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Abstract

Summary: Proteases are enzymes that specifically cleave the peptide backbone of their target pro-

teins. As an important type of irreversible post-translational modification, protein cleavage underlies

many key physiological processes. When dysregulated, proteases’ actions are associated with numer-

ous diseases. Many proteases are highly specific, cleaving only those target substrates that present

certain particular amino acid sequence patterns. Therefore, tools that successfully identify potential

target substrates for proteases may also identify previously unknown, physiologically relevant cleav-

age sites, thus providing insights into biological processes and guiding hypothesis-driven experiments

aimed at verifying protease–substrate interaction. In this work, we present PROSPERous, a tool for

rapid in silico prediction of protease-specific cleavage sites in substrate sequences. Our tool is based

on logistic regression models and uses different scoring functions and their pairwise combinations to

subsequently predict potential cleavage sites. PROSPERous represents a state-of-the-art tool that en-

ables fast, accurate and high-throughput prediction of substrate cleavage sites for 90 proteases.

Availability and implementation: http://prosperous.erc.monash.edu/

Contact: jiangning.song@monash.edu or geoff.webb@monash.edu or r.pike@latrobe.edu.au

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Proteases are enzymes that specifically cleave the peptide backbone

of target proteins (Chou, 1996; Chou et al., 1996; López-Otı́n and

Matrisian, 2007). This cleavage represents an important type of irre-

versible post-translational modification, and is involved in many key

physiological processes (Overall and Blobel, 2007). Dysregulation

of proteases has been associated with numerous diseases (Turk,
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2006). Many proteases are highly specific, cleaving only the target

substrates that present the appropriate combination of structural

features and amino acid sequence patterns. Thus, the knowledge of

protease-specific substrate cleavage is fundamental for our under-

standing of the functional mechanisms of proteases. The substrate

specificity of proteases can generally be characterized using peptide

specificity-profiling (Schilling and Overall, 2008) or high-

throughput mass spectrometry techniques (Dix et al., 2008; Mahrus

et al., 2008). However, as experimental identification of protease

cleavage events is often difficult, expensive and time-consuming, it is

highly desirable to develop cost-effective computational methods

and tools to complement experimental efforts. In this context, com-

putational methods and tools for identifying potential target sub-

strates of proteases can help guide hypothesis-driven experimental

studies of protease–substrate interaction (duVerle and Mamitsuka,

2012; Song et al., 2011). A variety of computational tools have been

developed for this purpose, including PeptideCutter (Gasteiger et al.,

2003), CaSPredictor (Garay-Malpartida et al., 2005), GraBCas

(Backes et al., 2005), PoPS (Boyd et al., 2005), HIVcleave (Shen and

Chou, 2008), SitePrediction (Verspurten et al., 2009), Pripper

(Piippo et al., 2010), Cascleave (Song et al., 2010; Wang et al.,

2014) and PROSPER (Song et al., 2012). Among these methods,

HIVcleave is focused on predicting HIV protease cleavage sites in

proteins, while GraBCas, CaSPredictor, Cascleave and PROSPER

can only predict substrate cleavage sites for a limited number of pro-

teases (e.g. caspases and/or granzyme B), and consequently have

only a limited applicability. Meanwhile, two methods were de-

veloped to identify proteases and their types (Chou and Shen, 2008;

Shen and Chou, 2009).

In the present study, we introduce PROSPERous, a tool for

rapid, in silico prediction of protease-specific cleavage sites within

substrate sequences. PROSPERous is based on logistic regression

(LR) models that integrate various scoring functions based on the

local sequence environments of cleavage sites. We evaluated the per-

formance of the models and compared this with three popular tools

PoPS, SitePrediction and PROSPER.

2 Materials and methods

In this study, protease-specific substrate data were extracted from

the MEROPS database (Rawlings et al., 2016), which is a compre-

hensive information resource for proteases, their substrates and in-

hibitors. Importantly, we only collected curated substrate sequences

and cleavage sites that had been readily validated experimentally.

To assess the performance of the models, we constructed both

benchmark and independent test datasets. To avoid potential bias

and over-fitting, we performed sequence clustering and homology

reduction using the CD-HIT program (Fu et al., 2012) to remove

any sequence redundancy at and above a sequence identity of 70%

between any two sequences from the extracted dataset. After this

procedure, the resulting dataset was further split into two parts,

namely the benchmark dataset and the independent test dataset. The

performance of different scoring functions was evaluated on the

benchmark dataset, while the performance of our and other existing

methods was evaluated on the independent test dataset. A complete

list of substrate sequences and cleavage sites for each protease can

be found on the server website https://prosperous.erc.monash.edu/.

Supplementary Table S1 provides a statistical summary of substrate

sequences and cleavage sites of different proteases in both bench-

mark and independent test datasets, with sequence logo representa-

tions of P4–P40 sites shown in Supplementary Figure S1.

The scoring function used for ranking potential protease-specific

cleavage sites on the basis of their flanking amino acid sequences is a

critical determinant of the prediction performance of the tool. Briefly,

several different types of scoring functions to choose from are available

in PROSPERous. These include Nearest Neighbor Similarity (NNS),

Amino Acid Frequency (AAF), WebLogo-based Sequence conservation

(WLS), BLOSUM62 Substitution Index (BSI), as well as combinations

of pairs of scoring functions, namely AAFþNNS, WLSþBSI and

NNSþWLS. These different scoring functions and their combinations

are defined in detail in the Supplementary Material.

An important aspect of PROSPERous is the use of an LR routine

that builds upon combinations of individual scoring functions and

allows for a more accurate identification of potential cleavage sites.

Our extensive benchmark tests showed that the integrated use of all

individual scoring functions together in one LR framework

enhanced the quality of the predictions considerably (see detailed re-

sults in the Supplementary Material). We implemented the LR mod-

els with the R package for LR (Everitt and Hothorn, 2010). The

individual scoring functions described above, and their combin-

ations, were used as input features to train the LR models. For each

protease, the scoring functions used to assess and rank the potential

cleavage sites were further used as input features to inform and train

each protease-specific LR model. To comprehensively evaluate the

prediction performance of these scoring functions and their combin-

ations, we performed 5-fold cross-validation, and independent tests.

The overall flowchart of PROSPERous is shown in Figure 1.

Processing a query sequence using the server involves several steps.

Firstly, users need to choose a proper cleavage site pattern P4–Pn0

(n¼1, 2, 3 and 4) to score the potential cleavage site. Choosing an op-

timal window for the cleavage site sequence is most relevant for the

prediction, and primarily depends on expert knowledge. However, in

the absence of such knowledge, we recommend users to choose the

P4–P20 window to make the prediction, as previous studies have indi-

cated that this window can lead to the overall best performance for

predicting cleavage sites for a number of proteases (Song et al., 2012,

2010; Wang et al., 2014). Secondly, users need to choose an appropri-

ate scoring function, or a combination of two such functions. Upon

query submission, the submitted sequence will be scanned against the

known cleavage site database. The score for each potential P4–Pn0

cleavage site will be calculated based on the selected scoring function,

and the top-ranking results will be displayed on the screen. The per-

formance comparison between different scoring functions, including

pairwise combinations, and different LR models, as evaluated on two

types of independent test datasets [with sequence redundancy

removed at 70% and 30% sequence identity (SI), respectively], is pre-

sented in Supplementary Tables S2–S5.

3 Implementation

A complete description of the PROSPERous web server imple-

mentation, including a detailed flowchart, is available in the

Supplementary Material. Here, we provide a brief summary. The web-

server was implemented in HTML and Perl and configured in the

Linux environment on an eight-core server machine with 16GB mem-

ory and a 4TB hard disk. In order to submit a job, users need to provide

one or more query sequences in the FASTA format. To initiate the pre-

diction, users will also need to select the cleavage site P4–Pn0 (n¼1, 2,

3 and 4) window, individual scoring functions/combinations/LR mod-

els, and the number of ranked results (Top-1, �3, �5, �10 or �50).

Upon submitting the query sequences, the prediction output by the

webserver will be displayed on the screen. The main outputs include
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ranking, residue position, P4–P20 cleavage site motif (P1 is the predicted

cleavage site), score and protease family that are predicted to cleave the

submitted sequence. To demonstrate how to use the server, we show an

example sequence in FASTA format in Supplementary Figure S2A,

with the corresponding output in Supplementary Figure S2B.

To facilitate high-throughput prediction of potential substrates and

cleavage sites, PROSPERous allows users to submit and process up to

1000 sequences per job submission. Users can choose to upload a plain

text file in the FASTA format or simply copy and paste the sequence

information to perform the high-throughput prediction task. The com-

putational time for completing users’ jobs depends on the number of

submitted sequences, the sequence length and also the scoring func-

tions or models used. To name one example, it takes approximately

7 min to complete the Caspase-3 cleavage site predictions of 1000 se-

quences using the best-performing LR model that was trained based

on individual scoring functions and their pairwise combinations.

4 Performance comparison with other methods

To evaluate the performance of PROSPERous for predicting

protease-specific substrate cleavage sites, we compared its perform-

ance with those of three other popular tools, including PoPS (Boyd

et al., 2005), Site-Prediction (Verspurten et al., 2009) and PROSPER

(Song et al., 2012). Both PoPS and SitePrediction are based on statis-

tical scoring methods, while PROSPER is based on a learned support

vector machine.

The performance comparison results for the independent tests

are shown in the Supplementary Material, using all six performance

measures AUC, MCC, Accuracy, Sensitivity, Specificity and

Precision. Figure 2 and Supplementary Figure S5 show the perform-

ance comparison between different tools in terms of the primary

measure, the AUC score. We can see that PROSPERous achieved the

highest AUC values and clearly outperformed the other three tools

for the substrate cleavage site prediction of all the tested proteases.

In terms of the ROC curves and other performance measures,

PROSPERous also consistently outperformed other tools, as can be

seen from Supplementary Tables S4 and S5, and Figures S3 and S4.

5 Results

We developed the tool PROSPERous to address the need to per-

form high-throughput prediction and analysis of protease-specific

substrate cleavage sites in a cost-effective manner. PROSPERous

integrates characteristic scoring functions that describe the local

sequence environment of cleavage sites with LR models.

Benchmarking experiments indicate that PROSPERous can achieve

performances that are generally superior to, the other three existing

tools (PoPS, SitePrediction and PROSPER). The webserver provides

a straightforward and user-friendly interface for selecting vari-

ous scoring functions and, accordingly, for predicting the sub-

strate cleavage sites for a particular protease. We believe that

PROSPERous is an invaluable tool for assisting cost-effective dis-

coveries of novel target substrates and their cleavage sites and for

facilitating community-wide research in the functional characteriza-

tion of proteases in a high-throughput manner.
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