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Pro-Pro endopeptidase-1 (PPEP-1) is a secreted metallopro-
tease from the bacterial pathogen Clostridium difficile that
cleaves two endogenous adhesion proteins. PPEP-1 is therefore
important for bacterial motility and hence for efficient gut col-
onization during infection. PPEP-1 exhibits a unique specificity
for Pro-Pro peptide bonds within the consensus sequence
VNP | PVP. In this study, we combined information from crys-
tal and NMR structures with mutagenesis and enzyme kinetics
to investigate the mechanism and substrate specificity of
PPEP-1. Our analyses revealed that the substrate-binding cleft
of PPEP-1 is shaped complementarily to the major conforma-
tion of the substrate in solution. We found that it possesses fea-
tures that accept a tertiary amide and help discriminate P1’ res-
idues by their amide hydrogen bond-donating potential. We
also noted that residues Lys-101, Trp-103, and Glu-184 are cru-
cial for proteolytic activity. Upon substrate binding, these resi-
dues position a flexible loop over the substrate-binding cleft and
modulate the second coordination sphere of the catalytic zinc
ion. On the basis of these findings, we propose an induced-fit
model in which prestructured substrates are recognized fol-
lowed by substrate positioning within the active-site cleft and a
concomitant increase in the Lewis acidity of the catalytic Zn>**
ion. In conclusion, our findings provide detailed structural and
mechanistic insights into the substrate recognition and specific-
ity of PPEP-1 from the common gut pathogen C. difficile.

PPEP-1° (CD2830) is a highly specific, 24-kDa zinc metal-
loprotease secreted by Clostridium difficile, which cleaves
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substrates between two proline residues (1, 2). The expres-
sion levels of PPEP-1 and its endogenous substrates CD2831
and CD3246 depend inversely on the concentration of the
second messenger cyclic di-GMP: PPEP-1 expression is up-
regulated by low cyclic di-GMP concentrations via a c-di-
GMP-I riboswitch, whereas the expression of CD2831 has
been shown to be up regulated at high concentrations via a
c-di-GMP-II riboswitch (3, 4). CD2831 is a cell wall-
anchored adhesion protein that binds to collagen (5),
whereas CD3246 is an as yet uncharacterized putative adhe-
sion protein with a possible function in mediating host bind-
ing (6, 7). PPEP-1 releases its substrates from the cell surface
by catalyzing the hydrolysis of peptide bonds in CD2831 and
CD3246 within their C-terminal regions, which are linked to
the peptidoglycan peptide stem. Consequently, deletion of
PPEP-1 leads to an increased affinity of C. difficile to colla-
gen type I as well as to an attenuated virulence in a hamster
infection model (8), which directly links PPEP-1 function to
the pathogenesis of C. difficile. It is thought that PPEP-1 is
mainly involved in the regulation of the balance between
attachment and detachment of C. difficile from the epithelial
surface by cleaving CD2831 and CD3246. This process
enables a more efficient dissemination of bacteria within the
colon, thus leading to a more efficient gut colonization.

PPEP-1 was independently identified twice by different
secretome analyses of C. difficile (1, 2). Investigation of its spec-
ificity yielded a consensus cleavage motif VNP | PVP, revealing
a strong preference of PPEP-1 toward proline residues at the
positions P1, P1’, and P3’ (nomenclature according to Schech-
ter and Berger (9)), although alanine is also accepted as a P1 or
P1’ residue. Furthermore, PPEP-1 requires an asparagine resi-
due at position P2 for efficient cleavage. The PPEP-1 substrates
CD2831 and CD3246 contain clusters with multiple consecu-
tive cleavage sites at their C termini (2). PPEP-1 was also found
to hydrolyze certain model substrates at noncanonical sites, e.g.
fibrinogen 8 (SLRP | APP) (1), Hsp90 (PNA | AVP), and IgA2
(PVP | PPP) (2).

The crystal structure of PPEP-1 revealed a gluzincin metal-
lopeptidase that showed a high degree of similarity to the pep-
tidase domain of the anthrax lethal factor (LF) endopeptidase
even though the sequence identity between both proteins was
found to be low (21%) (Fig. 1) (10). A crystal structure of the
inactive double mutant PPEP-1(E143A/Y178F) bound to a sub-
strate peptide showed that PPEP-1 binds its substrate in a
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Molecular determinants of PPEP-1 specificity

Figure 1. Ribbon diagram of PPEP-1. The active-site helix with the HEXXH
motif is colored orange, the N-terminal subdomain (NTD) is in blue, and the
C-terminal subdomain (CTD) is in green. The diverting loop is colored
magenta. The S-loop is depicted in closed (blue) and open gray) conforma-
tions. The zinc ion is shown as a gray sphere together with a coordinating
water molecule (red). The figure was prepared using PyMOL (38) and PDB
code 5A0P.

unique double-kinked manner. The first kink is at position P1’,
whereas the second kink occurs at P2’. This unusual double-
kinked conformation is dictated by a unique loop of PPEP-1,
called the diverting loop.

Another unusual structural feature of PPEP-1 is the so-
called S-loop, which is located above the substrate-binding
groove (Fig. 1). An NMR structure (11) of PPEP-1 as well as
different crystal structures (10) showed that this loop under-
goes conformational changes upon substrate binding and
interacts at several positions with the substrate peptide. It
was shown that it is a critical structural element required for
proteolytic activity (11). In the substrate- and product-
bound states, the S-loop is in a “closed” conformation.
Together with other structural features such as the edge
strand, the active-site helix, the diverting loop, and the gluz-
incin-specific helix carrying the third zinc ligand Glu-185,
the S-loop forms a narrow hydrophobic tunnel around the
substrate peptide at positions P1-P1’ (Fig. 1). This architec-
ture explains why PPEP-1 accepts only small aliphatic amino
acids there.

To uncover the exact underlying molecular reasons for the
unique specificity of PPEP-1 and its catalytic determinants, we
investigated its substrate-binding and hydrolysis mechanism in
more detail using structural information and enzyme kinetics.
We describe the importance of the S-loop for proteolytic activ-
ity, providing evidence for its dual role in substrate binding and
catalysis. We also investigated the preference of PPEP-1 for
prolines at positions P1 and P1’ and explained the specificity of
PPEP-1 at position P1".

11526 J Biol. Chem. (2019) 294(30) 11525-11535

Results
PPEP-1 prefers proline residues at P1’

For the determination of kinetic parameters, we established a
steady-state kinetic assay using a set of internally quenched
fluorogenic peptides (Table 1) containing the natural consen-
sus recognition sequence of PPEP-1 derived from the cleavage
sitesin CD2831/CD3246 (VVNX | X'VPPS). Depending on the
peptide, positions P1 (X) and P1’ (X") were filled with an alanine
or proline residue. These peptides will be denoted from hereaf-
ter by their P1 and P1’ residues, e.g. Abz-AP-Dnp for the inter-
nally quenched fluorogenic peptide Abz-DVVNAPVPPSK-
(Dnp)DD peptide (Table 1). Shorter and nonfluorescently
labeled peptides used for crystallization are denoted in the same
way, e.g. AP-pep for Ac-VVNAPVPP-CONH, (Table 2).

Correction of the raw data for inner-filter effects (12) enabled
a quantitative evaluation of the fluorescence signal (Fig. S1).
Because the “trans” conformation of the proline residues is
required for cleavage by PPEP-1, conformational homogeneity
of the different substrate peptides is crucial. To ensure no sig-
nificant differences in the substrates because of variations in the
cis/trans isomer of proline residues, we analyzed the substrate
peptides via NMR. We observed different conformers for all
peptides. In the case of the peptide Abz-AP-Dnp, the major
conformer with all X-Pro peptide bonds in the trans conforma-
tion accounted for 92% of all species. For peptides Abz-PP-Dnp
and Abz-AP-Dnp, we could not reliably quantify the ratio
between the different conformers because of overlapping sig-
nals (Figs. S2—S4). Therefore, we analyzed the shorter peptides
PP-pep, AP-pep, and PA-pep (Table 2). Approximately 85% of
each peptide occurred in the “all-trans” conformation (Table
S1-S3), confirming that Ala/Pro substitutions have no signifi-
cant impact on the ratio of cis/trans conformations.

PPEP-1 had a K, value of 137 um and a k,, value of 4.3 s~
for the substrate Abz-PP-Dnp (Fig. 2A). In comparison, the K,
value for Abz-AP-Dnp was 43.6 uM, and the k_, was 1.26 s~ .
As a result, the catalytic efficiency, k_,/K,,, toward Abz-PP-
Dnp and Abz-AP-Dnp was almost identical, 30,000 m ' s !
(Fig. 2A). In contrast, for Abz-PA-Dnp the K, of PPEP-1 was
82.5 uMm with a k_,, value of 0.87 s~ *. Thus, the resulting cata-
lytic efficiency of about 10,000 M~ * s~ * was 3-fold lower com-
pared with Abz-PP-Dnp, showing that PPEP-1 was more selec-
tive for a proline residue at position P1'. Interestingly, although
the K, value was only slightly reduced compared with the par-
ent Abz-PP-Dnp, the turnover number, k., was severely
diminished.

Structural investigation of the proline-proline peptide bond
specificity

To identify the structural basis of the observed kinetic differ-
ences, the structures of the inactive double mutant PPEP-
1(E143A/Y178F) cocrystallized with peptides PA-pep and
AP-pep (Table 2) were determined at 1.90 and 1.39 A resolu-
tion, respectively (Table S4). The peptides PA-pep and AP-pep
were well-defined in the electron density maps. However, no
electron density was found at the expected position of the Zn?"
ion, revealing that the protein was unintentionally cocrystal-
lized in its apo form (i.e. without Zn>"). The conformations of

SASBMB

6T0Z ‘6T Joqueda uo BinqureH 1BeiseAIUN wals/Assyeylolgig e /610°0q [ -mmmy/:diy woly papeojumod


http://www.jbc.org/cgi/content/full/RA119.009029/DC1
http://www.jbc.org/cgi/content/full/RA119.009029/DC1
http://www.jbc.org/cgi/content/full/RA119.009029/DC1
http://www.jbc.org/cgi/content/full/RA119.009029/DC1
http://www.jbc.org/cgi/content/full/RA119.009029/DC1
http://www.jbc.org/

Table 1
Sequences of Abz/Dnp internally quenched fluorogenic peptides

Molecular determinants of PPEP-1 specificity

N, N terminus; P5-P8', assumed residue position in the substrate-binding cleft of PPEP-1 according to Schechter and Berger (9); C, C terminus; Lys* = Ne-(2,4-

dinitrophenyl)-L-lysine; CONH,, amidated C terminus; AA, amino acid.

Position
Name N 5 4 3 2 1 1 2’ 3’ 4' 5’ 6’ 7' 8’ C
Abz-PP-Dnp Abz Asp Val Val Asn Pro Pro Val Pro Pro Ser Lys* Asp Asp CONH,
Abz-PA-Dnp Abz Asp Val Val Asn Pro Ala Val Pro Pro Ser Lys* Asp Asp CONH,
Abz-AP-Dnp Abz Asp Val Val Asn Ala Pro Val Pro Pro Ser Lys* Asp Asp CONH,
AA position 1 2 3 4 5 6 7 8 9 10 11 12 13
Table 2

Sequences of peptides used for cocrystallization

N, acetylated N terminus; P4 —P3’, residue position in the substrate-binding cleft of PPEP-1 according to Schechter and Berger (9); C, C terminus; CONH,, amidated C

terminus; AA, amino acid.

Position
Name N P4 P3 P2 P1 P1’ P2’ P3’ C
PP-pep Ac Glu Val Asn Pro Pro Val Pro CONH,
PA-pep Ac Glu Val Asn Pro Ala Val Pro CONH,
AP-pep Ac Glu Val Asn Ala Pro Val Pro CONH,
APP-pep Ac Glu Val Ala Pro Pro Val Pro CONH,
AA position 1 2 3 4 5 6 7

AP-pep and PA-pep were found to be very similar to that of
PP-pep (Fig. 2B).

The two kinks described earlier for PP-pep were also
observed for PA-pep. However, at the scissile bond and at the
primed sites the positioning of the substrate peptide was differ-
ent. Although the backbone torsion angles ® (—63°) und ¥
(+160°) of the P1" alanine residue in PA-pep could also be
adopted by a proline (13), the newly introduced NH amide pro-
ton of the alanine at the P1’ position in PA-pep formed an
additional hydrogen bond with the carbonyl oxygen of Gly-115
located in the edge strand (Fig. 2C). As a consequence, the back-
bone of residues P1’ and P2’ was shifted by 1 A (5 times the
r.m.s.d. of the global backbone alignment) toward the N-termi-
nal part of the edge strand in the PA-pep structure. This
resulted in a sharper kink at the P1’ residue (Fig. 2D). The angle
of the second kink of the PA-pep was very similar to those of
AP-pep and PP-pep. This shift of the scissile peptide bond away
from the metal ion—binding site in the PA-pep complex could
explain the reduced k_,, of PPEP-1(WT) in the case of the sub-
strate Abz-PA-Dnp.

To confirm that the substrate binding was not significantly
influenced by the absence of the Zn>* ion, cocrystallization
experiments were repeated in the presence of 0.1 mm ZnCl,.
With PP-pep and PA-pep, only crystals of zinc-bound PPEP-
1(E143A/Y178F) in complex with the unprimed fragment Ac-
EVNPD, ie. the N-terminal cleavage product of the substrate
peptides, were obtained (Tables S4 and S5). The reason for this
was probably the remaining very low residual proteolytic activ-
ity of this PPEP-1 variant. However, a crystal structure of zinc-
bound PPEP-1(E143A/Y178F) with uncleaved AP-pep was
obtained (Table S5). The substrate peptide as well as the Zn>"
ion was well-resolved (Fig. 2E), and the binding mode was
exactly the same as without the Zn>* ion.

A comparison of the situation found in PPEP-1 with the
related proteases thermolysin and anthrax LF, of which both do
not prefer proline residues at the P1’ position, reveals some
interesting aspects (Fig. 3). Notably, the hydrogen bond of the
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main-chain amide of the P1’ residue to the edge strand was also
present in the structure of thermolysin in complexes with a
substrate-mimicking inhibitor (PDB code 4N4E (14)) and in LF
in complex with a substrate peptide (PDB code 1IPWV (15)). In
thermolysin and LF, there is also an interaction of the scissile-
bond NH group with Asn-112 and Ser-655, respectively. The
corresponding residue in PPEP-1 is Val-113, which is, as the
following edge strand, shifted away by about 1 A from the cat-
alytic zinc ion compared with the equivalent residues in ther-
molysin and LF. This shift of the edge strand and the displace-
ment of the valine residue in PPEP-1 were required to fit a
proline residue at position P1’. Thermolysin and LF barely
accepted substrates with a P1’ proline (15, 16), which can be
explained by the resulting steric hindrance. In contrast, sub-
strates with residues other than proline at the P1’ position are,
upon binding to PPEP-1, translated by about 1 A away from the
catalytic zinc ion, leading to less efficient hydrolysis.

Lys-101 and Glu-184 of the (Lys-101, Glu-184, Glu-185, Asn-3%)
interaction interface to the substrate are essential for
proteolytic activity

In cocrystal structures of PPEP-1(E143/Y178F) with PP-pep,
PA-pep, and AP-pep, the e-amino group of Lys-101 in the
S-loop was found to interact with the y-carboxyl groups of Glu-
184 and Glu-185 as well as with the oxygen atom of the aspar-
agine B-amide group at position P2 (Asn-3*). Hereafter, we
refer to this interface as the KEEN interface. The KEEN inter-
face explains the strong preference of PPEP-1 for asparagine
residues at substrate position P2 and was the only notable inter-
action of the S-loop with the lower rim of the substrate-binding
cleft in the closed conformation (Fig. 44). Furthermore, with
the participation of Glu-185, this interface was directly linked
to the coordination chemistry of the catalytic Zn*" ion. To
clarify these interactions, structural and kinetic investigations
were carried out using mutants where Lys-101 was replaced by
alanine, glutamate, or arginine.

J. Biol. Chem. (2019) 294(30) 11525-11535 11527
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Molecular determinants of PPEP-1 specificity

A
Substrate KM Vmax kcat kcat/KM
[uMm] [nM/s] [s"] [M*s]
PP 137+12.0 589.1+40.7 43+0.3 31386
AP 43.6+12.0 1709+11.7 1.26+0.09 28899
PA 82.5+10.8 117.7+5 0.87+0.04 10545

" positions. A, Michaelis—Menten parameters of PPEP-1(WT) for the substrates Abz-PP-Dnp, Abz-AP-Dnp, and

Abz-PA-Dnp. B, superimposed structures of apo-PPEP-1(E143A/Y178F), PP-pep (blue), AP-pep (green), and PA-pep (orange) are shown. His-142, His-146, and
Glu-185 in the active site of PPEP-1 are shown as sticks. Residues of the substrate peptides are marked with a hash mark (#) and named according to the
Schechter and Berger (9) nomenclature (P4-P1 and P1'-P3’). For the sake of visibility, the S-loop is not shown. C, detail of the complex structure with PA-pep
(orange). The nitrogen of the scissile bond forms a hydrogen bond (dashed line) to the carbonyl group of the peptide bond between Gly-115 and Leu-116 of
PPEP-1.The residues at positions P1” and P2’ of PA-pep are shifted toward the edge strand (Gly-115; arrows) compared with PP-pep. D, analysis of the backbone
angles at residues P1" and P2'. PP-pep, AP-pep, and PA-pep are colored in blue, green, and orange, respectively. Axes were fitted to the Ca atoms to calculate
the kink angles using Chimera (39). E, 2F,, — F_map of the complex structure of holo-PPEP-1(E143A/Y178F) with AP-pep. The contour level was set to 1 r.m.s.d.

(0.408 e/A3). For comparison, AP-pep bound to apo-PPEP-1(E143A/Y178F) was superimposed and is shown as thin pink lines).

Crystal structures of the K101A and K101R mutants were
determined at a resolution of 2.02 and 1.80 A, respectively
(Table S6). There were no major changes compared with the
WT (PDB code 5A0P). The arginine residue in one protomer of
the K101R mutant interacts with Glu-184 as expected. In the
other protomer, it is displaced by a crystal contact. As in most
other substrate peptide-free and zinc-bound structures, a Tris
molecule from the buffer was coordinated to the catalytic zinc
ion.

The specific activities of the K101A and K101E mutants
against all three substrates, Abz-PP-Dnp, Abz-PA-Dnp, and
Abz-AP-Dnp, were dramatically reduced (Fig. 4B), whereas the
K101R mutant had a similar activity to the WT (Fig. 4B).
Accordingly, the exchange of Glu-184 led to a strong reduction

11528 J Biol. Chem. (2019) 294(30) 11525-11535

in activity. PPEP-1(E184K) showed only a residual activity
against all three Abz/Dnp peptides (Fig. 4B), whereas the muta-
tion E184A caused a decline in activity for Abz-PP-Dnp and
Abz-AP-Dnp by 85 and 91%, respectively. Only a very small
residual activity of 1.2% could be detected for Abz-PA-Dnp.
The double mutation K101E/E184K could not restore the activ-
ity of the respective single mutants, probably because only two
of the four interaction partners were swapped and/or the posi-
tive charge of the protonated lysine side chain was moved fur-
ther away from the catalytic zinc ion. Crystal structures of the
E184A, E184K, and E184K/K101E mutants had no major
changes compared with the WT. However, both independent
protomers of E184K and E184K/K101E are in the closed
conformation.
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Molecular determinants of PPEP-1 specificity

Figure 3. Structural basis for the proline specificity of PPEP-1 at position P1’ compared with thermolysin and lethal factor. A and B, superimposition of
PPEP-1(E143A/Y178F) (gray) in complex with PP-pep (blue) with holo-thermolysin (salmon) with the substrate-mimicking inhibitor UBTLN85 (wheat) (A) and
apo-anthrax LF (yellow) with substrate peptide (wheat) (B). Positions of P1 and P1’ residues are labeled in black and with a hash mark. Interactions between the
scissile-bond NH group and protein components are shown as black dotted lines. Proline residues in P1' position in thermolysin and LF are likely to be
prohibited as this would introduce steric clashes with the carbonyl group of the edge strand interacting with the scissile-bond nitrogen as well as with
Asn-112/Ser-665. Black arrows indicate that, in PPEP-1, residue Val-113 and the edge strand are shifted from the catalytic Zn®", thus creating space for
substrates with a proline residue at position P1’ (PDB codes 5A0X, 4N4E, and 1PWV).
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Figure 4. The KEEN interaction interface. A, crystal structure of PPEP-1(E143A/Y178F) in complex with PP-pep with detail of the KEEN interaction interface.
The substrate peptide (PP-pep) is colored and labeled in blue. PPEP-1 components of the KEEN interface (Lys-101, orange; Glu-184 and Glu-185, green) and
metal ion- coordinating histidine residues (His-142 and His-146; gray) are shown as sticks. PPEP-1 components are labeled black. Hydrogen bonds are indicated
as dotted lines (PDB code 5A0X). B, specific activity of WT PPEP-1 and KEEN interaction interface mutants in the presence of Abz-PP-Dnp, Abz-AP-Dnp, or
Abz-PA-Dnp. The measurements were carried out in triplicate. Error bars are the S.D. with average values above the bars. C, Michaelis—-Menten parameters of
PPEP-1(E184A) for substrate Abz-PP-Dnp. The same PPEP-1(WT) data are shown as in Fig. 1. D, the KEEN interaction interface is disrupted by the E184A mutation but
not by the absence of Asn-3* in the substrate peptide. The KEEN interaction interface of both cocrystal structures with PP-pep (left) or APP-pep (right) is shown. The
substrate peptide is colored in blue, the S-loop is in yellow, the active-site helix is in orange, and the gluzincin characteristic helix is in pink. The electron density
(2mF, — DF,) around the substrate peptide, catalytic Zn>* ions, and the side chains of Lys-101, His-142, His-146, Ala-184, and Glu-185 is shown at a contour level of
1r.m.s.d. (031 e/A3). The difference electron density (mF, — DF,) is shown as green mesh with a contour level of +3 rm.s.d. (0.31 e/A3).

To analyze the role of the KEEN interaction interface with
regard to the proteolytic mechanism, the kinetic parameters of
PPEP-1(E184A) in the presence of the Abz-PP-Dnp substrate
were determined. Compared with the WT, the E184A mutant
had a 3.6-fold reduced k., value, whereas K, remained
unchanged (Fig. 4C), thus suggesting that the KEEN inter-
face is important for efficient catalysis.

To investigate the structural effects of the E184A mutation,
the triple mutant PPEP-1(E143A/Y178F/E184A) was cocrystal-
lized with PP-pep and AP-pep. Crystals of PPEP-1(E143A/

SASBMB

Y178F/E184A) with PP-pep diffracted to a resolution of 1.9 A
(Table S7). The substitution was clearly visible in the electron
density map, whereas the side chain of Lys-101 was only poorly
resolved in both protomers, thus indicating that its interactions
with Glu-185 and the substrate peptide’s Asn-3* were strongly
reduced (Fig. 4D). Interestingly, despite disruption of the KEEN
interface, the S-loops of both PPEP-1 protomers were never-
theless found in the closed conformation. This indicates that
other interactions between substrate peptide and the S-loop
suffice for loop closure.
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Table 3

Sequences of peptides with noncanonical cleavage sites used for cocrystallization
N, acetylated N terminus; P4—P3’, residue position in the substrate-binding cleft of PPEP-1 according to Schechter and Berger (9); C, C terminus; CONH,, amidated C

terminus; AA, amino acid.

Position
Name N P4 P3 P2 P1 P1’ P2’ P3’ C
IgAl-pep Ac His Leu Leu Pro Pro Pro Ser CONH,,
Hsp90-pep Ac Glu Pro Asn Ala Ala Val Pro CONH,,
Fib-pep Ac Ser Leu Arg Pro Ala Pro Pro CONH,
AA position 1 2 3 4 5 6 7

PPEP-1(E143A/Y178F/E184A) in complex with AP-pep
yielded a different orthorhombic crystal form (Table S4). All
four protomers in the asymmetric unit were similar to the
structure of this triple mutant in complex with the PP-pep pep-
tide. The KEEN interaction interface was again disrupted with a
disordered side chain of Lys-101 in all four protomers, thus
confirming that the E184A mutation strongly reduced the
interaction of Lys-101 with Glu-185 and Asn-3*.

To assess the influence of the asparagine residue at position
P2 in PPEP-1 substrates on the formation of the KEEN interac-
tion interface, PPEP-1(E143A/Y178F) was cocrystallized with
substrate peptide APP-pep in which the canonical asparagine
residue Asn-3* at the P2 position was replaced by an alanine
(Tables 2 and S8). APP-pep was bound to PPEP-1 in a confor-
mation identical to that observed for PP-pep. This suggested
that the asparagine side chain was not required for proper posi-
tioning of the substrate. Furthermore, the electron density of
the side chain of Lys-101 was fully defined in both PPEP-1
protomers present in the asymmetric unit (Fig. 4D). Lys-101
was also bound here to the y-carboxylate groups of Glu-184 and
Glu-185, indicating that an asparagine residue at the substrate
P2 was not strictly required for this interaction, although it
probably contributed to its stability.

Recognition of other substrates with noncanonical sequences

PPEP-1 has been reported to cleave in vitro IgA1/IgA2,
Hsp90p, and fibrinogen at noncanonical recognition sequences
(1, 2). To analyze the molecular details of the recognition of
such substrates, PPEP-1(E143A/Y178F) crystallization trials
with peptides containing the corresponding sequences of IgA1,
Hsp90B, and fibrinogen were set up (Table 3). Crystals were
obtained only with the substrate peptide of fibrinogen (Fib-pep;
SLRP |, APP) (Table S5). It contained three PPEP-1 molecules
in the asymmetric unit. All three protomers showed a high sim-
ilarity to the structure of PPEP-1(E143A/Y178F) with PP-Pep
(PDB code 5A0X) with an r.m.s.d. of about 0.9 A for all residues.

The Fib-pep was well-defined in the electron density map of
all three protomers. Here as well, a metal-free protein—peptide
complex structure was obtained. Fib-pep also bound to PPEP-1
in a double-kinked manner (Fig. 5). Residues Leu-2*, Pro-4%,
Ala-5% Pro-6* and Pro-7* of Fib-pep bound very similarly to
the respective subsites as their counterparts in PP-pep. As
observed in the complex structure of PA-pep, the amide NH
group of the scissile bond again formed a hydrogen bond with
the carbonyl group of Gly-115 located in the edge strand. As in
all other substrate complexes, the main-chain carbonyl group
of the P1’ residue (Ala-5*) was hydrogen-bonded to the NH
group of the indole ring of Trp-103. Pro-6* (at P2’) was bound

11530 J Biol. Chem. (2019) 294(30) 11525-11535

by several van der Waals interactions to Ala-136, His-142,
and Asn-175. Furthermore, it formed a parallel-displaced
aromatic—aliphatic stacking to Phe-178, and its carbonyl
group accepted a hydrogen bond from the main-chain amide
of Asp-135. Pro-7* (at P3’) was bound by a T-shaped dis-
placed aliphatic—aromatic stacking to Phe-178 and by a par-
allel aliphatic—aromatic stacking to Trp-103.

Notably, the arginine residue (Arg-3*) of Fib-pep at position
P2 bound differently in the three protomers present in the
asymmetric unit. In two protomers, its side chain protruded
into a negatively charged pocket formed by Asp-149 and
Asp-155 (Fig. 5A), displacing the second coordination-
sphere water molecule interacting with His-146 of the
M2HEXXH'*® motif. In the third protomer, its guanidinium
moiety interacted with Glu-184 and Glu-185 (Fig. 5B). As a
result, Lys-101 was displaced.

Hydrogen bonding of the substrate by Trp-103 is crucial for
effective peptide bond hydrolysis

Crystal structures of peptide-bound PPEP-1 provided strong
indications that the S-loop closes upon substrate peptide bind-
ing. Apart from Lys-101 as a part of the KEEN interaction inter-
face, Pro-100 and Trp-103 were also found to be present in the
S-loop. Both residues belong to a large aromatic—aliphatic net-
work containing Tyr-94, Leu-95, Pro-100, Trp-103, and Trp-
110 located in the upper rim of the substrate-binding cleft (Fig.
5A) (10). In the substrate-bound state, Trp-103 interacted in a
parallel aliphatic—aromatic interaction with the proline residue
of the substrate at position P3" (Pro-7*), which agrees with the
previous finding that tryptophan was the most preferred amino
acid to form aromatic—aliphatic stackings with prolines (17).
Moreover, its indole ring e-NH group forms an H-bond to the
carbonyl oxygen of the P1’ proline (Pro-5*). We probed the
importance of Trp-103 for proteolytic activity of PPEP-1 by
generating mutants W103A, W103F, W103Y, and W103H.
These proteins showed no difference in their thermal stabilities
compared with WT PPEP-1 (Table S10), but all of them were
almost inactive against Abz-PP-Dnp, Abz-PA-Dnp, and Abz-
AP-Dnp (Fig. 6B).

A crystal structure of the W103F mutant was similar to other
substrate-free PPEP-1 structures but again with two “closed”
protomers in the asymmetric unit. Again, there is a Tris mole-
cule bound to the zinc ion (Table S8).

For further analysis, the triple mutants E143A/Y178F/
W103F and E143A/Y178F/W103H were cocrystallized with
PP-pep. The structure revealed no major changes in either
protease or substrate conformation. The phenylalanine side
chain of the W103F mutant interacted in a manner similar to
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Figure 5. Alternating binding modes of Arg-3* at the P2 position in the Fib-pep complex. The S-loop is shown in yellow, the bulge-edge segment is in
green, the edge strand is in cyan, the diverting loop is in purple, the active-site helix is in orange, the gluzincin helix is in pink, and the S1’-wall-forming segment
is in red. Metal ion-coordinating residues and amino acids interacting with the substrate peptide (blue) are shown as sticks and are labeled in black. Substrate
peptide residues are labeled in blue. Hydrogen bonds are indicated as dotted lines. A, the situation in two crystallographic independent protomers. B, in the
third protomer Arg-3* undergoes a different set of interactions.
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Figure 6. Trp-103 is crucial for PPEP-1 activity. A, Trp-103 is part of the aliphatic-aromatic network together with Tyr-94, Leu-95, Pro-100, and Trp-110. The
aliphatic—aromatic network is colored in green, Trp-103 is in orange, the substrate peptide is in blue, and Phe-178 is in violet. The hydrogen bond between
Trp-103 and the carbonyl oxygen of the P1’ residue is shown as a dashed line. Residues of the substrate peptides are labeled in blue and indicated by an asterisk.
PPEP-1 residues are labeled black (PDB code 5A0X). B, specific activity of WT and Trp-103 mutants with substrates Abz-PP-Dnp, Abz-AP-Dnp, and Abz-PA-Dnp.
The measurements were carried out in triplicate. Error bars are the S.D. with average values above the bars. C, focus on the primed part of the substrate-binding
cleft of PPEP-1 in the complex structure of PPEP-1(W103F/E143A/Y178F) with PP-pep. Structural elements of PPEP-1(W103F/E143A/Y178F) and PP-pep are
colored as follows. The substrate peptide is blue, residues of the aliphatic-aromatic network are in green color, and Phe-178 is in pink. Substrate residues are
labeled blue, and protein residues are labeled black. D, a similar close-up view of the complex structure of PPEP-1(W103H/E143A/Y178F) with PP-pep. Color
coding is as in C. Hydrogen bonds are shown as black dashed lines. The complex structure of PPEP-1(E143A/Y178F) with PP-pep is superimposed. Trp-103 of
PPEP-1(E143A/Y178F) is indicated as thin lines. The hydrogen bond between Trp-103 and the peptide bond between P1’ and P2’ are indicated as thin dashed
lines.

that of the WT with Pro-100, Val-113, and the proline at the carbonyl oxygen of the P1’ substrate residue for proteo-
position P3’ of the substrate peptide (Fig. 6C). The strongly lytic activity (Fig. 6B).

diminished activity of the W103F mutant demonstrated the Based on simple modeling, we hypothesized that the W103H
importance of the hydrogen bond between residue 103 and mutant would be active because an imidazole side chain at posi-
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Figure 7. Conformation of PPEP-1 substrate peptides in solution and in other substrate proteins. A, the 10 lowest-energy models determined by NMR in
solution of PP-pep (gray) were superimposed with the crystal structure (green; PDB code 5A0X). For clarity, hydrogen atoms are not shown. Residues are
labeled, and the scissile bond is marked with a black cross. B, the conformation of the PPEP-1-recognition sequence in IgA1 resembles the conformation of
PPEP-1-bound PP-pep. Left, cartoon representation of the Fc region of IgA1 (PDB code 2QEJ (18)). Chains are colored either blue or gray. The PPEP-1-
recognition site is colored orange. Right, superimposition of the PPEP-1-recognition site in IgA1 (orange) and PPEP-1-bound PP-pep (green; PDB code 5A0X).

tion 103 could also hydrogen-bond to the P1’ proline. However,
PPEP-1(W103H) was virtually inactive (Fig. 6B). In the crystal
structure (Table S9), the side-chain imidazole group was
flipped with respect to the indole group of the WT, and the
&-nitrogen of His-103 was hydrogen-bonded to the main-chain
carbonyl oxygen of Lys-101 and not to the carbonyl oxygen of
the P1’ residue (Fig. 6D). Moreover, His-103 bound to the car-
bonyl group of the substrate of the P2’ residue via a water bridge
in one protomer. Thus, the hydrogen bond between the side
chain of His-103 and the P1’ residue was not present, similar to
the likewise inactive W103F mutant.

PPEP-1 substrates possess a preorganized conformation
complementary to the shape of the substrate-binding cleft

We also analyzed the solution structure of PP-pep (Figs. 74,
S§5-S8, and Table S11). Superimposition of the solution struc-
ture of PP-pep with the PPEP-1-bound peptide revealed that
the conformations of the P2—-P2' residues were similar. The
first kink (at P1') was already present in solution. The second
kink at P2" was also preformed, albeit to a lesser extent. This
showed that in solution the PP-pep substrate already adopted a
conformation at residues Asn-3*—Pro-7* that was similar to the
PPEP-1-bound conformation in the crystal structure. It is
therefore likely that the PPEP-1 cleavage sites in CD2831 and
CD3246 have a similar conformation. Supporting this sugges-
tion, a noncanonical PPEP-1 cleavage site in IgA (at residues
231 to 237) (PDB code 2QE] (18)) exhibited virtually the same
conformation as PP-pep (Fig. 7B). There were also two kinks in
the primed region, which were most likely stabilized by the
steric rigidity of the proline residues.

Taking this into account, we propose that the shape of the
substrate-binding groove follows the local structure of the
cleavage site. As the accessible values of the backbone tor-
sion angle ® of proline residues is very restricted compared
with all other amino acids, only a relatively small amount of
substrate conformational entropy is lost upon binding to
PPEP-1. This might be a key element for the substrate rec-
ognition by PPEP-1.

11532 J Biol. Chem. (2019) 294(30) 11525-11535

Discussion

In this and a previous study (2), the preference of PPEP-1 for
Pro-Pro peptide bonds was shown. Replacement of the P1 or
P1’ proline by alanine diminished the activity, but the reduction
was more pronounced for the P1’ position.

This study provides new structural and mechanistic insights
into the specificity and substrate recognition of PPEP-1. The
most important findings are that PPEP-1 discriminated
between alanine and proline residues at position P1’ based on
the hydrogen-bonding potential of the amide group of this res-
idue, where the donation of an H-bond by the substrate to the
edge strand leads to a small shift from the catalytic center and
therefore to a reduced k_,, value. Furthermore, residues other
than proline suffer from a greater entropy loss upon binding to
the enzyme. For efficient catalysis, the S-loop has to be properly
closed. It has previously been shown that deletion of the S-loop
together with the bulge-edge segment (A92-114) resulted in a
complete inactivation of PPEP-1 (11). In the work presented
here, Trp-103 of the aliphatic—aromatic network and the KEEN
interaction interface, with both of them being responsible for
anchoring the S-loop to the substrate and the lower rim of the
active-site cleft, were identified as essential for proteolytic
activity. Noteworthy is the observation that Glu-184 is not
strictly conserved. For example, in PPEP-2 from Paenibacillus
alvei it is replaced by a threonine. PPEP-2 does not favor an
asparagine in P2 position but a leucine (19), and Lys-101 is
replaced by an arginine. Whether this leads to different inter-
actions is unclear due to the lack of a substrate complex struc-
ture of PPEP-2.

We finally propose an induced-fit mechanism (Fig. 8) in
which prestructured substrates are also recognized by the
aliphatic—aromatic network. The substrate peptide is then
bound in the doubly kinked substrate-binding groove, and, as a
result, the KEEN interaction interface is formed, thus also
changing the second coordination sphere of the catalytic zinc
ion. The placement of a positive charge in the second coordi-
nation sphere of the catalytic zinc ion would increase the acidity
of the zinc-bound water molecule (20) and therefore enhance
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Figure 8. Proposed model of PPEP-1 substrate recognition. Durlng initial binding to PPEP-1 (7), the prestructured substrate (blue) starts to interact with the
aliphatic—aromatic network (yellow). These interactions trigger an induced-fit mechanism in which the S-loop closes and the substrate is correctly positioned in the
substrate-binding cleft (2). Upon S-loop closure, the KEEN interaction interface (pink) forms (3), not only stabilizing the S-loop in its closed conformation but also
increasing the reactivity of the catalytic zinc ion by changing its secondary coordination sphere via Lys-101 (green) and enabling an efficient peptide hydrolysis (4).

catalysis. It is known from other metalloenzymes (21) and inor-
ganic or organic metallocomplexes that the second coordina-
tion sphere influences the reactivity of a catalytic metal ion
(22-25). This most likely also holds for metallopeptidases.

Experimental procedures
Peptides

All peptides were purchased from GenScript with a purity of
at least 90%.

Site-directed mutagenesis

Mutations were introduced by the QuikChange™" site-di-
rected mutagenesis method developed by Stratagene (La Jolla,
CA). Mutagenizing primers (Table S12) were designed accord-
ing to Zheng (26).

Production of PPEP-1 proteins

WT PPEP-1 and PPEP-1 mutants were recombinantly pro-
duced in E. coli BL21 Star (DE3) cells using pET28a-based
expression vectors as described (27). The purification process
was evaluated by SDS-PAGE analysis of samples taken during
immobilized metal-affinity chromatography and size-exclusion
chromatography (Figs. S9 and S10)

Fluorescence-based thermal shift assay

Fluorescence-based thermal shift assays (28) were performed in
a CFX 96 Real-Time PCR Detection System (Bio-Rad). 7, was
determined by using the internal algorithms of the data analysis
software (Bio-Rad CFX Manager™, version 3.1.1517.0823).
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Preparation of Abz/Dnp substrate peptide stock solutions

Lyophilizates were solubilized in 100% DMSO to a concen-
tration of 20 —30 mm and subsequently diluted 1:19 with 20 mm
Hepes, pH 7.5, 200 mm NaCl (HBS). Concentrations of the
peptides were determined spectrophotometrically at 365 nm
using the molar extinction coefficient (€555 = 17,300 M~ "
cm ") of the Dnp group (29). Stock solutions were adjusted to a
concentration of 1 mM substrate peptide using HBS supple-
mented with 5% DMSO.

Determination of the specific activity of PPEP-1 variants

Assays for determining relative activities were performed in
triplicate using a BioTek Synergy H4 plate reader and repeated
at least once. Fluorescence was measured at the excitation and
emission wavelengths of 320 * 20 and 420 * 20 nm, respec-
tively. Activity assays were performed in a total volume of 100
wl composed of 5 ul of protein (diluted in HBS), 90 ul of HBS,
and 5 ul of 1 mm Abz/Dnp substrate in HBS with 5% DMSO.
Reactions were started by adding 5 ul of substrate solution.
Initial slopes in regions where fluorescence increase was linear
were used to determine the activity of each PPEP-1 variant.

The determination of Michaelis—Menten kinetic parameters
was performed in rectangular Suprasil quartz glass cuvettes
(105.252-QQS, Hellma Analytics) using a Fluoromax-4 fluorimeter
(HORIBA Scientific). Initial velocities were recorded at substrate
concentrations of 12.5, 25, 50, 75, 100, 150, 200, 250, 300, 350, and
400 M. Each reaction had a total volume of 35 ul composed of 5 ul
of enzyme solution (0.02 mg/ml PPEP-1 in 20 mm Hepes, pH 7.5,
200 mm NaCl, 0.05% Triton X-100) and 30 ul of substrate solution
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containing the substrate and 20 mm Hepes, pH 7.5, 200 mm NaCl,
5% DMSO. The excitation beam had a wavelength of 320 * 2.4
nm, and emission was detected at 420 * 2 nm with an integration
time of 0.5 s and a total recording time of 600 s.

Inner filter effects were corrected with the following formula
(12).

2.3dA,,
1— —IofdAex

235A.

X GAem X
10 1— 1075Aem

Feorr = Fops X (Eq. 1)

Here, F_ ., and F_, are the corrected and uncorrected fluores-
cence intensities, and A, and A, are the absorbance values at the
excitation and emission wavelengths. s is the width of the incident
excitation beam, g is the distance from the edge of the excitation
light beam to the edge of the sample chamber of the cuvette, and d
is the width of the cuvette seen by the detector.

Inner-filter correction factors were determined using 400 um
Abz-PP-Dnp, Abz-AP-Dnp, or Abz-PA-Dnp digested with
high amounts of PPEP-1 (1 mg/ml) for 30 min at 20 °C. Fluo-
rescence was measured with the same instrumental setup as for
the kinetic measurements to obtain F_ , and a UV-visible spec-
trum was recorded to obtain A, and A,,,,. Afterward, solutions
in the cuvettes were successively diluted, and fluorescence and
UV-visible spectra were recorded. The data obtained were used
to calculate the inner-filter correction factors and to generate a
calibration curve to convert fluorescence increase velocities
(cps/s) into molar activity (wmol/s) (Fig. S1). To determine k_,, and
K, initial velocities, v, were plotted against the initial substrate
concentrations, [S], and a curve was fitted to the data using the
Michaelis—Menten equation (Fig. S11) using GraphPad prism
software (version 6.02, GraphPad Software, Inc.).

Crystallographic methods

All crystals were obtained in (NH,),HPO, grid screens at
20 °C as described previously (27). For cocrystallization exper-
iments of PPEP-1 variants with peptides (PPEP-1-peptide
complexes), a 10-fold molar excess of peptide was used. Crys-
tals were cryoprotected by 30% (w/v) sucrose and flash-cooled
in liquid nitrogen.

Diffraction data were collected at beamlines X06DA and
X06SA of the Swiss Light Source (Paul Scherrer Institute, Vil-
ligen, Switzerland); at beamline P13 of PETRA/European
Molecular Biology Laboratory (EMBL) Hamburg (German
Synchrotron Research Center (Deutsches Elektronen-Syn-
chrotron (DESY)) campus, Germany); and at beamlines ID23-1,
ID29, ID30A-1, and ID30A-3 of the European Synchrotron
Radiation Facility (ESRF; Grenoble, France). All data were pro-
cessed using XDS and XSCALE (30).

Structure determination and refinement

Structures were determined using the WT PPEP-1 structure
(PDB code 5A0P) as an initial model and either employing rig-
id-body refinement using phenix.refine (31) or molecular
replacement as implemented in Phaser of the Phenix package
(32). Structures were rebuilt manually using Coot (33) between
iterative cycles of refinement using phenix.refine. Data collec-
tion and refinement statistics are summarized in Tables S3—S9.
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NMR spectroscopy

All compounds used for the preparation of the buffer (i.e.
sodium phosphate mono- and dibasic), d-2,2-dimethyl-2-sila-
pentane-5-sulfonic acid (DSS), and deuterated water were pur-
chased from Sigma-Aldrich. The samples were prepared by dis-
solving the peptide powder at a concentration ~1-3 mm in PBS
buffer (200 ul; pH 7.0; H,O/D,0, 9:1; 3-mm NMR tubes). NMR
spectra were recorded on a Bruker Avance I+ spectrometer
(*H frequency of 600 MHz) equipped with a triple-resonance
high-resolution probe (TBI). Al NMR data were acquired and pro-
cessed using Topspin software (Bruker). The transmitter fre-
quency was set on the HDO/H,O signal, and the dg-DSS reso-
nance was used as chemical shift reference (‘H 8,55 = 0 ppm).

For assignment, 2D homo- and heteronuclear spectra (i.e. 2D
'H,'H total correlated spectroscopy (TOCSY), 'H,"H rotating-
frame Overhauser spectroscopy (ROESY), 'H,'3C heteronu-
clear single-quantum coherence (HSQC), and 'H,">C hetero-
nuclear multiple-bond correlation (HMBC)) were recorded
using standard Bruker pulse sequences, including excitation
sculpting with gradients for solvent suppression (34).

The temperature dependence of the amide protons of peptide
PP-pep was calculated from the shift of the amide protons within
the range of 278 -335 K. The complete assignment of the back-
bone and side-chain 'H resonances was performed using standard
sequential assignment procedures according to the methodology
developed by Wiithrich (35) and analyzed using CARA software
(36). Three-dimensional structures were determined by the stan-
dard protocol of the CYANA program (version 2.1) (37).
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