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Multiplex substrate profiling by mass spectrometry for proteases
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Charles S. Craika,*

aDepartment of Pharmaceutical Chemistry, University of California, San Francisco, San Francisco, 
CA, United States

bSkaggs School of Pharmacy and Pharmaceutical Sciences, University of California San Diego, 
San Diego, CA, United States

Abstract

Proteolysis is a central regulator of many biological pathways and the study of proteases has 

had a significant impact on our understanding of both native biology and disease. Proteases 

are key regulators of infectious disease and misregulated proteolysis in humans contributes 

to a variety of maladies, including cardiovascular disease, neurodegeneration, inflammatory 

diseases, and cancer. Central to understanding a protease’s biological role, is characterizing its 

substrate specificity. This chapter will facilitate the characterization of individual proteases and 

complex, heterogeneous proteolytic mixtures and provide examples of the breadth of applications 

that leverage the characterization of misregulated proteolysis. Here we present the protocol 

of Multiplex Substrate Profiling by Mass Spectrometry (MSP-MS), a functional assay that 

quantitatively characterizes proteolysis using a synthetic library of physiochemically diverse, 

model peptide substrates, and mass spectrometry. We present a detailed protocol as well as 

examples of the use of MSP-MS for the study of disease states, for the development of diagnostic 

and prognostic tests, for the generation of tool compounds, and for the development of protease-

targeted drugs.

1. Introduction

Proteases are enzymes that irreversibly hydrolyze amide bonds in peptide and protein 

substrates. Proteases were originally thought to be protein-degrading enzymes, but they are 

now appreciated as post-translationally modifying enzymes. What distinguishes proteases 

from other classes of post-translationally modifying enzymes is their ability to catalyze a 

functionally irreversible reaction- amide bond hydrolysis. Because of the irreversible nature 

of this post-translational modification, protease activity is tightly regulated at various levels. 

Regulation of proteolytic activity is accomplished by changes in expression levels (Duffy 

et al., 2011; Isaacson, Martin Jensen, Subrahmanyam, & Ghandehari, 2017; Overall & 

López-Otín, 2002), zymogen conversion (Khan & James, 1998; Neurath & Walsh, 1976), 

the presence of interacting partners (Bode & Huber, 1992; Opoku-Nsiah et al., 2022), and 

localization/pH (Yadati, Houben, Bitorina, & Shiri-Sverdlov, 2020). The ultimate goal of 
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these multiple, orthogonal means of regulation is to tightly control proteolysis, enabling 

cells to respond to external and internal stimuli dynamically.

Proteases regulate a wide variety of biological processes in humans. The sequential cascade 

of zymogen conversion and subsequent proteolysis by a family of cysteine proteases called 

caspases is responsible for the initiation and execution of programmed cell death (Kumar, 

2007; McIlwain, Berger, & Mak, 2013). The enzymes responsible for the control of blood 

coagulation consist of numerous serine proteases that participate in a complex cascade of 

zymogen activation and proteolysis (Furie & Furie, 1988). Different proteases are essential 

for adaptive immunity as the proteasome and various aminopeptidases are responsible for 

generation of MHC I peptides (Monaco, 1992; Rock, Farfán-Arribas, & Shen, 2010) while 

MHC II peptides are generated by the cathepsin family of proteases (Hsing & Rudensky, 

2005). Proteases are also key regulators of tissue development and differentiation, with 

roles in processes such as bone morphogenesis (Ortega, Behonick, Stickens, & Werb, 2003) 

and mammary development (Green & Lund, 2005). In addition to these nuanced biological 

roles, proteases also contribute broad, non-specific degradative effects in the case of protein 

digestion (Whitcomb & Lowe, 2007) and protein quality control (Gottesman, Wickner, 

& Maurizi, 1997). Given the breadth of protease function in humans, dysregulation of 

proteolysis contributes to all hallmarks of cancer biology (Hanahan & Weinberg, 2000, 

2011) and is a major contributor to a variety of other diseases (López-Otín & Bond, 2008). 

Proteases perform similar roles in other organisms and are main effectors of infectious 

disease and the ability to rapidly characterize emergent proteases is critical in the response to 

pandemics (Agbowuro, Huston, Gamble, & Tyndall, 2018; Sacco et al., 2020).

1.1. The need for protease profiling technologies

Central to understanding the diverse and nuanced roles of proteases in biological systems 

is the ability to biochemically characterize these enzymes. This characterization has largely 

focused on their substrate specificity toward endogenous and synthetic substrates. The 

detailed characterization of a protease’s substrate specificity provides a better understanding 

of its mechanistic enzymology and biological role. This knowledge enables a variety of 

translational applications, including the development of tools to track protease activity and 

the intelligent design of inhibitors and protease-activated prodrugs. Advances in technology 

have greatly improved our ability to qualitatively and quantitatively uncover the substrate 

specificity of proteases. Every protease profiling technique offers its own unique advantages 

and disadvantages and the selection of the right technique for a research problem of interest 

is critical. In order to appreciate the motivation for the methodology presented herein, 

Multiplex Substrate Profiling by Mass Spectrometry (MSP-MS), it is important to review 

other available methodologies and the unmet needs that inspired the design of MSP-MS.

1.2. Synthetic combinatorial libraries of fluorescent substrates

The development of fluorescent protease substrates allowed the quantification of substrate 

specificity in simple and rapid biochemical assays. In these fluorescent substrate-based 

methods, a peptide sequence of interest is attached to a fluorophore and the cleavage 

of the substrate potentiates the fluorescent signal, allowing turnover of substrate to be 

directly and quantitatively measured in simple plate reader assays. Despite the power of 
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these techniques, there are limitations from the requirement of the fluorescent reporter 

element which deviates from the native peptide structure that proteases evolved to recognize. 

One such technique is Positional Scanning Synthetic Combinatorial Libraries (PSSCL), 

where the fluorescent substrates contain a direct amide bond between the peptide and the 

C-terminal fluorophore (Harris et al., 2000; Ruggles, Fletterick, & Craik, 2004; Schneider 

& Craik, 2009). Cleavage of this bond significantly increases the fluorescence signal of the 

fluorophore. This method allows the quantification of substrate preference for each amino 

acid at each position of a peptide substrate in a simple biochemical assay. Despite the 

benefits of this technique, the presence of a peptide-fluorophore amide bond restricts the 

scope of the assay since only the N-terminal side of a scissile bond contains amino acids 

residues that can be diversified. This means the method does not work for carboxypeptidases 

which recognize their substrates via their C-terminus, or for endopeptidases with substrate 

recognition elements that occurs on the C-terminal side of the scissile bond. More recently, 

an analogous peptide-fluorophore system has been described which uses an N-terminal 

fluorophore, enabling the characterization of the C-terminal preference of a protease 

(Kuriki et al., 2018). These substrates allow the quantification of carboxypeptidase substrate 

specificity but do not work for aminopeptidases and endopeptidases that require substrate 

recognition on the N-terminal side of the scissile bond. A thematically similar but unique 

approach uses internally quenched fluorescent peptide substrates where a fluorophore and a 

quencher are attached to opposite ends of a peptide substrate (Poreba et al., 2017). Cleavage 

within the peptide backbone separates the quencher and the fluorophore physically and this 

loss of proximity potentiates the fluorescent signal. This approach removes the need for 

a direct fluorophore-peptide conjugation but still requires the presence of a fluorophore 

and a quencher at both termini and as such is not amenable to quantifying exopeptidase 

activity unless these fluorophore or quenchers are orientated in a substrate binding pocket 

that can accommodate bulky side chains. The inclusion of fluorophore-quencher pairs, 

which are typically hydrophobic, can also negatively affect the physiochemical properties of 

these peptide libraries. Additionally, since cleavage anywhere along the backbone results in 

fluorescent signal, it requires additional investigation to identify the site of cleavage when 

substrate specificity is not known. While the combination of these related techniques has 

expanded the scope of peptide-fluorophore libraries and enabled their use with all classes 

of proteases, none of these techniques work for all classes of proteases and the reliance on 

a fluorescent reporter restricts the scope as not all proteases tolerate the inclusion of these 

elements. The need to test the turnover of each member of a substrate library individually 

also significantly hinders the throughput of such methods.

1.3. Substrate phage-display based methods

The advent of phage display libraries enabled the generation of large libraries of potential 

peptide substrates (>108), expanding the substrate sequence space greatly compared to 

methods using endogenous proteins from cell lysates or synthetic combinatorial libraries 

(Matthews & Wells, 1993; Scholle et al., 2006). In these techniques, a library of potential 

peptide substrates is employed where these substrates are fused to a coat protein on phage 

and displayed on the surface of the phage where they are immobilized via a solid support. 

The library is exposed to a protease of interest and cleaved substrate phage is released, 

infected into E.coli and propagated in iterative rounds of enrichment. Highly cleaved 
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substrate phage pools are then enriched over time and their sequences can be identified 

through the library plasmid encoding their sequence. This expansion of substrate scope 

enabled the generation of more nuanced specificity information and the rapid identification 

of optimized substrates, but it also has limitations. Due to the requirement of substrate phage 

immobilization, peptide sequences are flanked by some immobilization handle, typically 

a peptide/protein tag or a biotinylation site, and the other side of the peptide substrate is 

fused to the phage coat protein, meaning both the N and C-termini of the peptide substrate 

are blocked. Because of these requirements, this method does not work for exopeptidases. 

Additionally, substrate sequences are typically identified by sequencing of the encoding 

library plasmid, meaning the specific site of cleavage is not directly identified, requiring 

additional follow-up experiments to confirm the site of cleavage when a target protease’s 

substrate specificity is unknown or very broad. This is further complicated by the presence 

of flanking peptide sequences for immobilization or fusion to the coat protein, as cleavage 

at these positions can also lead to phage enrichment. Additionally, propagation of substrate 

phage in E.coli also results in biases, such as depletion of library members that are cleaved 

by endogenous, bacterial proteases or that are not readily expressed or stable in the bacterial 

host. Overall, this method is high throughput and samples a large diversity of substrates 

but is limited to endopeptidases and typically requires substantial follow-up experiments to 

confirm cleavage sites.

1.4. Mass spectrometry-based methods

The continued improvement of mass spectrometry has enabled the development of 

additional techniques which directly identify sites of cleavage through MS/MS based 

sequencing of peptide products (Agard & Wells, 2009; van den Berg & Tholey, 2012). 

Multidimensional fractionation and subsequent mass spectrometric analysis has enabled the 

direct identification of endogenous protease substrates and greatly expanded the throughput 

of mapping endogenous protease cleavage sites (Bredemeyer et al., 2004; Dix, Simon, & 

Cravatt, 2008; Uliana et al., 2021). Additional steps that modify the neo-N-termini generated 

by proteolytic cleavage have expanded these techniques, offering greater sensitivity and 

superior quantification (Ross et al., 2004; Wiita, Seaman, & Wells, 2014). Because these 

mass spectrometry-based techniques use native proteins without the need for affinity or 

fluorescent tags, they are able to overcome the limitations of substrate scope seen with 

fluorescent combinatorial libraries and phage display. These approaches can theoretically be 

used to characterize all classes of proteases, including endopeptidases, aminopeptidases, and 

carboxypeptidases, and they are able to rapidly identify endogenous substrates, streamlining 

the study of a protease’s biological role. Despite these advantages, whole lysate-based 

mass spectrometric techniques suffer from complicated and time-intensive workflows. 

Additionally, the use of native proteins as substrates results in confounding effects from 

secondary structure and restricts theoretical substrate diversity to what is found in the 

proteome.

1.5. MSP-MS conception and design

The pros and cons of these existing methods inspired the design of the methodology 

presented in this chapter- Multiplex Substrate Profiling by Mass Spectrometry (MSP-

MS). MSP-MS is a simple and robust mass spectrometry-based method that can rapidly 
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and quantitatively characterize proteolytic activity using a library of synthetic, model 

peptides. Because MSP-MS uses a library of unmodified peptides, it can characterize both 

endopeptidase and exopeptidase (amino/carboxypeptidase) activities simultaneously, making 

it a universal method for the characterization of proteolysis (O’Donoghue et al., 2012). 

The method is carried out in vitro, making it amenable to a wide variety of sample types, 

including both purified proteases and complex proteolytic mixtures of interest from various 

origins. MSP-MS also has the benefit of remaining robust following systematic modulation 

of conditions such as pH, temperature, and the presence of inhibitors or activators of 

interest. The MSP-MS peptide library is exposed to a sample of interest containing one 

or more proteases, and cleavage sites are identified over time by LC-MS/MS. The use of 

LC-MS/MS as the detection method allows the direct quantification of these cleavages, 

enabling both the identification of substrates of interest and kinetic characterization in a 

single assay. Compared to whole lysate-based mass spectrometric techniques, the defined 

MSP-MS peptide library is compatible with simpler workflows and analysis pipelines while 

still maintaining high sequence diversity. Overall, MSP-MS is a rapid, simple, quantitative, 

and flexible method for the universal characterization of proteolysis in a wide variety of 

sample types.

1.6. Rational design of MSP-MS peptide library

MSP-MS was designed to produce comprehensive and quantitative proteolytic signatures. 

Central to this approach is the design of a substrate library which encompasses high 

sequence diversity with the smallest possible library size. A minimal library allows easier 

production, maintenance, and data analysis. The design of the library is based on the 

two-site hypothesis which posits recognition of two independent features on a substrate 

is typically sufficient for protease binding and subsequent cleavage (O’Donoghue et al., 

2012). Following this logic, a library of decapeptide sequences was designed to encompass 

all neighbor (XY) and near neighbor (X*Y, X**Y) combinations of amino acids using a 

novel algorithm. Cysteine was omitted due to its propensity to form disulfide bonds and 

the oxidation prone methionine was replaced with norleucine (defined as lowercase n). A 

set of 76 peptides containing all amino acid pairs was constructed using this algorithm 

(Fig. 1, Table 1). To generate more diversity, each amino acid in this parent library was 

then swapped with a physiochemically distinct counterpart to afford two additional libraries 

each with 76 decapeptide sequences. To this core set of decapeptides, pairs of amino acids 

were added to the N and C-termini in order to incorporate additional substrate diversity 

for exopeptidases, bringing the peptide length to 14 amino acids in total (Table 2). The 

14 amino acid size is sufficient for extended substrate binding while minimizing secondary 

structure. The end result of this design philosophy is a library of 228 14-mer peptides which 

encompass high sequence and physiochemical diversity, containing a total of 2,964 unique 

potential cleavage sites.

1.7. MSP-MS workflow

To perform MSP-MS, a sample containing a protease of interest is incubated with an 

equimolar mixture of all 228 peptides in the MSP-MS library. This protease-containing 

sample can be a pure protease or a complex mixture of proteases, such as cell or 

tissue extracts, conditioned media from microbial or mammalian cells, or patient-derived 
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biofluids. Assays can be performed at any pH or temperature, in any assay buffer that lacks 

detergent, and in the presence or absence of one or more protease inhibitors. The peptide 

library-protease mixture is incubated over time with aliquots of the reaction removed at 

multiple time points and quenched with denaturants such as urea or guanidium chloride. 

These samples are then desalted and prepared for LC-MS/MS analysis. The assay can be 

modified to increase through-put and quantitation by using isobaric tags and then samples 

are prepared for LC-MS/MS/MS analysis (Lapek et al., 2019). The raw data from the mass 

spectrometry experiments are searched against the parent library to identify full length and 

cleaved peptides. Cleaved peptides are matched to the parent peptide and the cleavage site 

is subsequently identified. Statistical and kinetic analysis of this dataset are performed to 

generate the extended substrate specificity of the protease-containing sample and to identify 

a list of highly cleaved substrates of interest (Fig. 2). The depth of this data allows for 

multiple types of analyses that are detailed below.

1.8. Validation of a predicted protease

When working with an uncharacterized or predicted protease, confirming peptidase activity 

is crucial. In cases where sample is precious and activity is unknown, selection of the assay 

conditions is critical. Since MSP-MS is amenable to proteases of all catalytic subclasses 

(serine, threonine, cysteine, metallo, aspartyl and glutamic) and all types of activities 

(endopeptidase, carboxypeptidase, aminopeptidase), it is a convenient assay for confirmation 

of enzyme activity when working with novel, uncharacterized proteases. Cleavage of 

peptides in the MSP-MS library over time can confirm whether a protein of interest has 

peptidase activity.

1.9. Identification and characterization of peptide substrates of interest

The simplest output from MSP-MS is a list of cleaved substrates. If the cleavage of a given 

substrate is specific enough such that the products accumulate over time without further 

degradation, the percent product formation as a function of time can be used to extrapolate 

catalytic efficiency, directly identifying and characterizing substrates in a single assay. The 

result of this most basic analysis is a list of highly cleaved substrates which can be used to 

rapidly generate highly sensitive probes to track the protease of interest’s activity in simple 

or complex samples.

1.10. Characterization of substrate specificity

From the list of library cleavages identified by LC-MS/MS, the global protease specificity 

can be identified by determining the prevalence of amino acids in the cleaved dataset 

relative to the parent library at each position along the substrate backbone. This global 

fingerprint is typically represented graphically as an iceLogo, as shown in Fig. 2 (Colaert 

et al., 2009). As proteases usually bind peptide substrates in close vicinity to the site of 

cleavage, extended substrate specificity is typically reported for the four amino acids at 

either side of the site of cleavage, also known as the scissile bond. As such, the iceLogo 

shown in Fig. 3 displays amino acid preference for an octameric substrate, where the peptide 

is shown from N to C terminus moving from left to right, and the scissile bond is in the 

center. Residues to the N-terminal side of the scissile bond are referred to as the “P side” 

and residues to the C-terminal side of the scissile bond are referred to as the “P′ side” 
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(P-prime side) (NH2-P4-P3-P2-P1/P1′-P2’-P3′-P4′-COOH). The Y-axis of an iceLogo is a 

measurement of preference, typically percent difference or fold change. For iceLogo image 

presentation, all amino acids that are favored or disfavored at each position can be shown or 

only amino acids that are statistically significant can be shown. Favored residues are shown 

by increasing size in the positive Y axis-direction and disfavored residues are shown by 

increasing size in the negative Y axis-direction. Additionally, a meta-analysis of the sites 

of cleavage within the parent peptide library can be used to determine whether a protease 

has a preference for cleavage location along the peptide backbone. Cleavage exclusively 

at the N- or C-terminus indicates the presence of an exopeptidase (aminopeptidase or 

carboxypeptidase, respectively) and cleavages found more distal from the termini indicate 

endopeptidase activity. This global specificity profile can be done both for purified proteases 

and for complex mixtures.

1.11. Characterization of proteolysis in complex samples

When working with heterogeneous, complex samples such as conditioned media or patient 

samples, rapid identification of proteases of interest in those samples is crucial. Because 

MSP-MS occurs in a controllable, in vitro setting, properties of these complex mixtures can 

be modulated to expedite the elucidation of specific proteases of interest in the sample. By 

performing the MPS-MS experiment in the presence of subtype specific protease inhibitors 

such as E-64 (a cysteine protease inhibitor) and pepstatin A (an aspartyl protease inhibitor), 

the contribution of different protease subclasses can be determined. A decrease in the 

total number of observed cleavages paired with shifts in the substrate specificity following 

treatment with a protease inhibitor, can link a class of proteases to a specific activity 

observed in the biological sample. Additionally, modulation of buffer conditions like pH 

provides another line of evidence, linking specific proteolysis of interest to optimal buffer 

conditions. A combination of these modulations can take a global proteolytic signature 

from the complex mixture and rapidly identify characteristics of the causative proteases. 

When combined with additional follow-up experiments, such as western blots, proteomics, 

immunodepletion or nativePAGE separation, elucidation of proteases responsible for a 

specific biological role is possible.

2. General method and statistical analysis

2.1. Reagents

Protease: The protease sample can be a purified protease (native or recombinant) with 

a single active site, a protease complex with multiple active sites (e.g. proteasome) or a 

complex biological sample containing multiple proteases.

Substrate library: All peptides are stored separately as 5 mM stocks in −80 °C in either 

DMSO, ethanol, water or a mixture of these solvents. To make up the stock library, 5 μL of 

each peptide stock is mixed at equal volume with all other peptides to yield a final volume of 

1.14 mL with each peptide at a concentration of 21.93 μM. 20 μL of this mixture is aliquoted 

into 57 low binding 0.6 mL tubes and stored at −80 °C until needed. A fresh library mixture 

is made up once per year. The sequences of each peptide are listed in Table 2.
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Assay buffers and solvents: Use an optimized assay buffer for the target protease, if 

known. Detergents should be avoided whenever possible due downstream ionizing effects in 

the mass spectrometer that will decrease the signal of the peptides. If an optimized buffer is 

not known, some common assay buffers that may be used include:

• 20 mM Citrate Phosphate, pH 3.5, 100 mM NaCl

• 20 mM Citrate Phosphate, pH 5.5, 100 mM NaCl

• 20 mM Tris–HCl, pH 7.5, 100 mM NaCl

• 8 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl (phosphate 

buffered saline)

• 8.0 mM Na2HPO4, 1.47 mM KH2PO4, 138 mM NaCl, 2.7 mM KCl, 0.5 mM 

MgCl2, 0.9 mM CaCl2 (Dulbecco’s phosphate buffered saline)

For sample quenching, desalting and LC-MS/MS, the following solvents are used

• 8 M Guanidine hydrochloride (GuHCl) (Sigma)

• 8 M Urea (Sigma)

• Acetonitrile (ACN), LC-MS grade (Thermo)

• Formic acid (FA), LC-MS grade (Thermo)

• Methanol, LC-MS grade (Thermo)

• Trifluoracetic acid (TFA), LC-MS grade (Thermo)

• Water, LC-MS grade (Thermo)

• Solvent A: 0.1% FA/H2O or 0.1% TFA/H2O

• Solvent B: 0.1% FA in 50% ACN/H2O or 0.1% TFA in 50% ACN/H2O

• Solvent C: 0.1% FA in 70% ACN/H2O or 0.1% TFA in 70% ACN/H2O

2.2. Equipment and materials

Standard lab equipment for biochemistry

• Analytical Empore C18 Disks (CDS)

• Assay and elution tubes. Recommend using MAXYMum Recovery microtubes 

(Axygen), 0.6 mL for assay and 1.5 mL for elution.

• 2.0 mL collection tubes for washes

• Bench top centrifuge

• Bench top sonicator

• Computer equipped with proteomics analysis software. We mainly uses PEAKS 

8.5 (Bioinformatics Solutions Inc.) for data processing.
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• Liquid chromatography-tandem mass spectrometer. We use a Q Exactive Mass 

Spectrometer (Thermo) equipped with an Ultimate 3000 HPLC (Thermo). All 

LC-MS/MS parameter settings described here are based on our equipment.

• pH test strips (Millipore)

• Vacuum evaporation system, commonly referred to as speedvac

2.3. Procedure

MSP-MS assay consists of four steps:

1. Protease digestion of peptide library

2. Solid phase extraction of peptides

3. LC-MS/MS analysis

4. Data analysis

MSP-MS assays are generally conducted in quadruplicate reactions.

Protease digestion of peptide library

1. Dilute protease to 2x of a desired concentration in assay buffer. The target 

protease can be tested with fluorescent substrates to find the optimal buffer and 

enzyme concentration for MSP-MS assay.

2. Sonicate peptide library for 15 min before diluting from 21.93 μM to 1 μM 

in assay buffer to make a 2x stock solution in 0.6 mL MAXYMum Recovery 

microtubes.

3. Add 40 μL of 8 M GuHCl or 8 M urea into multiple tubes, which will be used 

later for quenching the reactions at numerous time intervals.

4. To start the enzyme reaction, combine an equal volume of 2x protease and 2x 

peptide library such that the final concentration of each peptide is 0.5 μM.

5. At defined time intervals of incubation (e.g., 15, 60 and 240 min), remove 20 μL 

for each replicate assay and add it to a tube containing 40 μL of 8 M GuHCl or 

8 M urea to denature the protein and thus quench the reaction. Control samples 

(0 min) are prepared by combining the 10 μL of 2X protease with 40 μL of 

quenching reagent and after 15 min, 10 μL of 2X peptide library is added. 

Control samples can also be prepared by inactivating the protease(s) with heat, 

an inhibitor, or by using an active site mutant.

6. Store samples in −80 °C until ready for desalting.

Solid phase extraction of peptides

1. Prepare C18 StageTips23 from Empore C18 extraction disks. Alternatively, use 

commercial C18 desalting spin columns or tips.

2. Wet StageTips by adding 150 μL ACN to the C18 tips and centrifuge at 400 x 

g for 1 min in a 2 mL collection tube. At each step, ensure the C18 tip is not 
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submerged in the eluted liquid. This may require replacement with fresh elution 

tubes, or disposal of the eluted liquid.

3. Add 150 μL Solvent A to the C18 tips and centrifuge at 400 x g for 2 min. 

Centrifuge for additional time until all liquid has gone through the tips. Repeat 

for 2 more cycles.

4. Add 60 μL 2% TFA/H2O or 2% FA/H2O to each MSP-MS sample to acidify. 

Mix by inversion of tube. Use pH strip to confirm that the final pH < 3.0 as this 

will promote better binding of peptides to C18 matrix.

5. Load the entire contents of each quenched/acidified reaction tube to the C18 

StageTips. Centrifuge at 400 x g for 4–6 min. If necessary, centrifuge for 

additional time until all liquid has gone through the tips.

6. Add 150 μL of Solvent A to the tips to wash. Centrifuge at 400 x g for 3–4 min. 

Repeat for 2 more cycles. Centrifuge until all liquid has gone through the tips.

7. Replace wash tubes with 1.5 mL MAXYMum recovery tubes. Add 150 

μLSolvent B to C18 tips and centrifuge at 400 x g for 4 min (2 cycles). Add 

150 μL Solvent C to the tips and centrifuge at 400 x g for 4 min (1 cycle). 

Centrifuge for additional time until all liquid has gone through the tips. Total 

elution volume for each sample is ~450 μL.

8. Place tubes in a SpeedVac to evaporate the solvent. Store dried samples at −80 

°C until needed.

9. Just prior to LC-MS/MS analysis, hydrate each sample in 80 μL of Solvent A. 

Vortex well and transfer 40 μL to a 300 μL conical insert with an autosampler 

vial. Dry-down the remaining 40 μL in the sample tube and use as a back-up if 

replicate injections are needed.

10. Place the vial in the autosampler.

LC-MS/MS analysis—Inject 0.4 μg of total peptide (4 μL) from each MSP-MS sample 

into a Q-Exactive Mass Spectrometer (Thermo) equipped with an Ultimate 3000 HPLC. 

Peptides are separated by reverse phase chromatography on a C18 column (1.7 μm bead 

size, 75 μmx 25 cm, 65 °C) at a flow rate of 300 nL/min using a 60-min linear gradient from 

5% to 30% B, with solvent A: 0.1% formic acid in water and solvent B: 0.1% formic acid 

in acetonitrile. Survey scans are recorded over a 150–2000 m/z range (70,000 resolutions at 

200 m/z, AGC target 3 × 106, 100 ms maximum). MS/MS is performed in data-dependent 

acquisition mode with HCD fragmentation (28 normalized collision energy) on the 12 most 

intense precursor ions (17,500 resolutions at 200 m/z, AGC target 1 × 105, 50 ms maximum, 

dynamic exclusion 20 s).

Data analysis—Data are processed using PEAKS 8.5 (Bioinformatics Solutions Inc.). 

MS2 data are searched against the tetradecapeptide library sequences with decoy sequences 

in reverse order. A precursor tolerance of 20 ppm and 0.01 Da for MS2 fragments are 

defined. No protease digestion is specified. Data are filtered to 1% peptide level false 

discovery rates with the target-decoy strategy. Peptides are quantified with label free 
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quantification and data are normalized by Loess-G algorithm and filtered by 0.3 peptide 

quality (Chawade et al., 2014). Outliers from replicates are removed by Dixon’s Q testing 

when there were at least 3 replicate values found out of the 4 replicates for each condition 

for every peptide. Missing and zero values are imputed with random normally distributed 

numbers in the range of the average of the smallest 5% of the data±SD. Cleaved peptide 

products are defined as those with intensity scores of eightfold or more above the peptide 

intensity scores in the inactive enzyme sample.

Code and Resource Availability—The requisite code for analyzing MSP-MS 

experiments is available publicly at https://github.com/briannahurysz/MSP-MS along with 

detailed instructions for its use. The requisite code and instructions may also be obtained by 

contacting the corresponding authors Charles Craik (Charles.Craik@UCSF.edu) or Anthony 

O’Donoghue (ajodonoghue@health.ucsd.edu).

Time Taken—Time for the whole procedure varies depending on the incubation step of the 

assay and data analysis time. If taking timepoints of less than 4 h, then one day is sufficient 

to complete the assay and desalt the samples. Desalted peptides are dried down on the speed 

vacuum overnight and ready for mass spectrometry analysis the following day.

Troubleshooting

1. If peptides under digested or over digested then adjust the enzyme concentration 

and/or timepoints selected

2. If detergent is important for the enzyme assay, then use mass spectrometry 

friendly detergents such as N-octyl-β-glucopyranoside or N-dodecyl β-D-

maltoside.

3. If low peptide coverage is observed, this may be due to high protein or peptide 

levels in the enzyme sample that mask the signal. This is seen when assaying 

neat serum. The solution is to dilute the sample 50-fold or more and then leave 

the assay run for longer so that the dilute proteases have sufficient time to cleave 

peptides.

4. If low peptide count then pH may not acidic enough for good peptide binding to 

desalting column. Ensure that the molarity of the assay buffer is less than 25 mM 

as higher concentrations require more TFA or FA to reduce pH to <3.0.

5. If low peptide count then peptides are too hydrophilic and do not bind to 

desalting column. Solution is to try alternative desalting columns that are not 

C18-based.

6. Low intensity on chromatograms—increase the concentration of peptides 

injected by either increasing the volume of assay mix removed at each timepoint, 

or decreasing the volume of 0.1% TFA used to resuspend the sample before 

injection

7. Little difference between the first and last timepoint—The protease may be 

unstable or auto-degrade after the initial time point, thus the assay could be 
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repeated at shorter intervals using higher enzyme concentrations. Additionally, 

ensure the protease is inactivated by urea and/or GuHCl. If it is resistant then the 

reaction continues in the presence of the denaturants.

2.4 Example MSP-MS experiment

As an example of an MSP-MS experiment, we assayed the serine protease domain of 

recombinant human hepsin (R&D Systems, 4776-SE). This enzyme, is also known as 

TMPRSS1, and the full-length protein is a Type II membrane protein with an extracellular 

serine protease domain. The enzyme was activated as outlined in the product datasheet and 

assayed in 50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl2 at a final concentration 

of 1 μg/mL. The assay was performed in quadruplicate reaction tubes, and an aliquot of each 

reaction was removed after 15, 30 and 60 min incubation. Four replicate control reactions 

were set up that consisted of hepsin combined with 8 M urea prior to the addition of 

the peptide library. These control reactions were defined as the ‘0 min’ timepoint. All 16 

samples were desalted in parallel and subjected to LC-MS/MS analysis. Data analysis was 

performed as outlined above and the raw and filtered data can be found in Supplementary 

Information in the online version at https://doi.org/10.1016/bs.mie.2022.09.009.

After 15 min incubation, a total of 59 cleaved peptide bonds were quantified. These 

consisted of cleaved peptide products that had peptide intensity values increased by 

eightfold or more when compared to the intensity of the same peptide in the 0 min dataset (q 

value< 0.05). The number of cleaved peptide bonds increased to 94 after 30 min incubation 

and to 105 after 60 min incubation (Supplementary Information in the online version at 

https://doi.org/10.1016/bs.mie.2022.09.009).

We show an example of four peptides that are amongst the most efficiently cleaved by 

hepsin. VDYIEHKDQVRRMN was cleaved between R and M, where M corresponds to 

norleucine. The shorter C-terminal dipeptide product was not detected as the m/z was 

below the lower m/z cut-off limit of 150. However, the longer N-terminal 12-mer product 

was quantified at each of the timepoint and a progress curve was generated (Fig. 3A). 

KARSAFAEMWPDHG was cleaved between R and S and only the larger C-terminal 

fragment was quantified (Fig. 3B). Both of these peptide products increased linearly the 

course of the assay. In another example, we show cleavage of a substrate close to the center 

of the peptide, such that both the N-terminal and C-terminal fragments can be quantified. 

Here, both cleaved products ionize to similar levels and therefore the progress curves for 

both products overlay (Fig. 3C). In the final example, the peptide HWAFRSRYHGPLAH 

is cleaved at two sites, between R and S (Fig. 3D), and between R and Y (Fig. 3E). 

When comparing both images, it is clear that the concentration of the N-terminal product, 

HWAFR (Fig. 3D) and the C-terminal product YHGPHAL (Fig. 3E) increase over time 

while SRYHGPLAH (Fig. 3D) and HQAFRSR (Fig. 3E) accumulate more slowly. This is 

because the latter two peptides are each cleaved at the second site thereby releasing the SR 

dipeptide. The SR peptide cannot be detected due to the low m/z. In Fig. 3F, we show the 

degradation pattern of the starting substrate that yields 4 products initially and then 2 of 

these products are further degraded to HWAFR and YHGPLAH that can be detected and SR 

that is too short to be detected.
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We next looked at the position within the 14-mer peptides were each cleavage occurred (Fig. 

4A). We found that no peptides are cleaved between the 1st and 3rd amino acids while five 

peptides were cleaved between the 3rd and 4th amino acids with KAR*SAFAEMWPDHG 

shown in Fig. 3B being an example of one of these peptides. Cleavage occurred at each of 

the other positions within the 14-mer peptide library, and only one peptide was cleaved at 

the C-terminus between residues 13 and 14. These data show that hepsin is predominately an 

endopeptidase as the majority of peptides are cleaved toward the middle of the peptide, away 

from the N- and C- termini.

We next generated an iceLogo profile of the P4 to P4′ residues for each of the 59 peptide 

cleavage sites that were quantified after 15 min incubation (Fig. 4B). We predict that these 

are the most effectively cleaved substrates within our library. The profile shows that hepsin 

has a very strong preference for cleavage after Arg with 54 out of 59 peptides having 

Arg at P1. The remaining five cleaved peptides had Lys as the P1 residue. Beyond P1, 

norleucine (Nle, M in iceLogo) and Leu were significantly enriched in P3 while only Phe 

was significantly enriched in P2. On the primed side, Ser, Ile, Nle and Gly were significantly 

enriched in P1′, Gly in P2′ and Thr in P4′. All other amino acids shown above the midline 

in Fig. 4B were increased in frequency but with P value< 0.05. Amino acids below the 

midline, were either never found or found at a very low frequency. In summary, human 

hepsin is an endopeptidase with a strong preference for cleaving on the C-terminal side of 

Arg and has some additional preferences for other amino acids at the surrounding subsites.

3. Examples of MSP-MS in the literature

3.1. MSP-MS for the study and characterization of purified proteases

The most straightforward application of MSP-MS is for the characterization of a purified, 

single protease. MSP-MS analysis of a single protease will provide both the substrate 

specificity as well as a list of highly cleaved substrates which can be used for designing 

fluorogenic reporter substrates, inhibitors, imaging agents or linker sequences for protease-

activated therapeutics.

One compelling example of this approach is the characterization of Granzyme B by Zhao 

and Bardine (Zhao et al., 2021) for the development of a Granzyme B-activated imaging 

agent. Granzyme B is a serine protease with endopeptidase activity that is a primary effector 

of immune-mediated cell killing where it is exocytosed by cytotoxic immune cells toward 

target cells in order to trigger apoptosis. In this example, Granzyme B was purified from 

human derived cytotoxic T-cell lymphocytes and characterized by MSP-MS. The MSP-MS 

experiment confirmed previous reports of Granzyme B specificity, indicating a strong 

preference for aspartic acid in the P1 position and proline in the P2 position. Additionally, 

MSP-MS allowed identification of an efficiently cleaved substrate, IEPD*VSQV which was 

used in the development of a restricted interaction peptide (RIP) probe. Upon cleavage of 

the full RIP probe by Granzyme B, the peptide undergoes a conformational change and is 

deposited on membranes. Accumulation of the probe in a tissue of interest is indicative of 

Granzyme B activity in that tissue and thus indicative of an active immune response. The 

authors used this probe to track Granzyme B activity in vivo in a variety of indications, 

including the treatment of multiple cancer models with checkpoint blockade immunotherapy 
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and in a model of pulmonary inflammation. The use of MSP-MS in this study enabled the 

rapid identification of a highly cleaved substrate, which was reformatted into a functional 

probe that serves as a readout of immune activation in a living animal. The specificity of this 

probe for Granzyme B is paramount to its success as a tool to study immune activity.

In a second example of the value of MSP-MS in the study of a purified protease 

is the characterization of Pd_dinase by Xu et al. (2018). Pd_dinase was a putative 

protease identified from the genome of Parabacteroides distasonis, a human gut commensal 

bacterium. Showing homology to C1B-like proteases, Pd_dinase was predicted to be 

a cysteine protease based on sequence. The putative enzyme was expressed and then 

characterized using MSP-MS. A strong preference for the cleavage of dipeptides from the 

N-terminus confirmed that Pd_dinase is a protease with aminopeptidase activity that favors 

N-terminal glycine residues. Using this specificity profile, a Gly-Arg-aminomethylcoumarin 

(Gly-Arg-AMC) fluorescent substrate was synthesized and confirmed to be rapidly cleaved 

by Pd_dinase (kcat = 1.25 ± 0.002 s−1, KM = 25.6 ± 1.7 μM). This substrate was then converted 

into an inhibitor by the replacement of the AMC group with an acyloxymethyl ketone 

warhead to afford Gly-Arg-AOMK. This inhibitor was shown to irreversibly inactivate 

Pd_dinase (Ki = 683 ± 36 nM, kinact = 3.6 × 10−4 ± 1.0 × 10−5 s−1). The use of this inhibitor 

enabled the solving of both an apo and inhibitor-bound crystal structure, informing the 

mechanistic and structural basis of the observed activity. In this example, MSP-MS was 

used to confirm peptidase activity for a putative protease, rapidly characterize the substrate 

specificity, and aid in the design of both a fluorescent substrate and a covalent inhibitor for 

the protease Pd_dinase.

Another example of the use of MSP-MS in the study of a purified protease is 

the characterization of the pH dependence of Cathepsin B activity by Yoon et al. 

(2021). Cathepsin B is a lysosomally-associated cysteine protease with a predominant 

carboxypeptidase function and a relatively minor endopeptidase capability. Cathepsin B 

is often mislocalized to the cytoplasm or the extracellular space in disease, so the authors 

sought to understand whether the neutral pH in these compartments relative to the highly 

acidic lysosome might result in altered substrate specificity which could be exploited 

for pH-dependent inhibition of Cathepsin B. By performing MSP-MS at different pH 

conditions, the authors were able to generate global specificity profiles as a function of 

pH and found that Cathepsin B showed an increased preference for glutamic acid at P2 

under acidic conditions (pH 4.6) and an increased preference for arginine at P2 under 

neutral conditions (pH 7.2). Cathepsin B favored basic residues, such as arginine and 

lysine, at the P1 position in both acidic and neutral pH conditions. Using this information, 

two substrates were synthesized and tested. One substrate, Z-Arg-Lys-AMC, showed a 

6.5-fold increase in catalytic efficiency in neutral conditions (pH 7.2) relative to acidic 

conditions (pH 4.6), with 50% maximal activity occurring between pH 6.2 and pH 8.5. 

Another substrate, Z-Glu-Lys-AMC, showed 14.7-fold increase in catalytic efficiency in 

acidic conditions (pH 4.6) relative to neutral conditions (pH 7.2), with 50% maximal activity 

occurring between pH’s 3.6 and 5.6. A third substrate, using a hydrophobic phenylalanine 

at the P2 position, Z-Phe-Arg-AMC, was cleaved with nearly equal efficiency (1.2x) in 

neutral conditions (pH 7.2) relative to acidic conditions (pH 4.6), with 50% maximal activity 
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occurring between pH’s 3.8 and 8.6. The neutral pH-selective substrate was converted to 

an inhibitor through the addition of an acyloxymethyl ketone warhead. This novel inhibitor, 

Z-Arg-Lys-AOMK, was found to be 68-fold more selective for inhibition of Cathepsin B 

in neutral pH kinact/Ki1.1 × 105 M−1 s−1  compared to acidic pH kinact/Ki1.8 × 103 M−1 s−1 . 

Z-Arg-Lys-AOMK is the first pH-selective inhibitor of Cathepsin B, paving the way for 

inhibitors which may be able to differentiate between pathogenic Cathepsin B that resides in 

the cytoplasm or extracellular space and non-pathogenic Cathepsin B the is a key component 

of lysosomes. In this example, MSP-MS conditions were modulated systematically with 

changes in pH, revealing highly nuanced and novel substrate specificities for Cathepsin B, 

enabling the design of pH-selective substrates and a pH-selective inhibitor.

Another example of the use of MPS-MS with purified proteases is the characterization of the 

human and the Plasmodium falciparum (the malaria-causing protozoa) proteasome by Li, et 

al (Li et al., 2016). The eukaryotic proteasome is a large, multi-component protease complex 

with three distinct proteolytic subunits responsible for the degradation of a large proportion 

of cellular proteins, playing a central role in maintaining homeostasis in many organisms. 

Due to its general and conserved role in homeostasis, it is an attractive target for drug 

development efforts focused on infectious disease, but selectively inhibiting a proteasome of 

pathogenic origin without disrupting the activity of the human proteasome has historically 

been challenging. Using MSP-MS, the authors characterized the substrate specificity of 

the human and malarial proteasome and found that the malarial proteasome showed an 

increased preference for tryptophan at both the P1 and P3 positions relative to the human 

proteasome. Systematic incorporation of tryptophan residues at the P1 and P3 positions 

along the canonical trileucine and vinyl sulfone (vs) scaffold found in common proteasome 

inhibitors such as MG132 and Z-L3-vs afforded the covalent inhibitors WLL-vs and WLW-

vs. Using activity-based probes, the authors characterized their cross-reactivity with the 

three proteasome subunits (β1, β2, and β5) for both the malarial and human proteasome. 

WLL-vs was found to inhibit both the β2 and β5 subunit of the malarial proteasome but 

only the β5 subunit of the human proteasome. WLW-vs was found to inhibit only the β2 

subunit of the malarial proteasome and only the β5 subunit of the human proteasome. Using 

the β2/β5 cross-reactive WLL-vs, the authors demonstrated that the inhibitor showed little 

toxicity to non-transformed human foreskin fibroblasts but was a potent inhibitor of P. 

falciparum cultures. Additionally, a single dose of WLL-vs resulted in an almost complete 

reduction of parasite burden in a Plasmodium chabaudi infected murine model as a single 

agent. The use of MSP-MS in this example enabled the identification of subtle differences 

in substrate specificity between evolutionarily similar proteases and enabled the design of 

two protease inhibitors with unique subunit and species-based activities which both show 

promise for the management of malarial infection.

3.2. MSP-MS for the study and characterization of complex proteolytic samples

The use of MSP-MS in complex, heterogenous samples offers the ability to profile global 

proteolysis in an unbiased manner. This approach can enable the identification of active 

proteases of interest in these samples and generate global “fingerprints” of proteolysis in 

these complex samples.
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One example of the use of MSP-MS with complex proteolytic samples is the 

characterization of human neutrophil extracellular traps (NETs) by O’Donoghue et al. 

(2013). NETs are complex, heterogenous mixtures of antimicrobial factors exocytosed 

by neutrophils in webs of extracellular DNA. Using NETs isolated from three donor 

neutrophil samples, the authors characterized global proteolysis using MSP-MS and found 

that proteolysis was dominated by endopeptidase and carboxypeptidase activity with a 

strong preference for isoleucine, valine, and threonine at P1. Proteomics identified a set 

of candidate proteases responsible for this activity. In particular, neutrophil elastase (NE) 

was enriched in the stimulated NET samples compared to unstimulated controls. MSP-

MS analysis of purified NE closely mirrored the experiments run with the heterogenous 

NETs, showing similar endopeptidase activity with a preference for isoleucine, valine, and 

threonine at P1. Additionally, of the 40 cleavages observed in NET samples from all three 

donor samples, 33 were shared with those of purified NE, indicating it was the dominant 

activity in these samples. NE was subsequently immune-depleted and the remining activity 

was attributed to Cathepsin G and Proteinase 3. Using MSP-MS, the authors were able to 

rapidly and comprehensively characterize proteolysis in a complex and poorly understood 

sample and confirm that proteolysis from NETs is dominated by neutrophil elastase activity, 

paving the way for future mechanistic studies on NET-based immune killing.

Another example of the use of MSP-MS to rapidly characterize heterogenous proteolytic 

samples is the work by Winter et al. to uncover biofilm-associated proteolysis in Candida 
albicans (Winter et al., 2016). By growing Candida albicans under both planktonic and 

biofilm conditions, the authors were able to generate conditioned media from both stages 

of the lifecycle and analyze their proteolytic signatures with MSP-MS. Overall, the samples 

from the biofilm were found to have more proteolysis (308 vs 185 cleaved sites), with 

106 cleavages being shared between the two samples, 202 unique cleavages for the 

biofilm samples, and 79 unique cleavages for the planktonic samples. Proteomics of 

these samples identified Sap5 and Sap6 as proteases that might be responsible for the 

unique proteolysis observed in the biofilm samples. These proteases were expressed and 

purified. When subjected to MSP-MS analysis their specificities closely matched the biofilm 

proteolytic signature. Using the sequences of highly cleaved peptides found in the MSP-MS 

experiments with recombinant Sap5 and Sap6, fluorescent substrates were synthesized and 

used to measure proteolysis in planktonic and biofilm samples of WT Candida albicans. 

Selectivity for the substrates was confirmed using Sap5 and Sap6 knock out strains. In 

addition, turnover of the fluorescent substrates was much higher in WT biofilm samples 

relative to planktonic samples in eight different Candida strains, thereby confirming that 

these two proteases are broadly upregulated in Candida species during biofilm progression. 

Using MSP-MS, the authors were able to globally characterize proteolysis in Candida 
albicans samples in the planktonic and biofilm stages and identify proteolytic signatures that 

were specific for each. Using these signatures and those of purified, individual candidate 

proteases, they were able to identify two proteases important for biofilm progression across 

many Candida species and develop fluorescent substrates to track their activity.

Another application of MSP-MS for the study of a highly complex proteolytic sample is 

found in the work of Jiang, et al to characterize proteolysis in dense core secretory vesicles 

(DCSVs), a source of neuropeptides that modulate cell-cell signaling in the nervous and 
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endocrine system ( Jiang et al., 2021). The authors characterized proteolysis in chromaffin 

granules (GC), a model system of DCSVs, with MSP-MS at pH 5.5 and 7.2 with various 

class-specific protease inhibitors. Proteolysis was found to be higher globally at pH 5.5 with 

600 unique cleavages identified in the MSP-MS library compared to 204 at pH 7.2, with 148 

of those cleavages being shared between the two conditions. The specificity profiles at both 

pH conditions showed similar but distinct fingerprints. Analysis of the cleavages suppressed 

with various protease inhibitors afforded specificity profiles for each class of protease 

present in the sample, revealing nuanced details including pepstatin-sensitive aspartic 

proteases were responsible for endopeptidase activity, E64-sensitive cysteine proteases 

were responsible for dicarboxypeptidase activity, and AEBSF-sensitive serine proteases 

were responsible for monocarboxypeptidase activity. With this information, purified single 

proteases identified from the proteomic profiling of GCs were further tested by MSP-MS. 

From this data, the authors were able to link certain activities identified in the GCs to 

individual proteases. The AEBSF-sensitive monocarboxypeptidase activity was found to 

correlate strongly to Cathepsin A. The E64-sensitive dicarboxypeptidase activity was found 

to correlate strongly to Cathepsin B. The pepstatin-sensitive endopeptidase activity was 

found to correlate strongly to Cathepsin D. Overall, 67.3% of the GC cleavages identified 

at pH 5.5 were attributable to the recombinant enzymes tested by the authors and 88.5% 

of the GC cleavages identified at pH 7.2 were attributable to these enzymes, confirming 

that Cathepsins A, B, C, D, and L are the dominant proteases in GCs. In this study, the 

authors were able to use MSP-MS to characterize complex proteolytic samples at multiple 

pH conditions and with multiple class-specific inhibitors in order to fully characterize 

proteolysis in these samples. Comparison of these inhibitor-sensitive recombinant protease 

profiles, coupled with proteomic data allowed for the direct identification of proteases of 

interest in these complex and dynamic proteolytic granules.

3.3. MSP-MS for the study and characterization of biofluids

Use of MSP-MS for the detection and characterization of proteolysis in biofluids has 

become a valuable application for the assay. It does not require any knowledge of the 

protease present in the sample and therefore facilitates unbiased discovery of active enzymes 

in a given sample. Characterization of biofluids taken directly from an organism or a patient 

allows a rapid means to characterize proteolysis in the highly complicated system. As no 

model system is as accurate as the parent organism itself, the ability to study proteolysis 

directly in these samples is of great value. Here we present examples of MSP-MS for the 

study of biofluids collected directly from whole organisms.

One interesting example of the use of MSP-MS for the study of biofluids is the work of 

Bibo-Verdugo, et al. to characterize proteolysis in the gastric juices of Homarus americanus, 

the American lobster (Bibo-Verdugo et al., 2016). Crustaceans are a diverse group adapted 

to varied environmental conditions, making them an interesting potential source of novel 

biology. Proteomic analysis of the gastric juices of H. americanus identified potential 

proteases Cathepsin L1, Cathepsin L2, Cathepsin L3, Cathepsin D1, and Cathepsin C2. 

MSP-MS analysis of gastric juices indicated the proteases present prefer phenylalanine, 

serine, and threonine at P1, and isoleucine, norleucine, and arginine at P1’. Treatment with 

the cysteine protease inhibitor E64 suppressed 92 of the 140 identified cleavages, indicating 
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that cysteine proteases were the dominant proteases in the sample. In order to more clearly 

elucidate the contribution of individual proteases, the gastric juice was fractionated on a 

native gel and individual bands were excised and incubated with the 228-member peptide 

library. These fractionated enzymes demonstrated unique activities. Of particular interest 

was the observation that Cathepsin L2 shows a strong preference for proline in the P2 

position, in stark contrast to the closely related Cathepsin L3 which favors nearly all 

hydrophobic residues except proline in this position. Cathepsin D from H. americanus was 

further purified and compared to Cathepsin D from other sources, including porcine and 

bovine, and was found to have similar specificity. Kinetic characterization of Cathepsin D 

from these various sources was conducted with a commercial substrate closely resembling 

a highly cleaved, conserved substrate identified in the MSP-MS experiments. Cathepsin 

D from H. americanus was found to be substantially more tolerant of cold temperatures 

than Cathepsin D from bovine or porcine sources, corroborating the idea that enzymes 

from diverse environmental contexts have unique and favorable characteristics. Overall, 

the authors were able to characterize the proteolytic composition of H. americanus gastric 

juices without the guidance of an annotated genome using MSP-MS. MSP-MS revealed that 

closely related Cathepsin L proteins showed surprisingly divergent activities, enabling broad 

substrate scope with only a few, closely related enzymes.

One compelling example of the use of MSP-MS to study proteolysis in patient-derived 

samples is found in the work of Ivry, et al. to study misregulated proteolysis in precancerous 

pancreatic cysts (Ivry et al., 2017). Pancreatic cysts are present in 2–3% of the adult 

population, but a large proportion of these are benign. Currently, the ability to distinguish 

between benign, non-mucinous cysts and potentially precancerous, mucinous cysts is 

lacking and consequently the preoperative diagnosis of mucinous cysts is incorrect in up 

to 30% of cases. This results in the unnecessary resection of benign cysts and increased 

morbidity. Using samples collected directly from patients undergoing surgical resection 

with pathologically confirmed diagnoses, the authors characterized misregulated proteolysis 

in these samples using MSP-MS. As misregulated proteolysis is a hallmark of cancer, 

the authors hypothesized that a mucinous-specific proteolytic profile could enable the 

development of superior diagnostic tests. Global proteolysis was characterized both at pH 

7.5 and pH 3.5 for a group of mucinous and non-mucinous cysts. Overall, it was found that 

proteolysis was largely conserved between the two groups at neutral pH, but a characteristic 

mucinous activity was revealed at acidic pH. Quantification of cleavages in the library using 

spectral counts allowed for fold-enrichment of individual cleavages across the two patient 

populations to be characterized and from this data, a specificity profile of cleavages enriched 

in mucinous samples was constructed. The MSP-MS assay was repeated at acidic pH in 

the presence of various, class-specific inhibitors and the mucinous-specific cleavages were 

found to be highly sensitive to pepstatin A, indicating that aspartyl proteases were largely 

responsible for this unique activity. Shotgun proteomics of mucinous and non-mucinous 

samples identified the presence of Cathepsin D, Cathepsin E, and Gastricsin. Quantification 

using spectral counts indicated that Cathepsin D was similarly present in mucinous and 

non-mucinous samples, but Cathepsin E and Gastricsin were enriched in mucinous samples. 

Immunohistochemistry analysis of Cathepsin E and Gastricsin confirmed their presence in 

the mucinous patient samples. Using MSP-MS with recombinant Gastricsin, the authors 
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identified a highly cleaved substrate that was selective for Gastricsin over Cathepsin D 

and Cathepsin E and synthesized it as an internally quenched fluorescent substrate. Using 

this Gastricsin-selective substrate and a previously reported Cathepsin E-selective substrate, 

the authors showed that the activity of these two proteases was significantly enriched in 

mucinous samples (n = 71) over non-mucinous samples (n = 39). With these two substrates 

as the basis of an activity-based diagnostic, the authors demonstrated that Cathepsin E 

activity was 92% specific and 70% sensitive for the diagnosis of mucinous cysts, and 

Gastricsin activity was 100% specific and 93% sensitive, outperforming the current clinical 

standard diagnostic CEA, which has a 94% specificity and 65% sensitivity for the diagnosis 

of mucinous cysts. A combination of Gastricsin activity and CEA resulted in a diagnostic 

with 100% specificity and 98% sensitivity for the diagnosis of mucinous cysts. Therefore, 

using MSP-MS, the authors were able to rapidly profile global proteolysis in patient-derived 

samples at multiple pH conditions and with various class-specific inhibitors in order to 

identify proteolytic activity that was characteristic of precancerous lesions. The resulting 

diagnostic assay is highly specific and sensitive and works with small amounts of patient-

derived samples that can be readily collected via endoscopic ultrasound with fine needle 

aspiration.

4. Conclusions and perspectives

In this chapter we have described the technique Multiplex Substrate Profiling by Mass 

Spectrometry, or MSP-MS, for the characterization of proteolysis in a wide variety of 

samples and for a wide variety of applications. MSP-MS was designed to be a universal 

assay for the characterization of any type of proteolysis in any type of sample. We have 

described the use of MSP-MS for the characterization of purified proteases, including 

endopeptidases, aminopeptidases, and carboxypeptidases of various subtypes; we have 

described the use of MSP-MS for the characterization of complex proteolytic samples, 

including those derived both from human and non-human sources, and we have described 

the use of MSP-MS for the characterization of specimens collected directly from whole 

organisms, including patient samples collected in a clinical setting. Ultimately, MSP-MS 

is a technique for the study of proteolysis and the discovery of individual proteases of 

interest. Within these examples are various applications of the information garnered from 

MSP-MS, including the design of specific substrates for biochemical, prognostic, and 

diagnostic applications, and the design of specific inhibitors for therapeutic applications. As 

our understanding of the biological role of proteases continues to be expanded and becomes 

increasingly nuanced, techniques and methodologies that allow for the rapid, quantitative, 

flexible, and functional characterization of proteolysis are increasingly valuable.
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Fig. 1. 
Rational design of MSP-MS library. A novel algorithm was developed to arrange amino 

acids pairs into a minimal number of decapeptides (76). Amino acids were then swapped 

with a physiochemically distinct counterpart twice, to afford two additional sets of 76 

decapeptides. Pairs of amino acids were added to the termini to accommodate exopeptidase 

activity, affording a final library of 228 14-mers. n, norleucine.
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Fig. 2. 
Workflow of MSP-MS experiment. A library of an equimolar mixture of 228 

tetradecapeptides is incubated with a purified protease or a biological sample containing 

multiple proteases with or without a protease inhibitor. Aliquots of this assay are removed at 

multiple time intervals and the proteases are inactivated with a protein denaturant. Samples 

are prepared and subjected to LC-MS/MS for peptide identification and quantification. 

Cleavage products are identified by calculating the proteolytic kinetics from progression 

curves or relative abundance changes. The sequences of cleavage products are mapped back 

to library peptide sequences to identify the cleavage sites. The frequencies of amino acids 

identified from P4 to P4’ positions are calculated to generate specificity profiles.
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Fig. 3. 
Progress curves for select peptide cleavage products within the 228-peptide library 

for hepsin MSP-MS experiment. Accumulation of (A) VDYIEHKDQVRR and (B) 

SAFAEMWPDHG over a 60-min timeframe. Smaller peptide fragments MN and KAR 

cannot be detected by MS/MS. (C) Accumulation of both cleavage products over time, 

where squares indicate the N-terminal product and circles indicate the C-terminal product. 

Hydrolysis of HWAFRSRYHGPLAH between (D) R and S and (E) R and Y. (F) The 

complete degradation pathway of HWAFRSRYHGPLAH by hepsin.
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Fig. 4. 
Specificity profile of hepsin as determined by MSP-MS. (A) Cleavage site distribution and 

substrates profile of human hepsin. Cleavages occur predominantly toward the center of the 

peptide, indicative of endopeptidase activity. (B) iceLogo representing substrate specificity 

of hepsin as derived from the MSP-MS experiment. M corresponds to norleucine, and bold 

residues in Panel B are significantly increased (P < 0.05).

Rohweder et al. Page 29

Methods Enzymol. Author manuscript; available in PMC 2023 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rohweder et al. Page 30

Table 1

Design and sequences of core decapeptide library.

Parent Library Switch Sublibrary 1 Switch Sublibrary 2

ATVYEFGHID A and R
V and K
L and D
I and N
Q and T
F and S
W and G
E and Y
n and H
P and P

RQKEYSWnNL A and H
V and R
L and N
I and Q
T and G
F and D
W and K
E and E
n and S
P and Y

HGRPEDTAQF

DKLnNWPQRR LVDHIGPTAA FWNSLKYIVV

RAVEGIKnWQ ARKYWNVHGT VHRETQWSKI

QSTYFHDLNP TFQESnLDIP InGPDAFNLY

NQAYGDnPSV ITREWLHPFK LIHPTFSYnR

VFILWRTEHH KSNDGAQYnn RDQNKVGEAA

HLPAEInQTT nDPRYNHTQQ ANYHEQSIGG

FDNRVGKWSY SLIAKWVGFE DFLVRTWKnP

SEDWAFKPTG FYLGRSVPQW nEFKHDWYGT

GLQVHnRYIN WDTKnHAENI TNIRASVPQL

IWTHNAGnSF NGQnIRWHFS QKGALHTSnD

FLREKQYDPV SDAYVTELPK DNVEWIPFYR

YYKRFnAHWV EEVASHRnGK PPWVDSHAKR

VDQELSGNTI KLTYDFWIQN RFIENnTLGQ

TDRGWYLAIQ QLAWGEDRNT GFVTKPNHQI

QFNVKSHPEE TSIKVFnPYY IDLRWnAYEE

ENYnVLTKAA YIEHKDQVRR ELPSRNGWHH

DSIRHQGPFW LFNAnTWPSG FnQVAITYDK

FPGQHRISDA SPWTnANFLR DYTIAVQnFH

KKTLVnYNEW VVQDKHEIYG WWGNRSPLEK

EPHSKVNFQQ YPnFVKISTT EYAnWRLDII

IALYWGRDTn NRDEGWALQH QHNPKTVFGS

NNGSLEQDVW IIWFDYTLKG LLTnNEIFRK

WHAnFRKYPI GnRHSAVEPN KAHSDVWPYQ

PDYQKERLFF PLETVYADSS YFPIWEVNDD

SnGANHTWVV FHWRInQGKK nSTHLAGKRR

IYRnHVQLGG NEAHnKTDWW QPVSARINTT

TPKFAWDESN QPVSRGLYFI GYWDHKFEnL

SWKGVRNDFT FGVWKAILSQ nKWTRVLFDG

TQnIEAPLHY QTHNYRPDnE GISQEHYNAP

HETRWLIFVS nYQAGDNSKF AEGVKNQDRn

SPnDGYAQNK FPHLWERTIV nYSFTPHILW

LLDHFYTSQI DDLnSEQFTN NNFADPGnIQ

nnKIGEVARP HHVNWYKRAP SSWQTERHVY

IQPWNnLKDD ATPGIHDVLL QIYKLSNWFF

IHGFEYVTAS NnWSYEKQRF QATDEPRGHn

GTAKNSSADI WQRVIFFRLN TGHWLnnHFQ
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Parent Library Switch Sublibrary 1 Switch Sublibrary 2

WnTFIVPPRS GHQSNKPPAF KSGDQRYYVn

WFSVIIPNLG GSFKNNPIDW KDnRQQYLNT

PYHKnETNIT PEnVHYQINQ YPAWSEGLQG

KHYSRQWWEn VnEFATGGYH WAPnVIKKES

SQTARWNDVD FTQRAGILKL nIGHVKLFRF

RSAFAEnWPD AFRSRYHGPL VnHDHESKYF

STSPHnIWAK FQFPnHNGRV nGnYASQKHW

QVFSWLNHYH TKSFGDInEn IRDnKNLAPA

NKRISQWnWE IVANFTGHGY LWVQnIKSKE

YQWQNSDPKA ETGTIFLPVR PIKILnFYWH

nRIYIEPETF HANENYPYQS SVQPQEYEGD

HTNDLPLISV nQILDPDNFK AGLFNYNQnR

LIQVPVKHEG DNTKPKVnYW NQIRYRWAET

PAPTYGRLWI PRPQEWADGN YHYGPTVNKQ

FNnYGYDLQT SIHEWELDTQ DLSPTPFNIG

RLNGEAVnFn ADIWYRKHSH VNLTEHRSDS

IEYKGKPTRW NYEVWVPQAG QEPWTWYGVK

GnLNIHFKFD WHDINnSVSL TSNLQADWDF

VYDWAFRIRS KELGRSANAF RPFKHDVQVn

DLHTVTAESL LDnQKQRYFD FNAGRGHEnN

AYKEQTNGNH REVYTQIWIn HPWEIGLTLA

GnGPFHIVKW WHWPSnNKVG TSTYDAQRWK

WQSPQVDLYD GTFPTKLDEL KInYIRFNPF

ESAEYNPTRL YFRYEIPQAD EnHEPLYGVN

QFTKGPKYEH TSQVWPVEYn IDGWTYWPEA

LGQRPTDNYE DWTAPQLIEY NTIVYGFLPE

RVYLTSPKAP AKEDQFPVRP VRPNGnYWHY

PHDVnGSRGL PnLKHWFAWD YAFRSTnVTN

DRWHTWnKIF LAGnQGHVNS FVKAGKSWQD

NDVNIFEIHG ILKINSYNnW LFRLQDEQAT

IEPDVSQVKH NYPLKFTKVn QEYFRnIRWA

KTnADSQESA VQHRLFTYFR WGSHFnIEnH

HNFHnAIGAR nISnHRNWRA ALDASHQTHV

AWKFGIFYLN RGVSWNSEDI HKWDTQDPNL

VLGWLNTSRQ KDWGDIQFAT RNTKNLGnVI

FKYIWYVQTA SVENGEKTQR DWPQKPRIGH

NnWSLYRnIR IHGFDEAHNA LSKnNPVSQV

nAFnKWHEGQ HRSHVGnYWT SHDSWKAETI

IWEPIDRGPW NGYPNLAWPG QKEYQFVTYK
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