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Protease cleavage site fingerprinting by label-free
in-gel degradomics reveals pH-dependent
specificity switch of legumain

Robert Vidmar“>f, Matej Vizovisek™', Dusan Turk™*3, Boris Turk>*"

Abstract

Determination of protease specificity is of crucial importance for
understanding protease function. We have developed the first gel-
based label-free proteomic approach (DIPPS—direct in-gel profiling
of protease specificity) that enables quick and reliable determina-
tion of protease cleavage specificities under large variety of experi-
mental conditions. The methodology is based on in-gel digestion of
the gel-separated proteome with the studied protease, enrichment
of cleaved peptides by gel extraction, and subsequent mass spec-
trometry analysis combined with a length-limited unspecific data-
base search. We applied the methodology to profile ten proteases
ranging from highly specific (trypsin, endoproteinase GluC,
caspase-7, and legumain) to broadly specific (matrix-metallopro-
teinase-3, thermolysin, and cathepsins K, L, S, and V). Using DIPPS,
we were able to perform specificity profiling of thermolysin at its
optimal temperature of 75°C, which confirmed the applicability of
the method to extreme experimental conditions. Moreover, DIPPS
enabled the first global specificity profiling of legumain at pH as
low as 4.0, which revealed a pH-dependent change in the speci-
ficity of this protease, further supporting its broad applicability.
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Introduction

Proteases are key effectors in numerous physiological processes. In
humans, more than 550 proteases participate in dynamic turnover
of the whole proteome either through bulk protein degradation or
through specific protein processing, thereby regulating specific
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physiological pathways (Lopez-Otin & Bond, 2008). Therefore,
understanding protease cleavage specificity is one of the key
elements required for determination of protease function. Protease
specificity is embedded in the architecture of the active site and
enables recognition of amino acids surrounding the scissile peptide
bond. Especially under in vivo conditions, other determinants, such
as spatiotemporal location of a protease and its substrates, exosites,
and three-dimensional structure of native substrates, additionally
influence substrate proteolysis (Timmer et al, 2009; Turk et al,
2012a). Protease cleavage specificity therefore facilitates our under-
standing of the dynamic interactions of proteases with their
substrates in homeostasis or disease and provides additional infor-
mation for designing selective substrates, probes for imaging and
activity assays as well as specific inhibitors (Turk, 2006; Sukuru
et al, 2010; Kasperkiewicz et al, 2012; Sanman & Bogyo, 2014).
Although synthetic peptide libraries can also be applied in such
experiments, proteome-derived libraries remain the most common
choice since they require no peptide synthesis (O’Donoghue et al,
2012). Over the years, a number of proteomic approaches have been
developed to study protease cleavage specificity (Shahinian et al,
2013; Vizovisek et al, 2016). In these approaches, peptide or
protein-based libraries are proteolytically cleaved and neo-N-termini
are identified by mass spectrometry. When working with proteome-
derived libraries, the N-terminal peptides generated by the protease
are typically chemically modified to be distinguished from internal
tryptic peptides, which are generated later during sample prepara-
tion for mass spectrometry analysis (Shahinian et al, 2013;
Vizovisek et al, 2016). To maximize the number of identified
peptide cleavages, the protease-generated N-terminal peptides are
typically separated from the internal tryptic peptides either by posi-
tive or by negative enrichment. Examples of positive enrichment are
PICS (proteomic identification of protease cleavage sites) and other
N-terminal biotinylation-based methodologies, where biotinylation
of the N-terminal peptides is used for their subsequent isolation by
affinity purification (Mahrus et al, 2008; Schilling & Overall, 2008;
Timmer et al, 2009). In the negative enrichment strategies,
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additional chemical labeling steps of tryptic peptides are introduced,
which enable their separation from the N-terminal peptides. In those
cases, removal of chemically modified tryptic peptides can be based
on their altered chromatographic properties, which is utilized in
COFRADIC and ChaFRADIC methodologies (COFRADIC—COmbined
FRactional Dlagonal Chromatography; ChaFRADIC—Charge based
FRactional Dlagonal Chromatography; Gevaert et al, 2003; Van
Damme et al, 2009; Venne et al, 2015) or on their covalent immobi-
lization (TAILS—Terminal Amine Isotopic Labeling of Substrates;
Kleifeld et al, 2010; Doucet et al, 2011). The drawback of all these
approaches is their complexity given that they consist of several
steps of chemical modifications and/or chromatographic separa-
tions. Furthermore, use of chromatographic separation for enrich-
ment and separation of the labeled peptides can introduce biases
related to peptide amino acid composition (Vizovisek et al, 2015).
Here, we present a simple proteomic approach for the protease
cleavage site fingerprinting that does not require chemical label-
ing or chromatographic enrichment of cleaved peptides. The
direct in-gel profiling of protease specificity (DIPPS) approach
offers a straightforward solution for characterizing the specificity
of a wide array of proteases regardless of their enzyme class,
specificity, and assay conditions. The DIPPS approach combines
in-gel digestion, peptide gel extraction with subsequent mass
spectrometry analysis, importantly, length-limited
unspecific database searches. The method was thoroughly evalu-
ated using nine proteases with vastly different substrate speci-
ficities and then applied to profile legumain, a protease not
previously characterized by proteomic approaches. The canonical

and, most

Asn P1 specificity was only observed at pH 6.0, whereas a
decrease in pH to 5.0 or even 4.0 resulted in a substantially
increased number of cleavages of which almost half were after
Asp, implying a potential role of legumain in differential substrate
recognition during endolysosomal maturation.

Results
DIPPS workflow

The method of direct in-gel profiling of protease specificity (DIPPS)
is based on treatment of a gel-separated cellular proteome with the
protease of interest, extraction of the cleaved peptides from the gel,
and their subsequent analysis by LC-MS/MS (Fig 1). Briefly, the
soluble cell lysate is first separated by sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE), thereby unfolding the
proteins and simultaneously preventing their aggregation. Next, the
protease under investigation is diluted in a selected assay buffer and
transferred to the dehydrated polyacrylamide gel containing linear-
ized proteins. Following in-gel proteolysis, the generated peptides
are extracted from the gel and analyzed by LC-MS/MS, which
enables identification of their neo-N- and neo-C-termini. Therefore,
instead of applying the protease cleavage specificity setting in the
database search algorithm, a database search is performed using the
peptide length limitation. The lower limit is set to a minimum
peptide length (i.e., 8 amino acids) that is required for reliable
peptide identification, whereas the upper limit is optimized and set
according to the size limitation of peptide extraction from the poly-
acrylamide gel. The assembly of the identified N- and C-terminal
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Figure 1. The experimental workflow of DIPPS (direct in-gel profiling of
protease specificity).

Asoluble cell lysate providing natural amino acid sequence diversity is separated
using SDS—PAGE. The whole protein lanes are sliced and cut into pieces that are
dehydrated and dipped into a buffer containing the protease of interest. The in-
gel digestion results in the formation of cleaved peptides that are extracted from
the gel and analyzed by LC-MS/MS. The cleaved peptides are identified with a
length-limited unspecific database search and aligned to generate a substrate
specificity profile of the studied protease.

cleavage windows from identified peptides is simply aligned and
used to determine their frequency relative to the natural amino acid
occurrence in the human (or other species) proteome. Visualization
of relative ratios as iceLogos (Colaert et al, 2009) or heat map repre-
sentations provide unambiguous insight into the extended cleavage
preferences of the assayed protease.

DIPPS validation: proteases with narrow specificity

A crucial factor in DIPPS is the maximal length of peptides extracted
from the gel, as it determines the upper peptide length limit used in
the non-specific database search. To address this problem, we
applied caspase-7, which is known for its characteristic DEVD
extended recognition motif and a very low number of cleavages
generated during apoptosis, resulting in long peptide fragments
(Thornberry et al, 1997; Wejda et al, 2012; Rawlings et al, 2014).
The analysis revealed that the maximum number of cleavages was
identified at an upper peptide length limit of ~40 amino acids
(Appendix Fig S1), suggesting that this is also the largest size of a
peptide extracted from the gel under the experimental conditions.
Using these settings, 601 cleavage sites were identified for caspase-7
(Fig 2, Dataset EV1), accurately revealing the canonical DEVDIG
cleavage motif (Talanian et al, 1997; Thornberry et al, 1997;
Stennicke et al, 2000). A direct comparison of the 601 cleavage sites
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Figure 2. Human caspase-7 extended cleavage specificity profiling.

A The iceLogos showing amino acid frequency distribution at P4—P4’
positions of caspase-7 generated cleavages obtained by DIPPS (above x-
axis) compared with cleavages from the MEROPS database (below x-axis).

B The comparison of P1 Asp- and Glu-specific cleavage sequences obtained
by DIPPS in comparison with apoptotic cleavages deposited in the
DegraBase database (Seaman et al, 2016).

C The comparison of P4-P4’ sequence specificity between P1 Asp (above x-
axis) and P1 Glu (below x-axis) specific cleavages.

identified by DIPPS with the 179 caspase-7 cleavages deposited in
the MEROPS database (Schilling & Overall, 2008; Rawlings et al,
2016) and apoptotic cleavages deposited in the DegraBase
(Crawford et al, 2013) revealed no major differences in the DEVD
motif appearance and the relative amino acid abundances (Fig 2A
and B). With 85% Asp and 8% Glu P1 residues identified, the P1
position remains the most important for the caspase-7 substrate
recognition. The remaining 7% of identified random cleavages can
be attributed to false positives (1% false discovery rate) and back-
ground proteolysis that happened prior to lysate preparation and
caspase treatment. In addition, the P4 position is dominated by Asp
(22%), P3 by Glu (19%), P2 by Val (16%), and P1’' by Gly (37%;
Fig EV1). This makes our results consistent with the recent report
(Seaman et al, 2016) that identified the presence of the P1 Glu

© 2017 The Authors

Direct in-gel profiling of protease specificity (DIPPS)

The EMBO Journal

cleavages in the extended DEVEIG specificity profile of caspase-7
(Figs 2C and EV2).

To exclude the possibility that larger protein fragments retained
in the gel statistically affect the determined specificity profile, we
additionally digested the extracted gel pieces (after caspase-7 treat-
ment) with trypsin. This second extraction step yielded numerous
trypsin-specific cleavages and additional 37 caspase-7-specific P1
Asp cleavage sequences (Fig EV3 and Dataset EV2). The sequence
analysis of those cleavages also revealed the characteristic DEVDIG
specificity profile, indicating that the peptides retained in the gel did
not affect the specificity profile.

Next, we validated the approach by trypsin and endoproteinase
GluC, which are regularly used in bottom-up proteomic approaches
and have a well-characterized cleavage specificity profile. Trypsin is
traditionally used for in-gel digestion of proteins, and its strict P1
Arg and Lys cleavage specificity has been extensively studied in the
past (Olsen et al, 2004; Rodriguez et al, 2008). Our analysis showed
that over 99% of the 18,613 identified cleavage sites were exclu-
sively after Lys (52.2%) and Arg (46.8%) in the P1 position (Fig 3A
and B, and Dataset EV3), with a high level of correct tryptic cleav-
age site assignment and < 1% false-positive identifications. As
expected, no extended trypsin cleavage preference was observed
beyond the P1 position except for the negative correlation with the
P1’ Pro. The latter was revealed by an ~15-fold depletion relative to
the Pro abundance in the human proteome (Fig 3C). In addition, we
also validated endoproteinase GluC cleavage specificity. We identi-
fied 5,190 cleavage sites (Fig 3D and E, and Dataset EV4), con-
firming the high selectivity for Glu (94.7%) in the P1 position,
although Asp (2.5%) was also found, as previously reported
(Schilling & Overall, 2008; Jakoby et al, 2012).

DIPPS validation: broad specificity proteases

To validate the applicability of the approach on broad specificity
proteases, we profiled four members of the human cysteine cathep-
sin family, cathepsins K, L, V, and S, and the metalloprotease MMP-
3. Cathepsins are known for their broad specificity and similar
substrate preferences (Turk et al, 2012b). With DIPPS, we identified
14,596 cleavage sites for the four cathepsins studied (3,762 cleav-
ages for cathepsin K, 3,561 cleavages for cathepsin L, 4,238 cleav-
ages for cathepsin S, and 3,035 cleavages for cathepsin V; Fig 4 and
Datasets EV5-EV8). The high number of recorded cleavage events
enabled the construction of reliable cleavage specificity profiles,
which are in agreement with the general cathepsin substrate speci-
ficity features. Accordingly, in the P2 position, which is known as
the major recognition site in the cathepsins (Turk et al, 1998),
mainly small aliphatic amino acids (Val, Leu, Ile) were identified,
whereas the P1 position was enriched for the basic Lys and Arg resi-
dues (~30% of all cleavages). Enrichment in other positions was
generally insignificant, except for the minor enrichment of nega-
tively charged Asp and Glu patches in the P4 and P4’ positions and
beyond. The specificities of cathepsins L, S, and V were highly simi-
lar and differed slightly from cathepsin K. The most important dif-
ference was probably the acceptance of Pro in the P2 position
(12%) in the latter, which is linked with the collagenolytic activity
of the enzyme. Similarly, MMP-3 is a metalloprotease known for its
broad specificity (Schilling & Overall, 2008). With DIPPS, 3,922
cleavage sites were identified. Its profile was governed primarily by
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Figure 3. Trypsin and endoproteinase GluC cleavage specificity profiling.
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P3 Pro (31%), P2 Ala (34%), and P1' Leu (28%; Figs 5 and EV4,
Dataset EV9).

Protease specificity profiling under high temperatures

Bacillus thermoproteolyticus thermolysin is a thermostable protease
with the optimal cleavage temperature in the range of 65-85°C
(Coffey et al, 2000), that is, under the conditions where the vast
majority of proteins denature and precipitate. However, due to the
stabilizing effect of the gel, we were able to profile thermolysin
specificity at its optimal temperature of 75°C. We identified 2,852
cleavages, which is one order of magnitude higher than the number
of cleavages deposited in the MEROPS database (Fig 6 and Dataset
EV10; Rawlings et al, 2014). For comparison, we have additionally
performed DIPPS profiling of thermolysin using the cell lysate of the
obligatory thermophile Aeropyrum pernix. Both datasets correlated
well and indicated that the most important substrate specificity
determinant was the S1’ subsite, primarily accommodating aliphatic
and aromatic amino acid residues (Fig 6D and E, and Dataset
EV11). Interestingly, thermolysin was the only protease of the tested
with prime-site specificity and no identified non-prime-site
specificity.

The EMBO Journal Vol 36 | No 16 | 2017

Direct in-gel profiling of protease specificity (DIPPS)

Robert Vidmar et al

B C ‘
60 1 m Tryptic = ¥V
52.2 m Reference - R
o F
50 468 |
|
40 + - E
- K
2 o
-
< 30 4 I
g -
= "
s 20 4 —-_— c
L
-l Vv
10 4 —————— F
1.0 - :
- A
0. . — M
K R Other -15 12 -9 -6 -3 0 3
Fold change
100 -
mP1GIuC P1L | %
& m P1 reference E 1947
| D |25
Other| 2.8
260 -
c
[
o |
o
£ 40
2
20
SR NN T T .

GASPVTCLI NDQKEMHFRYW

Trypsin cleavage specificity profile presented as iceLogo (Colaert et al, 2009) with the representative number of cleavage sites used for the data analysis (n-values).
The frequency distribution of tryptic P1 sites compared with human amino acid frequency distribution.

The fold-change distribution of each amino acid at the P1’ position relative to the normal distribution in the human proteome.

Endoproteinase GluC iceLogo showing the amino acid frequency distribution obtained by DIPPS (above x-axis) compared with cleavages from the MEROPS database

The frequency distribution of the GluC P1 cleavage sites compared with the human amino acid frequency distribution.

Protease specificity profiling under low pH

Given that a number of proteases are regularly exposed to the acidic
environment of cellular organelles, we next evaluated the applicabil-
ity of DIPPS to the acidic pH. The endolysosomal cysteine endopep-
tidase legumain, which cleaves substrates specifically after Asn at
pH ~6.0, appeared suitable for the test, as it was known to be able
to accept also Asp in the P1 position at lower pH (Dall &
Brandstetter, 2012). To test the profiling conditions, we recorded
the increasing preference of the P1 Asp over Asn at acidic pH using
the synthetic substrates z-AAN-AMC and z-AAD-AMC (Fig 7D).
Interestingly, the analysis showed the P1 preference transition from
Asn to Asp in the pH range 6.0-4.5. We therefore profiled legumain
at pH 6.0 in two technical replicates and identified 923 and 690
cleavages (Fig 7B, Appendix Fig S2, and Datasets EV12 and EV13).
Both replicates showed high reproducibility and revealed identical
specificity profile with Asn highly enriched at the P1 position
(81%). In addition, a small number of cleavages were also observed
after Asp (Figs 7A and EV5A). This finding is consistent with the
canonical specificity of legumain reported in the MEROPS database,
which is based on 81 cleavages (Rawlings et al, 2014). At pH 5.0, a
major increase in the number of identified cleavage sites (3,154), as

© 2017 The Authors
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well as an increased preference for cleavage after Asp, was observed
(Dataset EV14). Hence, the percentage of Asp P1 residues increased
from 4.4% at pH 6.0 to 32.1% at pH 5.0. Acidification to pH 4.0
resulted in a further decline of the P1 legumain specificity for Asn
(56.3%), which was compensated by an increase of the cleavages
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Occurence (%)

Occurence (%)

Occurence (%)

after Asp (39%). Interestingly, at pH 4.0, the number of identified
cleavage sites decreased (2,505), which is consistent with a general
decrease of legumain activity at this pH (Dataset EV15).

Next, we evaluated this shift in solution by incubation of legu-
main with serum albumin. A specific and stable cleavage pattern of
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albumin observed at pH 6.0 was replaced by a stronger and faster
degradation at lower pH, which is consistent with proteomic data
(Fig 7C). This pH-dependent shift of P1 specificity from Asn to Asp
was also seen in the hydrolysis of small substrates z-AAD-AMC and
z-AAN-AMC. A comparison of k.,/Ky values thus showed that at
pH 6.0 z-AAN-AMC was cleaved over 300-fold more efficiently than
z-AAD-AMC, whereas at pH 4.0, this difference was only about four-
fold (Fig 7D, Appendix Table S1).

Discussion

The demonstrated capabilities reveal DIPPS as a reliable and easy to
use approach, which provides a novel insight into substrate speci-
ficity profiling of proteases. It can be performed in any biochemical
laboratory with access to a proteomic facility and can be applied to
a broad range of physiological conditions. The idea for the method-
ology presented here originates from the in-gel digestion approach
that is widely used in proteomic sample preparation protocols
(Shevchenko et al, 1996, 2006; Steen & Mann, 2004). However, in
DIPPS, the in-gel digestion is no longer used only to prepare the
tryptic peptides from proteins prior to the MS analysis. Instead, the
peptides generated by the protease of interest from the linearized
proteins are extracted from the gel and directly used for the determi-
nation of the protease specificity. In contrast to other methodologies
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that utilize identification of either prime (N-terminomics) or
non-prime sequences (C-terminomics) and subsequent bioinfor-
matic analysis, DIPPS is based on the experimental determination of
the entire sequence of the protease-generated peptide, thereby
revealing neo-N- and C-termini in a single experiment. The corre-
sponding cleavage sequences are then determined bioinformatically.
The direct application of the gel extracted peptides to mass spec-
trometry analysis is a further advantage of DIPPS, when compared
to other established approaches that all consist of 1-2 chemical
labeling steps with at least one chromatographic step, which are
time- and labor-intensive. In addition, chromatographic enrichment
of peptides can also be a source of experimental bias given that
peptide binding to an ion-exchange resin depends on the peptide
amino acid composition (Vizovisek et al, 2015).

The extensive and rigorous validation of DIPPS by profiling ten
proteases of different catalytic classes delivered extremely reliable
and accurate datasets, which were generally in agreement with the
data deposited in the MEROPS database (Rawlings et al, 2014). The
strength of DIPPS is perhaps best demonstrated with profiles of
proteases with broader specificity extending beyond the P1 position,
such as cathepsins and MMP-3. In the case of cathepsins, the data
obtained by DIPPS correlated with the data obtained by positional
peptide libraries, COFRADIC and FPPS (Choe et al, 2006; Biniossek
et al, 2011; Vizovisek et al, 2015), while eliminating the minor bias
for charged amino acid residues in the positions beyond P2’ in the
latter two approaches. Compared to PICS, DIPPS produced superior
datasets. While DIPPS facilitates profiling of the entire repertoire of
20 amino acid residues, PICS eliminates P1 residues generated by
the protease used for the peptide library preparation and severely
depletes the same residue(s) in the other positions. PICS can there-
fore profile only 19 or less aminoacid residues (18 when tryptic
peptide library is used; Schilling & Overall, 2008; Biniossek et al,
2011). Given that only trypsin was used for the peptide library
preparation, PICS excluded all Arg and Lys residues from the P1
sites of cathepsin specificity profiles. In a similar way, Arg and Lys
residues at the P2’ site of MMP-3 specificity profile were also missed
(Eckhard et al, 2016). Contrary to PICS, Arg and Lys residues were
correctly assigned in the specificity profiles obtained by DIPPS.
Although similar specificity of cathepsins L, V, and S imply certain
degree of functional redundancy, due to their different localization
they perform also individual tissue-specific functions (Turk et al,
2012b).

Importantly, the DIPPS-generated datasets were in most cases
larger than the datasets obtained by other studies. In part, this
resulted from the use of linearized proteins where all the potential
cleavage sites are readily accessible to the protease in contrast to
the methods based on native proteins, such as COFRADIC, FPPS,
TAILS, and biotinylation-based N-terminomics (Vizovisek et al,
2016). Although the use of linearized proteins (polypeptides) in
DIPPS precludes identification of natural substrates of proteases, the
high number of cleavage sites resulting in high accuracy in deter-
mining protease specificities more than compensates this drawback.
This compensation is perhaps the best illustrated with caspase-7. By
determining 601 different cleavage sites, DIPPS provided the largest
set of experimentally determined caspase-7 cleavage sites to date.
Compared with DIPPS, other degradomics approaches identified
< 70 caspase-7 cleavage sites (PICS identified 37 cleavage sites,
whereas COFRADIC and biotinylation-based N-terminomics yielded
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Figure 6. Specificity profiling of thermolysin from Bacillus thermoproteolyticus at 75°C.
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B, C The identified cleavage sites are presented as heat maps with percent occurrence (B) and as fold-change over the natural abundance in the human proteome (C).
D Comparison of thermolysin frequency distribution plots between Aeropyrum pernix (above axis) and human (below axis) proteome.
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66 and 58 cleavage sites, respectively; Schilling & Overall, 2008;
Agard et al, 2012; Wejda et al, 2012). Furthermore, DIPPS did not
only accurately determine the consensus DEVDIG-specific recogni-
tion motif but also confirmed the presence of the very recently
reported DEVEVG caspase specificity motif (Seaman et al, 2016),
which was previously missed by COFRADIC, PICS, and biotinyla-
tion-based N-terminomics due to the low number of identified cleav-
age events (Schilling & Overall, 2008; Timmer et al, 2009; Wejda
et al, 2012).

Finally, the potential of DIPPS was demonstrated by profiling
proteases under extreme temperature and pH conditions, found in
nature. Specificity profiling of proteases by in-solution approaches
can be difficult given that extreme conditions often cause precipita-
tion of proteins from complex proteomes. The in-gel approach of
DIPPS was an ideal solution given that the stabilizing effect of the
gel environment prevents precipitation of protein substrates. More-
over, this study is the first example of proteomic specificity profil-
ing of a thermophilic protease at an elevated temperature.
Advantages of DIPPS were demonstrated also at acidic pH where
the profiling revealed that at low pH legumain is turned into an
Asn/Asp-specific protease capable of faster degradation of proteins.
These results are in agreement with recent results obtained by
combinatorial substrate libraries, which showed that recognition of
small substrates by legumain depends solely on the P1 residue
(Poreba et al, 2016). However, the total number of cleavages and

© 2017 The Authors

the percentage of cleavages after Asp observed in large substrates
at acidic pH were much higher as that in small fluorogenic
substrates (z-AAN-AMC and z-AAD-AMC), suggesting differential
binding of the substrates. While small substrates bind only to the
non-prime side of the active site cleft, large polypeptide substrates
occupy the entire active site on prime- and non-prime side (Turk
et al, 2012a), possibly explaining the difference. In addition, these
results also validated legumain as a highly specific protease, which
can be used for peptide generation in proteomic or sequencing
studies.

However, DIPPS also has some limitations. Because of the use
of denatured proteins, it is not suitable for identification of physi-
ological substrates. In addition, its applicability is limited in the
case of extremely large proteases (e.g., proteasome), which are
not efficiently absorbed into a polyacrylamide gel, or
exopeptidases.

In summary, we presented a reliable and straightforward
approach for the determination of protease specificity profiles that
does not require any chemical labeling or chromatographic enrich-
ment of cleaved peptides and can be applied at extreme physiolog-
ical conditions such as high temperature and acidic pH. Despite its
simplicity, DIPPS provides rich and accurate datasets that in
several aspects surpass other well-established degradomic
approaches. The obtained data of > 50,000 cleavages showed
excellent correlation with published protease specificities and no
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Figure 7. Legumain pH-dependent cleavage specificity determination with DIPPS.

A

The amino acid frequency distribution plots for legumain cleavages at different pH values with the percent occurrence bar chart at P1 position for Asn/Asp. The

representative number of cleavage sites used for the data analysis is presented as n-values. The scissile peptide bond between P1 and P1’ is indicated as a gray

dashed line. The P-value for iceLogo construction was 0.05.

presented with their corresponding standard deviations.

observable experimental biases in amino acid recognition, suggest-
ing that DIPPS can be easily applied to a wide range of
endopeptidases.

Materials and Methods
Expression and purification of recombinant proteins

Human legumain was expressed in the baculovirus expression
system (Poreba et al, 2016), whereas human cathepsins K, L, S, and
V were expressed in the Pichia pastoris expression system (Invitro-
gen; Bromme et al, 2004; Mihelic et al, 2008). Active MMP-3 was
purchased from Sigma (SRP7783). Recombinant human caspase-7
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The area proportional Venn diagram of unique and shared cleavage sites of legumain at pH 6 in two independent replicates.
The in-solution digestion of BSA with legumain showing pH-dependent profile of proteolysis.
The kear/K values of legumain cleavage of z-AAN-AMC and z-AAD-AMC substrates in pH range 7.0 to 3.5. All measurements were performed in triplicate and are

was expressed and purified from Escherichia coli BL21 as described
elsewhere (Stennicke & Salvesen, 1997).

Cell culture and whole-cell lysate preparation

MDA-MB-231 breast cancer cells were cultured in DMEM (Lonza),
supplemented with 10% fetal bovine serum, 1% glutamine, and 1%
penicillin/streptomycin at 37°C and 5% CO,. The cells were grown
to confluency, washed twice with DPBS (Lonza), and detached with
Hank’s based enzyme-free cell dissociation solution (Millipore). The
detached cells were centrifuged, and cell pellets were stored at
—80°C until further use. For the experiment, cell pellets were
thawed on ice, resuspended in lysis buffer [SO mM Tris.HCI buffer
pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.5% sodium
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deoxycholate, 1% protease inhibitor cocktail (Sigma)], and lysed on
ice for 20 min. Aeropyrum pernix cells were resuspended in the
lysate buffer and sonificated with three pulses for 5 s. All insoluble
material was removed by centrifugation at 16,000 g for 10 min, and
the approximate protein concentration was determined using the
Bradford assay. The protein extracts were mixed with loading buffer
and denaturated for 5 min at 95°C and stored afterward at —20°C
until further use.

SDS-PAGE and sample preparation

The proteins were separated on 12.5% SDS-PAGE Precast gels
(Lonza) with 150 ug of total proteins loaded per lane. SDS-PAGE
was stained for 1 h with Coomassie Brilliant blue stain followed by
overnight destaining in 30% ethanol/10% acetic acid. The whole
protein lanes were cut using a gel grid cutter (The gel company) to
produce 30 even sized bands. Each sample was combined from five
adjacent bands to produce a total of six samples per condition. The
gel bands were further sliced into ~1-mm® pieces and destained
twice with 150 ul 50% ACN (acetonitrile) in 25 mM ABC (ammo-
nium bicarbonate) for 30 min at 25°C and 1,200 rpm. The gel pieces
were dehydrated with 100% ACN and vacuum-dried. The cysteine
residues were reduced with 150 ul 10 mM DTT (dithiothreitol) in
25 mM ABC for 30 min at 56°C. Afterward, alkylation was
performed with 150 ul 55 mM IAM (iodoacetamide) in 25 mM ABC
in the dark for 30 min at 25°C. The excess IAM was quenched with
150 pl 20 mM DTT in 25 mM ABC for 30 min at 37°C, and the gel
pieces were further washed with 150 pl MS grade water followed by
two additions of 150 pl 100% ACN until complete dehydration. The
samples were vacuum-dried and stored at —20°C until digestion.

In-gel digestion

For the in-gel digestion, 80 pl of 1 uM protease solution in the
appropriate protease buffer was added to the samples and incubated
on ice for 30 min to allow the gel pieces to absorb the buffer with
the protease. Prolegumain was first activated in activation buffer
(50 mM citric buffer, pH 4.0, 5 mM DTT) for 30 min at 37°C. Acti-
vated 16.7 uM legumain was diluted in 0.1 M citric buffer pH 4.0,
pH 5.0, or pH 6.0 with 5 mM DTT for in-gel digestion. Prior to in-gel
digestion, legumain was pretreated with 10 pM E-64 in order to
inhibit the trace amounts of cathepsin L-like protease from Spodop-
tera frugiperda present in the sample (Johnson & Jiang, 2005).
The cathepsins with different active concentrations (cathepsin
B =47 uM, cathepsin K = 33 uM, cathepsin L = 45 uM, cathepsin
S =20 uM, cathepsin V = 98 uM) were diluted in 0.1 M citric buffer
pH 6.0 with 5 mM DTT. Matrix-metalloproteinase-3 was diluted in
50 mM Tris.HCl, 150 mM NaCl, 10 mM CaCl, buffer pH 7.5.
Caspase-7 with active concentration 50 uM was diluted in 0.1 M
HEPES pH 7.4 with 5 mM DTT and incubated for 18 h at 37°C.
Thermolysin (Promega) was profiled at 1 pM in 50 mM Tris.HCl,
0.5 mM CaCl,, pH 8.0 for 2 h at 75°C. The sequencing grade modi-
fied porcine trypsin (Promega) was used at 1 uM in 0.1 M ABC
buffer pH 7.8. GluC (Promega) from S. aureus V8 was diluted in
100 mM phosphate buffer pH 7.8 to 1 uM final concentration. To
prevent the gel pieces from drying out during digestion, 100 pl of
protease assay buffer was added to each sample and incubated for
2 h at 37°C unless otherwise noted.
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Peptide extraction and desalting

The peptides generated by the investigated protease were extracted
using 150 ul of 50% ACN in 5% FA for 30 min at 25°C. The
extracted peptide solution was transferred into a new tube, and the
extraction step was repeated twice. The extracted peptides were
vacuum concentrated to ~100 pl to remove the excess acetonitrile.
The peptides were desalted using 4 stacks of C18 disks (Empore) in
a 200-pl pipet tip. The C18 tips were first activated with 100%
methanol and washed with 80% ACN/3% acetic acid and subse-
quently equilibrated with 0.1% FA in water and loaded with 100 pul
of peptide solution. The bound peptides were washed with 0.1% FA
followed by the peptide elution with 60% ACN/0.1% FA in water.
Acetonitrile was removed by vacuum concentrating to a final
volume of 12 pl.

LC-MS/MS analysis

The samples were analyzed by LC-MS/MS using an EASY-nanoLC II
HPLC unit (Thermo Fischer Scientific) coupled to an Orbitrap LTQ
Velos mass spectrometer (Thermo Fischer Scientific) automatically
operated via Xcalibur software (Thermo Fischer Scientific). The
samples containing 0.1% FA were loaded onto a C18 trapping
column (Proxeon Easy-column, Thermo Fischer Scientific) and sepa-
rated on a C18 PicoFrit Aquasil analytical column (New Objective).
The peptides were eluted using a 5-40% (v/v) 50 min linear gradi-
ent of acetonitrile with 0.1% FA at a flow rate of 300 nl/min. The
full MS mass spectra were acquired with the Orbitrap mass analyzer
in the mass range of 300 to 2,000 m/z at resolution of 30,000 in the
profile mode. The MS/MS spectra were obtained by HCD fragmenta-
tion of the nine most intense MS precursor ions and recorded at
resolution of 7,500 in the centroid mode. Only the precursor ions
with assigned charge state (> 1) were chosen for MS/MS fragmenta-
tion. The dynamic exclusion was set to repeat count of 1, repeat
duration of 30 s, and exclusion duration of 20 s.

Spectrum to sequence assignment and data analysis

Database searches were performed using the MaxQuant software
package version 1.5.6.0 imbedded with the Andromeda search
engine (Cox & Mann, 2008; Cox et al, 2011). The searches were
performed against the UniProt-derived human reference proteome
(UniProtKB, Homo sapiens, canonical database containing 20,114
entries, released in November 2016) and Uniprot-derived Aeropy-
rum pernix canonical database (1,700 entries, released in April
2017). The protease-generated peptides were searched using the
unspecific cleavage settings with peptide length limitation from 8
to 40 amino acid residues and a maximum molecular weight of
4,600 Da. The search engine parameters were set to consider
carbamidomethylation of cysteine residues (+57.0215 Da) as fixed
modification and oxidation of methionine (+15.9949 Da) and acety-
lation of protein N-termini (+42.0106 Da) as variable modifi-
cations. The precursor ion and fragment ion mass tolerances were
set as 4.5 ppm and 0.5 Da, respectively. A reversed database
search was performed with 1% false discovery rate for protein and
peptide identification. The identified peptide list (peptides.txt) was
filtered to remove the reverse and contaminant peptides and
peptides with scores <40 and PEP values larger than 0.05.
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Additionally, the identified peptide N- or C-termini corresponding
to N- or C-protein termini and duplicated cleavage sites were
removed. The protease cleavage window was used for the protease
specificity determination using the iceLogo tool (Colaert et al,
2009). The reference set used for the calculation of the chance of
the amino acid occurrence (P-value) at a certain position was the
human reference proteome (also used for the database searches).
The background proteome was sampled using the random
sampling method. The amino acid occurrences (enrichment and
fold of change) obtained by iceLogo were plotted as heat maps
using Gnuplot (www.gnuplot.info) and the heat map script as
shown previously (Eckhard et al, 2016).

Determination of R.../Kn

Kinetics of z-AAN-AMC, z-AAD-AMC cleavage by legumain was
measured by standard procedures, where 40 nM legumain was
mixed with 5-300 pM substrates in 100 mM citric buffer (pH 7.0,
6.5, 6.0, 5.5, 5.0, 4.5, 4.0, 3.5) supplemented with 2 mM DTT. Fluo-
rescence increase over time was measured with a microplate reader
(Tecan M1000) at excitation/emission wavelength 370/460 nm. The
turnover rate constant (k.,/Ky) together with standard deviation
values were determined as described elsewhere (Poreba et al,
2014).

Data availability

Mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD004218.

Expanded View for this article is available online.
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