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Proteases constitute the largest enzyme family, yet their biological
roles are obscured by our rudimentary understanding of their
cellular substrates. There are twelve human caspases that play
crucial roles in inflammation, cell differentiation and drive the
terminal stages of cell death. Recent N-terminomics technologies
have begun to enumerate the diverse substrates that individual
caspases can cleave in complex cell lysates. It is clear that many
caspases have shared substrates, however, little data exists about
the catalytic efficiencies (kcat/Kn) of these substrates, which is
critical to understand their true substrate preferences. In this
study, we use quantitative mass spectrometry to determine the
catalytic efficiencies for hundreds of natural protease substrates
in cellular lysate for two understudied members, caspases-2 and
-6. Most substrates are new and the cleavage rates vary up to
500-fold. We compare the cleavage rates for common substrates
to those found for caspases-3, -7 and -8 involved in apoptosis.
There is little correlation in catalytic efficiencies among the five
caspases suggesting each has a unique set of preferred substrates
and thus more specialized roles than previously understood. We
synthesized peptide substrates based on protein cleavage sites
and found similar catalytic efficiencies between the protein and
peptide substrates. These data suggest that the rates of prote-
olysis are dominated by local primary sequence and less by the
tertiary protein fold. Our studies highlight that global quantitative
rate analysis for post-translational modification enzymes in com-
plex milieus for native substrates is critical to better define their
functions and relative sequence of events.

N-terminomics | caspase | proteolysis | proteomics | apoptosis

Caspases are cysteine-class proteases that typically cleave
after aspartic acid and play critical roles in cellular remodeling
during development, cell differentiation, inflammation and cell
death (reviewed in (1-3)). There are twelve caspases in humans
alone which have been classically grouped based on sequence
homology, domain architecture and cell biology as either inflam-
matory (caspases-1, -4, -5 and -11), apoptotic initiators (caspases-
2, -8, -9 and -10) or executioners (caspases-3, -6, and -7) (4, 5).
Identifying the natural protein substrates for caspases can provide
important insights into their cellular roles. A series of large-scale
proteomic studies from several labs have collectively identified
nearly 2000 native proteins cleaved after an aspartic acid during
apoptosis of human cells (recently reviewed in (6-8)). By adding
individual caspases to extracts, it has been possible to begin to
identify caspase-specific substrates ranging from just a few in the
case of caspases-4, -5 and -9 (9), to several hundreds seen for
caspases-1, -3, -7 and -8 (10, 11). Some of these substrates over-
lap, but others are unique to specific caspases. These substrate
discovery experiments provide a useful starting point, but fail to
address if a hierarchy exists for the cleavage events.

Kinetic studies have the potential to provide a much higher
resolution picture by analyzing cleavage rates. For example, early
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work measured the rates of cleavage for several purified protein
substrates by caspase-3 and -7 showing significant rate differences
(12). In another study, catalytic efficiency values (kca/Km) were
determined in vitro by quantitative SDS-PAGE for a sampling
of eight purified caspase-3 substrates and found to vary 100-fold
(from 10* to 10° M's!) (13). A similar study of six caspase-1 sub-
strates found them to vary in rate by about 200-fold, from 5x10?
upto 1.2x10° M's! (9). Recently, quantitative mass spectrometry
methods were applied to simultaneously calculate kc../Km values
for multiple substrates within cell extracts without the need to
clone, express and purify the individual proteins (10). Seven-point
rate curves were measured, which allowed calculation of kcat/Km
values for 180, 58, and 66 substrates for caspase-3, -7 and -8,
respectively. The rates of cleavage varied over 500-fold for each
caspase. Together these studies began to suggest there is a strong
hierarchy in the rates at which substrates in their natural milieu
are cleaved by individual caspases.

Here, we apply discovery and quantitative MS-based pro-
teomics to caspases-2 and -6 where there is far less known about
their native substrates. Caspase-2 contains an initiator-like ar-
chitecture with a long N-terminal caspase recruitment domain
(CARD), yet it has a primary sequence preference for VDVAD
(PS5 to P1) (14), a motif that is more similar to the classical DEVD
motif cleaved by executioner caspases-3 and -7. Caspase-6, on
the other hand, has closest sequence homology and architecture
to caspase-3 and -7, but is very inefficient at cleaving DEVD

Significance

Caspases, a family of twelve proteases involved in irreversible
cell state changes including cell death, often cleave common
substrates. However, we show by quantitative N-terminomics
mass spectrometry, for caspases-2 and -6 that the rates of sub-
strate cleavage vary over 500-fold in cellular lysate. The rates
of cleavage show virtually no correlation among common sub-
strates for these two, as well as three other caspases-3, -7 and -
8. These global and unbiased studies reveal a greater degree of
substrate hierarchy and specialized functions for caspases than
previously appreciated. We believe this quantitative approach
is of general use to other proteases and enzymes involved in
post-translational modifications to better define their roles.
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Fig. 1. Proteolytic substrate identification of caspase-2 and caspase-6
substrates using subtiligase-enrichment tagging technology. Schematic of
the N-terminomics methodology employed for direct capture of proteolytic
peptides. Jurkat cells are harvested and lysed. The a-amines of most proteins
are naturally blocked by acetylation (AcNH-) unless there has been a pro-
teolytic event (19). Endogenous proteases are pre-inactivated in the freshly
prepared extract by addition of protease inhibitors, and excess thiol protease
inhibitors are neutralized with dithiothreitol before addition of exogenous
caspase. The engineered peptide ligase, subtiligase, is added together with
a biotinylated ester (Fig. S2) to tag the free N-termini of endogenous
proteins as well as the new N-termini generated by caspase proteolysis.
The biotinylated proteins are captured using avidin beads, trypsinized and
the N-terminal peptides subsequently released using TEV protease. This
leaves behind a non-natural aminobutyric acid (Abu) residue that aids in
identification. Substrate identification is performed using LC-MS/MS.

motifs and prefers hydrophobic residues at the P4 position, such
as VEVD motifs seen for initiators. Caspase-6 has been impli-
cated in neurodegenerative disease, including Huntington’s and
Alzheimer’s diseases (15). Accordingly, finding small molecule
modulators of caspase-6 are of great interest (16), and knowledge
of the natural substrates could be useful for inhibitor and assay
design.

Using the subtiligase-based N-terminomics technology in cell
extracts (17), we discovered 235 and 871 protein substrates (with
P1 = D) for caspase-2 and caspase-6, respectively. We were able
to carry out quantitative kinetic studies in cell extracts and mea-
sured kcati/Km values for the top 49 and 276 individual substrates
cut by caspase-2 and caspase-6, respectively. This allowed us to
rank cleavage sites based on their roughly 500-fold variation in
rate of proteolysis. The data when combined with quantitative
proteomic data from caspases-3, -7, and -8 allowed us to make ten
pair-wise comparisons among these five caspases, which showed
virtually no correlation. These data strongly suggest that these
caspases have very distinct cellular functions. Lastly, we find the
catalytic efficiencies for the protein substrates are often compa-
rable to linear peptides suggesting that primary sequence and
not tertiary fold dominates cleavage rate and that native protein
cleavage sites are as accessible as the linear peptides. Broadly,
this work highlights the importance for quantitative proteomics
of native proteins in complex mixtures to determine protein
substrate specificity and to better understand the distinctive roles
for proteases and other post-translational modifying enzymes.

Results

Discovery of caspase-2 and caspase-6 substrates in cell lysate
reveals primary sequence specificity. As a source of extract, we
used Jurkat cells, an immortalized line of human T lymphocyte
cells (18). Although no single cell line expresses all proteins,
Jurkat cells have been exhaustively used for studying apoptosis
and more specifically, caspase function (3). Thus, Jurkat cells
were our preferred cell line for making comparisons to published
data. The protease activity for the exogenous caspase-2 and -6
was the same in buffer as compared to cell lysates suggesting the
absence of endogenous inhibitors or activators in the cell lysate

2 | www.pnas.org --- ---

(SI Appendix, Fig. S1). The subtiligase-based N-terminomics
methodology (Fig. 1) was applied to recover cleaved products
after addition of caspase-2 or -6. This attaches a biotin tag onto
the a-amine of the cleaved N-terminal protein fragment. Virtually
all labeling occurs at sites of either endogenous or exogenous
proteolysis because >80% of natural N-termini for mammalian
proteins are blocked by acetylation (AcNH-) during translation
(19). The biotin labeled proteins are bound to avidin beads and
trypsinized. The N-terminal peptide is released by cleaving the
unique TEV protease cleavage sequence in the tag followed by
identification by LC-MS/MS. The tagging and release process
generates a non-natural remnant, aminobutyric acid (Abu), at the
site of labeling which unambiguously confirms that the recovered
peptide was labeled by subtiligase (SI Appendix, Fig. S2; see
Materials and methods for details).

Caspases classically cleave their targets after an aspartic acid
residue (P1 = D) (20). We found 277 aspartate cleavage sites
in 235 proteins upon addition of caspase-2 (averaging 1.2 sites
per protein), and 1120 cleavage sites in 871 putative caspase-
6 substrate proteins (averaging 1.3 sites per protein) (Fig. 2A,
Dataset S1 and Dataset S2). Over 70% of the cleavage sites were
identified in two replicates (Fig. 2B) indicating good sampling
coverage. The false discovery rates were <1.3% for both datasets
at the peptide level and similar to our previous studies on other
caspases. The majority of N-termini we observed (~4000 Abu
tagged peptides) are derived from endogenous non-caspase endo-
proteolytic events, which we have previously observed in healthy
cell extracts (3). In general, less than 3% of aspartic acid cleavage
sites are detected in the absence of exogenous caspase suggesting
little caspase activation. Several small-scale studies have previ-
ously identified a total of 37 and 68 substrates for caspases-2
and -6, respectively (11, 21, 22). More than half of the previously
reported caspase-2 substrates were found in our dataset (19 out
of the 37), while we identified 13 (out of 61) caspase-6 substrates
reported in the CutDB database (http://cutdb.burnham.org/).

We compiled all the respective aspartate P1 recognition se-
quences of caspase-2 and caspase-6 (Fig. 2C) (23). The most
prominent sequence cleaved by Caspase-2 is DEVD | (G/S/A)
that is remarkably similar to the consensus cleavage motif for the
executioner caspases-3 and -7 (11). Our results did not show a
strong specificity at the P5 position, with the possible exception of
glutamate (SI Appendix, Fig. S3). Caspase-6 showed an initiator-
like VEVD { (G/S/A) consensus motif and only a faint preference
for aspartate at P4, dissimilar to caspase-2, -3 and -7 at the P4
position. Interestingly, the caspase-6 data also showed a small
enrichment for a negatively charged residue at P5 position. It is
interesting to us that the consensus motifs for caspase-2 and -6 are
more similar to executioner and initiator caspases, respectively,
despite their domain architectures and homologies suggesting the
opposite.

Bioinformatics analysis of caspase-2 and -6 substrates. We
performed bioinformatics analysis of the 276 and 871 caspase-
2 and -6 substrates identified in cell lysate, respectively. We
observed virtually identical substrate cellular localization patterns
for both datasets, with 35% of the substrates annotated as found
in the cytoplasm, 37% in the nucleus, 5% in the endoplasmic
reticulum, 6% at the cell membrane, 3% in the mitochondria, 2%
are secreted proteins, while 12% are found in other organelles (or
unknown) (SI Appendix, Fig. S4). This distribution is very similar
to the distribution of substrates seen when we have induced apop-
tosis in intact cells (3). Moreover, the distribution is similar to the
subcellular localization of all proteins found in the human pro-
teome with the exception of secreted and cell membrane proteins,
which are typically under-represented in proteomic experiments
based on their extraction efficiency in whole cell lysates. Thus, the
distribution of substrates is not biased by subcellular location for
either caspases-2 and -6.
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To obtain a general overview of caspase-2 and -6 biology, we
performed a gene ontology enrichment analysis on both datasets
(SI Appendix, Fig. S4, Dataset S3 and Dataset S4). For caspase-
2, we found an enrichment for RNA processing, regulation of
cell death, intracellular transport, chromosome organization and
cytoskeleton. For caspase-6, we found enrichment for regulation
of transcription, cell cycle, cell death, RNA splicing, cytoskeleton
and response to DNA damage. Examples of substrates for each
category are shown in SI Appendix Fig. S4.

Quantitative measurement of caspase-cleaved substrates us-
ing Selected Reaction Monitoring (SRM). In order to determine
the rates of proteolysis of the natural protein substrates, we de-
veloped a scheduled selected reaction monitoring (SRM) method
on a triple-quadrupole mass spectrometer (SI Appendix, Fig.
S5). The 342 and 1402 aspartate-cleaved peptides identified for
caspase-2 and -6, respectively, were evaluated for their suitability
for SRM analysis. Using the sample from the discovery experi-
ment (Fig. 2), SRM training data were acquired on a QTRAP
5500 LC-MS/MS to identify suitable peptides. Peptide transitions,
known as precursor and product ion pairs, were chosen from the
top seven most intense transitions and were searched within a 15
min retention time window. We selected only peptides showing
four strong and unambiguous transitions, which ultimately led us
to monitor 152 and 471 peptides (plus a control) for caspases-
2 and -6, respectively. As above, we added caspase-2 and -6 to
pre-neutralized cell lysate and quenched the caspases using the
pan caspase inhibitor zZVAD-fmk at each of seven time points
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(0, 5, 15, 30, 60, 120, 240 min) before N-terminal enrichment
and LC-MS/MS quantification. The appearance of each prote-
olytic substrate was monitored as a function of time (Fig. 3A).
Using pseudo-first order kinetics, we performed automated non-
linear fitting to determine the catalytic efficiency (kca/Km) of
each caspase substrate (Fig. 3B, Dataset S5 and Dataset S6).
In total, we were able to measure 49 and 276 kc./Km values
for caspase-2 and -6, respectively. These values ranged two to
four log units for caspase-2 and caspase-6, respectively (Fig. 3D).
Most progress curves were monotonic and parabolic allowing
calculation of kca/Kwm values. The fastest substrates were cleaved
at a rate of up to 10° M's™! (Fig. 3C-D; SI Appendix, Fig. S6),
which rivaled several optimized synthetic fluorescent substrates
(24-26). However, the catalytic efficiency values for the slowest
(<10* M s™") and fastest (>10° M s) reactions are less reliable
than the intermediate cleavage reactions; the slowest reactions
did not go to completion within the 240 minute assay time, while
the fastest reactions were generally complete by the second time-
interval (15 minutes) so only one or two data points could be
fit. In future studies, various enzyme concentrations could be
used to determine more accurately the proteolysis of these few
substrates.”

Western blots. Quantitation of cleavage rates for hundreds of
substrates by immunoblot is impractical given the lack of suitable
antibodies and prohibitive cost. Nonetheless, we chose to mon-
itor the rates and extents of cleavage for two caspase-6 targets,
the new substrate tuberous sclerosis 1 protein homolog (TSC1
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or hamartin), and the classic substrate poly [ADP-ribose] poly-
merase 1 (PARP1), for which suitable antibodies were available.
We performed the same time course in extracts as done for the
SRM analysis and monitored the disappearance of the full-length
proteins and appearance of the cleaved products using traditional
Western blotting (SI Appendix, Fig. S7). Full-length hamartin
showed a marked reduction in intensity over time with simulta-
neous increase of cleaved product, consistent with cleavage at
position 638 identified in the discovery experiment. Full length
PARP1 showed similar results, with a decrease in the full-length
protein and increase of the cleaved product, while the intensity
of the GAPDH loading control remained unchanged. The rate
constants obtained by Western blot analysis were within five-fold
of those obtained by mass spectrometry for these two substrates;
TSC1 (WB: 7.1x10? and SRM: 3.2x10° M!s') and PARP1 (WB:
1.1x10%, SRM: 1.5x10* M s™). The small discrepancies in rate
constants are likely due to inherent variability and sensitivity
between the two methods.

Pair-wise comparisons of rates for common substrates
cleaved by caspases-2, -3, -6, -7 and -8 show virtually no cor-
relation and highlight their unique substrate preferences. We
performed a pairwise comparison of the rates of proteolysis
obtained for identical cleavage sites that were shared between the
caspases, comparing caspase-2 and -6 SRM data obtained here
with values obtained for caspases-3, -7 and -8 previously from our
laboratory (10). The number of common substrate sites shared
between the two caspases ranged from as few as three (between
caspases-2 and -8) to as many as 46 (between caspases-3 and -
7) (Fig. 4A). We found virtually no correlation among the rates
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at which these common substrates were cleaved (Fig. 4B-F and
Dataset S7). This is true for all ten pair-wise comparisons. The
only small connection observed among the five caspases studied
is a weak anti-correlation between caspase-2 and -6 substrates.
This suggests that individual caspases have preferred protein
substrates and thus specific roles. This quantitative difference
is not evident when looking at consensus cleavage motifs. For
example, caspase-2, -3 and -7 show a consensus DEVD sequence
motif in cell lysates, but the common substrates are cleaved at very
different rates (Fig. 4B, 4C, 4E).

Comparisons of sequence cleavage patterns for protein and
peptide substrates. We wished to assess whether the intrinsic
rate and specificity toward linear substrate motifs differs among
the caspases, and thus sought a peptide-library approach that
would remove the influence of protein structure. An unbiased ap-
proach for characterizing linear peptide specificity of proteases,
called multiplex substrate profiling by mass spectrometry (MSP-
MS), has been applied to characterizing protease cleavage pat-
terns (27). This in vitro technique uses a highly diversified tetra-
decapeptide library designed to present virtually all possible pair-
wise amino acid combinations at a minimum two-fold redundancy
within a five position linear motif to a peptidase of interest
(currently designed with 228 unique peptides). We would expect
to observe dyads from the P1 Asp to the other subsites at P4,
P3 and P1'. To test this, equal amounts of caspases-2, -3, -6, -7
and -8 were added separately to the peptide library and samples
taken at 5 and 21 hours for analysis. The number of unique Asp-
cleaved peptides identified increased with time and ranged from
36 peptides cleaved for caspase-3, to as few as 7 for caspase-2 (Fig.
5A and Dataset S8). The number of observed cuts roughly track
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previous kinetic experiments on optimized substrates showing
that caspase-3 is the most active followed by caspase-8, -7, -6 and
2.

Although the number of cleavage events was far less than
those sampled in the N-terminomics experiments, recognition
motifs were evident that are similar to the N-terminomics data
(Fig. 4B-4F). All show an enrichment for aspartate at P1 and
small amino acids at P1’. The consensus (E/V)XAD!G for
caspase-2, VEVD I G for caspase-6, and (N/E)(L/E)VD G for
caspases-3, -7 and -8 are not dissimilar from the respective con-
sensus sequences derived from the N-terminomics data shown
for capase-2 and -6 in Fig. 2C, 2D, and previously reported
for caspases-3, -7 and -8 (10). The greatest divergence is at P4
between the peptide and protein data but is most likely due to
the limited number of peptide sequences present in the peptide
library. In fact, DEVD or similar motifs are not in the peptide
library, since the library was designed with a focus on pairwise
diversity.

We next wished to quantitatively study the different rates of
cleavage toward protein and peptide substrate sites to determine
to what extent cleavage rates depended on the primary versus
tertiary context. For example, it has been previously reported
that a tetrapeptide substrate for caspase-1 is cleaved with sim-
ilar efficiency to a protein substrate (pro-IL1B) containing the
same cleavage site (28). Similarly, we determined the catalytic
efficiencies for cleavage of a linear peptide from at least one
representative protein substrate identified in the N-terminomics
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reflect the lower limit of detection for slow substrates
(10).

experiment with fast, medium and slow protein substrate catalytic
efficiencies observed for each of the five caspases. We designed
tetra-decapeptides corresponding to the P5 to P4’ site residues
of the protein substrate. At the C-terminus of these peptides, we
included a five-residue linker (GGSRR) containing the Arg-Arg
sequence that would facilitate efficient ionization thus increasing
the sensitivity for the LC-MS/MS measurement. We used SRM to
monitor the proteolysis of each peptide over time for each of the
five caspases (see Materials and Methods for more details). As
above, we performed automated non-linear fitting to determine
the rate constant (kcai/Km) of each caspase toward its peptide
substrates (Fig. 6A-6E). Remarkably, in most cases the kcai/Km
values for the cleavages were within a factor of two between linear
peptide and intact protein substrates. There were a few notable
exceptions for caspase-6 and -8, where the protein substrates
were two- to four-fold more active. Previous structural studies
on caspase-2 showed that it also can bind to the P5 residue, and
our N-terminomics data support this as well (Fig S3). To test this
at the primary sequence level we made a peptide lacking a P5
residue in the consensus motif (DEVD | GLGVAGGSRR) (Fig.
6F). Caspases-3 and -7 cleaved this very rapidly (kea/Km >10%),
but caspase-2 was 10-fold reduced from cleaving the KDEVD
peptide, which extends to P5 (Fig. 6A) (kca/Km <10%). These
data corroborate the proteomics and structural data suggesting
the substrate recognition sequence extends to the P5 position for
caspase-2.
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Discussion

Importance of sequence and structure in guiding specificity in
caspases. Our data support the view that both sequence and
structure determine where a protein is cut. We find caspases-2
and -6 cut their substrates on average 1.2-1.3 times per protein,
similar to the average number of cuts per substrate protein seen
previously for caspase-3, -7 and -8 (10) and observed globally in
apoptosis (17, 29). Less than 1/250 of aspartic acids are cleavage
sites clearly showing that extended sequence is critical (8, 30).
Moreover, using structural bioinformatics for sites of known or
modeled proteins, we find that caspase-2 and -6 have similar sec-
ondary structural preferences for cutting loops>helices>sheets
(SI Appendix, Fig. S8). The same pattern was seen globally during
apoptosis (17). It is not surprising that protein structure should
play a role since substrates are seen to bind over an eight residue
stretch in the active sites of the proteases (31, 32), which requires
unfolding of the cut site in the protein. In future studies, one could
compare the proteolytic rates in a native cell lysate to those in a
fully denatured or partially pre-digested cell lysate.

On the other hand, we see many instances where different
caspases cut the same protein at exactly the same site, but at
radically different rates. This must reflect the intrinsic specificity
of each caspase and not the structural plasticity of the substrate
protein. We find the consensus substrate patterns derived from
cutting a naive synthetic peptide library using MSP-MS or from
natural proteins using subtiligase N-terminomics are similar sug-
gesting differences in the intrinsic specificity of the caspases and
not the substrate scaffold. This is remarkable given the methods
are totally orthogonal and neither substrate sets have identical
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ficity in vitro (27). A. Total number of peptides cleaved
by each enzyme (presence of aspartate at C-termini)
after 5 and 24 hours incubation. B-F. Sequence recog-
nition motifs of caspase-2, -3, -6, -7 and -8, respectively

N=22  (pyalye =0.05).

sequences from which consensus patterns are derived. Perhaps
most striking is that the differences in rates of cleavage for intact
protein substrates compared to their matched synthetic peptides
for each of the five caspases are generally small, within a factor of
two to four. Caspase-7 has been shown to have a highly charged
exosite region distant from the active site that imparts a 30-
fold advantage to cleaving the protein, PARP-1 (33). Although
our data could suggest some exosite component to account for
more rapid cleavage of the protein substrate compared to the
corresponding peptide substrate, the rate differences are small
and could be due to differences in the kinetic methods employed
for the protein and peptide substrates.

The use of structural information (secondary structure, sol-
vent accessibility, degrees of disordered regions), in combination
with the primary sequence of validated apoptotic substrates, has
been previously used to predict caspase cleavage sites (30). In
these studies, all possible caspase cleavage sites in the human
proteome were ranked based on their support vector machine
(SVM) score, representing the likelihood of a given site to be
a “real” caspase cleavage site. This generated 5x10° predictions
of all octapeptides showing an aspartate at P1. We extracted the
SVM score for each caspase-2 and -6 cleavage site from this
dataset and compared it to the overall predictions. This analysis
showed an average SVM score of 0.54 for the caspase-2 cleavage
sites observed in our studies, while the average SVM score for
all predicted sites is only -1.99 (Gaussian distribution ranging
from -6 to 4) (SI Appendix, Fig. S9 and Fig. S10). Similarly, we
obtained an average SVM score of 0.26 for caspase-6. These data
further validate the methodology used by Barkan et al. to predict
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caspase cleavage sites, exploiting both the primary sequence and
structural features of the substrates. It is possible these predictive
models could be improved for the specific caspases, if they utilized
training sets based on the catalytic efficiencies for individual
substrates for each of the caspases generated here, instead of
a more generic motif derived from apoptosis data that likely
emphasizes capase-3, -7 and -8 cleavage sites.

Dissecting functional differences among caspase family
members. Our studies highlight tools and results that allow
greater distinction among caspases in their specificity, cellular
substrates, and cell biology. The N-terminomics discovery ap-
proach provided reproducible lists of hundreds of natural pro-
teins cleaved by exogenously added caspases-2 and -6. Although
it is possible that some of these cleavages are derived indirectly
from activation of other procaspases in the neutralized extract,
we believe this is unlikely for the vast majority of substrates.
First, there are many unique substrates for caspases-2 and -6 that
do not overlap, and for this massive difference to result from
secondary activation would require down-stream activation of
different procaspases for caspase-2 and -6 with unique specificity.
Second, there are a number of common substrates, cleaved at the
same site but at very different rates, which again would require
activation of a unique procaspase for each substrate. The progress
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curves for the SRM analysis of >300 substrates for caspases-2
and -6 show no lag phase, which would be expected for a cascade
activation event. Furthermore, the substrate cleavage sequence
patterns determined from N-terminomics for the caspases-2 and
-6 differed from each other and were mirrored in the MSP-MS
data. The rates of cleavage were similar for the N-terminomics
extract and synthetic peptide data.

GO analysis provides some clues to help organize the cellular
logic for cleaving these client proteins. Caspase-2 cleaves proteins
involved in RNA processing, and caspase-6 cleaves proteins in-
volved in cell cycle, DNA damage and splicing. Both have strong
components involving cytoskeleton and cell death, which we have
seen in apoptotic datasets (17). Importantly, we believe that the
identified substrates are a valuable resource for understanding
caspase biology, and the identification of these specific targets
could further our understanding of their respective biological
function. We find caspase substrates identified to belong to three
different categories. First, we identified many new substrates of
caspases-2 and -6, and report 128 (out of 235) and 553 (out of 871)
new caspase substrates that have not been previously reported
in our apoptotic database of caspase substrates (out of 1268)
(8). Second, we identified many known substrates but in many
instances the exact location was not known until our studies here.
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For example, we could confirm cleavage of BNIP-2 by caspase-6
at IDLDg;GLDT, as speculated in previous studies (34). Finally,
there are substrates for which the cleavage site is known, but the
enzyme that catalyzes the cleavage was until now unknown, and in
fact we can deorphan that cleavage. For example, we found that
the previously unidentified caspase substrate tuberous sclerosis
(TSC1), also called hamartin, is cleaved by caspase-6 at position
638 (TEEDg33). This substrate has been seen many times in
our apoptotic datasets (8), confirming its biological importance,
but the identity of the protease remained unknown until now.
Hamartin has been shown to confer protection in CA3 hippocam-
pal neurons from the effects of stroke (35). Also consistent with
the conjecture in the literature that caspase-6 plays a role in
neurons, we identified the substrate PARK?7, a peptidase involved
in Parkinson’s disease from which an N-terminal fragment was
shown to promote apoptosis via increased ROS production (36).
We also identified superoxide dismutase (SODC, or SOD1) as
a caspase-6 substrate, an important protein capable of misfolding
and forming aggregates that leads to amyotrophic lateral sclerosis
(ALS, or Lou Gehrig's disease). The use of different cell lines,
such as a neuronal cell line to study the specific involvement of
caspase-6 in neurodegeneration, should help to clarify caspase
biology in specific tissues.

Of the tools we have.employed to distinguish the functions
of caspases, SRM analysis appears to be the most comprehen-
sive. From a technical point of view, it provides multiple point
confirmation that a protein is cleaved. In the substrate discovery
phase, biological replicates provide some confidence that the
method is reproducible; however, the seven-point kinetic analysis
improves the confidence level in determining which proteins are
truly cleaved. SRM provides an estimation of catalytic efficiencies
for natural caspase substrates (Dataset S7) and can reveal that
the rates of cleavage for the same site can differ by over 100-fold
for each enzyme. This strongly supports a view that each caspase
likely plays a unique and non-redundant role, and opens a window
into understanding the catalytic cascade orchestrated by muliple
caspases.

Although it is not in the scope of this paper to functionally
annotate the individual roles of these cleaved substrates in driving
caspase biology, we would hope these data will inspire the com-
munity to pursue detailed studies on individual substrates. For ex-
ample, previous proteomic data showed gasdermin D is uniquely
cut by caspase-1, but not the other inflammatory caspases-4 or -5
in cell extracts (9). Recently, two labs have shown that gasdermin-
D is a key mediator in the biology of caspase-1 (37, 38). To facili-
tate further the analysis of the data here, we show a Venn diagram
for the unique and overlapping substrates for which we have SRM
data (SI Appendix, Fig. S12). The vast majorities are unique
to individual caspases, but some are surprisingly promiscuous.
In our SRM dataset, 11 substrates are cleaved by four or five
caspases, and one is cleaved by all, DGCRS8. DGCRS8 complexes
the Drosha enzyme and is essential for microRNA processing
(39). Broadly, these studies highlight the value of determining
both site specificity and kinetic activity for substrates within the
context of natural proteins and linear peptides to understand
how substrate sequence and structure can functionally distinguish
family members involved in post-translational modifications.

Material and methods

Cloning and Recombinant Protein Expression and Purifi-
cation. Caspase-2 and -6 were cloned into Hise-affinity tag con-
taining vector pET23b (Novagen). The active enzymes were ex-
pressed in E. Coli BL21 (DE3) pLysS cells (Stratagene). Cells
were grown in 2xYT media supplemented with 200 pg/ml ampi-
cillin at 37°C to an ODgoonm at approximately ~0.6-0.8. Cas-
pase overexpression was induced with 0.2 mM IPTG at 16°C
overnight. Cells were harvested by centrifugation and lysed by
microfluidization (Microfluidics). The cell lysates were clarified
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by centrifugation and the soluble fractions were purified by Ni-
NTA superflow resin (Millipore). His-tagged caspase was then
loaded on mono Q ion exchange column for further purification.
Peak fractions were combined, concentrated, and stored at -80°C.

N-Terminal Labeling and Enrichment. For each discovery
replicate, 1x10° Jurkat cells were harvested by centrifugation and
lysed (0.1% Triton x-100) in the presence of protease inhibitors
(5 mM EDTA, 1 mM AEBSE 1 mM PMSE, 10 mM IAM).
Excess cysteine-protease inhibitors were neutralized with 20 mM
DTT, and caspase buffer was added (20 mM HEPES, 50 mM
NaCl, 15 mM MgCl, and 1.5% sucrose, 10mM DTT) prior to
addition of 500 nM of exogenous caspase-2 or caspase-6 for up
to four hours. As a function of time, the exogenous caspase
activity was then neutralized with 100 uM zVAD-fmk. N-terminal
labeling was then performed with 1 uM subtiligase and 1 mM
TEVTest4B (Fig. S2) for two hours. Tagged protein fragments
were precipitated using acetonitrile, then denatured (8 M Gdn-
HCI), reduced (2 mM TECP) and thiols alkylated (4 mM IAM),
before ethanol precipitation. Biotinylated N-terminal peptides
were then captured with neutravidin agarose beads for 48 hours.
The beads were washed using 4 M Gdn-HCI, trypsinized, and
released from the beads using TEV protease. The tryptic peptides
fractionated into 15 fractions/sample using high pH reverse phase
C,s chromatography, and were then desalted with a Cig Ziptip
(Millipore).

Discovery Mass Spectrometry. LC-MS/MS was carried out
by reverse phase LC interfaced with a LTQ Orbitrap Ve-
los (ThermoFisher Scientific) mass spectrometer. A nanoflow
HPLC (NanoAcquity UPLC system, Waters Corporation) was
equipped with a trap column (180 pm X 20 mm, 5 pm
SymmetryCig, from Waters) and an analytical column (100
pm X 100 mm, 1.7 ym BEH130C;g, from Waters). Peptides
were eluted over a linear gradient over 60 min from 2% to
30% acetonitrile in 0.1% formic acid. MS and MS/MS spec-
tra were acquired in a data-dependent mode with up to six
HCD MS/MS spectra acquired for the most intense parent ions
per MS. For data analysis, peptide sequences were assigned
using the ProteinProspector (v5.10.15) database search engine
(http://prospector.ucsf.edu/prospector/mshome.htm) against the
Swiss-Prot human protein database (2013.6.27). Search param-
eters included a precursor mass tolerance of 20 ppm, fragment
ion mass tolerance of 20 ppm, up to two missed trypsin cleavages,
constant carbamidomethylation of Cys, variable modifications of
N terminal addition of Abu amino acid, acetylation of protein N
terminus, and oxidation of methionine. The identified peptides
were searched against a random decoy protein database for
evaluating the false positive rates. The false discovery rate never
exceeded 1.3% at the maximum expectation value of peptide set
at 0.05.

Selected Reaction Monitoring (SRM) method development.
The caspase peptides (P1=D) observed in the caspase-2 and -6
datasets where imported into SkyLine (v2.5.0) (40) in order to
build a scheduled SRM method. For each peptide, based on the
spectral library generated from our discovery dataset above, we
selected the seven most intense parent ion-fragment ion transi-
tions (y- and b-series ions only). The retention times observed
for each peptide during the discovery experiments were used
for this initial method with a window of 15 min. A small por-
tion of the discovery samples was reserved to develop the SRM
method. These peptides were injected on an AB Sciex QTRAP
5500 triple quadrupole mass spectrometer interfaced in-line with
a nanoAcquity UPLC system (Waters) identical to that on the
LTQ Orbitrap Velos (Trapping column: Symmetry C18 Column
(0.18 » 20 mm, 5 ym; Waters); Analytical column: BEH130 C18
column (0.075 + 200 mm column, 1.7 pm; Waters)). The SRM
data obtained was imported into SkyLine for analysis. Positive
peptide identification by SRM was based on (i) detection of at
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least four co-eluting targeted transitions above baseline noise, (ii)
retention time within +/- five min of that obtained in the discovery
dataset, and (iii) relative intensity of fragment ions similar to
that found in discovery spectral library. Each peptide detected
from the caspase-2 and -6 datasets was manually analyzed, and
four transitions (out of seven) were selected for further method
refinement. The preferred transitions were defined as the most
intense peaks, least noise or background interference, and higher
m/z within the monitored window between 300 and 1250 Da.
Ultimately, our final SRM method included 152 and 471 peptides
(plus two controls each) for caspase-2 and -6, respectively. This
new scheduled SRM method was developed with a retention time
window of +5 min and used for each time point sampled below.

SRM acquisition, time course and data analysis. The sub-
tiligase N-terminomics enrichment method described above was
used to monitor the appearance of cleaved products as a function

of time, with 2x10° and 4x10° Jurkat cells for caspase-2 and -6,
respectively. For each sample, an aliquot was taken out after 0,
5, 15, 30, 60, 120 and 240 min incubation with 500nM exogenous
protease and quenched with 100 yM zVAD-fmk. Samples were
processed for data acquisition on the QTrap 5500 with one and
two injections per sample for caspse-2 and -6, respectively. The
SRM data for each sample was imported into Skyline for quan-
tification. The sum of the peak area of the 4 transitions for each
peptide was measured as a function of time. The global mean of
the control peptides for each time point was used to normalize
each summation. Non-linear fitting was performed using Grace
(http://plasma-gate.weizmann.ac.il/Grace/) using pseudo-first or-
der kinetics: Y = Yy (1 —€X™), where Y is the sum of the peak
area, Ynax is the peak area at maximal value, ¢ is the time of
incubation, and k is the observed rate of proteolysis (kcai/Km)
multiplied by the enzyme concentration (Ey).

Peptide cleavage site identification by multiplex substrate
profiling-mass spectrometry. Intrinsic substrate specificity was
determined with the MSP-MS method (27) with modifications as
reported (41). Briefly, 228 tetra-decapeptides were split in two
pools of 114 peptides each (500 nM) in assay buffer (20 mM
HEPES, 50 mM NacCl, 15 mM Mg,Cl and 1.5% sucrose, 10 mM
DTT), to which was added caspase-2 or caspase-6 (both at 200 nM
final concentration), or an equal volume of buffer as a no-enzyme
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control in a final reaction volume of 150 pl for each reaction.
Samples were incubated at room temperature (19-22°C), 30 pl
aliquots were removed at 15, 60, 300 and 1260 min, and quenched
with formic acid to a final concentration of 0.4% v/v. Samples
were desalted by C18 ZipTip (Millipore), then lyophilized and
stored at —80°C. Peptides were sequenced by LC-MS/MS on an
LTQ-OrbitrapXL (Thermo) mass spectrometer equipped with
a nanoAcquity UPLC system (Waters) using identical methods
to those reported (41). Data were processed and searched as
reported (41).

Rate of proteolysis of tetra-decapeptides peptides deter-
mined by quantitative mass spectrometry. To compare the cat-
alytic efficiency of the caspases against synthetic peptides versus
intact protein measurements, a peptide library was designed by
selecting a set of fast, medium, and slow substrates for each stud-
ied caspase, in order to manage the number of peptides required.
Peptides were obtained from GenScript inc. and Shengnuo inc.
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with 100 ypM zVAD-fmk. Samples were processed as mentioned
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using parallel reaction monitoring mode. The data was imported
into Skyline for quantification, as described above for protein
substrates.
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