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Discovery of a new Pro-Pro endopeptidase, PPEP-2, provides
mechanistic insights into the differences in substrate
specificity within the PPEP family
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Pro-Pro endopeptidases (PPEPs) belong to a recently discov-
ered family of proteases capable of hydrolyzing a Pro—Pro bond.
The first member from the bacterial pathogen Clostridium dif-

ficile (PPEP-1) cleaves two C. difficile cell-surface proteins

involved in adhesion, one of which is encoded by the gene adja-
cent to the ppep-1 gene. However, related PPEPs may exist in
other bacteria and may shed light on substrate specificity in this
enzyme family. Here, we report on the homolog of PPEP-1 in
Paenibacillus alvei, which we denoted PPEP-2. We found that
PPEP-2 is a secreted metalloprotease, which likewise cleaved a
cell-surface protein encoded by an adjacent gene. However, the
cleavage motif of PPEP-2, PLP | PVD, is distinct from that of
PPEP-1 (VNP | PVP). As a result, an optimal substrate peptide
for PPEP-2 was not cleaved by PPEP-1 and vice versa. To gain
insight into the specificity mechanism of PPEP-2, we deter-
mined its crystal structure at 1.75 A resolution and further con-
firmed the structure in solution using small-angle X-ray scatter-
ing (SAXS). We show that a four-amino-acid loop, which is
distinct in PPEP-1 and -2 (GGST in PPEP-1 and SERV in PPEP-
2), plays a crucial role in substrate specificity. A PPEP-2 variant,
in which the four loop residues had been swapped for those from
PPEP-1, displayed a shift in substrate specificity toward PPEP-1
substrates. Our results provide detailed insights into the PPEP-2
structure and the structural determinants of substrate specific-
ity in this new family of PPEP proteases.

Proteolytic processing by proteases is an important post-
translational modification involved in the regulation of the
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activity, stability, localization, and function of target proteins
(1, 2). Proteases can be promiscuous, having activity toward
many protein substrates, e.g proteases involved in protein
catabolism such as those found in the digestive tract (3). In
contrast, other proteases demonstrate high specificity, often
related to the tight control of a cellular or physiological process
(4). Because of their unique activity, proteases have a wide range
of applications in biotechnology and the food industry (5-7).

The susceptibility of a protein substrate toward proteolytic
cleavage is determined by the primary, secondary, and tertiary
structures. In general, protein stretches enriched in prolines are
highly resistant to endo-proteolytic cleavage (8 -10), due to the
cyclic structure of this amino acid. As a result, the N-terminal
amine of proline lacks a hydrogen, and the side chains are typically
in the cis conformation. These properties impair the susceptibility
of Xaa-Pro bonds to proteolytic cleavage. For example, the widely
used protease in proteomics, trypsin, cleaves after arginine and
lysine residues except when they are followed by a proline (11).

Proteases with specificity for prolines can have therapeutic
applications. For example, it has been demonstrated that pep-
tides involved in gluten intolerance contain a high percentage
of proline residues. Hence, in recent years a proline-specific
endopeptidase effective in degrading immunogenic gluten
epitopes has been developed as a possible therapy for celiac
disease patients (12—15). These enzymes are specific for cleav-
age after proline residues (Pro-Xaa bonds, Xaa#Pro).

In prokaryotes, proteases play an important role, and secreted
proteases from pathogenic bacteria have been shown to be impor-
tant for virulence by directly being toxic to cells (16) or by modu-
lating important processes related to adhesion and immune eva-
sion (17, 18). We have recently characterized a novel secreted
protease in Clostridium difficile, Pro-Pro endopeptidase (PPEP?-1,

3 The abbreviations used are: PPEP, Pro-Pro endopeptidase; FTICR, Fourier-
transform ion cyclotron resonance; ASU, asymmetric unit; SAXS, small-an-
gle X-ray scattering; SEC, size-exclusion chromatography; PDB, Protein
Data Bank; SLH, surface-layer homology; r.m.s.d., root mean square devia-
tion; NTD, N-terminal domain; CTD, C-terminal domain; SUMO, small ubig-
uitin-related modifier; VWFA, von Willebrand factor A; MucBP, mucin-bind-
ing protein; NSD, normalized spatial discrepancy.
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3.4.24.89, previously known as Zmpl (19) (MER0494994)),
which has a remarkable preference for hydrolyzing a Pro—Pro
bond (20, 21). PPEP-1 cleaves two cell C. difficile surface adhe-
sion proteins (CD2831 and CD3246) and as such is thought to
play a role in switching from an adhesive to a motile phenotype
(22). The two substrates of PPEP-1 contain multiple consecu-
tive cleavage sites (in total 13), and a consensus motif analysis
showed that in addition to the prolines surrounding the scissile
bond, highly conserved residues are found, and cleavage pref-
erentially occurs at sites that are composed of (VLI)NPPVP
(P3-P3’). The co-crystal structure of a catalytically inactive
mutant of PPEP-1 with a substrate peptide has provided some
insights in the unusual specificity of PPEP-1 (23), demonstrat-
ing that the proline-rich peptide is arranged in a double-kink
conformation supported by a unique aromatic—aliphatic side—
chain stack. Part of the specificity appears to be determined by
the kinked shape rather than substrate side—chain hydrogen
bonds.

In this study, we demonstrate that PPEP-1 was in fact only
one representative of a novel, broader group of proteases with
similar specificities and functions. Interestingly, the closest ho-
mologs of PPEP-1 were not identified in other Clostridium spe-
cies but in Paenibacillus. Bacteria belonging to this genus have
been detected in a variety of heterogeneous environments, such
as soil, water, rhizosphere, vegetable matter, forage, insect lar-
vae, and clinical samples (24). One of the PPEP-1 homologs,
which we named here PPEP-2, is found in Paenibacillus alvei, a
bacterium that has been identified as a secondary invader asso-
ciated with European foulbrood (24). Here, we demonstrate
that this is a genuine Pro-Pro endopeptidase but with a very
different specificity for the P2 and P3 position relative to the
cleavage site compared with PPEP-1. We characterized the
PPEP-2 structure in crystallo and in solution. The obtained
atomic resolution data shed light on the unique specificity of
PPEP-2 compared with the recently reported PPEP-1. Similar
to the situation in C. difficile, the PPEP-2 cleavage sites were
found in a cell-surface protein, with putative extracellular
matrix—binding domains, encoded by the adjacent gene. This
suggests a similar role of PPEP-2 in controlling bacterial
adhesion.

Results
PPEP-1 homologs are found in Paenibacillus species

To find close homologs of C. difficile PPEP-1 (UniProt ID,
Q183R7; NCBI RefSeq, YP_001089343), we performed a data-
base search using BLASTp and TBLASTn. Surprisingly, the top
hits (excluding PPEP-1 from C. difficile strains) all belong to the
genus Paenibacillus and not to other Clostridium species.
Twenty one genome sequences from Paenibacillus species with
a PPEP-1 homolog were found in the NCBI database (Table S1),
and a multiple sequence alignment showed an amino acid
sequence identity of the Paenibacillus PPEPs with C. difficile
PPEP-1 ranging from 43 to 49% (Fig. S1). All PPEP-1 homologs
in Paenibacillus contain a predicted secretion signal sequence
and a HEXXH motif, characteristic of zinc metalloproteases (2).
We randomly selected the PPEP-1 homolog from the P. alvei
strain DSM 29 (UniProt ID, K4ZRC1), from here on named

SASBMB

PPEP-2 with unique substrate specificity

PPEP-2, to study in more detail (Fig. 1). Analysis of the primary
sequence of PPEP-2 showed 47% identity with PPEP-1. More-
over, most of the amino acid residues involved in the PPEP-1-
substrate interaction (23) are conserved in PPEP-2 (arrowheads
in Fig. 1, upper panel).

The gene encoding PPEP-1 in C. difficile (ppep-1/cd2830) is
found adjacent to ¢d2831, the gene that encodes its substrate
(21,22). In CD2831, multiple PPEP-1 cleavage sites are present,
located just above the site of attachment to the peptidoglycan
layer. Interestingly, in the genomes of all PPEP-2 encoding the
Paenibacillus species, an adjacent ORF is found encoding a ho-
molog of a putative S-layer protein (Table S1 and Fig. 1) with
1-3 times the PLPPVP (or highly similar) sequence (Fig. S2A4).
This suggests that PLPPVP is the PPEP cleavage site in these
proteins.

All putative PPEP substrate proteins in Paenibacillus contain
a signal sequence and vary in length between 1091 amino acids
(Paenibacillus popilliae ATCC14706) and 1739 amino acids
(Paenibacillus phoceensis). We performed a conserved domain
analysis using the InterPro Domain architecture tool (25) of the
putative PPEP substrate proteins in Paenibacillus, and we
observed that these have a clear modular structure (examples
given in Fig. S2B). They contain a predicted von Willebrand
factor A domain (VWTFA, IPR002035/cd00198), several Muc-
binding protein domains (MucBP, IPR009459/pfam06458),
and three surface-layer-homology domains (SLH, IPR001119/
pfam00395). We therefore named these large surface proteins
with a tripartite organization, VMSP, according to these pre-
dicted domains (VWFA, Mucbp, Surface-layer homology Pro-
tein). The two putative PPEP-2 cleavage sites, PLPPVP, in the
VMSP of P. alvei DSM 29 are located between the last mucin
binding domain and the first SLH domain (Fig. 1).

PPEP-2 is a secreted Pro-Pro endopeptidase cleaving between
two prolines in a PLPPVP motif

To test whether endogenous PPEP-2 is secreted, we first ana-
lyzed conditioned culture medium of growing P. alvei cells by
SDS-PAGE, followed by LC-MS/MS analysis of a tryptic digest
from proteins migrating at the expected molecular weight of
PPEP-2 (Fig. S3, upper panel). Among other proteins, PPEP-2
was indeed identified by multiple tryptic peptides, and an over-
all sequence coverage of 54% was found. Importantly, relaxing
the search to semi-tryptic specificity, N-terminal peptides of
endogenous PPEP-2 were identified (e.g. **QEQSILDKLVV-
LPSGEYNHSEAAAMK?®?, Fig. S3, lower panel), matching the
predicted mature protein following removal of the signal
peptide.

To analyze the activity and specificity of PPEP-2, we pro-
duced recombinant PPEP-2 and tested the activity against the
synthetic peptide YPSSKPLPPVPPVQPLPPVPKLETS from
the P. alvei DSM 29 VMSP (residues 1098 -1122, Fig. 1). Fol-
lowing incubation with PPEP-2, three product peptides were
found, corresponding to the predicted cleavages between the
adjacent prolines within the PLPPVP motif (Fig. 2A4). Impor-
tantly, no cleavage was observed between the two prolines
within the PVPPVQ motif, demonstrating the specificity of
PPEP-2 for amino acids surrounding the scissile bond. To sub-
stantiate these findings, we also tested PPEP-2 against a peptide
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Figure 1. Genomic organization of PPEP-2 and its substrate (VMSP) in P. alvei DSM 29. A homolog of C. difficile PPEP-1 was identified in the genome of
P. alvei (PPEP-2). Primary sequence alignment of PPEP-2 and PPEP-1 showed an overall sequence identity of 47% (upper part, N-terminal signal secretion
sequences were removed for simplicity; numbering was according to PPEP-2). The predicted secondary structure is shown at the top of the alignment. «,
a-helix; B, B-sheet; T, B-turns/coils; 1, 3, -helices). Next to the gene encoding PPEP-2, a gene was identified encoding a protein with a predicted von Willebrand
factor A (VWFA) domain, several Muc-binding protein (MucBP) domains, and three surface layer homology (SLH) domains. We call this protein VMSP, according
to these predicted domains (VWFA, Mucbp, Surface-layer homology Protein). Between the last MucBP domain and the first SLH domain, two PPEP-2 cleavage

sites are found (PLPPVP). Arrowheads refer to PPEP-1 contacts (23).

library that was previously used to define the specificity of
PPEP-1. This confirmed the preference of PPEP-2 for a Pro at
the P3 and Leu at the P2 position (Fig. S4).

Next, the real-time kinetics of the reaction of PPEP-2 toward
aFRET peptide containing the PLPPVP motif were determined,
which showed similar kinetics as for the reaction of PPEP-1
with its optimal substrate peptide VNPPVP (Fig. 2B). We also
tested the PLPPVP peptide with PPEP-1 and the VNPPVP pep-
tide with PPEP-2, but in both cases poor cleavage was observed
(Fig. 2B). Hence, PPEP-1 and PPEP-2 show a clear difference in
the specificity for the P2 and P3 positions.
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To demonstrate the presence of active PPEP-2 in the cell
culture medium of growing P. alvei cells, we incubated a pep-
tide containing the optimal PLPPVP motif with conditioned
medium of a P. alvei DSM 29 culture. MALDI-ToF MS analysis
demonstrated that this peptide was cleaved between the two
prolines (Fig. S5A). To evaluate the presence of the PPEP-2
substrate VMSP in the culture medium, we also analyzed the
high-molecular weight proteins from P. alvei conditioned
medium (Fig. S3) by LC-MS/MS. Indeed, among other pro-
teins, three tryptic peptides from VMSP were found (Fig. S55,
in red).
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Figure 2. PPEP-2 is a Pro-Pro endopeptidase with a high specificity for the P2 and P3 positions of the cleavage site compared with PPEP-1. A,
MALDI-ToF-MS spectrum of the cleavage products formed after a 1-h incubation of a synthetic VMSP-derived peptide (YPSSKPLPPVPPVQPLPPVPKLETS, amino
acids 1098 -1122) containing two PPEP-2-specific cleavage sites, with PPEP-2. B, comparison of substrate specificities of PPEP-2 (left panel) and PPEP-1 (right
panel). The progress curves show the increase of fluorescence during a 1-h incubation upon the protease-mediated cleavages (50 um FRET substrate peptide
and 200 ng of enzyme). Black, cleavage of a FRET peptide containing PLPPVP; red, cleavage of a FRET peptide containing VNPPVP.

Overall, the above data show that P. alvei PPEP-2 is a genu-
ine, secreted Pro-Pro endopeptidase with a different specificity
for the P2 and P3 positions of the cleavage site compared with
PPEP-1.

Atomic structure of PPEP-2

To obtain a more detailed view of the enzyme, we crystallized
P. alvei PPEP-2 and solved the crystal structure at a resolution
of 1.75 A. Data collection and refinement statistics are pre-
sented in Table 1. One asymmetric unit (ASU) of PPEP-2 con-
tains four protein chains. Of those, chains A (Fig. 3) and B are
almost identical (r.m.s.d. C_, 0.3 A). The overall fold of PPEP-2
is very similar to that of PPEP-1 (r.m.s.d. C, 1.28 A); therefore,
we kept the domain annotations (Fig. 3) like those used pre-
viously (23). As the crystallization condition contained a
20-fold excess of cadmium over zinc, substitution of the
active-site ion could be expected. Careful examination of the
calculated electron density maps and occupancy refinement
of equivalently placed ions suggests an approximate 50:50
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occupancy of the two ions for all chains in the ASU. Com-
parison with the previously published PPEP-1 holoenzyme
structure suggests that this substitution has no effect on the
position of the coordinating residues. Therefore, for the
remainder of the discussion, we present this as only a zinc for
the sake of clarity.

The a4-helix separates the a/B N-terminal (NTD) and all-«
C-terminal (CTD) domains that represent two lobes forming
the zinc-containing active site along the a4-helix. The long and
flexible substrate loop (S-loop) overhangs from the NTD and
covers the active site. Within the latter, the single zinc atom is
coordinated by Glu-181 of a6, Tyr-174 of the a5/a6 loop, and
His-137 and His-141 of the conserved metalloprotease HEXXH
motif in a4, in which Glu-138 provides the catalytic base (26).
Overall, the NTD is composed of a twisted four-stranded
B-sheet and three a-helices (a1-a3) backing the -sheet. As
reported earlier, the edge strand 83 and the S-loop are involved
in substrate recognition and binding (23). In this study, we have
found that the S-loop might have a greater flexibility than pre-

J. Biol. Chem. (2018) 293(28) 11154-11165 11157
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Table 1
Crystallographic data collection and refinement statistics

SAD is single-wavelength anomalous dispersion; CCis correlation coefficient. Data-
merging statistics were output by the program Phenix (56). Data for the highest
resolution shell are shown in parentheses.

PPEP-2-SAD PPEP-2-HiRes
Data reduction
Space group P4, P4,
a, b, ¢ (A) 85.185.1113.5 84.9, 84.9,113.3
o B,y () . 90, 90, 90 90, 90, 90
Wavelength (A) 1.8 0.9786
Resolution range (A) 34.57-2.57 36-1.75
(2.7-2.57) (1.8-1.75)
Total reflections 172,173 (10190) 603,119 (64260)
Unique reflections 25,492 (2560) 80,685 (8079)
Multiplicity 6.8 (4.0) 7.5(7.9)
Completeness (%) 98.84 (99.65) 99.8 (99.8)
Mean I/ o(I) 18.17 (2.62) 14.9 (2.0)
Wilson B-factor (A?) 52.5 27.5
Roerge 0.077 (0.45) 0.080 (0.949)
o 0.083 (0.52) 0.086 (1.02)
i 0.031 (0.25) 0.031 (0.362)
CCy, 0.998 (0.827) 0.998 (0.633)
Refinement statistics
Reflections used in refinement 80,563 (8079)
Reflections used for Ry, 2130 (206)
Ryone 0.180 (0.270)
- 0.209 (0.312)
CComic 0.953 (0.743)
o 0.955 (0.714)
No. of non-hydrogen atoms 6313
Protein 5627
Ligands 84
Solvent 602
Protein residues 728
r.m.s.d. bonds (A) 0.014
r.m.s.d. angles (°) 1.58
Ramachandran favored (%) 98.19
Ramachandran allowed (%) 1.81
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.51
Molprobity Clashscore 0.09
Average B-factor (A)
Overall 33.59
Protein 32.21
Ligands 64.78
Solvent 42.13
NTD

Figure 3. Atomic structure of PPEP-2. Atomic structure of chain A is in car-
toon representation. Definition of the domains is the same as for PPEP-1:
N-terminal domain (NTD), blue; active site (helix «4), yellow; C-terminal
domain (CTD), green. Zinc-coordinating residues and residues involved in
catalysis are shown as sticks. Zinc ion is shown as a sphere. For more details on
the crystal unit, see Table 1 and the supporting information.

viously anticipated, adopting at least several distinctly different
conformations (Fig. $6). The CTD is mainly formed by four
a-helices (a5—a8) and provides Tyr-174 to the catalytic site,
which was proposed to act as electrophile during the catalysis
(27, 28).
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The other two copies in the ASU (chains C and D), although
similar to each other, differ from chains A and B by a large
conformational rearrangement of the S-loop, which now has a
much more open conformation (Fig. S6). The flexible nature of
this loop is also reflected in its partial disordering in chain D,
where residues 96 —112 are missing from the electron density
map.

Contacts between individual PPEP-2 molecules within the
crystal are rather extensive. Correspondingly, PISA analysis
(29) of the crystal packing suggested a dimer or a tetramer as
possible oligomeric states of the protein. To gain further insight
into the state of PPEP-2 in solution and to compare it with that
of PPEP-1, we performed small-angle X-ray scattering (SAXS)
analysis. Given the self-association propensity of PPEP-2
observed in the course of purification, we carried out the SAXS
experiments with size-exclusion chromatography separation
(SEC-SAXS) to ensure that possible aggregation does not inter-
fere with the SAXS analysis. We found that at a loading concen-
tration as high as 25 mg/ml, PPEP-2 is predominantly pre-
sented by monomers with a mass of 20.5 kDa (Table S2), in
good agreement with its calculated mass (21.1 kDa). Similar
behavior was observed for PPEP-1 (Table S2; calculated mass
monomer 21.6 kDa), which was also presented by monomers
(19.4 kDa). Despite the overall similarity of the SAXS curves
(Fig. 4A), PPEP-1 and PPEP-2 differed by small changes in the
regions 0.18—-0.26 and 0.35-0.45 A~'. The best fit for the
PPEP-2 crystal structure could be obtained for chain B (x* =
1.04; Fig. 4B), indicating that the crystal structure of the mono-
mer fully describes its structure in solution. In addition, a very
good match was found between the PPEP-2 crystal structure
(chain B) and the ab initio molecular shape calculated by
DAMMIN (29) directly from the SAXS curve (Fig. 4C, NSD =
1.45).

Structural comparison of PPEP-1 and PPEP-2 provides insights
into their specificity

In an attempt to explain the different specificity of PPEP-1
and PPEP-2, we have superposed our crystal structure of
PPEP-2 with the structure of PPEP-1 in complex with its sub-
strate (Fig. 54) (PDB entry 5A0X (23)). We focused on the
N-terminal half of the substrate recognition site, as this is where
the optimal substrates for the two enzymes differ. This N-ter-
minal half of the substrate motif aligns with the 83 strand and
the immediately following $3/B4 loop. To this end, substrate
binding to PPEP-1 involves a formation of two main-chain—
main-chain H-bonds to residue Gly-117 as well as two H-bonds
to residue Ser-119 (to the main-chain amine and the side-chain
OH group, respectively) (Fig. 5A4).

Importantly, within a 4 A distance to the N-terminal half of
the bound substrate, the structural differences between PPEP-1
and PPEP-2 are essentially localized to the 83/B4 loop. The
sequence of this loop is completely different in PPEP-1
(*"GGST'?°) compared with PPEP-2 (*'2SERV''®). In the lat-
ter, this loop moves somewhat upwards and away from the
a4-helix (Fig. 5A4). Importantly, the loop in PPEP-2 is stabilized
by a salt bridge between residues Glu-113 and Arg-145 located
on the a4-helix (Fig. 5B). This salt bridge is missing in the
PPEP-1 structure. Beyond the 83/B4 loop, there is a difference
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Figure 4. Analysis of PPEP-1 and PPEP-2 using SAXS. A, overlay of the SAXS
profiles obtained for PPEP-1 and PPEP-2. B, fit from the best-fitting chain B of
the PPEP-2 crystal structure to the PPEP-2 experimental curve. C, superposi-
tion of the PPEP-2 crystal structure chain B and the ab initio envelope
obtained using DAMMIN (NSD = 1.45) (29).

in only one other substrate-interacting residue; in PPEP-1, the
asparagine in the P2 position makes an H-bond with residue
Lys-101, whereas the equivalent residue in PPEP-2, Arg-96, is
located away from the substrate due to a distinct conformation
of the S-loop (Fig. 5A).

Hence, the substrate recognition site in PPEP-2 is highly sim-
ilar to that of PPEP-1, except for the differences outlined above.
Thanks to this high-structural similarity, we could readily
model the binding of the optimal peptide PLPPVP to PPEP-2
(Fig. 5B). This modeling strongly suggests that the Glu-113—
Arg-145 salt bridge observed in PPEP-2 but not in PPEP-1
would create a steric hindrance for the binding of the VNPPVP
peptide. In contrast, the presence of the Pro residue in position
P3 of the PPEP-2 substrate peptide (PLPPVP) produces a kink
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B =
B3/B4 loop / N B3

Figure 5. Structural comparison of substrate recognition in PPEP-1 and
PPEP-2. A, superposition of the substrate-bound PPEP-1 structure (PDB code
5A0X, gray) with PPEP-2 (this work, chain B, cyan). The substrate peptide
bound to PPEP-1 is shown in orange. The 33/34 loop is shown in yellow for
PPEP-1 and in red for PPEP-2. The S-loop is shown in green for PPEP-1 and in
blue for PPEP-2. Hydrogen bonds between the peptide and PPEP-1 are shown
as magenta dashed lines. B, close-up of the substrate peptide bound to PPEP-2
(vellow, model). For clarity, only the nonprime moiety of the modeled peptide
is shown. A proline at the P3 position, as present in the optimal PPEP-2
substrate peptide, produces an additional kink in the polypeptide. As a
result, the upstream polypeptide chain deviates away from the salt bridge
formed by residues Glu-113 and Arg-145. For comparison, the substrate
peptide bound to PPEP-1 (gray, crystal structure), with a Val at the P3
position, is overlaid. With PPEP-2, this conformation results in a sterical
clash with the salt bridge.

in the peptide chain, directing the latter away from the salt
bridge (Fig. 5B). Of note, this residue pair is conserved in many
members of the Paenibacillus genus (Fig. S1).

Modifying the specificity of PPEP-2

Overall, our data demonstrate that the cleavage specificity of
PPEP-1 and PPEP-2 differs in positions P3 and P2 relative to the
cleavage site (Fig. 2B). Moreover, based on our structural anal-
ysis, we predict that the 83/B4 loop (GGST in PPEP-1 and
SERV in PPEP-2) is important for the specificity (Fig. 5). To gain
further insight into the role of this loop, we decided to exchange
the four amino acids between PPEP-1 and PPEP-2. Recombi-
nant PPEP-2 with the PPEP-1 B83/B4 loop, PPEP-2, ¢y, Was
first screened against our peptide library, which showed that it
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Table 2

Kinetic parameters of PPEP-2 and PPEP-2,s;-mediated cleavage of substrate peptides
The selectivity factor was calculated by dividing the k_,,/K,, for PPEP-2 by that for PPEP-2¢r. A minimum of three experiments was used for the determination of the

Michaelis-Menten constants. See also Fig. S7. ‘

PPEP-2 PPEP-2;csr
Substrate K, K k.o /K,, K, K keoo/ K, Selectivity factor
M st Ml M st M s
PLPPVP 70 = 14 805 114,286 330 £ 65 2+02 6061 19
VLPPVP 330 =70 3+03 9091 128 = 36 3+03 23,438 0.4

has the highest activity against a peptide containing VLPPVP
instead of PLPPVP (data not shown). To study this further, we
compared the steady state kinetics of the reaction of the PLP-
PVP and VLPPVP peptides with both PPEP-2 and PPEP-2 g
First of all, the lowest K, and highest k_,, values (70 um and 8
s, respectively) were found for PPEP-2 with its optimal sub-
strate peptide PLPPVP, whereas much lower efficiency was
observed when the Pro at the P3 position was replaced by a Val
(Table 2 and Fig. S7). In line with our prediction on the role of
the B3/B4 loop, there was a clear shift in the selectivity of
PPEP-2 when this loop was replaced by that of PPEP-1 (Table 2
and Fig. S7).

Hence, notwithstanding the role of other structural ele-
ments, these data support the role of the 83/B4 loop in the
specificity of PPEP-1 and PPEP-2. Of note, the reciprocal
exchange of the PPEP-2 33/B4 loop into PPEP-1 resulted in a
soluble recombinant enzyme (PPEP-14:r+,), which nonetheless
was unable to cleave either VNPPVP or PLPPVP (data not
shown), indicating that such a mutation may be incompatible
with the conformation required for substrate binding and

hydrolysis.

Discussion

Based on the gene organization of ppep-1/cd2830 and that of
its substrate (cd2831) in C. difficile 630 (21), we hypothesized
that Paenibacillus PPEPs would cleave between two prolines
within the PLPPVP motif found in VMSP proteins encoded by
the adjacent gene. Our biochemical characterization of recom-
binant PPEP-2 from P. alvei demonstrated that this prediction
was indeed correct. The VMSP from P. alvei, containing two
PPEP-2 cleavage sites, was identified in culture medium of
P. alvei DSM 29-growing cells, indicating release by endoge-
nous PPEP-2.

Our data show that PPEP-1 and PPEP-2 display a very high
level of specificity with respect to the P2 and P3 position of the
cleavage site. Despite these differences in specificity, PPEP-1
and PPEP-2 appear to be functionally similar because their sub-
strates are proteins with domains involved in adhesion. The
PPEP-1 substrate CD2831 is a collagen-binding protein (20),
and the other C. difficile substrate protein, CD3246, probably
mediates covalent attachment to a host protein through its
reactive thioester bond (30). The two PPEP-1 substrates are
covalently attached to the primary cell wall polymer, pepti-
doglycan, via a sortase-mediated reaction (31, 32). The PPEP-2
substrate, VMSP, in contrast, has three consecutive SLH
domains at its C terminus. Secreted proteins containing these
repeats are tethered to the envelope of Gram-positive bacteria
through noncovalent interactions with secondary cell wall
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polymers (33-35). SLH-containing proteins often contain
other domains that can be involved in biofilm formation (36),
binding to specific ligands on the surface of the host cells (37),
or have enzymatic activity (38). The N terminus of the PPEP-2
substrate VMSP contains a VWFA domain. In many eu-
karyotes, the VWFA fold is found in surface proteins involved
in interactions with the extracellular matrix (39). The closest
homologs of the VWFA domain of P. alvei VMSP are the tips of
pilins RgrA of Streptococcus pneumoniae and GBS104 of Strep-
tococcus agalactiae. Both these pili form stalks to project the
VWFA domain to bind to respiratory or epithelial cells (40, 41).
Paenibacillus VMSPs also contain 2—12 repeating units of
MucBP domains, each ~60 amino acids long. The closest struc-
tural homologs to the P. alvei repeats are the B1 domains of
Lactobacillus reuteri MUB, a mucus-binding protein, and the
B-GF module in Staphylococcus aureus SraP, a surface-exposed
protein that promotes S. aureus adhesion to host epithelial cells
via a specific binding to carbohydrates (42, 43). Unlike what the
name suggests, the region corresponding to the B1 domains of
MUB is not responsible for the mucin-binding activity but
requires an additional (B2) domain (42). This B2 domain
is missing in Paenibacillus VMSP MucBP repeats. Future
research is needed to show which elements of the extracellular
matrix are targeted by P. alvei VMSP. We propose VMSP is the
sole in vivo PPEP-2 substrate. One other protein (K4Z6T3,
nitrous oxide-stimulated promotor) in the P. alvei DSM 29 pro-
teome was found to contain the sequence PLPPVP, but this
protein does not contain a signal sequence or cell-surface—
anchoring motif. Hence, we find it highly unlikely to be a rele-
vant in vivo PPEP-2 substrate.

Interestingly, the expression of ppep-1 and the genes encod-
ing its substrates are inversely regulated by the small cyclic
dinucleotide c-di-GMP (21, 44, 45), providing an elegant mech-
anism by which their expression can be controlled in vivo. The
¢-di-GMP can bind to specific riboswitches, secondary RNA
structures, in target genes, thereby regulating their expression.
Two types of c-di-GMP riboswitsches have been described: a
type I, which is activated at low concentrations of c¢-di-GMP,
and a type II, which is activated at high concentrations of c-di-
GMP (46-48). In C. difficile, ppep-1 has a type I riboswitch,
whereas the genes encoding its substrates are under the control
of a type II c-di-GMP riboswitch. In P. alvei DSM 29, both
ppep-2 and its substrate gene (vimsp) have a putative type I ribo-
switch indicating that c-di-GMP is also an important mediator
in the control of PPEP-2 and its substrate in P. alvei.

Besides the functional similarity, PPEP-1 and PPEP-2 share
structural similarity as well. Indeed, according to the SAXS
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data, both proteins form stable compact monomers in solution
with common hydrodynamic properties. Analysis of the crystal
structures of both proteases reveals highly similar folds with the
main differences associated with the positions of the S-loop,
which is believed to be involved in the catalytic mechanism.
This loop adopts slightly different conformations in the PPEP-1
crystal (PDB codes 5A0P, 5A0R, 5A0S, and 5A0X) (23) and the
NMR (PDB code 2N6]) (49) structures available, but the largest
differences in its conformation were found in the PPEP-2 crys-
tal structure presented in this work (Fig. S6). In one of the
chains, the corresponding loop is absent from the electron den-
sity maps (chain D), which additionally supports the notion that
it is highly mobile. Of the other two types of PPEP-2 chains
found in the crystal structure, one has the S-loop position sim-
ilar to that of PPEP-1 (chains A and B), and the other one has a
significantly different position resembling its open state (chain
C) (Fig. S6). Such a structural pliability of the S-loop may play a
role in the enzymatic activity of PPEPs by controlling the avail-
ability of the active site to substrate peptides. This hypothesis
needs further exploration.

Apart from the common specificity for hydrolyzing a Pro—
Pro bond, our data underscore the importance of the 33/34
loop toward the cleavage preferences of PPEP-1 and PPEP-2. In
particular, the salt bridge between Glu-113 and Arg-145 in
PPEP-2 is likely to define its preference for a Pro at the P3
position. Ultimately, the co-crystal structure of PPEP-2 with
the optimal substrate peptide could reveal the precise contacts
contributing to the differences in substrate specificity. This will
contribute to our understanding of these proteases and could
also help to design specific inhibitors for the more clinically
relevant pathogen, C. difficile.

The high similarity between PPEP-1 and PPEP-2 suggests
that these are related viaa common ancestral gene. The absence
of a PPEP-1/PPEP-2 homolog in many other bacterial species,
however, makes it likely that a horizontal gene transfer event
has been the mechanism for acquisition. Although C. difficile
species are anaerobic bacteria found in the cecum and distal
colon of humans and animals, the majority of bacteria belong-
ing to Paenibacillus genus are found in soil, often associated
with plant roots (24). Yet, Paenibacillus can also be cultured
from human gut microbiota (50) and the gut of insects (P. pop-
illiae). Regardless whether these paenibacilli are gut com-
mensals or are opportunistic due to the herbivorous diet,
interactions are likely to occur between the C. difficile and
Paenibacillus. Our data support a model where, after the trans-
fer, PPEP developed altered specificity with different substrates
but retained a common function in regulating bacterial adhe-
sion. Hence, other Pro-Pro endopeptidases may exist, also in
other human pathogenic bacteria, but they may be more dis-
tantly related and therefore less straightforward to predict.

Experimental procedures
Chemicals

Peptides were synthesized at the Leiden University Medical
Center facility, as described previously (51). Synthetic FRET
peptides had the sequence Kp,pe i EX; XXX X X(DEggane
with X;—X, corresponding to the six amino acids covering the
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P3-P3' positions of the cleavage site. FRET peptides are named
based on these six amino acids throughout the study. If not
indicated otherwise, chemicals were from Sigma.

Culturing of P. alvei cells and preparation of conditioned
medium

P. alvei DSM 29 (ATCC 6344) was kindly provided by Prof.
Dr. Schiffer, Dept. fiir NanoBiotechnologie, Universitét fiir
Bodenkultur, Wien, Austria. First, P. alvei cells were streaked
on MHE agar plates (Biomerieux, France) from a —80 °C glyc-
erol stock and incubated overnight at 37 °C. Then, a single col-
ony from the plate was inoculated into 20 ml of liquid media
(brain-heart infusion broth (Mediaproducts, BV)) and grown
for 24 h while shaking at 250 rpm at 37 °C. Twenty ml of a
culture was then centrifuged at 14,000 X g for 5 min. The super-
natant was collected, filtered through a 0.2-um filter (What-
man FT 30), and subsequently concentrated to 0.2—1 ml on an
Amicon Ultra-15 centrifuge filter unit (Millipore, Germany)
with 10-kDa cutoff. The concentrates were kept at —20 °C until
further analysis.

DNA isolation, PCR, and Sanger sequencing

P. alvei genomic DNA was isolated using the Qiagen
QIAamp DNA mini kit following the manufacturer’s
instructions.

The PPEP-2 sequence, missing the predicted signal peptide
and corresponding to residues Gln-28 to Asn-217 of the imma-
ture protein (UniProt ID: K4ZRC1), was amplified from the
P. alvei DSM 29 genomic DNA using Phusion DNA polymerase
(New England Biolabs) with the primers 5'-GCAACAGATT-
GGTGGTGGACAGGAGCAGTCCATTTTGG and 5'-TCG-
AGGAGAGTTTAGATTAGTTGGCAAACAGCTTAGCCAT-
3’. Using the In-Fusion system (Takara), the purified PCR
product was cloned into the SUMO fusion vector pETRUK, an
in-house T7-based expression plasmid derived from pETHSUL
(52) containing a modified SUMO sequence with an altered pl.
Following transformation and amplification of the recombi-
nant plasmid in NEB5-« (New England Biolabs), the sequence
of a single clone, termed pETRUK-PPEP-2, was validated by
Sanger sequencing. The resulting construct encodes an addi-
tional non-native glycine between the end of the SUMO
sequence and the starting Gln-28 of PPEP-2. This was intro-
duced to aid cleavage and solubility of the purified fusion
product.

The recombinant PPEP-2.¢r, where residues 112—-115 of
PPEP-2 (SERV) were replaced by residues 91-94 of PPEP-1
(GGST), was prepared by oligo-directed mutagenesis. The
pETRUK-PPEP-2 plasmid was amplified using the primers
5'-GTGggtggaagtacaGTTGCAGTTCGCATTGGATATAG-
3’ and 5'-AACtgtacttccaccCACTCCGGGAACATCATCCCA-
3'. The resultant PCR was treated with Dpnl and then
transformed into NEB5-« cells. Following amplification and
purification of the plasmid DNA, the integrity of the mutant
construct was confirmed by Sanger sequencing.

The fragment between two genes c1_07810 and c1_07820 of
P. alvei DSM 29 was amplified using Q5 polymerase using the
fragment-specific primers (forward, 5'-CATTGCTGACGAC-
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GACACTT-3'; reverse, 5'-TTCTCCAACCTTACCGCTTG-
3') and analyzed by Sanger sequencing.

Production and purification of recombinant PPEPs

The pETRUK-PPEP-2 plasmid was transformed into the
Escherichia coli expression strain Rosetta™ 2(DE3)pLysS
(Novagen). A 2-ml preculture, grown in Luria broth for 8 h, was
used to inoculate 2 liters of ZYP-5052 auto-induction medium
supplemented with an additional 1 mm ZnCl, (53). This culture
was grown overnight for ~16 h at 24 °C and then shifted to
18 °C for a further 24 h. The cells were harvested by centrifuga-
tion (10,000 X g for 15 min at 4 °C), and the cell pellet was
frozen in portions of 5 g (wet weight) and stored at —80 °C prior
to protein purification.

Cells were disrupted using an ultrasonic disintegrator in 50
ml of a lysis buffer (20 mm HEPES-NaOH (pH 8.0), 250 mm
NaCl, 10 mm MgCl,, 20 ug/ml lysozyme, 6 units/ml cryonase
(Cold-Active Nuclease, Takara) and 0.05% Triton X-100).
Insoluble material was pelleted by centrifugation (20,000 X g
for 30 min at 4 °C). The clarified supernatant was applied on
two tandem coupled 5-ml HiTrapSP HP (GE Healthcare) ion-
exchange columns equilibrated in cation-exchange buffer A (20
mm HEPES-NaOH (pH 8.0), 250 mm NaCl). After washing of
unbound proteins with the same buffer, a linear gradient
(0-35% in 10 column volumes) of cation-exchange buffer B (20
mM HEPES-NaOH (pH 8.0), 1 m NaCl) was applied. The frac-
tions containing the highest amounts of PPEP-2 were com-
bined, and the protein concentration was determined photo-
metrically at A,g,. To cleave off the SUMO tag, the combined
sample of PPEP-2 was mixed with SUMO hydrolase (200:1
molar ratio) and incubated for 2 h at 21 °C. Then, the sample
was dialyzed against 6 liters of buffer (10 mm Tris-HCI (pH 7.0),
25 mMm (NH,),SO,, 10% (w/v) glycerol) with three changes after
2,10, and 3 h. Precipitated protein was removed by centrifuga-
tion (20,000 X g for 30 min at 4 °C), and the supernatant was
applied on two tandem coupled 5-ml HiTrapQ HP (GE Health-
care) ion-exchange columns equilibrated in anion-exchange
buffer A (10 mm Tris-HCI (pH 7.0)). A linear gradient (0-20%
in 25 column volumes) of anion-exchange buffer B (10 mm Tris-
HCI (pH 7.0), 1 m NaCl) was applied. Fractions containing the
highest purity of PPEP-2 were combined, and the sample was
concentrated on Amicon Ultracentrifugal filters (3 kDa cutoff)
until the concentration was ~35 ug/ul. Aliquots of 1.7 mg of
protein were snap frozen in liquid nitrogen and stored at
—80 °C. Recombinant PPEP-1 used for the enzymatic assays
was produced and purified as described previously (21).
Recombinant PPEP-1 used for the SAXS experiments was pre-
pared as described above for PPEP-2, following amplification
from the template pET16b-10XHis-PPEP-1 (21) using the
primers 5'-GCGAACAGATTGGTGGTGGAGATAGTACT-
ACTATACAACAAAATA-3" and 5'-TCGAGGAGAGTTTA-
GATTATTTAGCTAAATTTTGCAAAA-3' and cloning into
pETRUK vector.

MALDI-ToF and MALDI-FTICR MS analysis

For MALDI-MS analysis, samples were desalted and purified
in one step with 0.6-ul C18 ZipTip pipette tips (Millipore,
Germany). First, the tips were equilibrated with 50% acetoni-
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trile, 0.1% formic acid (v/v) solution and washed twice with
0.1% TFA. One ul of the sample was aspirated and directly
dispensed. The bound peptides were eluted directly on a stain-
less steel target plate with 2,5-dihydroxybenzoic acid matrix
dissolved in 50% acetonitrile, 0.1% TFA (v/v) at the concentra-
tion of 10 mg/ml. The eluted sample was allowed to dry at room
temperature. MALDI-ToF MS and MALDI-FT-ICR-MS anal-
yses were performed as described previously (54, 55).

Enzyme activity assays

Five ul of 10 uM standard peptide YPSSKPLPPVPPVQPLP-
PVPKLETS in PBS buffer were mixed with 2 ul of 100 ng/ul
PPEP-2 in the same buffer and incubated overnight at 37 °C.

For a standard FRET assay, 50 um FRET substrate peptide
was incubated with 100 ng of enzyme or 5 ul of the P. alvei
conditioned medium, in a total volume of 100 ul (in PBS buffer)
in a 96-well black plate (Cellstar, Greiner). Cleavage of the flu-
orescent FRET substrate peptides was measured in a 96-well
plate reader (Mithras LB940, Berthold Technologies, Germany)
at 355 nm excitation and at 485 nm emission wavelengths for 60
min with an interval of 1 min at 37 °C by following the increase
in fluorescence as a result of the FRET—pair decoupling (21).

For the determination of the steady-state kinetics, reactions
were performed using 0 (control), 25, 50, 75, 100, 150, 250, 400,
and 800 um of the substrate peptides. To achieve confident
detection of fluorescent readout for recombinant PPEP-2 and
PPEP-2,547> the amount of enzyme in a reaction mix varied
depending on enzyme-substrate combination: 100 ng for
PPEP-2 with the PLPPVP peptide; 2 ug of PPEP-2 with VLP-
PVP peptide, and 200 ng of PPEP-2 .4t for both peptides. The
enzymatic reaction was initiated by adding enzyme into the
reaction mix. The samples were incubated at 37 °C, and at
3-min intervals 15 ul of the reaction was added to an equal
volume of 1% TFA to stop the reaction. Then, 20 ul of the
stopped reaction mix was diluted 5 times with 100 mm phos-
phate buffer (pH 7.5), and fluorescence was measured as
described above. For the 400 and 800 wMm samples, an extra
dilution of 4X was used. All dilutions were made to prevent
inner filter-quenching effects. Initial velocities were derived
from the slope of each individual 12-min reaction. Conversion
of the initial velocities from unit-min " into nanomole's ' was
done by the measurement of fluorescence derived from com-
pletely cleaved substrate peptides at each concentration men-
tioned above. Then, the converted values were fitted to the
Michaelis-Menten equation in GraphPad Prism 6, where K,
and k_,, values were calculated.

cat

In-gel tryptic digestion and identification of proteins by LC-
MS/MS analysis

Briefly, gel bands of interest were excised from the SDS-poly-
acrylamide gel and subjected to an in-gel digestion procedure
according to the standard protocol of washing with 25 mm
NH,HCO;, reduction with 10 mm DTT, followed by alkylation
with 55 mm iodoacetamide and overnight trypsin digestion at
37 °C.

Tryptic digests were analyzed by nano-LC-MS using an Easy-
nLC 1000 (ThermoFisher Scientific, Germany) coupled online
to a Q Exactive hybrid quadrupole Orbitrap mass spectrometer
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(ThermoFisher Scientific, Germany). Peptides were trapped on
an in-house—made trap column (C18, 10 X 15 um, 3-um par-
ticles, Reprosil Acu, Dr. Maisch) equilibrated with 0.1% formic
acid and separated on an in-house—made analytical reverse—
phase column (C18, 7 wum X 30 cm with a taper tip, 3-um
particles, Reprosil Acu, Dr. Maisch) using a linear gradient from
0 to 30% phase B in 120 min, where phase B consisted of 0.1%
formic acid in acetonitrile at a flow rate of 250 nl/min.

Data-dependent analysis in the m/z 300-1400 range was
performed where the 10 most intense ions in full MS mode were
subjected to the fragmentation with higher-energy collisional
dissociation at 27 V (only 2+, 3+, and 4+ ions were analyzed:
AGC target 3,000,000 ions; maximum injection time 20 ms;
dynamic exclusion of 10 s; resolution 70,000). Next, the
obtained raw data were converted into the MGF peak lists with
Proteome Discoverer 1.4 software (ThermoFisher Scientific,
Germany). The converted data were searched against the
P. alvei DSM 29 database using Mascot 2.2 (Mascot Daemon
2.5.1) for protein identification with the following settings:
trypsin cleavage specificity with one missed cleavage allowed;
carbamidomethylation of cysteine as a fixed modification; oxi-
dation of methionine as a variable modification; MS tolerance
10 ppm; MS/MS tolerance 20 milli-mass units.

Crystallization

Sparse matrix crystallization screening with commercial pre-
cipitation solution kits using the hanging drop technique has
yielded the initial crystallization conditions. The optimized
PPEP-2 crystals were obtained upon mixing 2 ul of purified
protein (12 mg/ml) with 2 ul of 2.2 M (NH,),SO,, 0.2 M CdSO,,
0.01 M ZnCl, (pH 9.0) adjusted with NH,OH. The mix was
equilibrated at 20 °C against 1 ml of the same precipitant solu-
tion. Single well ordered crystals appeared after 5-7 days and
were allowed to grow until the maximal size of 100 wm for
another week. For data collection, the crystals were transferred
in the same crystallization solution with 3.5 m (NH,),SO,, incu-
bated during 2 min, and flash-frozen in liquid nitrogen.

Structure solution and refinement

Structure determination was based on data collected from a
single crystal on the PROXIMA 1 beamline at 100 K (Soleil
Synchrotron, France). Data reduction statistics are provided in
Table 1. Initial attempts to phase the structure using molecular
replacement failed. A dataset collected using synchrotron radi-
ation at 6.89 keV (1.8 A) was used to perform a SAD phasing
with phenix.autsol (56). The positions of 14 cadmium atoms
per asymmetric unit could be found. A model of PPEP-2 was
then manually placed into the RESOLVE solvent-flattened elec-
tron density map using Coot (57). Following the initial position-
ing of four chains in the asymmetric unit, the model was refined
against a higher resolution dataset collected from the same
crystal at 12.67 keV (0.9786 A). The model was iteratively
improved by rounds of manual rebuilding with Coot and refine-
ment with phenix.refine (56). Coordinates and the structure
factors for PPEP-2 have been deposited into the Protein Data
Bank (PDB) under the accession code 6FPC.

SASBMB

PPEP-2 with unique substrate specificity

Size-exclusion chromatography coupled with SAXS

Fifty microliters of either PPEP-2 or PPEP-1 (25 mg/ml) were
injected on a size-exclusion column (Biosec3-100, 3 wm, 300 A,
4.6 X 300 mm, Agilent) equilibrated with a SEC-SAXS Buffer
(20 mm HEPES (pH 8.0), 300 mm KCl, 5% glycerol). Proteins
were separated at 0.3 ml/min at 15 °C. SEC-SAXS measure-
ments were performed at the SWING beamline at Synchrotron
Soleil (Gif-sur-Yvette, France) (58) by exposing the eluting
sample to the X-ray beam for 750 ms with a gap time of 250 ms
between frames. For buffer subtraction, 180 SAXS frames were
collected after a sample injection but prior to the column void
volume. For both samples, 255 frames around the elution peak
were collected. Radial averaging of the collected frames, buffer
averaging, and subsequent subtraction from the sample data
were performed using the Foxtrot application (SWING beam-
line). Further analysis was performed using the HPLC-SAXS
module within the UltraScan Solution Modeler software pack-
age (58).

The overall hydrodynamic parameters were assessed by
using the ATSAS 2.8.2 software (59). Calculation of the theo-
retical scattering profile and fitting to the experimental SAXS
data were performed using Crysol (60) for which the PPEP-2
structure, chain B, was supplemented with four amino acids at
the N terminus (GQEQ) and the Asn-217 residue at the C ter-
minus that were missing from the crystallographic model. Ab
initio molecular shape was calculated using 10 independent
DAMMIN (29) runs, and the best-fitting model (x> = 1.12) was
presented overlaid with the crystal structure of PPEP-2 (chain B).

Bioinformatics

PPEP-1 (PDB code 5A0X, chain A) and PPEP-2 (chain B, this
work) structures were superimposed using the TM-align algo-
rithm (61). Thereafter, the target peptide bound to PPEP-1 in
the 5A0X (chain A) structure was used as a template to model
the target peptide of PPEP-2 using the Small Molecule Discov-
ery Suite, Schrodinger, LLC. To this end, the target PPEP-1
peptide was mutated in the P2 and P3 positions to produce the
PPEP-2 peptide and thereafter minimized by running the Glide
algorithm. Invariant residues in positions P1-P3’ were fixed.
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