treated with
recombinant purified caspases identified 82 putative
caspase-1 substrates, three putative caspase-4 sub-
strates, and no substrates for caspase-5. By contrast,
inflammatory caspases activated in THP-1 cells by mimics
of gout (monosodium urate), bacterial infection (lipopo-
lysaccharide and ATP), or viral infection (poly(dA-dT)) were
found to cleave only 27, 16, and 22 substrates, respec-
tively. Quantitative stable isotope labeling with amino ac-
ids in cell culture (SILAC) comparison of these three in-
flammatory stimuli showed that they induced largely
overlapping substrate profiles but different extents of pro-
teolysis. Interestingly, only half of the cleavages found in
response to proinflammatory stimuli were contained
within our set of 82 in vitro cleavage sites. These data
provide the most comprehensive set of caspase-1-
cleaved products reported to date and indicate that
caspases-4 and -5 have far fewer substrates. Compari-
sons between the in vitro and in vivo data highlight the
importance of localization in regulating inflammatory
caspase activity. Finally, our data suggest that inducers
of inflammation may subtly alter caspase-1 substrate
profiles. Molecular & Cellular Proteomics 9:880-893,
2010.

Proteases are ubiquitous, representing more than 2% of the
total human genome, and essential to diverse cellular pro-
cesses, including catabolism, cell death, and immune function
(1-3). Despite their biological importance, the identification of
cellular protease substrates remains challenging. Historically,
researchers gained insight into protease specificity by assay-
ing enzyme activities against peptide libraries or displays of
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short peptide sequences on biomolecules (4-7). More re-
cently, we and others have developed technologies to directly
identify protease substrates using differential gel mobilities or
by enriching for new protein N termini that result from protein
cleavage (8-12). These proteomics methods have been ap-
plied to the widespread proteolysis that occurs during apo-
ptosis to reveal hundreds of novel caspase substrates. Al-
though this is an important demonstration of the power of
these technologies, most proteolysis signaling pathways tar-
get a far more limited scope of substrates (13). In this study,
we extended an enzymatic N-terminal enrichment technique
to study the inflammatory caspases, a family of proteases that
enact far more limited proteolysis.

The human caspases (cysteine aspartyl proteases) are a fam-
ily of 12 homodimeric cysteine proteases that cleave proteins
immediately following an aspartic acid residue. Sequence and
functional similarities separate the caspases into three evolu-
tionary groups: initiator caspases (caspases-2, -8, -9, and -10),
primarily involved in integrating cellular signals and inducing
apoptosis; executioner caspases (caspases-3, -6, and -7), the
primary effectors of proteolysis during apoptosis; and inflam-
matory caspases (caspases-1, -4, and -5), discovered as acti-
vators of proinflammatory cytokines (14). The details of how
inflammatory caspases exert their proinflammatory effects are
not fully understood, but recent studies have provided insight
into their mechanisms of activation. Proinflammatory stimuli
induce multidomain proteins termed nucleotide binding and
oligimerization domain (NOD)-like receptors to form multipro-
tein complexes called inflammasomes (15). Inflammasomes
promote oligomerization of inflammatory caspases and self-
activation. The diverse potential activators of inflammasomes
include combinations of lipopolysaccharide and ATP, which
mimic bacterial infections; inorganic crystals such as monoso-
dium urate or calcium phosphate, which mimic gout; and the
introduction of cytosolic dsDNA," which mimics viral infections
(16-20). Although the mechanism of inflammatory caspase ac-

" The abbreviations used are: dsDNA, double-stranded DNA; IL,
interleukin; SILAC, stable isotopic labeling with amino acid in cell
culture; TEV, tobacco etch virus; Z-VAD-fmk, carbobenzoxy-valyl-
alanyl-aspartyl-fluoromethyl ketone; LPS, lipopolysaccharide; LTQ,
linear ion trap; AIM2, absent in melanoma 2; SYAP1, synapse-asso-
ciated protein 1; EIF3J, eukaryotic translation initiation factor 3 subunit
J; GSDMD, gasdermin D; U2AF, splicing factor U2AF 65-kDa subunit;
MCM4, DNA replication licensing factor MCM4; FDR, false discovery
rate; IVT, in vitro transcription-translation; MSU, monosodium urate; rt,
room temperature; Bicine, N,N-bis(2-hydroxyethyl)glycine.
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tivation is an area of active research, the downstream conse-
quences of caspase activation remain poorly understood.
Caspase-1 is known to be the key activator of the Interleukin
(ID-1 family cytokines and caspase-7 during inflammation, but
several key biological consequences of inflammatory caspase
activation, including membrane biogenesis, cell death, and non-
classical protein secretion, have not been directly linked to
downstream molecular substrates (16, 21-25).

Pyroptosis, a form of caspase-1-dependent proinflamma-
tory cell death, likely requires additional caspase-1-mediated
proteolysis (16, 24). Pyroptosis is characterized by activation
of caspase-1, which, in turn, activates caspase-7. These ac-
tivities induce plasma membrane swelling, release of proin-
flammatory cytokines, DNA damage, and necrotic cell death
(26). Inhibition of caspase-1 prevents the morphological char-
acteristics of pyroptosis, including death (27). However, inhi-
bition of plasma membrane swelling and rupture does not
prevent release of active IL-18 (27). This suggests that
caspase-1 activity is necessary for cell death but that death
and caspase substrate release are independent. We sought to
discover the role of caspase-1 in inducing these inflammatory
responses, including pyroptosis, by globally tracking inflam-
matory caspase substrates in vitro and in cell culture.

To investigate caspase activities, we applied subtiligase, a
bacterial enzyme engineered to directly ligate biotinylated
peptides onto protein N termini. This direct affinity enrichment
approach coupled with quantitative MS-based identification
enabled the discovery of more than 80 cleavage sites follow-
ing aspartic acids from caspase-1-treated cell lysates. Bioin-
formatics analysis, quantitative proteomics methods, and
biochemical assays confirmed that the majority of these
cleavages are catalyzed by caspase-1. This data set repre-
sents the largest reported collection of putative caspase-1
substrates including some substrates previously identified in
cell biology experiments (13, 28). Interestingly, we observed
several caspase-1 cleavage sites that are near known cleav-
age sites for caspases-3/-7. These nested cleavages suggest
that regions of certain proteins are cleaved in both cell death
and inflammation. Analysis of caspase-1 activity in cultured
monocytes in response to three different inflammatory stimuli
confirmed a number of the substrates identified in the lysate
studies as well as previous reports of caspase-1-mediated
activation of caspase-7 (22, 29, 30). Together, these results
represent a step toward gaining a comprehensive under-
standing of inflammatory caspases in inflammation and
pyroptosis.

EXPERIMENTAL PROCEDURES

Meaterials —Except as noted, all materials were obtained from com-
mercial sources. An optimized subtiligase variant was expressed and
purified as described previously though without the use of a helper
subtilisin (31, 32). Synthesis of the biotinylated glycolate ester
(TEVest2) was conducted using standard Fmoc (fluorenylmethyloxy-
carbonyl) solid phase peptide synthesis procedures modified for the
incorporation of the glycolate ester (9, 33). Tobacco etch virus (TEV)

protease and recombinant caspases-1-9 were expressed and puri-
fied as described previously (34, 35). Antibodies against caspases-1
(8C1780, Santa Cruz Biotechnology), -3 (9662), and -7 (9492) and
cleaved IL-18 (2021s, Cell Signaling Technology) were purchased
from the indicated sources.

Cell Culture and Lysate Preparation—THP-1 human monocytic
leukemia cells were grown in suspension according to American Type
Culture Collection recommendations. In reverse degradomics and
background experiments (see “Results”), 0.4-1.0 X 10° cells were
pelleted (500 X g, 5 min, rt), washed with 10 ml of PBS (pH 7.4), and
pelleted again. Cells (1 X 108 cells/ml) were lysed by resuspending in
lysis buffer (100 mm Bicine, 1% Triton X-100, 250 mm KCI, 1 mm
EDTA, 1 mm PMSF, 1 mm 4-(2-aminoethylbenzene)sulfonyl fluoride,
0.1 mm E-64, pH 8.0) for 1 h at 4 °C. Background samples were lysed
as described with the addition of Z-VAD-fmk (0.1 mwm), a general
caspase inhibitor. Insoluble membranes and nuclei were pelleted
(4200 X g, 5 min, 4 °C), and the supernatant was isolated. For reverse
experiments, lysates were treated with 400 nm caspase-1, -4, or -5 for
1 h at rt; treated with 0.1 nm Z-VAD-fmk; and clarified via centrifuga-
tion prior to labeling.

For stable isotope labeling with amino acids in cell culture (SILAC)
experiments, THP-1 cells were expanded over five passages in media
containing ['3Cg,"®N,]lysine and ['°Cg,"°N,Jarginine (heavy samples)
or [2Cg,"N,]lysine and ['2Cg,"*N,Jarginine (light samples) to a final
count of 5 X 108 cells. Samples were pelleted and lysed as described
above. Caspase-1 (400 nm) was added to light samples, both light and
heavy samples were incubated at rt for 1 h, and 0.1 um Z-VAD-fmk
was added to the lysates for 10 min. Light and heavy samples were
combined and centrifuged prior to labeling.

In forward degradomics samples, THP-1 cells (10°) were differen-
tiated by treatment with 100 nm 12-O-tetradecanoylphorbol-13-ace-
tate for 15 h onto three 225-cm? tissue culture-treated plates. The
media were removed, and the plates were washed with 60 ml Opti-
MEM (Invitrogen). Caspase-1 was activated in one of three ways. (i)
To mimic DNA viral infections, cells in 150 ml of Opti-MEM were
transfected with 240 pg of poly(dA-dT) (Sigma) and 600 wul of Lipo-
fectamine 2000 (Invitrogen) according to the manufacturers’ recom-
mendations for 6 h. (i) To mimic inflammation from gout, cells were
treated with 300 wg/ml monosodium urate for 3 h. (i) To mimic
bacterial infection, cells were primed with 1 ug/ml LPS (Escherichia
coli 055:B5, Sigma) for 3 h followed by activation with 5 mm ATP for
0.5-3 h. Following activation, the supernatant was removed; pro-
teases were inhibited by the addition of Z-VAD-fmk, E-64, 4-(2-
aminoethylbenzene)sulfonyl fluoride, PMSF, and EDTA; and the ex-
tract was concentrated to ~5 ml on an Amicon Ultracell (3000
molecular weight cutoff) and labeled as described below. Cell lysates
were obtained by adding 10 ml of cold lysis buffer (with Z-VAD-fmk)
to the adherent cells and incubated on ice for 30 min. The lysate was
clarified by centrifugation prior to labeling.

For forward SILAC experiments, THP-1 cells were expanded over
five passages in media containing ['*Cg,'®N,]arginine (heavy sam-
ples), [**Cs,'*N,]arginine (medium samples), and ['?Cg,"*N, ]Jarginine
(light samples) (forward experiments) to a final count of 5 X 102 cells.
Samples were treated with poly(dA-dT) (light), LPS and ATP (medium),
or monosodium urate (MSU) (heavy) as described above. The sam-
ples were combined immediately prior to labeling.

N-terminal Labeling and Cleanup—Clarified lysates were treated
with 1 mm DTT, 1 mm TEVest2, 1 um subtiligase, and 10% DMSO for
1 h at rt. Labeled lysates were centrifuged (4200 X g, 5 min) to remove
any precipitated protein and filtered through a 0.45-um cellulose
acetate syringe filter. Proteins were separated from detergents, salts,
and hydrolyzed ester by gel filtration on a Superdex 30 16/60 column
(GE Healthcare), eluting with 100 mm ammonium bicarbonate. Frac-
tions containing proteins were pooled, frozen, and lyophilized.
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N-terminal Peptide Isolation—Lyophilized proteins were dissolved
in 4 ml of 6 M guanidinium chloride, 100 mm Bicine, 10 mm tris(2-
carboxyethyl)phosphine hydrochloride, pH 8.0 and heated to 100 °C
for 10 min. Samples were cooled to rt on ice, and cysteine residues
were alkylated by the addition of 25 mm iodoacetamide in 500 ul of
DMSO for 1 h at rt. To capture biotinylated peptides, samples were
diluted with 2 ml of water and gently agitated with 0.5 ml of strepta-
vidin-Sepharose bead slurry (GE Healthcare) for 3 h at rt. The beads
were recovered by centrifugation (500 X g, 5 min); washed with 4 m
guanidinium chloride (500 ul X 2) and 100 mm NH,COzH (500 wl X 3)
to remove unbound proteins; suspended in 500 wl of 100 mm
NH,COzH, 5 mm CaCl,; and digested overnight with 2 ug of sequenc-
ing grade trypsin. The beads were recovered, washed as before to
remove residual tryptic peptides, and suspended in 500 ul of 100 mm
NH,COzH. N-terminal peptides were released from the beads via
treatment with 30 ng of TEV protease for 2 h at rt. The beads were
removed via centrifugation, and the supernatant was concentrated
and desalted on C,g ZipTips (Millipore).

Strong Cation Exchange Fractionation—N-terminal peptides were
dissolved in 100 ul of 1.0% formic acid and fractionated on a 2.1 X
200-mm polysulfoethyl aspartamide column (PolyLC). Twenty 2-ml
fractions were collected over a 40-min elution window (25 mm
NH,4HCO,, 30% ACN, pH 2.8 to 200 mm NH,HCO,, 30% ACN, pH 2.8
over 32 min, rising to 375 mm NH,HCO, over the next 7 min). The
fractions were dried, desalted on C,g4 ZipTips (Millipore), dried again,
and dissolved in 0.1% formic acid prior to analysis via LC-MS/MS.

MS Analysis and Data Processing— Peptides were separated via
reversed phase chromatography on a 75-um X 15-cm C,g column
flowing at 350 nl/min applied directly to a QSTAR Pulsar or QSTAR
Elite mass spectrometer (Applied Biosystems). The one or two most
intense multiply charged ions in each precursor spectrum were se-
lected for CID fragmentation, and a 3-min dynamic exclusion window
was applied to all selected ions. For a portion of the poly(dA-dT)-
treated sample and the forward SILAC sample, peptides were also
analyzed on an LTQ-FTICR mass spectrometer (ThermoElectron) or
an LTQ Orbitrap (ThermoElectron) with the five most intense ions
selected for CID fragmentation. MS/MS spectra derived from QSTAR
instruments were analyzed using the Analyst software package, and
centroid peak lists were generated using the Mascot.dll script. Peak
lists were derived from LTQ spectra using Mascot Distiller 2.1.0.0.

Peptide Identification— Peptide identification was performed using
Protein Prospector version 5.2.2 (University of California San Fran-
cisco (UCSF) Mass Spectrometry Facility), searching against the hu-
man December 2008 release of Swiss-Prot (20,333 total proteins).
The specified digest protease was trypsin for peptide C termini and
nonspecific for peptide N termini, thus allowing for semitryptic pep-
tides. Mass allowances of 50 and 200 ppm were applied to precursor
and fragment ions, respectively, for QSTAR instruments and 10 ppm
and 0.5 Da, respectively, for the LTQ-FTICR mass spectrometer. Up
to two missed tryptic sites were allowed. The peptides were searched
with fixed cysteine carbamidomethylation, variable methionine oxida-
tion, and with both fixed and variable addition of an N-terminal SY
dipeptide tag to estimate the percentage of unlabeled peptides. Pep-
tides with a score greater than 25.0 and an expectation value below
0.05 were initially considered true hits with a false discovery rate
(FDR) of <3.0%. Preliminary analysis of the MSU- and ATP-treated
data sets showed unacceptably high FDRs, so an additional protein
expectation value of 0.01 was implemented, lowering the FDR to 1.0
and 2.0%, respectively. 95-98% of peptides identified in variable SY
tag searches were indeed tagged. Subsequent manual inspection
removed peptides with ambiguous tagging (unlabeled peptides with
isobaric SY, YS, LH, HL, IH, or HI as the first two residues where a,
and b, ions may be due to the tag) and peptides of less than seven
amino acids excluding the dipeptide tag. Searches against SILAC-

labeled peptides fixed the SY tag and allowed variable incorporation
of the isotopically labeled amino acids. Protein Prospector identifica-
tions were manually verified by examining b and y series ions to
confirm the presence of the a,, b,, bs, y,, _ 4, andy, _ , ions. Because
our data primarily report peptide rather than protein identifications
(i.e. one peptide per protein for most proteins), all homologous pro-
teins are reported in the supporting material. To conserve space,
peptides in the text are assigned to the protein in the data set with the
most unique N termini or, in the case of a tie, alphabetically. Anno-
tated peak lists are provided in the supplemental material. Sequence
logo analysis was performed via WebLogo.

MS-based Quantitation and Reproducibility— Three biological rep-
licates of the reverse SILAC samples were analyzed as described.
SILAC-based quantitation was performed using the Search Compare
function of Protein Prospector. The ratio of light to heavy isotopes
was generated by integrating peak areas of light, medium, and heavy
precursor ions in survey scan spectra from 10 s prior to MS identifi-
cation to 30 s after. Data sets were scaled to set the median of
peptides not derived from caspase-like cleavages (P1 = Asp) to a
SILAC ratio of 1.0 and then combined. We manually inspected spec-
tra for all proposed caspase-derived peptides and any peptide devi-
ating more than 2-fold from the median ratio of non-caspase-derived
peptides (20% of all spectra) to investigate the presence of interfering
singly charged species or overlapping peptides. Spectra that con-
tained sizeable interfering peaks were discarded. Full details for each
peptide including discarded spectra, median ratios, and standard
deviations are provided in supplemental Tables 4 and 5.

In Vitro Transcription-Translation—cDNAs encoding synapse-as-
sociated protein 1 (SYAP1), zyxin, eukaryotic translation initiation
factor 3 subunit J (EIF3J), gasdermin D, splicing factor U2AF 65-kDa
subunit (U2AF), and DNA replication licensing factor MCM4 (MCM4)
were cloned into pcDNA 3.1(+) (Invitrogen) downstream of the T7
promoter region using EcoRI and Xbal (in the case of MCM4) or
Hindlll and EcoRl (in all other cases) restriction sites. cDNAs were
used as a template for the TNT T7 Coupled Transcription/Translation
System (Promega). Proteins were expressed according to the manu-
facturer’s suggestion, incorporating FluoroTect Green (Promega) as a
fluorescent label. Post-translation, the reactions were incubated with
RNase A (35 ng/ul) at 37 °C for 5 min to degrade residual fluorescent
tRNA and incubated with 10 mm N-ethylmaleimide for 10 min at rt to
quench any endogenous caspase activity, and residual N-ethylmale-
imide was quenched with 20 mm DTT for 10 min at rt. Samples were
diluted 4-fold with caspase buffer (25 mm HEPES, 75 mm NaCl, 0.05%
CHAPS, 10 mm DTT, pH 7.5), and caspase (50 or 200 nm) was added
to the reaction mixture. At the indicated time points, aliquots were
taken, added to 4 X SDS loading buffer, and frozen on dry ice prior to
analysis. Proteins were separated by SDS-PAGE, gels were scanned
on a Typhoon 9400 gel scanner (GE Healthcare), and the band inten-
sity was integrated on ImageQuant 5.2 software (GE Healthcare),
subtracting for background fluorescence. Kinetic rates were fit via
Graphpad Prism 4.03.

Immunoblot Assays of Pyroptotic Cells—The conditioned media
and clarified lysates from 107 THP-1 cells were prepared as described
for the forward degradomics experiments, transfecting with or without
poly(dA-dT) for 0-10 h. Proteins (40 ug per sample) were separated
by SDS-PAGE and transferred to a 0.45-um-pore size Invitralon PVDF
membrane (Invitrogen). Membranes were blocked with 2.5% nonfat
dry milk, 0.1% Tween, Tris-buffered saline, pH 7.4 (2.5% milk in
TBS-T) and incubated overnight in 1:500-1:1000 primary antibody in
blocking buffer. The blots were washed with TBS-T (4 X 10 min),
incubated with horseradish peroxidase-conjugated anti-mouse, -rab-
bit, or -goat IgG (1:1000-1:5000), and washed four additional times.
Blots were incubated with SuperSignal Femto substrate (Pierce) and
imaged via a FluorChem SP (Alpha Innotech).
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Lactate Dehydrogenase Release Assay—THP-1 cells (1 X 10%) in
96-well plates were differentiated with 100 nm 12-O-tetradecanoyl-
phorbol-13-acetate for 14 h. The cells were washed with Opti-MEM
(2 X 50 ul) and transfected with or without 0.2 g of poly(dA-dT) using
Lipofectamine 2000 according to the manufacturers’ recommenda-
tions. At the indicated time points, the cells were lysed by the addition
of 2 ul of 9% SDS and assayed by CytoTox-ONE (Promega) accord-
ing to the manufacturer’s specifications.

RESULTS

Subtiligase-based Biotinylation of N Termini for Positive
Enrichment and Proteomics Evaluation— Proteolyis generates
new a-amines and a-carboxylates, either of which could be
isolated and identified to profile protease activities. However,
the ~80% of protein N termini that are co-translationally
acetylated can be excluded from N-terminal analyses, making
this approach more attractive (36). Here, we applied a tech-
nology developed in our laboratory to characterize the protein
N termini of inflammatory caspase-cleaved products (9). Free
N termini in THP-1 cell lysates were biotinylated with sub-
tiligase, a variant of the bacterial protease subtilisin BPN’
(Fig. 1a). Subtiligase is engineered to cleave ester but not
amide substrates and transfer the N-terminal portion of the
ester onto free N termini (31, 37). The enzyme can ligate a
broad range of protein and peptide N termini but excludes
free amino acids and other amines, including lysine
e-amines. Subtiligase-treated proteins were separated from
the spent ester, and labeled species were captured on
streptavidin beads. After extensive washing, proteins were
trypsinized on the beads, leaving only the N-terminal pep-
tides bound. These were efficiently released by cleavage of
a TEV protease site present in the ester. TEV-released N-
terminal peptides conveniently retain a residual SY dipep-
tide tag, allowing virtually unequivocal identification of la-
beled N termini.

We applied this technology to THP-1 monocytes under
three different conditions (Fig. 1b). First, untreated cells were
analyzed to evaluate the background levels of proteolysis, the
distributions of start sites for the identified N termini, and the
amino acid residues surrounding cleavage sites. Next, two
additional sets of experiments were performed that we term
“forward” and “reverse” degradomics. In reverse degradom-
ics experiments, proteolysis is initiated by addition of a known
protease to extracts. Conditions can be optimized to maxi-
mize substrate identification and minimize secondary proteo-
lysis (through the use of protease inhibitors). However, be-
cause cellular structures are homogenized, the observed
cleavages may not necessarily reflect those that would occur
in an intact cell. In forward degradomics experiments, pro-
teases are activated in their normal cellular context by the
addition of specific inflammatory stimuli. Forward degradom-
ics experiments maintain native protein localizations and en-
zyme concentrations; however, the sensitivity of this tech-
nigue may be diminished by an inability to regulate the extent
of cleavage or abrogate secondary proteolysis. In addition,

one does not know a priori the protease responsible for the
observed cleavages.

Mass spectral analysis of the N termini tagged in an un-
treated lysate (the N-terminal “background”) resulted in the
identification of 306 N termini from 256 proteins with a false
discovery rate of 3.0% (supplemental Table 1). In comparison
with a previously compiled background data set from Jurkat
T-lymphocytes, fewer of the monocytic N termini observed
were the result of full-length protein expression or removal of
a short signal sequence (45% of THP-1 versus 72% of Jurkat
N termini were found within the first 50 amino acids)
(supplemental Fig. 1) (9). This suggests a higher level of back-
ground endoproteolytic activity beyond the expected signal
peptidase activities. The background data set reveals a large
number of internal N termini resulting from cleavages after
basic and large aliphatic or aromatic residues, suggesting
prevalent cellular tryptic- and chymotryptic-like activities, re-
spectively (supplemental Fig. 2). Of note, only 1.3% (4 of 306)
of the identified N termini resulted from proteolysis after an
aspartic acid residue, substantially below the natural abun-
dance of the amino acid (5.5%). We have seem similar levels
of cleavage after aspartic acids in untreated Jurkat, HeLa S3,
and DB cells (9).2 These data suggest that, in the absence of
apoptotic or inflammatory stimuli, there is little endogenous
caspase activity and few caspase-like substrates. Thus, pro-
teins cleaved after aspartic acid residues in stimulated cells
are likely to be caspase substrates.

Identification of Substrates from Caspase-treated Ly-
sates—To evaluate the range of potential inflammatory
caspase substrates, we conducted reverse degradomics by
incubating cell extracts with inflammatory caspases-1, -4, and
-5. Lysates from THP-1 cells were incubated with caspase-1,
-4, or -5 for 1 h, and N termini were labeled using subtiligase
and TEVest2 as described above. Three experimental repli-
cates of caspase-1-treated lysates revealed a total of 55
putative caspase-1 substrates from 834 identified N termini as
defined by a P1 aspartic acid (Table | and supplemental
Table 2). We analyzed the sequences surrounding the N ter-
mini to examine the consequences of caspase addition on
amino acid distribution. Caspase-1-treated lysates showed
amino acid distributions similar to the untreated lysates ex-
cept that aspartic acid was 4 times more prevalent at the P1
position (6.6 versus 1.3%) (supplemental Fig. 3). Although the
overlap between caspase-treated samples was modest, each
replicate showed significant enrichment for cleavage after
aspartic acid residues (5.6-9.9% of all peptides) (supple-
mental Fig. 4). Comparisons between this data set and pre-
viously identified caspase substrates revealed an overlap of
four caspase-1 substrates (actin, pyrin, calpastatin, and
caspase-1) and an additional 13 cleavages that had previ-
ously been attributed to other known or unknown caspases
(supplemental Table 3) (22, 29, 38, 39). Seven additional

2 H. Nguyen, N. J. Agard, and J. A. Wells, unpublished data.
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Fic. 1. Degradomics approach for identifying caspase-cleaved peptides. A, to identify cleavage sites, lysates are N-terminally biotiny-
lated with subtiligase and TEVest2. The labeled proteins are captured on streptavidin beads, trimmed to a single peptide with trypsin, and
released from the beads with TEV protease. The resulting labeled peptides are identified by LC/MS/MS. B, two modes are used for identifying
caspase-cleaved peptides. i, in reverse degradomics, purified caspase is added exogenously to cellular lysates, generating caspase cleavage
events. ii, in forward degradomics, inflammatory (or apoptotic) stimuli induce caspase activation in the cell or conditioned media. These
stimulated cells are then lysed and analyzed. C, the overlap of forward and reverse degradomics data sets. D, the overlap between forward

degradomics data sets for three different inflammatory stimuli.

caspase-1 cleavage sites were found in proteins with reported
caspase cleavages at alternative sites. In three of these, the
observed site of cleavage was within four amino acids of a
previously identified site for caspase-3 or caspase-7. The
remaining 31 cleaved proteins had not previously been re-
ported as substrates for any caspase.

In sharp contrast, caspase-4- and -5-treated lysates gen-
erated only three and zero caspase-cleaved peptides, respec-

tively, from more than 500 identified N termini (Table I). The
general lack of peptide identification for caspases-4 and -5
was not due to these enzymes being inactive because the
enzymes had specific activities against synthetic substrates
comparable to those reported in the literature (data not
shown) albeit 100-fold below caspase-1. Furthermore, sub-
sequent experiments found that caspase-5 has activity
against one protein in vitro (see below).

884 Molecular & Cellular Proteomics 9.5



Inflammatory Stimuli Regulate Caspases

TABLE |

Caspase-1 like cleavages
LPS/ DNA DNA

Acc # P4-P1 P1'-P4’ Start site Protein Name Casp-1 | Casp4 Msu ATP (Lys) (CM)
Q9H223 CDCD GMLD 497 EH domain-containing protein 4 X
QY96JHT CVAD ALGA 1182 Deubiquitinating protein VCIP135 X
015553 CVRD SCSF a3 Pyrin X
P30101 FFDD SFSE 163 Protein disulfide-isomerase A3 X
060488 FHPD GCLQ 563 Long-chain-fatty-acid--CoA ligase 4 X
P10147 FIAD YFET 50 C-C motif chemokine 3 X
P20810 FLLD ALSE 514 Calpastatin X
P57T64 FLTD GVPA 276 Gasdermin-D X X X X X
QIBYJ9 FMHD AVFG 103 YTH domain family protein 1 X
Q8WVVa FRHD GYGS 290 Heterogeneous nuclear ribonuclecprotein L-like X
P43243 FRRD SFDD 188 Matrin-3 X
043719 FSND GASS 81 HIV Tat-specific factor 1 X
QIUBF8 FSVD SITS 488 Phosphatidylinositol 4-kinase beta X
Q96A49 FVSD AFDA 279 Synapse-associated protein 1 X
P33992 FYSD SFGG 14 DNA replication licensing factor MCM5 X X X
QBNCS51 HAED SVMD 338 Plasminogen activator inhibitor 1 RNA-binding protein X
P12270 HRTD GFAE 2148 Nucleoprotein TPR X
POBET0 IDVD VSKP 260 Vimentin X X
QOBIZT7 IESD SFVQ 239 Arginine/serine-rich coiled-coil protein 1 X
P&2081 ILED LVFP 133 408 ribosomal protein S7 X X
Q2M2H8 IPYD vays 364 Putative maltase-glucoamylase-like protein LOC93432 X X
P36578 IRPD IVNF 36 605 ribosomal protein L4 X
P18621 LOVD SLVI 11 B0S ribosomal protein L17 X
Q15942 LEID SLSS 150 Zyxin X X X
Q14694 LEND GVSG 139 Ubiquitin carboxyl-terminal hydrolase 10 X
QOUPTS LEPD SFSE 742 Zinc finger CCCH domain-containing protein 4 X X
PE1978 LESD AVEC 129 Heterogeneous nuclear ribonucleoprotein K X X
P10809 LLAD AVAY 50 60 kDa heat shock protein, mitochondrial X
043399 LLSD SMTD 21 Tumor protein D54 X X X X X
P33291 LQSD GAAA 133 DNA replication licensing factor MCM4 X
QIH7DO LaTD GIAA 1810 Dedicator of cytokinesis protein 5 X
Q13263 LSLD GADS 686 Transcription intermediary factor 1-beta X
Q14161 LVPD TAEP 626 ARF GTPase-activating protein GIT2 X
PEO709 LvvD NGSG 12 Actin, cytoplasmic 1 X
Q99580 MECD SFCS 408 SFRS2-interacting protein X
Q13501 MESD NCSG 330 Sequestosome-1 X
Q15233 MMPD GTLG 423 Non-POU domain-containing octamer-binding protein X
P26368 MTPD GLAV 129 Splicing factor U2AF 65 kDa subunit X X X X X X
PES104 PVLD CHTA 363 Elongation factor 1-alpha 1 X
P14625 VDVD GTVE 29 Endoplasmin X
P&1353 VNKD VFRD 100 60S ribosomal protein L27 X
P80303 VNSD GFLD 259 Nucleobindin-2 X
QYENCO VVKD SINF 92 Zine finger matrin-type protein 2 X
075822 WDAD AFSV 18 Eukaryotic translation initiation factor 3 subunit J X X X X X
QB8NEH7 WDTD AAWG rig ADP-ribosylation factor GTPase-activating protein 2 X
P29466 WFKD SVGV 298 Caspase-1 X X
Q15366 WGLD ASAQ 283 Paoly(rC)-binding protein 2 X
Q8NEH7 WGMD RVEE 383 ADP-ribosylation factor GTPase-activating protein 2 X
Qaevalt WQHD LFDS 91 THO complex subunit 4 X
QIUGP4 WSSsD GSLG 412 LIM domain-containing protein 1 X
QIY5Y6 WVCD SVND 510 Suppressor of tumorigenicity protein 14 X
Q5TEPE YDTD GYNP 432 RMNA-binding protein 26 X
Pa8155 YECD CAAG 382 Very low-density lipoprotein receptor X
QIPZNS YEPD GYNP 488 RNA-binding protein 27 X
Qasver YFTD SFLD 507 UPF0518 protein FAM160B2 X
Q15293 YIAD MFSH 232 Reticulocalbin-1 X
043852 YIGD MYSH 217 Calumenin X
Q8N9s54 YMSD SFIN 15 Coiled-coil domain-containing protein 75 X
Q8IvVLD YMTD GGLN 844 MNeuron navigator 3 X
Q14444 YQRD GYQQ 669 Caprin-1 X
P29466 AVQD NPAM 120 Caspase-1 X
PO1584 QDLD LCPL 41 Interleukin-1 beta X
QO6S66 YRPD GGAG 391 Chloride channel CLIC-like protein 1 X
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TABLE |—continued

Caspase-7 like cleavages

LPS/ | DNA | DNA
Acc # pa-P1 | P1-pa Start | Protein Name Casp-1 | casp4 | MY | atp | (ys) | (cmy
015042 DDoLD GVPL 738 U2-associated protein SR140 X X
015084 ECVD ALLQ 737 Serinefthreonine-protein phosphatase 6 regulatory X X
015511 DEED GGDG 30 Actin-related protein 2/3 complex subunit 5 X
POB396 DQTD GLGL 404 Gelsaolin X X X
PO7437 ELVD SVLD 15 Tubulin beta chain X X
P09496 DAVD GVMN 7 Clathrin light chain A X
P16989 EMKD GVPE 270 DNA-binding protein A X
P46940 DEVD GLGV 9 Ras GTPase-activating-like protein IQGAP1 X X X X
P55209 ERLD GLVE 58 MNucleosome assembly protein 1-like 1 X
PE0T09 DSGD GVTH 158 Actin, cytoplasmic 1 X X
P80303 EETD GLDP 238 Nucleobindin-2 X
QBJBYS EEVD GQHP 273 Capz-interacting protein X
QBBUXT DVLD SLTT 345 Fermitin family homolog 3 X X X X
Qo92541 EFHD GYGE 9 RMNA polymerase-associated protein RTF1 homolog X
QIGZX9 ECCD CVGM 73 Twisted gastrulation protein homolog 1 X
Q9Y550 DVLD LHEA T RNA-binding protein 8A X
Indeterminate cleavages
MSU LPS/ | DNA | DNA
Acc # P4-P1 P1'-P4 Start site Protein Name Casp-1 | Casp-4 ATP | (Lys) | (CM)
060664 AEAD GSTQ 10 Mannose-6-phosphate receptor-binding protein 1 X
Q2781 AEAD STSE 1147 Inverted formin-2 X
P22626 AEVD AAMA 77 Heterogeneous nuclear ribonuclecproteins A2/B1 X
P&8104 AIVD MVPG 404 Elongation factor 1-alpha 1 X X
Q92597 ALPD MVVS 190 Protein NDRG1 X
P49006 ATGD AlEP 64 MARCKS-related protein X
Q5JPB2 GEAD SILE 1003 Zinc finger protein 831 X
043719 GEPD SLGQ 40 HIV Tat-specific factor 1 X
P52597 GLSD GYGF 252 Heterogeneous nuclear ribonucleoprotein F X
PE0T09 GQKD SYVG 52 Actin, cytoplasmic 1 X
P31943 GYND GYGF 252 Heterogeneous nuclear ribonucleoprotein H X
P42285 KMTD VFEG 988 Superkiller viralicidic activity 2-like 2 X
QOY5AD NGVD GNGVY 368 Y¥TH domain family protein 2 X
P41252 NQTD LLSL 1148 Isoleucyl-tRNA synthetase, cytoplasmic X
QB6ZSR9 SEPD VFAI 124 Uncharacterized protein FLJ45252 X
Q99733 SFSD GVPS 9 Nucleosome assembly protein 1-like 4 X X
PO0441 SIED SVIS 103 Superoxide dismutase [Cu-Zn] X
P49756 SIVD SILM 705 Probable RNA-binding protein 25 X
POB6TO SLAD AINT Ly Vimentin X
PE2158 SLFD KDGD 22 Calmodulin
Q92945 SQGD SIss 129 Far upstream element-binding protein 2 X
Q99700 STYD SLSS a7 Ataxin X
P16333 SVPD SASP 89 Cytoplasmic protein NCK1 X
QBN1G4 TEAD AVSG 526 Leucine-rich repeat-containing protein 47 X X
P16989 TGPD GVPV 162 DMA-binding protein A X
Q07666 TGPD ATVG 76 KH domain-containing, RNA-binding, signal X
Pa0723 TKSD GAFPA 166 Brain acid soluble protein 1 X X X
POBET0 TNLD SLPL 430 \imentin X

We compared the sequences surrounding the purported
caspase-1 cleavage sites with the reported sequence prefer-
ences obtained from peptide positional scanning libraries (Fig.
2a) (7). Both sets show similar strong preferences for aromatic
and large aliphatic residues at P4 and for small residues at P1’
along with a weak preference for acidic residues at P3. Inter-
estingly, the N-terminal analysis of our data shows a preference
for large aliphatic and aromatic residues at P2’, a position not
previously investigated via positional scanning libraries. We do

not believe these results reflect a bias introduced by subtiligase
labeling because subtiligase has little preference at the P2’
position, and apoptotic caspase substrates identified via subti-
ligase labeling do not show a similar bias (9, 37). Finally, 11% of
the cleavage sites contained an acidic residue at P4, consistent
with caspase-3/-7 substrate preferences.

SILAC-based Quantitation Distinguishes Inflammatory and
Apoptotic Substrates—To deconvolute background caspase-
like proteolysis in unstimulated cells from that induced by
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Fic. 2. Caspase-1-cleaved peptides show propensity for hydrophobic residues at P4. A, sequences surrounding the cleavage site of
aspartyl-cleaved protein (P1 = Asp) were aligned and analyzed in a sequence logo. Amino acid letter sizes correspond to the frequency; colors
correspond to the side chain functionality as follows: acidic (Asp and Glu), red; hydrophobic (Phe, His, Trp, and Tyr), light blue; aliphatic (Leu,
lle, Met, Val, and Pro), dark blue; small (Ala, Gly, Ser, and Thr), green; and other (Cys, Asn, Lys, GiIn, and Arg), black. B, SILAC comparisons
between caspase-1-treated and untreated lysates were graphed on a double log plot. Aspartyl-cleaved peptides are color-coded according
to their P4 residue: putative apoptotic substrates (Asp and Glu), putative inflammatory substrates (Leu, lle, Met, Val, Pro, Phe, His, Tyr, and Trp),
and unknown (Ala, Gly, Ser, and Thr). Note that the putative inflammatory substrates have a high light/heavy ratio, suggesting that they are
produced by the addition of caspase-1. Substrates that were selected for further biochemical examination are circled. C, bar graph
representation of the caspase-cleaved peptides in B grouped by SILAC ratio. Note that the caspase-derived peptides with the highest
light/heavy ratios contained large hydrophobic residues in P4, consistent with caspase-1 specificity.

addition of inflammatory caspases, we performed quantitative
experiments using SILAC (40). We hypothesized that aspar-
tate-cleaved substrates, present due to low levels of apopto-
sis in culture or endogenous non-caspase-mediated proteol-
ysis in healthy cells, should be equally abundant in untreated
and caspase-1-treated lysates. We evaluated endogenous
caspase-like activities by analyzing SILAC-labeled caspase-
1-treated and untreated lysates. In three replicate experi-
ments, all caspase-derived substrates were markedly en-
riched in the caspase-1-treated samples (Fig. 2b and
supplemental Table 4). This suggests that the cleavages result
from the addition of caspase-1. These data further increased
the total number of caspase cleavage sites identified in re-
verse experiments to 82 (6.0% of N termini). To gain further
insight into the contributions of executioner caspase activity
and background apoptosis, we separated the caspase-
cleaved substrates into three categories based on character-
istic substrate preferences at the P4 residue. Acidic residues
(Asp and Glu) are typical of apoptotic caspases, whereas
hydrophobic and aromatic residues (Leu, lle, Met, Val, Pro,
Phe, His, Tyr, and Trp) are suggestive of inflammatory
caspases, and small residues could be indicative of either
activity (Fig. 2, b and c) (7). The typical apoptotic-like cleav-
ages that were observed had lower SILAC ratios than the
corresponding inflammatory-like cleavages (median ratio of

2.3 versus 14). This suggests that caspase-1 has low activity
against the apoptotic substrates or that caspase-1 activates
low levels of executioner caspase activities in vitro (e.g.
caspase-7).

In Vitro Transcription-Translation Provides Direct Evidence
of Caspase Cleavage—To evaluate the ability of caspase-1 to
selectively cleave the identified substrates, we expressed a
subset of six protein substrates by in vitro transcription-trans-
lation (IVT): SYAP1, zyxin, splicing factor U2AF 65-kDa sub-
unit (U2AF), MCM4, EIF3J, and gasdermin D (GSDMD) (Fig. 3
and supplemental Fig. 5). These each had SILAC ratios in the
reverse experiments of greater than 4, suggesting that
they were efficiently cleaved upon addition of caspase-1.
Samples were treated with purified recombinant caspase-1,
aliquots were removed and quenched at various times, and
the progression of the reaction was tracked via SDS-PAGE to
allow determination of the rate of cleavage. All of the tested
substrates were cleaved to some degree by caspase-1. Re-
markably, the rate of cleavage varied over 500-fold (k.,/K5>P
from <200 to 128,000 m~ ' s~ ) (Fig. 3, a-c). The most rapidly
cut substrate was gasdermin D, which was cleaved ~50-
500-fold faster than the others.

To assess whether the IVT substrate cleavages were spe-
cific to caspase-1, we screened the proteins cleaved at least
50% at the latest time point (all except U2AF) against a panel
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FiG. 3. In vitro analyses of caspase-1-cleaved substrates show wide variation in rate and selectivity. A, top, individual substrates were
expressed by IVT and treated with 50 nm caspase-1 (GSDMD) or 200 nm caspase-1 (all others) (representative data is shown). At the indicated

time points, aliquots were diluted with SDS loading buffer and stored

flash frozen prior to analysis by SDS-PAGE. Arrows indicate the masses

of cleaved products. Bottom, substrates were treated with 50 nm (GSDMD) or 200 nm (all others) caspases-1-9 and incubated for 5 min
(GSDMD) or 90 min (all others) prior to analysis by SDS-PAGE. B, fluorescence signals from A were integrated and plotted. Lines were fit to
standard first order decay, f = f, + A,e " where f is fluorescence intensity, f, is background fluorescence, A, is the fluorescence intensity of
the intact protein, k is the rate of the reaction, and t is time. C, apparent k_,,/K,,, was calculated for each substrate by assuming [substrate] <<
K,, and applying k = (k../K.,)?"P X [caspase-1]. D, the caspase screen described in A was applied to SYAP1 D281A. E, caspase specificity
was analyzed by integrating the fluorescence intensity of the full-length protein. +++, >60% reduction in intensity compared with no caspase
control; ++, >40% reduction; +, >20% reduction or visual evidence of a cleaved product; —, >80% reduction of caspase intensity and no

visible products. AU, arbitrary units; Casp, caspase; ZYX, zyxin.

of caspases at equal concentrations. The enzymatic activities
of the caspases (k../K,,, against optimized substrates) vary
over approximately 4 orders of magnitude with the execu-
tioner caspases being most active against their optimal sub-
strates (41). Thus, in the absence of relative specificity, we
would expect a strong bias toward the executioner enzymes.
Surprisingly, only gasdermin D was uniquely cleaved by
caspase-1 (Fig. 3, a and e, and supplemental Fig. 5). Of
the caspases showing overlapping activity with caspase-1,
caspase-8 was the most similar, cleaving three of the tested
proteins, two at approximately the same site.

One substrate, SYAP1, was efficiently cleaved by multiple
caspases (caspases-1, -3, -5, -7, and -8) with caspases-1, -3,
and -7 giving products of approximately the same molecular
weight. Despite the high level of similarity and overlap in peptide
substrate specificity between the inflammatory caspases,
caspase-5 and caspase-1 cleave SYAP1 at distinct sites. Close
inspection of the amino acids surrounding the putative
caspase-1 cleavage site (Asp?’®) showed an additional nearby

caspase-3/-7 site (DXXD) (FVSD?7® | AFD?8' | AC). To investi-
gate the role of this second aspartic acid in regulating caspase
activity, we repeated the caspase screen with a mutant SYAP1
lacking the second aspartic acid residue (D281A). Consistent
with our hypothesis of overlapping but separate cleavages, this
mutation abrogated the activity of caspases-3 and -7 but not of
caspase-1 (Fig. 3d). Thus, cleavage at Asp®’® is unique to
caspase-1 in vitro.

Forward Degradomics Experiment Reveals Subset of Re-
verse Degradomics Substrates—Having identified and verified
a number of caspase-1 substrates in vitro, we decided to
investigate the proteases in live cells to evaluate the effects of
physiologically relevant localizations and concentrations us-
ing forward degradomics. To do this, we analyzed cells stim-
ulated with three different inflammatory stimuli that are known
to activate caspase-1: MSU, LPS plus ATP, and dsDNA
(poly(dA-dT)). Although MSU and LPS/ATP treatments both
induced IL-1B8 release as measured by ELISA (supple-
mental Fig. 6), we found relatively few caspase-1 substrates
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using these conditions (Fig. 1d, Table I, and supplemen-
tal Table 5). Analysis of both lysates and conditioned media
from LPS- and ATP-treated cells yielded 11 total caspase
substrates from 1159 total N termini detected (0.9%), includ-
ing three caspase-3/-7 sequences (P4 = Asp/Glu) and four
sequences of indeterminate caspase activity. Proteomics
evaluations of MSU-treated cells generated more caspase
cleavages (22 of 880 total N termini; 2.5%) but markedly fewer
than were identified in reverse degradomics experiments.

To investigate stimuli known to induce more extensive
caspase-1 activation, we induced pyroptosis by transfecting
dsDNA into the cytoplasm of THP-1 cells. Previous work
showed that cytoplasmic dsDNA interacts with absent in mel-
anoma 2 (AIM2) to induce inflammasome formation and py-
roptosis in a greater percentage of cells than was observed
via LPS/ATP treatment (16, 17, 20, 42, 43). To confirm the
ability of dsDNA to induce caspase activity, we induced
pyroptosis by transfecting differentiated THP-1 cells with
poly(dA-dT) for 0-10 h. The lysates and conditioned media
were probed by immunoblot for caspases-1, -3, and -7 along
with IL-18, a known substrate of caspase-1. Consistent with
previous reports that caspase-1 activates caspase-7 but not
caspase-3, we detected active caspase-1 and its substrates
(caspase-7 and IL-1p) in the conditioned media (Fig. 4a) (22).
Active caspase-3 was not detected. These substrates ap-
peared synchronously over time and depended on the
presence of dsDNA. Interestingly, cleaved IL-1B8 or active
caspases were not detected in the cell lysates, suggesting
that these proteins were either unstable or exported outside of
the cells.

Using this time course to determine a midpoint of
caspase-1 activation and cleaved IL-18 release, we analyzed
THP-1 cells transfected with poly(dA-dT) for 6 h. Examination
of cellular lysates and conditioned media revealed caspase
cleavage products primarily in the conditioned media. Two of
299 N termini (0.7%) in the lysate were derived from cleav-
ages after aspartic acid, whereas 17 of 679 N termini
(2.5%) were found in the conditioned media (supplemental
Tables 6 and 7). These 17 peptides included both the inter-
subunit linker of caspase-1 and a non-canonical caspase
cleavage site for IL-13 (Table I). We evaluated the time course
of pyroptosis by tracking lactate dehydrogenase release into
the media as a surrogate for cell permeabilization. We found
that the kinetics of cell death, as measured by membrane
permeabilization, tracked with IL-18 release and caspase
cleavage (Fig. 4b). These results demonstrate that caspase
activation and pyroptosis are closely linked, consistent with
previous experiments showing that inhibition of caspase-1
blocks pyroptosis (24).

SILAC Comparison of Modes of Caspase-1 Activation—To
quantitatively assess the roles of inflammatory stimuli in reg-
ulating caspase-1 activity, we compared caspase-mediated
proteolysis induced by MSU, LPS and ATP, and poly(dA-dT)
via SILAC labeling and N-terminal proteomics. THP-1 cells

grown in the presence of light ('2Cg'*N,), medium
(*3Cs,"*N,), or heavy (°Cg,'°N,) arginine were treated with
the three activators of caspase-1, and the cell lysates and
conditioned media were assessed by our degradomics tech-
nology. We identified eight caspase-cleaved sites from a total
of 198 N termini (4.0%) in the lysate and five of 188 (2.7%) in
the conditioned media (supplemental Table 8). Seven of the
nine total caspase-1 substrates were found in all three con-
ditions. Notably, the levels of these substrates were higher in
poly(dA-dT)-treated cells, consistent with a greater level of
caspase activation under these conditions. By contrast, two
caspase-cleaved proteins (elongation factor 1-« and hemato-
poietic lineage cell-specific protein) were identified solely in
the lysate of the poly(dA-dT)-treated cells.

DISCUSSION

Reverse Versus Forward Degradomics Using Subtiligase
Tagging—Reverse and forward experimental paradigms each
have their advantages and disadvantages but together pro-
vide useful insights into targets cleaved by proteases of in-
terest. Reverse experiments control the initiating protease
and its dose in a homogenous cell extract but ignore the
functions of cellular structures that may sequester substrates.
Forward experiments maintain cellular structures, but the pro-
teases involved in processing are not strictly defined. We
chose to apply both experimental paradigms to the inflamma-
tory caspases, including models for bacterial infection, viral
infection, and cellular stress.

Two recent reverse proteomics investigations targeted
caspase-1 but identified only 11 and 41 putative cleavages
(22, 44). In our hands, reverse degradomics experiments on
caspase-1 identified a comparatively large number of cleav-
age sites (82), presumably reflecting the sensitivity of the
subtiligase labeling technique. However, analogous experi-
ments with caspases-4 and -5 identified zero and three sub-
strates, respectively. The specific activity of caspase-1 is
~100-fold higher than that of either caspase-4 or -5 (41). This
simple difference may explain the dramatically reduced num-
ber of identifications for caspase-4 or -5. Not surprisingly, it
would appear that caspase-1 is the most active inflammatory
caspase effector during inflammation.

Forward degradomics experiments identified fewer sub-
strates than reverse experiments (16-27 substrates, 1.3—
3.0% of all peptides in forward mode versus 82 cleavages
sites in reverse mode, 5.5% of all peptides). Thus, substrate
accessibility appears to severely limit inflammatory caspase
cleavages in forward experiments. Although most caspase
substrates were identified in all three proinflammatory condi-
tions, two appeared to be specific to the poly(dA-dT) induction
of the AIM2 inflammasome. Collectively, 50% of the sub-
strates identified in forward experiments were also identified
in reverse experiments (Fig. 1d). This overlap was markedly
higher in the canonical caspase-1 substrates (76%) than in
non-canonical substrates (33%). These data suggest that ad-
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ditional caspases are active in these cells and that the relative
contribution of these activities varies with the inflammatory
stimuli.

Caspase Efficiency and Target Specificity—We initially eval-
uated our reverse degradomics identifications by comparing
them with known caspase activities. Our data corroborated
positional scanning analyses of caspase-1 specificities and
revealed additional determinants of sequence specificity at
the P2’ site for large hydrophobic residues (7). To analyze the
novelty of our data set, we compared our substrates with a

database of annotated caspase cleavage events (CASBAH,
the caspase substrate database). Over a third of the proteins
we identified are reportedly cleaved by other caspases, often
at identical or nested sites. To further investigate this high
level of overlapping function, we screened caspases-1
through -9 against IVT expressed substrates. Each of the
expressed proteins was cleaved by a unique set of caspases
at one or more sites and with different efficiencies (Fig. 3, a
and e). The apparent molecular weights of the cut bands were
consistent with the cleavage sites predicted by our MS data

890 Molecular & Cellular Proteomics 9.5



Inflammatory Stimuli Regulate Caspases

and previous reports (45). Interestingly, we found that
caspase homology and activity against peptide substrates did
not necessarily dictate their relative activities against proteins.
For example, the inflammatory caspases-1 and -5 cleave
SYAP1 at distinct locations (Fig. 3a). By contrast, a protein
less genetically and functionally homologous to caspase-5,
caspase-8, appears to cleave SYAP1 at the same (or a very
similar) site. The sequences of substrates also did not dictate
the relative efficiency with which they were cleaved. The pri-
mary peptide sequence that best matched the canonical sub-
strate specificity of caspase-1 (EIF3J, WDAD |, AFSV) was
cleaved at an intermediate rate. The most efficient caspase-1
substrate, gasdermin D (FLTD | GVPA), which appeared to be
a modest substrate for caspase-1 based on sequence, was
also the only substrate cleaved solely by caspase-1. Interest-
ingly, both caspase-1 and gasdermin D are expressed primar-
ily in human immune cells (BioGPS, the gene portal hub). The
selectivity, high rate of cleavage by caspase-1, and similar
mRNA expression profiles suggest that gasdermin D may be
one of the primary targets of caspase-1 in vivo.

The observation that substrates are cleaved by multiple
caspases can be rationalized in several ways. First, there is
site-specific functional redundancy between caspase-1 and
other caspases for some targets, a result that had been ob-
served for other pairs of caspases (e.g. caspases-3 and -7)
(45). This in vitro redundancy may be a product of highly
accessible cleavage sites (9, 46). Both inflammatory caspases
and apoptotic caspases will slowly cleave non-optimal pep-
tide substrates, suggesting that these redundant cleavages
may have little or no relevance in vivo. Alternatively, site-
specific cleavage of these same proteins may be vital to the
multiple cellular caspase functions. The presence of sub-
strates with nested caspase cleavage sites (e.g. SYAP1 cleav-
age at Asp®’® by caspase-1 and Asp®®' by caspases-3/-7)
supports this hypothesis. Overlapping caspase cleavage sites
within proteins imply that cleavage in that segment is con-
served and that there is evolutionary pressure to maintain
proteolysis by multiple caspases. In fact, in proteins with
nested cleavage sites (SYAP1, EIF3J, THOC4, and vimentin),
the six amino acids N-terminal of the downstream site are
96% identical between human, mouse, and bovine homologs
(supplemental Table 3). Amino acids C-terminal to the down-
stream site showed greater variation. Interestingly, although
the cleavage sites were highly conserved between species,
there were considerable variations between proteins with
nested sites. These included changes in the amino acid com-
position, the distance between the cleavage sites, and the
order of caspase-1 versus caspase-3/-7 sites. Although
we identified and assessed only a few proteins, the high
degree of conservation may suggest that these nested sites
have important evolutionary roles. Large scale investigations
of caspase cleavage events across multiple species could
potentially identify more highly conserved sites and help iden-
tify key nodes targeted by caspases. In addition to this mo-

lecular level functional overlap, gene ablation studies have
shown that caspase functions can compensate for one an-
other. Caspase-3-deficient mice are viable in some genetic
backgrounds, and caspase-7-deficient mice have only minor
phenotypes, but caspase-3/-7-deficient mice die immediately
after birth (48). Our detection of substrate overlap is consist-
ent with functional compensation.

Quantitative SILAC analysis of reverse data sets confirmed
that putative caspase-1 substrates based on cleavage site
specificity were enriched in caspase-1-treated lysates (Fig. 2).
Although all N termini with a P1 aspartate were enriched in the
caspase-1-treated lysates (seen by SILAC ratios greater than
1.0), the median ratio for caspase-1-like cleavage was sub-
stantially higher than for putative caspase-7-like cleavages
(16 versus 2.6). Although caspase-7 is activated by caspase-1
during inflammation, our data indicate that the vast majority of
proteolysis carried out in this process is in fact mediated by
caspase-1. However, without more detailed studies, we can-
not determine whether the moderately enriched caspase-7-
like substrates are derived from secondary weak activation of
caspase-7 or if these substrates are produced directly by low
efficiency caspase-1 activity. Virtually all caspase-cleaved sub-
strates with SILAC ratios greater than 6.5 were not found in
untreated samples, suggesting a lower boundary ratio for pos-
itive identification of caspase-1 cleavage.

Biological Significance of Identified Substrates—There are
two key general observations from the reverse and forward
degradomics experiments. First and not surprisingly, the total
number of caspase-cleaved substrates identified from all the
forward experiments was only about half that found in the
reverse direction (Fig. 1d). This suggests enzyme-substrate
co-localization is critical for cleavage to occur (Table I). How-
ever, although half of the substrates found in the forward
direction were contained in the reverse data set, half were not.
This may result from incomplete sampling or increased
caspase-7 activities in forward samples. Second, although
most of the caspase substrates are the same irrespective of
the inducer of inflammation, two were specific to poly(dA-dT)-
treated samples. This may be due to a greater extent of
caspase activation in the poly(dA-dT)-treated cells as mea-
sured by cleavage of other caspase substrates and release of
IL-1B. This is consistent with the onset of pyroptosis inducing
breakdown of cellular structures and enabling caspase-1 to
access additional cellular compartments. Alternatively, the
relevant inflammasomes (AIM2 versus NALP3) may directly
regulate caspase-1 substrate accessibility. Previous studies
have found that caspase-1 and IL-18 localize differentially in
response to diverse stimuli (43, 49, 50); the reduced number
of caspase-cleaved substrates in forward experiments imply
that active caspase-1 is not delocalized in the cytoplasm or
the nucleus. This is also consistent with imaging studies (24,
43). Thus, these experiments further highlight the importance
of native cellular context in defining the substrate degradome
of a protease.
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The mechanism of caspase-1 activation and subsequent
secretion of its cleaved substrates are not well understood.
Multiple models, including secretory lysosomes, transient
membrane permeabilization, and multivesicular bodies, have
been proposed, but none account for all experimental obser-
vations (49). In a few studies, membrane permeabilization has
been observed, consistent with our observation of lactate de-
hydrogenase release in transfected cells (Fig. 4b). However,
these same studies have shown permeabilization to be down-
stream and independent of IL-183 release (27, 51). We believe
the resolution to these data may be that sporadic induction of
pyroptosis results in rapid substrate release followed by slower
membrane permeabilization. Thus, in our non-synchronized
bulk measurements, release of substrates and lactate dehydro-
genase can appear to be coupled. Single cell analyses would be
necessary to deconvolute these possibilities.

Conclusion—This work extends the scope of our N-terminal
labeling technology by identifying in vitro and cellular sub-
strates of the inflammatory caspases. Our ability to detect
substrates for caspase-1, but not caspase-4 or -5, sets a
benchmark for the levels of proteolytic activity and enzyme
selectivity that can be identified via this technique. Moreover,
the addition of SILAC to our N-terminal enrichment strategy
validates the identified substrates, and the magnitude of the
SILAC ratio helps to identify preferred caspase-1 substrates.
Sequence analysis of large numbers of caspase-1 substrates
provides insight into the primary biochemical specificity of
caspase-1. Furthermore, the identification of substrates
shared between the inflammatory and executioner caspases
may be useful in identifying highly conserved cleavage events.
Finally, a series of cell culture experiments gave the first
proteomic look at caspase-1 mediated-proteolysis in live cells
and provided insight into the variations caused by different
inducers of caspase-1 activity.

Although this set of caspase-1 substrates is not compre-
hensive, it has identified a number of proteins with known
roles in immune function and demonstrated the utility of our
N-terminal isolation method for profiling moderately active
proteases. Interestingly, the differences in number and type of
cleaved proteins in the forward and reverse data sets highlight
the potential pitfalls of reverse type experiments. Future stud-
ies using multiple reaction monitoring-based quantitation or
single cell-based analyses should help to dissect the details
of caspase-1 activity by different inflammatory signals (52).
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