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We present here a novel proteomics design for system-
atic identification of protease cleavage events by quan-
titative N-terminal proteomics, circumventing the need
for time-consuming manual validation. We bypass the
singleton detection problem of protease-generated neo-
N-terminal peptides by introducing differential isotopic
proteome labeling such that these substrate reporter
peptides are readily distinguished from all other N-ter-
minal peptides. Our approach was validated using the
canonical human caspase-3 protease and further ap-
plied to mouse cathepsin D and E substrate processing
in a mouse dendritic cell proteome, identifying the larg-
est set of protein protease substrates ever reported and
gaining novel insight into substrate specificity differ-
ences of these cathepsins. Molecular & Cellular Pro-
teomics 9:2327–2333, 2010.

Several protocols for proteome-wide identification of pro-
tease processing events were recently published. They all
follow strategies in which N-terminal peptides, including neo-
N-terminal peptides generated by protease action, are en-
riched from whole proteome digests before identification (e.g.
Refs. 1–4). LC-MS/MS analyses of these peptides often yield
hundreds of processing events identified in a single experi-
ment (e.g. Refs. 3–5). The N-terminal COFRADIC1 technology
developed in our laboratory (6) has been successful in iden-
tifying cleavage events of both canonical (e.g. caspases-3
and -7 (7)) and non-canonical proteases (e.g. HtrA2/Omi (8)).
Differential stable isotopic labeling in particular, necessary to
univocally distinguish genuine neo-N-terminal peptides, al-
lows analyzing control and protease-treated proteomes in a
single run. However, this also introduces the most important
bottleneck of the technology: verifying whether the peptide
envelope of a neo-N-terminal peptide only carries the isotopic

label of the protease-treated sample (see Fig. 1A) often had to
be done manually for each identified peptide. This “singleton
detection problem” can to some extent be automated by
software routines such as ProteinProspector (http://prospector.
ucsf.edu/prospector/mshome.htm), the MASCOT Distiller
Quantitation Toolbox (www.matrixscience.com/distiller.html),
and ICPLQuant (9), although these often need specific or
proprietary data formats or can only handle MALDI-MS data
(9), and researchers still need to individually check correct
calling of a neo-N-terminal peptide (10).

To fully overcome this singleton detection problem, here we
present and validate a method for highly automated, soft-
ware-based quantification and annotation of protein process-
ing events on a proteomics scale based on stable isotopic
labeling and positional proteomics. We illustrate its strength
by generating the largest set of cathepsin D and E substrates
hitherto reported. Furthermore, differences in the specificity
profiles of these non-canonical proteases are illustrated by
the validation of a cleavage event specific for cathepsin E in
filamin-A.

RESULTS

Rationale of Approach—In a typical proteomics hunt for
protease substrates, two differently labeled proteomes are
used; one is incubated with a protease of interest, whereas
the second serves as a control (5, 7). Following mixing equal
amounts of both samples and enrichment of N-terminal pep-
tides, neo-N-terminal peptides reporting protease processing
appear as singletons in MS spectra, whereas N-terminal pep-
tides not affected by the added protease present themselves
as doublets (Fig. 1A). Although the latter are readily quantified,
the former are typically missed by quantification algorithms. In
fact, such singleton peptides are best considered as ex-
tremely regulated peptides, and an accurate calling of their
ratios appears cumbersome (see below and supplemen-
tal Fig. 1), explaining why such peptides often go undetected.

To circumvent this quantification problem, here we intro-
duce a simple solution independent of the protocol used and
its associated chemistries. We used SILAC (11) to label pro-
teomes with light (L;12C6) or heavy (H; 13C6) isotopic variants
of arginine, although the principle of the method is broadly
applicable and thus compatible with other isotopic labeling
strategies. Arginine is used here because during COFRADIC
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isolation trideuteroacetylation is performed to block all pri-
mary amino groups, leaving only arginine as the trypsin-sen-
sitive site (6). The proteome that will be incubated with the
protease of interest is then made by mixing equal parts of L
and H proteome preparations, whereas two parts of L pro-
teins serve as control (Fig. 1B). Following protease incubation,
both samples are mixed, and N-terminal peptides are isolated
by N-terminal COFRADIC. As a result, genuine neo-N termini
derived from the protease-treated sample now show up as
doublets of peptide ions with equal intensities (L/H ratio � 1),
whereas all other N-terminal peptides present in both sam-
ples (protein N-terminal peptides and neo-N-terminal pep-
tides due to possible contaminating protease activity) also
appear as doublets but with highly different ratio values
((L � L � L)/H � 3). Both types of peptides are readily
quantified, resulting in clearly distinct ratio distributions of
genuine neo-N-terminal versus all other N-terminal peptides
(Fig. 1B and supplemental Fig. 1).

Automated Identification of Caspase-3 Cleavage Sites—We
validated our approach by screening for cleavage sites of the

canonical protease caspase-3. As key proteases during apo-
ptosis, caspases show an almost absolute requirement for an
aspartic acid residue preceding the cleavage site (12), and
this specificity was already broadly used to assign cleavage
sites to caspase activity (13). The experiment was designed
such that the L/H ratios of caspase-3-generated neo-N-ter-
minal peptides were expected to be distributed close to 1,
whereas the L/H ratios of all other N-terminal peptides were
expected to be around 3. Here, human Jurkat T-cells were
arginine SILAC-labeled as described before (5), and a mixed
(L/H, 1:1) cell lysate was incubated with 150 nM recombinant
human caspase-3; the same total amount of the light labeled
cell lysate served as control. Furthermore, before adding re-
combinant caspase-3, endogenous caspase activity in both
lysates was inhibited by cysteine alkylation (7). Following in-
cubation for 1 h at 37 °C, the protease-treated and control
samples were mixed and subjected to N-terminal COFRADIC
sorting (14). The sorted peptides were then analyzed by LC-
MS/MS on a linear trap quadrupole Orbitrap XL mass spec-
trometer. Spectra were searched with the MASCOT algo-

FIG. 1. Manual versus automated annotation of protease cleavage events. A, in a typical setup, a heavy (H) labeled proteome is used
for protease treatment, and the light (L) labeled proteome serves as a control. Following mixing and N-terminal COFRADIC sorting,
neo-N-terminal peptides generated by the added protease are present as singletons, whereas all other N-terminal peptides are present as
couples with (light/heavy) ratios around 1 (0 in log2 scale). B, a mixture of light and heavy labeled proteins (mixed in a 1:1 ratio) is treated with
a protease, and as a result, neo-N-terminal peptides generated by the action of the added protease are now present in light/heavy ratios
distributed around 1 (0 in log2 scale) and are clearly distinct from all other N-terminal peptides that come in ratios around 3 (1.58 in log2 scale).
Both types of peptides are readily quantified, circumventing the need for manual validation.
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rithm, and identified peptides were quantified by the MASCOT
Distiller software (an evaluation of the MASCOT Distiller pa-
rameters is shown in supplemental Fig. 2). In addition, Pep-
tizer (15) was used to reduce the number of potential false
positive identifications. Note that full experimental details and
spectra from neo-N-terminal peptides are provided as
supplemental experimental procedures and supplemental
spectra respectively.

As expected, two types of peptides are observed based on
their L/H ratios that were distributed around values 1 and 3 (0
and 1.58 in log2 scale) (Fig. 2A, upper panel). Shotgun analysis
on an aliquot of the protease-treated sample without prior
isolation of N-terminal peptides confirmed that peptides with
ratio values around 1 were from the protease-treated pro-
teome (Fig. 2A, lower panel). Furthermore, the so-derived ratio
distribution from this test analysis was used to determine a
ratio cutoff value based on the boundary of a one-sided 99%
quantile that served to assign peptides to one of both distri-
butions in the first experiment (Fig. 2A, lower panel). A list of
caspase-3 cleavage sites was then compiled from the neo-
N-terminal peptides with an L/H ratio value centered around 1
by considering only peptides with start positions beyond the
second amino acid of the protein that were further trideu-
teroacetylated at their N-terminal �-amino group. In total, 141
peptides fulfilled these criteria and pointed to 76 caspase-3-
regulated cleavage events in 72 proteins (supplemental
Table 1). Without exception, these peptides were generated
by cleavage after aspartic acid, consistent with the known
specificity of caspase-3 (Fig. 2A) (12). The fact that no other
neo-N-terminal peptides were found as the result of
caspase-3 cleavage validates our approach and indicates
its sensitivity to identify highly confident protease cleavage
sites without manual validation.

Cathepsin D and E Cleavage Events—In a second experi-
ment, a similar approach was used to map cleavage events of
the non-canonical mouse cathepsins D and E. Both cathep-
sins are intracellular aspartic proteases with little specificity
differences thus far reported (16). Although cathepsin D is
ubiquitously expressed in lysosomes, cathepsin E is a non-
lysosomal protease mainly present in immune cells (17). Be-
cause it was shown that cathepsin E functions in antigen
processing in dendritic cells (18), lysates of arginine SILAC-

labeled primary mouse dendritic cells were used to screen for
cleavage events. Such non-immortalized, primary cells pose
difficulties for SILAC labeling as such cell populations are not
able to fully incorporate the SILAC label into proteins, result-
ing in an incompletely labeled proteome. Given the experi-
mental setup of the caspase-3 experiment, we decided to turn
incomplete labeling of this primary cell population into an
opportunity for automated quantification and annotation of
cathepsin cleavage sites. Therefore a freeze-thaw lysate of
such an incompletely (68% H, 32% L) arginine SILAC-labeled
cell population was incubated with 20 nM recombinant mouse
cathepsin D or E; a lysate of non-labeled (L) dendritic cells to
which pepstatin was added to inhibit endogenous cathepsin
D and E activity served as control. Following incubation for 15
min at 37 °C, control and protease-treated samples were
mixed in equal amounts and further analyzed as described
above.

Peptide L/H ratios were now distributed around 0.5 (�1 in
log2 scale) and 2 (1 in log2 scale; Fig. 2B). A test analysis was
again performed to determine the ratio cutoff value (Fig. 2B,
middle panel), and genuine neo-N-terminal peptides were con-
sidered based on the same criteria as described above. In this
way, 790 neo-N-terminal peptides (584 cleavage sites in 340
proteins) were quantified in the cathepsin D study, and 1,967
neo-N-terminal peptides (1,231 cleavage sites in 639 proteins)
were quantified in the cathepsin E study (supple-
mental Tables 2 and 3). 314 cleavage sites in 202 proteins were
found in both analyses in line with the similar subsite specificity
reported previously (16). Similar specificities are also supported
by the sequence logos shown in Fig. 3 (iceLogo (19)). In accord-
ance with previous studies, these subsite specificity profiles
indicate that cleavage mainly occurs between hydrophobic
residues with a high preference for leucine or phenylalanine
residues preceding the cleavage site. However, subtle dif-
ferences between both proteases appear (Fig. 3), and to
validate these, we incorporated the cathepsin E cleavage
site identified in filamin-A in a peptide substrate and mon-
itored its cleavage by cathepsins D and E by reversed phase
HPLC. This site was chosen particularly because it contains
several features of cathepsin E-specific sites as revealed by
the iceLogo analyses and has no obvious counterpart in the
identified cathepsin D substrates. As expected, only cleavage

FIG. 2. Identified human caspase-3 and mouse cathepsin D and E cleavage sites. A, given the experimental design described in the main
text, caspase-3-generated neo-N-terminal peptides show light/heavy ratios of about 1 (0 in log2 scale), whereas all other N-terminal peptides
hold ratio values distributed around 3 (1.58 in log2 scale) (upper panel). An aliquot of the protease-treated sample analyzed by shotgun
proteomics yielded quantified peptides shown in the lower panel, and the border of a one-sided 99% quantile of these peptide ratios was used
as ratio cutoff value (this cutoff value was 0.45 and is indicated with a vertical line). The inset shows an iceLogo of all 141 (76 unique)
neo-N-terminal peptides generated by caspase-3, which revealed the canonical caspase-3 recognition site DEVD. Further note that many
neo-N-terminal peptides with ratios distributed close to 3 are the result of signal peptide removal (as the case for mitochondrial proteins) rather
than being generated by contaminating protease activity during caspase-3 incubation. B, freeze-thaw lysates of partially (68% [13C6]Arg)
SILAC-labeled primary mouse dendritic cells were incubated with cathepsin D or E. Upon mixing with a control lysate, cathepsin-generated
neo-N-terminal peptides have light/heavy ratios of about 0.5 (�1 in log2 scale), whereas all other N-terminal peptides hold ratio values around
2 (1 in log2 scale) (upper and lower panels). A test analysis to determine a ratio cutoff value was performed similarly to the caspase-3 experiment
(middle panel; the cutoff value was now �0.31).
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FIG. 3. Sequence patterns at cathepsin D and E cleavage sites. In the upper and middle panels, the amino acid frequency at every subsite
is compared with sampled frequencies in the mouse proteins stored in the Swiss-Prot database (negative control). Only residues that are
statistically over-represented (upper part of the iceLogo) or under-represented (lower part of the iceLogo) at a 95% confidence level are
depicted. Residues that were never observed at specific positions are shown in a pink color. In the lower panel, the cleavage site environments
of the substrates of cathepsin D are compared with those of cathepsin E. Highly similar substrate specificity profiles were obtained for both
cathepsins (upper and middle panels), although subtle specificity differences between both proteases appeared, especially at the unprimed site
region (lower panel).
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by cathepsin E was detected, supporting our observed differ-
ences in the specificity profiles of both cathepsins
(supplemental Fig. 3) and pointing to the fact that cathepsins
D and E, although strongly related, might hold different spec-
ificities and cleave different substrates.

DISCUSSION

Here we have presented a simple strategy, combining dif-
ferential stable isotope labeling (SILAC) with differential sam-
ple mixing to avoid the appearance of singleton peptides. In
this study, we provide proteome-wide analyses of high con-
fidence protease cleavage sites, classification of which is
performed completely automatically. The setup is arranged
such that peptides reporting protease cleavage sites (neo-N-
terminal peptides) are measured with L/H isotope ratios dis-
tributed distinctly from peptides that are common to both the
protease-treated and control sample. As no manual interfer-
ence is necessary, overall analysis time can be shortened
considerably, opening opportunities for multiple large scale
automated screenings of protease activities. It is further of
note that the procedure appears generally suitable for pro-
teome analyses where singleton detection problems appear
as is also the case for interactomics or chemical proteomics
studies. In this regard, it is worth mentioning that peptide ratio
differences have been introduced before to study protein-
protein interactions by quantitative proteomics (20). However,
in that particular method, peptides from non-informative con-
taminants carried L/H ratios close to 1, optimal for quantifi-
cation, whereas peptides from true binders were present as
highly regulated peptides that are intrinsically difficult to quan-
tify (supplemental Fig. 1). Clearly, our approach should also
lead to a more straightforward detection of true binders in
such experiments.

Recently, auf dem Keller and co-workers (4, 21) reported a
statistics-based platform for quantitative N-terminome analy-
sis using the TAILS (terminal amine isotopic labeling of sub-
strates) technology. Although no advanced sample mixing
was used, the authors also introduce a ratio cutoff value to
distinguish between N-terminal and neo-N-terminal peptides
following labeling by an iTRAQ (isobaric tag for relative and
absolute quantification)-like reagent and quantification in MS2
mode (21). In their approach, neo-N-terminal peptides are
present as highly regulated peptides. However, the ratio dis-
tributions of N-terminal and neo-N-terminal peptides are much
broader than those presented here, and as a result, more ad-
vanced statistical analysis is required to distinguish between
both types of peptides. In contrast, the higher accuracy of MS1
quantification, which we applied here, resulted in sharp and
amply spaced ratio distributions, as can be judged from the
caspase-3 data (Fig. 2A). In fact, the higher accuracy of MS1
quantification can be attributed to the fact that every peptide is
quantified several times through multiple mass spectrometer
scans, whereas in MS2 mode, quantification is often based on
a single tandem mass spectrometry quantification event (22).
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