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Abstract

Bottom-up proteomics is currently the dominant strategy for proteome analysis. It relies critically 

upon the use of a protease to digest proteins into peptides, which are then identified by liquid 

chromatography-mass spectrometry (LC-MS). The choice of protease(s) has a substantial impact 

upon the utility of the bottom-up results obtained. Protease selection determines the nature of the 

peptides produced, which in turn affects the ability to infer the presence and quantities of the 

parent proteins and post-translational modifications in the sample. We present here the software 

tool ProteaseGuru, which provides in silico digestions by candidate proteases, allowing evaluation 

of their utility for bottom-up proteomic experiments. This information is useful for both studies 

focused on a single or small number of proteins, and for analysis of entire complex proteomes. 

ProteaseGuru provides a convenient user interface, valuable peptide information, and data 

visualizations enabling the comparison of digestion results of different proteases. The information 

provided includes data tables of theoretical peptide sequences and their biophysical properties, 

results summaries outlining the numbers of shared and unique peptides per protease, histograms 

facilitating the comparison of proteome-wide proteolytic data, protein-specific summaries and 

sequence coverage maps. Examples are provided of its use to inform analysis of variant-containing 

proteins in the human proteome, as well as for studies requiring the use of multiple proteomic 

databases such as a human:mouse xenograft model, and microbiome metaproteomics.
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Introduction:

Bottom-up proteomics is the principal approach employed for the analysis of complex 

proteomes. In bottom-up proteomics, proteins are digested into peptides prior to 

chromatographic separation and tandem mass spectrometric analysis1. Their identification 

and quantification aids in inference of the proteins present in the sample and provides 

valuable information on their abundances1. Bottom-up proteomics has evolved into a 

widespread and high-throughput approach providing sensitive and in-depth characterization 

of thousands of proteins in complex proteomes2.

This peptide-centric approach is entirely reliant on proteases, and their ability to generate 

predictable proteolytic peptides that span the proteome and are detectable by the mass 

spectrometer. Often, a single protease, trypsin, is used for digestion. Trypsin is robust, 

reproducible, and its cleavage motif at the carboxyl side of the amino acids lysine or 

arginine generates peptides that ionize well3,4. In some cases, a protease other than trypsin 

can yield improved results identifying more critical peptides for the identification of select 

proteins, PTMs, or sequence variations of interest3,5. Furthermore, we and others have 

shown that the use of multiple proteases in parallel produces superior results, increasing 

the number of proteins and post-translational modifications identified through increased 

proteome coverage6–9.

However, it is often not straightforward to determine which protease or combination of 

proteases is best suited for a given experiment. Due to cost, time, and sample limitations, 

it is frequently infeasible to employ a trial and error approach, digesting samples with 

all commonly used proteases to determine which worked the best. Selection of a protease 

or combination of proteases for sample digestion relies on the ability to determine which 

proteolytic digestions will produce peptides that are the most likely to be observed via mass 

spectrometry (based on their biophysical properties such as length and hydrophobicity), 
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provide adequate protein sequence coverage, and generate sufficient numbers of unique 

peptides to identify specific proteins, or a large portion of the proteome. The ability 

to identify unique peptides is always important in bottom-up proteomics, but becomes 

even more critical when samples include proteins from multiple species, as is the case 

for xenograft or microbiome samples10–12. Peptides can not only be ambiguous between 

proteins within a species, but also between proteins from different species, compromising 

the ability to draw biological conclusions from the proteomic results. This creates a need 

for experimental planning, in which theoretical peptides produced by potential proteolytic 

digests are generated and the proteases can be compared for their efficacy prior to initiating 

laboratory work.

We have developed a free and open-source software tool, ProteaseGuru, to enable the 

comparison of candidate proteases through in silico digestion of protein databases. We 

designed ProteaseGuru with the goal of making it the easiest to use and most versatile 

in silico digestion tool to date. Users can select as many proteases as desired to 

digest the elements of one or more protein databases generating a pool of theoretical 

peptide sequences. After in silico digestion, ProteaseGuru determines several biophysical 

characteristics of the theoretical peptide sequences which can help to assess their uniqueness 

and utility for bottom-up proteomic analysis. Digestion result summaries are provided for 

each in silico digested database, giving the number of shared and unique peptides. When 

more than one database is utilized, as for the xenograft and microbiome applications 

mentioned above, an additional analysis is performed to determine which peptides are 

unique to a single protein and which are distinct to a single species. Such peptides are 

valuable for the identification and quantification of select proteins in complex proteomic 

backgrounds. ProteaseGuru provides graphical visualizations, such as histograms and 

protein sequence coverage maps, that aid the user in evaluation of candidate proteolytic 

digestions of either specific proteins of interest or on a whole proteome level. Specific 

examples demonstrating ProteaseGuru’s utility are shown for different experiment types, 

including proteogenomics, xenograft analysis, and microbiome metaproteomics.

Methods:

The Tool:

ProteaseGuru is a windows GUI application written in C# for the in silico digestion of 

protein databases. ProteaseGuru includes both MzLib (v1.0.485), a mass spectrometry 

code library (https://github.com/smith-chem-wisc/mzLib), and OxyPlot (v2.0.0), for data 

visualization, as Nuget packages. The application and its source code are available for 

download on GitHub (https://github.com/smith-chem-wisc/ProteaseGuru). The prediction of 

both a peptide sequence’s hydrophobicity and electrophoretic mobility are incorporated into 

ProteaseGuru. The hydrophobicity of unmodified peptide sequences is predicted using the 

SSRCalc algorithm described by Krokhin et al.13 and electrophoretic mobility of peptide 

sequences, including PTMs, is calculated based on a modified Cifuentes’s model14 as 

described in Chen et al.15.

ProteaseGuru accepts, as input, UniProt formatted XML and FASTA databases. Post­

translational modifications annotated in the UniProt XML database are loaded into 
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ProteaseGuru and are displayed within protein sequence coverage maps and annotated in 

the full sequence of theoretical peptides, and contribute towards the total molecular weight 

of the theoretical peptide. Additionally, users can choose, as part of the digestion parameters, 

to include carbamidomethylation of cysteine as a fixed modification and oxidation of 

methionine as a variable modification.

Data Analysis:

The utility of ProteaseGuru was evaluated for three different applications: 1) human:mouse 

xenografts, 2) identification of sequence variant-containing proteins, and 3) a subset of the 

human skin microbiome. Analysis was performed using ProteaseGuru version 0.0.21 with 

the following digestion conditions: proteases = [Arg-C, Asp-N, chymotrypsin (don’t cleave 

before proline), Glu-C (with asp), Lys-C (don’t cleave before proline) and trypsin (don’t 

cleave before proline)]; max number of missed cleavages = 2; min peptide length =7; and 

max peptide length = 50; and treat modified peptides as different = False.

For the xenograft application, human and mouse reference databases were downloaded from 

UniProt in .xml format. Only reviewed Swiss-Prot entries were included in the databases.

For the variant analysis, a proteogenomic database generated by Spritz16 (version 0.1.3) 

was utilized. The RNA-Seq data used as input for Spritz is publically available and 

can be downloaded from the GEO Sequence Read Archives with the following identifier 

GSE45428.

For the skin microbiome analysis, a subset of the entire microbiome was analyzed. In 

a review by Byrd et. al. concerning the human skin microbiome, a table was provided 

outlining the top 10 most abundant bacterial, eukaryotic, and viral species present in four 

different physiological sites (dry skin, moist skin, sebaceous skin and foot skin)17. With 

duplicate species removed a total of 59 species remained. Of those 59 species, 57 are present 

on UniProt and the corresponding protein databases in .fasta format were downloaded (See 

Supp. Table 1 for the specific species included, and download information).

Results and Discussion:

The utility of ProteaseGuru as an experimental planning and protease comparison tool will 

be demonstrated through three different case studies, representative of three distinct bottom­

up proteomic applications: 1) proteomics on xenograft samples, 2) variant proteomics, and 

3) microbiome analyses. We will also evaluate the relative ease of use and versatility of 

ProteaseGuru by benchmarking its features against those of existing tools

Analysis of Patient-Derived Xenografts

Proteomic samples are sometimes more complex than a single species’ proteome. Patient­

derived xenografts (PDXs) are human tumor samples that have been transplanted into an 

immune-compromised, or humanized mouse. PDXs are a widely used model system for 

the study of cancer18–21. ProteaseGuru is applied here for PDX proteomics, performing 

in silico digestion and analysis of both the human and mouse UniProt databases to guide 

experimental design.
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As part of its post-digestion processing, ProteaseGuru determines a peptide’s “uniqueness” 

for three different categories: 1) ‘Unique in database’ - a peptide is unique if it is the 

proteolytic product of a single protein within a database; 2) ‘Unique in all databases’ - a 

peptide is unique if it is the digestion product of a single protein within all of the databases 

analyzed; and 3) ‘Exclusive to this database’ – a peptide’s sequence (regardless of its shared 

or unique peptide status) is only found in one protein database. This categorization enables 

the identification of theoretical peptide sequences that can distinguish proteins and species in 

complex mixtures. For all uniqueness categorizations, isoleucine and leucine are treated as 

distinct amino acids. All three ‘uniqueness’ values are displayed in the ProteaseGuru peptide 

output files, and are included in result summaries, histograms, and sequence coverage maps. 

This feature of ProteaseGuru is critical for the combined analysis of the human and mouse 

databases since their proteomes have high sequence homology. Once the proteomes are 

digested, it can be difficult to determine which peptides belong to the human tumor, and 

which belong to mouse proteins. The ability to distinguish human and mouse proteins is 

critical to the success of many PDX studies, and their ability to inform future functional or 

clinical research.

The extent to which homology between the two species complicates proteomic analysis was 

evaluated using the count of shared and unique peptides for the combined and individual 

database analyses provided in the ProteaseGuru summary file (Figure 1). The average 

percent unique peptide sequences for all of the in silico digestions is 97.6% for human 

and 98.5% for mouse (category 1). If there was no sequence homology between the two 

species, all peptides that were unique in the separate human and mouse analyses would 

remain unique peptides when the two proteomes are analyzed together, yielding a percent 

unique peptide value of approximately 98.01%. However, it is well documented that there 

is homology between the human and mouse proteome with the average degree of protein 

sequence conservation for orthologous human and mouse genes being approximately 85%22. 

When comparing the combined theoretical peptides from the human and mouse proteomes, 

the percent unique peptide sequences (category 2) observed was 81.5%, indicating the high 

homology of the human and mouse proteomes has a strong impact on the ability to identify 

peptides unique to a single protein.

Analysis of Sequence Variant-Containing Proteins

Proteomic experiments can be focused on the entire proteome, or can be focused towards 

capturing a particular class of proteins, a specific protein, or a specific post-translational 

modification. ProteaseGuru allows selection of the protease or combination of proteases 

that will be most effective in achieving the goal of such proteomic experiments. Here 

we demonstrate this functionality by applying ProteaseGuru to a proteogenomic database 

generated by the software tool Spritz16. Spritz utilizes RNA-sequencing data and a reference 

genome to generate a protein XML database containing sequence variations present in the 

sample’s transcriptome.

Proteins translated from variant transcripts may have zero, minor or very substantive amino 

acid sequence differences, depending on the nature of the nucleic acid variation(s) present. 

A proteogenomic database, generated from these transcripts, will include greater proteomic 
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complexity than the standard UniProt database because the translation products derived 

from both alleles are represented. These homologous alleles, producing related transcripts, 

will give rise to translation products which also have high homology, and accordingly a 

greater prevalence of peptides are shared between those homologous proteins (Figure 2). 

The average increase in the percent of shared peptide sequences across proteases is 61.8% 

when comparing Spritz and UniProt database results. The dramatic increase in the percent 

of shared peptide sequences underscores the importance of identifying protease(s) capable of 

producing unique peptides for the confident identification of variant-containing proteins, as 

well as the importance of utilizing proteogenomic databases in general.

Using the peptide output files from ProteaseGuru, the following information is readily 

determined for each proteolytic digestion of the Spritz database: a) the number of unique 

peptides for variant proteins (category 1), b) the number of variant proteins which have 

unique peptide evidence, and c) the number of variant proteins that can only be confidently 

identified by theoretical peptides from this digest (see Table 1). Based on these results, it 

is clear certain proteolytic digests have the capability of producing more variant protein 

identifications (e.g. Trypsin, Chymotrypsin and Glu-C), and in order to maximize the 

number of variant proteins identified, a combination of proteases must be used. The 

maximum number of variant proteins (5355), can only be achieved when all proteolytic 

digests are performed since there are variant protein identifications unique to each digest. 

However, it is not always feasible to perform that many parallel digests, and it is prudent 

to determine, based on the number of digestions to be performed, the combination of 

proteases that captures the largest population of variant proteins. In Figure 3, the numbers of 

variant proteins that can be identified via a unique peptide sequence are determined for all 

individual proteases and all combinations of proteases.

ProteaseGuru also enables the investigation of individual proteins through the generation of 

protein-specific digestion result summaries and protein sequence coverage maps. Sequence 

coverage maps enable the visualization of theoretical peptide coverage, for all proteolytic 

digests, for a given protein, and for its database-annotated PTMs and variants. This feature 

is valuable for more focused experiments because it allows the user to visualize which 

protease provides optimal coverage of proteins of interest, and which protease(s) can 

produce peptides that cross PTMs or variant sites. The sequence coverage map of UniProt 

protein H3BQZ5, with a single amino acid variant at residue 25 from cysteine to arginine, 

is shown in Figure 4. This coverage map highlights that only one of the six proteases 

evaluated, Arg-C, produces theoretical peptide sequences unique to this protein, and only 

one of those sequences crosses the variant site. This variant-crossing peptide is particularly 

valuable in that it confirms the presence of the variant.

Analysis of Skin Microbiome

Metaproteomics encompasses the study of incredibly complex and diverse multi-species 

proteomes such as those for microbial communities and microbiomes23. ProteaseGuru is 

able to perform in silico digestions on more than 2 proteomes at once, a functionality absent 

from existing in silico digestion tools. It is important to note the computational requirements 

for these analyses scales with the number and size of the proteomes being analyzed. Shown 
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here is the use of ProteaseGuru on 57 protein databases which compose a subset of the 

human skin microbiome, as described in Methods.

ProteaseGuru generates various histograms within the graphical user interface (GUI) to 

enable the comparison of proteolytic digests. These histograms and the data tables used 

to generate the histograms can be exported. Figure 5 shows a “Percent Protein Sequence 

Coverage” histogram generated by Excel for the microbiome analysis using the exported 

data table from ProteaseGuru. Often, peptides with fewer than seven amino acids are 

difficult to confidently identify via mass spectrometry3,7. Therefore, setting a minimum 

peptide length of seven for in silico digestion enables the generation of theoretical peptides 

that, based on length, are likely to be identified. Specifying peptide length digestion criteria 

will result in proteins where there are regions of amino acid sequence without theoretical 

peptide sequence coverage, approximating a lack in identifiable coverage in actual digestion 

results. It is desirable to select proteases that provide the greatest proteome coverage overall, 

and on a protein by protein basis. As may be seen in Figure 5, the ProteaseGuru results show 

that in silico digestion with Trypsin, Chymotrypsin and Glu-C produce peptide sequences 

that would provide the most comprehensive coverage of the proteome, whereas Lys-C 

digestion would provide the least proteome coverage.

Comparison of ProteaseGuru to existing tools

ProteaseGuru includes numerous features that provide versatility for a wide-range of 

bottom-up proteomic experiments. A comparison of features between ProteaseGuru and 

other existing in silico digestion tools is provided in Table 2. iHDPM [24] is a great tool, 

with many wonderful visualization features, but lacks customizability. iHDPM is limited to 

analysis of the human proteome, with a predetermined set of proteolytic digests. In contrast, 

ProteaseGuru allows the user to supply as many of their own protein databases as necessary, 

providing the user with more control over their analysis. ProteaseGuru is one of two tools 

that permits the analysis of more than one database at a time, and is the only tool that allows 

for the analysis of more than two databases. ProteaseGuru also does not limit the user to 

digestion with the default proteases provided, only two other in silico digestion tools offer 

that same level of flexibility. ProteaseGuru makes the process of custom protease generation 

easy by allowing the user to add a custom protease within the GUI- simply requiring a 

protease name, and cleavage motif. ProteaseGuru is also one of three tools that provides 

result visualizations. In silico digestion results can be visualized as histograms and in protein 

sequence coverage maps. Both histograms and sequence coverage maps can be exported 

for publication. An additional feature unique to ProteaseGuru, is the ability to export the 

data tables underlying the histogram which facilitates the easy recreation of the plots in 

the user’s software of choice. ProteaseGuru provides a combination of features and a level 

of user-friendliness that provides an increased degree of versatility compared to existing in 
silico digestion tools.

Conclusion:

ProteaseGuru is a software tool designed to aid in the selection of proteases for bottom­

up proteomic experiments. The in silico digestion, and subsequent analyses performed 
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within ProteaseGuru provide result files and data visualizations that empower users to 

make informed choices on which proteases to select for bottom-up proteomic experiments. 

This eliminates the need for a trial and error approach which is costly with respect to 

time, samples, and money. ProteaseGuru is the most broadly applicable in silico digestion 

software to date, enabling its use for proteomics experiments focused on PTM or variant 

identification, as well as for proteome-wide experiments analyzing sample composed of one 

or more species. ProteaseGuru not only provides the peptide sequences that result from 

in silico digestions, but also a wide variety of information about each peptide to enable 

customized analyses based on the users’ needs such as: peptide’s modification status, length, 

protein of origin, position within the protein of origin, hydrophobicity, electrophoretic 

mobility and uniqueness. ProteaseGuru also generates several histograms to aid in the 

comparison of proteolytic digests, as well as providing the ability to investigate the in silico 
digestion of specific proteins of interest. ProteaseGuru provides numerous features, along 

with a user-friendly experience to facilitate experimental planning for a wide-variety of 

bottom-up proteomic experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Box plot generated from the percent unique peptide sequences for all 6 proteolytic digests 

(Arg-C, Asp-N, Chym, Glu-C, Lys-C and Tryp) when the human and mouse databases 

are analyzed either separately (category 1) or together (category 2). The high sequence 

homology between the human and mouse protease creates a significant decrease in the 

percent of unique peptides, and a corresponding increase in the percent of shared peptides.
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Figure 2: 
Comparison of the percent of shared peptide sequences for each protease between the Spritz 

proteogenomic database and the reference UniProt database.
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Figure 3: 
Plot for each protease and combination of proteases showing the number of variant proteins 

that can be confidently identified by unique peptides. This shows which protease or 

combination of proteases provides the best coverage of variant proteins within the proteome. 

(Arg-C: AC, Asp-N: AN, Chym: C, Glu-C: G, Lys-C: L, and Tryp: T)
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Figure 4: 
Sequence coverage map of variant containing protein (H3BQZ5_C25R) exported from 

ProteaseGuru. Theoretical peptide sequences are mapped to the protein highlighting its 

coverage by shared and unique peptides for all proteolytic digests. Unique peptide sequences 

are bold colored, where shared peptide sequences are translucent. Peptides are ordered by 

their starting residue. Since peptides with up to two missed cleavages are allowed, multiple 

peptides from the same protease can overlap but will either start or end at different residues. 

Multiple amino acid gaps between peptide lines correspond to regions of the proteome that 
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are not covered by any peptide sequence due to the constraints placed on acceptable peptide 

length, and number of missed cleavages. For peptides that span more than one row, the line 

extends beyond the margin before wrapping around to the next row down. Peptide sequences 

unique to this specific variant protein were only obtained in the Arg-C digest, and only a 

single theoretical unique Arg-C peptide crosses the variant site (the upper of the two bold 

lines).
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Figure 5: 
Histogram comparing the distribution of percent protein sequence coverage for the skin 

microbiome based on the protease used for in silico digestion.
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Table 1.

Variant Protein Results

Protease Number of Unique Peptides for Variant 
Proteins (Percent of Total Unique Peptides)

Number of Variant Proteins 
with Unique Peptides

Number of Variant Proteins with 
Unique Peptides Exclusive to a 

Protease

Arg-C 52453 (9.5%) 4346 46

Asp-N 39981 (9.9%) 3934 58

Chymotrypsin 127011 (9.7%) 4660 84

Glu-C 101760 (10.3%) 4639 38

Lys-C 45753 (10.0%) 3840 25

Trypsin 95781 (9.9%) 4733 15

J Proteome Res. Author manuscript; available in PMC 2022 April 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Miller et al. Page 17

Table 2:

Comparison of in silico Digestion Tool Features

Tool Name
Digests 
Whole 

Proteome

User 
Supplied 

Database(s)

Can 
Digest 

Multiple 
Databases

Runs 
Parallel 
Protease 

Digestions

Enables 
Custom 
Protease 

Generation

Determines 
Uniqueness 
of Peptides

Provides 
Data 

Visualization

Includes 
PTM 

Annotations

Cross- 
Platform 

Web 
Interface

Provides 
Theoretical 

Peptide 
Fragmentation 

Data

ProteaseGuru Yes Yes Yes Yes Yes Yes Yes Yes No (C# 
GUI) No 

iHPDM24 Yes No No Yes No Yes Yes Yes Yes No

IPEP25 No No No Yes No No Yes No Yes No

MS-Digest No No No No No No No Yes Yes Yes

pepServe26 No No No No No Yes No Yes Yes No

PeptideCutter27 No No No No No No No No Yes No

PeptideManager10 Yes Yes Yes 
(max:2) No No Yes No Yes No (C# 

GUI) No

PeptideMass28 No No No No No No No Yes Yes No

Protein Digest No No No No No No No No Yes No

Proteogest29 Yes Yes No No Yes Yes No Yes No (Perl 
application) No

Rapid Peptides 
Generator30 Yes Yes No Yes Yes No No No

No (Python 
tool) No
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