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a b s t r a c t 

Pro-Pro-endopeptidases (PPEP, EC 3.4.24.89) are secreted, zinc metalloproteases that have the unusual capacity 
to cleave a peptide bond between two prolines, a bond that is generally less sensitive to proteolytic cleavage. 
Two well studied members of the family are PPEP-1 and PPEP-2, produced by Clostridioides difficile, a human 
pathogen, and Paenibacillus alvei , a bee secondary invader, respectively. Both proteases seem to be involved in 
mediating bacterial adhesion by cleaving cell surface anchor proteins on the bacterium itself. 

By using basic alignment and phylogenetic profiling analysis, this work shows that the complete family of proteins 
that contain a PPEP domain includes proteins from more than 130 species spread over 9 genera. These analyses 
also suggest that the PPEP domain spread through horizontal gene transfer events between species within the 
Firmicutes’ classes Bacilli and Clostridia. Bacterial species containing PPEP homologs are found in diverse habi- 
tats, varying from human pathogens and gut microbiota to free-living bacteria, which were isolated from various 
environments, including extreme conditions such as hot springs, desert soil and salt lakes. 

The phylogenetic tree reveals the relationships between family members and suggests that smaller subgroups 
could share cleavage specificity, substrates and functional similarity. Except for PPEP-1 and PPEP-2, no cleavage 
specificity, specific physiological target, or function has been assigned for any of the other PPEP-family members. 
Some PPEP proteins have acquired additional domains that recognize and bind noncovalently to various elements 
of the bacterial peptidoglycan cell-wall, anchoring these PPEPs. Secreted or anchored to the cell-wall surface PPEP 
proteins seem to perform various functions. 
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Bacteria contain an extensive collection of proteases that have vi-
al roles in viability and virulence. With the secretion of proteases,
ram-positive bacteria can adjust their environment. This varies from
on-specific proteases processing nutrient sources and enabling tissue
nvasion, to proteases involved in defense against attacks by host fac-
ors or competing bacteria ( Cezairliyan and Ausubel, 2017 ; Koziel and
otempa, 2013 ; Lin et al., 2020 ; Potempa and Potempa, 2012 ;
eele et al., 2015 ). A surprising activity is cleavage of adhesion pro-
eins on the bacterial surface by proteases secreted by the same bacte-
ia. The cell-wall envelope of Gram-positives contains proteins which en-
Abbreviations: CBD, Cell-wall-binding-domain; FN3, Fibronectin type III domain; M
ell-wall polysaccharide; SLH, surface layer homology; TED, thioester domain; VMSP
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ble the bacteria to anchor to host-animal tissues, plant vascular system,
rganic material or abiotic surfaces, where they form sessile communi-
ies. In response to depletion in nutrients or other stress factors, bacteria
ave been postulated to secrete proteases which cleave these protein an-
hors, releasing the bacteria to search for more favorable environments
 Hensbergen et al., 2015 ; McAleese et al., 2001 ; Pinkston et al., 2011 ;
onry et al., 2012 ). 

Proline-proline endopeptidases (PPEPs), named after their unique
ubstrate cleavage site between two prolines, are the latest addition to
he clan of M34 metalloendopeptidases of bacterial secreted proteases
 Cafardi et al., 2013 ; Hensbergen et al., 2015 , 2014 ; Klychnikov et al.,
018 ). Recent advances have resulted in elucidation of the function of
wo family members, PPEP-1 and PPEP-2, which, although present in
ucBP, Mucin binding protein; PPEP, Pro-pro-endopeptidases; SCWP, Secondary 
, VWFA-MucBP-SLH-protein; VWFA, Von Willebrand factor type A. 
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Fig. 1. Domain organization of Clostridioides difficile and Paenibacillus alvei 

adhesion proteins anchored to the peptidoglycan cell wall layer, and their 

PPEP-1 and PPEP-2 cleavage sites. Arrows indicate PPEP-1 and PPEP-2 cleav- 
age sites with bold, underlined specific recognition sequence. Peptidoglycan 
cell wall layer (gray). L = LPXTG-like cell wall anchor, R = repetitive sequence, 
N = Amino terminal domain, Orange = region containing PPEP recognition sites. 
For other domain names see text.(For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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emotely related Firmicutes species, Clostridioides difficile and Paenibacil-

us alvei , display similar roles in cleaving cell-wall surface proteins in-
olved in bacterial adhesion ( Hensbergen et al., 2015 ; Klychnikov et al.,
018 ). Here, we will give a brief overview of current knowledge about
he structure and functions of PPEP-1 and PPEP-2, and describe protein
omologs with a PPEP-like domain, which have dispersed throughout
everal bacterial families. 

eatures and function of PPEP-1 

Clostridioides difficile is a pathogenic bacterium that can colonize
he colon of individuals whose normal intestinal flora has been dis-
upted by antibiotic treatment ( Schäffler and Breitrück, 2018 ). Effective
olonization depends on adherence of the bacterium to extracellular-
atrix components of the epithelium. Two C. difficile adhesion proteins,

rtB-anchored collagen-binding adhesin protein (CD2831) and Cys-Gln-
hioester bond-forming surface protein (CD3246), are cleaved and re-
eased by secreted PPEP-1. Hence, it has been postulated that PPEP-1,
y cleaving these anchor proteins, plays a role in the switching from an
dhesive to a motile phenotype in C. difficile ( Hensbergen et al., 2014 ).

The two substrates of PPEP-1 contain multiple consecutive cleavage
ites (see Fig.1 ), and a consensus sequence analysis showed that in ad-
ition to the prolines surrounding the cleavage site, conserved amino
cids are present, 3 positions upstream and downstream of the cleavage
ite ( Hensbergen et al., 2015 , 2014 ). This analysis, and in vitro cleav-
ge experiments, showed that the preferred PPEP-1 cleavage sites are
omposed of (ILV)NP ↓P(AIV)P (P3 to P3’). 

Both CD2831 and CD3246 contain an amino (N)-terminal secretion-
ignal peptide and a C-terminal cell-wall anchor (L in Fig. 1 ). The cell-
2 
all anchor is composed of an LPxTG-like motif (S/P)PKTG, which
ecomes covalently linked to the bacterial cell-wall by a membrane-
nchored transpeptidase, sortase B ( Paterson and Mitchell, 2004 ;
eltier et al., 2015 ; Van Leeuwen et al., 2014 ). 

The closest structural homolog of CD2831, based on the I-TASSER
Iterative Threading ASSEmbly Refinement) structure and function as-
ignment method ( Yang et al., 2014a ), is the adhesive Surface Pro-
ein B (RspB) of Erysipelothrix rhusiopathiae ( Devi et al., 2012 ) (suppl.
ig.S1). The N-terminal domains, N1 and N2, of CD2831 ( Fig.1 ) proba-
ly form a collagen “hug ” domain which is a common theme for many
ram-positive bacteria surface proteins binding to extracellular matrix
olecules ( Devi et al., 2012 ; Zong et al., 2005 ). Several collagen types

re bound by CD2831 and no clear preference seems present ( Arato
t al., 2019 ). The role of the N3-domain and both two CNA-domains
 Fig.1 ) is unclear, but CNA-domains have been proposed to serve as a
stalk’ that projects the collagen binding domain away from the bacterial
ell surface in order to position it for binding and facilitate bacterial ad-
erence ( Deivanayagam et al., 2000 ; Hendrickx et al., 2012 ; Rich et al.,
998 ). Both CD2831 and CD3246 contain N-terminal small repeats (R
n Fig.1 ) which can vary in number in C.difficile strains with CD3246
ncoding 11 to 15 repeats (sequence GQXPDGEKPSD) and CD2831 en-
oding 7 to 8 repeats (sequence KXTDNKKPEQTPEED). Their function,
owever, is currently unknown. 

The middle domain of CD3246 shows homology to class 2 thioester
omains (TEDs) and in particular to the putative adhesin of Enterococcus

aecium TIE86 (suppl. Fig.S2) and Bacillus anthracis BaTIE ( Miller et al.,
018 ). Bacterial surface proteins with an internal thioester have been
hown to mediate covalent host binding using a cross-linking reaction,
llowing bacterial attachment to human cells ( Walden et al., 2015 ). 

Structural analysis of PPEP-1, a complex with a VNPPVP peptide
ubstrate, revealed a compact fold with an active site cleft ( Pichlo et al.,
019 ; Schacherl et al., 2015 ). In this co-crystal, the substrate-binding
left of PPEP-1 ( Fig.2 ) is shaped complementary to the double-kinked
onformation of the target, proline-rich, sequence . These structured
ubstrates are recognized followed by substrate positioning within the
ctive-site cleft ( Pichlo et al., 2019 ). Upon binding, a flexible loop -
he so-called S-loop - closes over the substrate-binding cleft. In this co-
rystal structure, the target peptide (P3 to P3’) is contacted and sta-
ilized by more than 20 residues (see Fig.2 b and 2c). These residues
ostly form van der Waals interactions and several aromatic–aliphatic

ide-chain stacks. The bound conformation also increases the reactivity
f the catalytic zinc ion enabling an efficient peptide hydrolysis. 

eatures and function of PPEP-2 

Just as C. difficile, P . alvei is an anaerobic, Gram-positive, flag-
llated and endospore-forming bacterium. P. alvei can occur as sec-
ndary invader of honeybees, infected with Melissococcus plutonius,

hich cause European foulbrood ( Forsgren, 2010 ). In addition, P. alvei

s described as a rare causative agent of human infections ( DeLeon and
elliver, 2016 ; Padhi et al., 2013 ; Reboli et al., 1989 ). P. alvei PPEP-

, despite only 50% amino-acid identity, forms a very similar fold
o PPEP-1 ( Klychnikov et al., 2018 ). The endogenous substrate of
PEP-2, VMSP, which contains two optimal cleavage sites PLP ↓PVP
 Fig.1 ), was identified in culture medium of P. alvei strain DSM29
 Klychnikov et al., 2018 ). The protein name, VMSP, is an acronym based
n the three conserved domains found in the sequence, VWFA, MucBP
nd SLH ( Klychnikov et al., 2018 ). The consensus cleavage site of PPEP-
 ( PL P ↓PVP) differs from the optimal PPEP-1 ( VN P ↓PVP) at positions
2 and P3 (underlined). 

The N-terminus of VMSP contains a predicted Von Willebrand fac-
or type A (VWFA) domain fold ( Fig.1 ). VWFA-domains seem to be in-
olved in a wide variety of functions and binding various ligands. In
any eukaryotic cells, the VWFA-domain is implicated in extracellu-

ar matrix protein interactions ( Whittaker and Hynes, 2002 ). In bacte-
ial adhesins, the VWFA-domain has been shown to interact with dif-
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Fig. 2. 3D structure of PPEP-1 with and with- 

out substrate peptide and conserved amino 

acids of PPEP-family. A) without peptide, PDB 
5A0P; B) with peptide (orange), PDB 6R57; 
Black Lines indicate atom-pair contacts with 
cut-off value of 4 Å (Aydlnkal et al., 2019). 
C) Ball and stick representation of peptide 
binding cleft; peptide in red (spheres), con- 
tacting residues (sticks) in light blue. D) Con- 
served residues in PPEP-family alignment (95% 

threshold) shown as sidechain sticks and indi- 
cated in the PPEP-1 structure (PDB 6R57) with- 
out peptide (Pichlo et al.2019). Substrate pro- 
line P1 contacting residues in green, substrate 
proline P1’ contacts shown in orange. Residues 
shown in red are involved in zinc coordination 
and catalytic activity.(For interpretation of the 
references to color in this figure legend, the 
reader is referred to the web version of this ar- 
ticle.) 
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erent elements of the extracellular matrix, namely fibronectin, colla-
en, and laminin ( Vengadesan and Narayana, 2011 ). The closest ho-
ologs of the P. alvei VMSP VWFA-domain are the tips of pilins RgrA of

. pneumoniae and GBS104 of Streptococcus agalactiae (suppl. Fig.S3a).
oth these adhesins form stalks to project the collagen-binding VWFA-
omain to bind to respiratory- and epithelial cell surfaces ( Izoré et al.,
010 ; Krishnan et al., 2013 ). Future research should focus on discover-
ng the elements of the extracellular matrix, which are contacted by the
. alvei VMSP VWFA-domain. 

Next to the VWFA-domain, Paenibacilli VMSPs contain 60 aa long re-
eating units of the Mucin binding protein domain (MucBp) ( Fig.1 and
uppl. Fig.S3b). The closest homologues to these paenibacillus MucBp-
epeats are the Lactobacillus reuteri mucus-binding protein B1-domain
nd the 𝛽-GF module in S.aureus SraP protein (suppl. Fig.S3b). SraP is
 surface-exposed protein which promotes S. aureus adhesion to host
pithelial cells via a specific binding to carbohydrates ( Etzold et al.,
014; MacKenzie et al., 2009; Yang et al., 2014b ). Unlike the name sug-
ests, the region corresponding to the B1-domains of L. reuteri MucBP is
ot responsible for the mucin binding activity, which requires an ad-
itional B2-domain ( MacKenzie et al., 2009 ). This B2-domain is miss-
ng in Paenibacillus VMSP MucBP-repeats. As such, we envision that
he MucBP-repeats form a stalk that presents the VWFA ligand-binding
omain away from the bacterial cell surface, reminiscent of the CNA-
omains (see Fig.1 ). 

The LPxTG-like motif containing substrates of PPEP-1 are cova-
ently attached to the cell-wall peptidoglycan, via a sortase medi-
ted reaction. VMSP proteins, in contrast, have a surface-layer homol-
gy (SLH) anchor-domain repeat at their C-termini ( Fig.1 and suppl.
ig.S3c). Bacterial secreted proteins containing an SLH-domain are teth-
red to the cell-wall of Gram-positive bacteria through non-covalent
nteractions with secondary cell-wall polymers ( Blackler et al., 2018 ;
ychantha et al., 2018 ). 

The proposed model suggests that paenibacillus VMPS are flexi-
le filament-like structures composed of an anchor, stalk and matrix-
inding domain ( Fig.1 ). Their target could be a cell-surface matrix pro-
ein present in the animal gut, promoting adhesion for commensal- or
pportunistic Paenibacilli. Alternatively, the VMSP-binding targets may
e part of the plant root surface or rhizosphere soil matrix directly as-
ociated with the root ( Berg et al., 2016 ). 
3 
hylogenetic analyses of proteins with a PPEP domain 

In order to identify PPEP homologs, we screened the NCBI database
or homologs of PPEP-1 and PPEP-2 using a probability of 1e-25 ex-
ected number of chance as a threshold value. Homologous PPEP do-
ain containing proteins are found in two Firmicutes orders, Clostridi-

les and Bacillales. The first contains 2 genera, Clostridioides and
lostridium, and the Bacillales contains 7 genera including Paenibacil-

us (Family Paenibacillaceae), Bacillus, Parageobacillus, Geobacillus,
noxybacillus (Family Bacillaceae), Salinicoccus and Jeotgalicoccus

Family Staphylococcaceae). In most fully sequenced genomes contain-
ng a PPEP homolog, a single gene copy is present, yet in some genomes
wo or even three PPEP homologs are found. 

A phylogenetic tree of species with a PPEP homolog, based on house-
eeping proteins commonly used for bacterial taxonomy, FtsZ and RpoD
 Beiki et al., 2016 ; Pal et al., 2019 ; Parkinson et al., 2011 ), clearly
howed the evolutionary divergence between these genera (suppl.
ig.S4). The species display extremely different lifestyles, varying from
nteric pathogens, commensal microbiota, plant roots associated, to
ree soil-living species. These include halophilic, alkalophilic and ther-
ophilic species. It has been suggested that animal gut- and plant root
icrobial communities share several characteristics, as both form an

ctive group of microbes that contribute to degradation or modification
f nutrients provided by the host surface they depend on ( Mendes and
aaijmakers, 2015 ; Ramírez-puebla et al., 2013 ). Apparently, PPEP ho-
ologs are not restricted to these active group-forming microbes. 

A phylogenetic tree of the PPEP homologs revealed multiple aspects
f this protein family ( Fig.3 , table S1). In general, the PPEP domain
hylogeny reflects the species distribution. On the other hand, PPEP-1
rom C. difficile clusters with the PPEP domains from the Paenibacillus
roup, and not with the PPEP domain from the more closely related
lostridium species. The tree supports three sets of Bacillus branches
 Fig.3 ) labelled Bacillus group A, B and C, with group A the most com-
only found. Several bacillus genomes ( e.g. B. ciccensis, B. solani, B. sp.

JAT21945 ) contain all three PPEP-groups, some group A and B (e.g. B.

ethanolicus, B. oceanisediminis ) or only group C ( B. sp. COPE52 ). Based
n this, and the fact that PPEP-like domains in general were not found in
any different bacterial orders, we speculate that horizontal transfer of
PEP-like genes, followed by adaptive evolution driven by natural selec-
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Fig. 3. Phylogenetic relationship of PPEP-like 

proteins. A rooted phylogenetic tree was con- 
structed using an alignment of 146 PPEP ho- 
mologs from 131 species. Tree was built by 
using the Neighbor-Joining method with the 
Jukes-Cantor genetic distance model. Major 
species groups are highlighted by different col- 
ors as indicated. Outgroup is M34 peptidase of 
Vibrio cholera O1 (WP_108257476). Bootstrap 
values of branches corresponding to indicated 
groups are all > 50 except for the Clostridioides 
group. Furthest distance in the tree is between 
B. lentus and J. saudimassiliensis (32%, iden- 
tities; 52%, similarity; BLAST e-value 7e-28). 
(For interpretation of the references to color in 
this figure legend, the reader is referred to the 
web version of this article.) 
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ion on a potentially newly acquired function, may explain the observed
pecies distribution. The driver would be targeting a surface protein, and
ontrolling its function via this cleavage. 

Conserved amino acids in the alignment define this PPEP protein
omain family. Among the most conserved residues are the zinc binding
ite, including the classical metalloprotease HEXXH motif (red in Fig.2 d)
nd residues involved in coordinating the substrate proline - proline
leavage site in PPEP-1 (green and orange in Fig.2 d). 

dditional domains in several PPEP homologs 

PPEP-1 and 2 are secreted proteases and this feature seems to be con-
erved in many homologs. However, in several homologs extra protein
omains were observed. For example, all PPEP-like protein members
f bacillus group B ( Fig.3 ) contain a predicted SH3b-domain amino-
erminal of the PPEP-domain ( Fig.4 ), whilst group C ( Fig.3 ) is miss-
ng this SH3-domain. The PPEP-SH3b-domain has homology to a pep-
idoglycan cell-wall-binding-domain (CBD) of bacteriophage protein
ysPBC5 (suppl. Fig.S5), which is involved in bacterial host-cell surface
inding ( Lee et al., 2019 ). This CBD is critical for specific recognition of
he Bacillus cereus’ cell surface by the bacteriophage. SH3b of bacterial
ell-wall-binding proteins recognize and bind noncovalently to peptido-
lycan of the bacterial cell walls, peptidoglycan cross-bridges in partic-
lar ( Gonzalez-Delgado et al., 2020 ; Mitkowski et al., 2019 ). 

Salinicoccus and Jeotgalicoccus are halotolerant or halophilic
acteria that live in saline environments ( Schwaiger et al., 2010 ;
entosa et al., 1990 ). Salinicoccus as well as Jeotgalicoccus PPEP-like
4 
roteins ( Fig.3 ) have a C-terminal FN3-domain ( Fig.4 and suppl.Fig.S6).
acterial FN3-domain folds are common, suggesting a general ligand-
inding module. Several characterized bacterial FN3-domains possess
urface-exposed aromatic residues that are thought to make contacts
ith substrate sugar chains ( Alahuhta et al., 2010 ; Jee et al., 2002 ;
ataeva et al., 2002 ). FN3-like domains, capable of binding to carbo-
ydrates, are found mostly in extracellular proteins including bacterial
eceptors, adhesion proteins or glycosyl-hydrolases. To our knowledge,
his is the first FN3-domain described linked to a protease-domain. 

Two members of the Paenibacillus group B, P. swuensis and P. spec.

P183 ( Fig.3 ) contain an additional SLH-domain C-terminal of the
PEP-domain ( Fig.4 , Fig.S7). SLH-domains, consisting of three repeats,
ave been shown to interact with secondary cell-wall polysaccharide
SCWP) for anchoring proteins to the surfaces of bacteria ( Kern et al.,
011 ; Mesnage et al., 2000 ). The function of the SLH-domain seems to
e accessory and not essential, given the absence of the domain in two
aenibacillus homologs, P. daejeonensis and P. sp. 598K ( Fig.5 a). 

ynteny of PPEP proteins 

Besides conservation levels of PPEP homologs, similarity in the gene
rder or distribution between genomes of different species can pro-
ide additional support for shared ancestry and function ( Junier and
ivoire, 2016 ). A summary of gene clusters identified around the PPEP
omologs is shown in Fig.5 . 

Within Paenibacillus, the phylogenetic and synteny analysis ( Fig.3
nd Fig.5 a) show that this group can be divided in two subgroups. Group
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Fig. 4. PPEP family proteins domain organization. Several members of the 
PPEP family contain an additional domain, SH3 (Bacillus group B), FN3 (Salin- 
icoccus/Jeotgalicoccus) or SLH (Paenibacillus group B), which are predicted to 
be involved in anchoring to the Gram-positive bacterium cell wall (gray). S = se- 
cretion signal. For other domain names see text. 
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, containing the VMSP substrate target directly downstream of PPEP
including PPEP-2), and those lacking VMSP, Group B. 

Alignment of genome blocks of the Bacillus PPEP group A, which
lso include Anoxybacillus, Geobacillus and Parageobacillus ( Goh et al.,
013 ; Najar and Thakur, 2020 ; Zeigler, 2014 ), shows a largely similar
ene order of alignment ( Fig.5 b). This confirms the evolutionary phylo-
enetic clustering ( Fig.3 ) and argues for identical function of PPEP-like
roteins within this group. 

Almost 250 different Clostridium species have been described and at
east 40 species’ genomes have been completely sequenced. PPEP encod-
ng genes are only found in 4 seemingly unrelated Clostridium species
 Fig.5 e): Clostridium colicanis isolated from canine feces ( Greetham et al.,
003 ), and also identified as a human pathogen in a patient with
acteraemia; Clostridium thermopalmarium a moderately thermophilic
acterium isolated from palm wine (Lawson Anani Soh et al., 1991 );
lostridium bovifaecis isolated from cow manure ( Zhu et al., 2018 ) and
lostridium homopropionicum isolated from anaerobic sewage sludge
 Beck et al., 2015 ). The gene organization surrounding the PPEP genes
s largely similar confirming the relation of these clostridium species . 

Bacteria can acquire new genes by uptake and incorporating of envi-
onmental DNA into their genomes ( Mell and Redfield, 2014 ). To in-
estigate whether other gene segments were co-transferred with the
PEP homologs, we also checked the genomic location in closely re-
ated species that did not contain a PPEP homolog. Three such genome
omparisons are shown in Fig.6 . Remarkably, in these examples, no
ther genes were co-transferred with the PPEP homolog (or these were
emoved after incorporation). In addition, no transposable elements
uch as transposons and insertion sequences ( Siguier et al., 2014 ),
hich catalyze exchanges between genomes, or changes in GC-profiles
 Zhang et al., 2014 ) seem present. 

otential substrates and regulation of orphan PPEPs 

Despite belonging to two different Firmicute classes, PPEP-1 and
PEP-2, both involved in cleavage of anchor proteins, share several char-
5 
cteristics: 1. The amino acids in the cleavage sites are P ↓P-X-P. 2. Their
ubstrate proteins CD2831 (PPEP-1) and VMSP (PPEP-2) are encoded by
he gene directly adjacent to the ppep gene, albeit in alternative orien-
ation (see Fig.5 a). Genes involved in a common pathway or function
re frequently found near each other for miscellaneous reasons such as
oregulation, efficiency, gene transfer or survival ( Ballouz et al., 2010 ).
PEP-1 in C. difficile strain 630 has an additional target protein, CD3246,
hich is located ~ 50.000 bp downstream, showing that genetic link-

ng of the protease and this substrate gene is not essential. CD3246,
nlike CD2831, is not conserved within C. difficile and missing in cer-
ain pathogenic strains. 3. Both PPEP-1 and PPEP-2, and their substrates,
ave a c-di-GMP riboswitch in their 5 ′ -UTR ( Fig.5 a triangles). By binding
o these structures, the second messenger c-di-GMP, which is involved
n signal transduction in a wide variety of bacteria, can regulate gene
xpression upon environmental stimuli ( Purcell and Tamayo, 2016 ). 

Other PPEP-like family members might share these characteristics
ommon to PPEP-1 and PPEP-2. Inspection of the genes 6000 bp up-
tream and downstream of the PPEP homologs ( Fig.5 a-e) revealed no
ecreted proteins with a P ↓P-X-P motif directly surrounding the PPEP
omolog. However, screening species with a PPEP-like gene for se-
reted and cell surface proteins with a PP X P motif, conserved within
he species groups or branches, showed that the broadly conserved MltG
rotein, a potential terminase for glycan polymerization ( Yunck et al.,
016 ), contains a conserved GL PP G P sequence within the Paenibacillus,
alinicoccus and Clostridium group. In addition, a putative polysaccha-
ide deacetylase protein (WP_053475711) with a conserved DL PP S P mo-
if is present in the Bacillus B and C group. Moreover, in Bacillus group
, the protein upstream of the PPEP homolog ( Fig.5 b), annotated as
pjP-like (PF14005), has a secretion signal and contains two conserved
i-proline motifs (sites EH PP QD and NT PP KW). This YpjP-like protein,
hich is functionally uncharacterized, shows homology to C. difficile

ilJ pilin protein (suppl. Fig.S8) reported to be involved in adhesion
 Piepenbrink et al., 2014 ). In a subgroup of Bacillus group-B, upstream
f the ppep homolog, a putative secreted collagenase ( Caviness et al.,
018 ; Wilson et al., 2003 ) is encoded (see Fig.5 c and Fig.S9) which also
ontains a di-proline motif (VL PP DED). Further research is needed to
est whether any of the proteins described above are genuine substrates
f the corresponding PPEP homolog in these species. 

No c-di-GMP riboswitches were found in PPEP-like genes, or their
urrounding genes, in other species than C. difficile and the Paenibacillus
roup A. Examining 9 complete genomes in the top half of the phyloge-
etic PPEP-tree, revealed a total of 41 genes with c-di-GMP riboswitches
data not shown). Only one of those proteins, VWFA-IPT/TIG adhesion
rotein ( Kobayashi et al., 2016 ) encoded by P. guangzhouensis , contains
 PP X P motif (NA PP A P ). 

oncluding remarks and future prospective 

It is unclear why PPEP-1 and 2 are specialized in hard to cleave
roline–proline bonds. Possibly, the high number of proline residues
eaves their substrates better protected from cleavage by proteases from
ther, competing, bacteria. Although targets of PPEP-1 and PPEP-2 are
nvolved in adhesion to cell surfaces, other family members, as described
n this study, might have evolved other specificities and preferences
owards alternative bacterial (surface) proteins or even host proteins.
ence, the incorporation of a ppep -like gene in other species may have
rovided a small benefit unrelated to adhesion. It will therefore be inter-
sting to elucidate the endogenous substrates of these PPEP-homologs,
specially the ones that are more remotely related to PPEP-1 and 2. This
ill also reveal whether they are genuine Pro-Pro-endopeptidases. Tech-
iques such as TAILS, PICS and COFRADIC ( Bhagwat et al., 2018 ) are
aluable approaches to study this. 

The structures of both PPEP-1 and PPEP-2 have been solved which
rovide insight in their substrate specificity. More structural data, in-
luding substrate bound structures of other family members, will fur-
her open avenues for elucidating the binding properties and specificity
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Fig. 5. Genomic conservation of regions flank- 

ing the PPEP homologs (putative PPEP, pPPEP, 

in red). A) Genomic conservation of regions 
flanking PPEP-1, PPEP-2, and homologs in C. 
difficile and Paenibacillus. Paenibacillus group 
A containing VMSP (orange) PPEP-2 substrate 
and group B lacking VMSP. Light blue tri- 
angle indicates c-di-GMP type I riboswitch. 
Top shows C.difficile with its substrate pro- 
tein (CD2831) in dark orange. Small red trian- 
gle indicates c-di-GMP type II riboswitch. SLH, 
surface-layer homology, domain bind to sec- 
ondary cell-wall polymers. Paenibacillus (P.); 
Clostridioides (C.). SLH-domain is predicted to 
bind surface layer. B) Bacillus group A. Bacillus 

(B.), Parageobacillus (Pa.), Geobacillus (G.) and 

Anoxybacillus (A.). C) Bacillus group B (bottom) 

and C (top). SH3b-domain is predicted to be a 

peptidoglycan cell-wall-binding-domain. D) Salin- 

icoccus (S.) and Jeotgalicoccus (J.) group. FN3 

domains is predicted to bind to cell wall carbohy- 

drates. E) Clostridium species. (For interpretation 
of the references to color in this figure legend, 
the reader is referred to the web version of this 
article.) 
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hrough identification of the substrate interface forming residues. En-
ineering these into recognizing specific novel targets seems a possibil-
ty leading to the development of new tools for biotechnological, and
herapeutic applications. In the example of C. difficile , these bacteria
leave their anchors once they are stressed due to nutrient shortage,
ver-crowding or immune pressure, allowing relocation to places that
6 
re more favorable. Blocking release of the bacteria would prevent es-
ape of this environment and result in less survival and less successful
issemination. A knockout of the C. difficile ppep-1 gene showed attenu-
ted virulence in a hamster infection model ( Hensbergen et al., 2015 ). 

On a more biotechnological level, knowledge about PPEPs can be
sed to develop enzymes that are able to cleave off engineered pro-
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Fig. 6. Comparison of genomic regions be- 

tween closely related species with and without 

a PPEP homolog. Genome pairs with (top) 
and without PPEP gene (bottom). 1 Paeni- 
bacillus daejeonensis DSM 15491 (438541 
– 442364 and Paenibacillus baekrokdamisoli 
CECT 8890_05 (172529–176227); 2 Bacillus 
firmus NBRC 15306_18 (2246-4072) and Bacil- 
lus sp. 1NLA3E (3111676- 3114991); 3 Bacillus 
megaterium CH447_03 (510523–515539) and 

Bacillus megaterium ATCC 14,581_04 (396657–400370). Black lines indicate DNA alignment with the coding sequences (arrow) above and below the respective 
genes. 
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ein tags that confer specific binding to standardized affinity resins
 Young et al., 2012 ). Especially in cases where other enzymes that are
urrently used (for instance factor X) may not work or are impossible to
se. 

The importance of the PPEP-domain protease and their respective
ubstrates needs to be established, preferably by gene-knockout experi-
ents and phenotypic evaluation of these bacterial knock-outs. This is

he first step towards a more comprehensive understanding of their role
n the bacterial life cycle. 
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