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Degradomics Reveals That Cleavage Specificity Profiles of
Caspase-2 and Effector Caspases Are Alike”
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Background: To study the potential role of caspase-2, we determined its cleavage site specificity and compared it with that

of caspase-3 and -7.

Results: N-terminal COFRADIC analysis of native proteomes revealed that caspase-2, -3, and -7 have overlapping specificities.
Conclusion: Caspase-2, -3, and -7 share nearly indistinguishable cleavage site specificity.
Significance: This finding suggests that caspase-2 has a proapoptotic function.

Caspase-2 is considered an initiator caspase because its long
prodomain contains a CARD domain that allows its recruitment
and activation in several complexes by homotypic death
domain-fold interactions. Because little is known about the
function and specificity of caspase-2 and its physiological sub-
strates, we compared the cleavage specificity profile of recombi-
nant human caspase-2 with those of caspase-3 and -7 by ana-
lyzing cell lysates using N-terminal COmbined FRActional
DIagonal Chromatography (COFRADIC). Substrate analysis of
the 68 cleavage sites identified in 61 proteins revealed that the
protease specificities of human caspases-2, -3, and -7 largely
overlap, revealing the DEVD |, G consensus cleavage sequence.
We confirmed that Asp®®® in eukaryotic translation initiation
factor 4B (elF4B) is a cleavage site preferred by caspase-2 not
only in COFRADIC setup but also upon co-expression in HEK
293T cells. These results demonstrate that activated human
caspase-2 shares remarkably overlapping protease specificity
with the prototype apoptotic executioner caspases-3 and -7,
suggesting that caspase-2 could function as a proapoptotic
caspase once released from the activating complex.
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Caspases belong to the C14 family of the CD clan of aspar-
tate-specific cysteine proteases and are implicated in apoptosis,
proliferation, differentiation, and inflammation (1, 2). Non-
apoptotic family members are the inflammatory caspases-1, -4,
-5,-11, -12 (3), and -14, which mediates keratinocyte differen-
tiation (4). Apoptotic caspases are typically subdivided into an
apical (initiator) group (caspases-2, -8, -9, and -10) and an effec-
tor (executioner) group (caspases-3, -6, -7) (2). However, both
initiator and executioner caspases are also involved in non-apo-
ptotic functions such as cell survival, proliferation, and differ-
entiation (1).

All caspases exist as inactive single-chain zymogens that are
activated by proteolytic processing. This activation occurs by
one of two possible mechanisms depending on the presence or
absence of death-fold-domain-containing prodomains (2, 5)
that enable multimeric homotypic interactions (5). The large-
prodomain caspases possessing a CARD® or DED motif are
autocatalytically activated in large protein complexes, such as
the death-inducing signaling complex (DISC) for caspase-8 (6),
the inflammasome for caspase-1 (7), the apoptosome for
caspase-9 (8), and the PIDDosome for caspase-2 (9). The short-
prodomain caspase-3, -6, -7, and -14 are activated by upstream
proteases, mostly activated caspases (2). The activation steps of
the large prodomain caspases involve recruitment to an activat-
ing complex, dimerization, cleavage in trans between the large
and small catalytic subunits, and cleavage in trans after the large
prodomain. The last step releases the activated caspase from
the complex (11). The short-prodomain caspases do not
require recruitment for activation because they exist as dimers
of non-processed precursors. They are proteolytically activated

® The abbreviations used are: CARD, caspase recruitment domain; DD, death
domain; DED, death effector domain; DISC, death-inducing signaling com-
plex; PIDD, p53-induced protein with death domain; RAIDD, receptor-in-
teracting protein (RIP)-associated ICH-1/CED-3-homologous protein with
a death domain; COFRADIC, combined fractional diagonal chromatogra-
phy; SILAC, stable isotope labeling by amino acids in cell culture; elF4B,
eukaryotic translation initiation factor 4B; RFU, relative fluorescence unit;
AMC, amidomethylcoumarin.
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by cleavage between the two subunits and removal of the short
prodomain (10).

Based on the phylogenic analysis of the catalytic domain,
caspase-2 clusters between the apoptotic and inflammatory
caspase groups (11). The prodomain of caspase-2 contains a
CARD domain that allows formation of a protein complex of
high molecular mass (>670 kDa), called the PIDDosome,
involved in proximity-induced activation of procaspase-2 (9). It
consists of the scaffold protein PIDD (p53-induced protein
with death domain) and the adaptor protein RAIDD (receptor-
interacting protein (RIP)-associated ICH-1/CED-3-homolo-
gous protein with a death domain), interacting with each other
through their death domains (DD). RAIDD additionally con-
tains a CARD domain, which recruits procaspase-2 (14).
Although PIDD functions as a platform, it is not clear how it
senses cellular stress. PIDD is regulated on at least three levels:
transcriptional up-regulation in response to DNA damage (12),
alternative splicing giving rise to at least five isoforms (13), and
autoproteolysis generating PIDD-C or PIDD-CC fragments of
different functionalities. The former fragment functions in
recruitment of RIP1 and NEMO, whereas the latter functions in
binding to RAIDD and consequent activation of caspase-2 (14).
However, caspase-2 activation in PIDD- or RAIDD-deficient
cells points to the existence of other yet undiscovered caspase-2
activation mechanisms (15). Caspase-2 together with TRAF2
and RIP1 is also a component of another high molecular weight
complex. However, assembly of this complex is independent of
the catalytic activity of caspase-2 and leads to NF-«B and p38
MAPK activation upon overexpression of caspase-2 (16).

Although caspase-2 is one of the first mammalian caspases to
be identified (17, 18), its physiological function remains enig-
matic. Although caspase-2 was identified as a neuronal devel-
opmentally down-regulated gene (19), caspase-2-knock-out
animals develop normally and do not show any overt pheno-
typic abnormality other than minor defects, including a slight
increase in the number of oocytes and resistance of caspase-2-
deficient oocytes to doxorubicin (20). Additionally, caspase-2
deficiency enhances certain aging traits in mice, such as bone
loss, shortened maximum lifespan and impaired hair growth
(21), and resistance of caspase-2-deficient neurons to B-amy-
loid-mediated death (22).

So far several functions have been attributed to caspase-2,
both apoptotic and non-apoptotic (23). Caspase-2-mediated
Bid cleavage has been shown to promote mitochondrial cyto-
chrome c release in HeLa cells (24). In addition, caspase-2 has
been placed downstream from mitochondria, as its processing
in mouse thymocytes after y-irradiation depends on the pres-
ence of Apaf-1 and caspase-9 (25). The response of caspase-2-
deficient mouse embryonic fibroblasts to cytoskeleton-target-
ing agents, such as taxol or zoledronic acid, was shown to be
delayed or reduced (29). In contrast, a more recent study did
not show any difference in taxol-induced apoptosis between
wild type and caspase-2 knock-out mouse embryonic fibro-
blasts (15). Furthermore, caspase-2 has been implicated in non-
apoptotic processes such as proliferation, tumor suppression,
and regulation of p53 activity (26, 27).

The few caspase-2 protein substrates identified so far have
not clearly revealed the enzyme function. Moreover, the
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caspase-2 substrates HDAC4 and «-II spectrin can be cleaved
by other caspases, often caspase-3 and -7, which cleave at the
same site as caspase-2 (28). The only known unique caspase-2
cleavage site is in golgin-160. It is unclear whether this cleavage
generates a specific biological event, but it might contribute to
the disintegration of the Golgi complex during apoptosis (29).
Cleavage of human Mdm2 by caspase-2 has been reported to
stabilize p53 and might contribute to the increased p53-depen-
dent drug resistance of non-small cell lung carcinoma cell lines
(27). Caspase-2 does not cleave (30) or proteolytically activate
executioner caspases (31), with the exception of cleaving
caspase-7 at pH 2.0, which is most likely not relevant in vivo
(32).

The methods originally developed to monitor caspase spec-
ificities and activities are typically based on short peptide
sequences, including the use of synthetic peptide libraries (33,
34). However, the identified peptide substrates and their
derived peptide-based inhibitors lack specificity when used in
cells and, therefore, cannot be used to unambiguously detect
particular active caspases (35). For instance, it has been
reported that the assumed caspase-2-specific substrate Ac-
VDVAD-AMC is cleaved almost equally well by caspase-3 and
-7 (36). The development of high throughput methods based on
mass spectrometry overcame some of the experimental limita-
tions of using libraries of synthetic peptides. Global proteomic
approaches now make it possible to identify and compare hun-
dreds of cleavage events in one experimental setup (37, 38).

We used N-terminal COFRADIC (combined fractional diag-
onal chromatography) (39, 40) to study the degradome of
human caspase-2 in native proteomes and to compare it with
the degradomes of human caspase-3 and -7. We used lysates of
the A549 human cell line that had been subjected to metabolic
SILAC labeling (stable isotope labeling by amino acids in cell
culture) (41). We directly compared peak intensities in peptide
MS spectra of neo-N termini generated by caspase-2, caspase-3,
or caspase-7, which allowed us to unambiguously identify
caspase cleavage events and directly compare potential differ-
ences in the specificity profiles of the three enzymes. Addition-
ally, upon overexpression in HEK 293T cells, we confirmed that
one of two cleavage sites identified in eukaryotic translation
initiation factor 4B (elF4B) is preferred by caspase-2, as
observed in our COFRADIC results. To the best of our knowl-
edge, this is the first study reporting the use of a comprehensive
proteomic approach to profile caspase-2 cleavage specificity.

EXPERIMENTAL PROCEDURES

Cell Culture—The A549 human non-small cell lung carci-
noma cell line was maintained in Kaighn’s modified version of
Ham’s F-12 medium (Invitrogen) supplemented with 10% fetal
calf serum (HyClone), 50 IU/ml penicillin, and 50 ug/ml strep-
tomycin (Invitrogen). Enzyme-free cell dissociation buffer
(Invitrogen) was used to detach cells from the culture dish. The
HEK 293T human embryonic kidney cell line was maintained in
DMEM medium (Invitrogen) supplemented with 10% fetal calf
serum (Sigma), 2 mm L-glutamine (Lonza), 0.4 mm sodium
pyruvate (Sigma), 50 IU/ml penicillin, and 0.1 mg/ml strepto-
mycin (Invitrogen). Cells were detached from the culture dish
using a solution of 0.05% trypsin and 0.032% EDTA.
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SILAC Labeling and N-terminal COFRADIC Setup—SILAC
labeling was performed by growing A549 cells for at least five
population doublings in customized arginine-free F-12K
medium (Invitrogen) supplemented with 10% dialyzed fetal calf
serum (Invitrogen), 50 IU/ml penicillin, and 50 ug/ml strepto-
mycin. F-12K medium was supplemented with 0.3 mM L-argin-
ine (15% of the standard concentration, at which the conversion
of L-arginine to proline was not observed) using [*C¢]Arg,
['*C4]Arg, or 1-['*C4'°N,Jarginine.HCl (Cambridge Isotope
Laboratories).

After SILAC labeling, A549 cells were harvested and lysed
as described (42). After blocking the activity of endogenous
caspases by iodoacetamide (42), the samples were incubated
separately either with 200 nm recombinant human caspase-2
(L-[**C¢)Arg), caspase-3 (L-['*C]Arg), or caspase-7
(L-[**C¢**N,]Arg) or were left untreated (L-[*>C4]Arg) for 1 h at
37 °C. Solid guanidinium hydrochloride was then added to a
final concentration of 4 M followed by downstream analysis as
described (39, 43). As part of the N-terminal COFRADIC pro-
tocol, differential acetylation was then used to distinguish fur-
ther between the two light-labeled samples (N-hydroxysuccin-
imide trideutero-acetate was used for the caspase-2, -3, and -7
samples and N-hydroxysuccinimide acetate for the control
sample) and to distinguish between in vitro and in vivo N-acety-
lation of the caspase-treated samples, the former indicative for
proteolytic events (43). Recombinant human active caspase-2,
-3, and -7 were purchased from R&D Systems (Minneapolis,
MN) (43).

LC-MS/MS Analysis and Peptide Identification by Mascot—
Electrospray ionization-LC-MS/MS analysis of the samples
digested with human caspases was performed on a Q-TOF Pre-
mier mass spectrometer (Waters Corp., Milford, MA) operated
as described (44). Peptides were identified using a locally
installed version of the MASCOT database search engine
searching the Swiss-Prot database with restriction to human
proteins. We used the November 16, 2011 release of the Uni-
ProtKB/Swiss-Prot protein database containing 533,049
sequence entries, of which 20,326 are from human. Spectra
were searched with semiArgC/P enzyme settings allowing 1
missed cleavage. Mass tolerance of the precursor ions was set to
+0.2 Da (with Mascot’s C13 option set to 1) and of fragment
ions to =0.1 Da. The peptide charge was set to 1+, 2+, or 3+,
and instrument settings were electrospray ionization-Q-TOF
spectrometry. Separate searches were performed to allow iden-
tification of light- and heavy-labeled samples. To identify pep-
tides from the control sample, pyroglutamate formation of
N-terminal glutamine and acetylation of peptide N*-termini
were set as variable modifications, whereas methionine oxida-
tion (sulfoxide), carbamidomethyl formation of cysteine resi-
dues, and N°-acetylation of lysine residues were set as fixed
modifications. The same settings were used to identify peptides
from the sample treated with caspase-2, except that in this case
tri-deuteroacetylation of peptide N* termini was set as an addi-
tional variable modification, whereas N*-trideutero-acetylation
of lysine residues was set as fixed modification. Identical set-
tings were used for the sample treated with caspase-3 or -7, with
13C, Arg and "®C,'°N, Arg, respectively, as additional fixed
modifications. Only the peptides that were ranked one and
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scored above the threshold score set at 95% confidence were
withheld. The false discovery rate, calculated as described
before (45), was 3.37%. All peptide identifications were pro-
cessed, stored, and managed using the ms_lims software (46).
MS spectra and MS intensity profiles of neo-N-terminal pep-
tides were individually inspected. Spectra of all identified
neo-N termini have been submitted to PRIDE (accession num-
ber 19136) (47).

Caspase Cleavage Motif Analysis by IceLogo—For each cleav-
age site the surrounding amino acid sequence was retrieved
(four residues C-terminal and six residues N-terminal to the
scissile bond), and the sequences were aligned and centered on
the Asp residue at position P1. IceLogo was used to visualize
conserved sequence patterns in the multiple sequence align-
ments (48). The reference (negative) sets of protein sequences
were generated by random sampling of amino acids in the
human Swiss-Prot database. For every amino acid, IceLogo cal-
culates the percentage difference in occurrence at every posi-
tion between the two sets by probability-based methods and
reports it when p = 0.05. In each case the sampling size was
equal to the number of peptides in each group.

In Vitro Caspase Activity Assay—The activities of human
recombinant caspases-2, -3, and -7 (R&D Systems) were
assayed as previously described (30) with minor modifications.
Briefly, serial dilutions of caspases and solutions of substrates
were prepared in cell-free system buffer (10 mm HEPES NaOH,
pH 7.4, 220 mM mannitol, 68 mm sucrose, 2 mm MgCl,, 2 mm
NacCl, 2.5 mm H,KPO,) freshly supplemented with 10 mm dithi-
othreitol. To assay the activity of caspase-2 we used Ac-VDVAD-
AMC, whereas for caspase-3 and -7 we used Ac-DEVD-AMC
(Peptide Institute). Immediately before the measurement, 50 ul
of substrate solution was added to a 96-well plate (Nunc) con-
taining 50 ul of caspase dilutions. The fluorescence of released
AMC was measured at 37 °C every 2 min for 1 h using Fluostar
Omega fluorometer (BMG Labtech) equipped with 360-nm
excitation and 460-nm emission filters. Data analysis was done
using MARS Data Analysis Software (BMG Labtech). Slope val-
ues are reported as the change in fluorescence (relative fluores-
cence units (RFU)) over time for reactions showing a linear
initial phase for at least 20 min.

Expression Vectors—Expression vectors for human cas-
pase-2, pCAGGS-E-hCasp2 (16) (LMBP 4716), and for EGFP,
pEGFP-NLS (49) (LMBP 6459), were obtained from BCCM/
LMBP Plasmid collection, Department of Biomedical Molecu-
lar Biology, Ghent University, Belgium. Expression vectors for
human caspase-3 pcDNA3-Casp3-myc and human caspase-7
pcDNA3-Casp7-FLAG (50) were obtained from Addgene
(numbers 11813 and 11815). Human EIF4B ¢cDNA from PCD-
F-EIF4B vector (LMBP 6359) was first cloned into pENTR3C
vector (Invitrogen) using CloneEZ PCR cloning kit (GenScript).
Expression vector pdcDNA-FLAG-EIF4B-myc was generated
from pENTR3C-EIF4B and pdcDNA-FLAGMyc (LMBP 4705)
backbone using Gateway LR clonase II (Invitrogen). Point
mutants pdcDNA-FLAG-EIF4B D531A-myc, pdcDNA-FLAG-
EIF4B D563A-myc, and pdcDNA-FLAG-EIF4B D531A
D563A-myc were prepared by site-directed mutagenesis of
pdcDNA-FLAG-EIF4B-myc using polymerase Pfu Turbo
(Stratagene) and Dpnl restriction enzyme (Promega).
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Transfection and Immunoblotting—HEK 293T cells were
seeded in 6-well plates at 2 X 10° cells per well and transfected
by the calcium phosphate precipitation method (16) with 250
ng of DNA of caspases and EIF4B expression vectors in differ-
ent combinations. Each well was additionally cotransfected
with 100 ng of pEGFP-NLS vector to monitor the efficiency of
transfection. After 13 h of transfection both adherent and
detached cells were collected from the medium, washed with
cold PBS, and lysed in Laemmli sample loading buffer. Equal
volumes of lysates were separated on an 8 or 12.5% SDS-PAGE
gel and electrotransferred onto nitrocellulose membranes
(PerkinElmer Life Sciences). The membranes were blocked
with 5% nonfat dry milk in PBS containing 0.2% Tween 20
(Sigma) and incubated with antibodies against the FLAG tag
(horseradish peroxidase-conjugated, M2; Sigma), caspase-2
(11B4; Chemicon), caspase-3 (Cell Signaling Technology),
caspase-7 (Santa Cruz), poly(ADP-ribose) polymerase-1
(PARP-1; C-2-10, Enzo), or GFP (JL-8, BD Biosciences). They
were then incubated with secondary anti-mouse, anti-rabbit,
anti-rat (GE Healthcare), or anti-goat (Santa Cruz) antibodies
conjugated to horseradish peroxidase and visualized by chemi-
luminescence (Western Lightning ECL Plus, PerkinElmer Life
Sciences).

RESULTS

Comparative Degradomics of Human Caspases on Native
Proteins—To identify the cleavage sites for human caspase-2,
-3, and -7 in native proteomes, we used a human non-small cell
lung carcinoma cell line (A549 cells) metabolically labeled by
SILAC using 1-["*C4]Arg for the control and the caspase-2-
treated sample, 1-['*C,]Arg for the caspase-3-treated sample,
and L-["*C'°N,]Arg for the caspase-7-treated sample. To dis-
tinguish between control and caspase-2-treated samples, dif-
ferential acetylation was introduced; N-hydroxysuccinimide
trideutero-acetate was used for all caspase-treated samples,
whereas N-hydroxysuccinimide acetate was used for the con-
trol sample. Lysates were further treated with 5 mm iodoacet-
amide to block endogenous cysteine protease activity (51)
before incubation with recombinant human caspases at a con-
centration of 200 nMm for 1 h at 37 °C (42). Proteases were then
inactivated, and equal amounts of samples from the four setups
were mixed and analyzed by N-terminal COFRADIC, including
strong cation exchange chromatography and N-terminal pep-
tide sorting steps (40, 41, 45) (Fig. 1A). Recorded MS/MS spec-
tra of the sorted peptides were searched by the Mascot algo-
rithm in the human subset of proteins in the Swiss-Prot
database.

To confirm that recombinant caspases used in the COFRADIC
analysis were active, we performed an in vitro caspase activity
assay. Fluorogenic substrates, namely Ac-DEVD-AMC for
caspase-3 and -7 and Ac-VDVAD-AMC for caspase-2, were used
at 50 uMm concentration. Recombinant caspase incubations
included the concentration of 200 nm used in the COFRADIC
analysis and its 2.5-fold serial dilutions. Fig. 1, B—-D, depict the
hydrolysis activity of the three caspases as RFU values obtained in
the assay. At 200 nu, the 3 caspases reached similar maximal val-
ues within minutes from the start of the assay. At this concentra-
tion the increase in fluorescence of AMC released by caspase-2
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stayed linear for about 8 min (Fig. 1B), whereas for caspase-3 and
-7 the linearity was not registered because the substrate cleavage
reaction was very rapid (Fig. 1, C and D). To observe the linear
reaction phase for caspase-3 and -7, enzyme concentrations had to
be decreased to as low as 12.8 nM. To measure the initial reaction
rate (the slope of the linear phase), we used caspase concentrations
that displayed a linear RFU increase for at least 20 min from the
start of the measurement. For caspase-2 this range was 0.82—80
nM, whereas for caspase-3 and -7 it was 0.82—12.8 nM. As seen in
Fig. 1E, caspase-7 at concentrations of 0.82—5.12 nm processed the
substrate more rapidly than the other two caspases. At 12.8 nv,
caspase-3 and -7 showed similar activity (2944 and 2751 RFU/min,
respectively), whereas caspase-2 was more than 3 times less active
(850 RFU/min). Caspase-2 assayed at 80 nm had the same activity
level (3323 RFU/min) as caspase-3 and -7 at 12.8 nm. The results of
in vitro caspase assay collectively show that the specific enzymatic
activity of caspase-2 is considerably lower than the activities of
caspase-3 and -7. However, at 200 nm, which was used for the
COFRADIC analysis, all three caspases reached their maximal
activity within minutes.

COFRADIC identification of 1768 MS/MS spectra revealed
870 unique peptides originating from 725 unique proteins. 101
MS/MS spectra were derived from 68 peptides in 61 proteins
that were absent in the control sample. These peptides were
trideutero-acetylated at their N*-amine and were generated by
cleavage after aspartic acid residues in the protein sequence.
Therefore, these peptides were considered proteolysis report-
er peptides indicative of caspase cleavage events (Table 1).
Caspase-2 cleaved 37 sites, whereas caspase-3 and -7 cleaved 61
and 66 sites, respectively. No unique cleavage sites were identi-
fied for caspase-2, whereas two and five cleavage events were
generated exclusively by caspase-3 and -7, respectively (Fig.
2A). Thirty-five cleavage events were shared between all three
caspases, but cleavage efficiencies were different as judged from
the peptide ion signals (Table 1). Two cleavage sites appeared to
have been cleaved by caspase-2 and -7 but not by caspase-3. On
the other hand, 24 cleavage sites were shared by caspase-3 and
-7 but were not cleaved by caspase-2.

To determine whether caspase-2, -3, and -7 differ in the pref-
erence for amino acids surrounding the scissile bond, we used
the IceLogo application. This software tool was developed to
statistically analyze amino acid occurrence within a given set of
peptides and its deviation from random sequence occurrences
as found, for instance, in databases (48). The results are plotted
as sequence logos to visualize differentiating patterns in our
datasets (Fig. 2, B-D). For a reference set, we used the same
sample size of random sequences stored in the human Swiss-
Prot database, dynamically sampled 100 times. The positive
sample set used in the analysis of caspase-2 included all 38 deca-
peptide sequences cleaved by caspase-2 (P6-P4’) aligned at the
P1 position. Caspase-3 analysis included all 63 sites identified in
the caspase-3-treated sample, whereas caspase-7 analysis was
based on 68 cleavage sites.

Our results show that DEVD |, G is the consensus P4-P1’
amino acid sequence preferred by all three caspases in native
proteins. No caspase showed striking amino acid preference at
the P5 position, although Glu was the most frequent residue in
the datasets of all three caspases. Additionally, caspase-2 sites
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FIGURE 1. COFRADIC setup for identifying human caspase-2 substrates and the activity of recombinant caspases used in the study. A, SILAC was used
to label four differently treated A549 cell lysates. One part of the '>Cy-labeled lysate served as control and another part was treated with caspase-2, whereas
3C4- and 3C,"°N,-labeled lysates were treated with recombinant human caspase-3 and -7, respectively. A differential acetylation step was introduced to
distinguish between the control and the caspase-2-treated sample. N-Hydroxysuccinimide trideutero-acetate (D3-Ac-) was used in all caspase-treated samples
and non-deuterated N-hydroxysuccinimide acetate (Ac-) in the control sample. After caspase treatment, equal amounts of samples were mixed, subjected to
strong cation exchange chromatography (SCX), and N-terminal peptides were isolated by N-terminal COFRADIC and then analyzed by LC-MS/MS. Note that the
actual mass difference between the control and caspase-2-treated samples (*) depends on the number of lysine residues in the peptide. Spectra are shown for
a peptide without lysine residues and a N*-(trideutero-)acetyl-group. Every additional lysine residue carried one additional (trideutero-)acetyl-group leading to an
extra mass difference of 3-Da per lysine. B-D, in vitro caspase activity was measured for 60 min at 37 °C using 50 um synthetic peptide substrates: VDVAD-AMC
for caspase-2 (B) and DEVD-AMC for caspase-3 (C) and -7 (D) using the indicated caspase concentrations (nm). At 200 nwm, all three caspases show maximal
activation within minutes. E, results of the caspase activity assay show the initial velocity (change in fluorescence over time: A RFU/min) for reactions with a

linear initial phase during the first 20 min. Caspase-7 was the most, and caspase-2 the least active protease.

were enriched for GIn on P5, whereas both caspase-3 and -7
showed preference for the smaller Gly residue. The small pref-
erence of all three caspases for the negatively charged Glu at
position P5 differs from the data of earlier reports that
described a marked increase in caspase-2 catalytic activity
when substrates contained the small hydrophobic Val at P5 (33,
51). Caspase-3, but not caspase-7, was reported to prefer small
hydrophobic residues such as Leu or Val at the P5 position due
to hydrophobicity of its S5 substrate binding pocket (52, 53).
However, we did not observe any marked differences in the P5
preference between caspase-3 and -7. Both showed a small pref-
erence for Glu and Gly at this position. All three caspases prefer
Asp at P4, but Glu was also found to be enriched. At P3 all
caspases preferred Glu, and caspase-2 additionally preferred

OCTOBER 5,2012+VOLUME 287+NUMBER 41

Ala. All three caspases preferred Val and Pro at P2, whereas
caspase-3 additionally showed a small preference for Leu. For
caspase-2, the most frequent residues at P1’ were Gly and, to a
lesser extent, Ser. Caspases-3 and -7 cleavage sites were addi-
tionally enriched in Ala at this position. These results are in
accordance with previous reports showing that caspases favor
small uncharged amino acid residues, such as Gly and Ala, at P1’
(54, 55). Moreover, the newly formed protein fragments originat-
ing from cleavage sites with Gly, Ser, or Ala at P1’ might be stable
in a cellular environment corresponding to the N-end rule (56).
In general, despite very subtle differences in cleavage effi-
ciency and specificity, all three caspases clearly have a prefer-
ence for the DEVD | G substrate motif at P4-P1’ in native pro-
teins and no marked preferences at P5. Furthermore, all
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identified caspase-2 cleavage sites are also cleaved by caspase-3
and -7, almost always with efficiencies higher than that of
caspase-2, suggesting that caspase-2 has an overlapping speci-
ficity with executioner caspases but lower efficiency.

Caspase-2 Cleaves elF4B at Asp®®*—Although our
COFRADIC analysis did not reveal any substrate cleavage
unique for caspase-2, we have identified its preferred cleavage
site. e[F4B was cleaved at Asp®®® (DRKD | G) most efficiently
by caspase-2, whereas caspase-7 cleaved it with 73% efficiency
and caspase-3 with only 33% efficiency relative to caspase-2
(Table 1). When these values were expressed as cleavage ratios,
caspase-2 showed a 3-fold preference over caspase-3 and a
1.36-fold preference over caspase-7 in cleaving eIF4B at Asp°®?
(Table 1). The second cleavage site identified in eIF4B, Asp®*
(NKVD | G), was preferred by caspase-3 and caspase-7,
whereas caspase-2 showed very limited cleavage.

To verify if Asp®®® truly represents a caspase-2-preferred
cleavage site, we expressed elF4B and its point mutants (eIF4B
D531A, EIF4B D563A, and the double mutant) together with
human procaspase-2, -3, or -7 in HEK 293T cells. The FLAG-
tagged wild type elF4B and the FLAG-tagged elF4B mutant
proteins were stably expressed in HEK 293T cells. Fig. 3 shows
the result of monitoring eIF4B expression by Western blotting
with anti-FLAG antibody and the caspase expression by using
specific antibodies. The antibody directed against caspase-2
detected increased amounts of its proform together with pro-
cessed subunits of caspase-2 upon caspase-2 overexpression as
compared with the endogenous procaspase-2 in all other con-
ditions (25). Similarly, when caspase-3 was expressed, we
observed increased intensity of the proform band and an
appearance of its cleaved form. The appearance of multiple
cleavage bands and an intense proform band slightly larger than
the endogenous band can be attributed to the presence of a myc
tag in the caspase-3 expression construct. Caspase-7 expression
in HEK 293T cells was confirmed by the appearance of an
intense proform band, also slightly larger than the endogenous
procaspase-7, possibly due to the expression of a FLAG tag. The
duration of caspase expression was kept limited to 13 h to pre-
vent extensive caspase cascade signaling and dismantling of the
cell, characteristic of late apoptotic stages. We visualized poly-
(ADP-ribose) polymerase protein to find it is not cleaved, which
confirmed that cells did not enter the late apoptotic phase.
Because proteins commonly used as loading controls for the
Western blot, such as tubulin, actin, and GAPDH, are reported
to be caspase substrates (Table 1) (38, 57, 58), we used GFP
protein as both transfection control and Western blot loading
control.

Co-expression of wild type elF4B with caspase-2, but not
with caspase-3 or -7, generated an observable elF4B cleavage
fragment identified as an additional band below the full-length
elF4B protein detected with anti-FLAG antibody. As expected,
mutating both Asp®®' and Asp®®® to Ala (Fig. 3, EIF4B D531A
D563A) abolished this cleavage. The expression of single point
mutants (Fig. 3) showed that although eIF4B D531A (Fig. 3,
EIF4B D531A) was still cleaved, elF4B D563A (Fig. 3, EIF4B
D563A) was not. Although eIF4B processing by caspase-3 at
Asp®®! was previously reported (59), under these experimental
conditions cleavage at Asp>®® or Asp>*! by caspase-3 or -7 was
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FIGURE 2. Cleavage site specificities of caspase-2, -3, and -7. Schematic representation of cleavage by human caspase-2, -3, and -7 identified by COFRADIC
is shown. A, a Venn diagram shows the numbers of identified peptide sequences cleaved by caspase-2 (C2), caspase-3 (C3), and caspase-7 (C7). B-D, IceLogo
visualizations of alignments of the P6-P4’ amino acid sequences of cleavage sites with the human Swiss-Prot proteome as reference set show that DEVD | G
is the preferred sequence from P4 to P1 for all three caspases. The height of a stack of symbols reflects the degree of conservation, and the height of individual
amino acids indicates the percentage difference in the frequency of occurrence at a given position compared with a reference set. Residues depicted in pink

were never observed at a certain position.

not detectable by Western blotting. These data confirm the
results of the COFRADIC analysis; Asp®®® in eIF4B protein is a
caspase-2-preferred cleavage site.

DISCUSSION

We studied the specificity of human caspase-2 on native pro-
teomes. Previously reported specificities of caspase-2 were
based on combinatorial libraries of short peptide sequences (33,
34) or ad hoc substrate identification (28). The COFRADIC
N-terminal peptide sorting technique (40, 41, 59) allows iden-
tification of protein cleavage events in native proteomes.
Caspase-mediated substrate cleavage can be identified unam-
biguously by SILAC labeling of a cell culture using stable iso-
topes of arginine. Neo-N termini resulting from caspase treat-
ment are identified by mass spectrometry, and matching
protein sequences are retrieved from databases. We aligned the
sequences of six amino acid residues before (non-prime sites)
and four residues after the caspase scissile bond (prime sites)
(P6-P4') and statistically analyzed them by IceLogo to visualize

RSV DN
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residues over- or underrepresented at each of these positions in
the caspase-2, -3, and -7 degradomes relative to their random
and natural occurrence in Swiss-Prot. We compared the cleav-
age sites generated by caspase-2 to those generated by
caspase-3 and caspase-7. Surprisingly, the P4-P1’ cleavage
sequence of caspase-2, DEVD | G, was nearly indistinguishable
from the caspase-3 and -7 cleavage sequence (Fig. 2).

Our data are in agreement with the observation of Thorn-
berry et al. (34) in that the caspase-2 substrate sequence resem-
bles that of executioner caspases, namely, DExD. The only dis-
crepancy is the residue preference at the P2 position, where we
identify Val as the most common amino acid, whereas the pre-
vious analysis reported His. Additionally, according to our
results, the P5 position was moderately enriched for Glu, which
differs from a previous report stating that caspase-2 activity was
markedly enhanced when Val was at the P5 position (33). So far,
caspase-2 is the only caspase reported to require recognition of
an amino acid in a peptide substrate at position P5 for optimal
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FIGURE 3. elF4B Asp°%® is a true caspase-2 cleavage site. Processing of wild type elF4B and its mutants upon co-expression with caspases is shown. HEK 293T
cells were transiently transfected with the indicated variants of FLAG-tagged elF4B and caspase expression vectors. Cleavage of elF4B was assessed by Western
blotting with anti-FLAG antibody. Expression of caspases was confirmed using their respective antibodies. GFP served as a loading control. Intact poly(ADP-
ribose) polymerase (PARP) indicates that cells had not reached late apoptotic phase. The inability of caspase-2 to cleave the elF4B D563A mutant (EIF4B D563A),
in contrast to wild type elF4B (EIF4B WT), indicates that Asp®® is a true caspase-2 cleavage site. Results are representative of at least three independent

experiments.

activity (33). Caspase-3, unlike caspase-7, was also shown to
recognize hydrophobic residues at the P5 position (52).
Caspase-3 cleaved pentapeptides better than tetrapeptides, but
the presence of the P5 site was not a prerequisite for strong
catalytic activity (53). Structural differences between caspase-3
and -7 that influence P5 binding are also found in loops 3 and 4.
Although caspase-3 in loop 3 contains a Ser*’® residue that
binds P5 Leu of the LDESD sequence, caspase-7 contains
Pro**®, which does not allow such interaction. Additional
amino acids constituting the S5 pocket residing in loop 4 are
hydrophilic in caspase-7 (GIn-276, Ser-277, and Asp-278),
whereas in caspase-3 two of the three are hydrophobic (Phe-
250, Ser-251, and Leu-252) (42). Contrary to these structural
data, we observed no marked difference between caspase-3 and
-7 in the amino acid sequence recognized in substrates derived
from whole cell proteomes. The apparent discrepancy between
the results of structural studies of caspase-2 specificity and the
results reported here could be related to methodological differ-
ences. Although the previous studies were based on synthetic
peptides, in our COFRADIC analysis we used caspase sub-
strates in their native state, which might impose other
restraints on the accessibility of substrate cleavage sites in the
catalytic pocket.

It was recently shown for caspase-1 that the specificity of
caspases assayed with short synthetic peptides does not accu-
rately represent their specificity for native proteins (12).
Caspase-1 had long been considered very specific due to the
scarcity of its validated substrates (IL-1 and IL-18), which was
ascribed to the specificity of its catalytic pocket. However,
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Walsh et al. (12) observed that the promiscuity of the enzyme
varies significantly with the concentration used in in vitro
assays. Additionally, the specificity of caspase-1 is improved by
more rapid inactivation due to the loss of quaternary structure
as compared with caspases-3 and -7 (12). Moreover, enzyme
regions distant from the binding site but participating or mod-
ulating substrate binding, also referred to as exosites, have been
identified in other regulatory proteases, such as matrix metal-
loproteinases (60). Although no exosites in caspase-2 have been
reported, their role in modulating the activity of other caspase
family members has been postulated (61). Also of significant
influence on substrate cleavage are higher-order protein struc-
tures and -folds. In general, apoptosis-specific cleavage sites are
located outside structured domains (62). In fact, caspase-3
was shown to prefer extended loop regions, although cleav-
age within a-helices is not uncommon, whereas extended
B-strands were strongly disfavored (55). This might reflect the
importance of factors other than the amino acid sequence in
determining caspase specificity. It is thus quite plausible that
the short peptide specificities of other caspases do not accu-
rately reflect their specificities for native proteomes.

The remarkable overlap between the specificity of caspase-2,
-3, and -7 revealed in our study indicates that caspase-2 resem-
bles executioner caspases. Its consensus cleavage sequence,
DEVD | G, matches that of caspase-3 and -7, and most of
its cleavage sites are shared with the other two caspases.
Caspases-3 and -7 appear to cleave shared substrates more effi-
ciently than caspase-2. However, caspase-2 is most often placed
in the initiator caspase group because it includes along CARD-
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containing prodomain and is activated by a proximity-induced
mechanism. But in contrast to other initiator caspases, under
cellular stress and in death models caspase-2 does not process
executioner caspases (31), and its known substrates are mostly
structural proteins (golgin 160, all-spectrin, and desmoplakin),
and proteins that assist in dismantling the cell by transmitting a
death signal to enzymes executing this process (Bid, PKC8, and
iCAD) (28). All caspase-2 cleavage sites described so far are
shared with other caspases, most often with caspase-3 and -7
(e.g. adl-spectrin, desmoplakin, and iCAD) or with caspase-8
(Bid). The only exception is golgin 160, which is cleaved
uniquely at ESPD*® |, G by caspase-2, although it also contains
cleavage sites for caspase-3 (CSTD'®*®| S) and caspase-7
(SEVD®! | G) (29).

Because COFRADIC analysis did not identify any cleavage
sites unique to caspase-2, we further analyzed Asp®®® in eukary-
otic translation initiation factor eIF4B, which was the only
cleavage site for which caspase-2 showed preference. Wild type
elF4B was cleaved in HEK 293T cells when co-expressed with
caspase-2, but cleavage of the elF4B D563A mutant was abol-
ished, confirming that Asp>®? is a true caspase-2 cleavage site
(Fig. 3). However, the intensity of the full-length eIF4B D563A
mutant band appeared to be decreased when co-expressed with
caspase-2, although we did not detect any additional eIF4B
cleavage band; therefore, we can fairly conclude that this cleav-
age site is unique for caspase-2. We have no obvious explana-
tion for this decrease in expression of full-length eIF4B, but it is
conceivable that caspase-2-mediated cleavage of factors regu-
lating transcription or translation (Table 1) may indirectly
affect elF4B expression. Moreover, caspase-3 and -7 did not
cleave the substrate in our setup, most probably because the
cleavage extent of these two caspases is too little to be visualized
by Western blot. A similar observation of different sensitivity
between proteomic approach and Western blotting was
reported earlier (63). The DRKD**® | G cleavage site in eIF4B
does not fully agree with the caspase-2 consensus cleavage site
identified with iceLogo (Fig. 2). This might indicate subtle dif-
ferences in the substrate specificity profiles of caspase-2, -3, and
-7 and explain why this site was observed to be caspase-2-pre-
ferred. In elF4B, positions P3 and P2 are occupied by Arg and
Lys, whereas iceLogo showed preferences for Glu/Ala and Val/
Pro, respectively. However, iceLogo analysis is not weighted for
the cleavage preference, and the caspase-2 cleavage sites were
fewer (n = 37) than the cleavage sites for caspase-3 (n = 61)
and caspase-7 (n = 66). These results suggest that efficient
caspase-2 cleavage, in comparison to caspase-3 and -7, favors
hydrophilic amino acids at P3 and P2 and that the ability of
caspases to cleave certain sites might be determined not only by
amino acid sequence but also by other factors regulating
caspase specificity. Additionally, the physiological significance
of eIF4B cleavage is unknown. Translation initiation factors are
known caspase substrates and contribute to inhibition of pro-
tein synthesis during apoptosis (64). Two caspase-3 cleavage
sites have already been reported in eIF4B (Asp*® and Asp®?'),
but their physiological significance has not been established
(59, 65). eIF4B is an RNA-binding protein and a co-factor of
eukaryotic translation initiation complex; it interacts with and
potentiates the RNA helicase activities of eIF4F and elF4A.
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These functions are associated with its RRM, ARM and DRYG
domains, located between amino acids 97-175, 214-327, and
367—-423, respectively (66). eIF4B activity is regulated at Ser*®®
and Ser**? by Ras-MAPK and PI3K/mTOR signaling pathways,
and its knock-down decreases proliferation and promotes apo-
ptosis (67). The cleavage of eIF4B at Asp®®® is not directly
located in any of its functional domains, but it might alter pro-
tein conformation or affect its function otherwise. The in vivo
role of this cleavage event requires further investigation.

The scarcity of substrates of caspase-2 and the discrepancy in
the sequence preference between synthetic and natural sub-
strates corresponds with recent findings on caspase-1 pub-
lished by Walsh et al. (12). They demonstrated that the high
specificity of inflammatory caspase-1 is not an intrinsic prop-
erty but is achieved by regulation of the stability of the enzyme.
Although caspase-1 has only two confirmed substrates (IL-13
and IL-18), these authors observed surprising promiscuity of
caspase-1 at physiological concentrations toward both syn-
thetic and natural substrates. High specificity of caspase-1 in
cells is achieved by lower stability of the active enzyme, as
shown by the loss of activity attributed to the loss of quaternary
structure, which in THP-1 cells occurs upon activation of the
inflammasome but not of the apoptosome (12). We hypothesize
that caspase-2 might share features with both initiator and exe-
cutioner caspases and that it operates in specific conditions,
such as DNA damage (68), disruption of the spindle formation
during mitosis (69), and heat shock (70) to allow apoptotic pro-
cesses to dismantle the cell but with lower efficiency than exe-
cutioner caspases. Our data demonstrate that the specific func-
tion of caspase-2 might not rely on the intrinsic specificity
features of the enzymes, but like caspase-1, rather on the con-
text in which caspase-2 is activated.

In conclusion, our data show that there is a large overlap
between the degradome of caspase-2 and the degradomes of
caspase-3 and caspase-7. Moreover, all three caspases have a
preference for the P4-P1’ sequence DEVD |, G in the substrate,
with the indication that caspase-2 at positions P2 and P3 prefers
charged amino acids. Our analysis is the first comprehensive
high-throughput screening for substrates and cleavage specific-
ity of human caspase-2 using a native proteome. Our findings
indicate that caspase-2, despite sharing structural features with
initiator caspases, might functionally be considered a member
of the executioner caspases group, albeit not a very efficient
one. Finally our data demonstrate that the specific function of
caspase-2 might not rely on its intrinsic specificity features but
rather on the context in which it is activated.
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