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ABSTRACT: Proteases comprise the class of enzymes that Library design Pre-cleaning on Incubation with PPEP
catalyzes the hydrolysis of peptide bonds, thereby playing a pivotal =~ —

role in many aspects of life. The amino acids surrounding the B;n " S bluate $..onau
scissile bond determine the susceptibility toward protease- = -PPOOBBEOLEEE — :ﬂg SCRB00OR S
mediated hydrolysis. A detailed understanding of the cleavage b

specificity of a protease can lead to the identification of its oo s e 23 1
endogenous substrates, while it is also essential for the design of Streptavidin beads

inhibitors. Although many methods for protease activity and
specificity profiling exist, none of these combine the advantages of
combinatorial synthetic libraries, ie., high diversity, equimolar
concentration, custom design regarding peptide length, and
randomization, with the sensitivity and detection power of mass
spectrometry. Here, we developed such a method and applied it to
study a group of bacterial metalloproteases that have the unique specificity to cleave between two prolines, ie. Pro-Pro
endopeptidases (PPEPs). We not only confirmed the prime-side specificity of PPEP-1 and PPEP-2, but also revealed some new
unexpected peptide substrates. Moreover, we have characterized a new PPEP (PPEP-3) that has a prime-side specificity that is very
different from that of the other two PPEPs. Importantly, the approach that we present in this study is generic and can be extended to
investigate the specificity of other proteases.
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B INTRODUCTION small synthetic peptide library that was designed based on the
identification of a suboptimal cleavage site in a human
protein.'' Following the elucidation of the endogenous
PPEP-1 substrates, in which a total of 13 cleavage sites were
found, a cleavage motif was determined (Figure 1A). For
PPEP-2, the endogenous cleavage site (Figure 1A) was
experimentally determined following an in silico prediction of
the substrate. This prediction was based on a similar genomic
organization of the PPEP gene and its substrate in both C.
difficile and P. alvei, i.e., they are adjacent genes (Figure 1B).
Based on a bioinformatic analysis, we recently observed PPEP
homologues in a wide variety of species,'” for example, in
Geobacillus thermodenitrificans (PPEP-3, Figure 1). The
modeled structure of PPEP-3 shows a high degree of similarity
to the crystal structures of PPEP-1 and PPEP-2 (Figure 1C).
However, none of the genes adjacent to PPEP-3 encode a

Proteases comprise a class of enzymes that catalyzes the
hydrolysis of peptide bonds between amino acids in a
polypeptide chain. Through cleavage of their substrates,
proteases play a pivotal role in many aspects of life, ranging
from viral polyprotein processing' to a wide range of human
physiological and cellular processes, e.g., hemostasis, apoptosis,
and immune responses.” " Uncovering the endogenous
substrate(s) is usually a key step toward dissecting the
biological role of a protease. However, it is not straightforward
to identify protease substrates without prior knowledge, e.g,
without a clear phenotype in a protease knockout or lack of
information from homologues in other species. Information
about the cleavage specificity of a protease can aid in the
identification of endogenous substrates. Moreover, such
information is pivotal for inhibitor design or the development
of diagnostic biomarker assays.”™’

We study a group of bacterial proteases that have the unique

protein that contains a PPEP consensus cleavage motif

specificity to cleave a peptide bond between two prolines, i.e., Received: March 20, 2023
Pro-Pro endopeptidases (PPEPs). The first two members, Acce_Pted= July 10, 2023
PPEP-1 from the human pathogen Clostridioides difficile™” and Published: July 26, 2023

PPEP-2 from Paenibacillus alvei,'® are secreted enzymes that
cleave cell surface proteins involved in bacterial adhesion.
Initially, the specificity of PPEP-1 was determined based on a
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Figure 1. Overview of the PPEPs used in this study. (A) The three PPEPs that are used in this study and their respective origins and substrate
specificity. For PPEP-1 and 2 the cleavage specificity is based on the endogenous substrates. For PPEP-3, no substrates have been described yet.
(B) The genomic architecture of the PPEPs and their substrates. For PPEP-1, the gene encoding the substrate CD2831 is adjacent to PPEP-1. The
gene encoding the second substrate (CD3246) is positioned elsewhere in the genome. The genes for PPEP-2 and its substrate VMSP are located
adjacent to each other. For PPEP-3, no adjacent genes contain the consensus PPEP cleavage motif (i.e., PPXP) (C) Crystal (PPEP-1 and PPEP-2)

and predicted (PPEP-3) structures.”'°

PPEP-3 structure was predicted using the Alphafold algonthm

(XXPPXP, Figure 1A,B), hampering the formulation of a
testable hypothesis about its substrate(s). Hence, to gain
insight in the activity and specificity of hitherto uncharac-
terized putative PPEPs, a general method to profile their
specificity is needed.

A wide variety of methods for protease activity and
specificity profiling has been developed.”'*'* Several strategies
rely on the identification of protease-generated protein neo-N-
termini in cells expressing the protease of interest compared to
controls. For this purpose, positive and negative selection
procedures for the enrichment of N-terminal peptides in
combination with quantitative mass spectrometry based
proteomics methods, collectively known as N-terminomics,
have been developed.””™° However, for an optimal exper-
imental setup for such an experiment, a protease knockout cell
line or strain is necessary.

Other strategies seek to identify the protease substrate
specificity by making use of peptide libraries, either by phage
display technologies””> or as a collection of (synthetic)
peptides. For the latter, mass spectrometry analysis is an
attractive readout because it determines the signature
proteolytic event in a highly specific manner, i.e., information
on the amino acid(s) surrounding the scissile bond is obtained.
For example, MALDI-based approaches using synthetic
peptide arrays have been used to profile protease activity and

specificity, but for such approaches, each peptide requires
individual synthesis, treatment, and analysis.z‘%’24 In addition,
proteome-derived peptide libraries have been shown to be a
rich source of peptides for these types of analyses.”>™ >
Although with this method a wide variety of potential
substrates is tested in a single reaction, the concentration
range of the peptides present may easily span a few orders of
magnitude. This may complicate the assessment of whether a
product peptide is derived from a very good substrate present
at a low concentration or a poor substrate at a high
concentration instead. Another method, MSP-MS, uses a
small set of synthetic peptides in which amino acid pairs are
cleverly positioned in order to contain a wide variety of
potential cleavage sites.”® However, this design was based on
the assumption that, for a protease, only the correct
positioning of two amino acids is necessary for a protease to
cleave its substrate. Based on the inspection of the list of 228
peptides,” we predict that none of these would be cleaved by
one of the PPEPs, making MSP-MS not suitable for specificity
profiling of PPEPs and probably other proteases as well.

The combination of equimolar peptide concentrations with
high diversity would be the ideal scenario for the design of a
peptide library. This can be achieved by constructing a
synthetic combinatorial peptide library, for example using the
one-bead-one-compound approach,30 and such libraries have
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been used to profile protease specificity.””>> As a read-out for
the cleavage of peptides, both fluorescence detection™' and
Edman degradation®>** have so far been used.

Given the beneficial characteristics of mass spectrometry
mentioned above, we reasoned that it would be highly
advantageous if this could be applied to analyze the product
peptides following the incubation of a combinatorial synthetic
peptide library with a protease of interest in a single reaction,
but this has hitherto not been done. Obviously, the complexity
of combinatorial libraries tends to increase dramatically when
multiple positions are randomized, thereby impeding MS
analysis. Therefore, two aspects are pivotal to make such an
approach suitable. First of all, in the design of the library, any
prior knowledge or hypothesis about the protease specificity
should be utilized. Second, a strategy to enrich, analyze, and
identify the product peptides has to be implemented.

Therefore, the aim of the current study was to develop a
novel method to study the activity and specificity of a protease,
which combines the advantages of a combinatorial synthetic
peptide library, ie., high diversity and equimolar peptide
concentrations, with the sensitivity and specificity of MS
detection. Testing the method with PPEP-1 and PPEP-2
showed results that were in good agreement with previous
data, while some unexpected peptide substrates were observed.
Importantly, the new method clearly established PPEP-3 as a
genuine PPEP, but also showed that it has a markedly different
prime-side specificity compared to that of PPEP-1 and PPEP-2.

B EXPERIMENTAL SECTION

Combinatorial Peptide Library Assays. For details on
the synthesis of the combinatorial peptide library, see
Supporting Information. To remove nonbiotinylated peptides,
50 nmol of peptides from the (sub)library (S yL 10 nmol/uL
stock in 1 mL of PBS) was loaded onto a 3 mL filter column
containing 1 mL of Pierce Monomeric Avidin Agarose beads
(Thermo; binding capacity is >1.2 mg/mL biotinylated BSA or
>18 nmol/mL). Prior to loading the libraries, the avidin
column was washed five times with 1 mL of 0.1 M glycine (pH
2.7) and subsequently washed five times with 1 mL of PBS.
After loading peptides, the flow-through was collected. Next, 1
mL of PBS was loaded onto the column and flow-through was
collected. Then, the collected flow-throughs were reapplied to
the column to ensure saturation of the avidin beads. The
column was washed five times with 1 mL of PBS to remove
nonbiotinylated peptides. Next, 1 mL of 0.1 M glycine (pH
2.7) was applied to the column and the flow-through was
discarded because the pH of the last drop of this fraction was
still neutral as checked with a pH indicator strip. Then,
biotinylated peptides were eluted with 9 mL of 0.1 M glycine
(pH 2.7). Eluted peptides were desalted using reversed-phase
solid phase extraction cartridges (Oasis HLB 1 cm® 30 mg,
Waters) and eluted with 400 uL of 50% acetonitrile (v/v) in
0.1% formic acid. Samples were dried by vacuum concen-
tration and stored at —20 °C until further use. If the binding
efficiency of the avidin beads is the same for the peptide library
as for biotinylated BSA, and no peptides are lost during the
prewash steps, we expect approximately 20 nmol of peptide
yield after the avidin preclearing step.

Precleaned (sub)libraries (approximately 10 nmol) were
incubated with a PPEP (200 ng) for 3 h at 37 °C in PBS. A
nontreated control was included. After incubation, the samples
were loaded onto an in-house constructed column consisting
of a 200 uL pipet tip containing a filter and a packed column of

100 uL of Pierce High Capacity Streptavidin Agarose beads
(Thermo, column was washed four times with 150 uL of PBS
prior to use), in order to remove the biotinylated peptides. The
flow-through and four additional washes with 125 uL were
collected. The resulting product peptides were desalted using
reversed-phase solid phase extraction cartridges (Oasis HLB 1
cm® 30 mg, Waters) and eluted with 400 uL of 30%
acetonitrile (v/v) in 0.1% formic acid. Samples were dried
by vacuum concentration and stored at —20 °C until further
use.

LC-MS/MS Analyses. Product peptides were analyzed by
online C18 nanoHPLC MS/MS with a system consisting of an
Ultimate3000nano gradient HPLC system (Thermo, Bremen,
Germany), and an Exploris480 mass spectrometer (Thermo).
Fractions were injected onto a cartridge precolumn (300 ym X
S mm, C18 PepMap, 5 pim, 100 A, and eluted via a homemade
analytical nano-HPLC column (50 cm X 75 ym; Reprosil-Pur
C18-AQ 1.9 ym, 120 A; Dr. Maisch, Ammerbuch, Germany).
The gradient was run from 2% to 36% solvent B (20/80/0.1
water/acetonitrile/formic acid (FA) v/v) in 52 min. The nano-
HPLC column was drawn to a tip of ~10 ym and acted as the
electrospray needle of the MS source. The mass spectrometer
was operated in data-dependent MS/MS mode for a cycle time
of 3 s, with a HCD collision energy at 30 V and recording of
the MS2 spectrum in the orbitrap, with a quadrupole isolation
width of 1.2 Da. In the master scan (MS1) the resolution was
120000, the scan range 350—1600, at standard AGC target at
maximum fill time of 50 ms. A lock mass correction on the
background ion m/z = 445.12003 was used. Precursors were
dynamically excluded after n = 1 with an exclusion duration of
10 s and with a precursor range of 10 ppm. Charge states 1—5
were included. For MS2 the first mass was set to 110 Da, and
the MS2 scan resolution was 30,000 at an AGC target of 100%
@maximum fill time of 60 ms.

LC-MS/MS Data Analysis. We generated a database
containing all 6859 peptides from the P3 = Val sublibrary,
i.e,, Ahx-EVXPPXXGGLEEF. The Ahx in all peptide sequences
was replaced by a Ile (they have an identical mass). Raw data
were converted to peak lists using Proteome Discoverer
version 2.4.0.305 (Thermo Electron) and submitted to the in-
house created P3 = Val sublibrary database using Mascot v.
2.2.7 (www.matrixscience.com) for peptide identification,
using the Fixed Value PSM Validator. Mascot searches were
with S ppm and 0.02 Da deviation for precursor and fragment
mass, respectively, and no enzyme specificity was selected.
Biotin on the protein N-terminus was set as a variable
modification. Raw data analysis was performed in the Xcalibur
Qual Browser (Thermo). The EICs displaying all PXPG-
GLEEF/PPXGGLEEF peptides were created by plotting the
intensities of the signal corresponding to the monoisotopic m/
z values of both 1+ and 2+ charged peptides. To assign
individual peptides to their respective peaks, each individual
peptide was plotted in an EIC and peptides were assigned to
peaks based on retention time and abundance.

B RESULTS AND DISCUSSION

Combinatorial Peptide Library Design and Exper-
imental Setup. Since PPEPs are defined by their ability to
hydrolyze Pro-Pro bonds, and substrate specificity is further
determined by positions P3—P3’ surrounding the scissile
bond,”""*® we constructed a combinatorial peptide library
containing a XXPPXX motif. In this motif, the X positions
represent any amino acid residue (with the exception of

https://doi.org/10.1021/acs.analchem.3c01215
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Figure 2. Design of the synthetic combinatorial peptide library and workflow to determine the activity and prime-side specificity of a Pro-Pro
endopeptidase (PPEP). The library was designed to contain an XXPPXX motif, with X representing any residue (X # Cys). At the N-terminus,
peptides were modified with a biotin, allowing removal of uncleaved peptides and N-terminal product peptides after incubation of the library with a
protease, i.e,, PPEP. At the C-terminus, a peptide tail (GGLEEF) was added in order for the C-terminal cleavage products to be compatible with
LC-MS/MS analysis. This stretch of amino acids was also chosen based on a previously recorded MS/MS spectrum, showing favorable
fragmentation characteristics (Figure S1). First, the library was precleaned on avidin beads to remove nonbiotinylated peptides. Then, the library
was incubated with a PPEP. The scissile bond is indicated by the arrow. Following this, biotinylated peptides (noncleaved peptides and N-terminal
product peptides) were captured on a streptavidin column. The flow-through, containing nonbiotinylated C-terminal product peptides
(PXXGGLEEF) were then analyzed by LC-MS/MS, after which the prime-side specificity could be determined. Ahx: 1-aminohexanoic acid.
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Figure 3. MALDI-FT-ICR MS analysis of PPEP-1 product peptides using two different combinatorial sublibraries. The P3 = Val and P3 = Lys
sublibraries were incubated with PPEP-1 for 3 h. Following depletion of biotinylated peptides, nonbiotinylated product peptides (PXXGGLEEF)
were analyzed using MALDI-FT-ICR MS. The two indicated sodiated species are from the PPPGGLEEG and P(I/L)PGGLEEF/(PP(1/
L)GGLEEF peptides, respectively.

cysteine), while the core proline (P) residues (corresponding on a C18-column. Moreover, the fragmentation pattern of such
to the P1—P1’ positions) are fixed (Figure 2). a peptide (PYVGGLEEF) that we observed in a previous study

In order to analyze product peptides after incubation of the provided good sequence coverage of the N-terminal region
library with a PPEP, the core sequence (XXPPXX) was (Figure S1). Second, a biotin was attached to the N-terminus
modified in two ways. First, a six amino acid tail consisting of of each peptide, connected to the rest of the peptide by a small
Gly-Gly-Leu-Glu-Glu-Phe (GGLEEF) was added at the C- linker (Ahx-Glu, Ahx = 1-aminohexanoic acid, Figure 2). This
terminus (Figure 2). This sequence was chosen because PPEP allows for the enrichment of C-terminal product peptides by
cleavage between the two prolines would then provide removal of biotinylated peptide molecules, i.e., noncleaved

retention of the C-terminal product peptides (PXXGGLEEF) peptides and N-terminal product peptides, using streptavidin

11624 https://doi.org/10.1021/acs.analchem.3c01215
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beads. This is similar to a previous approach which used
Edman degradation instead of mass spectrometry to sequence
the protease generated product peptides.”” In addition to the
lower sensitivity of this method, several amino acids could not
be accurately detected and information on subsite coopera-
tivity”" is lost.

Synthesis of the library was performed using the one-bead
one-compound (OBOC) method™ in order to achieve
equimolar amounts of each unique peptide. Initially, we
synthesized 19 sublibraries for which the amino acid at the X
corresponding to the P3 position (the first X in the sequence
XXPPXX) was known. Each of these sublibraries contains
6859 peptides (19 X 19 X 19). Since the process of linking
biotin to the N-terminus is not 100% eflicient, nonbiotinylated
peptides were also present. To remove these unwanted
peptides prior to incubation with a PPEP, the library was
precleaned on an avidin column (Figure 2). The biotinylated
peptide library that was obtained after elution from the avidin
column was then incubated with PPEP and subsequently
depleted for biotinylated peptides using streptavidin. C-
terminal, nonbiotinylated, product peptides (PXXGGLEEF)
were collected in the flow-through and analyzed by mass
spectrometry. Peptide identification was accomplished using
standard database searching (see Experimental Section for
details). Following this, the amino acids at the P2’ and P3’
positions were determined (Figure 2).

Incubation of PPEP-1 with Two Sublibraries Confirms
the Preference of PPEP-1 for Valine over Lysine at the
P3 Position. In our previous studies, we showed a preference
of PPEP-1 for a Val as compared to a Lys at the P3-position.*®
Hence, to test the feasibility of our approach, two sublibraries
with either a Val or Lys at this position were incubated with
PPEP-1. The formation of products due to proteolysis of
substrate peptides present in the library was assessed by using
MALDI-FT-ICR MS (Figure 3). As expected, product peptides
were clearly visible when using the P3 = Val library (Figure 3,
top panel), while these were not observed when the P3 = Lys
library was used instead (Figure 3, lower panel).

Although no fragmentation was performed, we could assign
several product peptides when using the P3 = Val library based
on the accurate mass and our current understanding of the
specificity of PPEP-1 (Figure 1),""*° i.e., we were expecting
PXPGGLEEF peptides. The highest signal was observed for
the PPPGGLEEF peptide (m/z = 942459, [M + HJ").
Although three prolines at P1’-P3’ are not found in the
endogenous substrates (Figure 1), it had been demonstrated
that PPEP-1 prefers all prolines at these positions.'' In
addition, a peptide matching with the product peptide
PIPGGLEEF was observed, although based on the MALDI-
FT-ICR MS analysis alone we cannot exclude the possibility
that it corresponds to PPIGGLEEF, nor that it might contain a
leucine instead of an isoleucine at the site corresponding to the
P2'/P3’ position. We also observed a peptide corresponding to
PVPGGLEEF (or PPVGGLEEF). Even though the signal for
this peptide partially overlapped with the second isotope peak
of the PPPGGLEEF peptide (theoretical m/z value: 944.462,
[M + H]"), a separate peak for the signal at m/z 944.474 ([M
+ H]*) was clearly visible. Lastly, a peptide was observed
corresponding to either PHPGGLEEF or PPHGGLEEF even
though it was hitherto unknown that PPEP-1 allows for a
histidine at the P2’ or P3’ position.

Overall, the above results with the two combinatorial
sublibraries demonstrated the applicability of our approach to

detect PPEP activity and study its preference for amino acids
surrounding the scissile Pro-Pro bond.

PPEP-1, PPEP-2, and PPEP-3 Display Distinct Sub-
strate Specificity after Incubation with the Full
Combinatorial Peptide Library. Following the successful
tests of the method with the two sublibraries and PPEP-1, we
applied our method with the full combinatorial peptide library
(a mix of all 19 sublibraries, containing 130321 peptides) to
determine the prime-side substrate specificity of PPEP-1,
PPEP-2, and PPEP-3. In order to increase the sensitivity and
include fragmentation of the product peptides, samples were
analyzed with LC-MS/MS. A nontreated sample was included
as a control.

Initially, we analyzed the results by standard database
searching against an in-house-generated database (see
Experimental Section for details). For PPEP-1 and PPEP-2
treated samples, the peptides with the highest intensities
represented the expected PXXGGLEEF product peptides
(Table S1). Moreover, an enrichment for prolines at the P2’
and/or P3’ positions was observed (Table S1), in line with
what was expected based on the specificity of PPEP-1 and
PPEP-2 (Figure 1). For the PPEP-3 treated sample, the most
highly abundant peptide was PPPGGLEEF. Hence, this clearly
demonstrated that also PPEP-3 is an authentic PPEP. In
addition, other 9-mer PXXGGLEEF product peptides were
present among the most abundant peptides in the PPEP-3
treated sample (Table S1).

The results from the database search showed ambiguity in
the position of the proline at the P2'/P3’ position as assigned
by the search algorithm (i.e., PXPGGLEEF or PPXGGLEEF).
Also, several MS/MS spectra were matched with sequences
that did not match the expected 9-mer PXXGGLEEF
sequence. For example, some MS/MS spectra were assigned
to the 8-mer sequence KYGGLEEF. However, we argue that
these represent wrong annotations due to the fact that the
mass and elution time of this peptide is exactly the same as the
PPPGGLEEF peptide, (one of) the highest product peptides
observed for all three PPEPs (Table S1). Furthermore, in all
cases where an isoleucine or leucine was present at the P2’ or
P3’ position, obviously no distinction could be made by the
search algorithm.

To substantiate our results, we combined a manual
inspection of the MS/MS spectra with additional LC-MS/
MS analyses of a set of synthetic peptides. First of all,
KYGGLEEF/YKGGLEEF peptides elute much earlier than the
PPPGGLEEF peptide, and the fragmentation of such peptides
is very distinct from PXXGGLEEF peptides, PPPGGLEEF in
particular (Figure S2). Second, fragmentation spectra of
PXPGGLEEF and PPXGGLEEF peptides showed clear
differences (Figure S3). Importantly, the spectra of PXPG-
GLEEF peptides are dominated by the unique PGGLEEF (y)
fragment ion (m/z 748.351, Figure S3). This was, for example,
essential in distinguishing PIPGGLEEF from PPIGGLEEF.
The other unique fragment ion of PXPGGLEEF peptides, i.e.,
the b, corresponding to PX, appeared less informative because
it could also represent nondiscriminatory internal fragments.
We believe that this was one of the reasons why the results
from the database searches were often ambiguous. Possibly
other search algorithms, or training thereof, and new
developments for prediction of tandem MS spectra® could
aid in the correct assignment of product peptides in terms of
the amino acids at the second and third position in the
protease-generated product peptides.
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In addition to peptide fragmentation characteristics,
separation of isomeric peptides using our reversed-phase
chromatography system as part of the LC-MS/MS system was
also essential. For example, we observed that peptides with an
isoleucine elute earlier than the isomeric peptide having a
leucine (Figure S4B,C), in line with what is known about the
relative contribution of these two residues to the retention on a
reversed phase column.** Another way to discriminate between
these two options is by using a stable isotope labeled leucine/
isoleucine during the synthesis of the library. PXPGGLEEF
and PPXGGLEEF peptide pairs with an identical X residue
that we have tested were well separated, with the exception of
PIP and PPI (Figure S4). For example, histidine containing
peptides were separated depending on the position of the
histidine within the peptide, as also observed previously.*'

Based on these additional analyses, we could refine the
results from the database search and accurately assign the
identity and abundance of the individual product peptides.
Because, as opposed to proteome-derived peptide libraries,">**
peptides in our library are present in equimolar concentrations,
the relative abundance of the individual product peptides
enabled us to obtain an estimate of how well specific amino
acids are tolerated at the prime sites (Figure 4). However, the
difference in intensities between the signals of the individual
product peptides in the MS data also relate to how well these
peptides are ionized, especially when extra basic amino acids
are present, i.e., histidine, arginine, and lysine.44 We believe
that this could explain the relatively high contribution of these
amino acids to the prime-side cleavage motifs that we have
obtained (Figure 4). Because most of the total intensity of the
9-mer product peptides could be explained by the 10 most
abundant ones, we focused on these. Of note, since the proline
at the P1’ was fixed (Figure 2), no variation is observed at this
position in Figure 4. We also observed longer peptides (Table
S1) but given the large number of isomeric peptides and the
extra efforts needed to correctly assign the amino acid
sequence for the PXXGGLEEF peptides as described above,
we decided to not include these in the further analysis of the
prime-side specificity. Notwithstanding, they could potentially
also provide some information about the P1’ specificity when
looking at the 11-mer peptides.

The prime-side residues of the endogenous substrates of
PPEP-1 (Figure 1) were all represented among the top 10
product peptides, again demonstrating the feasibility of our
method. In addition, the preference of PPEP-1 to hydrolyze
substrates with three prolines at the P1’-P3’ (Figure 3)"" was
also demonstrated using the full combinatorial library (Figure
4A). Interestingly, our approach revealed several previously
unknown prime-side options that allow for cleavage by PPEP-
1. The most striking findings included the cleavage of
substrates that had either PPH, PPA, or PPY at their P1’-P3’
positions (Figure 4A), since the presence of a Pro residue at
P3’ was thought to be a determinant for proteolytic activity.”""
The requirement for a Pro residue at P3" was explained by the
presence of a diverting loop in the cocrystal structure of PPEP-
1 with a substrate peptide.” The Pro at P3’ aligns with Trp-103
of PPEP-1 due to a parallel aliphatic-aromatic interaction,
thereby redirecting the remainder of the substrate (P4’ and
onward) out of the binding pocket by inducing a kink at the
P2’ position. Therefore, it was initially hypothesized that the
PHPGGLEEF/PPHGGLEEF product observed using
MALDI-FT-ICR MS (Figure 3) would in fact be PHPG-
GLEEF. However, manual inspection of the MS/MS
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Figure 4. Top 10 most highly abundant 9-mer product peptides of
PPEP-1, -2, and -3 reveal differences in prime-side specificity. The full
combinatorial peptide library was incubated with recombinant PPEP-
1, PPEP-2, or PPEP-3. Product peptides were analyzed using LC-MS/
MS. Abundances were determined by summing the intensities of
singly and doubly charged peptides. Discrimination between PXP and
PPX peptides relied on both inspection of fragmentation spectra and
C18 column separation (Figures S3 and S4). The 10 most highly
abundant 9-mer product peptides formed by PPEP-1 (A), PPEP-2
(B), and PPEP-3 (C) and their abundances are represented as bars. A
cleavage motif was constructed based on the relative intensities of the
products peptides. The sequence on the X-axis represents the P1'-P3’
residues of the PXXGGLEEF product peptides.

fragmentation spectra revealed that PPEP-1 does tolerate
PPH but not PHP at the P1’-P3’ sites. To corroborate this
finding, we synthesized two FRET-quenched peptides
(LySpabey- EVNPPHPD-Glugy,,, and Lysp,pe-EVNPPPHD-
Glugg,,,) and tested them with PPEP-1. As expected, based
on our library results, PPEP-1 is able to hydrolyze a VNP|
PPH, but not a VNP|PHP peptide (Figure SS). Notwithstand-
ing these exceptions, an overall preference of PPEP-1 for a Pro
at the P3’ was observed (Figure 4A). The ability of PPEP-1 to
hydrolyze substrates with His, Phe, and Tyr at P3’ might be
the result of aromatic—aromatic interactions (7—7 stacking)
with the Trp-103 and these residues.®® In this scenario, a Pro

https://doi.org/10.1021/acs.analchem.3c01215
Anal. Chem. 2023, 95, 11621-11631


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01215/suppl_file/ac3c01215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01215/suppl_file/ac3c01215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01215/suppl_file/ac3c01215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01215/suppl_file/ac3c01215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01215/suppl_file/ac3c01215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01215?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c01215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

residue at the P2’ position is probably necessary to redirect the
substrate from the diverting loop.

For PPEP-2, much less was known about the prime-side
specificity because the initial identification of its cleavage site
(PLPPVP) was based on the similarity in genomic organization
of PPEP-1 and -2 and their endogenous substrates.'” To a
certain extent, PPEP-2 showed overlapping specificity with
PPEP-1 (Figure 4B). For example, a high level of the
PPPGGLEEF peptide was found and PPEP-2 also allows
PPH at the P1'-P3’ positions. However, in line with the
endogenous substrate (Figure 1), PPEP-2 prefers a valine at
the P2’ (Figure 4B). Moreover, in contrast to PPEP-1, not all
optimal substrates for PPEP-2 had at least two prolines at their
P1’-P3’ positions. Of note, all peptides without prolines at the
P2’ and P3’ positions had a Val at the P2’ position (Figure
4B), again indicating that this is a strong determinant for
PPEP-2 susceptibility (Figure 1).

As mentioned above, we demonstrated for the first time that
PPEP-3 is a genuine PPEP that cleaves Pro-Pro bonds (Figure
4C). For PPEP-3, the most abundant product peptide
corresponded to PPPGGLEEF (Figure 4C). Since this peptide
was relatively much more abundant than peptides with other
amino acids at the P2” and P3’ positions, this resulted in an
overall motif that was dominated by proline at the P1’-P3’
positions. Still, PPEP-3 allowed several other residues at the
P3’ that were not tolerated by the other two PPEPs.
Furthermore, unlike the other PPEPs, PPEP-3 was able to
cleave a PPHP motif (P1-P3’), as represented by the
PHPGGLEEF product peptide (Figure 4C).

Collectively, the above results showed that all three PPEPs
preferred at least one proline at the P2’ or P3’ position. To
emphasize the differences in such product peptides, extracted
ion chromatograms (EICs) of every possible PXPGGLEEF/
PPXGGLEEF peptide were constructed (Figure S). Not only
does this clearly show the difference in product profiles, but it
also reveals the differences between PXP and PPX peptides
such as PHP and PPH.

To test the reproducibility of our method, we performed
three additional replicate experiments with all three PPEPs.
The results from these experiments show excellent reprodu-
cibility (Figure S6). Moreover, the overall profiles of the
PXPGGLEEF/PPXGGLEEF peptides look very similar to
those presented in Figure 5.

Although in the current design our library is primarily
suitable to investigate PPEPs, other proteases that can cleave
between the two “XX” sequences in the library peptides could
also be tested, assuming that their activity is not compromised
by the presence of the surrounding prolines. However, we
anticipate that for other proteases, a different library design
would be beneficial, while still using the same central concept
of our approach. For example, the addition of the GGLEEEF tail
as used in our library can be easily translated to other libraries
as well. Although for the current experiments with the PPEPs
we used a library with two fixed positions, we believe that a
strategy using randomization at five sites with only one fixed
position would still be possible and provide a broad
understanding of the subsite specificity. However, due to the
OBOC principle,”® not all individual peptides (2.4 million
options when using 19 amino acids) will be present in such a
library when starting with the same number of beads as used
for our current synthesis (approximately 1.000.000). Although
our experiments with PPEP-1 and the two P3-sublibraries
showed that partial information about the nonprime-side
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Figure S. Extracted ion chromatograms of PXP(GGLEEF)/PPX-
(GGLEEF) product peptides after incubation with PPEPs reveal
prime-side specificity profiles. The full combinatorial peptide library
was incubated with each of the PPEPs for 3 h. A nontreated control
was included to identify the amount of background peptides. After
analysis of the product peptides using LC-MS/MS, EICs were
constructed for all possible PXP/PPX product peptides (in total 19,
both 1+ and 2+ m/z values were used). Discrimination between PXP
and PPX peptides relied on both inspection of fragmentation spectra
and separation on a C18 column (Figures S3 and S4). If product
peptides were not separated on the column, lines indicate the relative
abundances of the nonseparated peptides. Mass tolerance was set to
10 ppm.

specificity can also be obtained with our method, we believe
that a complementary XXPPXX library, in which the biotin is
attached to the C-terminus of the peptides, is essential for a
more comprehensive characterization of the nonprime-side
specificity. Since the negative selection for substrates proceeds
identically to that of the current library, both libraries can be
mixed, allowing for the profiling of both the prime-side as well
as the nonprime-side in a single experiment.

Incubation of PPEP-1 with a Collection of FRET-
Quenched Substrate Peptides Confirms Its Preference
for Different Amino Acids at the P2’ Position. Based on
the endogenous substrates (Figure 1) and a small synthetic
peptide library,'' PPEP-1 was expected to only tolerate V, I, A,
and P at the P2’ position. To substantiate our results with the
combinatorial peptide library, we synthesized 20 PPEP-1
FRET-quenched substrate peptides that only differed at the
P2’ position (Lysp,pe-EVNP|PXPD-Glugg,,,) and tested
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Figure 6. Time course of PPEP-1 mediated cleavage of synthetic FRET-quenched peptides with permutations at the P2 position. The PPEP-1
substrate peptide VNP|PVP was permutated to generate FRET-quenched peptides (Lysp,pc,-EVNPPXPD-Glugg,,,) containing any of the standard
20 amino acids at the P2’ position. These peptides were incubated with PPEP-1 and fluorescence was measured during 1 h. Peptides are sorted

from the top left to bottom right based on their cleavage efliciency.

these with PPEP-1 in a time course kinetic assay. The results of
these experiments are depicted in Figure 6, in which substrates
are ranked (from top left to bottom right) based on their
increase in fluorescence during the 1 h incubation. Overall,
these data (Figure 6) correlated well with the results of the
combinatorial library experiment (Figure S). Although
cysteines were not included in the combinatorial library design
(Figure 2), the results with the VNPPCP FRET-peptide
showed that it is not tolerated at the P2’ position by PPEP-1.

11628

PPEP-3 is Able to Cleave Endogenous PPEP-1 and
PPEP-2 Substrates when the Valine at the P2’ Position
is Replaced by a Proline. The endogenous substrates of
PPEP-1 and PPEP-2 contain the PVP motif at P1’-P3’ (Figure
1) and the corresponding product peptides (PVPGGLEEF)
were clearly observed using the combinatorial library approach
(Figure 5). However, this product peptide was not observed
with PPEP-3 (Figure S), indicating that the corresponding
PPEP-1 and PPEP-2 substrate peptides are most likely not
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Figure 7. Time course of cleavage of synthetic FRET peptides by PPEP-1, PPEP-2, and PPEP-3. (A) Cleavage of PPEP-1 (LySpapey-EVNP | PVPD-
Glugg,,,) and PPEP-2 (Lyspgpei-EPLP|PVPD-Glugg,,,) substrate peptides, and their P2’ = Pro variants, by PPEP-1, PPEP-2, and PPEP-3. (B)
Cleavage of peptides containing cleavage motifs from putative G. thermodenitrificans PPEP-3 substrates by PPEP-3. Only the core sequences (P3-

P3’) of the individual FRET-quenched peptides are indicated.

cleaved by PPEP-3. We tested this hypothesis using two
synthetic FRET-quenched substrate peptides, ie., Lyspspcy-
EVNPPVPD-Glugg,,s and Lysp,pe, - EPLPPVPD-Glugg,,, rep-
resenting substrates of PPEP-1 and PPEP-2, respectively
(Figure 1). In line with our expectations, PPEP-3 did not
hydrolyze either peptide (Figure 7A). However, when the P2’
Val of both peptides was replaced by a Pro, cleavage by PPEP-
3 did occur (Figure 7A). On the contrary, although PPEP-1
and PPEP-2 can cleave peptides with four prolines at the P1-
P3’ position (Figures 4A,B and §), they can still not cleave
each other’s substrate when the Val at the P2’ position is
replaced by a proline (Figure 7A).

The high specificity of each of the PPEPs for amino acids
surrounding the Pro-Pro motif remains obscure. Remarkably,
based on the amino acid residue at position 103 (Trp-103) in
PPEP-1, two groups were distinguished.'” In addition to
PPEP-1, the Trp-103 group includes PPEP-2. The other group,
to which PPEP-3 belongs, has a Tyr at this position (Figure
S7). Interestingly, a PPEP-1 W103Y mutant showed very low
activity toward a substrate peptide as compared to WT.*® For
PPEP-2, the importance of this residue has been less explored.
Nevertheless, our data with PPEP-3 show that a tyrosine at this
position is compatible with PPEP activity. Whether the
tyrosine in PPEP-3 that corresponds to the Trp-103 in
PPEP-1 (Tyr-112, Figure S7) is responsible for the difference
in prime-side specificity between PPEP-3 and the other two
PPEP-s requires structural information, especially of a
substrate-bound cocrystal.

Peptides with an XXPPPP Motif, as Observed in
Geobacillus thermodenitrificans Proteins are Cleaved by
PPEP-3. Next, we looked for possible endogenous substrates
of PPEP-3. For PPEP-1 and PPEP-2, genes encoding their
substrates are found adjacent to the protease gene (Figure 1).
Next to PPEP-3, a gene encoding a protein (YpjP, Figure 1)

with three XXPPXX sequences is found (VTPPAS, EHPPQD,
and NTPPNW). In line with the data from the combinatorial
library, the corresponding FRET-quenched peptides were not
cleaved by PPEP-3 (data not shown). Overall, our data from
the library experiment indicate a strong preference of PPEP-3
for all prolines at the P1-P3’ positions (Figures 4C, S, and 7A).
Based on this observation, we hypothesized that possible
endogenous substrates containing an XXP|PPP motif are
present in G. thermodenitrificans strain NG80-2. Indeed, G.
thermodenitrificans encodes for four proteins containing four
consecutive prolines, two of which contain a signal peptide for
secretion as determined by DeepTMHMM and SignalP 6.0
(Figure $8).*”** This last feature is thought to be of
importance since PPEP-3 itself is predicted to be a secreted
protein. One of the identified proteins, GTNG_0956, contains
both a putative CAP-domain and an SCP-domain. Admittedly,
signal peptide prediction by SignalP 6.0 is inconclusive for this
protein, since the signal peptide would be short in length and
no cleavage site is predicted (Figure S8B). In contrast,
DeepTMHMM predicts a signal peptide with a higher
confidence (Figure S8C). The other protein with an XXPPPP
motif and a signal peptide is GTNG_3270. This protein is
predicted with high confidence to possess a Sec/SPII signal
sequence for integration in the lipid membrane. However, no
functional domains were found for this protein. The putative
PPEP-3 cleavage sites in GTNG_0956 and GTNG_3270 are
PSP|PPP and DNP|PPP, respectively. We tested synthetic
FRET-quenched peptides containing these motifs for cleavage
by PPEP-3 (Figure 7B). Both FRET peptides were indeed
cleaved by PPEP-3, with PSPPPP being the optimal substrate
of the two. MALDI-ToF MS analysis confirmed the cleavage
between the two prolines within these peptides (Figure S9).
Collectively, the above data show that the results from the
library experiment resulted in testable hypotheses about
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possible endogenous PPEP-3 substrates in G. thermodenitrifi-
cans strain NG80-2. For PPEP-1 and PPEP-2, the endogenous
substrates were identified based on synthetic peptides,
bioinformatic predictions, and MS-based secretome anal-
yses.'”*® Interestingly, none of the sites in the endogenous
substrates of these two PPEPs has four consecutive prolines,
even though for both proteases the PPPGGLEEF product
peptide was (one of) the major product peptides. In order to
identify the endogenous substrate of PPEP-3, additional
experiments such as secretome analyses in combination with
gene knockout studies are needed, although we cannot exclude
the possibility that the substrate originates from a different
organism than G. thermodenitrificans.

B CONCLUSION

In conclusion, we show for the first time a strategy to study the
activity and specificity of a protease by combining a
combinatorial synthetic peptide library with mass spectrome-
try. Our method takes each amino acid into account (with the
exception of cysteine) and directly showed combinations of
amino acids that were tolerated at the P2’ and P3’ positions.
We believe that the strategy presented here is a generic one
that can, with a tailored design of the library, also be used to
explore substrate specificities of other proteases. Importantly,
with the new method we have not only confirmed the prime-
side specificity of PPEP-1 and PPEP-2, but also revealed some
new unexpected peptide substrates. Moreover, we have
characterized a new PPEP (PPEP-3 from Geobacillus
thermodenitrificans) that has a prime-side specificity that is
very different from that of the other two PPEPs.

Bl ASSOCIATED CONTENT

Data Availability Statement

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium® via the PRIDE®’
partner repository with the data set identifier PXD038277.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01218.

Supplementary methods; Fragmentation spectrum of
PYVGGLEEF (Figure S1); Chromatographic and MS/
MS fragmentation characteristics of peptides KYGG-
LEEF, YKGGLEEF, and PPPGGLEEF (Figure S2);
Fragmentation spectra of product peptides (Figure S3);
Separation of product peptides on C18 column (Figure
S4); FRET-quenched peptide cleavage assay (Figure
S5); Data from three independent incubations of the full
peptide library with PPEP-1, -2, and -3 (Figure S6);
Alignment of PPEPs (Figure S7); signal peptide
prediction of putative PPEP-3 substrates (Figure S8);
MALDI-ToF MS analysis of the product peptides from
the incubations of PPEP-3 with two FRET-peptides
(Figure S9) (PDF)

Database search of LC-MS/MS data (XLSX)

B AUTHOR INFORMATION

Corresponding Author
Paul J. Hensbergen — Center for Proteomics and
Metabolomics, Leiden University Medical Center, Leiden
2333 ZA, The Netherlands; © orcid.org/0000-0002-3193-
544S; Phone: +31-71-5266394; Email: p.j.hensbergen@
lumc.nl; Fax: +31-71-5266907

Authors

Bart Claushuis — Center for Proteomics and Metabolomics,
Leiden University Medical Center, Leiden 2333 ZA, The
Netherlands; © orcid.org/0000-0002-7322-2187

Robert A. Cordfunke — Department of Immunology, Leiden
University Medical Center, Leiden 2333 ZA, The
Netherlands; © orcid.org/0000-0002-7200-7434

Arnoud H. de Ru — Center for Proteomics and Metabolomics,
Leiden University Medical Center, Leiden 2333 ZA, The
Netherlands

Annemarie Otte — Center for Proteomics and Metabolomics,
Leiden University Medical Center, Leiden 2333 ZA, The
Netherlands

Hans C. van Leeuwen — Department of CBRN Protection,
Netherlands Organization for Applied Scientific Research
TNO, Rijswijk 2280 AA, The Netherlands

Oleg 1. Klychnikov — Department of Biochemistry, Moscow
State University, Moscow 119991, Russian Federation;

0rcid.0rg/0000—0002-0383—9237

Peter A. van Veelen — Center for Proteomics and
Metabolomics, Leiden University Medical Center, Leiden
2333 ZA, The Netherlands; © orcid.org/0000-0002-7898-
9408

Jeroen Corver — Department of Medical Microbiology, Leiden
University Medical Center, Leiden 2333 ZA, The
Netherlands; © orcid.org/0000-0002-9262-5475

Jan W. Drijthout — Department of Immunology, Leiden
University Medical Center, Leiden 2333 ZA, The
Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.3c01215

Author Contributions

PJ.H. and J.W.D. conceived the project. B.C., PJ.H., and ].C.
performed experiments. B.C. and P.J.H. analyzed data. P.J.H,,
AH.dR, and A.O. performed mass spectrometry analyses.
P.Av.V. provided the means for mass spectrometry analyses.
PJH, JW.D, and RA.C. designed the library. RA.C.
produced the library. J.C. and O.LK. performed protein
expression and purification. H.C.v.L. provided a protein
expression construct. P.J.H. and P.A.v.V supervised the project.
PJ.H. acquired funding. B.C. and P.J.H. visualized the results.
B.C. and P.J.H. wrote the original draft. All authors reviewed
and edited the paper.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by an ENW-M Grant
(OCENW.KLEIN.103) from the Dutch Research Council
(NWO). We thank Prof. Ulrich Baumann and Dr. S. Nicolardi
for the critical reading of an earlier version of this manuscript.
O.LK. acknowledges support by the Interdisciplinary Scientific
and Educational School of Moscow University “Molecular
Technologies of the Living Systems and Synthetic Biology”.

B REFERENCES

(1) Anand, K; Ziebuhr, J.; Wadhwani, P.; Mesters, J. R.; Hilgenfeld,
R. Science 2003, 300 (5626), 1763—1767.

(2) Coughlin, S. R. Nature 2000, 407 (6801), 258—264.

(3) Barry, M.; Bleackley, R. C. Nature Reviews Immunology 2002, 2
(6), 401—409.

https://doi.org/10.1021/acs.analchem.3c01215
Anal. Chem. 2023, 95, 11621-11631


https://pubs.acs.org/doi/10.1021/acs.analchem.3c01215?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01215/suppl_file/ac3c01215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01215/suppl_file/ac3c01215_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+J.+Hensbergen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3193-5445
https://orcid.org/0000-0002-3193-5445
mailto:p.j.hensbergen@lumc.nl
mailto:p.j.hensbergen@lumc.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bart+Claushuis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7322-2187
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+A.+Cordfunke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7200-7434
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arnoud+H.+de+Ru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annemarie+Otte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans+C.+van+Leeuwen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleg+I.+Klychnikov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0383-9237
https://orcid.org/0000-0002-0383-9237
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+A.+van+Veelen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7898-9408
https://orcid.org/0000-0002-7898-9408
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeroen+Corver"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9262-5475
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+W.+Drijfhout"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01215?ref=pdf
https://doi.org/10.1126/science.1085658
https://doi.org/10.1038/35025229
https://doi.org/10.1038/nri819
https://doi.org/10.1038/nri819
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c01215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(4) Pop, C.; Salvesen, G. S. J. Biol. Chem. 2009, 284 (33), 21777—
21781.

(5) Poreba, M.; Salvesen, G. S.; Drag, M. Nat. Protoc. 2017, 12 (10),
2189—-2214.

(6) Vizovisek, M.; Vidmar, R.; Drag, M.; Fonovic, M.; Salvesen, G.
S.; Turk, B. Trends Biochem. Sci. 2018, 43 (10), 829—844.

(7) Galipeau, H. J.; Caminero, A.; Turpin, W.; Bermudez-Brito, M.;
Santiago, A.; Libertucci, J.; Constante, M.; Raygoza Garay, J. A;
Rueda, G.; Armstrong, S.; Clarizio, A.; Smith, M. L; Surette, M. G;
Bercik, P.; Beck, P.; Bernstein, C.; Croitoru, K.; Dieleman, L.; Feagan,
B.; Griffiths, A.; Guttman, D.; Jacobson, K.; Kaplan, G.; Krause, D.
O.; Madsen, K; Marshall, J.; Moayyedi, P.; Ropeleski, M.; Seidman,
E,; Silverberg, M.; Snapper, S.; Stadnyk, A.; Steinhart, H.; Surette, M.;
Turner, D.; Walters, T.; Vallance, B.; Aumais, G.; Bitton, A.; Cino,
M,; Critch, J.; Denson, L.; Deslandres, C.; El-Matary, W.; Herfarth,
H.; Higgins, P.; Huynh, H.; Hyams, J.; Mack, D.; McGrath, J.; Otley,
A.; Panancionne, R; Verdu, E. F. Gastroenterology 2021, 160 (S),
1532—1548.

(8) Corver, J.; Cordo’, V.; van Leeuwen, H. C.; Klychnikov, O. I;
Hensbergen, P. J. Mol. Microbiol. 2017, 105 (S), 663—673.

(9) Schacherl, M.; Pichlo, C.; Neundorf, I; Baumann, U. Structure
2015, 23 (9), 1632—1642.

(10) Klychnikov, O. L; Shamorkina, T. M.; Weeks, S. D.; van
Leeuwen, H. C.; Corver, J; Drijthout, J. W.; van Veelen, P. A;
Sluchanko, N. N.; Strelkov, S. V.; Hensbergen, P. J. J. Biol. Chem.
2018, 293 (28), 11154—11165.

(11) Hensbergen, P. J.; Klychnikov, O. I; Bakker, D.; Van Winden,
V.]. C; Ras, N,; Kemp, A. C.; Cordfunke, R. A.; Dragan, I; Deelder,
A. M.; Kuijper, E. J.; Corver, J.; Drijthout, J. W.; Van Leeuwen, H. C.
Mol. Cell. Proteomics 2014, 13 (S), 1231—1244.

(12) van Leeuwen, H. C,; Roelofs, D.; Corver, J.; Hensbergen, P.
Curr. Res. Microb Sci. 2021, 2, No. 100024.

(13) Diamond, S. L. Curr. Opin Chem. Biol. 2007, 11 (1), 46—51.

(14) Uzozie, A. C.; Smith, T. G.; Chen, S.; Lange, P. F. Anal. Chem.
2022, 94 (4), 2244—2254.

(15) Kleifeld, O.; Doucet, A.; auf dem Keller, U.; Prudova, A,
Schilling, O.; Kainthan, R. K.; Starr, A. E.; Foster, L. J;
Kizhakkedathu, J. N.; Overall, C. M. Nat. Biotechnol. 2010, 28 (3),
281—288.

(16) Wiita, A. P.; Seaman, J. E.; Wells, J. A. Methods Enzymol 2014,
544, 327-358.

(17) Gevaert, K; Van Damme, J.; Goethals, M.; Thomas, G. R;;
Hoorelbeke, B.; Demol, H.; Martens, L; Puype, M.; Staes, A,;
Vandekerckhove, J. Mol. Cell Proteomics 2002, 1 (11), 896—903.

(18) Griswold, A. R; Cifani, P.; Rao, S. D.; Axelrod, A. J.; Miele, M.
M.; Hendrickson, R. C.; Kentsis, A.; Bachovchin, D. A. Cell Chem.
Biol. 2019, 26 (6), 901—907.¢6.

(19) Ju, S.; Kwon, Y.; Kim, J. M,; Park, D.; Lee, S.; Lee, J. W.;
Hwang, C. S.; Lee, C. Anal. Chem. 2020, 92 (9), 6462—6469.

(20) Shin, S.; Hong, J. H.; Na, Y.; Lee, M.; Qian, W. J.; Kim, V. N,;
Kim, J. S. Anal. Chem. 2020, 92 (7), 4926—4934.

(21) Matthews, D. J.; Wells, J. A. Science (1979) 1993, 260 (5111),
1113—-1117.

(22) Romén-Meléndez, G. D.; Venkataraman, T.; Monaco, D. R,;
Larman, H. B. Cell Syst 2020, 11 (4), 375—381.e4.

(23) Wood, S. E.; Sinsinbar, G.; Gudlur, S.; Nallani, M.; Huang, C.
F.; Liedberg, B.; Mrksich, M. Angewandte Chemie - International
Edition 2017, 56 (52), 16531—16535.

(24) Daj, R;; Ten, A. S.; Mrksich, M. Ind. Eng. Chem. Res. 2019, 58
(25), 10692—10697.

(25) Schilling, O.; Overall, C. M. Nat. Biotechnol. 2008, 26 (6),
685—694.

(26) Tanco, S.; Lorenzo, J.; Garcia-Pardo, J.; Degroeve, S.; Martens,
L.; Aviles, F. X; Gevaert, K;; Van Damme, P. Mol. Cell Proteomics
2013, 12 (8), 2096—2110.

(27) Nguyen, M. T. N.; Shema, G.; Zahedi, R. P.; Verhelst, S. H. L.
J. Proteome Res. 2018, 17 (5), 1923—1933.

(28) O’Donoghue, A. J.; Eroy-Reveles, A. A; Knudsen, G. M,;
Ingram, J.; Zhou, M.; Statnekov, J. B.; Greninger, A. L.; Hostetter, D.

11631

R;; Qu, G.; Maltby, D. A.; Anderson, M. O.; Derisi, J. L.; McKerrow, J.
H.; Burlingame, A. L.; Craik, C. S. Nat. Methods 2012, 9 (11), 1095.

(29) Lapek, J. D.; Jiang, Z.; Wozniak, J. M.; Arutyunova, E.; Wang, S.
C.; Lemieux, M. J,; Gonzalez, D. J.; O’Donoghue, A. J. Mol. Cell.
Proteomics 2019, 18 (5), 968—981.

(30) Lam, K. S; Salmon, S. E.; Hersh, E. M; Hruby, V. J;
Kazmierski, W. M.; Knapp, R. J. Nature 1991, 354 (6348), 82—84.

(31) Choe, Y.; Leonetti, F.; Greenbaum, D. C.; Lecaille, F.; Bogyo,
M.; Bromme, D.; Ellman, J. A,; Craik, C. S. J. Biol. Chem. 2006, 281
(18), 12824—12832.

(32) Harris, J. L.; Backes, B. J.; Leonetti, F.; Mahrus, S.; Ellman, J.
A.; Craik, C. S. Proc. Natl. Acad. Sci. U. S. A. 2000, 97 (14), 7754—
7759.

(33) Birkett, A. J; Soler, D. F.; Wolz, R. L.; Bond, J. S.; Wiseman, J.;
Berman, J.; Harris, R. B. Anal. Biochem. 1991, 196 (1), 137—143.

(34) Petithory, ] R; Masiarz, F R; Kirsch, J F; Santi, D V; Malcolm, B
A Proc. Natl. Acad. Sci. U. S. A. 1991, 88 (24), 11510—11514.

(35) Mirdita, M.; Schiitze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov,
S.; Steinegger, M. Nat. Methods 2022, 19 (6), 679—682.

(36) Hensbergen, P. J.; Klychnikov, O. L; Bakker, D.; Dragan, I;
Kelly, M. L.; Minton, N. P.; Corver, J.; Kuijper, E. J.; Drijthout, J. W,;
Van Leeuwen, H. C. FEBS Lett. 2015, 589 (24), 3952—3958.

(37) Turk, B. E; Huang, L. L; Piro, E. T; Cantley, L. C. Nat.
Biotechnol. 2001, 19 (7), 661—667.

(38) Ng, N. M,; Pike, R. N.; Boyd, S. E. Biol. Chem. 2009, 390 (5—
6), 401—407.

(39) Cox, J. Nature Biotechnology 2022, 41, 33—43.

(40) Mohammed, Y.; Palmblad, M. J. Sep Sci. 2018, 41 (18), 3644—
3653.

(41) Winter, D.; Pipkorn, R;; Lehmann, W. D. J. Sep Sci. 2009, 32
(8), 1111—1119.

(42) Eckhard, U.; Huesgen, P. F.; Schilling, O.; Bellac, C. L.; Butler,
G. S.; Cox, J. H.; Dufour, A.; Goebeler, V.; Kappelhoff, R.; Keller, U.
a. d; Klein, T.; Lange, P. F.; Marino, G.; Morrison, C. J.; Prudova, A.;
Rodriguez, D.; Starr, A. E; Wang, Y.; Overall, C. M. Matrix Biology
2016, 49, 37—60.

(43) Zelanis, A.; Oliveira, A. K; Prudova, A; Huesgen, P. F;
Tashima, A. K.; Kizhakkedathu, J.; Overall, C. M.; Serrano, S. M. T. J.
Proteome Res. 2019, 18 (9), 3419—3428.

(44) Liigand, P.; Kaupmees, K; Kruve, A. Journal of Mass
Spectrometry 2019, 54 (6), 481—487.

(45) Liao, S. M; Dy, Q. S.; Meng, J. Z.; Pang, Z. W.; Huang, R. B.
Chem. Cent. J. 2013, 7 (1), 1—12.

(46) Pichlo, C.; Juetten, L.; Wojtalla, F.; Schacherl, M.; Diaz, D,;
Baumann, U. J. Biol. Chem. 2019, 294 (30), 11525—11538.

(47) Hallgren, J.; Tsirigos, K. D.; Damgaard Pedersen, M.; Juan, J;
Armenteros, A.; Marcatili, P.; Nielsen, H.; Krogh, A.; Winther, O.
bioRxiv 2022.04.08.487609 2022, na.

(48) Teufel, F.; Almagro Armenteros, J. J.; Johansen, A. R.; Gislason,
M. H,; Pih], S. I; Tsirigos, K. D.; Winther, O.; Brunak, S.; von Heijne,
G.; Nielsen, H. Nat. Biotechnol. 2022, 40 (7), 1023—1025.

(49) Deutsch, E. W.; Bandeira, N.; Sharma, V.; Perez-Riverol, Y.;
Carver, J. J; Kundu, D. J; Garcia-Seisdedos, D.; Jarnuczak, A. F.;
Hewapathirana, S.; Pullman, B. S.; Wertz, J; Sun, Z.; Kawano, S,;
Okuda, S.; Watanabe, Y.; Hermjakob, H.; Maclean, B.; Maccoss, M. J.;
Zhu, Y.; Ishihama, Y.; Vizcaino, J. A. Nucleic Acids Res. 2019, 48 (D1),
D1145—-D1152.

(50) Perez-Riverol, Y.; Bai, J; Bandla, C.; Garcia-Seisdedos, D.;
Hewapathirana, S.; Kamatchinathan, S.; Kundu, D. J.; Prakash, A,;
Frericks-Zipper, A.; Eisenacher, M.; Walzer, M.; Wang, S.; Brazma, A,;
Vizcaino, J. A. Nucleic Acids Res. 2022, 50 (D1), DS43.

https://doi.org/10.1021/acs.analchem.3c01215
Anal. Chem. 2023, 95, 11621-11631


https://doi.org/10.1074/jbc.R800084200
https://doi.org/10.1074/jbc.R800084200
https://doi.org/10.1038/nprot.2017.091
https://doi.org/10.1038/nprot.2017.091
https://doi.org/10.1016/j.tibs.2018.07.003
https://doi.org/10.1053/j.gastro.2020.12.004
https://doi.org/10.1053/j.gastro.2020.12.004
https://doi.org/10.1111/mmi.13736
https://doi.org/10.1016/j.str.2015.06.018
https://doi.org/10.1016/j.str.2015.06.018
https://doi.org/10.1074/jbc.RA118.003244
https://doi.org/10.1074/jbc.RA118.003244
https://doi.org/10.1074/mcp.M113.034728
https://doi.org/10.1016/j.crmicr.2021.100024
https://doi.org/10.1016/j.cbpa.2006.11.021
https://doi.org/10.1021/acs.analchem.1c04937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c04937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nbt.1611
https://doi.org/10.1038/nbt.1611
https://doi.org/10.1016/B978-0-12-417158-9.00013-3
https://doi.org/10.1016/B978-0-12-417158-9.00013-3
https://doi.org/10.1074/mcp.M200061-MCP200
https://doi.org/10.1016/j.chembiol.2019.03.007
https://doi.org/10.1016/j.chembiol.2019.03.007
https://doi.org/10.1021/acs.analchem.9b05653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b05035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.8493554
https://doi.org/10.1126/science.8493554
https://doi.org/10.1016/j.cels.2020.08.013
https://doi.org/10.1002/anie.201707535
https://doi.org/10.1002/anie.201707535
https://doi.org/10.1021/acs.iecr.9b00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nbt1408
https://doi.org/10.1038/nbt1408
https://doi.org/10.1074/mcp.M112.023234
https://doi.org/10.1074/mcp.M112.023234
https://doi.org/10.1021/acs.jproteome.8b00004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmeth.2182
https://doi.org/10.1074/mcp.TIR118.001099
https://doi.org/10.1074/mcp.TIR118.001099
https://doi.org/10.1038/354082a0
https://doi.org/10.1074/jbc.M513331200
https://doi.org/10.1074/jbc.M513331200
https://doi.org/10.1073/pnas.140132697
https://doi.org/10.1073/pnas.140132697
https://doi.org/10.1016/0003-2697(91)90129-H
https://doi.org/10.1073/pnas.88.24.11510
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1016/j.febslet.2015.10.027
https://doi.org/10.1038/90273
https://doi.org/10.1038/90273
https://doi.org/10.1515/BC.2009.065
https://doi.org/10.1515/BC.2009.065
https://doi.org/10.1038/s41587-022-01424-w
https://doi.org/10.1002/jssc.201800488
https://doi.org/10.1002/jssc.201800488
https://doi.org/10.1002/jssc.200800691
https://doi.org/10.1002/jssc.200800691
https://doi.org/10.1016/j.matbio.2015.09.003
https://doi.org/10.1016/j.matbio.2015.09.003
https://doi.org/10.1021/acs.jproteome.9b00325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.9b00325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jms.4348
https://doi.org/10.1002/jms.4348
https://doi.org/10.1186/1752-153X-7-44
https://doi.org/10.1074/jbc.RA119.009029
https://doi.org/10.1101/2022.04.08.487609
https://doi.org/10.1038/s41587-021-01156-3
https://doi.org/10.1093/nar/gkz984
https://doi.org/10.1093/nar/gkz984
https://doi.org/10.1093/nar/gkab1038
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c01215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

