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SitePredicting the cleavage of proteinase substrates
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Proteinases are enzymes that play important roles in
vital cellular and extracellular processes by hydrolyti-
cally cleaving peptide bonds in their protein substrates.
This cleavage can be non-specific as part of degradation
during protein catabolism or highly specific as part of
proteolytic cascades and signal transduction events.
Several web tools are available for predicting possible
cleavage sites in candidate substrates. Here, we com-
pare existing prediction tools with SitePrediction, a
novel and user-friendly tool for identifying potential
cleavage sites. This prediction is based on known data-
sets found in the literature, stored in web-accessible
repositories or generated by our own experiments.
Comparison of the different programs shows that Site-
Prediction makes it possible to derive more reliable
predictions. In addition, this tool allows the use of
a wide range of proteinases.

Predicting proteinase cleavage sites using web tools
Proteinases are enzymes that hydrolyze peptide bonds
between the amino acids of proteins. They represent
~2% of all gene products and are of particular importance
in medicine and biotechnology because their effector func-
tion can easily be targeted by small peptide-based inhibi-
tors or chemical compounds. Inappropriate proteolytic
activity can have devastating consequences and is the
cause of numerous human diseases [1,2].

Proteinases are classified on the basis of their catalytic
mechanisms into six types: serine (S), cysteine (C), threo-
nine (T), aspartic acid (D), glutamic acid (E) and metallo
catalytic types. Only a few remain uncategorized in this
way. Another classification is based on the kind of reaction
they catalyze. An endoproteinase hydrolyzes internal a-
peptide bonds in a polypeptide chain. Exoproteinases, by
contrast, typically require a free N-terminal amino group,
C-terminal carboxyl group or both and hydrolyze a peptide
bond not more than three residues from the terminus.
Some proteins can act as endoproteinases or exoprotei-
nases depending on the pH.

Exoproteinases are involved mainly in degradative pro-
cesses, such as food digestion, proteasome phagocytosis
and proteasomal digestion (protein catabolism). Endopro-
teinases too might be rather aspecific (e.g. calpains and
cathepsins), but they might also be highly specific for
certain target sequences (e.g. caspases and granzyme-B,

Corresponding author: Vandenabeele, P. (peter.vandenabeele@dmbr.ugent.be)
" These authors shared senior co-authorship..

which cleave after an aspartate residue). Specific degra-
dation of proteins is also used in regulatory processes, as in
the degradation of ubiquitylated IxB inhibitor, which
might lead to nuclear factor-xB (NF-kB) activation.

Cleavage of proteins requires that they first bind to the
active site of the proteinases. For proteins involved in the
control of biological processes, the cleavage activates, inac-
tivates or modifies the substrate in some way. The active
site of the proteinase contains several conterminous S
pockets, which accommodate consecutive amino acids
(called P sites — not to be confused with proline [P]) from
the substrate (Figure 1). The P1 site is defined as the amino
acid that is C-terminally cleaved. N-terminal from P1 are
additional sites (P2, P3, P4, etc.) that are accommodated by
corresponding S sites in the catalytic pocket of the protein-
ase. P’ sites are C-terminal from P1. The P’ sites can also be
accommodated by corresponding subsites in the substrate-
binding pocket. The number of P and P’ sites of the sub-
strate that fit the substrate-binding pocket varies from one
proteinase to another. For certain proteinases the sub-
strate specificity is determined by the number of subsites
in the active site and by the size, shape and charge of the
side chains involved. The compatibility and fit between the
S sites in the substrate-binding pocket and the substrate P
sites is influenced by the three-dimensional structure of
the substrate. The interaction between the substrate and
the proteinase outside the active site, the so-called exo-
sites, and the influence of co-factors should also be taken
into account [2,3]. In the end, the accessibility of the
potential cleavage site will determine whether a substrate
is cleaved or not.

Much research has focused on identifying proteinase
specificity and target substrates in human diseases, with
the ultimate goal of designing appropriate treatments.
The conventional way of identifying proteinase specificity
by testing the enzyme against a library of peptides is time
consuming and expensive. Other techniques are based on
genetic approaches (substrate phage display, substrate
display by bacteria, yeast-based screening methods,
mRNA-based approaches) or on proteome analytical
approaches (2D-PAGE, 2D-DIGE, PICS and COFRADIC)
[4]. Bioinformatics can be used to predict on the basis of the
available data the possible substrates for the proteinases
and the likely location of the cleavage sites. Some tools
have already been developed for this purpose: PoPS for
modeling and predicting proteinase specificity [5], Pepti-
deCutter for prediction of potential cleavage sites for
proteases [6], GraBCas for prediction of sites cleaved
by granzyme B and caspases [7], and CaSPredictor for
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Figure 1. Representation of the proteinase-substrate interaction.

caspase substrate prediction [8]. Most tools are proteinase
specific (GraBCas and CaSPredictor) and therefore
have limited applicability. Furthermore, some tools are
very complicated or have a cumbersome user interface.
Recently, we developed ‘SitePrediction’ to provide
researchers with a user-friendly tool to predict possible
cleavage sites in candidate substrates based on cleavage
sites found in the literature or identified in their own
experiments. Some extra features, such as secondary
structure prediction, solvent accessibility and PEST
sequence occurrence, have been integrated into SitePre-
diction. These features will be explained and discussed in
this article, which also offers a comparative analysis of the
tools available for cleavage site prediction, which might be
of interest for many protease researchers. SitePrediction
is publicly available as a web application at http:/
www.dmbr.ugent.be/prx/bioit2-public/SitePrediction/.

Comparative description of the cleavage site prediction
tools

The main goal of the tools under consideration is to predict
the location of cleavage sites in candidate substrates.
Supplementary Table S1 provides an overview of the pre-
diction programs we compare in this article: PoPS, GraB-
Cas, CaSPredictor, PeptideCutter and SitePrediction. In
this section, we give a brief overview of the three main
steps that determine the applicability and reliability of
these prediction tools. First, the user needs to define which
protease specificity should be used and which protein
sequences need to be analyzed (= user input). Second,
the different calculation methods used will determine
the reliability of the prediction. Third, extra features, such
as statistical analysis, secondary structure, solvent acces-
sibility and PEST-sequence prediction, can increase the
prediction value.

User input

Two main decisions have to be made about the input: which
protease are we interested in and in which candidate
substrates do we want to predict possible cleavage sites?
Most tools allow the user to enter the substrate sequences
one by one in FASTA format (GraBCas, POPS and Pepti-
deCutter), whereas others allow the entry of a list of
FASTA format sequences (CaSPredictor and SitePredic-
tion). SitePrediction also allows the user to enter a list of
common IDs, such as SwissProt identifiers (http:/www.
expasy.ch/sprot/), NCBI Accession numbers or GenBank
identifiers (http:/www.ncbi.nlm.nih.gov/sites/entrez?db=
Protein, see Supplementary Table S1).
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One of the most crucial steps in cleavage site prediction
is to clearly define the specificity of a chosen protease.
Some tools, GraBCas and CaSPredictor, only offer selec-
tion of a few protease specificities, such as granzyme B
and some caspases, respectively. PeptideCutter allows
the selection of more protease specificities, but only offers
the use of fixed consensus sites. Therefore, PeptideCutter
is not able to identify non-canonical cleavage sites. Some
tools, such as PoPS, offer the choice of a list of predefined
protease specificity profiles or allow insertion of a custom
cleavage site profile. This profile indicates the frequency
of every amino acid at the different P and P’ positions.
Because most users do not have a ready-to-use cleavage
site profile, SitePrediction allows entry of so-called
‘known cleavage sites’ from a list based on the literature,
databases or experimental protease degradomics data [9].
Such cleavage-site lists are then used to calculate a
statistically relevant profile. The cleavage site analysis
can be visualized by SitePrediction in two ways, a logo
(Figure 2) and a histogram. For many proteinases, the site
specificity is already included, whereas for others, the
‘getMerops’ feature helps the user to find sites that have
been entered in the MEROPS database [1], a proteinase
database of numerous proteinases, including experimen-
tally derived cleavage sites. It should be kept in mind that
the quality of such a ‘training set’ is a major determining
factor for the outcome and the accuracy of the prediction.
However, we simply cannot assess whether all literature
reports provide equivalent confidence of reported results
and can thus be treated equally [3]. By allowing the user
to decide which input to use, the user is more aware of
which data led to the prediction. This can help in correctly
interpreting the results. The user can also decide
which species-specificity to use, which is an important
issue because orthologue proteases might have different
substrates [10].

Scoring methods

A very important distinction among the different tools is
the scoring method used to predict cleavage sites in a
substrate. The most rudimentary tool (PeptideCutter) just
looks for occurrences of fixed consensus cleavage sites in
the substrate sequence. This approach can overlook clea-
vage sites deviating from the consensus sequence. All the
other tools use a frequency score that indicates whether
the amino acids of the potential cleavage site are likely to
occur at that position. The implementation of this score,
however, might not always be similar or might even con-
tain errors. For instance, CaSPredictor adds the frequen-
cies of each position instead of multiplying them.
SitePrediction, as well as CaSPredictor, uses a second
score that is based on the similarity of the potential
cleavage sites to the known cleavage sites. This compari-
son is done by using an amino acid substitution matrix
(like the BLOSUM 62 matrix [11]), and the actual used
score is then arbitrarily chosen as the product of both
scores. CaSPredictor also uses a PEST score to calculate
the final score, but because the influence of a PEST
sequence on proteolysis specificity is not evident from
experimental data, this additional feature should not be
used by default as a crucial determining factor.
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Figure 2. Distribution of the amino acids at each position. The logos were generated using SitePrediction. (a) Logo for human caspase-3. (b) Logo for human calpain-2. The
experimental input cleavage sites (P4 to P2’) for human substrates of caspase-3 or calpain-2 were taken from the MEROPS database.

Extra features: statistics, PEST sequences, solvent
accessibility and secondary structure

Besides the main goal of predicting potential proteinase
cleavage sites in a protein sequence, SitePrediction and
PoPS offer some extra features that can be useful for
interpreting the prediction results. An important feature
in SitePrediction is the statistics calculation, which gives
the user better insight into the quality of the input sites
(i.e. known or expected protease specificities) and
threshold scores of predicted cleavage sites by comparing
the scores of experimentally known sites with those of
random sequences. Both SitePrediction and PoPS also
offer extra predictions, such as PEST region, solvent acces-
sibility and secondary structure prediction. Regions rich in
P, E, S and T could indicate that they are more susceptible
to proteolysis [12] and might affect cleavage site prediction
results by forming an unstructured loop [13]. Because
appropriate presentation of a cleavage site in an exposed
and unstructured region is crucial for efficient hydrolysis,
we included an extra feature in SitePrediction by integrat-
ing the SSPro package, which predicts the solvent acces-
sibility and secondary structure of a protein sequence [14].
The user runs the program on selected sequences and
receives additional information on whether or not the
predicted cleavage sites are accessible in solvent or are
part of or close to an « helix, an extended B strand or in an
unstructured region. As it is not proven that the presence
or absence of secondary structures always has an import-
ant role in cleavage site predictions, results should be
interpreted with care and never be considered conclusive.

Comparative analysis of prediction tools

Cleavage site prediction

We compared SitePrediction to four other cleavage site
prediction tools (PoPS, GraBCas, CaSPredictor and Pepti-
deCutter) on two different proteinases (caspase-3 and
calpain-2). Caspases constitute an important family of
proteinases involved in metazoan programmed cell death
and inflammation [15]. Like all caspases, caspase-3 is
characterized by cleaving specifically C-terminal of aspar-
tic acid residues that occur in specific substrate recognition
motifs (Figure 2a). We found 202 different sites in 135
substrates in the MEROPS database, and the logo gener-
ated by SitePrediction shows that the most frequent resi-
dues at the P4 to P1’ positions are DEVD |G (Figure 2a), as
reported previously [16-18]. In general, the P1’ position of
the generated cleavage products was enriched for G, A or S
residues, which correspond to the N-end rule of stabilizing
residues [19], suggesting that most of the generated C-

terminal fragments would be stable in this respect. All the
programs we compared can predict caspase cleavage sites,
but CaSPredictor does not allow a distinction between
different caspases.

The experimental input cleavage sites (P4 to P2') for
caspase-3 were taken from the MEROPS database, and
the corresponding Homo sapiens substrates were ana-
lyzed using the different cleavage site prediction tools.
Because all tools generate their own scores and have
different methods for determining whether or not a
defined site is a potential cleavage site, it is not possible
to use these theoretical scores as a comparative validation
parameter. Therefore, the ranking of each experimentally
known cleavage site was used as a first validation
parameter, as it can be expected that the experimentally
identified sites would rank highest in a list of possible
cleavage sites. The percentages of these experimentally
defined cleavage sites that are ranked first or within the
top three are depicted in Supplementary Table S2. Finally,
we compared the percentage of experimental input sites
that are predicted by the tool (‘true positives’ in Supple-
mentary Table S2).

Because PeptideCutter only takes the consensus clea-
vage site sequences into account for prediction, it only
detects ~2.5% of all caspase-3 cleavage sites (Supple-
mentary Table S2). Therefore, we did not further include
this prediction program in our comparative statistical
analysis. For SitePrediction, 39.6% of all known sites were
ranked first and 63.9% were in the top three, which is
considerably higher than the scores for GraBCas but
similar to those for PoPS and CaSPredictor (Supple-
mentary Table S2). The good ranking results can be
explained by the absolute D specificity at the P1 position.
SitePrediction (using a sensitivity cut-off of 95%) indicates
all the known-sites (100%) as being possible cleavage sites,
PoPS 81.7%, CaSPredictor 63.9% and GraBCas 41.6%,
demonstrating that SitePrediction is superior in covering
all experimentally defined data in this instance.

To further investigate the validity of the cleavage site
prediction programs when using proteinases that do not
have 100% specificity at a defined position, we examined
known substrates of calpain-2 (Figure 2b). Because only
PoPS and SitePrediction allow the definition of any pep-
tide-cleaving motif, only these two tools were compared.
Calpain-2 is a cysteine proteinase that is activated by
calcium during endoplasmatic reticulum stress and during
anoxic neuronal cell death in stroke and spinal injuries. We
used the 36 sites in 12 human substrates described in the
MEROPS database to generate the cleavage site motif.
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The top-one and top-three ranking parameters show
drastically lower values as compared to the caspase-3
results (Supplementary Table S3). This could be expected
because of the lower number of input sites and the absence
of a 100% specificity position. By contrast, PoPS ranked
only 5.6% and 8.3% of these cleavage sites in the top one
and top three, respectively. Overall, SitePrediction
detected 75% of the experimentally identified sites,
whereas PoPS predicted only 41.7%. For all scoring
parameters, SitePrediction gave better predictions of the
experimental cleavage sites than PoPS. Taken together,
we can conclude that SitePrediction has a broader appli-
cability and a wider versatility than the other tools.

Evaluation of extra features of SitePrediction

Statistics

The statistics feature of the SitePrediction tool estimates
the quality of the prediction and allows a threshold to be
set to determine in silico cleavage sites. The SitePrediction
statistics feature was run against input cleavage sites of
both caspase-3 and calpain-2. An effective method for
evaluating the performance of the tool is the receiver
operating characteristic (ROC) curve, which is defined as
a plot of the sensitivity versus its false positive rate (= one
minus specificity) [20]. The accuracy of ROC analysis is
measured by the AUC (area under the curve), and the
values of 0.995 and 0.951 for caspase-3 and calpain-2,
respectively, illustrate that the calculation is very accurate
using the given input sites (Figure 3).

We generally assume a specificity of at least 95% for
determining the threshold. This means that for caspase-3
the threshold of the average score is set at 0.05, which
results in a sensitivity of 100%, meaning that all the known
sites have a score higher than this threshold. For calpain-2,
the 95% specificity is obtained at a threshold score 0f 0.375,
with a sensitivity of 75%. Thresholds with higher speci-
ficity (>95%) can also be used, but this would result in a
reduction in the number of predicted cleavage sites.

PEST analysis

The PEST analysis feature of SitePrediction was applied to
the predicted substrates from caspase-3, calpain-2, gran-
zyme-B and cathepsin-D. Substrates of granzyme-B and
cathepsin-D have been identified extensively (31 and 17
substrates, respectively, were found in MEROPS [1]).
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The percentage of amino acids in PEST regions was calcu-
lated for all substrates. These values were compared to
those of all translated transcripts of the human genome
currently available at NCBI. In the theoretical human
proteome, 3.46% of all amino acids are calculated to be
in PEST sequences, whereas for known proteinase sub-
strates only, slightly different percentages are found
(Supplementary Table S4). Looking at the percentage of
the substrates that contain PEST sequences, a clearer
difference emerges. Only 33% of the human proteins are
predicted to contain PEST sequences, compared with 58%),
50%, 58% and 39% of the caspase-3, calpain-2, granzyme-B
and cathepsin-D substrates, respectively. To further
examine a possible correlation among the occurrences of
PEST sequences containing potential proteinase cleavage
sites, we calculated the percentage of amino acids of the
experimentally known sites that are situated in a PEST
sequence (Supplementary Table S4). Only caspase-3 and
granzyme-B substrates seem to have a percentage of amino
acids of known cleavage sites within PEST sequences,
whereas known calpain-2 and cathepsin-D cleavage sites
seem to negatively correlate with their presence within or
partly within PEST sequences (Supplementary Table S4).
Taken together, these results indicate that for caspase-3
and granzyme-B there is a higher frequency of cleavage
sites in PEST sequence regions.

The presence of PEST sequences in the C- or N-terminus
of the generated fragments might determine their turnover
and stability, and thereby their function. For calpain-2 and
cathepsin-D, there is no increase of the frequency of PEST
sequences in the cleavage sites observed. This is in line
with the role of caspases and granzyme-B in signal trans-
duction events, as opposed to the non-specific functions of
degrading proteases. The calculation of the PEST sequence
might thus be more indicative for predicting a substrate
than for predicting the position of a cleavage site.

Solvent accessibility and structure prediction

We analyzed the substrates of the proteinases with the
SSPro package incorporated into SitePrediction to predict
solvent accessibility and the secondary protein structure at
the cleavage site. For caspase-3, 53.9% of all amino acids of
the known substrates were predicted to be ‘exposed’, com-
pared with 68.15% for the experimental cleavage sites
(Supplementary Table S4). Predictions on the substrates
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Figure 3. ROC curves generated by SitePrediction for two proteinases. (a) Caspase-3 ROC curve. (b) Calpain-2 ROC curve. The ROC curve is defined as a plot of the
sensitivity versus its false positive rate (= one minus specificity). The area under the curve (AUC) gives an indication on the quality of the prediction.
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of calpain-2 and granzyme-B also showed an increase of
exposed residues, but the cathepsin-D results showed a
slight decrease. This shows that cleavage sites might be
present in protein regions that are more accessible to
solvent than the rest of the substrate, but when solvent
accessibility is used as an extra decision factor, caution and
prior analysis of known substrates is needed.

SitePrediction also contains a secondary structure pre-
diction feature that can analyze whether the presence or
absence of a secondary structure would affect the predic-
tion of potential cleavage sites. The cleavage sites of cas-
pase-3 and granzyme-B are preferentially situated in the
unstructured sequences (Supplementary Table S4), which
agrees with experimental data [21], whereas calpain-2
cleavage sites are present equally in structured and non-
structured protein sequences. By contrast, cathepsin-D
cleavage sites are preferably present in structured regions.
These observations are in agreement with the functions of
the different proteases. Hence, depending on the protein-
ase, prediction of the secondary structure could be an
additional feature for evaluating the likelihood of potential
cleavage sites. More extensive analysis on large datasets
using different proteases could reveal the general applica-
bility of parameters such as solvent accessibility, PEST
region prediction and secondary structure prediction in
delineating in silico cleavage sites.

Conclusions

A comparative analysis of five publicly available protease
cleavage site prediction tools shows that only two of them
can make accurate predictions for a wide range of pro-
teases (PoPS and SitePrediction). PeptideCutter scored
worst in defining caspase-3 cleavage sites because it
detected only 2.5% of the cleavage sites reported in the
literature. GraBCas and CaSPredictor are limited by the
number of proteases for which they can be used. The
advantages of SitePrediction are that it is user-friendly,
fast and allows the advanced user to gather additional
features on the physicochemical environment of the poten-
tial cleavage sites (solvent accessibility, secondary struc-
ture and PEST sequences).
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