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General Introduction and Thesis
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Chapter 1

Bacterial life, like all life on earth, cannot exist without the group of biomolecules known
as proteins. In bacteria, proteins serve as structural elements, participate in metabolic
processes, transport molecules across the cell membrane, regulate gene expression,
provide defense mechanisms, and are involved in communication, signaling, adhesion,
motility, and pathogenesis. The versatility of proteins originates from the inherent
diversity of the molecules themselves. Although all proteins are composed of the same
proteinogenic amino acids, of which 20 exist (or 22 when including selenocysteine and
pyrrolysine), proteins exhibit immense structural variability due to the countless
possible combinations of amino acid residues. For instance, a stretch of merely ten
amino acids could give rise to over 1 x 1013 different peptides. This diversity is further
increased by post-translational modifications (PTMs), which are enzyme-mediated
alterations of a protein. Two of these PTMs, glycosylation and, especially, proteolysis,
will play a central role in this thesis. We will focus on their role in bacterial adhesion and
motility, particularly in the bacterium Clostridioides difficile.

Glycosylation is the enzymatic process by which carbohydrates are covalently attached
to proteins, lipids, or other organic molecules. This post-translational modification plays
a crucial role in various bacterial functions, including cell wall formation, biofilm
development, and interactions with host organisms [1]. In pathogenic bacteria,
glycosylation can significantly impact virulence by modifying surface structures such as
pili and flagella, aiding in immune evasion and adherence to host tissues [1,2]. Bacterial
glycosylation, although less complex than those in eukaryotes in terms of branching and
spatial separation of the synthetic pathway, exhibits considerable diversity involving
unique glycosyltransferases and oligosaccharide structures.

Proteases

Proteases, also known as peptidases, are enzymes that catalyze the hydrolysis of
peptide bonds. This enzymatic activity, also known as proteolysis, is often overlooked as
a PTM. However, proteolytic processing can be crucial for the correct functioning of
proteins. In addition, proteases are essential for degrading misfolded, damaged, and
unwanted proteins and are therefore essential for protein homeostasis, quality control,
and turnover [3,4]. In pathogenic bacteria, proteases can aid in colonization of the host
or cause disease [5].

Proteases can be categorized based on their functional group at their catalytic site [6],
i.e., the type of amino acid residue or co-factor involved in the hydrolytic reaction.
Proteases were originally classified as serine (Ser) proteases, cysteine (Cys) proteases,
aspartic (Asp) proteases, or metalloproteases. In addition, a fifth group was later
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General introduction and thesis outline

recognized that consists of threonine (Thr) proteases [7]. Ser, Cys, and Thr proteases
employ their respective Ser, Cys, and Thr residues in the catalytic site as the nucleophilic
residue that attacks the carbonyl group of the peptide bond [8-11], while Asp proteases
activate a water molecule that in turn acts as a nucleophile and hydrolyzes the peptide
bond [12]. Metalloproteases require a divalent cationic metal ion, commonly zinc, bound
to amino acid ligands in the active site. Two histidine residues coordinate the metal ion
while an additional glutamic acid (Glu) is necessary for the catalytic activity, collectively
forming the HEXXH (sometimes HEXXXH) motif that is indicative of metalloprotease
activity [13,14]. The bound metal ion, in combination with the electrophilic Glu residue,
activates a water molecule that in turn acts as the nucleophile for the hydrolysis of the
peptide bond [15].

A second discrimination is made between proteases that function either as
endopeptidase or as exopeptidase. Endopeptidases cleave peptide bonds within a
protein, while exopeptidases cleave the peptide bonds of the terminal amino acid
residues. Proteolysis by an exopeptidase releases a single amino acid, dipeptide, or
tripeptide from the N- or C-terminus of the substrate.

Proteases exhibit specificity for certain amino acid sequences near the cleavage site.
This specificity can be broad, allowing the enzyme to hydrolyze a range of substrates, or
it can be highly specific, recognizing only a few or even a single protein. For example, the
promiscuous protease trypsin is known for its specificity for the carboxyl side of lysine
and arginine residues, while the highly specific TEV protease recognizes a stretch of
seven residues (EXXYXQ|(G/S), | indicates cleavage site) [16].

Schechter and Berger (1967) developed a nomenclature to describe the positions
surrounding the cleavage site for both the protease and the substrate [17]. In this
system, the substrate residues that interact with the protease are named according to
their position relative to the cleavage site. The amino acid residue located directly N-
terminal to the cleavage site is named P1, and the residues upstream of the P1 are
named P2, P3, etc., collectively forming the non-prime-side (Figure 1). Similarly, the C-
terminal residues are named P71, P2, P3), etc., forming the prime-side (Figure 1).
Correspondingly, the protease has binding sites or pockets that recognize these
substrate residues. These pockets are named S1, S2, etc., for the non-prime-side and
S1', S2', etc., for the prime-side (Figure 1). The specificity of a protease is largely
determined by the properties of these S pockets.
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Scissile bond

N-term C-term

Non-prime side Prime side

S4 S3 S2 S1 S17 S22 S3 sS4
Protease

Figure 1. Nomenclature for the positions in the protease and substrate surrounding the cleavage site.
The residues N-terminal of the scissile bond in the substrate form the non-prime-side and are named P1,
P2, P3, etc. The C-terminal residues form the prime-side and are named P1’, P2, P3', etc. Similarly, the
binding sites in the protease are named S1, S2, etc. for the non-prime-side and S1’, S2, etc. for the prime-
side.

There are several methods to study protease activity and specificity. A straightforward
approach involves the use of Fluorescence Resonance Energy Transfer (FRET) peptides
that possess a fluorescent group and a quencher [18]. Cleavage of these peptides by a
protease releases the quencher from the fluorescent group, which can be detected by
measuring the increase in fluorescence. This method allows for detection and
quantification of activity, but also for monitoring the activity real-time when measuring
fluorescence during a period of time. However, the major drawbacks of this method are
that the FRET peptides have to be synthesized and tested separately and that this
method does not determine the cleavage site, i.e., it only indicates if a peptide is cleaved
or not.

To determine the cleavage site in a highly specific manner, mass spectrometry (MS)-
based approaches can be used. For example, cleaved (FRET) peptides can be analyzed
by matrix-assisted laser desorption/ionization time of flight (MALDI-ToF) MS, which
provides information on the cleavage site. Other methods used to study protease
activity and specificity involve analysis using liquid chromatography with tandem mass
spectrometry (LC-MS/MS). LC-MS/MS has been very valuable in protease research and
many methods to study protease activity and specificity have been developed that use
this technique including a subtiligase-based method [19], COFRADIC [20], PS-SCL [21],
MSP-MS [22], TAILS [22,23], and PICS [24]. These methods generally involve chemically
labeling protease-generated peptides to distinguish them from other peptides or to
enrich them through selection procedures. For example, in subtiligase-based methods,
a biotin is attached to (neo)-N-termini, which allows the capture of these peptides using
avidin or streptavidin [19]. Analysis using LC-MS/MS offers numerous advantages. Unlike
FRET peptides, which require separate testing, LC-MS/MS is capable of analyzing highly
complex samples. The most commonly used chromatography method for this purpose
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is reversed-phase high-performance liquid chromatography (RP-HPLC), which separates
components based on their hydrophobicity. Although the separation of complex
mixtures is often incomplete, the first mass analyzer (MS1) separates peptides based on
their mass-to-charge (m/z) ratio, while also determining their intensity (quantity).
Typically, data-dependent acquisition (DDA) is employed, where selected peptides
(precursors) undergo fragmentation through collisions with gas molecules. These
fragments are then analyzed in a second mass spectrometry event (MS2), providing
detailed information about the sequence of the precursor peptide. In protease research,
LC-MS/MS enables highly specific determination of the cleavage site and the
surrounding N- or C-terminal residues. Additionally, LC-MS/MS is extremely sensitive,
capable of detecting peptides at attomolar levels [25].

Clostridioides difficile infection and physiology

Clostridioides difficile, formerly known as Clostridium difficile or Peptoclostridium difficile
[26], is the leading causative agent of antibiotic-associated diarrhea and colitis [27,28].
The bacterium is an opportunistic pathogen of the gastrointestinal (Gl) tract, and
patients with a disturbed microbiome, often due to treatment with antibiotics, are
especially susceptible to C. difficile infection (CDI) [29,30]. C. difficile is a gram-positive,
rod-shaped bacterium, and, due to its obligate anaerobic character, primarily infects the
oxygen-poor environment of the mammalian colon [31-33], although infection of avian
species has also been reported [34,35].

The life cycle of C. difficile starts as a dormant spore that, upon ingestion by the host,
traverses the Gl tract to the terminal region of the small intestine (Figure 2). Here,
several germinants stimulate the germination of spores [36], a process that is inhibited
by a healthy gut microbiota [37,38]. Once germinated, the vegetative C. difficile cells
colonize the intestinal tract by adhering to the epithelial cells. Once C. difficile has
established a population of proliferating cells, the bacteria start to produce toxins that
damage the host's colonic epithelium, resulting in symptoms that include diarrhea,
inflammation of the colon, pseudomembranous colitis, and toxic megacolon, which can
be fatal [27]. Additionally, during the vegetative growth phase, the cells initiate spore
production, enabling C. difficile to transmit to new hosts through the fecal-oral route.
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Figure 2. The life cycle of C. difficile. Spores enter the host by ingestion and traverse the Gl tract to the
distal part of the small intestine. Germination of spores is stimulated by germinants but is inhibited by a
healthy microbiota. Following germination, vegetative growth of C. difficile commences in the colon.
Environmental signals such as nutrient limitation induce the processes of toxin production and sporulation.
The toxins disrupt the epithelial layer and cause apoptosis. Spores of C. difficile exit via the fecal route for

transmission to new hosts. The image was created with BioRender.com.

Toxins

C. difficile produces two main toxins, toxin A (TcdA) and toxin B (TcdB), which are crucial
for its pathogenicity [39-41]. However, some strains encode only a single toxin [42-45].
Some strains encode a third toxin, the binary toxin C. difficile transferase (CDT) [46,47].
Additionally, non-toxinogenic strains lacking the genes for toxin have been identified,
which do not cause the symptoms associated with CDI [48,49].

The major virulence factors TcdA and TcdB function by inactivation of Rho-family
GTPases through glucosylation, which leads to disruption of the actin cytoskeleton in
epithelial cells. This disruption leads to an alteration of cell morphology, breakdown of
tight junctions, and cell death [50]. In addition, the loss of the epithelial barrier function
promotes further bacterial invasion into the tissue and provokes inflammation [51-53].
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The toxins are encoded within a chromosomal region known as the pathogenicity locus
(PaLoc) [54]. The other genes located in the PaLoc are tcdC, tcdE, and tcdR. The product
of tcdR is an alternative sigma factor that regulates the expression of tcdA, tcdB, tcdE,
and tcdR itself [55]. TcdE is a holin-like protein needed for the secretion of the
glucosylating toxins [56]. TcdC is thought to inhibit toxin expression [57], but its role as
a negative regulator is under debate [58-60].

The regulation of toxin expression through TcdR is complex, involving various
transcriptional regulators that respond to environmental signals and physiological
stages of the bacterium [61-65]. One of the environmental factors that regulate toxin
production is nutrient availability. Expression of tcdA and tcdB is regulated through the
global transcriptional regulators CcpA and CodY, which respond to the environmental
nutrient availability [66-68]. When nutrients are available, CcpA represses toxin
production by binding the regulatory regions of the tcdA and tcdB genes [69], while CodY
binds the promoter region of tcdR [66].

Sporulation

Since C. difficile is not able to survive in the presence of oxygen, the formation of spores
is essential for transmission to new hosts [70]. In addition, spores promote the
recurrence of CDI within the same host after treatment [70-72].

The initiation of sporulation is tightly controlled by various regulators and is largely
dependent on nutrient availability. The master regulator of sporulation, Spo0A, controls
the transcription of hundreds of genes, including the genes necessary to initiate
sporulation [73,74]. SpoOA-mediated transcription is controlled by the phosphorylation
of SpoOA [75], however, the mechanisms that activate SpoOA are poorly understood
[62,75-77]. Two other regulators of sporulation are the nutritional regulators CcpA and
CodY, which also repress toxin production. CcpA, the regulator of carbohydrate
metabolism, represses the expression of Spo0OA and SigF in the presence of glucose [68].
CodY also represses sporulation, since the deletion of codY causes an earlier onset and
higher frequency of sporulation [78]. Another regulator of sporulation is RstA, a
bifunctional protein that promotes sporulation while repressing toxin production and
motility [79].

C. difficile produces endospores, a process that starts with asymmetric cell division after
the initiation of sporulation. Following DNA replication, both the mother cell and the
forespore obtain a copy of the chromosome. Then, the transcription of compartment-
dependent sporulation genes proceeds first by activity of SigF and subsequently SigG in
the forespore and through Sigk and then SigK in the mother cell [80,81]. This ultimately
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results in the engulfment of the forespore by the mother cell, followed by the addition
of layers of protein around the spore that form the cortex, coat, and exosporium [80,81].

The core of the spore contains the DNA, RNA, and most enzymes needed for
germination. These molecules are protected by a low water content, small acid-soluble
proteins (SASPs), and dipicolonic acid chelated with calcium (Ca-DPA) [80,82-85]. The
core is enveloped by a rigid cell membrane that exhibits very low permeability [86]. The
cortex surrounding the membrane is composed of a modified peptidoglycan layer and
is involved in spore dehydration and resistance [87,88]. On top of the cortex, a
multilayered, proteinaceous structure is deposited that forms the spore coat. This spore
coat consists of morphogenetic proteins that confer resistance to various
environmental stresses [89-91]. The outermost layer of C. difficile spores is the
exosporium layer, whose proteins are involved in assembling the spore coat and
exosporium, conferring resistance to environmental challenges, and adhesion to the
colonic epithelium [92,93].

Germination

Metabolically dormant spores can resume vegetative growth by a process called
germination. Spores that have entered the Gl tract of the host germinate when the
conditions are favorable, primarily in the distal part of the small intestine [36]. The
environmental conditions and position in the Gl tract are sensed through receptors that
recognize germinants, the small molecules that stimulate germination. These include
bile acids, different types of amino acids, and calcium [36,94,95]. In addition, factors
such as temperature and pH influence the onset of germination [36,94].

The recognition of bile acids, primarily taurocholate, by the pseudoprotease CspC
triggers a series of events that ultimately lead to the activation of SleC, which hydrolyzes
the cortex [96,97]. This causes both the release of Ca-DPA from the spore core and the
rehydration of the core [97]. The process of germination is further dependent on the
presence of Ca®* and other proteins including GerS, YabG, and SpoVAC [98-101].
Collectively, these mechanisms allow the cell to resume metabolic activity and
vegetative cell growth.

Adhesion and motility

Adhesion of C. difficile to the host's colonic epithelium is critical for successful
colonization of the colon. Adhesion allows the cells to stay in place and divide until they
reach higher cell numbers. In addition, these higher cell densities allow for intercellular
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communication, i.e., quorum-sensing, that regulates several virulence factors such as
biofilm formation, sporulation, and toxin production [102-104].

At the start of the C. difficile life cycle, the spores possess adhesive properties that allow
them to adhere to epithelial cells [105]. The exosporium protein CdeC stimulates
adhesion to the gut wall since CdeC-deficient spores exhibit a decreased adherence
[106]. In addition, spores have been shown to adhere to fibronectin and vitronectin by
the exosporium protein BclA3, which contributes to the recurrence of CDI [107,108], and
to E-cadherin, which becomes accessible after cell-cell disruption by TcdA and TcdB
[109].

The processes of adhesion and motility in vegetative cells of C. difficile are inversely
regulated through cellular levels of the second messenger cyclic diguanylate (c-di-GMP)
[110]. C-di-GMP regulates gene expression of genes by binding segments of mRNA called
riboswitches [111,112]. Two types of riboswitches exist that either prematurely
terminate transcription (Type |) or promote transcription (Type Il) at elevated levels of c-
di-GMP [111,113]. The levels of c-di-GMP are influenced by nutrient availability and are
regulated through CodY-mediated transcription of genes involved in c-di-GMP synthesis
and degradation [64,114-116]. Consequently, the presence of nutrients increases c-di-
GMP levels in the cell, thereby stimulating the expression of proteins involved in
adhesion and biofilm formation through Type Il riboswitches, while reducing the
expression of the genes promoting motility with Type | riboswitches [110,116-119].
Conversely, when nutrient availability is limited, the lower levels of c-di-GMP promote
motility while inhibiting adhesion and biofilm formation.

Several cell wall proteins of C. difficile possess adhesive properties against various host
ligands. The most abundant cell wall protein that forms the surface layer (S-layer) of C.
difficile, SIpA, binds various components of the intestinal epithelium [120-122]. SIpA is a
member of a family of 29 cell wall proteins (CWPs) that possess three cell wall binding 2
(CWB2) domains [123]. The CWPs are located in the S-layer and several possess adhesive
properties [124-126]. In addition, other proteins have been involved in adherence,
including Type IV pili which promote adherence and autoaggregation [117,127], the
fibronectin-binding protein Fbp68 [128], the collagen-binding CbpA [129], and the
tyrosine-transporting lipoprotein CD0873 that also displays adhesive properties
[130,131].

Limited nutrient availability and noxious environments necessitate switching from a
sessile to a motile state in order to migrate toward more favorable environments. For
this, C. difficile possesses peritrichous flagella that facilitate swimming motility in liquid
environments. In addition, flagella have been implicated in processes such as adherence
[132] and immunomodulation [133]. The structure of these flagella consists of a basal
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body (the flagellar motor), a hook, and the filament. The largest part of the flagellum
consists of repeating units of the filament protein FliC, which forms the complete
filament except for the tip, which is formed by FIliD [134]. In many species, e.g.,
Campylobacter jejuni and Helicobacter pylori, glycosylation of the FliC units is important
for flagellar assembly and function [135-138]. Also in Pseudomonas aeruginosa, FliC is
modified with a glycan structure that is strain-dependent [139,140]. Two types are
known, Type A and Type B, which differ largely in structure, size, and biosynthesis
[139,140].

Also C. difficile has been shown to glycosylate FliC in a strain-dependent manner. Like in
P. aeruginosa, two types have been identified; a smaller and relatively simple Type A
structure is present in several C. difficile strains including 630Aerm and a larger, more
complex Type B structure is observed in hypervirulent strains including R20291 [141-
143]. The Type A glycan structure consists of an O-linked N-acetylglucosamine (GIcNAc)
that is linked to N-methyl-L-threonine through a phosphodiester bond [142],
reminiscent of the Type B structure in P. aeruginosa [140]. C. difficile 630Aerm mutants
that lack the Type A glycan are impaired in motility and have been shown to aggregate
[141,142]. The more complex structure of the Type B glycan has also been elucidated,
and mutants that fail to produce this glycan exhibit diminished motility and increased
cell aggregation, biofilm formation, and adherence to Caco-2 cells [143,144].

A gene cluster of five genes is thought to be responsible for the biosynthesis of the Type
A glycan on FIliC [141,142]. Insertional mutation of the individual genes in this cluster
results in a non-motile phenotype, showing the importance of this modification for
bacterial motility. A model has been proposed for the biosynthesis pathway of this
modification but the exact functions of the individual genes are unclear [142].

Regulation of adhesion and motility by PPEP-1 and its substrates CD2381 and
CD3246

Importantly, another well-defined mechanism exists that regulates adhesion and
motility in C. difficile. In addition to the proteins with adhesive properties discussed
above, C. difficile also produces the collagen-binding protein CD2831. This extracellular
protein is tethered to the peptidoglycan through its LPXTG-like motif, which acts as a
cell wall sorting signal, and contains a collagen hug domain (Figure 3) [145-147].
Likewise, another adhesion protein that possesses an LPXTG-like motif, CD3246, exists
in C. difficile. However, CD3246 possesses a class 2 thioester domain (TED) which can
facilitate covalent attachment to host cells through a cross-linking reaction (Figure 3),
though its specific ligand remains unidentified [148,149].
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Figure 3. Domain organization of the substrates of PPEP-1 and PPEP-2. The PPEP-1 substrates CD2831
and CD3246 from C. difficile are attached to the peptidoglycan through their LPXTG-like motif (green). Both
substrates possess multiple PPEP-1 cleavage sites close to the cell wall (recognition site is underlined). The
N-terminal domains N1 and N2 in CD2831 are predicted to form a collagen hug domain, while the CNA
domains likely serve as a stalk. CD3246 is predicted to possess a TED domain. The substrate of PPEP-2,
VMSP, is tethered to the cell wall via three SLH domain repeats and contains two PPEP-2 cleavage sites close
to the cell wall. VMSP is predicted to bind ligands via the VWF domain. R=repetitive sequence, M=MucBP-
repeats. Figure was copied from van Leeuwen et al. (2021) [148], which is available under Creative Commons
Attribution 4.0 International License CC BY-NC-ND 4.0 DEED.

The expression of both CD2831 and CD3246 is regulated by c-di-GMP levels since a Type
Il riboswitch is found upstream of cd2837 and cd3246 [119]. Consequently, high levels of
c-di-GMP, and thus nutrients, promote adhesion through these proteins. The gene
directly upstream of cd2831, i.e., cd2830, possesses a Type | riboswitch and is therefore
inversely regulated [119]. The cd2830 gene encodes a metalloprotease now known as
PPEP-1, which has been shown to cleave both CD2831 and CD3246 [146].

In the model for the regulation of adhesion and motility by PPEP-1 and its substrates,
high c-di-GMP levels stimulate adhesion to the host cells by the production of CD2831
and CD3246. Lower levels of c-di-GMP, e.g., due to nutrient stress, induce the expression
of PPEP-1 (Figure 4). The protease cleaves its substrates, i.e.,, CD2831 and CD3246, close
to the cell surface, thereby releasing the cells from the intestinal epithelium. Lower
levels of c-di-GMP likewise promote the production of flagella, thus enhancing the
motility of C. difficile (Figure 4).
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A PPEP-1 ClosTron mutant (ppep-1::CT) has been shown to display attenuated virulence
in a hamster model, as the inability to produce PPEP-1 at least doubled the survival time
in hamsters [147]. The attenuated virulence of the ppep-1::CT strain is likely due to
decreased motility of C. difficile and thus less efficient colonization of the colon.

Adhesion <G el MOtility

lc—di—GMP

high c-di-GMP low c-di-GMP

S = ™ /';. — B - ./'.’ ‘
Ch2631 CD3246 SE 1 LE RSN S S OUISS
Figure 4. Model for the regulation of adhesion and motility by PPEP-1 and the substrates CD2831 and

CD3246. C. difficile adheres to the intestinal epithelium through the adhesion proteins CD2831 and CD3246.
A decrease in c-di-GMP stimulates the production of PPEP-1, which cleaves the protein anchors close to the
cell wall, thereby releasing the cells. Similarly, lower c-di-GMP levels promote the production of flagella.
Image was created with BioRender.com.

Pro-Pro endopeptidases (PPEPs)

PPEP-1, formerly known as CD2830 or Zmp1 [146,150], was the first member of a family
of metalloproteases known as the Pro-Pro endopeptidases. First identified in a C. difficile
secretome study, PPEP-1 was noticed due to its homology with the anthrax toxin lethal
factor (ATLF) catalytic domain which is essential for the lethal activity of the toxin
[146,151]. With PPEP-1 being a secreted protein, a search for substrates in colonic
epithelial cells revealed that heat shock protein (HSP) 903 was cleaved between two
alanine residues (PNA|AVP, P3-P3’) by PPEP-1 [146]. Further investigations into the
specificity of PPEP-1 using a library of synthetic peptides revealed that this enzyme
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preferred to cleave substrates between proline residues instead of alanines [146]. This
observation was remarkable since the cyclic structure of proline produces
conformational constraints that often prevent proteolysis at proline-containing sites
[152-154]. Although X-Pro and Pro-X endopeptidase activity had been observed before,
no proteolytic enzyme was known to hydrolyze substrates between two proline residues
[152,155,156]. Therefore, the enzyme with the unique ability to cleave proline-proline
bonds was named Pro-Pro endopeptidase 1 (PPEP-1) (Figure 5).

Apart from the prolines at the P1 and P1’ positions, a Pro at P3’ was shown to be an
important determinant for activity by PPEP-1 [146]. A search for the sequence PPXP (P1-
P3) in the proteome of C. difficile revealed that the PPEP-1 substrates CD2831 and
CD3246 contain multiple PPEP-1 cleavage sites, six in CD2831 and seven in CD3246.
Based on these data, the PPEP-1 consensus cleavage motif (V,I,L)NP|P(V,I,A)P (P3-P3’)
could be determined (Figure 5), indicating that there is some flexibility at the P3 and P2’
position.

Since the discovery of PPEP-1, PPEP homologs have been identified in other species of
bacteria. A phylogenetic analysis revealed the presence of proteins containing a PPEP
domain in over 130 species spread over 9 genera, namely the genera Clostridioides,
Clostridium,  Paenibacillus, Bacillus, Parageobacillus, Geobacillus, Anoxybacillus,
Salinicoccus, and Jeotgalicoccus [148]. The species differ largely in lifestyle and include
enteric pathogens, commensal microbiota, plant root-associated bacteria, and soil-
dwelling species [148]. For the latter, PPEP domain-containing proteins are found in
halo-, alkalo-, and thermophilic bacteria [148].
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A Protein name/

Ordered locus name Organism Substrate Cleavage motif
PPEP-1 Clostridioides difficile CDZB(?S an?' C;D)3246 %@J.%@
. atiriclie
PPEP-2 Paenibacillus alvei U\Df_'\gi';) ®®.l.®®
CDg3I>301_51%57éTO Clostridioides difficile Unknown Unknown
GTNG_1672 Geobacillus thermodenitrificans Unknown Unknown
HNQ34_002771 Anyxobacillus tepidamans Unknown Unknown

GTNG_1672 HNQ34_002771 Superimposed

Figure 5. Overview of PPEPs. A) An overview of several PPEPs. For PPEP-1 and PPEP-2, the endogenous
substrates have been identified. The consensus cleavage motif based on these substrates is shown. The
PPEP homologs CD1597, GTNG_1672, and HNQ34_002771 have not been characterized. B) The
experimentally determined cocrystal structure of PPEP-1 (PDB: 6R5C) and the apo structure of PPEP-2 (PDB:
6FPC) and the predicted structures of CD1597 (Uniprot ID: Q186F3), GTNG_1672 (Uniprot ID: A4INY2), and
HNQ34_002771 (Uniprot ID: AOA7W8IRZ3). All structures (for CD1597 only the PPEP-like domain) have been
superimposed to highlight the similarities in protein folds.

The second PPEP that was characterized was PPEP-2 from Paenibacillus alvei (Figure 5)
[157]. P. alvei is an anaerobic, Gram-positive, and endospore-forming bacterium known
as a secondary invader of honeybees and associated with foulbrood [158]. Similar to C.
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difficile, PPEP-2 and its substrate, VMSP, are encoded by adjacent genes. VMSP is an
extracellular protein that is tethered to the cell wall through its surface-layer homology
(SLH) domain repeats [159] and is likely involved in binding extracellular matrix proteins
through its Von Willebrand factor type A (VWFA) domain (Figure 2), yet the binding ligand
is unknown [157]. VMSP contains two PPEP-2 cleavage sites close to the SLH domain
repeats (Figure 2) with the sequence PLP|PVP (P3-P3’) [157]. Although the PPEP-2
cleavage site resembles that of PPEP-1, i.e., a PPXP (P1-P3’) motif, PPEP-1 is not able to
cleave a PPEP-2 substrate and vice versa, indicating a clear difference in the specificity
of the two PPEPs [157].

For PPEP-1 and PPEP-2, protein structures have been experimentally determined
[157,160-162]. Although the amino acid identity is only 50%, the proteases share a highly
similar fold [157]. The active site a4-helix that contains the HEXXH motif separates the
N-terminal domain (NTD) and the C-terminal domain (CTD) (Figure 6). The NTD
possesses a flexible S-loop that is involved in substrate recognition and closes upon
substrate binding (Figure 6) [160]. The NTD also features the so-called “diverting loop”
that restricts the substrate from exiting the active site [160]. To overcome this steric
hindrance, the prime-side of the substrate needs to adopt a unique double-kinked
conformation that is produced by the Pro at P1" and the Val at P2, which is one of the
determinants of the Pro-Pro specificity (Figure 6) [160]. The largest structural difference
between PPEP-1 and PPEP-2 is found at the 33/B4-loop which is in close proximity to the
P3 and P2 positions in the substrate [157]. In PPEP-2, the Glu-113 forms a salt bridge
with Arg-145, thereby causing a steric hindrance at the P3 position [157]. The Pro at the
P3 positions in the substrate peptide PLP|PVP (P3-P3’) of PPEP-2 produces a kink that
directs the substrate away from the salt bridge [157]. The difference in 33/B4-loop
between PPEP-1 and PPEP-2 explains the distinct substrate specificity of the two
proteases [146,157]. Substitution of the PPEP-2 33/B4-loop for that of PPEP-1 shifts the
specificity for the P3 residue from a Pro to a Val, thus making the specificity more PPEP-
1-like [157].

Although PPEP-1 and PPEP-2 are very similar in domain organization, other PPEP
homologs possess additional domains [148]. The PPEPs from several species of Bacillus
contain a predicted SH3b domain, which is known to bind peptidoglycan [148,163]. In
species of Salinococcus and Jeotgalicoccus, PPEP homologs harbor a fibronectin type 3
(FN3) domain [148], although the function of FN3 domains in bacteria remains
ambiguous [164,165]. Furthermore, two members of the genus Paenibacillus possess an
SLH domain that allows them to bind non-covalently to the cell surface [159]. The
absence of this domain in other species of Paenibacillus indicates an accessory rather
than an essential element of these PPEP homologs [148].

23



Chapter 1

NTD

, AR\ ~ S1’-wall-forming
B3/B4-loop , ‘b segment

Figure 6. Cocrystal structure of PPEP-1. Structure of PPEP-1 with the substrate Ac-EVNPPVP-NH: (PDB:
6R5C). The N-terminal domain (NTD) is shown in green, the active-site helix a4 in yellow, the N-terminal
domain (NTD) in orange, and the substrate in magenta. The S-loop from the PPEP-1 apo-structure (PDB:
5A0P) is shown in cyan. The zinc ion binding residues and the substrate are shown in sticks. The arrow
indicates the S-loop movement upon substrate binding.

Another PPEP homolog that is distinct from the typical PPEPs is CD1597 from C. difficile
(Figure 5). Although the protein possesses a PPEP-like domain, this PPEP homolog does
not contain a signal peptide for secretion, suggesting a fundamentally different function
from other PPEPs. Moreover, this PPEP homolog contains a substantial N-terminal
domain of unknown function, accounting for approximately half of the protein (Figure
5B). Its unique non-secretory nature, the presence of an uncharacterized domain, and
being a second PPEP homolog in C. difficile make CD1597 an interesting subject for
further investigation.
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PPEP-1 and PPEP-2 both cleave adhesion proteins encoded by adjacent genes. For other
PPEPs, substrate prediction seems less straightforward as the adjacent genes do not
encode adhesion proteins or canonical PPEP cleavage sites, i.e., PPXP (P1-P3’) [148]. For
example, the PPEP homolog that is phylogenetically the most distant from PPEP-1, a
PPEP from Geobacillus thermodenitrificans (GTNG_1672, Figure 5), is encoded by a gene
adjacent to a gene encoding a putative adhesin, a YpjP-like protein, which lacks a
canonical PPEP cleavage site [148]. If this putative adhesin represents the endogenous
substrate of this PPEP, the specificity should differ from that of PPEP-1 and PPEP-2. The
PPEP homolog from Anoxybacillus tepidamans, an organism closely related to G.
thermodenitrificans, has no secreted proteins encoded adjacent to the gene encoding
the PPEP homolog (HNQ34_002771, Figure 5). Therefore, the substrate for this PPEP is
likely located elsewhere on the genome or, alternatively, encoded by another organism
than A. tepidamans. Although substrate prediction for the PPEP homologs from G.
thermodenitrificans and A. tepidamans is less straightforward than for PPEP-1 and PPEP-
2, their similar folds (Figure 5B) suggests a PPEP-like substrate specificity, i.e., a PPXP
motif (P1-P3’).

To identify substrates for orphan PPEPs that lack an obvious substrate candidate, a
similar approach can be taken as was done for PPEP-1. In this approach, the cleavage
specificity of PPEP-1 was determined using a library of synthetic peptides and a search
for the resulting cleavage motif in the C. difficile proteome led to the identification of the
two substrates CD2381 and CD3246 [146]. Similar approaches exist that profile the
specificity of proteases and might prove valuable in uncovering the substrates for other
PPEP homologs. For example, the branch of MS-based proteomics termed N-
terminomics focuses on identifying neo-N-termini generated by proteases and provides
information on the substrate specificity [20,23,166-168]. Alternatively, proteolytic
digestion of peptide libraries that can be proteome-derived, produced synthetically, or
generated by phage-display technologies can be employed to profile the specificity of
PPEPs [22,24,169-172]. Apart from the potential for substrate identification, data on
PPEP specificity, when combined with structural data, can aid in understanding the
structure-function relationships of PPEPs.
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Thesis outline

The research described in this thesis aims to uncover the roles of bacterial enzymes
involved in the processes of adhesion and motility in bacteria, with an emphasis on the
enzymes’ substrate specificities. The studies presented hereafter can be divided into
three parts. In the first part, we aimed to elucidate the biosynthetic pathway for a glycan
structure essential for motility in C. difficile (Chapter 2). In the second part, we
investigated the function and enzymatic activity of a PPEP homolog, CD1597, present in
C. difficile (Chapter 3). Lastly, we developed a method that allows for an in-depth
characterization of PPEP substrate specificity that we employed to study the structure-
function relationships of PPEPs and predict substrates for previously uncharacterized
PPEPs (Chapters 4, 5 and 6).

Chapter 2 aimed to elucidate the biosynthetic pathway for the Type A glycan
modification found on FIiC in C. difficile 630Aerm. Previous studies have shown the
importance of the Type A glycan for motility, but failed to specify a role for one of the
proteins involved in the biosynthesis, i.e., CD0244, since this protein was deemed non-
essential for producing the Type A glycan. Furthermore, no detailed enzymatic functions
and biosynthetic intermediates have been predicted for the biosynthetic pathway. Using
guantitative MS-based proteomics analyses, we investigated the importance of CD0244
for Type A synthesis. Moreover, we predicted detailed enzymatic activities and
biosynthetic intermediates in the Type A biosynthetic pathway, using bioinformatic
analyses and structural comparisons. We proposed a revised model for the Type A
glycan biosynthesis that serves as a basis for future research.

In Chapter 3 we investigated the role of CD1597 in C. difficile. Based on the homology
with other PPEPs, it was hypothesized that CD1597 displays similar endoproteolytic
activity. However, the distinct characteristics of this protein suggested a markedly
different function for CD1597. Using purified recombinant CD1597, we tested the
proteolytic activity of CD1597 for several potential substrates. In addition, the function
of CD1597 was investigated by generation of a cd7597 insertional mutant to determine
the effects of the inability to produce CD1597. By employing various phenotypical
assays, microscopy, and comparative proteomics analyses, we aimed to uncover the
role of this enigmatic protein.

Information on the substrate specificity of a protease can aid in identifying biologically
relevant substrates. In addition, a thorough understanding of substrate specificity is
needed for the application of proteases in research, healthcare, and industry. In
Chapter 4 we sought to develop a novel method for profiling PPEP specificity in high
detail. For this, we combined the advantages of a synthetic combinatorial peptide
library, i.e., high diversity and equimolar peptide concentrations, with the sensitivity and
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specificity of MS detection. We used this approach to characterize the prime-side
specificity of several PPEPs, which included PPEP-1, PPEP-2, and a novel PPEP from
Geobacillus thermodenitrificans.

The substrate specificity of PPEPs does not only depend on the prime-side residues, but
also on those at the non-prime-side. Therefore, in Chapter 5, we expanded our newly
developed method for profiling PPEP specificity by synthesizing a complimentary
combinatorial peptide library. Using this new library, we investigated the non-prime-side
specificity of PPEPs. Moreover, we aimed to characterize the full PPEP specificity in a
single experiment. We used the expanded method to determine the specificity of known
PPEPs, PPEP mutants, and a novel PPEP from Anoxybacillus tepidamans. In addition, we
tested our libraries with CD1597. By combining the data on PPEP specificity with
structural information, we shed more light on the structure-function relationship of
PPEPs.

The crystal structures of PPEP-1 and PPEP-2 allowed us to explain their substrate
specificity on an atomic level. For other PPEPs, however, structures have not been
experimentally determined. In Chapter 6 we unraveled the atomic cocrystal structure
of PPEP-3 from G. thermodenitrificans as determined by X-ray crystallography. We
investigated the protease-substrate complex and highlighted the similarities and
differences to other PPEPs for which an experimental structure is available. In addition,
we characterized the PPEP-3 specificity using the combinatorial synthetic library
method. Together, these data were used to explain the preference of PPEP-3 for certain
residues surrounding the cleavage site.

Chapter 7 reflects on our findings, discusses the topics presented in this thesis, and
provides a framework for future research.
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Chapter 2

Abstract

The bacterial flagellum is involved in a variety of processes including motility, adherence
and immunomodulation. In the Clostridioides difficile strain 630Aerm, the main
filamentous component, FliC, is post-translationally modified with an O-linked Type A
glycan structure. This modification is essential for flagellar function since motility is
seriously impaired in gene mutants with improper biosynthesis of the Type A glycan.
The cd0240-cd0244 gene cluster encodes the Type A structure, but the role of each gene,
and the corresponding enzymatic activity, has not been fully elucidated. Using
guantitative mass spectrometry-based proteomics analyses, we determined the relative
abundance of the observed glycan variations of the Type A structure in cd0241, cd0242,
€d0243 and cd0244 mutant strains. Our data not only confirm the importance of CD0241,
CD0242 and CDO0243, but, in contrast to previous data, also show that CD0244 is
essential for the biosynthesis of the Type A modification. Combined with additional bio-
informatic analyses, we propose a revised model for Type A glycan biosynthesis.
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Introduction

Many bacteria are flagellated, i.e. they have at least one flagellum. Rotation of the
flagellar filament allows directed motility towards beneficial conditions (e.g. nutrient-
rich) and away from noxious environments [173,174]. In addition, flagella mediate
processes like adherence [132] and immunomodulation [133]. The flagellar filament is
composed of repeating units of flagellin C (FIiC) [175,176]. FliC O-glycosylation is essential
for flagellar assembly and/or function in many species, e.g. Helicobacter pylori and
Campylobacter jejuni [135,136]. Often, the glycan structures are unique and dependent
on biosynthetic pathways with unusual enzyme activities [137,177].

In the major human gut pathogen Clostridioides difficile, FliC is also modified with glycan
structures. In C. difficile, FliC glycosylation is pivotal for flagellar function because motility
is seriously impaired in gene mutants with improper biosynthesis of the flagellar glycan
[142,178]. So far, two different strain-dependent glycan structures have been described,
Type A and Type B [142,179], which only have in common the core monosaccharide that
is O-linked to multiple serine and threonine residues of FliC. The Type A glycan, which is
found in the C. difficile strain 630Aerm, consists of an O-linked N-acetylglucosamine
(GIcNAC), that is linked to N-methyl-L-threonine through a phosphodiester bond (Figure
1A). This structure was fully characterized by a combination of mass spectrometry (MS)
[141] and nuclear magnetic resonance spectroscopy (NMR) [142].
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Figure 1. Reported structure of the Type A glycan modification and the gene cluster responsible for its
biosynthesis. A) Structure of the FliC Type A glycan. The structure consists of an O-linked GIcNAc that is
linked to N-methyl-L-threonine through a phosphodiester bond. B) The gene cluster responsible for the
Type A glycan modification and the functions of the protein products as annotated in the UniProt C. difficile
630Aerm reference proteome (Taxon ID: 272563).

In C. difficile 630Aerm, a cluster of five genes (encoding CD0240-CD0244, Figure 1B) is
linked to the biosynthesis of the Type A glycan [141,142]. This cluster is found
downstream of the fliC gene (cd0239), as part of the larger flagellar gene cluster. CD0240
is a glycosyltransferase and disruption of this gene led to non-glycosylated FIiC [141].
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The role of the other genes within the cluster is less clear, but one study looked at
alterations in the Type A glycan structure in mutants with insertions in individual genes
using MS analyses of FliC glycopeptides from purified flagella [142]. In two of the
mutants (cd0241::CT and cd0242::CT), flagellin was modified with only the core GIcNAc
(i.e. lacking the N-methyl-phosphothreonine moiety). Whereas, in the ¢d0243::CT mutant
strain, the Type A glycan structures lacked the N-methyl group on the threonine (only
GIcNAc modifications were also observed), which was in line with the putative
methyltransferase activity of CD0243 (Figure 1B). Surprisingly, no clear alterations in the
Type A glycan structure were observed in the cd0244::CT strain (a mix of the full Type A
glycan and GIcNAc on FliC was found), suggesting that CD0244 is redundant for Type A
glycan biosynthesis. However, in the same study, it was observed that bacterial motility
in the cd0244::CT strain was highly impaired. The reason for this apparent inconsistency
has hitherto remained elusive. Nonetheless, a model for the biosynthesis of the Type A
glycan structure in C. difficile was proposed [142], in which no role for CD0244 was
defined.

Interestingly, in addition to C. difficile (a Gram-positive bacterium), a Type A-like glycan
is also found in the Gram-negative bacterium Pseudomonas aeruginosa, for example in
the reference strain PAO1. In this structure, the monosaccharide is a deoxyhexose which
is linked to an unknown moiety through a phosphodiester bond [140]. The similarity
between the structures is also apparent from the gene cluster observed in P. aeruginosa
(Supplemental Figure 1A). However, this cluster consists only of four genes (pa7088-
pa1091, homologs of cd0240-cd0243) and lacks a gene similar to C. difficile cd0244 [140].
This supported the absence of an essential role for CD0244 in the model for the Type A
glycan biosynthetic pathway in C. difficile as described above. However, bioinformatic
analyses show that pa7097 (fgtA) encodes a protein with both putative
glycosyltransferase activity (similar to CD0240) as well as phosphotransferase activity
(similar to CD0244). When mapping the predicted structures of CD0240 and CD0244 to
the predicted structure of PA1091 (FgtA), the enzymatic domains of these proteins align
with the predicted glycosyltransferase and phosphotransferase domains of PA1091,
respectively (Supplemental Figure S1B,C). Hence, this also challenges the current
model for the Type A glycan biosynthesis in C. difficile and led us to reinvestigate the
alterations of the Type A glycan on FliC in the individual C. difficile mutant strains. In
contrast to the previous study that used qualitative analysis of FliC glycopeptides from
purified flagella, we used an overall quantitative mass spectrometry-based proteomics
approach. Importantly, and in contrast to the previous data, we show that CD0244 is
essential for full Type A glycan biosynthesis in C. difficile. Based on our data, we propose
a revised model for the Type A glycan biosynthesis, providing testable hypotheses on
the activity of individual enzymes encoded in the gene cluster.
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Results

Relative abundance of CD0241-CD0244 in C. difficile WT, mutant, and complemented
strains

To determine the relative abundance of the Type A biosynthetic proteins, we performed
a mass spectrometry-based quantitative proteomics analysis of the C. difficile strains
from the previous study as listed in Table 1 [142] (i.e. wild-type (WT), cd0241::CT,
€d0242::CT, cd0243::CT, cd0244::CT, cd0241::CT comp., ¢d0242::CT comp., cd0244::CT
comp., in duplicate) using TMTpro 16plex labeling (no complemented strain for
cd0243::CT was available).

Table 1. Overview of the C. difficile strains used in this study.

Description Strain Genotype Plasmid Reference

Wild-Type WKS2044 | C. difficile strain None Ref [142]
630Aerm

cd0241::.CT WKS2047 | C. difficile strain None Ref [142]
630Aerm-cd0241::CT

cd0241::.CT WKS2048 | C. difficile strain pMTL84153 with cd0241 cloned | Ref [142]

complemented 630Aerm-cd0241::CT | behind the fdx promoter

cd0242::.CT WKS2049 | C. difficile strain None Ref [142]
630Aerm-cd0242:.CT

cd0242::.CT WKS2050 | C. difficile strain pMTL84153 with cd0242 cloned | Ref [142]

complemented 630Aerm-cd0242::CT | behind the fdx promoter

cd0243::CT WKS2051 | C. difficile strain None Ref [142]
630Aerm-cd0243::.CT

cd0244::.CT WKS2052 | C. difficile strain None Ref [142]
630Aerm-cd0244:.CT

cd0244::.CT WKS2053 | C. difficile strain pMTL84153 with cd0244 cloned | Ref [142]

complemented 630Aerm-cd0244::CT | behind the fdx promoter

Overall, 2187 C. difficile proteins with at least two peptides were identified
(Supplemental Table S1). To our knowledge, this represents one of the most in-depth
proteomics analyses of C. difficile cells. Given the aim of our study, we focused on the
proteins encoded by the genes in the Type A glycan biosynthesis cluster (CD0240-
CD0244) and all of them were readily identified with a high number of peptides. The data
clearly showed that the levels of CD0241, CD0242 and CD0244 in the respective
complemented strains were much higher than in the WT strain (Supplemental Figure
S2), likely as a result of the plasmid-mediated expression under the control of a
constitutive promotor from the fdx gene of Clostridium pasteurianum [180].

Unexpectedly, the relative protein abundance in the insertion mutants compared to the
WT of CD0241 and especially CD0244 did not reflect a knockout phenotype of the
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individual genes (Supplemental Figure S2 and Supplemental Table S1). To rule out any
unexpected issues with the strains, we performed whole genome sequencing of all C.
difficile 630Aerm strains in Table 1, which confirmed that the strains were isogenic and
that the ClosTron insertions were as reported previously [142] (data not shown). We
argue that the seemingly high levels of CD0241 and especially CD0244 in their KO strains
result from the unusually high expression of these proteins in their respective
complemented strains, thereby compromising the correct quantification of these
proteins using TMT labels (i.e. the levels of reporter ions are outside the dynamic range
for accurate TMT quantification) [181]. This was supported by the data for CD0243 in the
€d0243::CT strain, for which no complemented strain was available, and which reflected
a knockout phenotype (Supplemental Figure S2).

To increase the accuracy of the quantification of the proteins involved in Type A
biosynthesis, a second quantitative proteomics analysis was performed in which the
complemented strains were excluded. The data from this experiment confirmed the
knockout phenotype of the individual insertion mutants (Figure 2). The minor residual
signals can be explained by either co-isolation or impurities in the TMTpro labels, i.e.
each label contains a small percentage of different isotopologues (TMT Reporter lon
Isotope Distributions for TMTpro 16plex batch WK334339, Thermo Fisher Scientific).
However, Figure 2 also clearly shows an effect of the gene disruption by ClosTron
mutagenesis [182] on the downstream genes. For example, a ClosTron insertion in
cd0242 influenced protein expression from the downstream cd0243 and cd0244 genes
yet did not influence the upstream cd02417 gene to a similar extent. Obviously, these
downstream polar effects could not be restored by complementation (Supplemental
Figure S2). It is unsurprising that the ClosTron insertion caused the polar effects, given
the fact that cd0241-cd0244 are part of a single operon in which transcription occurs
from cd0241 throughout the rest of the genes. Since cd0244 is the last gene of the
operon, this knockout did not show disruptive polar effects on the upstream genes in
the operon (Figure 2).
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Figure 2. The relative levels of the Type A biosynthetic proteins in mutants with ClosTron insertions in
the individual genes. A quantitative proteomics experiment was performed using TMTpro 15plex labeling
(each strain in triplicate) and analyzed using LC-MS/MS on an Orbitrap Fusion Lumos Tribrid mass
spectrometer. The protein levels of the Type A biosynthetic proteins in each of the individual gene mutant
strains relative to the WT are shown. Ratios are calculated based on the average absolute abundance of a
protein from three replicates per strain.

Alterations of the Type A glycan in the cd0241-cd0244 mutant strains

To study the role of the individual genes in the cd0241-cd0244 cluster on the Type A
glycan biosynthesis, we explored our data from the TMTpro 16plex experiment,
including all strains, for the presence of Type A glycan-modified tryptic peptides from C.
difficile FliC (UniProt ID: Q18CX7). We focused on four different tryptic peptides of FliC
that were modified with a Type A glycan structure. (LLDGTSSTIR, aa 135-144;
AGGTTGTDAAK aa 191-201; TMVSSLDAALK, aa 202-212; LQVGASYGTNVSGTSNNNNEIK,
aa 145-166). For each of these peptides, we concentrated on three scenarios, i.e.
modification with the full Type A modification, a GIcNAc, or a Type A lacking the methyl
group. MS/MS spectra corresponding to these peptides were observed in the proteomics
data described above (Supplemental Table S1). However, to provide the best
quantitative information, we performed additional targeted HCD MS/MS analyses of
these peptides, which allowed us to sum the intensities of the TMT signals over the full
peak, instead of using the TMT signals from a single MS/MS scan. In addition, this
generated good-quality fragmentation spectra of our peptides of interest and their
(altered) respective Type A structures.

The MS/MS spectrum of the Type A modified tryptic peptide LLDGTSSTIR is shown in
Figure 3A. In this spectrum, Type A glycan-specific fragments at m/z 214.048 (N-
methylthreonine-phosphate, [M+H]*) and m/z 284.053 (phospho-GIcNAc, [CsH1sNOsPT*)
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are apparent. Moreover, the major peptide fragments have lost the Type A glycan
modification. For the other three peptides containing a full Type A modification, similar

fragmentation characteristics were observed (Supplemental Figure S3-S5).
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Figure 3. Summed MS/MS spectra of the LLDGTSSTIR peptide displaying the Type A glycan and variants
thereof. Targeted HCD MS/MS analysis of the TMTpro 16plex labeled strains was performed. MS/MS spectra
were summed over the full peak corresponding to the LLDGTSSTIR peptides displaying the complete Type
A (A), only the GIcNAc (B) or Type A minus the methyl group having an extra TMT label (C). The theoretical
precursor masses and the experimental masses of important fragment ions are shown on the right. All
indicated b- and y-ions are from the unmodified TMT-labeled peptide.

The MS/MS spectrum of the tryptic peptide LLDGTSSTIR modified with a single GIcNAc is
shown in Figure 3B and Supplemental Figure S3-S5 for the other peptides. The MS/MS
spectra of these species more clearly showed the GIcNAc oxonium ions, e.g. at m/z
204.087, as compared to Type A glycan-modified peptides (Figure 3A and Supplemental
Figure S3-S5). The ratio of the oxonium ions at m/z 138.055 and 144.066 is consistent
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with a GIcNAc [183,184]. Of note, a signal at m/z 126.055 was observed that corresponds
to a GIcNAc oxonium ion, which is distinct from the 126C TMT reporter ion (m/z 126.128).

Interestingly, in the case of the absence of the N-methyl on the threonine as part of the
Type A structure, our experimental setup would allow for TMT labeling of this extra
amine group. Indeed, such FliC tryptic peptides containing the Type A glycan lacking the
methyl group but with an additional TMT label were observed (Figure 3C and
Supplemental Figure S3-S5). The fragmentation spectra were dominated by ions at m/z
504.239 (TMT-threonine-phosphate, [M+H]* and m/z 406.262 (TMT-threonine, [M+H]").

Next, we determined the relative abundance of the differently modified FliC peptides in
each of the strains from Table 1. In Figure 4, the TMT signals from the MS/MS spectra of
these modified FliC tryptic peptides are depicted. In line with what was shown previously
[142], the Type A glycan-modified FliC peptides were absent in the cd02471::CT, cd0242::CT
and ¢d0243::CT strains. However, in contrast to what was shown previously, Type A
glycan-modified peptides were also absent in the cd0244:.CT strain (Figure 4). As
described above, the minor TMT signals that were observed for cd0247::.CT and
€d0244::CT in Figure 4 can be explained by impurities in the TMT labels. As expected, in
addition to the WT strain, Type A glycan-modified peptides were also detected in the
complemented strains, although the level of complementation varied per strain and
peptide.

In line with previous data [142], FliC tryptic peptides with a single GIcNAc were observed
in the cd0241::.CT and cd0242::CT strains (Figure 4). Importantly, we clearly show that
also in the cd0244::CT strain, FliC tryptic peptides with a single GIcNAc are highly
abundant, again demonstrating that the modification of FliC in this strain is radically
different from the WT strain. FliC peptides with only GIcNAc moieties were also detected
in the ¢d0243::CT strain, which is in line with what has been observed before (3). We
propose that this is due to the polar effects on cd0244 expression in the cd0243::CT strain
(Figure 2).

As expected, peptides containing the Type A modification lacking the methyl group but
with an additional TMT label were predominantly observed in the cd0243::CT strain
(Figure 4). However, TMT reporter ions that could not be explained by impurities in the
TMT labels were also observed in the cd0247::CT comp. and ¢d0242::.CT comp. strains.
We find it likely that this is due to a decreased efficiency in Type A biosynthesis due to
the polar effects of the ClosTron insertion on cd0243 in the cd0241::CT and cd0242::CT
strains (Figure 2).

Overall, our new data not only confirms the importance of CD0241-CD0243 for full Type
A glycan biosynthesis in C. difficile but also demonstrates that CD0244 is pivotal for full
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Type A glycan biosynthesis. In the cd0244::CT strain, loss of the Type A glycan structure
coincides with the appearance of peptides displaying only a GIcNAc.
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Figure 4. Relative levels of peptides containing the Type A variants in individual gene mutants and
complemented strains. Targeted HCD MS/MS analysis of the TMTpro 16plex labeled strains was
performed. MS/MS spectra were summed over the full peak corresponding to the peptides displaying the
complete Type A, only the GIcNAc or Type A minus the methyl group having an extra TMT label. The bars
represent the absolute intensities of the TMT reporter labels for each strain, analyzed in duplicate. The
complemented strains are indicated with a “C".

New model for the Type A glycan biosynthetic pathway in C. difficile

Our results are not compatible with the current model for the Type A glycan
biosynthesis, which did not include a role for CD0244. In the previous model, it was
proposed that CD0241 catalyzes the addition of phosphate to threonine, followed by
CD0242 mediating the transfer of the phosphothreonine to the GIcNAc [142]. Finally,
CD0243 catalyzes the N-methylation of the threonine, although it is unclear during which
step this occurs. In addition to the lack of a role for CD0244, the previous model also did
not predict how the phosphothreonine is activated as a biosynthetic intermediate that
can act as a donor. Hence, the above prompted us to formulate new hypotheses about
the activities of the different enzymes in this important biosynthetic pathway.

Bio-informatic analyses show that CD0242 belongs to the family of nucleotidyl
transferases, which transfer a nucleoside monophosphate moiety to an accepting
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molecule. For example, a Phyre2 homology search models 97% of the sequence with
99.8% confidence to GDP-mannose pyrophosphorylase (a nucleotidyl transferase) from
Leishmania donovani (PDB: 7whs, 21% i.d.). Indeed, the C. difficile reference genome
(strain 630) from UniProt (Taxon ID: 272563) annotates CD0242 as a nucleoside
triphosphate transferase (Figure 1, ID: Q18CY2). One of the proteins that is similar to
CD0242, and was mentioned in the previous study [142], is CTP:phosphocholine
cytidylyltransferase. This cytidylyltransferase is a key enzyme in the synthesis of
phosphatidylcholine referred to as the Kennedy pathway [185]. Based on this amino acid
similarity, we hypothesize that CD0242 is a CTP:phosphothreonine cytidylyltransferase
that transfers CMP to phosphothreonine. The end product of the reaction is expected
to be CDP-L-threonine.

CDO0244, for which no role has previously been predicted, shows similarity to the CDP-
glycerol:Poly(glycerophosphate) glycerophosphotransferase TagF from Staphylococcus
epidermidis (Phyre2 models 77% of the sequence with 100% confidence, PDB: 317m, 16%
i.d.), which has similar enzymatic activity as the phosphotransferase in the Kennedy
pathway [185]. In line with this and our new data for the cd0244::CT strain, we
hypothesize that CD0244 is a CDP-threonine:GlcNAc threoninephosphotransferase that
transfers the phosphothreonine moiety from CDP-L-threonine to the core GIcNAc on
FliC.

The most challenging prediction is the role of C. difficile CD0241. In the previous model,
it was thought to be involved in the synthesis of phosphothreonine. However,
bioinformatic analyses showed the homology of CD0241 with a phosphoserine
phosphatase (PSP), not a kinase. A Phyre2 homology search models 96% of the sequence
with 100% confidence to the PSP from Methanocaldococcus jannashii (PDB: 1j97, 29% i.d.).
Also, the counterpart of CD0241 in P. aeruginosa, PA1089, is predicted to exhibit a similar
activity. However, in that same organism, a different PSP-like enzyme is present that not
only shows phosphatase activity but also phosphotransferase activity [186]. This
enzyme, ThrH, is a phosphoserine:homoserine phosphotransferase. Interestingly, both
CD0241 and PA1089 are ThrH homologs and are predicted to adopt a similar fold to that
of ThrH (Supplemental Figure S6), while many other similar PSP-like proteins display
more differences in size and or fold. In addition, homoserine is an isomer of threonine,
indicating that there are only minor differences in substrates. Based on the above, we
hypothesize that CD0241 (and PA1089) possesses a phosphoserine:threonine
phosphotransferase activity.

Based on our proteomics data and bioinformatic analyses, we propose a revised model
for the Type A glycan biosynthesis on FliC as shown in Figure 5. Here, CD0241 transfers
the phosphate group from a phosphoserine to a threonine, forming phosphothreonine.
Next, CD0242 transfers the phosphothreonine to CTP, thereby forming CDP-threonine,
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while releasing an inorganic pyrophosphate (PPi). Then, CD0244 transfers the
phosphothreonine to the GIcNAc moiety on FliC, which is attached by the
glycosyltransferase CD0240, and this causes the release of CMP. At an unknown point
during these steps, CD0243 mediates the N-methylation of the threonine to form the
complete Type A glycan modification. A likely donor is S-adenosyl methionine, that is
converted to S-adenosyl homocysteine when donating its methyl group.

m B CTP . GIcNAC Threonine/Serine
CDP @ Phosphate | sam S-adenosyl
CD0241 Q.00 methionine
CMP @ Methyl SAH S—adenosyl.
o homocysteine

Thr

CD02421C

Figure 5. Schematic overview of the revised model for the Type A glycan biosynthetic pathway. First,
CD0241 transfers the phosphate group from a phosphoserine to a threonine, forming phosphothreonine.
Next, CD0242 transfers the phosphothreonine to CTP, thereby forming CDP-threonine, while releasing
inorganic pyrophosphate. Then, CD0244 transfers the phosphothreonine to the GIcNAc moiety on FIiC,
which is attached by the glycosyltransferase CD0240, and this causes the release of CMP. The GIcCNAc moiety
on FliC is most likely donated by a nucleoside-diphosphate-GlcNAc (NDP-GIcNAc). At an unknown point
during these steps, CD0243 mediates the N-methylation of the threonine to form the complete Type A
glycan modification. A likely donor is S-adenosyl methionine, that is converted to S-adenosyl homocysteine
when donating its methyl group.
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Discussion

Flagella and their role in motility, adherence and other host-pathogen interactions vary
across different C. difficile lineages. For the C. difficile 630Aerm strain, flagella are not
essential for colonization of the host by the bacteria [187-189]. However, flagellated
strains display an increased fitness in vivo [189], greater caecal adherence [189] and
induce a more intense inflammation [190] than their non-flagellated counterparts. On
the other hand, strains that are impaired in FliC production, the major component of
the flagellar filament, have been shown to produce more exotoxins and are more
virulent [188,189]. Previous studies have shown that post-translational modification of
FliC is important for flagellar function [135,136]. Also in C. difficile 630Aerm, disruption of
several genes involved in the biosynthesis of the Type A glycan structure that is present
on FIiC, i.e. cd0241, cd0242 and cd0244, resulted in impaired mobility [142]. Moreover, a
strain that was only able to modify FliC with the core GIcNAc moiety of the Type A glycan
(cd0241::CT) showed attenuated initial colonization and recurrence in mice [142].
However, the proposed model for the biosynthesis of the Type A glycan defined no role
for CD0244 and lacked detailed prediction on enzymatic activities and biosynthetic
intermediates [142].

Our results demonstrate a clear role for CD0244 in the biosynthesis of the Type A glycan.
In the cd0244:.CT strain, the loss of Type A coincided with the appearance of the core
GIlcNAc of the Type A structure. Previously, a mixed population of both structures was
observed [142]. We currently have no explanation for the discrepancy between our
results and the previously reported data, especially since we used the same set of
strains. However, the quantitative nature of the current study, as compared to the
earlier qualitative analyses, may partially explain this. Nevertheless, the current data
would explain the apparent inconsistency that was found between the impaired motility
that was observed in the cd0244::CT strain as opposed to the absence of clear alterations
in the Type A glycan structure in the earlier study.

Based on our bioinformatic analyses, we hypothesize that CD0242 mediates the
synthesis of CDP-L-threonine, which would be a key biosynthetic intermediate of the
Type A biosynthesis. To our knowledge, CDP-L-threonine would be a so far not described
cellular metabolite. However, several studies have shown the existence of amino acid
residues linked to CDP in other prokaryotes, namely CDP-L-glutamine and CDP-L-serine
[191]. Furthermore, we predict CD0244 to be a CDP-threonine:GIcNAc
threoninephosphotransferase. However, CD0244 also shows similarity to UDP-N-
acetylglucosamine 2-epimerase. This enzyme catalyzes the reversible epimerization of
UDP-GIcNAc into UDP-ManNAc, the activated donor of ManNAc. Yet, this function is not
supported by the data. First of all, the Type A modification has been shown to contain a
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GIcNAc and not a ManNAc [142]. Second, the lack of CD0244 in the cd0244::.CT strain
does not prevent the glycosylation of FliC.

Recently, we showed that a phosphoproteomics workflow could be used to enrich Type
A modified peptides [192], probably due to the phospho moiety of the Type A glycan. For
the current study, such an approach was not suitable because we would lose the GIcNAc-
modified peptides. In our previous phosphoproteomics data, we also observed a
fraction of FliC tryptic peptides that were modified with a phospho-GIcNAc [193].
However, we have not observed the accumulation of such peptides in any of our
knockout strains. Therefore, we find it likely that these peptides were the results of
breakdown processes. This is supported by the fact that phospho-GlcNAc peptides could
be identified in our database searches, but they all co-eluted with the full Type A-
modified peptides, indicating in-source decay of the Type A peptides (data not shown).
Moreover, species only originated from the WT and the complemented strains that
produce the full Type A glycan, further supporting the idea that the phospho-GIcNAc
moiety is not an intermediate in the biosynthesis of the Type A glycan.

Disruption of any of the genes in the cd0241-cd0244 cluster using the ClosTron method
completely prevents the formation of the Type A glycan. Although the levels of CD0241,
CD0242, and CD0244 are unnaturally high in their respective complemented strains, this
overexpression did not restore the levels of Type A containing peptides to the WT level.
For the cd0241:.CT complemented and cd0242::CT complemented strains, we argue that
this is due to the polar effects on the downstream genes caused by the gene insertions,
which appeared to be quite strong. Nonetheless, the fact that partial complementation
was possible shows that, despite the strong polar effects, active enzymes from the
affected genes are still present. For the cd0244::CT strain, no disruptive polar effects on
the upstream genes in the cluster were observed, which was also apparent from the
lack of peptides with a single GIcNAc in the cd0244::CT complemented strain. Still, we
found lower levels of Type A modified peptides in the cd0244::CT complemented strain,
as compared to the WT strain. This, however, might be explained by low levels of FliC
itself in the cd0244::CT complemented strain (Supplemental table S1). FliC levels in the
€d0244::CT complemented strain appeared to be around six times lower compared to
the WT, and if we corrected for these differences in FliC levels, the levels of Type A
modified peptides in the cd0244::.CT complemented strain would approach the WT
levels. The nature of the lower levels of FliC in this strain remains unclear. Possibly, a
feedback loop is present that responds to the overexpression of cd0244 in the
complemented strain.
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Conclusion

In conclusion, based on quantitative proteomics and bio-informatic analyses, we
propose a revised model for the biosynthesis of the Type A glycan modification on FIiC
in C. difficile and predict enzymatic activities for each of the involved proteins. Further
experiments using these enzymes should shed more light on their activities. Our
findings and model for post-translational glycan modification of flagellin in C. difficile will
be relevant to the similar locus in P. aeruginosa PAO1 and other bacterial species with
similar flagellin modifications.

Experimental procedures
Bacterial strains and growth conditions

The C. difficile strains used in this study are listed in Table 1 [142] and were cultured at
37 °C in a Don Whitley A55 HEPA anaerobic workstation. The cells were grown in brain
heart infusion (BHI, Oxoid) broth supplemented with 5 g/liter yeast extract (BHIY) or on
BHIY agar plates. When appropriate, 15 pg/ml thiamphenicol was added.

Sample preparation for the quantitative proteomics analysis of C. difficile strains

Single colonies of C. difficile were picked and were precultured for 24 h in 5 ml
prereduced BHIY. Next, the precultures were used to inoculate 5 ml of prereduced BHIY
broth at a starting ODeoo of 0.05 and cells were grown for 16 h. Then, cells were pelleted
by centrifugation (3220 x g, 20 min, 4 °C). Pellets were resuspended in 1 ml ice-cold PBS
and washed three times (8000 x g, 5 min, 4 °C). After the last wash, pellets were
resuspended in 1 ml ST lysis buffer (5% SDS, 0.1 M Tris-HCL pH 7.5). Tubes were
incubated for 20 min on ice prior to lysis by sonication and cells were subsequently lysed
by sonication for five bursts of 10 s with cooling on ice in between rounds. After lysis,
tubes were centrifuged (15 min, 15000 x g, RT). Supernatants were transferred to new
tubes and stored at -20 °C until further use.

For each strain, 100 pg of protein in 100 pl ST buffer was used as the starting material.
Proteins were reduced using 5 mM TCEP for 30 min, alkylated with 10 mM
iodoacetamide for 30 min, and quenched with 10 mM DTT for 15 min, all at room
temperature. Proteins were precipitated by chloroform-methanol precipitation. For this,
400 pl methanol, 100 pl chloroform, and 300 pl dH.O were added with vortexing in
between each step. Following centrifugation (21130 x g, 2 min, RT), the pellet was
washed two times with 500 pl methanol. The protein pellet was subsequently
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resuspended in 100 pl 40 mM HEPES pH 8.4 containing 4 pg trypsin and incubated
overnight at 37 °C. Again, 4 pg trypsin was added and incubated for 3 h.

TMT labeling was performed on 10 pg tryptic peptides using TMTpro 16plex labeling
(Thermo Fisher Scientific, lot no. WK334339) for 1 h at RT. Excess TMT label was
quenched with 5% hydroxylamine for 15 min at RT. The labeled peptides from each
sample were mixed and freeze-dried. The peptides were resuspended in 10 mM
ammonium bicarbonate pH 8.4 and separated in 12 fractions on an Agilent Eclipse Plus
C18 column (2.1 x 150 mm, 3.5 pM). Half of the labeled peptides (80 pg) were injected.
Mobile phase A: 10 mM ammonium bicarbonate (pH 8.4). Mobile phase B: 10 mM
ammonium bicarbonate in 80% acetonitrile (pH 8.4). The gradient was as follows: 2% B,
0-5 min; 2%-90% B, 5-35 min; 90% B, 35-40 min; 90%-2% B, 40-41 min; 2% B, 41-65 min.
The 12 collection vials were rotated every 30 s during sample collection. The 12 fractions
were freeze-dried and stored at -20 °C prior to LC-MS/MS analysis. Two TMT experiments
were performed: one with 16 samples (16plex), one with 15 samples (15plex). The
overview of the TMTpro labels for each strain is shown in Supplemental Table S2.

LC-MS/MS analysis

LC-MS/MS analyses were performed as previously described with minor adjustments
[194]. TMT-labeled peptides were dissolved in 0.1% formic acid and subsequently
analyzed by online C18 nano-HPLC MS/MS with a system consisting of an Easy nLC 1200
gradient HPLC system (Thermo, Bremen, Germany), and an Orbitrap Fusion LUMOS
mass spectrometer (Thermo). Fractions were injected onto a homemade precolumn
(100 pm x 15 mm; Reprosil-Pur C18-AQ 3 pm, Dr Maisch, Ammerbuch, Germany) and
eluted via a homemade analytical nano-HPLC column (30 cm x 75 pm; Reprosil-Pur C18-
AQ 1.9 pm). The analytical column temperature was maintained at 50 °C with a PRSO-V2
column oven (Sonation, Biberach, Germany). The gradient was run from 2% to 40%
solvent B (20/80/0.1 water/acetonitrile/formic acid (FA) v/v) in 120 min. The nano-HPLC
column was drawn to a tip of ~5 pm and acted as the electrospray needle of the MS
source. The LUMOS mass spectrometer (Thermo) was set to use the MultiNotch MS3-
based TMT method [195]. The MS spectrum was recorded in the Orbitrap (resolution
120,000; m/z range 400-1500; automatic gain control (AGC) target was set to 50%;
maximum injection time 50 ms). Dynamic exclusion was after n = 1 with an exclusion
duration of 45 s with a mass tolerance of 10 ppm. Charge states 2-5 were included.
Precursors for MS2/MS3 analysis were selected using “TopSpeed” with a cycle time of 3
sec. MS2 analysis consisted of collision-induced dissociation (quadrupole ion trap
analysis; AGC was set to “standard”; normalized collision energy (NCE) 35; maximum
injection time 50 ms). The isolation window for MS/MS was 1.2 Da. Following the
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acquisition of each MS2 spectrum, the MultiNotch MS3 spectrum was recorded using an
isolation window for MS3 of 2 Da. Ten MS2 fragments were simultaneously selected for
MS3 and fragmented by high energy collision-induced dissociation (HCD) at 65% at a
custom AGC of 200% and analyzed using the Orbitrap from m/z 120 to 500 at a maximum
injection time of 105 ms at a resolution of 60,000).

To obtain more accurate ratios for selected species a separate targeted MS2 (tMS2) run
was recorded for the following peptides and their selected m/z: LLDGTSSTIR with: Type
A, 588.97 ([M+3H]*"); GIcNAc, 785.44 ([M+2H]?*); Type A minus methyl, 685.70 ((M+3H]*");
AGGTTGTDAAK with: Type A, 652.67 ([M+3H]**); GIcNAc, 587.66 ([M+3H]**); Type A minus
methyl, 749.40 ([M+3H]**); TMVSSLDAALK with: Type A, 714.71 ([IM+3H]**); GIcNAc, 649.70
([M+3H7**); Type A minus methyl, 811.44 ([M+3H]**); LQVGASYGTNVSGTSNNNNEIK with:
Type A, 819.16 ([M+4H]*); GIcNAc, 770.40 ([M+4H]*); Type A minus methyl, 891.71
([M+4H]*). tMS2 spectra were recorded with a precursor isolation width of 0.7 Da, at an
HCD collision energy of 36% at resolution 30,000 and an AGC target “standard”. The
maximum injection time was set to 54 ms. MS2 spectra of each selected species were
summed.

LC-MS/MS data analysis

In a post-analysis process, raw data were converted to peak lists using Proteome
Discoverer version 2.5.0.400 (Thermo Electron), and submitted to the UniProt C. difficile
630Aerm database (3752 entries) (Taxon ID: 272563) using Mascot v. 2.2.07
(www.matrixscience.com) for peptide identification. Mascot searches were performed
with 10 ppm and 0.5 Da deviation for precursor and fragment mass, respectively, and
trypsin was selected as enzyme specificity with a maximum of 2 missed cleavages. The
variable modifications included Type A (ST), Type A minus methyl plus TMT (ST), HexNAc
(ST), Oxidation (M), and Acetyl (protein N-term). For the TMTpro 15plex search, also
phosphoHexNAc was included. The static modifications included TMTpro (N-term, K)
and Carbamidomethyl (C). Peptides with an FDR < 1% based on Percolator [196] were
accepted. Quantification of peptides was performed on MS3 spectra with an SPS Mass
Matches threshold of 100%.

Whole genome sequencing

For identity confirmation, mutant strains were subjected to whole genome sequencing,
according to standard procedures [197]. In short, total genomic DNA was isolated from
a single colony resuspended in PBS on a QiaSymphony platform (Qiagen). Purified DNA
was sequenced on the Illumina Novaseq6000 platform with a read length of 150 bp in
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paired-end mode. The resultant FASTQ files were used in a reference assembly against
the C. difficile 630 reference genome (GenBank AM180355) in Geneious software
(Biomatters Ltd); Clostron insertions were confirmed by visual identification of clusters
of nucleotide polymorphisms, and computational identification of high-quality single
nucleotide polymorphisms using the Find Variations/SNPs algorithm in Geneious
(minimum coverage 10, minimum variant frequency 0.8).

Bioinformatic analyses

To search for protein homologs and predict functions, the Phyre2 web portal [198] and
the InterPro website for classification of protein families
(www.ebi.ac.uk/interpro/search/sequence) were used. Predicted protein structures
were retrieved from the Alphafold database (alphafold.ebi.ac.uk/) or modeled using

Alphafold2 [199]. Analyses of protein structures were performed in PyMOL 2.5.5.

Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium [200] via the PRIDE [201] partner repository with the dataset identifier
PXD045152.
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Figure S1. PA1091 from P. aeruginosa contains multiple domains that are similar to both CD0240 and
CD0244 from C. difficile 630Aerm. A) A schematic representation of the FliC post-translational modification
gene clusters in both C. difficile and P. aeruginosa. The lines connect the genes which products have similar
predicted functions. The percentage of identities of the homologous proteins are shown in the table on the
right. B) CD0240 superimposed on PA1091. The predicted glycosyltransferase domain of CD0240 (AA 2-186)
maps to the predicted glycosyltransferase domains of PA1091 (AA 901-1070 and 1078-1314, in orange).
Inset: The predicted glycosyltransferase domain of CD0240 and one of the predicted domains of PA1091. C)
CD0244 superimposed on PA1091. The predicted CDP-glycerol glycerophosphotransferase domain of
CDO0244 (AA 244-486) maps to the predicted CDP-glycerol glycerophosphotransferase domain of PA1091 (AA
264-496, in orange). Inset: The predicted CDP-glycerol glycerophosphotransferase domains of PA1091 and
CD0244.
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Figure S2. The relative levels of the Type A biosynthetic proteins in mutants with ClosTron insertions
in the individual genes and their complemented strains. A quantitative proteomics experiment was
performed using TMTpro 16plex labeling (each strain in duplicate). The protein levels of the Type A
biosynthetic proteins in each of the individual strains relative to the WT are shown. For CD0241, CD0242,
and CD0244 in their respective complemented strains, the ratios are depicted above the bars. Ratios are
calculated based on the average absolute abundance of a protein from two replicates per strain.
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Figure S3. Summed MS/MS spectra of the AGGTTGTDAAK peptide displaying the Type A variants.
Targeted HCD MS/MS analysis of the TMTpro 16plex labeled strains was performed. MS/MS spectra were
summed over the full peak corresponding to the AGGTTGTDAAK peptides displaying the complete Type A
(A), only the GIcNAc (B) or Type A minus the methyl group but having an extra TMT label (C). The theoretical

precursor masses are shown on the right.
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Figure S4. Summed MS/MS spectra of the LQVGASYGTNVSGTSNNNNEIK peptide displaying the Type A
variants. Targeted HCD MS/MS analysis of the TMTpro 16plex labeled strains was performed. MS/MS
spectra were summed over the full peak corresponding to the LQVGASYGTNVSGTSNNNNEIK peptides
displaying the complete Type A (A), only the GIcNAc (B) or Type A minus the methyl group but having an
extra TMT label (C). The theoretical precursor masses are shown on the right.
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Figure S5. Summed MS/MS spectra of the TMVSSLDAALK peptide displaying the Type A variants.
Targeted HCD MS/MS analysis of the TMTpro 16plex labeled strains was performed. MS/MS spectra were
summed over the full peak corresponding to the TMVSSLDAALK peptides displaying the complete Type A
(A), only the GIcNAc (B) or Type A minus the methyl group but having an extra TMT label (C). The theoretical
precursor masses are shown on the right.

51



Chapter 2

. CD0241 (Alphafold)
. PA1089 (Alphafold)

. ThrH (X-ray diffraction)

Figure S6. The predicted structures of CD0241 (C. difficile) and PA1089 (P. aeruginosa) are similar to the
experimentally determined structure of ThrH from P. aeruginosa. The predicted structures for CD0241
and PA1089 were retrieved from the Alphafold database and superimposed on ThrH (PDB: 1RKU).
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Abstract

Clostridioides difficile is the leading cause of antibiotic-associated infections worldwide.
Within the host, C. difficile can transition from a sessile to a motile state by secretion of
PPEP-1, which releases the cells from the intestinal epithelium by cleaving adhesion
proteins. PPEP-1 belongs to the group of Pro-Pro endopeptidases, which are
characterized by their unique ability to cleave proline-proline bonds. Interestingly,
another putative member of this group, CD1597, is present in C. difficile. Although it
possesses a domain similar to other PPEPs, CD1597 displays several distinct features
that suggest a markedly different role for this protein.

We investigated the proteolytic activity of CD1597 by testing various potential
substrates. In addition, we investigated the effect of the absence of CD1597 by
generating an insertional mutant of the cd1597 gene. Using the cd7597 mutant, we
sought to identify phenotypic changes through a series of in vitro experiments and
guantitative proteomic analyses. Furthermore, we aimed to study the localization of this
protein using a fluorogenic fusion protein.

Despite its similarities to PPEP-1, CD1597 did not show proteolytic activity. In addition,
the absence of CD1597 caused an increase in various sporulation proteins during the
stationary phase, yet we did not observe any alterations in the sporulation frequency of
the cd7597 mutant. Furthermore, a promoter activity assay indicated a very low
expression level of cd7597 in vegetative cells that was independent of the culture
medium and growth stage. The low expression was corroborated by our comprehensive
proteomics analysis of whole cell cultures, which failed to identify CD1597. However, an
analysis of purified C. difficile spores identified CD1597 as part of the spore proteome.
Hence, we predict that the protein is involved in sporulation, although we were unable
to define a precise role for CD1597 in C. difficile.
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Introduction

Clostridioides difficile, a Gram-positive opportunistic gut pathogen, is recognized as a
leading cause of healthcare-associated infections worldwide [28,202,203]. A C. difficile
infection (CDI) manifests primarily as antibiotic-associated diarrhea, but symptoms
range from mild, self-limiting disease to severe and life-threatening
pseudomembranous colitis and toxic megacolon [27]. The symptoms of CDI are
attributed to the production of potent exotoxins, namely Toxin A (TcdA) and Toxin B
(TcdB), which disrupt intestinal epithelial integrity [204]. As an obligate anaerobe, C.
difficile relies on the production of spores for transmission to new hosts via the fecal-
oral route [70].

However, the movements of C. difficile extend beyond the transmission to new hosts
since the bacteria also travel within the host. In the host, C. difficile can exist in a sessile
state, adhering to the gut epithelium through adhesion proteins, of which CD2831 and
CD3246 are two important players [146,147]. Environmental cues, such as nutrient
deprivation, can induce a transition to a motile state, characterized by the release from
the gut wall and the onset of flagella production [115]. To detach from the gut wall, C.
difficile secretes the protease PPEP-1, which cleaves the anchoring substrates CD2831
and CD3246 and thereby releases the cell [146,147].

PPEP-1 belongs to the group of Pro-Pro endopeptidases (PPEPs), comprising secreted
zinc metalloproteases with the unique ability to cleave proline-proline bonds [146,157].
Beyond C. difficile, PPEP homologs have been predicted in several other bacterial species
[148]. The second PPEP that was characterized, PPEP-2 from Paenibacillus alvei, displays
a distinct specificity from PPEP-1, since both proteases cannot hydrolyze each other's
substrate [157]. On the other hand, PPEP-2 also cleaves a bacterial cell surface protein
that is likely involved in adhesion [157], indicating a common function for PPEPs,
although alternative roles are conceivable [148].

Interestingly, a second putative PPEP, CD1597 (UniProt ID: Q186F3), was identified in C.
difficile. This homolog is distinct from other PPEPs in several ways. First, this putative
PPEP lacks a signal peptide for secretion and is presumed to function intracellularly,
suggesting a markedly different role for this protein. Second, CD1597 possesses an N-
terminal domain of unknown function, constituting approximately half of the protein’s
structure (Figure 1A). This domain is predicted to be linked to the PPEP-like domain
through an unstructured (flexible) stretch of residues. Although the presumed catalytic
C-terminal domain of CD1597 closely resembles that of PPEP-1 (Figure 1B), several
amino acid substitutions and insertions are observed (Figure 1C). However, the
presence of a zinc-binding HEXXH motif in CD1597 (Figure 1C) indicates metalloprotease
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activity [205]. Therefore, we hypothesized that CD1597 is a zinc metalloprotease with
PPEP-like specificity [206].

In this study, we sought to uncover the function of CD1597 in C. difficile and thereby
explore the diversity of roles played by PPEPs in bacteria. To test CD1597 for proteolytic
activity, we tested recombinant CD1597 with potential substrates. Moreover, we
investigated an insertional cd7597 gene mutant for an altered phenotype through a
series of in vitro experiments and quantitative proteomic analyses.
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Figure 1. Structural comparison of CD1597 and PPEP-1 from C. difficile. A) Predicted structure of CD1597
(Alphafold, orange) and the crystal structure of PPEP-1 (5A0P, blue). The zinc in PPEP-1 is shown in gray. B)
Superimposition of the catalytic domain of CD1597 (AA211-416, orange) and PPEP-1 (blue). C) Sequence
alignment of CD1597 and PPEP-1. Sequence alignment was performed using Clustal Omega [207]. The N-
terminal domain of CD1597, the PPEP-1 signal peptide, the HEXXH motif and the substrate contacting
residues of PPEP-1 are highlighted. Of note, the first two amino acid residues were removed, since the
translation start site is wrongly annotated in the UniProt database (UniProt ID: Q186F3).
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Results
Purification of recombinant CD1597

To perform in vitro assays using CD1597, both the full-length protein and the predicted
catalytic domain (AA 211-416) were recombinantly expressed and purified by
Immobilized Metal Affinity Chromatography (IMAC) His-tag purification (Figure 2).
Although the purified protein samples predominantly contained the CD1597 constructs,
the full-length purified protein included other proteins as observed by the faint smear
on the Coomassie-stained gel (Figure 2). To ascertain whether these co-purified proteins
included other proteases, an LC-MS/MS analysis was performed, and raw data were
searched against both an E. coli and C. difficile database (Supplemental Table S1).
Despite the identification of 150 other proteins other than CD1597, none of them were
annotated as proteolytic enzymes. In addition, a search for the HEXXH maotif,
characteristic of metalloproteases, did not reveal any other metalloproteases among
the uncharacterized proteins. Based on the LC-MS/MS analysis, we concluded that the
purified protein was >90% pure (Supplemental Table S1).

CD1597
Cat. domain

kDa

170
130

100
70

55
40
35
25
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15 &%
10 =

Figure 2. SDS-PAGE analysis of purified CD1597. After IMAC His-tag purification, the fractions from the
elution peak were pooled, analyzed by SDS-PAGE, and visualized by Coomassie staining. Lanes from left to
right: ladder, full-length CD1597, catalytic domain (AA 211-416). The full-length CD1597 and the catalytic
domain have a MW of 50.6 kDa and 26.5 kDa, respectively.
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Investigation of the proteolytic activity of CD1597

To evaluate the proteolytic activity of CD1597, we initially incubated CD1597 with a
BODIPY TR-X casein substrate (Figure 3). Casein, known for its lack of defined tertiary
structure, is considered a generic substrate for many proteases [208]. In addition, one
of the constituents, B-casein, contains numerous proline residues and also a PPQP
sequence, reminiscent of the PPEP-1 cleavage motif [146]. During incubation of BODIPY
TR-X casein with CD1597, no increase in fluorescence was observed for both the full-
length protein and its catalytic domain, indicating the absence of proteolytic activity
toward BODIPY TR-X casein. However, PPEP-1 also did not show any activity toward
BODIPY TR-X casein, indicating that casein might not be an appropriate substrate for the
highly specific PPEPs.

350 +
300 +
250 4
200 4

150 A

Fluorescence (AU)

100 A
. [Sowaadtieru i ndiey

0

0 10 20 30 40 50 60
Time (min)
—e—Neg. control —e—Trypsin —e—PPEP-1 o—-CD1597 o—CD1597 Cat. Domain
Figure 3. Incubation of BODIPY TR-X casein with CD1597. Proteolysis of the BODIPY TR-X casein substate

relieves quenching of the red fluorescent dye and is observed as an increase in fluorescence. The substrate
was incubated with CD1597, the CD1597 catalytic domain, PPEP-1 (PPEP control), Trypsin (positive control),
and without enzyme (negative control).

To assess the activity of CD1597 against Pro-Pro-containing oligopeptides, we incubated
CD1597 with a collection of 38 FRET-quenched peptides that were previously used for
the characterization of PPEP-1 and PPEP-2 specificity [146,147,157] (Figure 4). While
PPEP-1 demonstrated proteolytic activity, as evidenced by the increase in fluorescence
for multiple peptides, CD1597 exhibited no activity toward any of the peptides. This
observation suggests that either CD1597 does not possess PPEP activity or that it might
be inactive toward the specific peptides used.
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Figure 4. Cleavage of FRET-quenched peptides by CD1597 and PPEP-1. Increase in fluorescent signal after
incubation for 1 h with either CD1597 (red) or PPEP-1 (blue) and the synthetic FRET-quenched peptides
Lys(Dabcyl)-EXXPPXXD-GIu(EDANS), in which the residues at the X positions vary. For each peptide, the P3-
P3' sequence, containing the fixed Pro-Pro at the P1-P1’is shown in the legend.

Generation of a cd1597::ClosTron mutant

Given the absence of detectable proteolytic activity, which could offer insights into
potential substrates and hence the functionality of CD1597, alternative approaches
involving a CD1597 mutant strain were employed to characterize the protein. For this
purpose, a C. difficile 630Aerm strain that was deficient in the production of CD1597 was
generated by insertion of a group Il intron in the cd7597 gene using the ClosTron system
[209]. The group Il intron was designed to insert between bases 402 and 403 of the
cd1597 gene, positioned upstream of the predicted catalytic domain. The correct
genotype was confirmed by PCR (Figure 5) and Sanger sequencing. In addition, whole-
genome sequencing verified the insertion of the group Il intron at a single locus (data
not shown).
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Figure 5. Confirmation of the group Il intron insertion in cd1597 by PCR. A PCR was performed to
amplify the region spanning the predicted insertion site (left panel). The faint lower bands for the PCRs
with ¢d1597::CT and the no DNA control are most likely primer dimers. A second PCR to amplify the
ermB RAM intron (middle panel) was performed to discriminate between the spliced and unspliced,
i.e., plasmid-based, intron. A third PCR confirmed the strain to be C. difficile due to the presence of the
gluD gene (right panel).

Deletion of cd1597 does not affect growth rates

To investigate the effect of the disruption of the cd7597 gene on the growth rate of C.
difficile, both the newly generated cd7597::CT mutant and the Wild-Type (WT) 630Aerm
strain were grown in BHIY medium (Figure 6A). The growth curves in BHIY of both strains
were nearly identical, with the exception of the ODsoo at the 24 h time point, where the
ODeoo Was consistently lower for the cd7597::CT strain (mean ODsw 1.67 vs. 1.83). To
assess potential medium-dependent effects on growth rates, the strains were also
grown in YT (Yeast extract Tryptone, which does not contain glucose or cysteine)
medium and CDMM (C. difficile minimal medium [210]) (Figures 6B,C). This time, a
tcdC::CT strain was included as a control for the ClosTron mutagenesis, although no
growth defects were previously observed in YT medium for this strain [59]. For the
growth in YT medium, no differences were observed between the three strains (Figure
6B). In CDMM, however, the strains generated by ClosTron mutagenesis did show a
reduced growth rate compared to the WT strain (Figure 6C), although no difference was
observed between the cd7597::CT and tcdC::CT strains during the exponential phase.
However, after 24 h of growth, the cd7597::CT strain had grown to a similar ODego as the
WT strain and therefore differed from the tcdC::CT strain. Based on the results in Figure
6C, it is hard to discern if there is an effect on the growth rate due to the absence of
CD1597 or the ClosTron mutagenesis.
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Figure 6. The effect of the disruption of cd7597 on growth rates in different media. A) Growth curves for
the WT (630Aerm) and the cd1597::CT strains in BHIY. B) and C) Growth curves for the WT, ¢d7597::CT, and
tcdC::CT strains in YT (B) and CDMM (C). The points in the growth curves are an average of three replicates.
Error bars indicate the standard deviation of the ODeoo.

Collectively, there is no clear indication that the disruption of cd7597 influences the
growth rate of C. difficile. Possibly, the larger drop in ODeqo of the mutant in BHIY at 24 h
might represent a true growth defect, caused by either an earlier onset of the decline
phase or a more rapid decline during this phase. Certain events are most likely to be
observed in the most nutrient-rich BHIY, since this allows for the most rapid growth of
the bacteria and therefore the earliest onset of the decline phase. Yet, additional
experiments were needed to characterize the effect of the absence of CD1597.

Expression of cd1597 in different culture media

Analysis of C. difficile strain 630 transcriptome data published by Fuchs et al. (2021)
suggested that (1) the expression of cd7597 is low (e.g., compared to PPEP-1), (2) that
cd1597 expression is higher in YT medium than in BHI, and (3) that expression is higher
in the late-exponential growth phase (ODey=0.9) than stationary phase (3 h post entry)
[211].

To gain more insight into cd7597 expression, we generated a plasmid containing the
cd1597 promoter (Pcd1597) upstream of a codon-optimized gene encoding a secreted
luciferase reporter molecule (sLuc®?) [212]. We monitored expression of cd1597 by
measuring luciferase activity during growth and in different culture media, while using
ppep-1 expression as a control (Figure 7). Luciferase activity, measured by luminescence,
was corrected for the ODggo at the time of sample collection.
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Figure 7. Promoter activity of cd7597 during growth in different culture media. Strains containing either
no plasmid (-), a Pcd1597-sLuc®Pt construct, or a Pppep-1-sLucPt construct were grown in BHIY, YT, and CDMM
for 24 h. At different time points, ODsco Was measured and samples were taken to measure luciferase
activity. The relative fluorescence units (RFU) were corrected for the ODeoo at every time point.

Consistent with the transcriptome data [211], Pcd1597 activity was low compared to
Pppep-1 activity (approximately three orders of magnitude lower) and often only
marginally exceeded the negative control. In contrast to the transcriptome data,
Pcd1597 activity was higher in BHIY than YT medium. However, differences in media
composition and experimental setup between our study and that of Fuchs et al. (2021)
may account for this discrepancy. In CDMM, luciferase activity was comparable to the
negative control during the first two hours of growth, but Pcd1597-driven expression of
luciferase was observed, as evidenced by the sustained luminescence levels after
correction for ODego (as was the case for the negative control). Overall, while PPEP-1
expression levels seemed to increase over time, in line with the model for the regulation
of PPEP-1 [115], a similar trend was less evident for CD1597. In BHIY, a slight increase in
promoter activity was apparent over time, but this was not mirrored in the other media.

For the negative control lacking a plasmid, luciferase activity appeared to decrease over
time due to the constant background signal being divided by increasing ODeoo. For the
CDMM cultures, a sudden drop is observed at 8 h due to low luciferase activity, yet the
reason for this is unknown. Nevertheless, since this is observed for both the cd7597 and
ppep-1 promoters, this is unlikely to represent a biological phenomenon.

Collectively, these findings indicate a consistently low expression of CD1597 that is not
influenced by the growth phase but was highest in the most nutrient-rich BHIY medium.
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Effects of the mutation of cd71597 on protein levels in C. difficile 630Aerm

Since there was no evidence of proteolytic activity, a growth defect, or a growth phase-
dependent expression of cd7597, a mass spectrometry (MS) based quantitative
proteomics approach using TMTpro 16plex labeling was taken to investigate differences
in protein levels between the WT and the cd7597::CT strains. Again, as a control for the
potential effects of ClosTron mutagenesis, the tcdC::CT strain was included. Bacterial
cultures were grown in BHIY and harvested during both the mid-logarithmic phase
(ODs00=0.8) and stationary phase (22 h). Volcano plots were generated to display the
differences in protein expression across these cultures (Figure 8).

We identified 2267 proteins with high confidence and at least two peptides (from a total
of 2521 proteins) (Supplemental Table S2), which, to the best of our knowledge,
represents one of the most comprehensive proteomic analyses of C. difficile [213-215].
Among the identified proteins was TcdC, which can only originate from the WT and
cd1597:.CT strains. However, the ratio tcdC/WT for this protein was 1.01 and 0.45 for the
mid-logarithmic and stationary phases, respectively. The fact that the ratio did not
approach zero was indicative of the phenomenon called ratio expression [216], which is
caused by the co-fragmentation of other peptides in MS2, thereby resulting in an
underestimation of the true differences in protein levels. Therefore, we decided to
include proteins that showed >1.5-fold increase or decrease in the cd7597 mutant in our
analysis.

During the mid-logarithmic phase, few proteins were differently expressed due to the
mutation of cd7597 (Figures 8A,B). Of note, the protein with the lowest ratio cd1597/tcdC
in Figure 8B (upper left blue dot) was ErmB (the antimicrobial resistance gene
introduced by ClosTron mutagenesis), which is for reasons unknown more highly
expressed in the tcdC::CT strain. However, more differences in protein expression were
observed during the stationary phase (Figures 8C,D), indicating that the mutation of
cd1597 primarily impacts the bacteria during this growth phase.
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Figure 8. Differences in protein expression in the cd1597::CT strain. An overall comparative proteomic
experiment using TMTpro 16plex labeling was performed with the WT, ¢d7597::CT, and tcdC::CT strains.
Differences in protein levels were displayed in Volcano plots. Only proteins identified with high confidence
and =2 PSMs were included in the analysis. Proteins that are >1.5-fold decreased in the cd1597::CT strain
are shown in blue and those >1.5 increased in red. A) Differently expressed proteins between the cd7597::CT
and WT strains during the mid-logarithmic phase. B) Differently expressed proteins between the cd7597::CT
and tcdC::CT strains during the mid-logarithmic phase. C) Differently expressed proteins between the
cd1597::CT and WT strains during the stationary phase. D) Differently expressed proteins between the
¢d1597::CT and tcdC::CT strains during the stationary phase.
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For the stationary phase, we found 55 proteins to be differently expressed (ratio <0.66
or >1.5) when comparing the cd7597 mutant to the WT, 45 proteins when comparing the
cd1597 mutant to the tcdC mutant, and 39 of these proteins were differently expressed
compared to both (Table 1). Several proteins were thus only differently expressed when
comparing the ¢d7597 mutant to the WT. In addition, of the 39 proteins that were
differently expressed in both comparisons, several had a larger difference when
comparing the cd7597 mutant to the WT than to the tcdC mutant. This indicated an effect
due to the ClosTron mutagenesis rather than the mutation of cd7597. Indeed, when
comparing our data to similar data of an unrelated strain that was similarly generated
using ClosTron mutagenesis, we saw a large overlap in differently expressed proteins
(data not shown), corroborating the idea that ClosTron mutagenesis affects protein
expression. Therefore, we only included proteins in Table 1 that were differently
expressed in the cd71597 mutant compared to both the WT and the tcdC mutant, and in
addition added a remark if we believed a protein to be differently expressed due to the
ClosTron mutagenesis. This remark was based on an integrated analysis that considered
whether (1) the proteins showed a similar difference in expression as in the comparative
proteomics data of the unrelated ClosTron mutant, (2) the ratio cd7597/WT was higher
than the ratio cd7597/tcdC, and (3) whether the genes were part of an operon.
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Table 1. Differently expressed proteins in the cd7597::CT strain during mid-logarithmic and stationary

phase. Increased expression in cd1597 ::CT during mid-logarithmic phase
Locus tag Gene Description cd1597 /WT  ¢d1597 [tcdC Remark
CD3275 Putative phosphosugar isomerase 2.33 2.28

Decreased expression in cd1597 ::CT during mid-logarithmic phase
Locustag  Gene Description cd1597 /WT  ¢d1597 [tcdC Remark

Increased expression in cd1597 ::CT during stationary phase

Locustag  Gene Description ¢d1597 /WT  ¢d1597 [tcdC Remark
CD1199  spolllAH Stage Il sporulation protein AH 6.67 5.35

CD2688 SSpA Small, acid-soluble spore protein alpha 4.61 5.15

CD3275 Putative phosphosugar isomerase 4.09 3.92

CD3249 sspB Small, acid-soluble spore protein beta 3.92 4.93

CD1065 cotL Morphogenetic spore coat protein 3.53 4.39

CD3567 sipL Spore coat protein 3.14 2.91

CD2960 atpl V-type ATP synthase subunit | 2.96 1.99 Likely ClosTron effect
CD2961 Uncharacterized protein 2.64 1.80 Likely ClosTron effect
CD2629  spolVA Stage IV sporulation protein A 2.54 2.40

CD2656 spoVD Stage V sporulation protein D (Sporulation-specific penicillin-binding protein) 2.48 2.37

CD2958 atpE V-type ATP synthase subunit E 2.47 1.70 Likely ClosTron effect
CD2955 atpB V-type ATP synthase beta chain 241 1.78 Likely ClosTron effect
CD2959 atpk V-type ATP synthase subunit K 2.34 1.66 Likely ClosTron effect
CD1657  gcvTPA Multifunctional fusion protein 2.34 1.90 Likely ClosTron effect
CD1658 gcvPB Probable glycine dehydrogenase (decarboxylating) subunit 2 2.32 1.93 Likely ClosTron effect
CD2954 atpD V-type ATP synthase subunit D 2.30 1.73 Likely ClosTron effect
CD2956 atpA V-type ATP synthase alpha chain 2.28 1.76 Likely ClosTron effect
CD0770  spollAA Anti-sigma F factor antagonist 2.09 1.92

CD2373 Putative CstA-like carbon starvation protein 2.06 1.85 Likely ClosTron effect
CD1935 spoVS Stage V sporulation protein S 1.98 1.89

CD2957 atpC V-type ATP synthase subunit C 1.86 1.53 Likely ClosTron effect
CD0780 Uncharacterized protein 1.84 1.58 Likely ClosTron effect
CD0725 Bifunctional carbon monoxide dehydrogenase/acetyl-CoA synthase, subunit delta 1.80 1.52 Likely ClosTron effect
CD2737 Putative nitrilase/cyanide hydratase and apolipoprotein N-acyltransferase 1.78 1.66 Possibly ClosTron effect
CD0723 Dihydrolipoyl dehydrogenase 1.75 1.57 Likely ClosTron effect
CD0777 Putative membrane protein 1.74 1.56

CD0772 sigF RNA polymerase sigma factor 1.70 1.68

CD0663 tcdA Toxin A 1.66 1.54 Possibly ClosTron effect
CD2738 Putative cytosine permease 1.65 1.65 Likely ClosTron effect
CD0721 MTHFR_C domain-containing protein 1.64 1.59 Likely ClosTron effect
CD3637 Putative NADPH-dependent FMN reductase 1.64 1.53

CD0438 Uncharacterized protein 1.58 1.58

CD0855 OppA ABC-type transport system, oligopeptide-family extracellular solute-binding protein 1.54 1.55 Likely ClosTron effect
CD0722 metF Methylenetetrahydrofolate reductase 1.52 1.50 Likely ClosTron effect
CD0779 Peptidase M20 domain-containing protein 2 1.52 1.51 Likely ClosTron effect

Decreased expression in cd1597 ::CT during stationary phase

Locus tag Gene Description cd1597 /WT  ¢d1597 [tcdC Remark
CD0268 flgG1 Flagellar basal body protein 0.56 0.66

CD3192 cwp21 Putative cell surface peptidase, M4 family-cwp20 0.50 0.58 Possibly ClosTron effect
CD0226 Putative lytic transglycosylase 0.48 0.57

During the mid-logarithmic phase, only a single protein, a putative phosphosugar
isomerase, was differently expressed in the cd1597::CT strain (Table 1). Interestingly, this
protein was also more highly expressed during the stationary phase and therefore the
only protein differently expressed during both growth phases.
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In the stationary phase, more proteins were differently expressed in the cd1597:.CT
strain, of which many are thought to be the result of the ClosTron mutagenesis itself.
However, when considering the proteins that an increased expression due to the lack of
CD1597, a common theme emerges. Most of these proteins are directly linked to
sporulation, either by regulating sporulation genes (SigF and SpollAA), the development
of spores (SpolllAH, SpolVA, SpoVD, and SpoVS), or being part of the finished spore
(SspA, SspB, CotL, SipL) (Table 1). Of note, the anti-Sigma factor F protein, SpollAB, was
also higher expressed (ratio cd7597/WT=1.55 and cd1597/tcdC=1.46, Supplemental
Table S2). SpollAA and SpollAB, located in an operon, regulate SigF-directed
transcription of forespore-specific genes involved in the early stages of sporulation
[217,218].

Increased protein levels were also observed for the main virulence factors Toxin A (Table
1) and, to a lesser extent, Toxin B (ratio cd7597/WT=1.43 and cd1597/tcdC=1.34,
Supplemental Table S2). Since these toxins are secreted from the cells, no distinction
could be made between increased expression or reduced secretion of the proteins
based on our data.

The most notable downregulated proteins are CD0226 and FIgG1, which are both part
of the flagellar gene cluster (cd0226-cd0272, [219]). CD0226 is the first gene of an operon,
yet a similar downregulation is not observed for the downstream genes (Supplemental
Table S2).

Although we identified a large set of proteins, CD1597 was not identified. This further
demonstrated the low expression of this protein which was also observed in Figure 7.

Collectively, the most notable difference in protein expression was the increase in
sporulation-related proteins during the stationary growth phase.

Sporulation frequency is not affected in the cd1597::CT strains

Due to the elevated levels of several sporulation proteins in the cd7597::CT strain, we
hypothesized that the sporulation frequency could affected due to the mutation in
cd1597. To test this, we conducted microscopy-based assays to evaluate the sporulation
frequencies of the WT, cd7597::CT, and spo0A::CT (negative control) strains (Figure 9A,B).
We observed no difference in sporulation frequency when comparing the cd7597::CT
strain to the WT. Furthermore, no difference was observed in average cell length when
comparing the WT to the cd7597::CT strain (Figure 9C) and no other phenotypic changes
were observed as a result of the mutation of cd7597.
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Figure 9. Sporulation frequency and cell length are not affected by the mutation of cd7597. A) Phase-
contrast micrographs of the WT (630Aerm), cd71597::CT, and spo0A::CT strains. The spo0A::CT strain was
included as a non-sporulating control. B) Sporulation frequencies were determined by counting the total
amount of completed spores and developing spores and dividing this by the total amount of cells (spores +
vegetative cells). The difference between the sporulation frequencies of the WT and cd1597::CT strains was
not significant as determined by a Chi-squared test (X2 (1, N = 13148) = 0.641, p = 0.423). C) Analysis of cell
length of strains 630Aerm and cd1597::CT. The length of cells was determined by analyzing micrographs
using Fiji (ImageJ). There was no significant difference in cell length between the 630Aerm (M = 6.28, SD =
2.02) and cd1597::CT (M = 6.10, SD = 2.03) strains as determined by an independent samples t-test; t(638) =
1.0996, p = 0.2719.
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Comparative proteomics analysis of spores of the cd7597::CT strain

Although no differences were observed in sporulation frequencies, we investigated the
spore proteome of the cd7597::CT strain in a comparative proteomics analysis of purified
spores of C. difficile to identify any differences in spore composition (Figure 10). Again,
we included both the WT and the tcdC::CT strains as controls.

A ¢d1597::CT vs. 630Aerm B ¢d1597::CT vs. tedC::CT
Spores Spores
i . “ErmB 2| * ErmB i
7 ' . I .
6 E E 10 i é
5’ = g’ | |
2 : g i . i
a4 H ! o : 1
=] 'Y ' (=3 ! '
= ' CD1597 : 5 . | :
=3 | *r. ,l.. . = CD1597 : ;
i o...:.' ..*' . 4 ¢ ,
2 E "-:'. * ::‘?I ‘s - o :’
o ol & P e, * . > L
................ * % 2 % S T U X ) “.:J .-"_ ?
' S LT Y L. P
0 0
-15 -1.0 -0.5 0.0 0.5 10 15 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Log2 Ratio Log2 Ratio

Figure 10. Differences in the spore proteome due to the mutation of cd71597. An overall comparative
proteomics experiment using TMTpro 16plex labeling was performed on spores of the WT (630Aerm),
€d1597::CT, and tcdC::CT strains. Differences in protein levels were displayed in Volcano plots. Only proteins
identified with high confidence and =2 PSMs were included in the analysis. Proteins that are >1.5-fold
decreased in the cd7597::CT strain are shown in blue and those >1.5 increased in red. A) Differences in
protein levels between the ¢d7597::CT and WT strains. B) Differences in protein levels between the
¢d1597::CT and tcdC::CT strains.

We identified 2401 proteins with high confidence and at least two peptides (from a total
of 2688 proteins) (Supplemental Table S3). This high number of proteins likely indicated
an incomplete separation of the spores from the vegetative cells, but the data also
indicated a clear enrichment of spore proteins (e.g., the spore-coat proteins). Similar to
the proteomics analyses of the whole cell cultures (Figure 8), we found a greater number
of proteins to be differently expressed when comparing the cd1597::CT strain to the WT
strain than when comparing the tcdC::CT ClosTron control (Figure 10). Therefore, we
again focused on differently expressed proteins in both comparisons.

First of all, we identified six different peptides of CD1597 in the analysis of C. difficile
spores (Figure 10). In addition, other proteomics analyses of spores also identified
CD1597 (data not shown). The fact that CD1597 is exclusively identified in spores
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indicates that this protein is part of the spore proteome rather than the vegetative cell
proteome. Although CD1597 could only originate from the WT and tcdC::CT samples, we
again observed ratio compression since the ratios for CD1597 do not approach zero
(ratio cd1597/WT=0.669 and cd1597/tcdC=0.444).

We looked at proteins that showed >1.5-fold increase or decrease in the cd7597::CT
strain compared to both the WT and the tcdC::CT strains. Three proteins, namely UxaA’,
CD3003, and CD3391, demonstrated higher levels in spores of the cd1597 mutant.
However, due to various reasons that included limited peptides/PSMs identification and
high variance, these differences in these protein levels were not considered statistically
significant.

Although the mutation of cd7597 does not greatly influence the spore proteome (apart
from the effects of the ClosTron mutagenesis), CD1597 is identified in spores on multiple
occasions, suggesting a role for CD1597 in sporogenesis, spore integrity/resistance, or
germination.

Localization and overexpression of CD1597

Since CD1597 was identified in spores, we investigated whether CD1597 localizes to
spores during bacterial growth. For this, we constructed an expression vector containing
an inducible cd7597-cfp°** gene. The localization of the CD1597-CFP°"* product was
analyzed using fluorescence microscopy at different time points and concentrations of
the inducer anhydrotetracycline (ATc) (Figure 11). As a control, we included a vector that
expresses CFPor,

The localization of CFP°"* was mostly cytosolic, but at 200 ng/ml ATc, CFP°Pt also localized
to the spores (Figure 11). For the CD1597-CFP°™, however, we observed a different
pattern of localization. After 4 h, CD1597-CFP°* localized to the poles of the cells at 25
ng/ml ATc, but the higher expression at 200 ng/ml also showed localization to midcell,
and sometimes additional CFP signals were observed between the poles and midcell. At
24 h and 48 h, induction of the fusion protein resulted in dark spots in the phase contrast
images, which in most cases did not coincide with a signal in the fluorescent images.
Especially at 200 ng/ml, we also observed the formation of longer cells, suggesting a
defect in cell division. Together, these results indicate the formation of inclusion bodies
that contain the protein aggregates of insoluble CD1597-CFP°r. Bacterial inclusion
bodies are formed at the cell poles and cause abnormal cell division [220], resulting in a
phenotype that is in line with the observations in Figure 11. The inclusion bodies,
appearing as dark black spots in the cell, might render CFP non-fluorescent since in most
cases these black spots do not produce a fluorescent signal.
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Figure 11. Localization of CD1597-CFP°rt, C. difficile strains containing vectors for the inducible expression
of CFP°Ptor CD1597-CFP°P* were grown in BHIY and analyzed by phase contrast and fluorescence microscopy.
Expression was induced by adding 25 ng/ml or 200 ng/ml ATc. Samples were taken from the cultures after
4 h, 24 h, and 48 h.

To confirm that the observed phenotype resulting from the overexpression of the
CD1597-CFP°rt fusion protein is due to the formation of inclusion bodies and not due to
an effect of CD1597, we analyzed cells that overexpressed CD1597 by microscopy
(Figure 12). The induction of CD1597 did not result in a similar phenotype as observed
in Figure 11. In addition, no difference was observed in either cell length or sporulation
between the cultures induced by ATc and the uninduced WT and cd7597 mutant.
Therefore, we conclude that it is not the presence of CD1597 that causes the phenotype
observed in Figure 11, but rather the insolubility of the CD1597-CFP°"* fusion protein
that leads to the formation of inclusion bodies.
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Figure 12. Overexpression of CD1597 does not produce a distinct phenotype. C. difficile strains with
either no vector or a CD1597 expression construct were grown in BHIY and analyzed using phase contrast
microscopy. Expression was induced using 25 ng/ml or 200 ng/ml ATc. Samples were taken from the cultures

after 4 h, 24 h, and 48 h.
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Discussion

Due to the structural resemblance to other PPEPs, we hypothesized that CD1597
displays PPEP-like proteolytic activity. However, no proteolytic activity was observed in
two separate assays. The inability of CD1597 to cleave casein might be unsurprising, as
PPEP-1 also lacks this capability. However, also a diverse collection of FRET-quenched
peptides containing two consecutive prolines in their core, of which several are cleaved
by PPEP-1, were not cleaved by CD1597. Of course, these results do not exclude the
possibility that CD1597 is proteolytically active, since we might not have supplied the
protein with the correct substrate(s). Assays using peptide libraries that offer a large
range of potential substrates might overcome this limitation. However, previous
investigations into the activity of CD1597 using a synthetic combinatorial peptide library
specifically designed to profile PPEP specificity did not show any proteolytic activity
toward Pro-Pro-containing peptides [206]. Alternatively, the substitution and insertion
of residues compared to PPEP-1 could render the protein an inactive pseudoprotease,
although CD1597 possesses an intact HEXXH domain that suggests metalloprotease
activity [221,222].

Although we observed no obvious growth defect for the cd1597::CT strain, the ODeo was
lower after 24 h than the WT in BHIY medium, suggesting a larger decline in cell
numbers. Around this moment of the growth phase, we harvested our cells for the
comparative proteomics experiment and saw an effect of the absence of CD1597.
Possibly, the differences in protein levels caused by the mutation of cd7597, either due
to the ClosTron mutagenesis or the lack of CD1597, results in a faster decline of ODs in
BHIY after 24 h.

We observed compression of the ratios (cd7597::CT/control) in both proteomics analyses
using the OrbiTrap Exploris 480 mass spectrometer and TMTpro labels for
quantification, which led to an underestimation of the differences in protein levels. In
our experimental setup, this is likely the result of co-eluting ions with similar m/z values.
We extensively fractionated our samples on an HPLC system to reduce the co-isolation
of ions and also increase protein/peptide identifications. Another method to reduce
ratio compression is by performing MS3 fragmentation [223], but this requires
alternative instruments. We performed MS3 analysis on an Orbitrap Fusion Lumos
instrument using the same spore proteome samples, which slightly improved the ratios
for CD1597, but also reduced the number of proteins, peptides, and PSMs (data not
shown).

ClosTron mutagenesis was used to produce the cd7597::CT insertion mutant. An initial
comparison of the proteomes of the cd7597::CT and the WT strains showed many
proteins to be differently expressed. Only after comparing this data to previous data
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with an unrelated ClosTron mutant, we observed an overlap in differently expressed
proteins, thereby indicating an effect of the ClosTron mutagenesis itself. Given the
frequent use of the ClosTron system in C. difficile research, it is challenging to assess the
implications of the secondary effects stemming from mutagenesis on past findings. For
example, it has been shown that animals that are challenged with ClosTron mutants
have a reduced survival time compared to those challenged with the WT strain [224]. To
compare our results to that of others, we searched for quantitative proteomics data
from other studies that analyzed the full proteome of vegetative cells of both the WT
and ClosTron mutants. We identified a single study by Pettit et al. (2014, [225]) that
investigated a spo0OA::CT mutant. The absence of SpoOA, the master regulator of
sporulation, has a large and pleiotropic effect on the bacteria and is therefore not suited
to compare to our data for investigating the effects of the ClosTron mutagenesis. To
study the secondary effects of ClosTron mutagenesis in more detail, studies using an
insertional mutation in a non-coding region could identify these secondary effects more
precisely and such a strain could provide a valuable control strain in experiments using
ClosTron mutants.

We observed an increase of both the glucosylating exotoxins TcdA and TcdB from C.
difficile. However, since these toxins are secreted from the cell, we could not
discriminate between an increase in expression or a reduced secretion of these
proteins. In our proteomic analysis, we did not identify TcdE, the holin-like protein
involved in the secretion of the toxins [56] and can therefore not speculate on the
amount of secretion based on TcdE levels. Also, it is unknown whether this increase in
cytoplasmic toxins results from the absence of CD1597 or due to the ClosTron
mutagenesis. The quantitative proteomics data from the unrelated ClosTron mutant
also showed a similar increase in toxin expression, but other studies with ClosTron
mutants that exhibited increased toxin expression showed that the toxin levels could
be restored by complementation [188,226], indicating that ClosTron mutagenesis is not
responsible for elevated toxin levels.

Vector-based complementation of a mutant gene is a powerful tool to prove that the
mutated gene is responsible for an observed phenotype. However, in the case of
proteomic analyses such as ours, the introduction of the vector for complementation
and the selection of this vector using antibiotics had a profound effect on the proteome
in our experiments (data not shown). The same was true for vector-based inducible
(over)expression constructs, that necessitate an additional molecule for the induction
of expression and thereby introduce more variation in the experimental setup. Because
of the arguments presented above and since we did not observe any phenotypic
changes in the cd7597::CT strain that could potentially be restored to a WT phenotype,
we did not include a complemented strain in our quantitative proteomics experiments.
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The only differentially expressed protein during both the exponential and stationary
phases was CD3275, a putative phosphosugar isomerase. Phosphosugar isomerases
bind phosphosugars and function as an isomerase. However, the substrate and product
are unknown, but the cd3275 gene is located in a predicted PTS operon for mannose,
fructose, or sorbose transport and phosphorylation. The other proteins that were more
abundant in the cd7597:CT strain during the stationary phase were involved in
sporulation. Possibly, CD3275 functions as a link between CD1597 and the process of
sporulation, and the result of this interplay is only observed during the stationary phase.

Quantitative proteomics analysis of whole cell cultures showed an increase in
sporulation proteins during the stationary phase, but no changes were observed in the
sporulation frequency of the cd7597:.CT strain. And, although the effect of the absence
of CD1597 was most profound in vegetative cells during the stationary phase, CD1597
was exclusively identified in spores. Furthermore, our proteomic analysis identified only
minor, non-significant changes in the spore proteome of the mutant spores. Collectively,
our results did not aid us in predicting a role for CD1597. Possibly, CD1597 functions
exclusively when the bacteria encounter specific environments or stimuli that were
absent in our experiments. Based on the presence of CD1597 in spores, we could expect
a role in protecting these spores against environmental challenges or a role in
germination. Arole in germination is not unthinkable, since other (pseudo)proteases are
involved in this process [227,228]. Alternatively, the presence of CD1597 in spores could
be a remnant of the sporogenesis, meaning that CD1597 has already fulfilled its role
upon completion of the spore. Further investigations into the possibility of proteolytic
activity or spore resistance and germination might shed more light on the function of
the enigmatic protein CD1597.
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Experimental procedures
Growth of bacterial strains and culture media

The strains used in this study are listed in Table 2. E. coli strains were cultured in LB
broth (Sigma) or LB agar plates supplemented with 25 pg/ml chloramphenicol, 50 pg/ml
ampicillin, or 50 pg/ml kanamycin when required. C. difficile was grown in pre-reduced
BHIY (37 g/L brain heart infusion [Oxoid]) supplemented with 5g/L yeast extract [Sigma])
or on pre-reduced BHIY agar plates (BHIY supplemented with 15 g/L agar [Alfa Aesar]).
Alternatively, YT (8 g/L tryptone, 5 g/L yeast, 2.5 g/L NaCl), CDMM [210], or SMC [229]
medium was used. C. difficile was cultured anaerobically in a Don Whitley VA1000 or A45
workstation (10% CO, 5% H. and 85% N. atmosphere) at 37 °C. Media were
supplemented with 15 pg/ml thiamphenicol when required.

Purification of recombinant CD1597 and the CD1597 catalytic domain

PPEP-1 was expressed and purified as previously described [146,230]. For the expression
of CD1597 and its catalytic domain, pET28a vectors containing E. coli codon-optimized
6xHis-CD1597 (pBC027) and 6xHis-CD1597(AA 211-416) (pBC029) constructs were
ordered from Twist Bioscience. The expression vectors were transformed to E. coli strain
C43 and protein expression was induced using 1 mM IPTG for 4 h at 37 °C. Lysates were
prepared as described in the protocol for preparation of cleared E. coli lysates under
native conditions as described in the fifth edition of the QlAexpressionist (Qiagen). The
lysates were loaded onto a 1 ml HisTrap HP column (GE Healthcare) coupled to an AKTA
Pure FPLC system (GE Healthcare). The column was washed using wash buffer (50 mM
NaH2P0O4, 300 mM NaCl, 20 mM imidazole) and 6xHis-CD1597 and 6xHis-CD1597(AA211-
416) were eluted using a step gradient with elution buffer (50 mM NaH2PO4, 300 mM
NaCl, 250 mM imidazole). Buffer was changed to PBS pH 7.4 using an Amicon 4ml 3k
centrifugal filter. Glycerol was added to a final concentration of 10% before storage at -
80 °C.

BODIPY TR-X casein cleavage assay

Red-fluorescent BODIPY TR-X casein (EnzChek™ Protease Assay Kit, Molecular Probes)
was used to detect cleavage by CD1597, the CD1597 catalytic domain, PPEP-1, and
Trypsin. A reaction mixture of 200 pl contained the provided reaction buffer (final
concentration 1x), 1 pg enzyme, and 1 pg BODIPY TR-X casein. Fluorescence was
measured every minute for 60 min in an Envision 2105 Multimode Plate Reader using
excitation and emission wavelengths of 590 nm and 619 nm, respectively.
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FRET-quenched peptide cleavage assays

Time course kinetic experiments with PPEPs were performed using fluorescent FRET-
quenched peptides. FRET peptides consisted of Lys(Dabcyl)-EXXPPXXD-GIu(EDANS), in
which X varied between the different peptides tested. Proteolysis of FRET peptides by
PPEPs was tested in 150 pl PBS containing 50 mM FRET peptide and 2 pg of CD1597 or
500 ng for PPEP-1. Peptide cleavage was measured using the Envision 2105 Multimode
Plate Reader. Fluorescence intensity was measured each minute for 1 h, with 10 flashes
per measurement. The excitation and emission wavelengths were 350 nm and 510 nm,
respectively.

Growth curves of C. difficile cd1597::CT

C. difficile 630Aerm, cd1597::CT, and tcdC::CT were grown overnight in BHIY, YT or CDMM
medium. For the BHIY growth curves, overnight cultures in BHIY with an ODeo <0.9 were
used to inoculate fresh BHIY to an ODegoo of 0.05. For the YT and CDMM growth curves,
new pre-cultures were prepared by diluting overnight cultures in their respective media
to an ODewo of 0.05. These fresh pre-cultures were grown for 2 h to ensure cells were in
the exponential growth phase and used to inoculate fresh media to an ODeggo of 0.05.
ODeoo was measured using an Implen™ OD600 DiluPhotometer™ at different time points.

Generation of a cd1597::ClosTron mutant

The ClosTron mutagenesis was performed as previously described [231]. In short, the
re-targeting primers for ClosTron mutagenesis of CD1597 were designed using the
intron design tool available at http://clostron.com/ and are shown in Table 3. The re-
targeted intron was produced by PCR (with primers CD1597-402/403-IBS, CD1597-
402/403-EBS1d, CD1597-402/403-EBS2, EBS universal primer, see Table 2 for sequences),
purified from an agarose gel and inserted in pCR2.1 using a TOPO™ TA Cloning™ Kit

(Invitrogen). The re-targeted intron was excised from pCR2.1 using Hindlll and BsrGl and
ligated into the pMTLOO7 vector backbone [209] that was digested using the same
restriction enzymes. The resulting plasmid was transformed to E. coli CA434 and
subsequently conjugated to C. difficile (see Conjugation of plasmids to C. difficile).
Conjugants were directly streaked on BHIY plates supplemented with 20 pg/ml
lincomycin. Resistant colonies were grown in BHIY and gDNA was isolated for PCR with
primers 0JC147 and 0JC148 to test for the spliced ermB retrotransposition-activated
marker (RAM) intron marker. In addition, to test for the correct insertion site, a PCR was
performed with primers oBC084 and oBCO085 (targeting the predicted insertion site).
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Insertion of the ermB RAM was also confirmed by Sanger sequencing and whole genome
sequencing (WGS). The resulting cd7597::CT strain (BC057) was stored at -80 °C.

Conjugation of plasmids to C. difficile

Conjugation procedures were as described previously [232]. In summary, the desired
plasmid was introduced into the E. coli strain CA434 by transformation, and
transformants were selected on LB plates supplemented with 20 pg/mL
chloramphenicol. A single colony was grown overnight in LB medium with 20 pg/mL
chloramphenicol. Subsequently, a 1 mL culture pellet from the transformed E. coli CA434
was transferred into the anaerobic chamber and combined with 200 pL of an overnight
culture of C. difficile.

Droplets of this mixture were plated on a BHIY yeast plate and incubated for over 6
hours at 37 °C under anaerobic conditions. Following incubation, the bacteria were
scraped from the plate with anaerobic PBS, and dilutions were plated on BHIY plates
containing 15 pg/mL thiamphenicol and C. difficile selective supplement (Oxoid).
Colonies were subjected to three consecutive passages on BHIY plates supplemented
with thiamphenicol. After the last passage, the species and the presence of the plasmid
were confirmed by PCR. Primers oWKS1070/0WKS0171 (targeting C. difficile gluD) and
oWKS1387/0WKS1388 (targeting tra/, located on the plasmid), were used for this
purpose.

All plasmids used in this study are mentioned in Table 4.

Promoter activity assay

Overnight cultures of the 630Aerm strain carrying no plasmid, a Pcd7597-sLuc®
construct (BC040), or a Pppep1-sLuc® construct (JC178) were pelleted, washed once in
CDMM, and resuspended in CDMM before inoculating BHIY, YT, or COMM medium to an
ODsoo of 0.05. Samples were taken at different time points while measuring the ODseo.
Samples were diluted 1:100 in BHIY and 90 pl of the diluted samples was transferred to
white, flat bottom 96-wells plates. To each well, 20 pl reconstituted Nano-Glo substrate
(50-fold diluted Nano-Glo substrate in kit buffer, Promega) was added and the plate was
incubated for 10 min. Subsequently, relative light units (RLU) were measured in a
GloMax® Explorer Multimode Microplate Reader (Promega) using standard settings.
The RLUs were corrected for biomass by dividing the RLUs by the ODso value of the
bacterial culture at the time of sampling.
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Sample preparation for overall comparative proteomics

For the overall comparative proteomic experiment using whole cell cultures of C. difficile,
three biological replicates for C. difficile strain 630Aerm and the cd7597::CT strain were
included. For the tcdC::CT strain, two biological replicates were used. Since we looked at
both the mid-logarithmic and stationary phases in a single experiment, this amounted
to a total of 16 samples that were used in a TMTpro 16plex experiment. Sample
preparation was performed as described previously [233]. Single colonies of C. difficile
strain 630Aerm, cd1597::CT, and tcdC::CT were picked and precultured overnight in BHIY.
The precultures were used to inoculate fresh BHIY at a starting ODsoo of 0.05, and cells
were grown to an ODgoo of 0.8 before harvesting half of the cells. The remaining cells
were grown for 22 h in total. Cells were pelleted by centrifugation (6000 x g, 10 min, 4
°C). Pellets were resuspended in 10 mL of ice-cold PBS and washed twice (6000 x g, 10
min, 4 °C). After the last wash, pellets were resuspended in 5 mL urea lysis buffer (8 M
urea, 50 mM Tris-HCI pH 7.5, 1x cOmplete protease inhibitor cocktail EDTA free).
Resuspended cells were incubated for 20 min on ice prior to lysis by sonication, and cells
were subsequently lysed by sonication for five bursts of 30 s with cooling on ice in
between rounds. After lysis, tubes were centrifuged (15 min, 15000 x g, 4 °).
Supernatants were transferred to new tubes and stored at —20 °C until further use.

For each strain, 100 pg of protein in 100 pL of ST buffer was used as the starting material.
Proteins were reduced using 5 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
for 30 min, alkylated with 10 mM iodoacetamide for 30 min, and quenched with 10 mM
Dithiothreitol (DTT) for 15 min, all at room temperature. Proteins were precipitated by
chloroform-methanol precipitation. For this, 400 pL methanol, 100 pL chloroform, and
300 pL dH20 were added with vortexing in between each step. Following centrifugation
(21130 x g 2 min, RT), the pellet was washed two times with 500 pL methanol. The
protein pellet was subsequently resuspended in 100 pyL of 40 mM HEPES pH 8.4
containing 4 pg trypsin and incubated overnight at 37 °C. Then, another 4 pg of trypsin
was added and incubated for 3 h at 37 °C.

For the overall comparative proteomic experiments using only spores, five biological
replicates were used per strain in a TMTpro 15plex experiment. Single colonies of C.
difficile strain 630Aerm, cd1597::CT, and tcdC::CT were picked and cultured overnight in
SMC medium. From each overnight culture, 400 pl was spread on two large SMC agar
plates (z 14.5 cm) for confluent growth. Spores were allowed to develop for 7 days. All
cell material was resuspended in 3 ml sterile dH,O by scraping and transferred to tubes
and pelleted by centrifugation (3220 x g, 10 min, 4 °C). Pellets were washed three times
with 10 ml dH,0O and ultimately resuspended in 10 ml dH,O and stored for 4 days at 4
°C. Then, tubes were centrifuged (15000 x g, 10 min, 4 °C) and the supernatant was
removed. Pellets were resuspended in 1.5 ml 20% Gastrografin (Bayer). The cell
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suspension was carefully layered on top of 10 ml 50% Gastrografin and tubes were
centrifuged (10000 x g, 30 min, RT) to separate the spores from the vegetative cells. The
supernatant was removed and the spore pellets were resuspended in 500 pl dH.O.
Spores were washed three times in dH,O before storage at -20 °C until further use.
Spores were resuspended in 50 pl extraction buffer (4% SDS, 10% 2-mercaptoethanol, 1
mM DTT, 125 mM Tris-HCL pH 6.8, 10% glycerol) and proteins were extracted by
incubation for 10 min in a heat block set to 108 °C. After centrifugation (15000 x g, 2 min,
RT) supernatant was transferred to a new tube. Again, 50 pl extraction buffer was added
to the pellet and the process was repeated, resulting in a total volume of 100 pl extracted
spore proteins.

The total spore protein material per strain (<100 pg) was used as the starting material.
A chloroform-methanol precipitation was performed and the resulting protein pellet
was resuspended in urea lysis buffer. Proteins were reduced, alkylated, and quenched
as described above. After chloroform-methanol precipitation, 2 pg LysC was added and
the mixture was incubated for 2 h at 37 °C. Then, 4 pg trypsin was added and the tubes
were incubated overnight at 37 °C before adding another 4 pg of trypsin and incubation
for 3 h.

TMT labeling was performed as described previously [233] on 10 pg of tryptic peptides
using TMTpro 16plex labeling (Thermo Fisher Scientific, lot no. UK292954 for whole
cultures, WK334339 for spores) for 1 h at RT. Excess TMT label was quenched with 5%
hydroxylamine for 15 min at RT. The labeled peptides from each sample were mixed and
freeze-dried. The peptides were resuspended in 10 mM ammonium bicarbonate pH 8.4
and separated in 12 fractions on an Agilent Eclipse Plus C18 column (2.1 x 150 mm, 3.5
pM). Half of the labeled peptides (80 pg) were injected. Mobile phase A was 10 mM
ammonium bicarbonate (pH 8.4). Mobile phase B was 10 mM ammonium bicarbonate
in 80% acetonitrile (pH 8.4). The gradient was as follows: 2% B, 0-5 min; 2%-90% B, 5-35
min; 90% B, 35-40 min; 90%-2% B, 40-41 min; and 2% B, 41-65 min. The 12 collection
vials were rotated every 30 s during sample collection. The 12 fractions were freeze-
dried and stored at -20 °C prior to LC-MS/MS analysis.

LC-MS/MS analyses

The fractions were analyzed as described previously [230] with minor adjustments by
online C18 nanoHPLC MS/MS with an Ultimate3000nano gradient HPLC system (Thermo,
Bremen, Germany), and an Orbitrap Exploris 480 mass spectrometer (Thermo). Peptides
were injected onto a pre-column (300 pm x 5 mm, C18 PepMap, 5 pm, 100 A), and eluted
via a homemade analytical nano-HPLC column (30 cm x 75 pm; Reprosil-Pur C18-AQ 1.9
pm, 120 A; Dr. Maisch, Ammerbuch, Germany). The gradient was run with a gradient of
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2% to 40% solvent B (20/80/0.1 water/acetonitrile/formic acid (FA) v/v) in 142 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 HCD collision energies at 36V and recording of the MS2
spectrum in the Orbitrap, with a quadrupole isolation width of 1.2 m/z. In the master
scan (MS1) the resolution was 120,000, the scan range 400-1500, at standard AGC target
at a 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 45 s and with a precursor range of 10 ppm. Charge states 2-5 were included.
For MS2 the first mass was set to 110 Da, and the MS2 scan resolution was 45,000 at an
AGC target of 200% @maximum fill time of 60 ms.

LC-MS/MS data analysis

Data analysis was performed as described previously [233]. In the post-analysis process,
raw data were converted to peak lists using Proteome Discoverer version 2.4.0.305 (for
analysis of whole cell cultures) and 2.5.0.400 (for analysis of spores) (Thermo Electron)
and submitted to the UniProt C. difficile 630Aerm database (3752 entries) (Taxon ID:
272563) using Mascot v. 2.2.07 (www.matrixscience.com) for peptide identification.
Mascot searches were performed with 10 ppm and 0.02 Da deviation for precursor and
fragment mass, respectively, and trypsin was selected as enzyme specificity with a
maximum of two missed cleavages. The variable modifications included Oxidation (M)
and Acetyl (protein N-term). The static modifications included TMTpro (N-term, K) and
Carbamidomethyl (C). Peptides with an FDR < 1% based on Percolator [196] were
accepted.

Sporulation frequencies of strains cd1597::CT, 630Aerm and spo0A::CT

For the strains cd1597::CT and 630Aerm, three individual colonies were used to inoculate
10 ml BHIY supplemented with 0.1% taurocholate and 0.2% fructose. As a negative
control, a single replicate for the spo0A::CT strain was included. From these cultures, a
10x dilution series was made until a dilution of 107 was reached. Cells were grown
overnight. Exponential cultures (ODeoo < 0.9) were diluted to ODgoo = 0.5 in fresh BHIY.
Next, 250 pl of this suspension was plated on 70:30 sporulation agar plates [234] and
cells were grown for 24 h. Approximately 1/8" of the cells were scraped off the plate and
resuspended in 5 ml BHIY. A 5 pl sample was pipetted onto a 1% agarose slab for
microscopy. Cells were analyzed using a Leica DMB6 phase-contrast microscope.
Sporulation frequencies were determined by counting the presence of (developing)
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spores in the cd7597::CT (n=7963) and 630Aerm (n=5185) cells. For the spo0A::CT strain,
no sporulation was observed.

Localization and overexpression of CD1597

A plasmid was constructed for the inducible expression of CD1597-CFP. For this, cd1597
was amplified from C. difficile 630Aerm gDNA using primers oBC090 and oBC091. The
PCR product was inserted in pCR2.1 using a TOPO™ TA Cloning™ Kit (Invitrogen). The
resulting plasmid (pBC044) was digested using Xhol and Sacl and the insert was ligated
into the Xhol and Sacl digested pRD2 backbone [235]. The resulting CD1597-CFP°rt
plasmid (pBC053) was transformed to E. coli CA434 before conjugation to C. difficile
630Aerm, producing strain BC103. As controls, a strain for the expression of CFP°
(WKS1734, harboring pHEW91), only CD1597 (BC062, harboring pBC033, plasmid
ordered from ATUM), and C. difficile 630Aerm were used.

For the analysis using phase-contrast and fluorescent microscopy, the strains were
precultured overnight in BHIY. Fresh BHIY was inoculated to an ODgo of 0.1 and the
culture was grown for 4 h before inducing expression (only for BC103 and WKS1734)
with 0, 25, or 200 ng/ml anhydrotetracycline (ATC). Cells were imaged 4, 24, and 48 h
after induction. At each time point, 1 ml culture was taken and centrifuged for 2 min at
6000 x g. Supernatant was removed and cells were resuspended in 100 pl PBS. Five pl of
each suspension was pipetted onto 1% agarose slabs on microscopy slides. Cells were
imaged with a Leica DM6000 DM6B fluorescence microscope (Leica) equipped with a
DFC9000 GT sCMOS camera using an HC PLAN APO 100x/1.4 OIL PH3 objective, using
the LAS X software (Leica). A Leica filter set for CFP (11504163) was used.
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Table 2. Strains used in this study

Strain Organism Genotype Resistance | Reference
DH5a E. coli DH5a

CA434 E. coli CA434

BCO01 C. difficile 630Aerm

BC040 C. difficile 630Aerm, Pcd1597-sLuc®® (pBCO25) Cam This study
BC044 E. coli DH5a, pBC062 Amp This study
BCO46 E. coli CA434, pBC063 Cam This study
BC0O57 C. difficile 630Aerm, cd1597::.CT Erm This study
BC062 C. difficile 630Aerm, Ptet-cd1597 (pBC033) Cam This study
BC103 C. difficile 630Aerm, Ptet-cd1597-cfp°"* (pBCO53) | Cam This study
1C178 C. difficile 630Aerm, Pppepl-sLuc® (pJCO84) Cam This study
1C284 C. difficile 630Aerm, tcdC::CT Erm [59]
JC336 C. difficile 630Aerm, spoOA::CT Erm [182]
WKS1734 C. difficile 630Aerm, Ptet-cfp°t (PHEW91) Cam [235]

Table 3. Primers used in this study

Name Sequence (5’ to 3’)

CD1597-402/403-IBS AAAAAAGCTTATAATTATCCTTAAACATCGAAGACGTGCGCCCAGATAGGGTG

CD1597-402/403-EBS1d | CAGATTGTACAAATGTGGTGATAACAGATAAGTCGAAGACTCTAACTTACCT
TTCTTTGT

CD1597-402/403-EBS2 TGAACGCAAGTTTCTAATTTCGGTTATGTTCCGATAGAGGAAAGTGTCT

EBS universal primer CGAAATTAGAAACTTGCGTTCAGTAAAC

0JC147 ACGCGTTATATTGATAAAAATAATAATAGTGGG

0JC148 ACGCGTGCGACTCATAGAATTATTTCCTCCCG

oBC084 GTGGATTTTCTTTTGCTTTTATATCATTGC

0BC085 GATGAGATTTATATAGACTTAAAACAAGCG

0BC090 AAAGAGCTCATTTGAATTTTTTAGGGGGAAAATACCATGGAAAACAATTTAA
ATACAGCT

0BC091 AAACTCGAGACTTCCTGAACCAGATCCTGAATAGTTTAGTTCAAGTTTTTCAA
GAAAATC

oWKS1070 GTCTTGGATGGTTGATGAGTAC

oWKS1071 TTCCTAATTTAGCAGCAGCTTC

o0WKS1387 CAGATGAGGGCAAGCGGATG

o0WKS1388 CGTCGGTGAGCCAGAGTTTC
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Table 4. Plasmids used in this study

Name Backbone Insert Resistance Purpose Reference
pCR2.1 - - Amp TOPO TA cloning of re- -
targeted intron cd1597 and
cd1597 for CFP fusion
pMTLOO07 - - Cam Provides backbone for [209]
cd1597 intron
pBCO025 pAP24 [212] Pcd1597-sLuc® Cam Promoter activity assay This study
pBC027 pET28a cd1597 (E. coli Kan Expression of CD1597 for This study
codon-optimized) purification
pBC029 pET28a cd1597(AA 211- Kan Expression of the CD1597 This study
416) (E. coli codon- catalytic domain for
optimized) purification
pBC033 pRPF185 Ptet-cd1597 Cam Expression of CD1597 This study
pBC044 pCR2.1 cd1597 Amp Amplification of cd1597 for This study
CFP fusion
pBCO53 pRPF185 Ptet-cd1597-cfp°™ Cam Expression of CD1597-CFP°*t | This study
pBC062 pCR2.1 Re-targeted intron Amp Amplification of cd1597 This study
cd1597 intron for further cloning
pBC063 pMTLOO7 Re-targeted intron Cam Mutagenesis of cd1597 This study
cd1597
pJC084 pAP24 [212] Pppepl-sLuc®™ Cam Promoter activity assay This study
pRD2 pRPF185 Ptet-hupA-cfp°™ Cam Backbone for CD1597-CFP°F [235]
pHEW91 pRPF185 Ptet-cfp°™ Cam Expression of CFP°Pt [235]
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Abstract

Proteases comprise the class of enzymes that catalyze the hydrolysis of peptide bonds,
thereby playing a pivotal role in many aspects of life. The amino acids surrounding the
scissile bond determine the susceptibility towards protease-mediated hydrolysis. A
detailed understanding of the cleavage specificity of a protease can lead to the
identification of its endogenous substrates, while it is also essential for the design of
inhibitors. Although many methods for protease activity and specificity profiling exist,
none of these combines the advantages of combinatorial synthetic libraries, i.e. 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, i.e. 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) which 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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Introduction

Proteases comprise the class of enzymes that catalyze 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 [236] to a wide range of human physiological and cellular processes, e.g.
hemostasis, apoptosis and immune responses [237-239] Uncovering the endogenous
substrate(s) is usually a key step towards 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 homologs 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 [240-
242].

We study a group of bacterial proteases that have the unique specificity to cleave a
peptide bond between two prolines, i.e. Pro-Pro endopeptidases (PPEPs). The first two
members, PPEP-1 from the human pathogen Clostridioides difficile [160,243] and PPEP-2
from Paenibacillus alvei [157], are secreted enzymes which cleave cell surface proteins
involved in bacterial adhesion. Initially, the specificity of PPEP-1 was determined based
on a small synthetic peptide library that was designed based on the identification of a
sub-optimal cleavage site in a human protein [146]. Following the elucidation of the
endogenous PPEP-1 substrates, in which a total of 13 cleavage sites were found, a
cleavage motif could be 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 homologs in a wide
variety of species [148], for example in Geobacillus thermodenitrificans (PPEP-3, Figure 1).
The modeled structure of PPEP-3 shows a high degree of similarity with the crystal
structures of PPEP-1 and PPEP-2 (Figure 1C). However, none of the genes adjacent to
ppep-3 encode a protein which contains a PPEP consensus cleavage motif (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 uncharacterized putative
PPEPs, a general method to profile their specificity is needed.
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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 on the genome. The genes for
PPEP-2 and its substrate VMSP are also 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 [157,160]. PPEP-3 structure was predicted using the Alphafold algorithm [199].

A wide variety of methods for protease activity and specificity profiling has been
developed [241,244,245]. Several strategies rely on the identification of protease-
generated protein neo-N-termini in cells expressing the protease of interest as
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
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been developed [166-168,246-248]. However, for an optimal experimental 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 [169,170] 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 [249,250]. In addition, proteome-derived
peptide libraries have been shown to be a rich source of peptides for these types of
analyses [251-253]. 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 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 [254]. 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 [255], 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 a 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 [256], and such libraries have been used to profile protease specificity
[171,172]. As a read-out for cleavage of peptides, both fluorescence detection [171,240]
and Edman degradation [257,258] 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 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 tend 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
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utilized. Secondly, 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, i.e. 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 also 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 PPEP-1 and PPEP-2.
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Results and Discussion

Combinatorial peptide library design and experimental 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
[146,147,160], 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 cysteine), while the core proline (P) residues (corresponding to the P1-P1’ positions)
are fixed (Figure 2).

In order to analyze product peptides after incubation of the library with a PPEP, the core
sequence (XXPPXX) was modified in two ways. First, a six amino acid tail consisting of
Gly-Gly-Leu-Glu-Glu-Phe (GGLEEF) was added at the C-terminus (Figure 2). This
sequence was chosen because PPEP cleavage between the two prolines would then
provide retention of the C-terminal product peptides (PXXGGLEEF) on a C18-column.
Moreover, the fragmentation pattern of such a peptide (PYVGGLEEF) that we observed
in a previous study provided good sequence coverage of the N-terminal region (Figure
S1). Second, a biotin was attached to the N-terminus of each peptide, connected to the
rest of the peptide by a small linker (Ahx-Glu, Ahx=1-aminohexanoic acid, Figure 2). This
allows for the enrichment of C-terminal product peptides by removal of biotinylated
peptide molecules, i.e. non-cleaved peptides and N-terminal product peptides, using
streptavidin beads. This is similar to a previously approach which used Edman
degradation instead of mass spectrometry to sequence the protease generated product
peptides [259]. In addition to the lower sensitivity of this method, several amino acids
could not be accurately detected and information on subsite cooperativity [260] is lost.

Synthesis of the library was performed using the one-bead one-compound (OBOC)
method [256] in order to achieve equimolar amounts of each unique peptide. Initially,
we synthesized 19 sub-libraries 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 sub-libraries
contains 6859 peptides (19x19x19). Since the process of linking biotin to the N-terminus
is not 100% efficient, non-biotinylated peptides were also present. To remove these
unwanted peptides prior to incubation with a PPEP, the library was pre-cleaned on an
avidin column (Figure 2). The biotinylated peptide library that was obtained after elution
from the avidin column was then incubated with a PPEP and subsequently depleted for
biotinylated peptides using streptavidin. C-terminal, non-biotinylated, 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).
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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, 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 pre-cleaned on avidin beads to remove non-biotinylated peptides. Then, the library
was incubated with a PPEP. The scissile bond is indicated by the arrow. Following this, biotinylated peptides
(non-cleaved peptides and N-terminal product peptides) were captured on a streptavidin column. The flow-
through, containing non-biotinylated 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.

Incubation of PPEP-1 with two sub-libraries 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 [147]. Hence, to test the feasibility of our approach, two sub-
libraries 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 using MALDI-FT-ICR MS (Figure 3). As expected, product peptides were clearly
visible when using the P3=Val library (Figure 3, upper 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
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understanding of the specificity of PPEP-1 (Figure 1) [146,147], i.e. we were expecting
PXPGGLEEF peptides. The highest signal was observed for the PPPGGLEEF peptide (m/z
942.459, [M+H]"). 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 [146]. 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
([IM+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 sub-libraries demonstrated the
applicability of our approach to detect PPEP activity and study its preference for amino
acids surrounding the scissile Pro-Pro bond.
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Figure 3. MALDI-FT-ICR MS analysis of PPEP-1 product peptides using two different combinatorial sub-
libraries. The P3=Val and P3=Lys sub-libraries were incubated with PPEP-1 for 3 h. Following depletion of
biotinylated peptides, non-biotinylated 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(I/L)GGLEEF

peptides, respectively.
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PPEP-1, PPEP-2 and PPEP-3 display distinct substrate specificity after incubation
with the full combinatorial peptide library

Following the successful tests of the method with the two sub-libraries and PPEP-1, we
applied our method with the full combinatorial peptide library (a mix of all 19 sub-
libraries, containing 130,321 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 non-
treated sample was included as a control.

Initially, we analyzed the results by standard database searching against an in-house
generated database (see Experimental Procedures 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 with 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 that 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 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). Secondly, fragmentation spectra of PXPGGLEEF and PPXGGLEEF
peptides showed clear differences (Figure S3). Importantly, spectra of PXPGGLEEF
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,
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appeared less informative because it could also represent non-discriminatory 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 [261] 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.

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 [262]. Another way to discriminate between these two options is 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 5 & S4). For example, histidine
containing peptides were separated depending on the position of the histidine within
the peptide, as also observed previously [263].

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 [264,265],
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-sides (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 [266]. We believe that this could explain
the relative 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
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our method. In addition, the preference of PPEP-1 to hydrolyze substrates with three
prolines at the P1'-P3' (Figure 3) [146] 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 [146,160]. The requirement for a Pro residue
at P3’ was explained by the presence of a diverting loop in the co-crystal structure of
PPEP-1 with a substrate peptide [160]. 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 onwards) 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 PHPGGLEEF.
However, manual inspection of the MS/MS 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 (LySpabe-EVNPPHPD-GlUgdans and LySpabeyi-
EVNPPPHD-GIluedans) and tested these 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 S5).
Notwithstanding 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 (-1t stacking) with
the Trp-103 and these residues [267]. In this scenario, a Pro residue at the P2’ position
is probably necessary to redirect the substrate from the diverting loop.
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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 & 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.

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 [157]. To a certain
extent, PPEP-2 showed an 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'-
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P3' positions. However, in line with the endogenous substrate (Figure 1), PPEP-2 prefers
avaline 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 (EIC) of every possible PXPGGLEEF/PPXGGLEEF peptide
were constructed (Figure 5). Not only does this clearly show the difference in product
profiles, 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
reproducibility (Figure S6). Moreover, the overall profiles of the PXPGGLEEF/PPXGGLEEF
peptides look very similar to the ones presented in Figure 5.

104



Profiling the prime-side specificity of PPEPs

1x10"
PPEP-1

Abundance (AU)
o
-
T

o

N
N
x
=
o
w0
'

PPEP-2

PKP
PPH | PRP
A

Abundance (AU)

PPK
~

o

N

N

x

=

o
w0
1

PPEP-3

PKP PPA

sp
PPH |PHP PPV
. |PHP pPq \

\ PPY
M PRI

Abundance (AU)
P
vl

g
N
>
[y
2o

No protease

o Abundance (AU)

1 L - 1 1T T [ T T T T ]
20 25 30 35 40

Time (min)

Figure 5. 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 non-treated control was included to identify the amount of
background peptides. After analysis of the product peptides using LC-MS/MS, EIC 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 (Figure S3 & S4). If product peptides were not separated on the column, lines indicate the relative
abundances of the non-separated peptides. Mass tolerance was set to 10 ppm.
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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 GGLEEF 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 [256], 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 (approx. 1.000.000). Although our experiments with
PPEP-1 and the two P3-sublibraries showed that partial information about the non-
prime side 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 non-prime-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 non-prime-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
[146] 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 twenty
PPEP-1 FRET-quenched substrate peptides that only differed at the P2’ position (LySpabcyi-
EVNP | PXPD-Gluedans ) and tested 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 5). 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.
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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 (Lyspabcyi-EVNPPXPD-Gluedans ) 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 hr.
Peptides are sorted from top left to bottom right based on their cleavage efficiency.
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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 5), indicating that the corresponding PPEP-1 and PPEP-
2 substrate peptides are most likely not cleaved by PPEP-3. We tested this hypothesis
using two synthetic FRET-quenched substrate peptides, i.e. LYySpabey-EVNPPVPD-GlUgdans
and LySpabey-EPLPPVPD-Gluedans, representing 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 (Figure 4A,B & 5), 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 [148]. In addition to PPEP-1, the Trp-103 group
also 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 towards a
substrate peptide as compared to WT [162]. For PPEP-2, the importance of this residue
is 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 co-crystal.
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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 (LySpabcy-EVNP | PVPD-Gluedans) and PPEP-2 (LySpabcy-EPLP | PVPD-Gluedans) 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.

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, 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 (Figure 4C, 5 & 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 S8) [268,269]. 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 as well as an SCP-domain. Admittedly,
signal peptide prediction by SignalP 6.0 is inconclusive for this protein, since the signal
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peptide would be short in length and no cleavage site is predicted (Figure S8B). In
contrast, DeepTMHMM predicts a signal peptide with 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/SPIl 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 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 possible endogenous PPEP-3 substrates in G.
thermodenitrificans strain NG80-2. For PPEP-1 and PPEP-2, the endogenous substrates
were identified based on synthetic peptides, bio-informatic predictions and MS-based
secretome analyses [147,157]. 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(s) originates from a different
organism than G. thermodenitrificans.

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
spectrometry. 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 which
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) which has a prime-side specificity that is very different
from that of the other two PPEPs.
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Experimental procedures

Expression and purification of PPEPs

PPEP-1 and PPEP-2 were expressed and purified as previously described [146,157]. For
the expression of PPEP-3, a pET28a vector containing an E. coli codon optimized 6xHis-
PPEP-3 (lacking the signal peptide) construct was ordered from Twist Bioscience. The
pET-28a 6xHis-PPEP-3 plasmid was transformed to E. coli strain Rosetta and PPEP-3
expression was induced using 1 mM IPTG. Lysates were prepared as described in the
protocol for preparation of cleared E. coli lysates under native conditions as described
in the fifth edition of the QlAexpressionist (Qiagen). The lysates were loaded onto a 1 ml
HisTrap HP column (GE healthcare) coupled to an AKTA Pure FPLC system (GE
healthcare). Column was washed using wash buffer (50 mM NaH.PO,, 300 mM NacCl, 20
mM imidazole) and 6xHis-PPEP-3 was eluted using a step gradient with elution buffer
(50 mM NaH;PO,, 300 mM NaCl, 500 mM imidazole). Imidazole was removed by dialysis
using 50 mM NaH;PO,, 300 mM NacCl.

Synthesis of the combinatorial peptide library

Combinatorial peptide libraries were synthesized basically as has been previously
described [270]. In short, peptide libraries were synthesized by solid phase peptide
synthesis on a Syro Il peptide synthesizer (Multisyntech, Germany). Synthesis was
performed in 19 reactors (2 ml) using about 1 g of Tentagel resin (Rapp-polymere,
Germany) resin (total loading 190 pmol), applying Fmoc chemistry with HATU/NMM
activation, 20 % piperidine in NMP for Fmoc removal and NMP as a solvent. For each
fixed position in each reactor the same amino acid was coupled, for each random
position (X) in each reactor a different amino acid was coupled, after which the resin
beads were removed from each reactor, mixed thoroughly, and equally split over the 19
reactors again to allow for the subsequent stages of the synthesis. After the last random
position, the resin beads were not mixed, leaving 19 sub-libraries. Biotin was introduced
into the resin bound peptides by a two hour coupling with a sixfold equimolar
preactivated mixture of biotin and PyBop. Cleavage using TFA/water/ethanethiol 18/1/1,
3h, RT, was used to isolate the peptides from the resin. Approx. 12 ml ether/pentane
was added to each sub-library and sub-libraries were incubated at -20 °C for 10 min
before centrifugation at 3300 rpm for 10 min at -9 °C. Pellets were washed with approx.
13 ml ether/pentane and air-dried. Dried pellets were resuspended in 2 ml
MilliQ/acetonitrile and freeze-dried. Stocks of 10 nmol peptide/ul were prepared in
DMSO.

111



Chapter 4

MALDI-FT-ICR MS

To analyze samples using MALDI-FT-ICR MS, the vacuum dried product peptides were
reconstituted in 20 pl 0.1% formic acid. Next, 1 pyl sample was combined with 1 pl matrix
(5 mg/ml a-Cyano-4-hydroxycinnamic acid) and 1 pl was spotted on an AnchorChip
target (Bruker). Analysis was performed on a 15 T MALDI-FT-ICR MS (Bruker Daltonics).

Combinatorial peptide library assays

To remove non-biotinylated peptides, 50 nmol of peptides from the (sub)library (5 pl 10
nmol/pl stock in 1 ml PBS) was loaded onto a 3 ml filter column containing 1 ml 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 0.01% formic acid (pH 2.7) and subsequently washed five times with 1
ml PBS. After loading peptides, the flow-through was collected. Next, 1 ml 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 PBS to remove non-biotinylated peptides. Next,
1 ml 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 0.1 M glycine
(pH 2.7). Eluted peptides were desalted using reversed-phase solid phase extraction
cartridges (Oasis HLB 1cc 30mg, Waters) and eluted with 400 pl 50% acetonitrile (v/v) in
0.1% formic acid. Samples were dried by vacuum concentration 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 pre-wash steps, we
expect approx. 20 nmol of peptide yield after the avidin pre-clearing step.

Pre-cleaned (sub)libraries (approx. 10 nmol) were incubated with a PPEP (200 ng) for 3 h
at 37 °Cin PBS. A non-treated control was included. After incubation, the samples were
loaded onto an in-house constructed column consisting of a 200 pl pipette tip containing
a filter and a packed column of 100 pl of Pierce High Capacity Streptavidin Agarose beads
(Thermo, column was washed four times with 150 pl PBS prior to use), in order to
remove the biotinylated peptides. The flow-through and 4 additional washes with 125
ML were collected. The resulting product peptides were desalted using reversed-phase
solid phase extraction cartridges (Oasis HLB 1cc 30mg, Waters) and eluted with 400 pl
30% acetonitrile (v/v) in 0.1% formic acid. Samples were dried by vacuum concentration
and stored at -20 °C until further use.
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LC-MS/MS analyses

Product peptides were analyzed as described previously [271] by on-line 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 pm x 5 mm, C18 PepMap, 5 pm,
100 A, and eluted via a homemade analytical nano-HPLC column (50 cm x 75 pm;
Reprosil-Pur C18-AQ 1.9 pm, 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 pm 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 seconds, 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 120,000, the scan range 350-1600,
at standard AGC target @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 lle (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 5 ppm
and 0.02 Da deviation for precursor and fragment mass, respectively, and no enzyme
specificity was selected. Biotin on protein N-terminus was set as a variable modification.
Raw data analysis was performed in Xcalibur Qual Browser (Thermo). The EIC displaying
all PXPGGLEEF/PPXGGLEEF peptides was 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.
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FRET peptide cleavage assays

Time course kinetic experiments with PPEPs were performed using fluorescent FRET-
quenched peptides. FRET peptides consisted of LySpabey-EXXPPXXD-GlUggans, in Which X
varied between the different peptides tested. To test cleavage of FRET peptides by
PPEPs, 75 pL of FRET peptide (100 pM in PBS) was added to a well of a 96-well Cellstar
black plate (Greiner). Immediately prior to the assay, 75 pl PBS containing a PPEP (0.2-1
pg) was added. Peptide cleavage was measured using the Envision 2105 Multimode Plate
Reader. Fluorescence intensity was measured each minute for 1 h, with 10 flashes per
measurement. The excitation and emission wavelengths were 350 nm and 510 nm,
respectively. When comparing PPEP-1, PPEP-2, and PPEP-3 in a single experiment, the
relative fluorescence was determined by regarding the highest signal as 100%.

Bioinformatic analyses

PPEP-3 structure prediction was carried out using Colabfold [199] with the following
parameters: template mode=none, MSA mode=MMseqs2, pair mode=unpaired+paired,
model type=auto, and number of recycles=3. Signal peptide predictions were performed
using DeepTMHMM [268] and SignalP 6.0 [269]. For sequence alignments, the Clustal
Omega Multiple Sequence Alighment tool was used [272].

The cleavage motifs were created using Weblogo 3 [273] with the units set to probability.
The sequences logos were generated based on the relative intensities of the 10 most
abundant product peptides for each PPEP. A list with these 10 product peptides was
created, in which each individual peptide occurred a number of times, according to its
relative abundance to the other peptides. For example, if product ‘A’ was 100 times more
abundant than product ‘B, product ‘A’ was present 100 times more in this list than
product ‘B'.
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Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium [200] via the PRIDE [201] partner repository with the dataset identifier
PXD038277.
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Figure S3. Synthetic PXP/PPX product peptides display distinct fragmentation spectra. Synthetic
peptides with either a PXP or PPX motif were analyzed using LC-MS/MS.

118



Profiling the prime-side specificity of PPEPs

A
100 2792 PHPGGLEEF
g PPHGGLEEF | 28417
@
Q
c
o
°
c
3
e}
©
o
>
=]
]
[
o«
3 ' 10 ' 20 : tL3‘0 : 40 50
Time (min)
B _PLPGGLEEF
7,
100 PIPGGLEEF_ 3749
36.76
Q
Q
o
o
°
c
3
o
©
o
>
F=
o
[}
o
0 T T T T T T T L T T 1
0 10 20 ) .30 40 50
Time (min)
3689
1005 PPIGGLEEF
PPLGGLEEF
o /
o 37.72
[
L)
°
=4
3
Q
©
Q
>
=]
S0
9]
o
c T T T T T T T 1
0 10 0 30 40 50
Time (min)
c
36.81
100 \ 3684
@ PIPGGLEEF/PPIGGLEEF
E / Non-determinable by MS2 spectra
2
3 36.88
® Y
[
>
E=]
©
o]
-3
0T T | T T T
35 36 37 38 39 40
Time (min)
37.51
100 A% 3769
PLPGGLEEF [
g PPLGGLEEF
s
]
2
3
o
®
v
>
k=
k]
[
o«
Y T T T | T T
35 36 37 38 39 40
Time (min)
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peaks is based on LC-MS/MS analyses of the two peptides separately (data not shown). B) PXP/PPX peptides
that contain either a Leu or lle residue are separated on a C18 column. Assignment of the peaks is based
on LC-MS/MS analyses of the two peptides separately (data not shown). C) PIPGGLEEF and PPIGGLEEF are
not fully separated on a C18 column. Although some separation is observed, no conclusions could be made
about the order of elution. However, panel B shows a lower retention time for PIPGGLEEF. PLPGGLEEF and
PPLGGLEEF are, although not completely, separated on the column.
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Figure S5. PPEP-1 can cleave a VNPPPH peptide but not a VNPPHP peptide. FRET-quenched peptides
containing either VNPPHP or VNPPPH were incubated with PPEP-1 for 1 h. Fluorescence was measured in a
fluorescence microplate reader.
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Figure S6. Extracted ion chromatograms of PXP/PPX product peptides from three independent
incubations of the full peptide library with PPEP-1, -2 and -3. See also Figure 5.
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Figure S8. Signal peptide prediction of putative PPEP-3 substrates in G. thermodenitrificans. A)
Overview of the proteins and their predicted PPEP-3 cleavage motifs. B) Signal peptide prediction by
SignalP 6.0. C) Signal peptide prediction by DeepTMHMM.
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Abstract

A group of bacterial proteases, the Pro-Pro endopeptidases (PPEPs), possess the unique
ability to hydrolyze proline-proline bonds in proteins. Since a protease’s function is
largely determined by its substrate specificity, methods that can extensively
characterize substrate specificity are valuable tools for protease research. Previously,
we achieved an in-depth characterization of PPEP prime-side specificity. However, PPEP
specificity is also determined by the non-prime-side residues in the substrate.

To gain a more complete insight into the determinants of PPEP specificity, we
characterized the non-prime- and prime-side specificity of various PPEPs using a
combination of synthetic combinatorial peptide libraries and mass spectrometry. With
this approach, we deepened our understanding of the P3-P3’ specificities of PPEP-1 and
PPEP-2, while identifying the endogenous substrate of PPEP-2 as the most optimal
substrate in our library data. Furthermore, by employing the library approach, we
investigated the altered specificity of mutants of PPEP-1 and PPEP-2.

Additionally, we characterized a novel PPEP from Anoxybacillus tepidamans, which we
termed PPEP-4. Based on structural comparisons, we hypothesized that PPEP-4 displays
a PPEP-1-like prime-side specificity, which was substantiated by the experimental data.
Intriguingly, another putative PPEP from Clostridioides difficile, CD1597, did not display
Pro-Pro endoproteolytic activity.

Collectively, we characterized PPEP specificity in detail using our robust peptide library
method and, together with additional structural information, provide more insight into
the intricate mechanisms that govern protease specificity.
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Introduction

Proteases represent a diverse and indispensable class of enzymes that play pivotal roles
in cellular homeostasis, protein turnover, and the regulation of various biological
pathways. Their ability to hydrolyze peptide bonds is vital for the activation, maturation,
or degradation of proteins. Among the diverse array of proteases found across different
organisms, bacterial proteases are particularly intriguing due to their significance in
bacterial physiology [274,275], pathogenesis [276,277], antimicrobial drug targets [278]
and biotechnological applications [279].

Protease function is largely determined by substrate specificity, i.e., which residues are
tolerated surrounding the cleavage site. Proline residues, for instance, are generally
excluded as part of the cleavage site due to their cyclic structure, imposing
conformational constraints that hinder proteolytic cleavage [152,280]. However, several
proteases have been described that selectively cleave N- or C-terminally of proline
residues [281-284]. A notable group of bacterial proteases, the Pro-Pro endopeptidases
(PPEPs), possess the unique ability to specifically hydrolyze proline-proline bonds.

PPEPs are predicted to be present in many bacterial species [148] and several PPEPs
have been characterized [147,157,230]. Although these enzymes appear very similar
based on their protein sequence, small structural differences result in distinct substrate
specificities [230]. PPEP specificity is at the minimum dependent on the six residues
flanking the cleavage site (P3-P2-P1|P1'-P2'-P3’, Schechter and Berger nomenclature
[17]), with the permissible residues dictated by interactions within the active site. A
comprehensive understanding of PPEP specificity holds promise for predicting
endogenous substrates, facilitating industrial applications, developing inhibitors, and
their use as potential biomarkers.

Several methods are available to profile protease specificity, such as gel- and
fluorescence-based methods [285], N-terminomics approaches [20,23], and library
methods. For the latter, approaches using phage display [169,170], positional scanning
[286], proteome-derived libraries [24] and synthetic combinatorial peptide libraries exist
[240,258]. Synthetic combinatorial peptide libraries consist of systematically
synthesized peptides that cover all possible amino acid combinations around a cleavage
site. Compared to proteome-derived peptide libraries, synthetic combinatorial peptide
libraries contain potential substrates in equimolar amounts, which allows for a more
quantitative approach.

Previously, we reported a novel method to profile PPEP prime-side specificity by
combining the use of a synthetic combinatorial peptide library with LC-MS/MS analysis
[230]. In this approach, protease-generated product peptides are enriched by negative
selection and subsequently analyzed by LC-MS/MS. This approach allowed for an in-
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depth characterization of the prime-side specificity of PPEP-1, PPEP-2, and PPEP-3 and
revealed the differences between the three PPEPs. However, PPEP specificity is also
determined by the substrate’s non-prime-side residues. To obtain a thorough
understanding of PPEP specificity, a method that allows for the characterization of the
non-prime-side specificity is needed as well.

In order to achieve an integrated analysis of both non-prime- and prime-side
specificities, we expanded our combinatorial peptide library method by synthesizing a
complementary library that allowed us to profile the non-prime-side specificity of PPEPs.
In addition, profiling of the complete specificity of PPEPs was achieved by combining the
non-prime- and prime-side libraries. We not only used our method with known PPEPs
but also applied it to determine the specificity of two uncharacterized PPEP homologs
from both Clostridioides difficile (formerly known as Clostridium difficile) and Anoxybacillus
tepidamans. By combining the specificity profiles of PPEPs with structural information,
we elaborate on the structure-function relationship of PPEPs.
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Results and Discussion

Design and testing of a synthetic combinatorial peptide library to determine PPEP
non-prime-side specificity

To determine the non-prime-side specificity of PPEPs, we constructed a new synthetic
combinatorial peptide library according to the sequence PTEDAVXXPPXXEZZO motif
(X=any residue except Cys, Z=6-aminohexanoic acid, O=Lys(biotin)-amide) (Figure 1A).
In analogy with the previous library that was used to determine the prime-side
specificity of PPEPs (Figure 1A) [230], the two core Pro residues (P1-P1’) were fixed while
surrounding positions (P3-P2, P2'-P3’) could contain any amino acid residue (except Cys,
omitted to prevent disulfide bridges). In contrast to the prime-side library, the biotin in
the new library was added at the C-terminus, while the peptide tail was added to the N-
terminus. The sequence of this tail (PTEDAV) showed good chromatographic behavior
and fragmentation characteristics (data not shown) and was based on product peptides
from the endogenous substrates of PPEP-1 [146]. Collectively, the new library was
designed to allow for the identification of PTEDAVXXP product peptides following a
similar approach as previously described (Figure 1B) [230].

To test the specificity profiling potential of the newly synthesized peptide library, we
incubated the library with PPEP-1 and PPEP-2 and created extracted ion chromatograms
(EICs) of the product peptides after LC-MS/MS analysis (Figure 2). Previously, we
reported that PPEP-1 and PPEP-2 have a markedly different non-prime-side specificity
since the proteases are unable to cleave each other’s substrates [157]. In addition, PPEP-
1 is known to tolerate multiple amino acids at the P2 and P3 positions [146], while for
PPEP-2 the non-prime-side specificity has been less explored. The data in Figure 2
corroborated the difference in non-prime specificity between PPEP-1 and PPEP-2, since
most of the product peptides were not shared between the two PPEPs. In addition, it
was readily apparent that the non-prime-side specificity was less stringent for PPEP-1
than for PPEP-2, i.e., more different product peptides were needed to account for >90%
of the total intensity.

131



Chapter 5

A Non-prime-side library Prime-side library

P3 P2 P1P1'P2' P3’ g P3 P2 P1P1'P2’'P3’
ECEEEOVOOG@DOD B @G@O BDCELEE®

PPEP PPEP
Library design and synthesis Pre-cleaning on Incubation with PPEP
Avidin beads
Biotin
g Eluate P3 P2 P1P1'P2' P3’
EOEOAOV@RD@@DDEEK) m— — OOEOAVEOO@DR EEm)
PPEP

Removal of non-biotinylated 50
peptides by washing 3-,,’,‘-'!

Streptavidin beads

Determine non-prime-side specificity LC-MS/MS analysis Capture of

biotinylated
peptides

— J‘}Ef.}_r Flow through

EOEEEOVO®

m/z

Figure 1. Design of the non-prime-side synthetic combinatorial peptide library. A) Design of the non-
prime-side library (left) and the previously described prime-side library (right) [230]. The expected cleavage
site is indicated with an arrow and biotin is represented in green. Ahx=6-aminohexanoic acid. B) Strategy
for determining the non-prime-side specificity of PPEPs. Nonbiotinylated peptides are removed by washing
the peptide library on an avidin column. Then, the eluted peptide library is incubated with a PPEP and
subsequently loaded onto a streptavidin column. The biotinylated peptides are captured, while the
PTEDAVXXP product peptides pass through the column. The product peptides are analyzed by LC-MS/MS,
after which the non-prime-side specificity can be determined. Figure was adapted from Claushuis et al.
(2023) [230], which is available under Creative Commons Attribution 4.0 International License.
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Figure 2. Incubation of the non-prime side combinatorial library with PPEP-1 and PPEP-2. Peptides were

incubated with either A) PPEP-1 or B) PPEP-2. After product peptide enrichment and analysis with LC-MS/MS,
a database search was performed using an in-house created database containing the 130.321 possible 16-
mer peptides. The results were filtered for the 9-mer product peptides corresponding to the cleavage
between the two fixed prolines (PTEDAVXXP). From these, the most abundant product peptides that
together accounted for >90% of the total intensity were used to create an EIC. To distinguish between
isomeric product peptides, manual inspection of MS/MS spectra, combined with LC-MS/MS of additional
synthetic peptides, was performed. Mass tolerance was set to 5 ppm. An untreated control sample was
included. *A molecule corresponding to the mass of PTEDAVPHP (481.7325, [M+2H]?*) was observed but
MS/MS spectra indicate no PTEDAVXXP product peptide.

Also with the new library, the assignment of specific product peptides was based on
manual inspection of MS/MS spectra and additional LC-MS/MS analyses of candidate
product peptides. For example, this allowed us to unambiguously assign the major
product peptide of PPEP-2 as PTEDAVPLP and not PTEDAVPIP (Figures 2 and 3A).
Moreover, a cleavage assay with PPEP-2 and FRET-quenched peptides showed that
PLPPVP is cleaved much more efficiently than PIPPVP by PPEP-2 (Figure 3C). Similar
analyses were used to correctly assign other isomeric peptides, e.g. PTEDAVHIP,
PTEDAVHLP, PTEDAVIHP and PTEDAVLHP (Figures 3B,D).
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Figure 3. Additional analyses using synthetic peptides to assign product peptides. To correctly assign
product peptides with equal masses, several peptides were synthesized to assess the separation during LC
or the proteolysis by PPEP-2. A) Separation of PTEDAVPLP and PTEDAVPIP. B) Separation of peptides from
the non-prime-side library containing HIP/HLP/IHP/HLP (P3-P1). C) Time course of PPEP-2 mediated cleavage
of the synthetic FRET-quenched peptides Lys(Dabcyl)-EP(I/L)PPVPD-GIu(EDANS). D) Time course of PPEP-2
mediated cleavage of the synthetic FRET-quenched peptides Lys(Dabcyl)-EH(I/L)PPVPD-Glu(EDANS).

We also removed two 9-mer product peptides from our analyses, PTEDAVGGP and
PTEDAVAGP, because manual inspection of the data demonstrated that they
corresponded to the isomeric 8-mer peptides PTEDAVNP and PTEDAVQP, resulting from
cleavage before the first fixed Pro at P1 in our design (PTEDAVXX| PPXX).

Although the product peptide signals in the PPEP-2 treated sample and the untreated
control greatly differ due to the proteolysis by PPEP-2, the signals in the PPEP-2 treated
sample are approximately two orders of magnitude lower compared to the signals we
observe in the PPEP-1 treated sample (Figure 2). Previously, we observed roughly five
times lower signals for PPEP-2 prime-side product peptides compared to those of PPEP-
1 [230]. This is a markedly smaller difference than we have observed in our non-prime-
side results. A likely explanation is that, either for PPEP-1 or PPEP-2, the P4 or the P4
position also determines substrate specificity, since these differ in the designs of both
peptide libraries while all other factors remained constant (Figure 1).
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Overall, the results with PPEP-1 and PPEP-2 as described above were in line with our
expectations and showed that profiling of PPEP specificity could be achieved with the
non-prime-side peptide library.

Profiling the non-prime- and prime-side specificity of PPEPs in a single experiment

Having tested the new library, we next sought to profile the P3-P3' specificity of PPEPs
in a single experiment. To this end, we mixed the previously described prime-side
peptide library [230] with the newly synthesized non-prime-side library (1:1) and
incubated the mixture with either PPEP-1 or PPEP-2. The total amount of peptides was
left unaltered, meaning that in comparison to the non-prime-side library experiment,
only half the amount of each peptide was used. The results of the LC-MS/MS analyses
were used to create EICs of the product peptides (Figures 4A,B). Based on the intensities
of the product peptides, we constructed logos depicting the relative occurrence of a
residue at a position surrounding the cleavage site (Figures 4C,D). The logos show how
strongly the specificity at a position surrounding the cleavage site is determined by
certain residues. Although the logos in Figures 4C,D do not take subsite cooperativity
into account (they only show the relative occurrence of a residue at a certain position in
the product peptides), this is the case for the EICs (Figures 4A,B). Therefore, the EICs
and logos are complementary to each other. Since we make use of two different peptide
libraries, we cannot draw conclusions about the subsite cooperativity spanning the
cleavage site, e.g., the influence of a residue at the P2 position on the tolerance by a
protease for a residue at the P2’ position.
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Figure 4. Incubation of the mixed non-prime- and prime-side libraries with PPEP-1 and PPEP-2. The non-
prime- and prime-side libraries were mixed and the peptides were incubated with either A) PPEP-1 or B)
PPEP-2. The product peptides were analyzed using LC-MS/MS. Results were searched against a database
containing all 722 9-mer product peptides based on cleavage between the two fixed prolines, i.e.,
PTEDAVXXP and PXXGGLEEF (X#Cys). The most abundant products that together account for >90% of the
total abundance per library were used to create the EICs. Mass tolerance was set to 5 ppm. An untreated
control sample was included. *A molecule corresponding to the mass of PTEDAVPHP (481.7325, [M+2H]?)
was observed but MS/MS spectra indicate no PTEDAVXXP product peptide. C) and D) The results from the
EICs were used to create a logo that displays the observed frequency of a residue at positions P3-P3’ for
PPEP-1 (C) and PPEP-2 (D). E) Time course of PPEP-1 mediated cleavage of the synthetic FRET-quenched
peptides Lys(Dabcyl)-EV(N/H/R/K)PPPPD-GIu(EDANS).
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First of all, the new data for the prime-side specificity of PPEP-1 and PPEP-2 are
consistent with our previously reported data [230], thereby demonstrating the excellent
reproducibility of the method, even with the inclusion of the new combinatorial peptide
library in the experiment (Figures 4C,D).

Notably, for PPEP-1, the logo highlights the variability of permissible residues at the P3
position. This observation aligns with biological expectations, since the endogenous
substrates (CD2831 and CD3246) have a Val, lle, or Leu at the P3 position, suggesting a
lower stringency at this position for PPEP-1 activity in C. difficile [147]. In the context of
an Asn at the P2 position, as is the case in the endogenous substrates of PPEP-1, product
peptides containing TNP and HNP (although the intensity of this signal is influenced by
the ESI response factor [230,266]) are among the highest signals aside from VNP (Figures
2A and 4A). In the PPEP-1 cocrystal with substrate VNPPVP (P3-P3’), the Tyr94, Leu95,
Trp110, and Leu116 are found in close proximity to the Val (P3) and likely influence the
P3 specificity (Figure 5A) [162]. Substitution of the Val (P3) with a Thr in the PPEP-1
cocrystal had no consequences, because of their similar sizes and the absence of
attractive or repulsive polar interactions (Figure 5B). However, substituting the Val (P3)
with His could produce polar interactions with the Tyr94 in PPEP-1 (Figure 5C),
potentially strengthening the interaction between protease and substrate. In this
configuration, the His side chain extended away from the P3 contacting residues, which
might be a common mechanism to mitigate steric clashes and could explain the high
variability of residues at the P3 position.

In line with the data presented above (Figure 2), the PPEP-1 logo shows a high
preference for His at the P2 position (Figure 4C). This is surprising since this residue is
not observed at the P2 position in the endogenous substrates. The high abundance of
His and the other basic amino acids (Arg and Lys) in the logos could relate to their
ionization efficiency [266]. To assess how well His is tolerated at the P2 position
compared to Asn and the other basic amino acids, a cleavage assay using FRET-
quenched peptides was performed (Figure 4E). Although the His at the P2 position is
well tolerated by PPEP-1, an Asn at that position produces the optimal substrate. In line
with Figure 4A, VRP (P3-P1) is cleaved less efficiently than VHP, while VKP represents a
very poor substrate.

The preference of PPEP-1 for Asn at the P2 stems from the interactions of the side chains
of Lys101 with the side chains of Glu184, Glu185, and the Asn at the P2 position,
collectively termed the KEEN interface [162]. Modeling of a PPEP-1 cocrystal with a
substrate in which the Asn has been substituted for a His residue reveals that the
histidine side chain can interact with Lys101 via hydrogen bonding as well (Figure 5D).
In addition, the backbone atoms of the His interact with Gly117, similar to Asn. In the
interaction as shown in Figure 5D, the electronegative nitrogen (N1) of His interacts with
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the protonated Lys101. However, in the case of His protonation, this interaction might
be lost. To test this, we incubated PPEP-1 with the substrate VHPPPP at various pH values
(Figure 5E). At pH 5.8, we expected most of the His to be protonated since the pKa of
the His side chain is 6.04. To see the effect of His protonation rather than the effect of a
lower pH on the PPEP activity in general, we also included the substrate VNPPPP as a
control. When comparing the initial slope of the reactions, the reactions of both
substrates were similar at pH 7.5 and 8.0. However, by lowering the pH, VHPPPP
cleavage became increasingly less efficient compared to VNPPPP, and at pH 5.8, the
initial slope of the VHPPPP reaction was around 6x lower than that of VNPPPP. This
indicated that protonation of the His at P2 inhibits cleavage by PPEP-1, likely due to the
loss of the interaction with the Lys101.

Importantly, the results of our synthetic combinatorial peptide library approach
demonstrate the ability to identify endogenous substrates using this method as Figures
4B,D clearly show the preference of PPEP-2 for PLPPVP (P3-P3’). When forming a
hypothesis about the endogenous substrates without any other prior knowledge, a
search for this motif in the proteome of P. alvei directly leads to the identification of the
endogenous substrate VMSP of PPEP-2 [14]. Previous modeling of PPEP-2 with the
endogenous substrate PLP|PVP (P3-P3’) predicted the Pro at the P3 to produce a kink in
the polypeptide, thereby redirecting the upstream polypeptide away from the salt
bridge formed by Glu113 and Arg145 [157]. The need for this diversion was supported
by the data in Figure 4D, since the presence of a Pro at the P3 position was a strong
determinant for proteolytic activity.
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Figure 5. Structural basis for the P3 and P2 specificity of PPEP-1. A) The cocrystal of PPEP-1 with
substrate VNPPVP (cyan, PDB: 6R5C). The Val at the P3 position of the substrate is shown in green. The P3
contacting residues Tyr94, Leu95, Trp110, and Leu116 are shown as sticks. B) Substitution of the Val at the
P3 position with Thr. No steric clashes or polar interactions were formed. C) Substitution of the Val at the
P3 position with His. Polar interactions are shown as a green dotted line. Of note, a second rotamer in
which the imidazole ring is rotated 180° is possible, but this produces a weaker interaction (hydrogen
bonding distance=3.5 A). D) Cocrystal structure of PPEP-1 (green, PDB: 5A0X) with a substrate peptide
(orange) in which the Asn is substituted by a His. Yellow dotted lines indicate the interactions between
residues. E) Time course of the PPEP-1 mediated cleavage at different pH with FRET-quenched peptides
Lys(Dabcyl)-EV(H/N)PPPPD-GIU(EDANS) (left). The initial slope represents the increase in fluorescence in
the first 5 min. The ratios of the initial slopes were calculated to compare both reactions (right).
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Exchanging the B3/B4 loop of PPEP-1 and PPEP-2 shifts specificity towards one
another

While PPEP-1 and PPEP-2 share a close relationship, their non-prime-side specificity
exhibits marked differences. Among other structural elements, the B3/B4 loop plays a
role in non-prime-side specificity [157]. Notably, this loop varies largely between the two
proteases. Previous studies demonstrated that replacing the 33/B4 loop of PPEP-2
("2SERV'®) with that of PPEP-1 ('""GGST'®) alters the enzyme's preference for the P3
position, shifting from Pro to Val and making it more PPEP-1-like [157].

Surprisingly, this effect was not mirrored in PPEP-1, as the mutant PPEP-1sy failed to
cleave the tested peptides VNPPVP and PLPPVP. To gain a more comprehensive
understanding of the significance of the B3/B4 loop for PPEP specificity, we conducted
experiments using the combined non-prime- and prime side libraries incubated with
PPEP mutants (PPEP-1serv and PPEP-2cs1). EICs of the non-prime-side product peptides
with VNP (PPEP-1 substrate), PLP (PPEP-2 substrate), and their combinations PNP and
VLP, were generated (Figure 6).

As expected, for wild-type (WT) PPEP-1, VNP was the predominant product peptide.
However, the mutant PPEP-1s:v displayed a shift in specificity towards PPEP-2,
evidenced by increased signals for PNP and PLP product peptides, whereas the
specificity for VLP remained unchanged. Conversely, PPEP-2¢sst exhibited a similar shift
towards WT PPEP-1 specificity, with a relative increase in signals for PNP, VNP, and VLP
compared to PPEP-2. Notably, the original substrates continued to be favored,
suggesting that the (B3/B4 loop is not the primary determinant of non-prime-side
specificity. Instead, residues Lys101 and Glu184 in WT PPEP-1 that are part of the KEEN
interface [162] and interact with the Asn at the P2 position (aligning with residues Arg96
and T180 in PPEP-2), may play a more decisive role in P3 and P2 specificity. Additionally,
the B3/B4 loop in PPEP-2 is stabilized by a salt bridge between residues Glu113 and
Arg145 [157]. However, this stabilizing interaction might be absent in PPEP-1serv due to
the substitution of Arg145 with His in WT PPEP-1. Consequently, the steric hindrance
caused by this salt bridge might be absent in PPEP-1segy, potentially allowing a Val at the
P3 position.

It's worth noting that PPEP-1sgy, previously incapable of cleaving FRET-quenched
peptides containing the VNPPVP and PLPPVP sequences [157], now demonstrated
tolerance for both VNP and PLP at the non-prime-side. Prime-side specificity remained
unaffected by the mutation, with PVP (P1'-P3’) product peptides present post-incubation
with PPEP-1sev (Supplemental Table S1). Discrepancies between current and previous
results may be attributed to differences in the P4 position, where the FRET-quenched
peptides featured a Glu, while the non-prime-side library had a Val at that position.
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Figure 6. Altered non-prime-side specificity of PPEP-1serv and PPEP-2¢ast. EICS were constructed for the
product peptides containing the non-prime-side P3-P1 sequences VNP, PLP, VLP, and PNP after incubation
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or PPEP-2cast (bottom right panel).
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A second putative PPEP from C. difficile does not exhibit Pro-Pro endopeptidase
activity

In C. difficile, a second PPEP-like protein, CD1597 (Gene: CD630_15970, UniProt ID:
Q186F3), is present. Interestingly, CD1597 differs from the PPEPs that have hitherto
been described in several ways. Apart from a PPEP-like domain, CD1597 contains an
additional N-terminal domain that makes up about half of the protein. Moreover, in
contrast to the other PPEPs, CD1597 is not predicted to contain a signal peptide for
secretion. Furthermore, several amino acid insertions in CD1597 are observed in a
sequence alignment with PPEP-1 and PPEP-2. However, these insertions are not found
within the presumed active site of CD1597.

To assess the capability of CD1597 to hydrolyze Pro-Pro substrates, we conducted
separate incubations of non-prime- and prime-side libraries with CD1597. Subsequent
database searches aimed at identifying product peptides did not reveal the formation
of any products. Therefore, to visualize the data, we constructed EICs for all the possible
9-mer product peptides (PTEDAVXXP and PXXGGLEEF) (Figure 7). In contrast to the
previous experiments, the intensity of signals in the treated samples was comparable
to those in the control samples, indicating a lack of proteolytic activity of CD1597. In
some cases, however, a signal was exclusively observed in the treated sample, but
manual inspection of the MS/MS spectra indicated no product peptides of any kind. To
rule out the possibility of an inhibitory effect of the N-terminal domain that is absent in
other PPEPs, experiments with only the predicted proteolytic domain were conducted
but yielded similar results (data not shown). Additional investigations into CD1597, using
both FRET-quenched and plain peptide cleavage assays, consistently revealed no
cleavage (data not shown). In light of all these findings, we conclude that, despite its
structural resemblance to a PPEP, CD1597 does not exhibit PPEP-like activity.
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Figure 7. Incubation of the separate non-prime- and prime-side libraries with CD1597. The non-prime-
and prime-side libraries were separately incubated with CD1597. EICs were constructed that include all
possible 9-mer product peptides (PTEDAVXXP and PXXGLEEF).

The underlying cause of CD1597’s inactivity remains elusive. Although we cannot rule
out the possibility that we have purified an inactive recombinant protease, we find this
unlikely given the previous work on other PPEPs for which we use similar purification
routines. While the absence of activity could suggest CD1597 is a pseudoprotease, it's
noteworthy that the protein harbors an intact catalytic HEXXH motif, which contradicts
the typical characteristics of a pseudoprotease [221,222]. Interestingly, we have only
identified a single peptide of CD1597 in two extensive proteome analyses of overnight
cultures of C. difficile [233], proving that CD1597 has a very low abundance. However,
CD1597 has been identified in larger quantities in the spore coat/exosporium layer of C.
difficile spores [91]. In the context of C. difficile spores, two other pseudoproteases,
namely CspA and CspB, have been identified, and they play crucial roles in spore
germination [227]. The seemingly exclusive presence of CD1597 in spores could indicate
a potential involvement in spore germination, either as a pseudoprotease or as a
zymogen that requires specific stimuli for activation. Further exploration is needed to
unravel the precise role of CD1597 in the context of C. difficile spores and to elucidate
the factors influencing its apparent inactivity in our library assays.
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Specificity profiling of a novel PPEP from Anoxybacillus tepidamans

Bioinformatic analysis predicted the presence of a PPEP homolog in the thermophilic
bacterium Anoxybacillus tepidamans (gene: HNQ34_002771, UniProt ID: AOA7W8IRZ3)
[148]. This protein, hereafter designated as PPEP-4, showed a close phylogenetic
relationship to the previously described PPEP-3 from Geobacillus thermodenitrificans
[148]. In fact, A. tepidamans was initially proposed to be a member of the genus
Geobacillus, further demonstrating the close relationship of these organisms [287].

Prior investigations into the prime-side specificity of PPEP-3 indicated a strong
preference for prolines at the P2" and P3’ positions, in contrast to the more versatile P2’
specificity of PPEP-1 and -2 (Figure 4 and [230]). The primary structure of PPEP-4 very
closely resembles that of PPEP-3, although some differences are observed (Figure 8A).
Notably, the substitution of Phe190 in PPEP-3 with Leu in PPEP-4, similar to PPEP-1,
stood out. In PPEP-1, this residue is close to the P2’ Val in the substrate VNP |PVP [162].
Likely, the Phe190 in PPEP-3 causes steric hindrance for a Val and most other residues
at the P2’ position (Figure 8B) and causes the need for a Pro to redirect the substrate
elsewhere.

We hypothesized that the substitution of Phe190 in PPEP-3 to Leu in PPEP-4 could render
the P2’ specificity of PPEP-4 more akin to that of PPEP-1. To test this, we profiled PPEP-4
specificity using the combinatorial peptide libraries. Following LC-MS/MS analysis, a
database search was performed using the database containing all possible 9-mer
product peptides (PTEDAVXXP and PXXGGLEEF). In the experiments described above, we
only included the most abundant product peptides that together accounted for >90% of
the total intensity. However, in the case of PPEP-4, it became apparent that the non-
prime-side specificity was highly diverse, and that the >90% cut-off value included too
many substrates for meaningful visualization while many of them were very minor
substrates. For clarity, we therefore decided to include only product peptides that
represented at least 1% of the total intensity for both the non-prime- and prime-side
product peptides. Using these product peptides, an EIC and logo were created to depict
the P3-P3' specificity of PPEP-4 (Figure 9B).
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Figure 8. Comparison of PPEP-4 from Anoxybacillus tepidamans with PPEP-1 and PPEP-3. A) Sequence
alignment of PPEP-1, PPEP-3, and PPEP-4 created using the Clustal Omega multiple sequence alignment
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Figure 9. P3-P3' specificity of PPEP-4 from Anoxybacillus tepidamans. A) The non-prime- and prime-side
libraries were mixed and the peptides were incubated with PPEP-4. The product peptides were analyzed
using LC-MS/MS and a database search was performed to identify and quantify the products. Results were
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P3-P3’ for PPEP-4. C) Time course of PPEP-4 mediated cleavage of the synthetic FRET-quenched peptides
Lys(Dabcyl)-EVNPPHPD-GIu(EDANS) and Lys(Dabcyl)-EVNPPPHD-GIu(EDANS). D) Time course of PPEP-4
mediated cleavage of the synthetic FRET-quenched peptide Lys(Dabcyl)-EQNPPPP-GIUu(EDANS). E) Time

course of PPEP-4 mediated cleavage of the synthetic FRET-quenched peptides

E(QN/VN/VL/HL/VS)PPVP-GIUu(EDANS).
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For the prime-side specificity of PPEP-4, PPP (P1'-P3’) is by far the most abundant product
peptide, but also the PVP, PIP, and PLP product peptides are formed (Figure 9A),
resembling a PPEP-1-like specificity profile [230]. Since the substitution of the Phe190 in
PPEP-3 to the Leu in PPEP-4 is the only difference between the P2’ contacting residues,
we find it likely that the residue at this position is a large determinant for P2’ specificity.
Furthermore, a product peptide containing the PPQ sequence (P1'-P3’) was found for
PPEP-4, characteristic of PPEP-3 but not PPEP-1 [230]. Lastly, PPH (P1'-P3') is tolerated by
PPEP-4, similar to both PPEP-1 and PPEP-3. Initially, MS/MS spectra were inconclusive on
the identity of the product peptide, i.e., it was either PPH or PHP. However, incubation
of PPEP-4 with the FRET-quenched peptides containing VNPPPH and VNPPHP
demonstrated that PPEP-4 exclusively cleaves VNPPPH, similar to PPEP-1 (Figure 9C)
[230]. Collectively, although PPEP-4 is highly similar to PPEP-3, PPEP-4's prime-side
specificity shows characteristics of both PPEP-1 and PPEP-3.

Although PPEP-1 tolerates many residues at the P3 and P2 positions (Figures 4A,C),
PPEP-4 displays even greater flexibility (Figures 9A,B). A comparison of the residues that
are proximal to the P3 and P2 position in the PPEP-1 co-crystal with substrate VNPPVP
and that differ biochemically between PPEP-1 and PPEP-4 (Alphafold model) revealed
several residues that can influence P3-P2 specificity (Figure 8C). First, Tyr92 in PPEP-1 is
substituted by an Ala in PPEP-4. In addition, Thr120 is substituted by a His that is
predicted to be further removed from the active site. Together, these differences might
reduce the steric hindrances at the P3 (and possibly P4) positions. Furthermore, several
other residues in PPEP-1 that are close to the P3-P2 residues are substituted in PPEP-4.
Although these substitutions do not seem to reduce steric hindrances, their different
biochemical properties might influence the intra- and intermolecular interactions that
make the non-prime-side specificity of PPEP-4 more permissible. Further investigations
of the structure-function relationships in PPEPs necessitate additional co-crystal
structures.

A search for candidate substrates in the proteome of A. tepidamans focused on the
motifs P|PPP, P|PVP, P|PIP, P|PPH, and P|PPQ (|=supposed cleavage site), resulting in
the identification of 14 candidate substrates. Given the predicted secretion of PPEP-4,
an analysis of these 14 candidates using SignalP 6.0 identified a single secreted protein,
a predicted lipoprotein (gene: HNQ34_001056, UniProt ID: AOA7WS8IQP4). This
lipoprotein is predicted with high confidence to possess a Sec/SPII signal sequence for
integration in the lipid membrane and contains its putative cleavage site (QNP|PPP)
close to the location of lipid insertion. Although a FRET-quenched peptide with the core
sequence QNPPPP is cleaved, proteolysis was incomplete after 1 h of incubation (Figure
9D). A comparison with other peptides in our collection that were selected based on
their high abundance at the non-prime-sides in the logo in Figure 9B shows that QNP
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(P3-P1) is indeed poorly tolerated (Figure 9E). However, the endogenous substrate of
PPEP-4 does not necessarily need to possess the most optimal cleavage sequence, as is
the case for PPEP-1 [146].

PPEP-1 and PPEP-2 are involved in adhesion/motility by cleaving large adhesive surface
proteins, thereby releasing the cells. The lipoprotein in A. tepidamans differs from these
substrates due to its small size and the lack of any predicted domains (or any other
structural elements aside from the signal peptide). Another surface protein that does
possess adhesion domains in the same organism and that contain PPEP-like cleavage
motifs is the Penicillin-binding protein 1A (HNQ34_000435, UniProt ID: AOA7WS8IMR6).
The Penicillin-binding protein 1A is predicted to possess a transpeptidase domain, but
also a Fibronectin type Ill (FN3) domain, which is known to be capable of binding
components of the extracellular matrix, integrins, and possibly carbohydrates [288,289].
Interestingly, this protein contains a putative PPEP cleavage site directly upstream of the
FN3 domain (EQPPAP) and two putative cleavage sites downstream of the FN3 domain
(PTPPAP and TNPPAP), although these sites seem to represent poor substrates under
our experimental conditions. Additional experiments such as bacterial surface-shaving
[290] of A. tepidamans with PPEP-4 could provide more insight into the endogenous
substrates of this member of the PPEP family.

Conclusion

We developed an approach to characterize both the non-prime- and prime-side-
specificity of PPEPs by combining the use of synthetic combinatorial peptide libraries
with LC-MS/MS. Using this method, we deepened our understanding of the specificity of
the previously characterized PPEP-1 and PPEP-2. Importantly, we were able to identify
PPEP-2's endogenous substrate sequence PLPPVP as the optimal substrate using our
library method. In addition, we profiled the specificity of a novel PPEP from A.
tepidamans, which we termed PPEP-4. Based on structural comparisons of PPEP-4 with
other PPEPs, we predicted a P2’ specificity that resembles that of PPEP-1, which was
confirmed by our data. Moreover, investigation of mutants of PPEP-1 and PPEP-2 that
had their B3/B4 loop swapped showed that the non-prime-side specificity shifted
towards each other, demonstrating the involvement of this loop in determining
substrate specificity. For a second putative PPEP from C. difficile, however, no Pro-Pro
endoproteolytic activity was observed. Finally, after including the non-prime-side
peptide library, the prime-side profiles of PPEP-1 and -2 were in line with previously
reported data, thereby demonstrating that the synthetic combinatorial library approach
is a robust method with excellent reproducibility.
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Experimental procedures

Expression and purification of recombinant PPEPs

PPEP-1, PPEP-2, PPEP-1serv, and PPEP-2qest were expressed and purified as previously
described [146,157]. For the expression of PPEP-4, a pET-16b vector containing an E. coli
codon-optimized 10xHis-PPEP-4 (lacking the signal peptide) construct was ordered from
GenScript (Rijswijk, The Netherlands). The pET-16b 10xHis-PPEP-4 plasmid was
transformed to E. coli strain C43 and PPEP-4 expression was induced using 1 mM IPTG
for 4 h. Bacterial pellets were resuspended in lysis buffer (20 mM NaH.PO,4 500 mM
NaCl, 40 mM imidazole, pH 7.4) and lysozyme was added to the suspension to 1 mg/mL
and incubated for 30 min on ice before disruption by 5 30 s rounds of sonication. The
lysates were loaded onto a 1 mL HisTrap HP column (GE Healthcare, Chicago, Illinois,
United States) coupled to an AKTA Pure FPLC system (GE Healthcare). The column was
washed using wash buffer (20 mM NaH,PO4, 500 mM NaCl, 40 mM imidazole, pH 7.4)
and 10xHis-PPEP-4 was eluted using a linear gradient with elution buffer (20 mM
NaH.PO4; 500 mM NaCl, 500 mM imidazole, pH 7.4). Buffer exchange to PBS was
performed using an Amicon® Ultra-15 Centrifugal Filter Unit (Merck Life Science NV,
Amsterdam, The Netherlands) with a 10 kDa cut-off membrane.

For CD1597 (and the predicted catalytic domain, AA 211-416), a pET-28a vector
containing an E. coli codon-optimized 6xHis-CD1597 (lacking the signal peptide)
construct was ordered from Twist Bioscience (San Francisco, California, United States).
Expression and purification were performed as described above but with different lysis
(50 mM NaH.PO4, 300 mM NacCl, 10 mM imidazole, pH 8.0), wash (50 mM NaH,PO,, 300
mM NacCl, 20 mM imidazole, pH 8.0), and elution (50 mM NaH.PO4, 300 mM NacCl, 250
mM imidazole, pH 8.0) buffers.

Combinatorial peptide library assays

The combinatorial peptide libraries were synthesized and assays were performed as
previously described [230]. In short, approximately 10 nmol of precleaned (on avidin
column) peptide mixture was incubated with 200 ng PPEP for 3 h at 37 °C in PBS. For
PPEP-1serv and PPEP-2¢6s1, 500 ng was used in combination with an incubation time of 16
h. A non-treated control was included. After incubation, the samples were loaded onto
an in-house constructed column consisting of a 200 pL pipet tip containing a filter and a
packed column of 100 pL of Pierce High Capacity Streptavidin Agarose beads (Fisher
Scientific, Landsmeer, The Netherlands), which was washed four times with 150 pL of
PBS before use), to remove the biotinylated peptides. The flow-through and four
additional washes with 125 pL PBS were collected. The product peptides were desalted
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using reversed-phase solid-phase extraction cartridges (Oasis HLB 1 cm3 30 mg, Waters)
and eluted with 400 pL of 30% acetonitrile (v/v) in 0.1% formic acid. Samples were dried
by vacuum concentration and stored at —20 °C until further use. For the peptide library
assays in which the non-prime- and prime-side libraries were combined, approximately
5 nmol of each library was used (10 nmol in total).

LC-MS/MS analyses

For the analyses of the product peptides of P3=Val non-prime-side sublibrary after
incubation with PPEP-1 and those of the non-prime-side library after incubation with
PPEP-1 and -2, product peptides were analyzed as previously described [230] by online
C18 nanoHPLC MS/MS with an Ultimate3000nano gradient HPLC system (Thermo,
Bremen, Germany), and an Exploris480 mass spectrometer (Thermo). Peptides were
injected onto a precolumn (300 pm x 5 mm, C18 PepMap, 5 pm, 100 A), and eluted via a
homemade analytical nano-HPLC column (30 cm x 75 pm; Reprosil-Pur C18-AQ 1.9 pm,
120 A; Dr. Maisch, Ammerbuch, Germany). The gradient was run with a gradient of 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 HCD collision energies at both 17V and 23V and recording of the
MS2 spectrum in the Orbitrap, with a quadrupole isolation width of 1.2 m/z. In the
master scan (MS1) the resolution was 120,000, the scan range 350-1600, at standard
AGC target at a 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.

For the analyses of the product peptides of the mixed non-prime- and prime-side
libraries following incubation with PPEPs (and separate analyses for CD1597), product
peptides were analyzed as described previously with minor adjustments [230,291] by
online C18 nano-HPLC MS/MS with a system consisting of an Easy nLC 1200 gradient
HPLC system (Thermo) and an Orbitrap Fusion LUMOS mass spectrometer (Thermo).
Peptides were injected onto a homemade precolumn (100 pm x 15 mm; Reprosil-Pur
C18-AQ 3 pm, Dr Maisch, Ammerbuch, Germany) and eluted via a homemade analytical
nano-HPLC column (30 cm x 75 pm; Reprosil-Pur C18-AQ 1.9 pm). The gradient was run
from 2% to 40% 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 ~5 pm and acted as the electrospray
needle of the MS source. The LUMOS mass spectrometer was operated in data-
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dependent MS/MS mode for a cycle time of 3 s, with HCD collision energies at 20 V, 25V,
and 30V and recording of the MS2 spectrum in the orbitrap, with a quadrupole isolation
width of 1.2 m/z. In the master scan (MS1) the resolution was 120,000, the scan range
350-1600, at an AGC target of 400,000 at a 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

To identify product peptides in a database search after analysis of the non-prime-side
library with PPEP-1 and -2, we generated a database containing all 130,321 possible
peptides in the library, i.e., PTEDAVXXPPXXE-Ahx-Ahx-K (biotin was included as a variable
modification in the database searches). The Ahx in all peptide sequences was replaced
by a Leu (they have an identical mass). For the identification of product peptides after
analysis of the mixed non-prime- and prime-side libraries, a database was generated
containing all 9-mer product peptides that are possible based on Pro-Pro cleavage (i.e.,
PTEDAVXXP and PXXGGLEEF).

The post-analysis process was performed as previously described [230]. Raw data were
converted to peak lists using Proteome Discoverer version 2.5.0.400 (Thermo Electron,
Waltham, Massachusetts, United States) and submitted to the in-house created
databases using Mascot v. 2.2.7 (www.matrixscience.com) for peptide identification,
using the Fixed Value PSM Validator. Mascot searches were with 5 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.

The database search results were filtered for product peptides that contained either
PTEDAV or GGLEEF, were 9 residues in length, and contained no biotin. The resulting
peptide lists were transported to Microsoft Excel, where duplicate masses and
corresponding abundances were removed (e.g., the abundances of isomers PLPGGLEEF
and PIPGGLEEF are listed twice, while this abundance is the total abundance of the two
variants). The most abundant product peptides that together accounted for >90% of the
total abundance were selected for further analysis (except for PPEP-4; see Results and
Discussion). Further analysis was performed in Skyline 23.1.0.268 by importing the
product peptides as FASTA along with the raw data files [292]. The Extracted lon
Chromatograms (EICs) displaying the product peptides were created by plotting the
intensities of the signals corresponding to the monoisotopic m/z values of both 1+ and
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2+ charged peptides with a mass tolerance of 5 ppm. Peptide annotation in Skyline was
refined by manual inspection of MS/MS spectra and peak areas were exported from
Skyline and used to create the sequence logos using WeglLogo 3.7.12 [293].

FRET peptide cleavage assays

Time course kinetic experiments with PPEPs were performed as previously described
[230] using fluorescent FRET-quenched peptides. FRET peptides consisted of
Lys(Dabcyl)-EXXPPXXD-GIu(EDANS), in which each X varied between the different
peptides tested. Proteolysis of FRET peptides by PPEPs was tested in 150 pyL PBS
containing 50 mM FRET peptide and 200 ng enzyme. Peptide cleavage was measured
using the Envision 2105 Multimode Plate Reader. Fluorescence intensity was measured
each minute for 1 h, with 10 flashes per measurement. The excitation and emission
wavelengths were 350 nm and 510 nm, respectively. For the assay at different pH,
buffers were prepared by mixing 0.2 M NaH.PO, and 0.2 M Na,HPO, and adding dH0 to
dilute the buffer 2x. The resulting buffers had a pH of 5.8, 6.4, 7.0, 7.5, and 8.0.

Bioinformatic analyses

Signal peptide predictions were performed using SignalP 6.0 [269]. Sequence alignments
were performed using the Clustal Omega Multiple Sequence Alignment tool [272]. The
predicted structures of PPEP-3 and PPEP-4 were retrieved from the Alphafold DB
(https://alphafold.ebi.ac.uk/). Structures were analyzed using PyMOL (The PyMOL
Molecular Graphics System, Version 2.5.5 Schrédinger, LLC).
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Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium [200] via the PRIDE [201] partner repository with the dataset identifier
PXD050236.
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Abstract

The members of the group of Pro-Pro endopeptidases (PPEPs) are secreted bacterial
endoproteases that display a unique preference to hydrolyze their substrates between
two proline residues. The active site cleft of PPEPs accommodates six substrate
residues, the P3-P3’ residues, and the interactions between the protease and these
substrate residues determine PPEP-3 specificity. In this study, we present the unbound
and substrate-bound structures of PPEP-3 from the thermophilic bacterium Geobacillus
thermodenitrificans. We describe the interactions in the protease-substrate complex on
an atomic level. Most notably Tyr-112 and Phe-190, which differ from the
corresponding residues in PPEP-1, greatly influence the P2 and P2’ specificity,
respectively. In addition, we characterized the substrate specificity in detail using
synthetic combinatorial peptide libraries in combination with LC-MS/MS analyses. By
correlating the substrate specificity profile to the structure, we explore the various
mechanisms that determine PPEP-3 specificity and highlight differences with other
PPEPs.
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Introduction

The Pro-Pro endopeptidases (PPEPs) form a group of bacterial zinc metalloproteases
characterized by the unique specificity to hydrolyze the peptide bond between two
proline residues. In addition, PPEPs are extracellular proteases, either secreted in the
environment or attached to the cell wall through additional domains [148]. The first
identified PPEP, PPEP-1 from the human pathogen Clostridioides difficile, acts as a switch
between adhesion and motility by cleaving two adhesion proteins [146,147]. The second
characterized PPEP, PPEP-2, is believed to play a similar role in Paenibacillus alvei [157].
For both these PPEPs, the endogenous substrates are encoded by genes adjacent to the
PPEP gene. In the case of two other PPEPs, PPEP-3 from Geobacillus thermodenitrificans
and PPEP-4 from the closely related organism Anoxybacillus tepidamans, no endogenous
substrates and function have been identified so far [206,230]. Interestingly, a PPEP
homolog from C. difficile, CD1597, possesses a PPEP-like domain but exhibits no (Pro-
Pro) proteolytic activity [206,294].

Previously, atomic structures have been experimentally determined for PPEP-1 and
PPEP-2 [157,160-162]. Overall, these structures display highly similar structural
elements. The proteases consist of an N-terminal (NTD) and C-terminal domain (CTD),
which are divided by an active site helix containing the HExxH motif of metalloproteases
[157,160]. For PPEP-1, cocrystal structures in complex with substrate peptides have been
resolved [160,162]. In these cocrystals, the substrate binds in a double-kinked
conformation that is produced by X-Pro bonds in the peptide [160]. This conformation
is necessitated by a structural element called the diverting loop that otherwise restricts
the substrate from exiting the active site cleft and therefore greatly impacts PPEP
specificity [160]. Another important structural feature is the flexible S-loop which closes
upon substrate binding and thereby covers a part of the active site cleft [160,162].

The active site cleft of PPEPs accommodates six substrate residues. Due to this, the
substrate specificity depends on the six residues surrounding the cleavage: P3, P2, P1,
P1’, P2', and P3’ according to the nomenclature developed by Schechter and Berger [17].
Previously, we developed a method to characterize PPEP specificity in detail using
synthetic combinatorial peptide libraries and liquid chromatography combined with
tandem mass spectrometry (LC-MS/MS) [206,230]. Using this method, the complete
specificity has been profiled for PPEP-1, PPEP-2, and PPEP-4 [206], while for PPEP-3 only
the prime-side specificity has been profiled [230]. A remarkable feature of the prime-
side specificity of PPEP-3 is the preference for all prolines at the P1'-P3' positions,
whereas other PPEPs display more variability [206,230]. A detailed understanding of the
substrate specificity of PPEPs in combination with substrate-bound protease structures
allows us to describe the structure-function relationship at an atomic level. However, to
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identify both the general mechanisms and the unique determinants of PPEP specificity,
additional cocrystal structures are needed.

In this study, we resolved the atomic structure of PPEP-3 from G. thermodenitrificans. In
addition, we performed cocrystallization experiments with a known substrate peptide.
By employing synthetic combinatorial peptide libraries combined with LC-MS/MS
analyses, we were able to characterize both the non-prime- and prime-side specificity of
PPEP-3. By combining the structural and specificity data, we shed light on the structure-
function relationship of PPEP-3.
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Results

Atomic structure of PPEP-3

The wild-type PPEP-3 structure was determined at 1.7 A resolution in the tetragonal
space group P4,2,2 with two monomers in the asymmetric unit (Supplemental Table S1
and Supplemental Figure S1). The two crystallographically independent copies are
virtually identical (RMSD of about 0.4 A) except the termini: in chain A there are eight
more residues resolved at the N-terminus (thus starting at residue Pro 20) and at the C-
terminus there are two additional residues visible (up to Ser234) in the electron density
map. Like PPEP-1 and PPEP-2, the overall PPEP-3 structure consists of an N-terminal
(NTD) and a C-terminal domain (CTD) divided by the central active-site a-helix a4 (Figure
1A). The o/ NTD consists of eight helices 3101 - 3105 and a1-a.3, respectively. A flexible
substrate-binding loop (termed S-loop) interconnecting helices a3 and 31,5 covers the
active site cleft. Both crystallographically independent molecules exhibit well-resolved
S-loop segments in an identical open conformation, similar to the conformation of one
molecule (chain A) of PPEP-1 in the substrate-unbound crystal form (PDB: 5A0P) and in
the substrate-free structure of PPEP-2 (PDB: 6FPC). PPEP-3 differs from PPEP-1 and PPEP-
2 by the elongated N-terminus, where helix a1 is extended by a loop and two 34, helical
segments (Figure 1B). Additional differences of significance are observed in the active
site of PPEP-3. In PPEP-1, the side chain of His-150 is positioned away from the active
site cleft, while Tyr-160 in PPEP-1 is rotated inwards and therefore likely affects the
substrate specificity (Figure 1C). Furthermore, the S2’ pocket residue Leu-179 in PPEP-1
is substituted by a more sterically demanding Phe in PPEP-3 (Phe-190) (Figure 1C).

The active site helix o4 in PPEP-3 harbors the two histidine residues (His-152, His-156)
coordinating the catalytic zinc ion and the catalytic base Glu-153, which collectively form
the conserved characteristic HExxH motif of the zincin family [13]. The C-terminal
domain is formed by the six helices 3106 and o5 - a9 which carry Glu-196 («7) and Tyr-
189 (a6). Glu-196 coordinates the zinc ion, whereas the oxy-anion hole providing Tyr-189
in the PPEP-3 crystal structure rotated away from the active site. This discrepancy might
be explained by the observation that there is an unidentified ligand, presumably
originating from the crystallization buffer, coordinating to the catalytic zinc ion. Possible
candidates are the ethylene glycols being present in the crystallization buffer, or a Bicine
buffer molecule. However, the electron density does not allow a definite identification,
which is why it was interpreted as water molecules.
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Figure 1. The overall structure of PPEP-3. (A) X-ray crystallographic structure of PPEP-3 (residues 27-234)
in cartoon representation in two orthogonal views. Shown are the N-terminal domain (NTD in blue, the
active site helix (yellow), the C-terminal domain (CTD) in green, the S-loop in amber, the 32 loop in red, and
the zinc ion in grey. Zinc-coordinating and catalytically involved residue side chains as well as the two
residues that alter specificity compared to PPEP-1 (Tyr-160, Phe-190) are depicted as sticks. (B)
Superposition of PPEP-3 (colors as in A) with PPEP-1 (grey). (C) Detailed view of the catalytic site of PPEP-3
(colors as in A) and PPEP-1 (grey).
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Substrate recognition by PPEP-3

We chose the peptide Ac-EPLPPPP-NH: (with PLPPPP acting as the P3-P3' residues) for
our cocrystallization experiments, since this peptide was a known substrate of PPEP-3
[230]. In addition, it possessed all prolines at the prime-side, which is the optimal
prime-side sequence for PPEP-3 [230]. Furthermore, a Leu at the P2 position is
preferred by PPEP-2 and the closely related PPEP-4 [206].

To create an inactive mutant of PPEP-3, the catalytic base Glu-153 and the tetrahedral
state stabilizing residue Tyr-189 were mutated to generate an E153A/Y189F double
mutant. The structure of PPEP-3 complexed with Ac-EPLPPPP-NH, was determined at a
resolution of 2.2 A. The protein crystallized in space group P2:2:2; with four copies in
the asymmetric unit. In all four copies, the bound substrate peptide is well-defined in
the electron density map, and the catalytic zinc ion is still present with about 50 %
occupancy.

Similar to PPEP-1, PPEP-3 has a beads-on-a-string like network of aromatic and
aliphatic residues on the S-loop and bulge edge segment (Figure 2). These residues are
His-103, Leu-104, Trp-119, Pro-109, and Tyr-112. His-103 and Tyr-112 are the Tyr-94 and
Trp-103 residues in PPEP-1, respectively (Supplemental Figure S2).

The specificity of PPEPs to hydrolyze Pro-Pro originates from the interactions between
the P1-P1’ prolines and the S1 and S1’ pockets (Figure 2). These interactions in PPEP-3
are highly similar to those in PPEP-1, and most of these residues are conserved in the
other PPEPs (Supplemental Figure S2). The P1 Pro residue (Pro4*) is enclosed in the
hydrophobic S1 pocket formed by Pro-109, Trp-119, Tyr-112, and Val-122. In addition,
the main chain carbonyl oxygen interacts through hydrogen bonding with the His-152
and His-156 residues that coordinate the catalytic zinc ion. The P1' Pro (Pro5%) side
chain interacts with Leu-149, Tyr-112, His-144, Ser-146 and His-152. Of all the residues
involved in these protease-substrate interactions, only the Tyr-112 and Ser-146
residues differ from those in PPEP-1. In PPEP-1, the Tyr-112 and Ser-146 of PPEP-3 are
Trp-103 and Ala-136, respectively (Supplemental Figure S2).

The five-membered ring of the P3 Pro residue (Pro2*) interacts through van der Waals
interactions in the hydrophobic S3 pocket with Leu-104, Trp-119, and lle-125 (Figure 2).
The relatively small size and the restricted movement of the proline ring likely
decrease the amount and strength of the van der Waals interactions compared to
larger aliphatic residues.
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The P2 Leu residue (Leu3*) interacts with PPEP-3 through both hydrogen bonds and
van der Waals interactions (Figure 2). As in the PPEP-1 cocrystal, the main chain
carbonyl oxygen and amide nitrogen form hydrogen bonds with the amide nitrogen
and carbonyl oxygen, respectively, of Gly-126. The leucine side chain is snugly
embedded in the S2 pocket, which is formed by the residues Arg-110, Gly-127, His-156,
Tyr-160, Glu-195 and Glu-196.

Figure 2. PPEP-3 in complex with the peptide Ac-EPLPPPP-NH.. The cartoon representation of PPEP-3 is
shown in cyan and the interacting residues are shown as sticks. The substrate peptide is shown as orange
sticks. Hydrogen bonds are shown as orange dashed lines. Note: His-152 and His-156 form hydrogen
bonds with the carbonyl group of Pro5%*.
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Substrate binding-induced conformational changes

In the PPEP-1 cocrystal with VNPPVP (P3-P3’), substrate binding causes the closure of the
S-loop (Figure 3A). S-loop closure proceeds similarly in PPEP-3, however, additional
conformational changes are observed for this PPEP (Figure 3B). Compared to PPEP-1,
more movement is observed at the n3/n4 loop. This movement brings the Ile-100 of the
n3/n4 loop in closer proximity to the aliphatic residues Leu-130 and Leu-132 located on
the B5 strand located directly beneath, thereby increasing the van der Waals
interactions between these elements and possibly aiding in the closure of the
neighboring S-loop. Another substrate binding-induced change is observed at the a6
helix, which moves away from the active site. The a6 helix contains Phe-190, which is
part of the S2’ pocket and restricts the size of P2’ residues in the substrate (Figure 3C).
The movement of Phe-190 increases the S2' pocket's size and thereby accommodates
the presence of a Pro residue at the P2’ position (Figure 3C). However, its large side chain
may still interfere with sterically more demanding residues at the P2’ position, e.g. the
valine of the PPEP-1 substrate, as is further discussed below.

In PPEP-1, the Lys-101 located in the S-loop forms hydrogen bonds with Glu-184 and Glu-
185 found on the lower rim of the substrate-binding cleft [162]. In addition, Lys-101
hydrogen bonds with the Asn at the P2 position in the substrate. In PPEP-3, the
interactions resulting from the S-loop closure differ from those in PPEP-1. First, the Lys-
101 in PPEP-1 is substituted by Arg-110. In the substrate-bound conformation, this Arg-
110 interacts with the y-carboxyl group of Glu-195 in PPEP-3 through the Ne& nitrogen
and N»2 nitrogen atoms (Figure 3D). Unlike PPEP-1, no interactions are formed between
the Arg and the neighboring Glu residue (Glu-196). In addition, no hydrogen bonds are
formed between Arg-110 and the Leu at the P2 due to their physiochemical
characteristics.

The backbone of the substrate peptide Ac-EPLPPPP-NH. adopts a conformation highly
similar to the PPEP-1 substrate Ac-EVNPPVP-NH, (PDB: 6R5C), i.e., it adopts a double-
kinked conformation (Figure 3E). In both substrates, the X-Pro bonds are in the trans
conformation. The P1 and P1’ Pro residues overlap perfectly, and also the Leu and Asn
at the P2 are comparable in size and orientation. Furthermore, the P2’ Val from the
PPEP-1 substrate is sterically more demanding than the Pro in the PPEP-3 substrate.
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Figure 3. Substrate binding of PPEP-3. (A) O\)erla)// of unbound (green, PDB: 5A0P) and substrate-bound
(orange, PDB: 6R5C) PPEP-1. The substrate from the bound form is represented as purple sticks. (B)
Overlay of unbound (red) and substrate-bound (blue) PPEP-3. The substrate from the bound form is
represented as orange sticks. (C) Movement of the a6 helix increases the S2' pocket. The Phe-190 in the
substrate-bound PPEP-3 (blue) moves away from the P2’ Pro (Pro6*) compared to the unbound form (red).
The closest distances between the Phe-190 and Pro6* are shown as dashed yellow lines. (D) The hydrogen
bonds (yellow dashed line) formed between Arg-110 and Glu-195 following the closure of the S-loop. Arg-
110, Tyr-160, Glu-195, and Glu-196 are shown as sticks. PPEP-3 is shown in grey and the substrate as
purple sticks. (E) Overlay of the PPEP-1 substrate Ac-EVNPPVP-NH: (green) and the PPEP-3 substrate Ac-
EPLPPPP-NH: (orange). PPEP-3 is shown in grey.
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Profiling the substrate specificity of PPEP-3 using synthetic combinatorial peptide
libraries

We determined the non-prime- and prime-side specificity of PPEP-3 using synthetic
combinatorial peptide libraries specifically designed for PPEPs [206]. These libraries
have two consecutive prolines in their core, while the surrounding positions are varied.
We used two peptide libraries: one for determining the non-prime-side specificity and
the other for the prime-side specificity. The non-prime-side library contains sequences
with a PTEDAVXXPPXXEZZO motif (X=any residue except Cys, Z=6-aminohexanoic
acid, O =Lys(biotin)-amide). The prime-side library contains sequences with a
JZEXXPPXXGGLEEF motif (X=any residue except Cys, Z=6-aminohexanoic acid,
J=biotin). The approach to profile the P3-P3' specificity has been previously described
[206]. In short, the libraries were mixed and incubated with a PPEP. Non-biotinylated
product peptides originating from Pro-Pro cleavage are PTEDAVXXP (non-prime-side)
or PXXGGLEEF (prime-side). Non-biotinylated product peptides were enriched by
negative selection on a streptavidin column and analyzed by LC-MS/MS. Extracted ion
chromatograms (EICs) were produced, showing the intensities of the product peptides
(Figure 4). Based on these intensities, a logo was constructed that shows the relative
occurrence of a residue at a position surrounding the cleavage site (Figure 4).

We inspected the MS2 spectra to correctly annotate any ambiguous signals in the EIC.
However, based on the MS2 spectra, we could not discriminate between the isomeric
residues Leu and lle. However, peptides with lle residues elute before peptides with
Leu [230,262], enabling peptide assignment based on the retention time. However,
four signals were observed in the EIC that could originate from the PTEDAVIIP,
PTEDAVLLP, PTEDAVLIP, or PTEDAVILP product peptides, with one signal larger than
the others. We synthesized the four peptides and analyzed their retention on a C18
column using LC-MS/MS to annotate this signal. The isomeric peptides were
completely resolved in time (Supplemental Figure S3), allowing us to annotate
PTEDAVLIP in Figure 4.
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Figure 4. PPEP-3 specificity for amino acids surrounding the Pro-Pro cleavage site. A combinatorial
peptide library was incubated with PPEP-3, product peptides were analyzed by LC-MS/MS, and a database
search was performed to identify and quantify the products. Results were filtered for 9-mer product
peptides and the most abundant products that collectively account for >90% of the total abundance per
library were used to create the EICs. The PTEDAVXXP (non-prime-side) and PXXGGLEEF (prime-side) product
peptides are shown in blue and red respectively. Mass tolerance was set to 5 ppm. An untreated control
sample was included. A logo was created based on the product peptides to show the relative occurrence of

the residue at a position surrounding the cleavage site. *MS/MS spectra did not indicate the presence of
PTEDAVXXP or PXXGGLEEF product peptides.
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PPEP-3 displays a strong preference for Pro at the P2’ and P3’ positions

The results from the combinatorial peptide library are in good agreement with
previous data on the prime-side specificity, which showed a high preference for Pro
residues at the P2’ and P3' positions [230]. The small differences observed between the
logo in Figure 4 and the previously reported logo are mainly due to differences in the
inclusion criteria of product peptides. The preference for a Pro at the P3' position is a
shared characteristic of PPEPs [206,230]. In PPEP-1, the Trp-103 interacts with the Pro
at the P3'in a parallel aliphatic-aromatic stacking interaction and forms a hydrogen
bond to the carbonyl oxygen of the P1’ proline [162]. This Trp residue is crucial for
activity and mutation to a Tyr diminishes PPEP-1 activity greatly [162]. In PPEP-3, the
corresponding residue is Tyr-112, which does not prevent PPEP-3 activity as it does in
PPEP-1. In fact, Tyr-112 interacts with the P3’ Pro similar to Trp-103 in PPEP-1, i.e.,
through an aliphatic-aromatic CH/mt interaction (Figure 5A) [295]. In addition, the Pro7*
residue is oriented at a 90° angle to Phe-189, which is introduced during mutagenesis
to create the proteolytically inactive PPEP-3 (Figure 5A). The partially positive carbon of
the pyrrolidine ring (C8) could interact with the negative electrostatic potential of the
aromatic ring of Phe-189 (Tyr-189 in the wild-type) in a second CH/mt interaction [296].

While all characterized PPEPs tolerate a Pro at the P2’ position, PPEP-3 displays the
strongest preference for this residue (Figure 4 and [206,230]). Notable differences are
observed when comparing the S2' pocket of PPEP-3 to that of PPEP-1 (Figure 5B). The
most significant difference impacting P2’ specificity is the presence of a sterically
demanding Phe residue (Phe190) in the S2" pocket of PPEP-3. Substituting the Pro6*
with a CB-branched Val residue, which is well tolerated by other PPEPs, results in a
steric clash in PPEP-3 (Figure 5C).

In addition to the Pro, the logo in Figure 4 shows the presence of Ala and His at the P2’
position. A modeled substitution of the Pro6* with Ala does not cause a steric clash but
reduces the amount of van der Waals interactions between the substrate residue and
Phe190 (Figure 5C). In addition, Pro residues increase backbone rigidness owing to the
restricted ¢ angle compared to other residues, thereby reducing the entropy loss of
the substrate upon binding. A substrate with an Ala at the P2’ loses more entropy to
adopt the right conformation to fit the active site.
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Figure 5. Structural analyses of the prime-side specificity of PPEP-3. (A) The Pro7* interacts with Tyr-
112 and Phe-189 through aliphatic-aromatic interactions. Tyr-112 and Phe-189 are colored purple. The
substrate peptide Ac-EPLPPPP-NH: is colored dark grey and the P3' Pro7* residue is colored orange. PPEP-
3is shown in grey. (B) A comparison of the S2' pocket residues of PPEP-3 (grey) and PPEP-1. For PPEP-1,
only the S2' pocket residues are shown as green sticks. The PPEP-3 S2’' residues are colored magenta. The
substrate peptide Ac-EPLPPPP-NH: is colored dark grey with it P2’ residue Pro7* in orange. The P2’ Val6*
residue from the PPEP-1 substrate Ac-EVNPPVP-NH: is colored cyan. The hydrogen bond between D135
and Asn175 from PPEP-1 is shown as a dashed line. (C) Modeled substitution of the P2’ Pro (upper left)
with Ala (upper right), Val (lower left), and His (lower right). The Phe-190 (purple) and the P2’ residue
(orange) are shown as spheres. (D) Time-course of PPEP-3 mediated cleavage of FRET-quenched peptides
with the sequence Lys(Dabcyl)-EVNPP(P/A/H)PD-GIu(EDANS).

The presence of His at the P2’ is surprising due to its size and this residue produces
steric clashes when trying to model its side chain in between the Phe-190 and Pro7*
(Figure 5C). However, the signal for the PHP (P1'-P3’) product peptide is low compared
to PPP and PAP (P1'-P3’) peptides. Additionally, histidine residues are overrepresented
due to the efficient ionization of His-containing peptides [230,266]. An assay using
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FRET-quenched peptides showed a preference for a Pro at the P2, a lower activity for
Ala at the P2, and no activity when a His occupied the P2’ position (Figure 5D).

Additional differences in the S2' pocket between PPEP-1 and PPEP-3 involve Asp-135
and Asn-175 in PPEP-1. In PPEP-1, these hydrogen bonding residues are part of the S1'-
wall-forming segment and the diverting loop (Figure 5B), necessitating the double-
kinked conformation of the substrate peptide [160]. In PPEP-3, the residue
corresponding to the Asn-175 of PPEP-1 is not part of the S2’ pocket, while the Asp-135
in PPEP-1 is substituted by a Gly residue (Gly-145) in PPEP-3 (Figure 5B). While these
structural differences might allow for more flexibility at the P2’ position, Phe-190 in
PPEP-3 restricts this flexibility and is, therefore, the primary determinant of P2’
specificity.

The preference of PPEP-3 for hydrophobic residues at the P3 position

PPEP-3 mostly tolerates hydrophobic residues at the P3 position, although also His, Gly,
and GIn are observed. The S3 pocket consists of His-103, Leu-104, and Trp-119 and is
backed up by lle-125 (Figure 6). The many hydrophobic residues in this pocket, together
with the location at the surface of the protein, explain the preference for hydrophobic
residues due to both hydrophobic and van der Waals interactions at the P3 position. For
example, Leu is the most preferred residue at the P3 position, a preference that can be
explained by its hydrophobic character and the many van der Waals interactions that
are possible between the P3 Leu and His-103, Leu-104, and Trp-119 (Figure 6A).

In PPEP-1, -2, -3, and -4, residues Leu-104 and Trp-119 are well conserved. In addition,
the lle-125 that closes the S3 pocket is either a Leu or Val, residues with similar
physicochemical properties. The main difference is the His-103 in PPEP-3, which is a Tyr
residue in the other PPEPs (Supplemental Figure S2). When comparing the P3 specificity
between PPEP-3 and other PPEPs, the high occurrence of the Phe residue in the logo
stands out (Figure 4). In PPEP-3, the Phe at the P3 position can form extensive van der
Waals interactions with Leu-104 (Figure 6B). In the PPEP-1 cocrystal, the hydroxyl group
of the Tyr-94 residue in the PPEP-1 cocrystal structure (PDB: 6R5C) restricts the size of
the hydrophobic pocket compared to the His-103 in PPEP-3. Modeling of a Phe residue
in the PPEP-1 cocrystal indicates that the Tyr-94 and Trp-110 clamp the Phe residue,
thereby increasing the distance to Leu-95, which reduces and weakens the van der
Waals interactions with the Leu-95 (Figure 6C).
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Figure 6. P3 specificity of PPEP-3. (A) The S3 pocket of PPEP-3 (grey). The P3 position is substituted for a
Leu by modeling. The S3 residues His-103 (dark blue), Leu-104 (blue), Trp-119 (purple), lle-125 (blue), and
the substrate peptide (orange) are shown as sticks. (B) A Phe residue is modeled at the P3 position. The P3

Phe, His-103, Leu-104, and Trp-119 are shown as spheres. (C) A Phe residue is modeled at the P3 position of
the PPEP-1 (grey) substrate peptide Ac-EFNPPVP-NH: (orange). Tyr-94 (purple), Leu-95 (blue), Trp-110, and
the P3 Phe are shown as spheres).

The importance of Tyr-160 for the P2 specificity of PPEP-3

The P2 specificity of PPEP-3 is characterized by a preference for the basic residues His,
Arg, and Lys (Figure 4). However, these residues are overrepresented in the EICs and
logo due to their efficient ionization in LC-MS/MS [230,266]. Still, cleavage assays using
FRET-quenched peptides showed a preference for the basic residues at the P2 over the
Leu (Figure 7A) which was used to produce the cocrystal and is also observed in the logo
in Figure 4.

Following the basic residues, Ser is the next most abundant residue observed at the P2
position (Figure 4). Comparison of FRET-quenched peptides with either Ser or His at the
P2 position shows a preference for Ser (Figure 7B). The preference for Ser can be
explained by the hydrogen bonding with Tyr-160 observed after modeling the Ser at the
P2 (Figure 7C). However, this hydrogen bond is only present when the Tyr-160 adopts
the rotamer observed in the apo structure. A Leu at the P2 position necessitates a larger
S2 pocket which causes the Tyr-160 side chain to move away from the active site in the
PPEP-3 cocrystal with Ac-EPLPPPP-NH. by mainly adopting a different the y. dihedral
angle (Figure 7C).

The increase in S2 pocket size by side chain conformations of Tyr-160 that differ from
the apo crystal structure is also needed to explain the presence of the basic residues at
the P2. Substitution of the P2 Leu for His, Arg, and Lys reveals steric clashes with Tyr-
160. Possibly, Tyr-160 can adopt a similar conformation as His-150 in PPEP-1 (Figure 1C),
thereby allowing the basic residues to fit the S2 pocket.
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Figure 7. P2 specificity of PPEP-3. (A) Time-course of PPEP-3 mediated cleavage of FRET-quenched
peptides with the sequence Lys(Dabcyl)-EL(R/H/K/L)PPPPD-GIu(EDANS). (B) Time-course of PPEP-3
mediated cleavage of FRET-quenched peptides with the sequence Lys(Dabcyl)-EL(S/H)PPVPD-GIu(EDANS).
(C) The S2 pocket of PPEP-3. Modeling of Ser at the P2 produces a hydrogen bond with Tyr-160 in the
conformation of the apo structure. Gly-126, Gly-127, Arg-110, Y-160, Glu-195, Glu-196, and the substrate
peptide (orange) are shown as sticks. PPEP-3 is colored grey. Tyr-160 from the apo structure is colored
purple. Hydrogen bonds in the S2 pocket are shown as orange dashed lines.
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Discussion

Based on the structures and the cleavage motif presented here, we have provided
mechanistic insights into the substrate specificity of PPEP-3. Our current and previous
data showed a preference for all prolines at the prime-side positions in the substrates,
which we could attribute to both size restrictions in the substrate pockets and extensive
interactions between the Pro residues at the P2’ and P3’ positions. In addition, Pro
residues are preferred at the P2’ position due to the increased rigidity of the peptide
backbone, which reduces the entropy loss of the substrate upon binding.

The non-prime-side specificity of PPEP-3 was less explored. Previously, FRET-quenched
peptide cleavage assays using PPEP-3 showed that this protease tolerated VNP, PLP,
PSP, and to a lesser extent DNP at the P3-P1 positions in the context of all prolines at
the prime-side [230]. Since both PPEP-2 and PPEP-4 prefer a Leu residue at the P2
position, the peptide Ac-PLPPPP-NH. was a rational candidate for cocrystallization
experiments. Although cocrystallization with the peptide Ac-EPLPPPP-NH, was
successful, based on our current understanding of PPEP-3 substrate specificity, a
different substrate peptide might bind more efficiently. However, by using Ac-EPLPPPP-
NH., we observed movement of the Tyr-160 side chain, which is likely a common
mechanism to increase the size of the S2 pocket, thereby allowing larger residues such
as His, Arg, and Lys at the P2 position.

Although PLPPPP (P3-P3’) is cleaved in assays using FRET-quenched peptides [230], we
did not identify the PTEDAVPLP product peptide in our combinatorial peptide library
experiment. Previously, we showed that in the context of PLPPPP substituting the P2’
Pro for a Val residue eliminates PPEP-3 activity [230]. However, the FRET-quenched
peptides containing LSPPVP and LHPPVP (P3-P3') were cleaved by PPEP-3 (Figure 7B).
This indicates that a Val is exclusively tolerated at the P2’ when the non-prime-side
residues are highly favored by PPEP-3. Since the less favored motif PLP (P3-P1) is most
likely only tolerated in the context of PPP and possibly PAP (P1'-P3’), the resulting
PTEDAVPLP product peptides in our combinatorial peptide library assay do not exceed
the limit of detection. This phenomenon is especially observed for PPEP-3. For the other
PPEPs that display a more variable prime-side specificity, more peptides displaying a
specific non-prime-side sequence are cleaved, which increases the non-prime-side
product peptide signals in our LC-MS/MS analyses.

In PPEP-1, Trp-103 is essential for activity due to its interactions with the P3’' Pro and the
hydrogen bonding of the side chain nitrogen with the carbonyl oxygen of the P1’ residue
in the protease-substrate complex [162]. Mutation of this residue to Ala, His, Phe, and
Tyr greatly diminished PPEP-1 activity [162]. In PPEP-3, the corresponding residue Tyr-
112 interacts similarly with the Pro at the P3' but might also produce a similar hydrogen
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bond with the P1’' carbonyl oxygen. The distance between the two oxygen atoms
involved measures 2.6 A, which is just outside the range of about 2.7 to 3.0 A for
asymmetric hydrogen bonds [297]. However, although we cannot determine the exact
position of the hydrogen atom of the hydroxyl group and with the current resolution of
2.2 A, hydrogen bonding between the Tyr-112 and the P1’ Pro carbonyl, similar to the
interaction in the PPEP-1 cocrystal, is likely to occur.

Based on the preference of PPEP-3 for all prolines at the prime-side, we searched for
secreted proteins possessing four consecutive prolines (P|PPP, P1-P3’) in the G.
thermodenitrificans proteome [230]. This search identified two proteins with either
PSP |PPP or DNP|PPP as the putative PPEP-3 cleavage site, with PSP |PPP being the far
better substrate [230]. However, strong binding between PPEP-3 and the non-prime-side
residues allows for more flexibility at the P2’ position (Figure 7B). Based on our new
combinatorial peptide library results, we performed a search for endogenous substrates
that included proteins that contained the motif (L/F)(H/R/K/S)P|P (P3-P1’), resulting in
the identification of 50 proteins. Of these 50 proteins, only a single protein, GTNG_0399,
was predicted to possess a signal peptide for secretion by SignalP 6.0
(https://services.healthtech.dtu.dk/services/SignalP-6.0/). GTNG_0399, a spore coat N-
acetylmuramic acid deacetylase, contains an LRPPRG site. Given the peptide library

results shown in Figure 4, the combination of an Arg at the P2' and a Gly at the P3' is
most likely not tolerated by PPEP-3. In addition, our LC-MS/MS analysis does not indicate
the presence of a PRGGGLEEF product peptide. Therefore, the protein GTNG_0956
containing the putative cleavage site PSP|PPP (P3-P3’) [230] remains the most likely
endogenous candidate, especially since we can explain the preference for a Ser residue
at the P2 position due to the hydrogen bonding with Tyr-160 (Figure 7B,C). Alternatively,
the biological PPEP-3 substrate could also originate from a different organism.

The unique ability to specifically hydrolyze Pro-Pro bonds could be advantageous in
applications that necessitate precise proteolysis, such as the removal of affinity tags
[298]. In addition, several industrial processes, e.g., the breakdown of collagen for meat
tenderization, require proteolysis of proline-rich proteins [299-301]. Although PPEP
specificity is too strict to degrade a variety of proteins, directed mutagenesis could
render these proteases more promiscuous while retaining the Pro-Pro specificity. A
detailed understanding of the factors that determine PPEP specificity can aid in the
development of PPEPs suitable for industrial applications. In this study, we shed more
light on the structure-function relationship of PPEPs by combining an experimentally
determined protease-substrate complex with an in-depth substrate specificity profile.
This combination of techniques can be a valuable tool to study the mechanisms
governing substrate specificity in other PPEPs or, with some adaptations to the peptide
libraries, other proteases.
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Experimental procedures

Expression and purification of recombinant PPEP-3

The truncated version (amino acids 26-234, lacking the N-terminal predicted signal
peptide) of the PPEP-3 gene (GTNG_1672) from Geobacillus thermodenitrificans strain
NG80-2, codon optimized for Escherichia coli, was obtained in a pET28a vector using the
restriction sites Ndel / Xhol. An active site double mutant was generated via the one-
step site-directed mutagenesis protocol [302]. For the E153A mutant the PCR was
performed using pET28a-PPEP3 as template and oligonucleotides JGP614-
GeoPPEP_E153A_f: 5-CTGCACGCATTCGCGCACTCTCTGG-3' as well as JGP613-
GeoPPEP_E153A_r: 5-CGAATGCGTGCAGTTCCAGGTTG-3'. For the construct pET28a-
PPEP3(E153A/Y189F) the construct pET28a-PPEP3(E153A) was used as template and the
oligonucleotides JGP615-GeoPPEP_Y189F_f: 5-GAATACTTCTTCCTGACCTACCCGG-3' and
JGP616-GeoPPEP_Y189F_r: 5-CAGGAAGAAGTATTCACGCGGGAAC-3' were used to
introduce the second mutation. A reaction was performed using 16 cycles with 98 °C
denaturation for 30 sec, 65 °C annealing for 30 sec and 72 °C elongation for 6 min
followed by a 2 min final elongation step. Subsequently a Dpnl digest was conducted
using 1 U Dpnl (NEB) at 37 °C for 1 h. 2yl of the reaction were transformed into
chemically competent E. Coli DH5a cells (Thermo Fisher Scientific), plated on LB-agar
selection plates supplemented with 50 pg/ml kanamycin and incubated overnight at
37 °C. Isolated vectors were sequenced to identify positive clones.

The vectors pET28a-PPEP3 wild-type and pET28a-PPEP3(E153A/Y189F) were transformed
into chemically competent E. coli BL21 (DE3) cells (Invitrogen) via heat shock protocol,
plated on LB-agar selection plates supplemented with 50 pg/ml kanamycin and
incubated overnight at 37 °C. A preculture grown overnight at 37 °C from a single colony
was used to inoculate 6 x 1 L expression cultures (LB supplemented with 50 pg/ml
kanamycin) to an optical density (ODeoo) of 0.1. After incubation at 37 °C and reaching an
OD¢oo of 0.7 expression was induced with 0.5mM Isopropyl 1-thio-Beta-D-
galactopyranoside (IPTG, BIOTREND). Protein expression was performed at 20 °C
overnight. Cells were harvested by centrifugation at 4,000 x g, 4 °C for 20 min. Cell
pellets were washed with Tris-buffered saline (TBS) (20 mM Tris [pH 7.5], 200 mM Nacl).
Cells were pelleted again and stored at -80°C until further use.

The proteins were purified as previously described with minor adjustments [160]. The
cell pellet from 2 L of culture was resuspended in TBS buffer (20 mM Tris [pH 7.5], 300
mM NacCl) supplemented with 10 pg/ml DNasel (AppliChem). Cells were lysed by running
the suspension two times through a Celldisruptor (I&L Biosystems) at 2.5 kbar. Cellular
debris was pelleted by centrifugation at 10,000 x g, 4 °C for 10 min. The supernatant was
cleared by ultracentrifugation at 165,000 x g, 4 °C for 30 min. The supernatant was
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adjusted with 1 M imidazole (pH 7.5) to a final concentration of 10 mM and loaded onto
2 ml NiNTA superflow resin (Qiagen). After two wash steps with TBS supplemented with
first 10 mM and then 30 mM imidazole, the protein was eluted with TBS containing
250 mM imidazole. Protein concentration was determined at 280 nm using the molar
extinction coefficient of 27,390 M' cm™ (wild-type) and 25,900 M cm™ (double mutant),
respectively. In addition to dialysis against 50x the elution volume in TBS, 2 U of
thrombin (Sigma Aldrich) was added to the protein solution to cleave the Hise-tag during
dialysis at 4 °C overnight. The protein solution was passed through the same NiNTA
superflow column (equilibrated to TBS with 10 mM imidazole), collecting the cleaved
protein in the flow-through. The protein was concentrated and applied on a HiLoad
Superdex 200 16/600 column (Cytiva) equilibrated with TBS. Protein fractions were
collected, concentrated, and stored at -80 °C until further use.

Crystallization of PPEP-3

Single crystals of substrate-unbound wild-type, double mutant E153A/Y189F in unbound
and Ac-PLPPPP-NH. were obtained by broad screening using sitting drop vapor diffusion
crystallization with drop sizes of 300 nl. Protein (381 pM, 10 mg/ml) was pipetted in
ratios of 1:2, 1:1 and 2:1 (protein to precipitant) in commercially available crystallization
screens (Hampton Research). For substrate complex formation, the catalytic Zn? ion
was removed by dialyzing the protein solution against buffer containing about 6 mM
EDTA and 6 mM ortho-phenanthroline in order to avoid proteolysis, which occurs even
in the double mutant albeit slowly. Crystal formation was observed in conditions
Morpheus C1, C5, C9, E9 and H9. Best diffracting crystals were obtained from Morpheus
E9 containing 10% w/v PEG 20 000, 20% v/v PEG MME 550, 0.3 M diethyleneglycol, 0.3 M
triethyleneglycol, 0.3 M tetraethyleneglycol, 0.3 M pentaethyleneglycol, 0.1 M
bicine/Trizma base pH 8.5. Single crystals were cryoprotected in a mixture of a
precipitant solution containing 50% sucrose and flash-frozen in liquid nitrogen.

Data collection and structure determination

High-resolution data for structure determination were collected at ESRF on the beamline
ID30A-3 using an Eiger X 4M detector (Dectris) or at beam line ID30B. Datasets were
processed with XDS (Kabsch, 2010). The structure was solved using molecular
replacement employing the PPEP-1 coordinates (PDB: 5A0P) as a search model. Phasing
and refinement were performed using the PHENIX package [303] and model building
with Coot [304]. Data collection and refinement statistics are shown in Supplemental
Table S1.
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Combinatorial peptide library assays

The combinatorial peptide libraries were synthesized, and assays were performed as
previously described [230]. In short, approximately 10 nmol of precleaned (on avidin
column) peptides was incubated with 200 ng PPEP-3 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 pL pipet tip containing a filter and a packed
column of 100 pL of Pierce High Capacity Streptavidin Agarose beads (Thermo, the
column was washed four times with 150 pL of PBS before use) to remove the
biotinylated peptides. The flow-through and four additional washes with 125 pL H.O
were collected. The product peptides were desalted using reversed-phase solid-phase
extraction cartridges (Oasis HLB 1 cm3 10 mg, Waters) and eluted with 200 pL of 30%
acetonitrile (v/v) in 0.1% formic acid. Samples were dried by vacuum concentration and
stored at —20 °C until further use. For the peptide library assays in which the non-prime-
and prime-side libraries were combined, approximately 5 nmol of each library was used
(10 nmol in total).

LC-MS/MS analyses

PPEP-3 product peptides analyzed as previously described [206] by online C18 nano-
HPLC MS/MS with a system consisting of an Easy nLC 1200 gradient HPLC system
(Thermo, Bremen, Germany) and an Orbitrap Fusion LUMOS mass spectrometer
(Thermo). Peptides were injected onto a homemade precolumn (100 pm x 15 mm;
Reprosil-Pur C18-AQ 3 pm, Dr Maisch, Ammerbuch, Germany) and eluted via a
homemade analytical nano-HPLC column (30 cm x 75 pm; Reprosil-Pur C18-AQ 1.9 pm).
The gradient was run from 2% to 40% 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 ~5 pm and acted as the
electrospray needle of the MS source. The LUMOS mass spectrometer was operated in
data-dependent MS/MS mode for a cycle time of 3 s, with HCD collision energies at 20V,
25V, and 30V and recording of the MS2 spectrum in the orbitrap, with a quadrupole
isolation width of 1.2 m/z. In the master scan (MS1) the resolution was 120,000, the scan
range 350-1600, at an AGC target of 400,000 at a 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.
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LC-MS/MS data analysis

The LC-MS/MS data were analyzed as previously described [206]. For the identification
of product peptides after analysis of the mixed non-prime- and prime-side libraries, a
database was generated containing all possible 9-mer product peptides that can be
expected based on Pro-Pro cleavage (i.e., PTEDAVXXP and PXXGGLEEF).

Raw data were converted to peak lists using Proteome Discoverer version 2.5.0.400
(Thermo Electron) and submitted to the in-house created databases using Mascot v.
2.2.7 (www.matrixscience.com) for peptide identification, using the Fixed Value PSM
Validator. Mascot searches were with 5 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.

The database search results were filtered for product peptides that contained either
PTEDAV or GGLEEF, were 9 residues in length, and contained no biotin. The resulting
peptide lists were transported to Microsoft Excel, where duplicate masses and
corresponding abundances were removed (e.g., the abundances of isomers PLPGGLEEF
and PIPGGLEEF are listed twice, while this abundance is the total abundance of the two).
The most abundant product peptides that together accounted for >90% of the total
abundance were selected for further. Further analysis was performed in Skyline
23.1.0.268 by importing the product peptides as FASTA along with the raw data files
[292]. The Extracted lon Chromatograms (EICs) displaying the product peptides were
created by plotting the intensities of the signals corresponding to the monoisotopic m/z
values of both 1+ and 2+ charged peptides with a mass tolerance of 5 ppm.

FRET peptide cleavage assays

FRET-quenched peptide cleavage assays with PPEP-3 were performed using peptides
with a LySpabcyi-EXXPPXXD-Gluedans (the X positions varied between peptides). Assays were
performed in 150 pl PBS containing 200 ng enzyme and 50 mM FRET peptide. Peptide
cleavage was analyzed using an Envision 2105 Multimode Plate Reader at 37 °C.
Fluorescence intensity was measured every minute for 30 min, with 10 flashes per
measurement. The excitation and emission wavelengths were 350 nm and 510 nm,
respectively.

Bioinformatic analyses

Structures were analyzed using PyMOL (The PyMOL Molecular Graphics System, Version
2.5.5 Schrédinger, LLC) and USCF ChimeraX [305].
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Supporting information

Table S1. Data collection and refinement statistics.

PPEP-3 WT PPEP-3 E153A PPEP-3 E153A
Y189F Y189F EPLPPPP
Wavelength
45.03 -1.696(1.74 - 44.96 -2.094 (2.16 - 4791 -2.201(2.26 -
Resolution range 1.7) 2.09) 2.2)
P41212 P41212 P212121
Space group
126.5126.564.1290 126.26 126.26 64.06 73.625 95.822
Unit cell 90 90 9090 90 127.432 90 90 90
1167460 (71030) 444888 (6900) 314143 (22548)
Total reflections
109522 (7262) 59935 (4518) 88244 (6247)
Unique reflections
10.7 (9.8) 7.4 (1.5) 3.6 (3.6)
Multiplicity
99.45 (92.29) 96.64 (74.05) 99.87 (99.02)
Completeness (%)
6.96 (1.08) 8.37(1.86) 5.90 (1.03)
Mean l/sigma(l)
27.50 24.30 35.67
Wilson B-factor
0.1541 (1.891) 0.2168 (1.026) 0.172 (1.272)
R-merge
0.1617 (1.993) 0.2273 (1.373) 0.203 (1.499)
R-meas
0.04849 (0.6143) 0.06609 (0.9058) 0.1066 (0.7849)
R-pim
0.997 (0.437) 0.994 (0.262) 0.989 (0.431)
CC1/2
0.999 (0.78) 0.999 (0.644) 0.997 (0.776)
Cccr
57697 (3769) 30006 (2040) 46404 (3230)
Reflections used
in refinement
2000 (130) 1501 (102) 1999 (140)
Reflections used
for R-free
0.1941 (0.2597) 0.1882 (0.2422) 0.1773 (0.2674)
R-work
0.2179 (0.2976) 0.2259 (0.2928) 0.2250 (0.3564)
R-free
3571 3471 7308

Number of non-
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hydrogen atoms
macromolecules
ligands
solvent
Protein residues
RMS(bonds)
RMS(angles)

Ramachandran
favored (%)

Ramachandran
allowed (%)

Ramachandran
outliers (%)

Rotamer outliers
(%)

Clashscore
Average B-factor
macromolecules

ligands

solvent

Statistics for the highest-resolution shell are shown in parentheses.

3451

118

422

0.007

0.78

99.76

0.24

0.00

0.00

1.47

31.12

31.00

27.38

34.84

3425

44

421

0.008

0.91

98.32

1.68

0.00

0.28

1.78

26.93

26.95

26.45

25.28

6990

311

860

0.005

0.78

98.33

1.67

0.00

0.14

5.38

41.68

41.52

49.04

45.19

179



Chapter 6

Supplemental Figure S1: PPEP-3 asymmetric unit. X-ray crystallographic structure of PPEP-3 in cartoon
representation. Shown are the N-terminal domain (NTD in blue, the active site helix (yellow), the C-terminal
domain (CTD) in green, the S-loop in amber, and the B2 loop in red. Zinc-coordinating and catalytically
involved residue side chains as well as the two residues that alter specificity compared to PPEP-1 (Tyr-160,
Phe-190) are depicted as sticks in the left monomer.
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Supplemental Figure S2. Sequence alignment of PPEP-3 and PPEP-1, -2, and -4. The multiple sequence
alignment was produced using ClustalWw.
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Chapter 7

Post-translational modifications (PTMs) are crucial for the correct functioning of
proteins and regulate numerous processes in bacteria. In the pathogenic bacterium
Clostridioides difficile, the PTMs proteolysis and glycosylation significantly influence
adhesion and motility. Proteolytic activity by PPEP-1 detaches the cells from the
intestinal epithelium by cleaving adhesion proteins, while glycosylation of FliC with the
Type A glycan is essential for motility.

This thesis focused on the enzymes involved in proteolysis and glycosylation,
particularly examining their specificity, structure, and function. Special attention was
given to the group of proteases known as Pro-Pro endoproteases, known for their
unique substrate specificity. Our findings were obtained using a diverse array of
methods, including various molecular biology techniques, extensive mass
spectrometry-based methods, structural analyses, and an innovative synthetic
combinatorial peptide library approach. Collectively, this allowed us to propose a
revised model for the Type A glycan biosynthesis, study the enigmatic protein CD1597,
and characterize PPEP specificity in great detail.

In this chapter, we will reflect on our findings, discuss additional insights, explore
applications, and provide a framework for future research.

Glycosylation of FIliC in Clostridioides difficile: A more thorough
understanding of the biosynthetic pathway and the implications
for further research

New insights into the Type A glycan biosynthesis

In Chapter 2 we proposed a model for the biosynthesis of the Type A glycan that is
present on FliC in Clostridioides difficile 630Aerm. This model predicts the enzymatic
activities of the proteins CD0241-CD0244 and the biosynthetic intermediates. Therefore,
the model can be regarded as a collection of hypotheses that can be tested. The core
intermediate of the predicted biosynthetic pathway is CDP-threonine, a molecule that
has not been previously described. In the model, CDP-threonine is formed by CD0242,
which is expected to transfer a phosphothreonine to CTP while releasing inorganic
pyrophosphate. In vitro assays in which CD0242, phosphothreonine, and CTP are
incubated together can be used to substantiate our model. Either the formation of CDP-
threonine or inorganic pyrophosphate can be used as a readout.

A strong indication that CDP-threonine is indeed a biosynthetic intermediate in the Type
A pathway comes from recent studies with CD0244. CD0244 is predicted to transfer the
phosphothreonine moiety (with or without the methyl group) from CDP-threonine to the
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GlcNAcs on FliC. Preliminary data from an in vitro assay indeed showed that recombinant
CD0244 can transfer phosphothreonine to the GIcNAc on a synthetic peptide, using
synthetic CDP-threonine as the donor substrate. These results strengthen the idea that
CDP-threonine is a biosynthetic intermediate in the Type A pathway.

Interestingly, additional preliminary data from a similar in vitro assay using synthetic
CDP-N-methylthreonine as the donor substrate showed that this reaction is not only
possible, but also proceeded more efficiently than with CDP-threonine. In the context of
our model, this suggests that CD0243 first methylates the threonine and that CD0244
subsequently attaches the N-methyl-phosphothreonine to the GIcNAc. In Chapter 2, we
identified both peptides with a nonmethylated Type A and peptides with only the GIcNAc
moiety in the cd0243 mutant. We argued that the incomplete transfer of the
phosphothreonine to the GIcNAc is due to the polar effects on cd0244 resulting from the
insertional mutagenesis of the cd0243 gene, which still holds, but an additional reason
could be the reduced efficiency of the reaction by CD0244 due to the absence of
methylation by CD0243.

The structure of the Type B glycan in Pseudomonas aeruginosa strain PAO1 is similar to
Type A from C. difficile [140]. In addition, the P. aeruginosa gene cluster encoding the
biosynthetic proteins resembles the one in C. difficile 630Aerm (Chapter 2 and [140,142]).
The Type B glycan in P. aeruginosa consists of a sugar (a deoxyhexose) that is linked
through a phosphodiester to a hitherto unknown moiety [140,142]. Since the
biosynthetic gene clusters in both organisms are very similar, one could expect this
unknown moiety to be an N-methylthreonine. However, this unknown moiety has an
additional mass of 14 Da compared to N-methylthreonine [140]. Recent MS analysis of
FliC in P. aeruginosa suggests that the unknown moiety is an N,N-dimethylthreonine
(unpublished data). A P. aeruginosa mutant strain that is unable to dimethylate the
threonine, similar to the cd2043 mutant of C. difficile, only carries the sugar moiety
(unpublished data). Therefore, it appears that dimethylation of the threonine occurs
before the transfer of the N,N-dimethyl-phosphothreonine to the sugar in P. aeruginosa,
supporting the idea that in C. difficile the methylation by CD0243 occurs prior to the
transferase activity of CD0244.

The role of glycosylation of flagellin in bacteria

Bacterial flagella are mostly recognized for their involvement in motility. However,
flagella are also involved in adhesion [306-308], secretion of effector molecules and
proteins [309,310], biofilm formation [311], and immunomodulation [310,312].
Glycosylation of the flagellin (FIiC in C. difficile) is often involved in these processes. For
example, in Pseudomonas syringae pv. tabaci, glycosylation of flagellin stabilizes the
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flagella and is necessary for the swimming ability, adherence to polystyrene surfaces,
and the ability to cause disease in tobacco plants [313-315]. In C. difficile strains that
glycosylate FliC with the Type B glycan, such as the R20291 strain, glycosylation of FliC
promotes motility and adherence but reduces biofilm formation [144]. Moreover,
glycosylation of flagellin is also important for immune evasion. In P. syringae,
glycosylation of the flagellin suppresses the immune response in tobacco plants by
shielding the immunogenic flg22 region of flagellin [315]. In Campylobacter jejuni,
immune evasion is achieved through mutations in the Toll-like receptor 5 (TLR5) epitope
of flagellin, which is otherwise recognized by the host's TLR5 [316]. These mutations
weaken the subunit-subunit interactions of flagellin and therefore necessitate
interactions through other domains of flagellin, which are stabilized by the many
glycosylation sites [316]. Thus, in the case of C. jejuni, glycosylation provides a solution
for the destabilizing mutations that aid in immune evasion.

In C. difficile strain 630Aerm, glycosylation of FliC is essential for motility, since mutation
of the genes responsible for the synthesis of the Type A glycan renders the bacteria non-
motile [142]. In addition, loss of the Type A glycan causes cell aggregation, increases
binding to abiotic surfaces, and attenuates colonization and relapse in mice [142]. These
findings demonstrate the importance of the glycosylation of FliC with the Type A glycan,
but do not offer a reason why the glycosylation is needed for the correct functioning of
the flagella. There are two general explanations. First, the Type A glycan might be
beneficial for the bacteria, but glycosylation led to (or allowed) an aberrant FliC that
renders the bacteria non-motile. Alternatively, the aberrant FliC benefits the bacteria,
and glycosylation is needed for the correct functioning of the flagella, similar to C. jejuni.

C. difficile FIiC has a similar TLR5 epitope as Bacillus subtilis, which is bound by TLR5 and
causes activation of pro-inflammatory gene expression [317,318]. In C. difficile R20291,
FliC glycosylation with the Type B glycan does not affect TLR5 activation [144], and since
C. difficile 630Aerm FIiC is nearly identical, this might also be true for the Type A glycan.
However, the glycosylation of FliC may suppress immune reactions through other
mechanisms. Structural studies of glycosylated FliC might provide insights into the
effects of glycosylation on flagellar structure, stability, and function. In order to perform
such studies, a thorough understanding of the Type A biosynthesis is crucial. When one
wants to produce the glycosylated FIiC in vitro, FliC needs to be glycosylated by CD0240,
after which synthetically produced phospho-N-methylthreonine can be attached by
CD0244.

In vitro glycosylation of FIiC with the Type A glycan might also benefit immunization
studies. The role of flagellin in the innate and adaptive immune system is well-
documented [319-321]. However, immunization studies using FliC from C. difficile
employ recombinantly produced FliC, which is not glycosylated [322-325]. FliC consists
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of two domains; one that forms the core of the filament and another that constitutes
the outermost layer of the filament [326,327]. Importantly, the Type A glycan is found
on the outermost layer of the flagellar filament and we therefore expect it to play a
significant role in antigenicity. The use of glycosylated FliC in future immunization
studies might prove effective in developing a vaccine against C. difficile infection. To
develop vaccines against (hypervirulent) strains that carry the Type B glycan, studies
that elucidate the biosynthetic pathway for this glycan are essential.

To cleave or not to cleave: the enigmatic PPEP-homolog CD1597

In Chapters 3 and 5 we investigated the activity and function of CD1597 from C. difficile.
Information on the specificity of proteases can aid in identifying their endogenous
substrates and therefore their biological role. However, since no proteolytic activity was
observed for CD1597, we could not predict a substrate and function for this protein
using these approaches. In addition to the assays using FRET-quenched peptides and
the combinatorial peptide library, we employed Terminal Amine Isotopic Labeling of
Substrates (TAILS) to test the proteolytic activity of CD1597. The TAILS method aims to
identify proteolytically generated neo-N-terminiin a WT (or protease-treated) proteome
that are absent in a protease knockout (or untreated) proteome [23]. In short, this is
achieved by labeling the (neo-)N-termini of the two proteomes using isotopically
different labels, e.g., light and heavy dimethyl labels. The differently labeled samples are
mixed, digested, enriched for (neo-)N-termini by negative selection, and analyzed by LC-
MS/MS. The aim is to identify peptides that are only present in the WT (or protease
treated) sample, since these should result from cleavage by the protease of interest.

We used a Acwp84 strain as a positive control in our TAILS experiments. Cwp84 cleaves
the highly abundant SIpA precursor protein and the products of this reaction form the
surface layer of C. difficile [328]. After LC-MS/MS analysis, we were able to readily identify
the peptide that originated from cleavage by Cwp84. In our experiments with the cd1597
mutant strain, however, we were unable to identify neo-N-terminal peptides that were
generated by CD1597. The reason for this could be that CD1597 is not expressed or
expressed in very low quantities during our experimental conditions. To overcome this
issue, we also performed an in vitro TAILS experiment in which we compared CD1597
treated and untreated C. difficile proteomes. Although many neo-N-terminal peptides
were identified as only present in the protease-treated sample by our analysis software,
manual inspection of the raw data revealed that these were false positives. In addition,
we identified several Pro-Pro cleavages, but these did not result from CD1597 activity
since the peptides were present in both the WT (or protease-treated) and knockout (or
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untreated) samples. However, this indicates that there are other proteases presentin C.
difficile that are able to hydrolyze Pro-Pro bonds.

The hypothesis that CD1597 is a PPEP-like protease was based on the similarity of the C-
terminal domain of CD1597 and other PPEPs. However, CD1597 possesses a large N-
terminal domain that could play an inhibitory function. Therefore, we recombinantly
produced the C-terminal PPEP-like domain separately, which was often used alongside
the full-length protein in our assays. However, no proteolytic activity was observed for
the PPEP-like domain, thus it remains unclear whether the N-terminal domain could play
an inhibiting function. However, the N-terminal domain is predicted to be attached to
the PPEP-like domain through a long and flexible stretch of residues, which does not
suggest an inhibitory function, since the PPEP-like domain is likely accessible to a
potential substrate. However, the positioning of the N-terminal domain, and therefore
the inhibitory function, could depend on a cofactor or stimulus.

Compared to other PPEPs, CD1597 displays several mutations and insertions that might
influence the activity (Chapter 3). In Chapter 5 we have shown the influence of the
B3/B4 loop in PPEP-1 and PPEP-2 on the non-prime-side specificity. In CD1597, this loop
is 3YRNN3® and differs largely from ""GGST'® in PPEP-1 regarding the size and
biochemical properties of the side chains (Figure 1). Based on the alignment of the
primary structure and the predicted structure, we constructed a 3*YRN3* - GG mutant
of the PPEP-like domain, but this mutant displayed no proteolytic activity in assays using
Pro-Pro-containing FRET-quenched peptides (data not shown). Furthermore, when
comparing the apo structure of PPEP-1 with the PPEP-like domain of CD1597, we
observed differences due to insertions in CD1597. Insertions of two residues in the
diverting loop and four residues in a nearby part called the S1'-wall-forming segment
[160] are predicted to enlarge the outer edges of CD1597 (Figure 1). In PPEP-1, these
loops are involved in the redirection and exiting of the substrate [160]. The insertions in
CD1597 might influence the prime-side specificity or prohibit the substrate from exiting
the active site. To test whether the differences in the diverting loop and S1’-wall-forming
segment render CD1597 inactive, a mutant of the PPEP-like domain of CD1597 was
produced containing the PPEP-1-like 3/B4 loop, diverting loop, and S1'-wall-forming
segment. However, this more PPEP-1-like mutant was also proteolytically inactive
towards Pro-Pro-containing FRET-quenched peptides.
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forming segment

Figure 1. Comparison of the PPEP-like domain of CD1597 and the apo structure of PPEP-1. Insertions in
the diverting loop and S1'-wall-forming segment are highlighted. Upper left panel: Close-up of the $3/B4
loop highlighting structural differences between CD1597 (green, AlphaFold, UniProt ID: Q186F3) and PPEP-
1 (magenta, PDB: 5A0P). 33YRNN3% from CD1597 and ""7GGST'?° from PPEP-1 are shown as sticks. Lower left
panel: Close-up of the KEEN interaction interface of PPEP-1. In CD1597, Lys101 in PPEP-1 is substituted for
a Pro residue. Glu184 and Glu185 are conserved in CD1597. Of note: the Asn at the P2 position of the PPEP-
1 substrate involved in the KEEN interface is absent in the apo structure.

Another interesting difference between CD1597 and other PPEPs is a mutation of the
residue Lys101 in PPEP-1 and Arg96 in PPEP-2. This residue is located in the S-loop that
closes upon binding of a substrate [160]. This conformational change allows the Lys101
in PPEP-1 to hydrogen bond with the Glu184, GIlu185, and the Asn at the P2 in the PPEP-
1 substrate [160,162]. These interactions, collectively called the KEEN interface, are
essential for proteolytic activity of PPEP-1 [162]. Moreover, substitution of the Lys101
with an Arg residue did not alter the activity due to the similar physicochemical
properties of this residue [162]. In CD1597, this residue is substituted for a Pro, which is
unable to produce similar interactions (Figure 1). Nevertheless, the two Glu residues
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involved in the KEEN interface are conserved in CD1597. Substitution of the Pro with a
Lys did not produce a proteolytically active enzyme in the WT PPEP-like domain and the
other mutants described above (data not shown).

In the end, we tested CD1597 for activity using the full-length protein, the C-terminal
PPEP-like domain, and mutants of this domain that render CD1597 more PPEP-1-like.
However, we observed no activity in the assays with Pro-Pro-containing FRET-quenched
peptides, casein, XXPPXX (X=any residue except Cys) combinatorial peptide libraries, and
XXXXXX (X=any residue except Cys) combinatorial peptide libraries (Chapters 3 and 5
and unpublished results). Also, the experiments using the TAILS method did not reveal
any activity.

Based on our assays, we conclude that CD1597 does not exhibit (Pro-Pro)
endoproteolytic activity. However, we did not rule out the possibility that CD1597 might
possess exoproteolytic activity. To investigate this, future studies could, for example,
incubate CD1597 with peptides of six or fewer residues in length, which should fit in the
active site. Additionally, an experimentally determined crystal structure of CD1597 could
help in predicting substrates, but efforts to obtain this structure have so far been
unsuccessful. Alternatively, CD1597 could be a ligand-binding protein that lacks
proteolytic activity altogether. To investigate this, pull-down experiments using CD1597
might identify a binding partner.

Surprisingly, a recent bottom-up MS analysis of C. difficile grown in C. difficile minimal
medium (CDMM) identified 4 peptides of CD1597 (unpublished data). Before, we only
identified CD1597 in analyses of spores. Possibly, CD1597 expression is higher in CDMM,
but our results using a reporter assay for promoter activity did not indicate increased
expression in Chapter 3. However, the identification of only 4 peptides indicates a low
expression that might not be discernible from the reporter signals in the control strain.
CDMM is a defined minimal medium that contains the minimum amount of nutrients
needed for survival [329] and could lead to nutrient stress more quickly than rich media.
Since sporulation is regulated by nutrient availability and CD1597 is identified in spores
([64,78] and Chapter 3), CDMM might promote sporulation and therefore the expression
of CD1597.
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Applications of Pro-Pro endopeptidases in research, clinical
settings, and industry

Applications in research

In research, highly specific proteases are often used to remove affinity tags during
protein purification. The proteases used for this application need to be highly specific in
order to prevent degradation of the purified protein. In addition, protein stability, broad
compatibility with reagents, and activity over a wide pH range are favorable
characteristics. Factor Xa, thrombin, TEV protease, and enteropeptidase are among the
most widely used proteases for certain applications. However, factor Xa and thrombin,
both serine proteases involved in blood coagulation, are promiscuous and can therefore
degrade the protein of interest in purification routines [330]. In addition, factor Xa and
thrombin need to be activated post-purification to produce an active enzyme [331,332],
complicating the production of these enzymes. Enteropeptidase (also known as
enterokinase) has the advantage that the P1’ position tolerates any residue except
proline and tryptophan, allowing complete removal of an affinity tag [333]. However,
promiscuity is also a problem for enteropeptidase since it shows proteolytic activity
towards unexpected sequences [334,335]. In addition, the protein contains four
disulfide bonds that are essential for proteolytic activity, thus the use of
enteropeptidase is incompatible with DTT [336]. The viral TEV protease cleaves the
consensus sequence Glu-Xaa-Xaa-Tyr-Xaa-Gln|Ser/Gly (P6-P1’), although several studies
indicate more stringency for the P4 and P2 positions while less stringency has been
observed for the P1’ position [337-339]. Nevertheless, the many positions surrounding
the cleavage site make the TEV protease highly specific.

The high specificity of PPEPs makes them suitable candidates for the removal of affinity
tags. For example, the prime-side specificity of PPEP-3 almost exclusively tolerates
prolines (Chapter 4). In addition, these proteases are easy to produce recombinantly,
do not necessitate activation, are regarded as thermostable, and do not contain
disulfide bonds. However, since specificity depends on the P3-P3’ positions, PPEP-1
cleavage would leave a remnant of three residues attached to the purified protein.
Additional investigations regarding the active pH range, optimal temperature, suitable
buffers, compatibility with other reagents, and enzyme kinetics are needed to
determine if PPEPs are more suitable for the removal of affinity tags than the current
proteases used for this purpose.
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Applications in a clinical setting

PPEP-1 is the most interesting PPEP for use in a clinical setting since it originates from
the clinically relevant gut pathogen C. difficile. C. difficile attaches itself to the intestinal
epithelium through CD2831 and CD3246, although the binding ligand for CD3246
remains unknown [147]. A PPEP-1 deficient strain demonstrated attenuated virulence in
a hamster infection model [147]. This observation was likely an underestimation due to
the growth advantage of ClosTron-generated mutants compared to wild-type cells in
animals pre-treated with clindamycin [147,224]. ClosTron mutagenesis introduces an
erythromycin resistance gene that confers cross-resistance to clindamycin, which likely
increases the survival rate in vivo in clindamycin pretreated animals. The attenuated
virulence is thought to result from decreased colonization efficiency, as the strain
cannot detach from the gut wall. Conversely, constitutive expression of PPEP-1 might
also result in reduced virulence by preventing adherence through CD2831 and CD3246.
Future research using infection models with a C. difficile strain that constitutively
expresses PPEP-1 might provide evidence supporting this hypothesis. If high levels of
PPEP-1 lead to reduced virulence, therapy involving the administration of recombinantly
produced PPEP-1 might alleviate the symptoms of C. difficile infection (CDI).

Since PPEP-1 is secreted in the colon, stool samples of CDI patients might contain the
active enzyme, which would allow for the use of PPEP-1 as a biomarker for CDI. For
example, the soluble fraction of stool samples of CDI patients could be added to a
peptide labeled with chromogenic or fluorogenic groups. Cleavage of such peptides
should indicate the presence of PPEP-1 by a change in color or
fluorescence/luminescence. One study that investigated the use of PPEP-1 as a
biomarker using a quenched NanoLuciferase showed the detection of luminescence at
PPEP-1 concentrations as low as 10 nM [340]. In this study, NP|PVPP (P2-P4’) was used
as a linker between the luciferase molecule and the quencher. However, our current
understanding of PPEP-1 specificity would suggest a linker consisting of VNP |PPP (P3-
P3’) for optimal sensitivity. Thus, to design such diagnostic assays, a deep understanding
of the substrate specificity is needed. On the other hand, the reaction must be very
selective for PPEP-1. Nevertheless, when using a FRET-quenched substrate containing
the optimal PPEP-1 cleavage site, i.e., VNPPPP (P3-P3’), it is unlikely that other proteases
will show activity towards this peptide. In order to develop such a diagnostic tool for the
detection of CDI, itis important to identify the presence of active PPEP-1 in stool samples
of patients with CDI. In addition, stool samples of healthy people should not be active
toward the peptide used for the detection of PPEP-1.
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Applications in industry

In industry, proteases are used for many processes. In the food industry, proteases are
used to tenderize meat, clarify beer, degrade gluten, and produce dairy products [299-
301,341]. In addition, proteases are used in the leather and textile industry to improve
materials [342-344]. In detergents, proteases are used to degrade protein-based stains,
enhancing the efficiency of laundry and dishwashing products [345]. Their application
extends to waste management as well, where proteases aid in the decomposition of
organic waste, contributing to more efficient and environmentally friendly waste
processing methods [346]. For many of these processes, the proteases must degrade
multiple substrates as much as possible. For example, the widely used papain, a
promiscuous protease cleaving after Lys and Arg residues, is used for many applications
in the food, pharmaceutical, cosmetics, leather, and textile industry due to its low
substrate specificity [347].

The high specificity of PPEPs makes these proteases unlikely candidates to be used in
industry for general applications that require broad substrate degradation. PPEPs cleave
at specific proline-rich sites, limiting their use in processes where the breakdown of a
wide range of proteins is necessary. There are, however, several groups of industrially
relevant proline-rich proteins. For example, the gliadins and glutenins that form the
group of gluten, the extracellular matrix proteins elastin and collagen, and the hordeins
in beer contain many prolines in their sequences. The use of PPEPs might be useful for
the industrial degradation of some of these proteins. Glutenin in wheat (Triticum
aestivum) consists of high- and low-molecular-weight subunits. Inspection of these
subunits reveals many Pro-Pro sequences, although no obvious PPEP cleavage sites are
present (i.e., PPXP). In addition, bovine and porcine collagen contains many Pro-Pro
sites, and several PPXP sites. However, the use of PPEPs in industrial applications such
as gluten degradation and meat tenderization most likely necessitate mutations that
increase the flexibility at the P3, P2, P2’, and P3' positions. A thorough understanding of
PPEP specificity could aid in predicting the mutations that render the PPEP specificity
more permissible, e.g., by reducing steric hindrances. Also, directed evolution of
proteases could aid in obtaining a protease that displays flexibility at the P3, P2, P2’, and
P3’ positions while remaining very specific for Pro-Pro cleavage [348]. Alternatively, the
specificity of PPEPs can be advantageous in niche applications where precise proteolysis
is required.
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Profiling protease specificity using synthetic combinatorial
peptide libraries and mass spectrometry

A comparison of synthetic combinatorial peptide libraries with alternative libraries

In Chapters 4, 5, and 6 we characterized PPEP specificity in detail using a novel method
that combines the use of synthetic combinatorial peptide libraries with mass
spectrometry. However, other types of peptide libraries exist that can be employed for
the purpose of protease specificity profiling, each with its strengths and weaknesses.

The PPEP-1 substrates were discovered using a collection of synthetic peptides [146].
These synthetic peptides can contain a FRET pair, allowing both detection and
quantification of proteolytic activity by a protease of interest. However, the main
drawbacks are the difficulty in creating a large and diverse library and the laborious
process required to test each peptide individually.

Proteome-derived peptide libraries are produced by enzymatic digestion of a proteome
and therefore the production is straightforward and inexpensive. Treatment of these
libraries with a protease of interest yields product peptides which are analyzed by MS
[24,252,253]. The product peptides can be enriched by chemical modification of the neo-
N-termini [24] or separated based on hydrophobicity [252] or charge state [253]. An
advantage of proteome-derived libraries is that they allow for the identification of non-
prime-side sequences after the identification of prime-side sequences, which are
automatically detected through database searches [24]. In addition, the identified
substrates might represent biologically relevant substrates. However, proteome-
derived libraries cannot be tailored to specific needs, e.g., to focus on proline-rich
peptides. In addition, proteome-derived libraries do not offer a quantitative approach
since the amount of a substrate peptide is determined by the amount of the protein in
the organism.

Substrate phage display (SPD) peptide libraries have also been used to characterize
protease specificity [169,170,349,350]. A typical approach to profile protease specificity
using SPD libraries starts with the production of a library that contains phages displaying
a large diversity of peptides on their surface. These peptides contain a C-terminal biotin
tag, allowing the phages to be immobilized on streptavidin beads. Cleavage of the
peptide releases the phages (the protease-sensitive pool), which can be amplified and
used in repetitive rounds of selection for phages displaying the protease substrates.
After multiple rounds of selection, PCR is used to amplify the substrate encoding DNA
which is then analyzed by sequencing. The DNA is then translated to identify the
cleavage sites.

196



General discussion

The main advantage of SPD libraries is their high diversity, which can encompass billions
of unique peptides. In addition, the libraries can be tailored to contain fully randomized
(i.e., combinatorial) peptides or sequences originating from a proteome [349].
Furthermore, since the libraries are genetically encoded, propagation of the library is
inexpensive and can be done using simple techniques. However, from designing the
library to obtaining cleavage motifs is an arduous process with many steps. In addition,
phage display libraries can exhibit biases in the displayed sequences due to the
limitations of the host bacteria's processing machinery or phage characteristics
[351,352], affecting the ability of SPD approaches to be truly quantitative. Furthermore,
SPD approaches only identify the sequence that was cleaved but not the cleavage site,
since DNA is used as a readout. Therefore, an additional challenge lies in the
requirement for downstream validation, as identified sequences must be synthesized
and tested in solution to confirm their (site of) proteolysis.

Synthetic combinatorial peptide libraries offer a diversity similar to that of SPD libraries,
depending on the number of varied positions in the library. A major advantage of
synthetic libraries is that they can be precisely designed for a protease of interest or a
research question. Not only can certain positions be fixed residues, also different tags,
glycosylated amino acids, and non-proteinogenic amino acids (e.g., hydroxyproline) can
be incorporated.

Another benefit of synthesizing a library is that the peptides are produced in an
equimolar manner, allowing for a quantitative approach. However, since the product
peptides in our assays in Chapters 4, 5, and 6 were analyzed using LC-MS/MS,
quantification of the peptides is dependent on their ionization efficiency. For example,
the logo in Chapter 5 for PPEP-1 show the high abundance of the His residue (His is
protonated in our experimental setup) at the P2 position, while assays using FRET-
guenched peptides showed that an Asn residue is preferred at this site. The increased
electrospray ionization (ESI) response factor of the His-, Arg-, and Lys-containing
peptides poses a challenge for quantification in MS, especially for non-tryptic peptides
(tryptic peptides possess a single Lys or Arg residue at the C-terminus by definition).
Proteins containing many of these basic residues can be overrepresented in MS analyses
due to the high ESI response factor of their peptides. The difference in ionization
efficiency of peptides is a general limitation of quantitative MS-based approaches.
Currently, models are being trained to predict the ESI response factor for peptides [353].
In the future, such models might be applied in post-analysis processes to normalize the
signals based on their predicted ESI response factor.

A slight drawback of synthetic combinatorial peptide libraries is that, unlike proteome-
derived and SPD libraries, they do not contain substrates derived from a biological
source. However, detailed information on the substrate specificity could aid in
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identifying endogenous substrates. This was true for PPEP-2, for which the logo in
Chapter 5 clearly showed a preference for the endogenous cleavage site PLPPVP (P3-
P3'). However, for the newly characterized PPEPs, PPEP-3 and PPEP-4, substrate
identification was not straightforward. Analysis of the G. thermodenitrificans and A.
tepidamans proteome revealed two potential substrates for PPEP-3 and a single
potential substrate for PPEP-4. These potential substrates do not reflect the PPEP-1 and
PPEP-2 substrates, i.e., they are not (predicted) adhesins. Additional experiments such
as proteolytic surface-shaving [290] of G. thermodenitrificans and A. tepidamans with
PPEP-3 and PPEP-4, respectively, could confirm cleavage of these proteins or other
proteins from these organisms. Alternatively, the true substrates of PPEP-3 and PPEP-4
might originate from other species, which will greatly complicate their identification.

Alternative application of synthetic combinatorial peptide libraries

Correct annotation of the product peptide signals in the EICs (Chapters 4, 5 and 6) was
complicated by the presence of isomeric peptides. These peptides included peptides
that had two residues switched (e.g., PHPGGLEEF and PPHGGLEEF) and peptides with
different lengths (e.g., PPPGGLEEF and YKGGLEEF). To discriminate between these
isomeric peptides, good quality MS2 spectra containing the discriminatory fragments
were essential. However, to discriminate between the isomeric residues Leu and lle,
additional assays investigating the cleavage of FRET-quenched peptides and/or
retention times of synthetic peptides were necessary.

In Chapter 6, we investigated the separation of the peptides PTEDAVLLP, PTEDAVILP,
PTEDAVLIP, and PTEDAVIIP. To our surprise, we were able to fully separate these
peptides on a C18 column in our LC-MS/MS analysis. However, the post-analysis process
is currently not able to discriminate between the four peptides. Possibly, improved
algorithms that predict the retention time of a peptide can allow for automatic
annotation of these peptides. For this, synthetic combinatorial peptide libraries might
be useful for the improvement of retention time prediction models.

The retention time of a (unmodified) peptide within a given experimental setup is
determined by the sequence, which can differ in amino acid composition, modifications,
length, and three-dimensional conformation [354-356]. The retention time can be used
in post-analysis algorithms to increase peptide identification and to discriminate
between correct and incorrect peptide-spectrum matches (PSMs) [357-359]. In these
algorithms, the retention time is predicted, often by machine-learning methods which
are trained on a set of training peptides [360]. The effectivity of a retention time
prediction algorithm is dependent on the set of training peptides. For example, training
an algorithm using solely tryptic peptides will optimize it for tryptic peptides, but can fall
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short when predicting retention times for non-tryptic peptides. Combinatorial peptide
libraries offer a very high degree of variability and might be a valuable source for
peptides to train machine-learning-based prediction algorithms. An important feature
of a suitable combinatorial peptide library should be the variation in the length of the
peptide since this is a key determinant of the retention time.

The use of artificial intelligence in research

In Chapters 2, 3, 4, and 5 we made use of protein structures that were predicted by
AlphaFold, an artificial intelligence (Al) system developed by Google Deepmind that uses
the primary structure of proteins to predict the three-dimensional conformation [361].
Although these structures are predictions, AlphaFold’s accuracy is comparable to
experimentally determined structures [361]. Currently, there are over 200 million
predicted structures available in the AlphaFold database, a number that is impossible
to obtain using experimental techniques. Figure 2 shows a comparison between the
cocrystal structure of PPEP-3 which was determined by X-ray crystallography (Chapter
6) and the predicted structure. Slight differences are observed between the two
structures, for example in the position of the S-loop that closes upon substrate binding,
yet the highly structured a-helices and B-sheets align perfectly. Advances in predictive
protein folding methods could increase the accuracy of these systems even further.
However, these advances might also prove valuable for predicting multimers [362],
substrate docking [363], drug design [364], and de novo protein design [365].

The work presented in this thesis was performed during a bridging period between a
world where the use of Al tools was only limited to experienced computer scientists and
a world where Al applications are ubiquitous and used for everyday purposes. If
implemented correctly, the scientific community can benefit immensely from the use of
Al in several ways.

Research is getting more and more expensive. Materials have increased in price, cutting-
edge instruments cost more than their predecessors, and wages tend to increase yearly.
However, in the Netherlands, the coalition formed after the 2023 parliamentary
elections is planning to reduce the budget for scientific research by 150 million euros
(~10% of the total budget) per year until the year 2031. In public research organizations,
the largest part of the expenses (62%) goes to personnel costs according to a 2011 study
commissioned by the European Commission [366]. Therefore, to produce a similar
scientific output, an increase in efficiency is necessary. The use of Al, especially in the
form of large language models (LLMs) such as OpenAl's ChatGPT, Microsoft's Copilot,
and Meta's LLaMa, could increase the efficiency of individual researchers by saving time
on time-consuming tasks.
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Figure 2. Comparison of the cocrystal structure and the AlphaFold prediction of PPEP-3. The
experimentally determined cocrystal structure of PPEP-3 (Chapter 6) is shown in purple and the substrate
peptide Ac-EPLPPPP as sticks in orange. The predicted structure from AlphaFold (UniProt ID: A4INY2) is
shown in green.

Documentation of research in publicly available scientific articles, reviews, and theses is
a fundamental part of science. However, writing can be a time-consuming activity, and
texts need to be screened for correct grammar and spelling errors. First, we had
Microsoft Word's autocorrect to help us with these tasks. Then, more sophisticated
programs such as Grammarly and ProWritingAid could aid in improving clarity,
readability, and engagement. Now, LLMs can take over these tasks by not only
improving written text but can generate text themselves. Moreover, LLMs excel in
scanning information and bringing this together, possibly making them ideal tools for
writing systematic reviews. Al could not only save time for the writer but also the reader.
A well-constructed sentence/paragraph is easier to read than a complicated one. In
addition, Al-powered academic search engines such as Consensus scan millions of
scientific articles and are useful for answering questions based on scientific literature,
finding the right article to read, and providing references for a statement. Furthermore,
Al can suggest lines of research, assist bioinformatics in writing and checking code, and
can perform statistics based on a description of a study or experiment.

However, we must be wary of the downsides of this new technology. Possibly, Al can be
used to generate fake data or articles easily. Also, delegating tasks to Al could result in
a loss of skill when people no longer perform these tasks themselves. In addition,
uncareful use of Al such as adding suggested references without validation can lead to
sloppy work. Furthermore, Al algorithms could amplify biases present in data, the tasks
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performed by Al can lack transparency, and there are unanswered questions regarding
intellectual property and ownership.

Concluding remarks

The work presented in this thesis aimed to elucidate the function, structure, and
specificity of both previously characterized and novel PPEPs. Our findings suggest that
the roles of PPEPs extend beyond those of PPEP-1 and PPEP-2, which are known for
cleaving adhesion proteins. Specifically, the candidate substrates for PPEP-3 and PPEP-
4 do not include endogenous adhesion proteins or might originate from other
organisms. Additionally, our investigations of the PPEP-homolog from C. difficile,
CD1597, suggest a previously unknown function due to its presence in spores and the
lack of (endo)proteolytic activity. Further research into PPEP-3, PPEP-4, CD1597, and
currently uncharacterized PPEPs could shed more light on the diversity of roles played
by these unique bacterial proteases.

The unique specificity of PPEPs prompted us to develop a novel PPEP-specific method
that combined the use of synthetic combinatorial peptide libraries with MS. This
approach offers several advantages over alternative methods, including the high
diversity, customized design, and sensitive detection of product peptides. Moreover,
experiments using our library method can be completed within two days and deliver
excellent reproducibility. We believe that similar approaches can be readily adapted to
study other groups of proteases and we look forward to seeing this happen in the future.

By relating the specificity of a protease to the atomic structure, either experimentally
determined or algorithmically predicted, we explained the observed preferences for
specific residues surrounding the cleavage site. Even minor structural differences, such
as a single amino acid substitution, can significantly impact protease specificity. A
thorough understanding of the structure-function relationship of proteases can aid in
the design of enzymes with tailored specificities, which can be beneficial for applications
in research, industry, and healthcare.
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English summary

The group of biomolecules called proteins is essential for all life on Earth, including
bacteria. Bacterial proteins serve as structural elements, regulators of gene expression,
defense mechanisms, and govern processes such as signaling, communication,
adhesion, motility, and pathogenesis. The vast diversity of proteins stems from the
countless possible combinations of the building blocks that make up these molecules,
i.e., the 20 proteogenic amino acids. However, protein diversity is further increased by
the different forms of post-translational modifications (PTMs). Two PTMs, proteolysis
and glycosylation, play a central role in this thesis.

Glycosylation is a biochemical process where enzymes facilitate the attachment of
carbohydrates to proteins, lipids, or other organic molecules through covalent bonds.
This PTM is essential for several bacterial functions, such as constructing the cell wall,
forming biofilms, and interacting with host organisms. In pathogenic bacteria,
glycosylation plays a pivotal role in virulence by altering surface structures like pili and
flagella, which helps the bacteria evade the immune system and adhere to host tissues.
For example, flagella of the bacterium C. difficile are glycosylated with a unique glycan
structure that is synthesized through a cascade of enzymatic reactions. In the case of C.
difficile, glycosylation of the flagella is essential for flagella-mediated motility.

Proteolysis is the hydrolytic breakdown of proteins into smaller polypeptides or single
amino acids by a group of enzymes called proteases. In bacteria, proteases are involved
in the breakdown, activation, and maturation of their substrates and thereby ensure the
correct functioning of the cells. Proteases exhibit a specificity for certain amino acids
surrounding the cleavage site. This specificity can be broad, allowing the protease to
cleave a wide range of substrates, or it can be highly specific, recognizing only a single
or a few proteins.

A group of highly specific bacterial proteases, the Pro-Pro endopeptidases (PPEPs),
possess the unique specificity to hydrolyze their substrates between two proline
residues. The cyclic structure of prolines imposes conformational constraints that
prevent hydrolysis by other proteases. Besides their preference for two proline residues
surrounding the cleavage site, their specificity extends to other surrounding residues as
well. Another shared characteristic of PPEPs is their secretion from the cell, indicating
an extracellular function. PPEP homologs have been identified in over 130 bacterial
species spread over 9 genera.

The first PPEP that was characterized, PPEP-1, was identified in a secretome analysis of
C. difficile. C. difficile is an anaerobic, endospore-forming, gram-positive bacterium and
the leading causative agent of antibiotic-associated diarrhea and colitis. C. difficile
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infection (CDI) starts with the ingestion of spores by the host. After travelling the
gastrointestinal (GI) tract, the opportunistic pathogen is able to colonize the colonic
epithelium, especially in patients with a disturbed microbiome. After germination of the
spores, the vegetative cells adhere to the gut mucosa and start to produce toxins that
damage the host’s colonic epithelium and cause disease.

C. difficile is able to bind to the host's intestinal mucosa through the cell wall-tethered
adhesion proteins CD2831 and CD3246. However, environmental stimuli such as
nutrient stress can prompt the bacteria to release from the gut mucosa and travel to
other parts of the colon. To do this, C. difficile produces PPEP-1, which hydrolyzes its
substrates CD2831 and CD3246 at several cleavage sites, thereby releasing the cells.
Interestingly, another putative PPEP exists in C. difficile which has not been
characterized. This protein, CD1597, possesses a domain similar to other PPEPs, but also
displays distinct characteristics.

The research described in this thesis aims to uncover the roles of bacterial enzymes
involved in the processes of adhesion and motility in bacteria, with an emphasis on the
enzymes' substrate specificities. A summary of the current scientific knowledge that is
relevant to the topics discussed in this thesis is provided in Chapter 1.

Flagella of the C. difficile strain 630Aerm are post-translationally modified with the Type
A glycan. While earlier research had established the importance of the Type A glycan for
motility, it did not identify a role for one of the biosynthetic proteins, CD0244, which was
considered non-essential. In Chapter 2, we shed more light on the Type A biosynthetic
pathway using quantitative mass spectrometry-based proteomics. We show that
CD0244 is essential for the biosynthesis of the Type A glycan. In addition, bioinformatic
and structural analyses allowed for the prediction of precise enzymatic functions of the
other enzymes involved in the synthesis of the Type A glycan. Based on our results, a
new model for the Type A biosynthetic pathway was proposed that provides a basis for
future studies.

In Chapter 3, we explored the activity and function of CD1597 from C. difficile. This
protein possesses a PPEP-like domain, but also displays unique features distinguishing
it from typical PPEPs. We evaluated the proteolytic activity of CD1597 against various
substrates and created a cd7597 insertional mutant to assess the impact of its absence.
Through a series of phenotypic assays, microscopy, and comparative proteomics, we
aimed to elucidate the role of this protein in C. difficile.

Chapter 4 introduced a new approach for detailed profiling of PPEP specificity. By
integrating a synthetic combinatorial peptide library—offering a high diversity of
peptides and equimolar concentrations—with the sensitivity and specificity of mass
spectrometry, we were able to explore the prime-side specificity of multiple PPEPs,
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including PPEP-1, PPEP-2, and a newly identified PPEP from Geobacillus
thermodenitrificans, now named PPEP-3. This novel PPEP exhibited a distinct prime-side
specificity compared to PPEP-1 and PPEP-2.

The newly developed method for profiling PPEP specificity was expanded by creating a
complementary combinatorial peptide library to examine non-prime-side specificity in
Chapter 5. This dual-library approach allowed for the characterization of the full PPEP
specificity in a single experiment. We applied this expanded method to analyze known
PPEPs, PPEP mutants, and a new PPEP from Anoxybacillus tepidamans, and also tested
CD1597. By integrating specificity data with structural insights, we enhanced our
understanding of the structure-function relationships of PPEPs.

To gain more insight into the structural determinants that govern PPEP specificity, the
atomic cocrystal structure of PPEP-3 from G. thermodenitrificans was determined by X-
ray crystallography in Chapter 6. We examined the protease-substrate complex,
comparing it with other PPEPs with known structures. Additionally, the substrate
specificity was characterized in detail using the newly developed approach that
combines synthetic combinatorial peptide libraries with MS detection. Together, these
data were used to identify the molecular determinants that explain the substrate
specificity of PPEP-3.

Finally, the research presented in this thesis is reflected upon in Chapter 7. In addition,
we discuss the implications of our findings for future research and potential applications
in industry, research, and healthcare settings. Lastly, we provide a framework for future
studies that can aid in the understanding of PPEPs and FIiC glycosylation.
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Nederlandse samenvatting

De groep biomoleculen die eiwitten wordt genoemd, is essentieel voor al het leven op
aarde, inclusief dat van bacterién. Bacteriéle eiwitten dienen als structurele elementen,
regelaars van genexpressie, verdedigingsmechanismen, en regelen processen zoals
signalering, communicatie, adhesie, motiliteit en pathogenese. De enorme diversiteit
aan eiwitten komt voort uit de ontelbare mogelijke combinaties van de bouwstenen
waaruit deze moleculen zijn opgebouwd, namelijk de 20 proteogene aminozuren. De
eiwitdiversiteit wordt nog verder vergroot door de verschillende vormen van post-
translationele modificaties (PTM's). Twee PTM's, proteolyse en glycosylering, spelen een
centrale rol in dit proefschrift.

Glycosylering is een biochemisch proces waarbij enzymen de koppeling van
koolhydraten aan eiwitten, lipiden of andere organische moleculen bewerkstelligen.
Deze PTM is essentieel voor verschillende bacteriéle functies, zoals het vormen van de
celwand, het vormen van biofilms en de interactie met de gastheer. Bij pathogene
bacterién speelt glycosylering een cruciale rol in virulentie door het veranderen van
oppervlaktestructuren zoals pili en flagellen, wat de bacterién helpt het
immuunsysteem te ontwijken en zich aan weefsels in de gastheer te hechten. Zo zijn de
flagellen van de bacterie Clostridioides difficile geglycosyleerd met een unieke
glycaanstructuur die wordt gesynthetiseerd door een reeks van enzymatische reacties.
In het geval van C. difficile is glycosylering van de flagellen essentieel voor flagella-
gemedieerde motiliteit.

Proteolyse is de hydrolytische afbraak van eiwitten tot kleinere polypeptiden of losse
aminozuren door een groep enzymen genaamd proteases. In bacterién zijn proteases
betrokken bij de afbraak, activering en maturatie van hun substraten en zorgen zo voor
de juiste werking van de cellen. Proteases vertonen specificiteit voor bepaalde
aminozuren rond de knipplaats. Deze specificiteit kan breed zijn, waardoor de protease
een breed scala aan substraten kan knippen, of het kan zeer specifiek zijn, waarbij
slechts één of enkele eiwitten worden herkend.

Een groep zeer specifieke bacteriéle proteases, de Pro-Pro endopeptidasen (PPEP's),
heeft de unieke specificiteit om hun substraten tussen twee prolines te knippen. De
cyclische structuur van proline zorgt voor conformationele beperkingen die hydrolyse
door andere proteases vaak verhinderen. Naast hun voorkeur voor twee prolines direct
rondom de knipplaats, strekt hun specificiteit zich ook uit tot omliggende residuen. Een
andere gedeelde eigenschap van PPEPs is de secretie uit de cel, wat wijst op een
extracellulaire functie. PPEP-homologen zijn geidentificeerd in meer dan 130
bacteriesoorten verspreid over 9 genera.
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De eerste PPEP die werd gekarakteriseerd, PPEP-1, werd geidentificeerd in een op
massaspectrometrie gebaseerde proteomics analyse van het secretoom van C. difficile.
C. difficile is een anaérobe, endosporenvormende, gram-positieve bacterie en de
belangrijkste veroorzaker van met antibiotica geassocieerde diarree en colitis. C. difficile
infectie (CDI) begint met de opname van sporen door de gastheer. Na ingestie is het
opportunistische pathogeen in staat het darmepitheel te koloniseren, vooral bij
patiénten met een verstoord microbioom. Na de kieming van de sporen hechten de
vegetatieve cellen zich aan de darmmucosa en beginnen ze toxines te produceren die
het darmepitheel van de gastheer beschadigen en ziekte veroorzaken.

C. difficile is in staat zich te binden aan de darm mucosa van de gastheer via de aan de
celwand gebonden adhesie-eiwitten, waaronder CD2831 en CD3246. Externe stimuli
zoals nutriéntenstress kunnen de bacterién echter aanzetten om zich los te maken van
de darmmucosa en zich naar andere delen van de dikke darm te verplaatsen. Om dit te
doen, produceert C. difficile PPEP-1, dat zijn substraten CD2831 en CD3246 op meerdere
plaatsen knipt, waardoor de cellen loskomen. Interessant genoeg bestaat er een andere
vermeende PPEP in C. difficile die nog niet is gekarakteriseerd. Dit eiwit, CD1597, bezit
een domein dat lijkt op andere PPEPs, maar vertoont ook onderscheidende kenmerken.

Het onderzoek beschreven in dit proefschrift heeft tot doel de rollen van bacteriéle
enzymen die betrokken zijn bij de processen van adhesie en motiliteit in bacterién te
onthullen, met de nadruk op de specificiteit van de substraten van deze enzymen. Een
samenvatting van de huidige wetenschappelijke kennis die relevant is voor de in dit
proefschrift besproken onderwerpen, wordt gegeven in Hoofdstuk 1.

De flagellen van de C. difficile stam 630Aerm zijn post-translationeel gemodificeerd met
de Type A glycaan structuur. Terwijl eerder onderzoek het belang van de Type A glycaan
structuur voor motiliteit had vastgesteld, identificeerde het geen rol voor één van de
biosynthetische enzymen, CD0244, dat als niet essentieel werd beschouwd. In
Hoofdstuk 2 werpen we meer licht op de biosynthetische route van de Type A glycaan
structuur met behulp van kwantitatieve en op massaspectrometrie-gebaseerde
proteomics methoden. Hiermee konden we laten zien dat CD0244 wel degelijk
essentieel is voor de biosynthese van Type A. Bovendien maakten bioinformatische en
structurele analyses het mogelijk om de precieze enzymatische functies van de andere
enzymen die betrokken zijn bij de synthese van de Type A glycaan structuur te
voorspellen. Op basis van onze resultaten werd een nieuw model voor de
biosynthetische route voorgesteld dat een basis biedt voor toekomstig onderzoek.

In Hoofdstuk 3 onderzochten we de activiteit en functie van CD1597 uit C. difficile. Dit
eiwit bezit een PPEP-achtig domein, maar vertoont ook unieke kenmerken die het
onderscheidt van andere PPEPs. We evalueerden de proteolytische activiteit van CD1597
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tegen verschillende substraten en creéerden een insertiemutant van het cd7597 gen om
de impact van de afwezigheid ervan te beoordelen. Door een reeks fenotypische assays,
microscopie en vergelijkende proteomics experimenten probeerden we de rol van dit
eiwit in C. difficile te verduidelijken.

Hoofdstuk 4 introduceerde een nieuwe benadering voor gedetailleerde karakterisatie
van PPEP-specificiteit. Door een synthetische combinatorische peptidebibliotheek met
een hoge diversiteit aan peptiden in equimolaire concentraties te integreren met de
gevoeligheid en specificiteit van massaspectrometrie, konden we de prime-side
specificiteit van meerdere PPEP’s onderzoeken. We deden dat voor PPEP-1, PPEP-2 en
een nieuw geidentificeerde PPEP uit Geobacillus thermodenitrificans, nu genaamd PPEP-
3. Deze nieuwe PPEP vertoonde een andere prime-side specificiteit in vergelijking met
PPEP-1 en PPEP-2.

De nieuw ontwikkelde methode voor het karakteriseren van PPEP-specificiteit werd
uitgebreid door het creéren van een aanvullende combinatorische peptidebibliotheek
om de non-prime-side specificiteit te onderzoeken in Hoofdstuk 5. Deze benadering
met twee peptidebibliotheken stelde ons in staat om de volledige PPEP-specificiteit in
een enkel experiment te karakteriseren. We pasten deze uitgebreide methode toe om
bekende PPEPs, PPEP-mutanten, en een nieuwe PPEP uit Anoxybacillus tepidamans te
analyseren, en testten daarnaast ook CD1597. Door data over specificiteit te integreren
met structurele analyses, hebben we ons begrip van de structuur-functie relaties van
PPEPs vergroot.

Om meer inzicht te krijgen in de structurele determinanten die de PPEP-specificiteit
beinvloeden, werd de atomaire kristalstructuur van PPEP-3 uit G. thermodenitrificans
bepaald door middel van réntgenkristallografie in Hoofdstuk 6. We onderzochten het
protease-substraat complex, en vergeleken het met andere PPEPs met bekende
structuren. Daarnaast werd de substraatspecificiteit in detail gekarakteriseerd met
behulp van de nieuw ontwikkelde methode die synthetische combinatorische
peptidebibliotheken combineert met MS detectie. Samen werden deze gegevens
gebruikt om de moleculaire determinanten te identificeren die de substraatspecificiteit
van PPEP-3 verklaren.

Ten slotte wordt in Hoofdstuk 7 op het in dit proefschrift beschreven onderzoek
gereflecteerd. Bovendien bespreken we de implicaties van onze bevindingen voor
toekomstig onderzoek en potentiéle toepassingen in de industrie, onderzoek en
gezondheidszorg. Tot slot bieden we een kader voor toekomstige studies die kunnen
bijdragen aan onze kennis over PPEPs en FliC-glycosylering.
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