Identification of Protease Specificity by Combining Proteome-Derived Peptide

Libraries and Quantitative Proteomics

Martin L. Biniossek®, Melanie Niemer?, Ken Maksimchuk?®, Bettina Mayer®, Julian
Fuchs?, Pitter F. Huesgen®, Dewey G. McCafferty®, Boris Turk’, Guenther Fritz®, Jens

Mayer®, Georg Haecker®, Lukas Mach?, Oliver Schilling™**2

This is the peer reviewed version of the following article published in Molecular &

Cellular Proteomics. 2016; Jul;15(7):2515-24. doi: 10.1074/mcp.0115.056671.

http://www.mcponline.org/content/15/7/2515

© The American Society for Biochemistry and Molecular Biology

1. Institute of Molecular Medicine and Cell Research, University of Freiburg,
Freiburg, Germany

2. Department of Applied Genetics and Cell Biology, University of Natural

Resources and Life Sciences, Vienna, Austria

3. Department of Biochemistry, Duke University Medical Center, Durham, NC
27708, United States of America

4. Institute of General, Inorganic and Theoretical Chemistry, University of

Innsbruck, Innsbruck, Austria

5. Central Institute for Engineering, Electronics and Analytics, ZEA-3
Analytics, Forschungszentrum Julich, 52425 Jilich, Germany

6. Department of Chemistry, Duke University, B120 Levine Science Research
Center Box 90346, 450 Research Drive, Durham, NC 27708-0346, United

States of America


http://www.mcponline.org/content/15/7/2515

7. Department of Biochemistry and Molecular and Structural Biology, Jozef Stefan
Institute, Ljubljana, Slovenia

8. Institute of Neuropathology, University of Freiburg, Breisacherstrasse 64,
79106 Freiburg

9. Department of Human Genetics and Center of Human and Molecular Biology,
Medical Faculty, University of Saarland, Homburg, Germany

10.Institute for Medical Microbiology and Hygiene, University Medical Center

Freiburg, Freiburg, Germany

11.BIOSS Centre for Biological Signaling Studies, University of Freiburg, D-79104
Freiburg, Germany

12.German Cancer Consortium (DKTK), German Cancer Research Center
(DKFZ), Heidelberg, Germany

Corresponding Author:

Dr. Oliver Schilling, Stefan-Meier-Strasse 17, 79104 Freiburg, Germany. Tel: +49 761
203 9615 Email: oliver.schilling@mol-med.uni-freiburg.de

Running title: Tag-Free Identification of Protease Specificity

Abbreviations

C-terminal, carboxy-terminal; cDNA, complementary DNA; CPAF, chlamydial
protease-like activity factor; HERV, human endogenous retrovirus; LC-MS/MS, liquid
chromatography—tandem mass spectrometry; N-terminal, amino-terminal; P, non-

prime side; P’, prime-side; PICS, proteomic identification of protease cleavage sites



Summary

We present protease specificity profiling based on quantitative proteomics in
combination with proteome-derived peptide libraries. Peptide libraries are generated
by endoproteolytic digestion of proteomes without chemical modification of primary
amines before exposure to a protease under investigation. After incubation with a
test protease, treated and control libraries are differentially isotope-labeled using
cost-effective reductive dimethylation. Upon analysis by liquid chromatograph — mass
spectrometry, cleavage products of the test protease appear as semi-specific
peptides that are enriched for the corresponding isotope label. We validate our
workflow with two proteases with well-characterized specificity profiles: trypsin and
caspase-3. We provide the first specificity profile of a protease encoded by a human
endogenous retrovirus and for chlamydial protease-like activity factor (CPAF). For
CPAF, we also highlight the structural basis of negative subsite cooperativity
between subsites S1 and S2'. For “a disintegrin and metalloproteinase with
thrombospondin motifs” (ADAMTS) -4, -5, and -15 we show a canonical preference
profile, including glutamate in P1 and glycine in P3’. In total, we report nearly 4000
cleavage sites for seven proteases. Our protocol is fast, avoids enrichment or
synthesis steps, and enables probing for lysine selectivity as well as subsite
cooperativity. Due to its simplicity, we anticipate usability by most proteomic

laboratories. (198 words)
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INTRODUCTION

Proteolysis is an irreversible post-translational modification, ubiquitously shaping
every proteome. Degradative proteolysis regulates proteome composition, mediates
protein turnover, and ensures proteome integrity by removing misfolded proteins. At
the same time, limited proteolysis yields stable cleavage products; thereby controlling
enzyme or chemokine activity, assembly of structural proteins, and release of
bioactive proteins from the cell surface (“shedding”) or from larger precursors (1-3).
Dysregulated proteolysis is a hallmark of numerous diseases with examples including
tumor biology, neurodegeneration or hereditary skin diseases. In short, proteolytic

processing is a key event in health and disease.

Proteases typically recognize substrates in an extended active-site cleft, involving
multiple interactions between substrate side-chains and corresponding binding
pockets of the protease. In many cases, these interactions occur both N- and C-
terminally to the scissile peptide bond. This relation has been formalized in 1968 with
the Schechter and Berger nomenclature (4). Here, substrate residues N-terminal to
the scissile peptide bond are denoted as P1, P2, P3,... and residues C-terminal to
the scissile peptide bond are denoted as P1’, P2’, P3’,...; the corresponding subsites

of the protease are denoted as S1, S2, S3 and S1’, S2’, S3’, correspondingly.

Many proteases have strict subsite specificities. Prominent examples include trypsin
(lysine or arginine in P1) or GluC (glutamate or aspartate in P1). On the other hand,
numerous proteases are characterized by comparably broad subsite preferences,

often encompassing multiple subsites. Examples include cysteine cathepsins or



matrix metalloproteases (5-7). Determination of protease specificity is an important
step in biochemical protease characterization. It enables deorphanizing of previously
uncharacterized proteases and probing protease activity in vitro (8). Knowledge of
active-site specificity also serves to guide protease inhibitor development (9) and

allows to identify structural origins of protease specificity and promiscuity (10, 11).

Several complementary experimental strategies exist for protease specificity profiling
(12). Phage and bacterial display techniques employ genetic approaches and
iterative enrichment to screen peptide pools with a large sequence variety for
preferred cleavage motifs (13, 14). Positional scanning synthetic combinatorial
libraries (PS-SCLs) represent a powerful biochemical approach for the determination
of subsite selectivity (15). Synthetic mixture-based oriented peptide libraries
represent a two-step strategy to characterize proteases with specificity profiles that
include both prime- and non-prime sites (7). In peptide nucleic acid arrays, peptidic
substrates are coupled to defined nucleic acid sequences, allowing spatial
deconvolution of complex mixtures on complementary microarrays (16). In
combination with in vitro translation, nucleic acid sequencing has been used to
determine protease cleavage sites (17). Such a set-up has recently enabled the
family-wide portrayal of MMP specificity determinants (18). Cysteine cathepsin
specificity has also been investigated by a non-peptide approach termed fast profiling

of protease specificity (FPPS) (19).

In recent years, proteome-derived peptide libraries have been introduced for the

specificity profiling of proteases (5), including cysteine, serine, and metalloproteases



(5, 20, 21) with adaptions to enable multiplexed stable isotope tagging for kinetic
investigations (22) as well as investigating the specificity of carboxypeptidases and
Na-acetyltransferases (23, 24). Using proteome-derived peptide libraries, Eckhard et

al. recently reported thousands of matrix metalloprotease cleavage sites (25).

Here we present a tag—free, straightforward strategy to employ proteome-derived
peptide libraries for protease specificity profiling. The technique is based on the
comparison of differentially stable isotope labeled protease-treated peptide libraries
and control samples. LC-MS/MS analysis allows relative quantitation of each isotope-
labeled peptide and thereby specific selection of peptides that occur only in the
protease-treated sample, indicating cleaved sequences. Notably, affinity enrichment
or modification of primary amines prior to the actual profiling step is no longer
required. The protocol enables identification of specificity towards unmodified lysine
residues as well as probing of subsite cooperativity. Presently, 3502 of the 3988 (88
%) proteases annotated in the MEROPS database (version 9.12) (26) have less than
10 known substrates. This highlights that deorphanizing remains an important goal in
protease research and underlines the need for straightforward approaches for

protease cleavage site identification.

Experimental Procedures

Experimental Design and Statistical Rationale

A total of 12 specificity experiments were conducted. Semi-specific peptides that are
enriched more than 8-fold (log2 “fold-change” = 3) are considered to unambiguously

represent cleavage products of the proteases under investigation. This is validated



by the control experiments presented below, which accurately depict the specificity

for trypsin and caspase-3.

Peptide Library Preparation

Escherichia coli MG1655 was grown in Luria—Bertani (LB) medium. Cells were lysed
and lysates were digested by either trypsin or GluC as described elsewhere (27).
GluC digests were performed in the presence of 1.0 uM tosyl phenylalanyl
chloromethyl ketone and 1.0 yM tosyl-L-lysine chloromethyl ketone hydrochloride.
LysC digestion was performed similarly to tryptic digestion but using LysC instead.
Following digestion, primary amines were not modified. The peptide digest was
further purified by C18 solid phase extraction (Sep-Pak, Waters) according to the
manufacturer’s instructions. Aliquots of the peptide library were stored in water at -80

°C.

Proteases

Trypsin (Worthington, sequencing grade), GluC (Sigma, sequencing grade), LysC
(Sigma, sequencing grade), and ADAMTS-4, -5, -15 (RnD Systems) were purchased
commercially. Caspase-3 and chlamydial protease-like activity factor (CPAF) were
prepared as described elsewhere (28, 29) as was a protease encoded by a human

endogenous retrovirus belonging to the HERV-K(HML-2) group (30, 31).

Specificity Determination




Protease:library ratios, incubation times and temperature are stated in the
corresponding sections below. Between 100 and 300 ug of peptide library were used
per assay. Incubation buffers were 100 mM HEPES (pH 8.0) for trypsin; 50 mM
HEPES (pH 7.4), 100 mM NaCl, 1 mM EDTA, 10 mM DTT, 10% (wt/vol) sucrose for
caspase-3; 50 mM MES pH 5.0, 1M NaCl, 1mM EDTA for HERV-K(HML-2) protease;
50 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM DTT for chlamydial protease-like
activity factor; 50 mM HEPES (pH 7.5), 100 mM NaCl, 5 mM CacCl, for ADAMTS-4, -
5, and -15. After incubation, the test protease was heat-inactivated. Protease-treated
and control samples were isotopically labeled by reductive dimethylation using H,CO
or D,C®O, respectively, as described elsewhere (32, 33). Following labeling,
protease-treated and control samples were mixed at equal ratios and desalted by
C18 solid phase extraction (Sep-Pak, Waters) according to manufacturer’s

instructions.

Nanoflow—-HPLC-MS/MS

Samples were analyzed on a Q-Exactive plus (Thermo Scientific) mass spectrometer
coupled to an Easy nanoLC 1000 (Thermo Scientific) with a flow rate of 300 nl / min.
Buffer A was 0.5 % formic acid, and buffer B was 0.5 % formic acid in acetonitrile
(water and acetonitrile were at least HPLC gradient grade quality). A gradient of
increasing organic proportion was used for peptide separation (5 — 40 % acetonitrile
in 80 min). The analytical column was an Acclaim PepMap column (Thermo
Scientific), 2 ym particle size, 100 A pore size, length 150 mm, inner diameter 50 pym.
The mass spectrometer operated in data dependent mode with a top 10 method at a

mass range of 300 — 2000.



Data analysis

Raw LC-MS/MS data was converted to the mzXML format (34), using msconvert (35)
with centroiding of MS1 and MS2 data and deisotoping of MS2 data. For spectrum to
sequence assignment X! Tandem (Version 2013.09.01) was used (36). The E. coli
proteome database (strain K12, reference proteome) was used as described
previously (37), consisting of 4304 protein entries and 8608 randomized sequences,
derived from the original E. coli proteome entries. The decoy sequences were
generated with the software DB toolkit (38). X! Tandem parameters included:
precursor mass error of + 10 ppm, fragment ion mass tolerance of 20 ppm, semi-
tryptic, semi-GluC or semi-LysC specificity with up to one missed cleavage, static
residue modifications: cysteine carboxyamidomethylation (+57.02 Da); lysine and N-
terminal dimethylation (light formaldehyde 28.03 Da; heavy formaldehyde 34.06 Da
or 36.08 Da, respectively); no variable modifications. X!Tandem results were further
validated by PeptideProphet (39) at a confidence level of > 95 %. For relative peptide
guantification, XPRESS (40) was used. Mass tolerance for quantification was 0.015
Da. An in-house PERL computer script (downloadable at http://www.mol-med.uni-
freiburg.de/mom/schilling/TAILS _v21 xpress-only/at_download/file) then filters for
semi-specific peptides, with their N- or C-terminus generated by the initial digestion
protease and the respective other terminus derived from cleavage by the test
protease. Similar to the original PICS procedure (5), the script then determines
bioinformatically, through database lookup, the corresponding prime- or non-prime
sequence. Web-PICS was used to generate heat-map style representation of

protease specificity (41).



Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (42) via the PRIDE partner repository with the dataset
identifier PXD002785 (Username: reviewer44222@ebi.ac.uk, Password: eOvfaRaU).
The identifier for the HERV-K(HML-2) dataset is PXD003833 (Username:
reviewer41375@ebi.ac.uk, Password: iZv3YsIS). In order to provide access to

annotated spectra, pepXML files, along with mzXML files have been deposited.

Molecular modeling of CPAF peptide complex

The structure of mature CPAF (pdb code 3DOR) and active site mutant CPAF-S499A
mutant in complex with a peptide (pdb code 3DPN) (43) served as templates for
molecular modeling. The corresponding residues P1, P2, P3, P1’, P2’ and P3’ were
changed with Coot (44) and figures were generated with PyMol (45). The PyMOL

Molecular Graphics System, Version 1.3r1.)

Results and Discussion

Overview and Proof of Concept

Our procedure is outlined in Fig. 1. Briefly, cellular proteomes, such as cellular or
bacterial lysates are harvested and digested by specific endopeptidases (“digestion
protease”), such as trypsin, GluC or LysC, yielding a proteome-derived peptide
library. After inactivation of the digestion protease, the peptide library is divided into a
control sample and a sample for incubation with a protease under investigation (“test
protease”). Following this incubation step, the samples are differentially labeled, for

example by reductive dimethylation using different stable isotopes of formaldehyde
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(46). The samples are then mixed, desalted, and analyzed by LC-MS/MS analysis. In
data analysis, the procedure focuses on semi-specific peptides that are more
abundant in the sample treated with the test protease. Semi-specific refers to
peptides for which only the N- or C-terminus represents cleavage by the digestion
protease, while the other terminus is generated by a protease with a different
specificity. By focusing on semi-specific peptides, which are more abundant in the
sample treated with the test protease, the procedure investigates the specificity of
this enzyme. If only the C-terminus of such a peptide is derived from treatment with
the digestion protease, the N-terminus was likely generated by the test protease and
the peptide thus constitutes the prime-site cleavage sequence. The requirement that
the semi-specific peptide needs to be present only in the test protease treated
sample, but not in the control, excludes artifacts arising from unspecific background
proteolysis in the proteome. Similar to the original PICS procedure, the
corresponding non-prime-site cleavage sequences are bioinformatically retrieved
through a database lookup. We have previously shown that this combination of
experimentally and bioinformatically derived sequences is suitable for profiling of
protease specificities (5). We have now expanded the strategy to enable
bioinformatic retrieval of prime-site cleavage sequences based on experimentally
determined non-prime-site cleavage sequences (i.e. N-terminus generated by the
digestion protease, C-terminus produced by the test protease). In a last step, all
cleaved sequences are aligned, optionally normalized, and the aggregate specificity

motifs visualized, e.g. as heatmaps (41) or sequence logos (47).

As an initial proof-of-concept study we generated a proteome-derived peptide library

from Escherichia coli lysates by GluC digestion. We then incubated this library with
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trypsin at a protease:library ratio of 1:500 for either 1 h or 16 h at 37 ° C. Upon LC-
MS/MS data analysis, we used an 8-fold increase in abundance to discriminate semi-
specific peptides that are generated by trypsin incubation from background signals.
786 (1 h trypsin incubation, sequences in Sup. Tables 1la and 1b) and 819 (16 h
trypsin incubation, sequences in Sup. Tables 2a and 2b) semi-specific peptides
fulfilled this criterion and were further analyzed. As shown in Fig. 2a, both incubation
times clearly result in specificity profiles that reflect the prototypical trypsin selectivity
for arginine and lysine in P1. This result nicely validates our experimental strategy
and highlights its suitability for assessing the capacity of proteases to act on lysine-

containing substrates.

We further chose human caspase-3 for a second proof-of-concept experiment.
Caspase-3 features subsites with differing grades of specificity, including strict
selectivity (P1D), moderate selectivity (P4D), and partial preference (P2V). Using our
modified PICS strategy, we profiled recombinant human caspase-3 with tryptic E. coli
peptide libraries. We identified 63 caspase-3 cleavage sites (sequences in Sup.
Tables 3a and 3b). The resulting specificity profile (Fig. 2b) matches prototypical
caspase specificity (48, 49). In P3, methionine rather than glutamate appears to be
preferred. This is corroborated by a phage-display study on caspase-3, which
identified DLVD rather than DEVD as the preferred sequence motif for caspase-3

(50).

Specificity Profiling of HERV-K(HML-2) Protease

12



The human genome contains numerous sequences that originate from germ line
insertions of exogenous retroviruses, so-called human endogenous retroviruses
(HERVs). HERV sequences, that is, “fossilized” retroviral sequences, account for
approximately 8% of the human genome (51). Similar to present-day exogenous
retroviruses, a relatively small number of HERV sequences in the human genome
comprises ORFs for typical retroviral proteins, among them a retroviral protease. The
protease of an evolutionarily young HERV group, named HERV-K(HML-2), bears
similarity to the aspartyl protease of viruses such as the human immunodeficiency
virus (HIV) (52) and it has been suggested that the HERV-K(HML-2) protease may

functionally complement HIV-1 protease (53).

Despite its interesting biology, little is known about the specificity of the HERV-
K(HML-2) protease. Here, we sought to elucidate its preferred cleavage site motif
using proteome-derived peptide libraries. Incubation of a tryptic peptide library with
recombinant, purified HERV-K(HML-2) protease (protease:library ratio 1:100) yielded
95 cleavage sites (specificity profile in Fig. 2c, sequences in Sup. Tables 4a and 4b).
Aromatic residues (Phe, Trp, Tyr) in P1 constitute the primary specificity determinant
of HERV-K(HML-2) protease. This finding is corroborated by its ability to process
HERV-K(HML-2) Gag protein at Tyrl34 and Phe252 (51, 54, 55). At the same time,
we notice that there is a substantial proportion (21 %) of cleavage sites with a P1
Gly. In line with our observation, HERV-K(HML-2) protease also cleaves the HERV-
K(HML-2) Gag protein at Gly532 in vitro (51, 54, 55). Further minor specificity
determinants are represented by a preference for either aliphatic residues in P2 and
for aromatic or aliphatic residues in P1’. The acidic residues Asp and Glu are found in
position P2 in 32 % of all cleavage sites. However, due to the low pH of the reaction

condition (pH 5.0), they were likely present in their protonated, non-charged form.

13



Overall, the specificity profile of HERV-K(HML-2) protease bears similarity to HIV-1
protease, which also displays a preference for aliphatic residues in P2 as well as for
aromatic residues in P1 and P1’ (5). HIV-1 protease is a prototypical case for subsite
cooperativity (5, 56), In particular, bulky residues in P1 (e.g. Phe) result in a
preference for small residues in P3 (e.g. Ala) and vice-versa. This behavior is also
found for HERV-K(HML-2) protease (data not shown). Interestingly, the similar
specificity profiles of HERV-K(HML-2) and HIV-1 proteases persist despite a rather

limited sequence homology of the two enzymes (53).

Using the HERV-K(HML-2) dataset, we also investigated whether the appearance of
cleavage products coincides with the depletion of the original tryptic peptides. For 22
of the 95 cleavage sequences, we also identified and quantified the original tryptic
peptide. As expected, protease treatment resulted in depletion of the substrate
peptides; for HERV-K(HML-2) the average depletion was more than 4-fold. This

observation further corroborates our strategy.

Specificity and Subsite Cooperativity of Chlamydial Protease-like Activity Factor

Chlamydial protease-like activity factor (CPAF, MEROPS ID S41.011) is a serine
protease secreted by the obligate intracellular pathogen Chlamydia trachomatis.
MEROPS, the peptidase database, does not yet list any peptidic or proteinaceous
CPAF substrates. However, autocatalytic cleavage of CPAF has been suggested
(43), occurring between Met?*? and Arg**3, Met®®* and Val®®®; as well as between

Ser® and Gly*®*,

For the present work, we used purified recombinant CPAF. To probe CPAF

specificity we generated a proteome-derived peptide library by GIluC digestion of
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Escherichia coli lysates. CPAF incubation (protease:library ratio of 1:500 (wt/wt)) at
pH 7.5 for 1 h and 16 h, respectively, at 37 ° C resulted in the identification of 501
cleavage sequences (1 h incubation sequences in Sup. Tables 5a and 5b) and 680
cleavage sequences (16 h incubation sequences in Sup. Table 6a and 6b). Both
incubation times yielded highly similar specificity profiles (Fig. 3a). P1 constitutes the
major specificity determinant with a preference for alanine, glycine or methionine.
P1M accounts for 8.4 % (1 h incubation) or 8.5 % (16 h incubation) of the CPAF
cleavage sites. Due to its rare natural occurrence, this corresponds to a strong over-
representation. The selectivity for P1M is corroborated by the three previously
reported CPAF self-cleavage sites, two of which feature a P1M (43). Further
positional preferences include tyrosine in P3, aliphatic residues (isoleucine and
valine) in P2’, and proline in P3’. Mixed specificity in a given subsite has been
previously observed for example for cathepsin B, which prefers small or aromatic

residues in P1’ (20).

We further investigated whether CPAF preference for P1M is positively or negatively
correlated to other positional preferences. We noticed that P1M negatively correlates
to P2l and vice-versa (Fig. 3b, c). In order to further characterize the substrate
recognition by CPAF we analyzed the structure of the active site and created a
molecular model of a complex of CPAF with two model substrates containing either
the motif VM|VA or VM VI (P2 — P2’, “|” indicates the cleavage site, Fig. 3d). The
side chain of methionine in the P1 position reaches into a large hydrophobic pocket
close to the active site serine (Ser499) in CPAF. This interaction places the peptide
bond in optimal distance to the active site serine. The side chain of valine in position
P1’ points away from the protein surface. The side chain of the residue in position P2’

points towards the protein surface. However, there is limited space and only residues
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with a short side chain such as alanine fit well. Side chains of larger size such as
isoleucine clash with the protein matrix and give a rationale for the negative
correlation between isoleucine in position P2 and methionine in P1. Such
cooperativity for subsites with mixed specificities has been previously observed, e.g.
in the case of cathepsin B (20) and other proteases (57). Generally, our technique
enabled detailed, high-content profiling of CPAF specificity and unraveled subsite
cooperativity for the mixed P1 specificity. We conclude that CPAF is a protease with

multiple enzyme-substrate interactions and comparably broad subsite specificities.

Canonical Specificity of ADAMTS Proteases

The "A Disintegrin And Metalloproteinase with Thrombospondin Motifs" (ADAMTS)
family comprises 19 mammalian members (58). These are secreted proteases with a
variety of ancillary domains. Members of the ADAMTS family are involved in a
plethora of functions in health and disease. Here we focus on ADAMTS-4, -5, and -
15. For ADAMTS-15, MEROPS does not yet report any cleavage sites and we
present its first specificity profile. We employed tryptic and LysC libraries to profile
the active site specificity of ADAMTS-4, -5 and -15, using an enzyme:library ratio of
1:50. Earlier reports on specificity profiling of related proteases of the “a disintegrin
and a metalloproteinase” (ADAM) family employed enzyme:library ratios of 1:10 (59).
Our own studies highlighted that specificity profiling with proteome derived peptide
libraries is not prone to overdigestion or blurred specificity motifs as a result of
elongated incubation times (20) or elevated enzyme:library ratios (5). For ADAMTS-
4, we identified 180 tryptic and 335 LysC-based cleavage sites (Sup. Tables 7a/b

and 8a/b); for ADAMTS-5, we identified 215 tryptic and 246 LysC-based cleavage

16



sites (Sup. Tables 9a/b and 10a/b); for ADAMTS-15 the corresponding numbers

were 77 tryptic and 63 LysC-based cleavage sites (Sup. Tables 11a/b and 12a/b).

The specificity profiles are summarized in Fig 4. All three ADAMTS proteases yielded
similar specificity profiles. Glutamate in P1 constitutes the major specificity
determinant. ADAMTS-4 is unique in also displaying a minor preference for tyrosine
in P1. Glycine in P2’ is prominently preferred by all three ADAMTS proteases. In P2
there is a common, but less pronounced preference for glutamine and in P1’ there is
a shared preference for alanine. The LysC library further unraveled a preference for
arginine in P2’, which is shared by all three ADAMTS proteases. Generally, there is
good agreement between the tryptic and LysC-based specificity profiles, which
further testifies to the robustness of our approach. For ADAMTS-4 and -5, our
specificity profiles are in good agreement with cleavage site data deposited in
MEROPS. Interestingly, the canonical ADAMTS specificity is distinct from the

specificity profiles of further metzincin proteases such as MMPs, ADAMs or meprins.

Conclusion

We present a simple and robust protocol for profiling of protease specificity, including
subsite cooperativity, with proteome-derived peptide libraries. We showcase and
validate our technique through characterization of the well-known trypsin and
caspase-3 specificity. We demonstrate its wider applicability by deorphanizing
HERV-K(HML-2) protease and CPAF, which are both proteases with previously
unknown specificity. Furthermore, we determine the canonical specificity profile of

ADAMTS proteases.
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Figure 1. Overview of workflow. Peptide libraries are prepared by specific
endoproteolytic digestion of complex proteomes, such as cell lysates. Following
inactivation of the digestion protease and clean-up, the peptide library is split in two
parts. One aliquot is incubated with the protease under investigation, the second
aliquot serves as a control. After incubation with the test protease, the peptide library
aliquots are differentially labeled using stable isotope compounds, such as
dimethylation of primary amines with either light (C**H,0) or heavy (C*D,0O)
formaldehyde. Equal amounts of the labeled protease-treated and control library are
mixed and analyzed by LC-MS/MS. Cleavage events lead to semi-specific peptides
enriched in the sample treated with the test protease. The matching prime- or non-
prime sequences are derived bioinformatically by database searches, similar to the

original PICS strategy (5).

Figure 2a: Specificity profiling of trypsin using a GIuC peptide library. The
protease:library ratio was 1:500 (wt/wt). Incubation at pH 8.0 occurred for either 1 h
or 16 h at 37 ° C. The histograms show the fold-change value distribution (log, of
label ratios for trypsin/control) of the semi-specific peptides. Semi-specific peptides
with a more than 8-fold enrichment (log2 fold-change value > 3) for the protease-
treated sample (here: trypsin) are considered to represent specific cleavage events
mediated by the test protease. These were used for reconstruction of the substrate
cleavage sites, which were aligned and summarized as heat maps clearly showing
the expected stringent trypsin specificity with arginine and lysine and P1. 2b:
Specificity profiling of human caspase-3. The protease:library ratio was 1:300 (wt/wt).
Incubation at pH 7.4 occurred for 3 h at 37 ° C. The specificity heatmap is in line with

canonical description of caspase-3 specificity, with the exception of the P3 position.
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However, caspase-3 affinity for aliphatic residues in P3 and a preference for DLVD
over the DEVD sequence present in common synthetic caspase-3 substrates have
also been reported by others (50). 2d: Specificity profiling of human endogenous
retrovirus HERV-K(HML-2) protease. The protease:library ratio was 1:100 (wt/wt).
Incubation at pH 5.0 occurred for 16 h at 37 °C. P1 constitutes the major specificity

determinant with a preference for aromatic residues.

Figure 3a: Specificity profiling of chlamydial protease-like activity factor. The
protease:library ratio was 1:500 (wt/wt). Incubation at pH 7.5 occurred for either 1 h
or 16 h at 37 ° C. P1 constitutes the major specificity determinant with a mixed
preference for either small (alanine, glycine) or aliphatic (methionine) residues. 3b/c:
Negative correlation between P1 methionine and P2’ isoleucine. 3d: Structural
modeling of the peptide sequences VM|VA or VM|VI (“|” indicates the cleavage site)

in the active site of CPAF (“Ser” denotes active site serine 499).

Figure 4: Specificity profiing of proteases of the “A Disintegrin And
Metalloproteinase  with Thrombospondin  Motifs” (ADAMTS) Family. The
protease:library ratio was 1:50 (wt/wt). Incubation at pH 7.5 occurred for 16 h at 37 °
C. P1 constitutes the major specificity determinant with a canonical preference for

glutamate.

24



Biniossek et al, Figure 1

Proteome

digest (e.g. trypsin or GluC)

Peptide library _ _

split
incubate with
test protease control
label heavy label light
s 0 o O—o- o—
o— 0o O— C—o-
mix
LC-MS/MS
4 singulet: pairs:
cleavage product intact peptides
>
I 0?
()
£
m/z ”

reconstruct cleavage sequence

CLEAVA-GESITE

database

LC-MS/MS
lookup



Biniossek et al, Figure 2

@ouepunge [einjeu o0} uoijejal ui
sa)is abeAea|d Ul 92UaIN220

S o o ~ © 1’ ¥+ o o

©
o
c in
o 0= o
= . e 3
© % S B
Ke] = )
= S o
(@) . Q N
C > o
= < 2
e = N
(o] To) mﬂ =
~ | -“ o
. N
. o
K [>¢d
o % o
T T T ~ ‘.‘ N
o o o o o o %
o o o o o % n
S © © < N . o
~ ;. ©
(sepndad oyoads-1was) s o
Aouanbai4 <OQULOI-XJSZagrnk>3>
aouepunge |einjeu 0} uoinejal ul
s9)Is abeAea|d ul 39UaIN220
° € o o ~ © 1’ ¥ ® o
o
o
c — n
o = o
- — - <t
m o m o
o) = &
> @ 2
2 B 3
£ = -
< 5 &
— 0 o o
N
o
[2¢d
o
I T T T T N
o o o o o
o o o o o n
=] © © < N o
- ©
(sepndad oly1oads-jwes) o

Aouanba.l4

<OQUWLOI-XISZoo0xrnF>3>

(O]
(2]
@®
Q
@]
—
o
o
—
=
T
X
=
o
|
T

_—

o

Caspase 3

)

aouepunge [eJnjeu o} uoijejal ul
s9)is abeAra|d Ul 92UaIN220

P6 P5 P4 P3 P2 P1P1’ P2’ P3’ P4 P5' P§’

<ONWLOI-XISZo OrnkF>2>

aouepunge [einjeu o} uopeal ul
s9)is abeAea|d ul 92UaIN220

© < N o
- - - - © © < N

P6 P5 P4 P3 P2 P1 P1’'P2' P3' P4’ P5' P&’

<OQUWLOI-XISZoo0xnF>3>



Biniossek et al, Figure 3

—_—

@ouepunge [einjeu o} uoie|dl uy
sa)is abeAea|d Ul 82UdIN220

S o o ~ © 1 ¥ ©® «

P2’ P3’ P4’ P5' PG’

CPAF, 16 h incubation

P6 P5 P4 P3 P2 P1P1’

<CONUWLOI-XJISZa0xnF>3>

aouepunge [einjeu o0} uoie|al uy
sajis abeAea|d uj 33uaIN220

S o oo N~ © ;v T o «

CPAF, 1 h incubation
P6 P5 P4 P3 P2 P1 P1’' P2’ P3’ P4’ P5' P6’

a <OAWLOI-XASZaoOxrnF>3>

(sjuiod abejuasiad)
sajis abeAea|d ||e 0} pasedwod
92U314NJ90 JO SDUBIAYIP

e o =
= 3 X .
L
-
P -
[e]
1
>
=
=
© A
S| Wid timsays Auo
Q.
o
@]
O
<COAWLOI—-XISZa0Xnk>3>
(sjurod abejuaoiad)
sa)is abeAea|d ||e 0} patedwod
92U314N290 JO 32UAIAYIP
{ o 8
[ ] | ] ] ] M
s
=
P -
o
=
2
=
=
S INLd yum saps Aluo
(]
Q
o
o
(@]

b)

<OQWLOI—-XJASZo0xXnkF>3>

P2 P1 P1" P2 P3

P3

P3’

P2’

P1’

P2

P3

Cooperativity to P2’|

10

C) Cooperativity to P2'|

(sjuiod abejuasiad)
sajis abeAed|o ||e 0} patedwod
99U31IN220 JO 9oUdIBYIP

l.2d Uum sayis Ajuo

"
I

I
il

<COQWLOI-XISZa0xnkF>3>

(sjurod abejuaosiad)
sajis abeAed|o ||e 0} patedwod
90U31IN220 JO 9oUBIBYIP

I -10

1.2d unm says Ajuo

N
I

<COQWLOI-XISZa0xrn->3>

P2 P1

P3




Biniossek et al, Figure 4

aouepunge [einjeu o} uoljejal ui
sa)is abeAea|d ul 99UaIN220

w9 1w o v 9
<t & o o N 9«

I

5.0

ADAMTS-4, LysC library

P6 P5 P4 P3 P2 P1P1’P2' P3' P4’ P5’ P6’

<COAUWLOI-XJISZo0xXnkF>3>

@ouepunge |einjeu o} uoijejal ui
sa)1s abeAea|d Ul 99UdIND20

0 0 0 0
[} [Te] < < 3] ™~ N N

ADAMTS-4, tryptic library

P6 P5 P4 P3 P2 P1 P1’ P2’ P3’ P4’ P5' P6’

<COAULOI-XISZoOXnF>3>

aouepunge |einjeu 0} uoieal ul
so}is abeAea|o Ul 92UaIN220

ADAMTS-5, LysC library

P6 P5 P4 P3 P2 P1 P1’P2' P3’ P4’ P5’ P6’

<COQWLOI-XISZooxrnkF>3>

@ouepunge |einjeu o0} uoije|al ul
so)is abeAea|d ul 89UdIN220

ADAMTS-5, tryptic library

P6 P5 P4 P3 P2 P1 P1'P2'P3' P4’ P5’P6’

<COAULOI-XISZo0xrnkF>3>

aouepunde |einjeu o0} uole|al ul
so)is abeAed|d Ul 92UaIN220

o o o o ]

] g g 3 g N
© ~ © 0 < © o~

N

ADAMTS-15, LysC library

P6 P5 P4 P3 P2 P1 P1'P2'P3’ P4’ P5’ P6’

<COQWLOI-XISZoOxrnkF>3>

@ouepunde |einjeu o0} uoiejal ul
s9)is abeAed|o Ul 92UaIN220

0 e 0 S 0 o
< < (] (2] N N

ADAMTS-15, tryptic library
P6 P5 P4 P3 P2 P1 P1’ P2’ P3’ P4’ P5’ PG’

<OAULOI-XJISZo0xrnkF>3>



	Biniossek et al 2016_Mol Cell Proteomics_author version
	New-pics_v16 figs names depletion



