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Aureolysin, a secreted metallopeptidase (MP) from the thermolysin family, functions as a major virulence
factor in Staphylococcus aureus. No specific aureolysin inhibitors have yet been described, making this an
important target for the development of novel antimicrobial drugs in times of rampant antibiotic resis-
tance. Although small-molecule inhibitors are currently more common in the clinic, therapeutic proteins
and peptides (TPs) are favourable due to their high selectivity, which reduces off-target toxicity and
allows dosage tuning. The greater wax moth Galleria mellonella produces a unique defensive protein
known as the insect metallopeptidase inhibitor (IMPI), which selectively inhibits some thermolysins from
pathogenic bacteria. We determined the ability of IMPI to inhibit aureolysin in vitro and used crystal
structures to ascertain its mechanism of action. This revealed that IMPI uses the ‘‘standard mechanism”,
which has been poorly characterised for MPs in general. Accordingly, we designed a cohort of 12 single
and multiple point mutants, the best of which (I57F) inhibited aureolysin with an estimated inhibition
constant (Ki) of 346 nM. Given that animals lack thermolysins, our strategy may facilitate the develop-
ment of safe TPs against staphylococcal infections, including strains resistant to conventional antibiotics.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antibiotic resistance is a major global health burden, leading to
hundreds of thousands of deaths every year and greatly increasing
healthcare costs associated with the treatment of bacterial infec-
tions [1–3]. Resistance arises from selection pressure caused by
the widespread abuse, overuse and misuse of antibiotics in
humans, including premature treatment discontinuation [4], sub-
therapeutic dosing, and the distribution of counterfeit drugs [5].
Furthermore, �80% of all antimicrobials used in the USA are
administered as prophylactics to farm animals to boost their health
and productivity [6]. Once acquired, resistance is spread by hori-
zontal gene transfer, often across species barriers, ultimately giving
rise to multidrug-resistant strains [7]. The impact of antibiotic
resistance is heightened by the lack of new drugs in the develop-
ment pipeline, with only two new classes of antibiotics approved
in the last 30 years: the oxazolidinones, which target protein syn-
thesis, and the acidic lipopeptides, which target bacterial mem-
branes [8,9]. This lack of progress reflects decades of low returns
compared with other drug classes, discouraging investment by
the pharmaceutical industry [2,7,10] and thus posing a serious
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threat to public health [11]. There are few therapeutic options for
the treatment of infections with ‘‘superbugs” such as Acinetobacter
baumannii, Neisseria gonorrhoeae, Pseudomonas aeruginosa, Strepto-
coccus pneumoniae and Staphylococcus aureus, which kill someone
every 15 min in the USA [12–14]. Drug-resistant strains of S. aureus
cause severe endocarditis, pneumonia, sepsis, and toxic shock syn-
drome [15]. Thus, there is an urgent need for the development of
new classes of antibiotics to tackle such infections.

Microbial pathogenesis involves diverse pathways and mecha-
nisms that lead to host colonisation and infection [16]. Virulence
factors are secreted by the pathogen to facilitate this process,
including peptidases that break down host defence proteins, regu-
late the availability of other secreted bacterial factors, and provide
peptide nutrients for the pathogen. One example is the ther-
molysin family of bacterial metallopeptidases (MPs), also referred
to as the M4 family according to the MEROPS database (www.
ebi.ac.uk/merops) [17]. The archetype is Bacillus thermoproteolyti-
cus thermolysin, which was the first endo-MP to be structurally
resolved [18] and the founding member of the gluzincin clan of
MPs [19,20]. Related MPs produced by human pathogens include
P. aeruginosa pseudolysin [21], vibriolysin from several Vibrio spe-
cies [22], Burkholderia cenocepacia ZmpA/B [23], Enterococcus fae-
calis coccolysin [24], Legionella pneumophila Msp [25], Clostridium
perfringens k-toxin [26], and aureolysin from Staphylococcus epider-
midis and S. aureus [16,27–29].

Aureolysin was discovered in S. aureus strain V8 [30] and is the
product of the aur gene, which is located on a monocistronic
operon [31] and regulated by the alternative sigma factor rB and
the staphylococcal accessory regulator SarA [31]. Aureolysin is
prevalent in both pathogenic and commensal S. aureus strains
[32], and peak abundance occurs during post-exponential growth
and when the bacterial cells are phagocytosed by human neu-
trophils [33]. The enzyme accounts for � 50% of the total peptidase
activity in culture supernatants [28] and participates in the extra-
cellular peptidase system of S. aureus by activating the V8-type ser-
ine peptidase SspA, which in turn activates the cysteine peptidase
SspB [16]. Together with the cysteine peptidase ScpA, they consti-
tute the four major extracellular peptidases of S. aureus [34] known
as the ‘‘staphylococcal proteolytic cascade” [31]. Moreover, aure-
olysin recruits nutrients from host proteins [35] and contributes
to staphylococcal infections by promoting hypervirulence and the
transition from a sessile, biofilm-forming lifestyle to a mobile,
invasive phenotype [36,37]. It degrades the human antimicrobial
peptide LL-37 [38] and complement protein C3, while releasing
the chemoattractant C5a to prevent complement-mediated killing
by neutrophils [39]. It also contributes to the intracellular survival
of S. aureus in human macrophages [40]. Furthermore, aureolysin
highjacks the blood coagulation and fibrinolytic systems by acti-
vating prothrombin [41] and inactivating the serpin-type serine
peptidase inhibitors a1-proteinase inhibitor, a2-antiplasmin, and
a1-antichymotrypsin by cleaving their ‘‘reactive-centre loops”
(RCLs). This deregulates their targets such as neutrophil
urokinase-type plasminogen activator, elastase, and plasmin [42–
46]. Finally, aureolysin was shown to trigger osteoblast death
and bone destruction in a murine model of osteomyelitis [29],
which is a hallmark of S. aureus infection in humans [47]. Aure-
olysin is therefore a promising drug target given its role in the
establishment and persistence of infection, which underpins its
relevance for bacterial survival in vivo [48].

Aureolysin occurs as two isoforms (I and II) across distinct S.
aureus strains that share 93% sequence identity [49]. It is exported
as a 509-residue pre-pro-enzyme (UniProt access code [UP]
P81177) comprising a 27-residue signal peptide for secretion, a
181-residue pro-domain (S28–E208; aureolysin residue numbering
in subscript), and a 301-residue mature catalytic domain (CD,
A209–E509; [27]) with 49% identity to thermolysin [28]. Once
535
secreted, the zymogen is self-processed to yield the mature form
[50], which (like other thermolysins [51]) prefers neutral pH and
hydrophobic residues in the substrate P1

0 position [28] (nomencla-
ture of enzyme sub-site and substrate positions on the non-primed
and primed sides of the active-site cleft according to [52,53]). Typ-
ically for MPs, the enzyme is inhibited by the general metal chela-
tors EDTA and o-phenanthroline, as well as the nonspecific pan-
peptidase inhibitor a2-macroglobulin [28], but no specific small-
molecule or protein inhibitors have yet been reported.

Small-molecule drugs are favoured in the clinic because they
are often characterised by a long shelf life, oral bioavailability, effi-
cient uptake by cells, and ease of manufacturing [54]. However,
they generally have a small surface area for interaction with tar-
gets (usually large proteins), and this can limit their specificity
and promote off-target effects. In contrast, therapeutic proteins
(TPs) have larger surface areas, which result in higher selectivity,
fewer toxic side effects, and tuneable dosage [54], often without
harmful immune responses [55]. Although most TPs must be
injected due to poor gastrointestinal absorption, various systems
have been developed to overcome these limitations [56]. Recombi-
nant TPs can also be redesigned to increase their specificity or effi-
cacy. For example, defence proteins produced by one animal host
against a class of bacterial virulence factors may be adapted to
another host. Overall, this has increased the efficacy and potency
of TPs, and they now account for � 10% of the broader pharmaceu-
tical market [54].

The MP inhibitor from Streptomyces nigrescens was the first M4
family inhibitor (MEROPS I36) shown to target thermolysin, pseu-
dolysin and griselysin [57,58], but its mechanism of action remains
unknown. In contrast, the mature 68-residue inducible insect met-
allopeptidase inhibitor (IMPI) from the greater wax moth Galleria
mellonella (MEROPS I8; UP P82176) is a potent inhibitor of ther-
molysin, pseudolysin, vibriolysin, bacillolysin, and Bacillus poly-
myxa peptidase, and, importantly, its mechanism is known [59–
63]. Moreover, IMPI is currently under development for the ther-
apy of ectopic infections caused by S. aureus to cure chronic
wounds formulated in poloxamer hydrogels, which caused no side
effects in the swine ear model [63,64]. We therefore sought a pro-
tein inhibitor of aureolysin for further development as a TP by
designing several IMPI mutants with the ability to block aure-
olysin, and determined their mechanisms of action by kinetic and
structural analysis.
2. Materials and methods

Expression constructs — Plasmid pIMPI-WT contains the
sequence of wild-type (wt) IMPI in its mature form (residues I20–
S88, superscript numbering based on UP P82176) [62]. It is a mod-
ified pET–32a vector, with the IMPI sequence inserted at the BglII
and XhoI restriction sites, preceded by an N-terminal His6–tagged
thioredoxin fusion partner and a tobacco etch virus (TEV) pepti-
dase recognition site, placing the peptide sequence G–M�S
upstream of I20 in the final purified protein. We used pIMPI-WT
to generate 13 mutants (T50N, T50Q, T50R, T50Y, I54M, I55R, I55W,
I55Y, I57F, I57Y, R58E, T50Y + I55R and T50Y + I55R + I57F). T50N was
used only as an intermediate to prepare T50Y and was not tested
for activity. The mutants were generated by site-directed mutage-
nesis with overlapping primers (Table 1) using Phusion high fide-
lity DNA polymerase (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Template DNA was digested with
DpnI (Thermo Fisher Scientific) and the product was used to trans-
form competent Escherichia coli DH5a cells (Thermo Fisher Scien-
tific). Plasmid DNA was purified using the E.Z.N.A. Plasmid DNA
Mini Kit I (Omega Bio-Tek) and all constructs were verified by
sequencing (Eurofins and Macrogen).



Table 1
Plasmids and primers for overexpression.

Plasmid Forward primer Reverse primer Template

pIMPI-T50N a CATATACAGAATAAAAATAACTGTCCC GGGACAGTTATTTTTATTCTGTATATG pIMPI-WT
pIMPI-T50Q CATATACAGAATAAACAAAACTGTCCC GGGACAGTTTTGTTTATTCTGTATATG pIMPI-WT
pIMPI-T50R CAGAATAAACGAAACTGTCCCATC GATGGGACAGTTTCGTTTATTCTG pIMPI-T50Q
pIMPI-T50Y CATATACAGAATAAATATAACTGTCCC GGGACAGTTATATTTATTCTGTATATG pIMPI-T50N
pIMPI-I54M CTGTCCCATGATTAATATAAGATGTAATGACAAGTGC GCACTTGTCATTACATCTTATATTAATCATGGGACAG pIMPI-WT
pIMPI-I55R GTCCCATCCGTAATATAAGATGTAATG CATTACATCTTATATTACGGATGGGAC pIMPI-I55W
pIMPI-I55W CAAACTGTCCCATCTGGAATATAAGATGTAATGAC GTCATTACATCTTATATTCCAGATGGGACAGTTTG pIMPI-WT
pIMPI-I55Y CAAACTGTCCCATCTATAATATAAGATGTAATG CATTACATCTTATATTATAGATGGGACAGTTTG pIMPI-WT
pIMPI-I57F CTGTCCCATCATTAATTTTAGATGTAATGACAAGTGC GCACTTGTCATTACATCTAAAATTAATGATGGGACAG pIMPI-WT
pIMPI-I57Y CTGTCCCATCATTAATTATAGATGTAATGACAAGTGC GCACTTGTCATTACATCTATAATTAATGATGGGACAG pIMPI-WT
pIMPI-R58E CATTAATATAGAATGTAATGACAAGTGC GCACTTGTCATTACATTCTATATTAATG pIMPI-WT
pIMPI-T50Y + I55R CATATACAGAATAAATATAACTGTCCC GGGACAGTTATATTTATTCTGTATATG pIMPI-I55R
pIMPI-T50Y + I55R + I57F CCCATCCGTAATTTTAGATGTAATGACAAGTGC GCACTTGTCATTACATCTAAAATTACGGATGGG pIMPI-T50Y + I55R

a This mutant was used as an intermediate to prepare T50Y and was not tested for activity. Only single nucleotides were exchanged in each reaction. For the double and
triple mutants, a corresponding ancestral plasmid was used as the template.
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Protein production and purification — The IMPI variants were
expressed in E. coli BL21 (DE3) Origami2 cells (Novagen) trans-
fected with the corresponding plasmid and grown on lysogeny
broth (LB) agar supplemented with 100 mg/mL ampicillin. Single
colonies were used to inoculate 25-mL LB starter cultures supple-
mented with 100 mg/mL ampicillin and 10 mg/mL tetracycline, and
were incubated overnight at 37 �C under shaking. The starter cul-
tures (1 mL) were used to inoculate 500 mL of the same medium,
followed by cultivation under the same conditions until the OD550

reached 0.6. At this point, protein expression was induced with
0.2 mM isopropyl-b-D-1-thiogalactopyranoside (Thermo Fisher
Scientific) and overnight incubation at 18 �C. Cells were harvested
by centrifugation (3500 � g; 30 min; 4 �C), washed twice with cold
buffer A (50 mM Tris�HCl, 250 mM sodium chloride, pH 8.0), and
resuspended in the same buffer supplemented with 10 mM imida-
zole, the EDTA-free cOmplete protease inhibitor cocktail (Roche Life
Sciences), and DNase I (Roche Life Sciences). Cells were lysed using
a cell disrupter (Constant Systems) at a pressure of 135 MPa, and
soluble protein was cleared by centrifugation (50,000 � g; 1 h;
4 �C) before passing the supernatant through a 0.22-mm filter
(Merck Millipore). For immobilised-metal affinity chromatography
(IMAC) [65], protein was captured on a nickel-Sepharose HisTrap
HP column (Cytiva), previously washed and equilibrated with buf-
fer A plus either 500 or 20 mM imidazole. Each IMPI construct was
purified on a separate column to avoid cross-contamination. IMPI
was washed and eluted using buffer A supplemented with either
20 or 300 mM imidazole. Protein-containing fractions were dial-
ysed for 4 h at room temperature against a 50-fold excess volume
of buffer B (50 mM Tris�HCl, 150 mM sodium chloride, 0.5 mM oxi-
dised glutathione, 3 mM reduced glutathione, pH 8.0) and cen-
trifuged (50,000 � g; 1 h; 4 �C) to remove precipitated protein.
The inhibitors were dialysed overnight with His6-tagged TEV pepti-
dase (produced in-house) at a peptidase:substrate ratio of 1:20 (w/
w) in buffer A at room temperature to remove the fusion partner.
After centrifugation (50,000 � g; 1 h; 4 �C) and 0.22-mm sterile fil-
tration, the soluble fraction was loaded again onto the above
HisTrap HP column for reverse IMAC. The flow-through fraction
containing untagged inhibitor was collected, whereas TEV, thiore-
doxin and non-cleaved soluble IMPI aggregates bound to the col-
umn were eventually eluted using buffer A supplemented with
300 mM imidazole for column regeneration. The untagged IMPI
was recovered after a second round of reverse IMAC, concentrated
by exchange into buffer C (20 mM Tris�HCl, 150 mM sodium chlo-
ride, pH 8.0) using a HiPrep 26/10 desalting column (Cytiva), and
polished by final size-exclusion chromatography (SEC) with buffer
C in a Superdex 75 10/300 column (Cytiva) attached to an ÄKTA
Purifier 10 apparatus (Cytiva).
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Aureolysin isoform I was produced as previously described [66]
with slight modifications. S. aureus V8-BC10 cells were streaked
onto tryptic soy agar plates supplemented with 2.5 g/L glucose
and 1% casein. A single colony, surrounded by a halo of digested
casein, was then used to inoculate 20 mL of Bacto tryptic soy broth
without dextrose (BD Biosciences) supplemented with 2.5 g/L glu-
cose. This pre-inoculum was incubated for 8 h at 37 �C under shak-
ing. The starter cultures were used to inoculate 4 L of the same
medium, followed by overnight cultivation under the same condi-
tions. The bacterial supernatant was cleared by centrifugation
(7000 � g; 30 min; 4 �C) and passed through a 0.22-mm filter.
Supernatant proteins were then precipitated in ammonium sulfate
(80% saturation) with gentle stirring for 4 h at 4 �C, harvested by
centrifugation (50,000 � g; 1 h; 4 �C), resuspended in buffer D
(20 mM Tris�HCl, 10 mM calcium chloride, pH 7.8), and dialysed
at 4 �C overnight against the same buffer. After centrifugation
(50,000 � g; 1 h; 4 �C), the supernatant was loaded onto a 5-mL
HiTrap Q FF anion exchange column (Cytiva) attached to an
ÄKTA Pure 25 apparatus (Cytiva). The column was previously
washed and equilibrated with buffer D, with or without 1 M
sodium chloride. Protein bound to the column was washed exten-
sively using buffer D supplemented with 50 mM sodium chloride,
and eluted in a gradient of 50–750 mM sodium chloride in the
same buffer. The purified aureolysin was polished by SEC in a
Superdex 75 10/300 column with buffer E (20 mM Tris�HCl,
150 mM sodium chloride, 10 mM calcium chloride, 50 mM zinc
chloride, pH 7.8).

Protein purity was assessed by SDS-PAGE on custom-made 14–
20% glycine gels followed by staining with Coomassie Brilliant Blue
(Sigma-Aldrich). Protein identities were confirmed by peptide
mass fingerprinting (Suppl. Fig. 1) and N-terminal sequencing
(Edman degradation) at the Protein Chemistry Service and the Pro-
teomics Facility of the Centro de Investigaciones Biológicas (CIB-
CSIC, Madrid, Spain). Ultrafiltration was carried out using Vivaspin
15 and Vivaspin 2 filter devices with Hydrosart membranes and a
2-kDa cut-off (Sartorius Stedim Biotech). Protein concentrations
were determined using the BCA protein assay kit (Thermo Fisher
Scientific) by comparison to a dilution series of bovine serum
albumin.

Activity and inhibition assays — We tested the proteolytic and
peptidolytic activity of aureolysin, thermolysin from B. thermopro-
teolyticus Rokko (Sigma-Aldrich), and ulilysin (produced according
to [67,68]) at 37 �C in 100-lL reactions containing buffer F
(100 mM Tris�HCl, 150 mM sodium chloride, 10 mM calcium chlo-
ride, 50 mM zinc chloride, pH 7.5) in an Infinite M200 microplate
fluorimeter (Tecan). As substrates, we used 10 lg/mL of the pig-
skin gelatin fluorescein conjugate from the DQ Gelatin EnzCheck



Fig. 1. Protein production and purification. (A) Representative chromatogram and (B) SDS-PAGE analysis of the IMAC purification step of His6-thioredoxin-tagged wt-IMPI
(expected molecular mass � 25 kDa). FT, flow-through; W, wash step; E, elution step. (C) Chromatogram and (D) SDS-PAGE analysis of the SEC purification step of tag-
depleted wt-IMPI (�8 kDa), which migrated as a monomer (13.6 mL). (E) Representative chromatogram and (F) SDS-PAGE analysis of the anion-exchange chromatography
purification step of aureolysin. (G) Chromatogram and (H) SDS-PAGE analysis of the SEC purification step of aureolysin. Despite the higher-than-expected molecular mass
reported by SDS-PAGE (panels F,H), the protein is indeed mature aureolysin (expected mass � 33 kDa), as confirmed by N-terminal sequencing, peptide-mass fingerprinting
(Suppl. Fig. 1), and the retention volume in calibrated SEC (panel G; 11.3 mL) corresponding to � 29 kDa. (I) 20% Glycine SDS-PAGE showing the purity of wt-IMPI and the 12
mutants (2–5 lg) analysed herein. All constructs behaved similarly to (A-D) during purification and yielded products of comparable purity and molecular mass.
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assay kit (kex = 485 nm, kem = 528 nm; Invitrogen, Thermo Fisher
Scientific) or 20 lM FRET-4 (Abz-Y-G-K-R-V-F-K[dpn]–OH), an
internally-quenched fluorogenic peptide (kex = 260 nm kem = 420 -
nm; GenScript).

Inhibition by wt-IMPI was measured using both substrates fol-
lowing the pre-incubation of the inhibitor (up to 200-fold molar
excess) with 100 nM aureolysin, 10 nM thermolysin or 10 nM uli-
lysin for 1 h at room temperature. Inhibition by the IMPI mutants
(T50Q, T50R, T50Y, I54M, I55R, I55W, I55Y, I57F, I57Y, R58E, T50Y + I55R,
and T50Y + I55R + I57F) was measured using FRET-4 following the
pre-incubation of each mutant (up to 100-fold molar excess) with
50 nM aureolysin for 1 h at room temperature. Reactions were car-
ried out at 37 �C in buffer G (20 mM Tris�HCl, 150 mM sodium chlo-
ride, pH 7.5) in triplicate and the residual proteolytic activity was
measured for 3 h. The activity of the inhibitors in the absence of
peptidase was monitored for the same duration as a negative con-
trol. To determine the relative activity of the IMPI mutants com-
pared to the wild type, initial cleavage velocities of the
fluorogenic protein and peptide substrates, without (V0) and with
(Vi) inhibitor, were determined from the slope of the linear range
(R2 > 90%) of the fluorescence vs time curve, and (V0/Vi) was calcu-
lated using GRAPHPAD PRISM [69].

Complex formation and inhibitor cleavage detection — The
complexes of aureolysin (at 100 lM) with wt-IMPI or the
I57F-mutant were prepared by incubation in buffer H (50 mM
Tris�HCl, 150 mM sodium chloride, pH 8.0) at a 1:2.5 M ratio for
30 min at room temperature. The complex was then disrupted by
SEC in a Superdex 75 10/300 GL column (GE Healthcare) previously
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equilibrated in buffer H. The same amounts of aureolysin and inhi-
bitor were processed separately as controls. IMPI cleavage was
analysed by SDS-PAGE as above and mass spectrometry in a
MALDI-TOF Autoflex III instrument (Bruker). Each sample was
desalted using a C18 ZipTip (Millipore), mixed at a 1:1 ratio (v/v)
with a matrix solution of 10 mg/mL sinapic acid in 50% acetonitrile,
and spotted onto the plate using the dried-droplet method. Mass
spectra were acquired in linear-mode geometry. Internal calibra-
tion was performed by correction of the average mass of the
respective non-treated IMPI control sample (wt-IMPI: 7927.6 Da;
I57F-IMPI: 7967.1 Da).

Crystallisation and diffraction data collection — Crystallisation
conditions were screened at the joint IRB/IBMB Automated Crystal-
lography Platform using the sitting-drop vapor diffusion method. A
Freedom EVO robot (Tecan) prepared screening solutions and dis-
pensed them into the reservoir wells of 96 � 2-well MRC crystalli-
sation plates (Innovadyne Technologies). A Phoenix/RE robot (Art
Robbins) pipetted crystallisation nanodrops containing 100 nL of
each protein and reservoir solution into the shallow wells, and
plates were incubated in steady-temperature crystal farms (Bru-
ker) at 4 �C or 20 �C. Optimal aureolysin crystals complexed with
either wt-IMPI or I57F-IMPI formed at 20 �C in solutions containing
5 mg/mL aureolysin and 2.9 mg/mL IMPI (peptidase:inhibitor
molar ratio of 1:2.5) in 50 mM Tris�HCl pH 8.0, 150 mM sodium
chloride, 1.6 mM calcium chloride, 8.3 lM zinc chloride, which
was mixed with reservoir solution consisting of 0.1 M Bis-Tris pH
5.5, 25% (w/v) PEG 3350 or 0.1 M Bis-Tris pH 6.0, 31% (w/v) PEG
2000 MME. Crystals were cryoprotected with reservoir solution
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plus 10% ethylene glycol, harvested using round LithoLoops of
0.04–0.1 mm (Molecular Dimensions), and flash-vitrified in liquid
nitrogen for data collection. X-ray diffraction data were recorded
at 100 K on a Pilatus 6 M pixel detector (Dectris) at the XALOC
beamline of the ALBA synchrotron (Cerdanyola, Catalonia, Spain)
and on a Pilatus3 X 2 M detector (Dectris) at the ID23-2 beamline
of the ESRF synchrotron (Grenoble, France). Diffraction data were
processed with programs XDS [70] and XSCALE, and transformed
with XDSCONV to MTZ-format for the PHENIX [71] and CCP4 [72]
suites of programs. Statistics describing data collection and pro-
cessing are provided in Table 2.

Structure solution and refinement — The structure of the com-
plex of aureolysin and I57F-IMPI was solved by molecular replace-
ment using PHASER [73] on a dataset initially processed as space
group P41212 at 2.05 Å resolution (Table 2), with one complex
per asymmetric unit (a.u.). The coordinates of the protein part of
unbound aureolysin (Protein Data Bank [PDB] access code 1BQB
[27]) and wt-IMPI in a complex with B. thermoproteolyticus ther-
molysin (PDB 3SSB [62]) were used as searching models. These cal-
culations yielded unique solutions for the peptidase and inhibitor
at Eulerian angles (in �) a = 13.7, b = 29.4, c = 153.6 (fractional cell
coordinates 0.019, 0.287, 0.972) and a = 166.5, b = 131.6, c = 104.7
(fractional cell coordinates 0.751, 0.224, 0.191), respectively. The
associated values for the translation functions after refinement
were 15.6 and 34.0, and the final log-likelihood gain was 1316.
The adequately rotated and translated molecules were refined
using the REFINE protocol of PHENIX [74] and the BUSTER [75] pro-
gram, including translation/libration/screw-motion (TLS) refine-
ment. Unexpectedly, the free Rfactor stalled at � 30% and the
resulting Fourier maps were partially blurred, which together with
the analysis of the intensity distribution with XTRIAGE [76] in PHE-
NIX, and POINTLESS [77] in CCP4, indicated the presence of merohe-
dral twinning following twin law (-k, -h, -l). At this point, a second
dataset for the I57F-IMPI complex with a higher resolution (1.60 Å)
Table 2
Crystallographic data.

Dataset Aureolysin/wt-IMPI

Beam line (synchrotron) XALOC (ALBA)
Space group/complexes per a.u. a P41/2
Twinning fraction a (�k,�h,�l) 0.49
Cell constants (a and c in Å) 68.14, 166.18
Wavelength (Å) 0.97926
Measurements/unique reflections 874,126/64,323
Resolution range (Å) (outermost shell) c 52.7–1.85 (1.96–1.85)
Completeness (%)/Rmerge

d 100.0 (99.8)/0.149 (2.7
Rpim

e/CC(1/2) e 0.042 (0.788)/0.999 (0.
Average intensity f 14.7 (1.9)
B-Factor (Wilson) (Å2)/Aver. multiplicity 42.2/13.6 (13.4)
Resolution range used for refinement (Å) 52.7–1.85
Reflections used (test set) 63,598 (724)
Crystallographic Rfactor (free Rfactor) d 0.164 (0.219)
Non-H protein atoms/ionic ligands/ 6467/6 Ca2+, 2 Zn2+

waters/non-ionic ligands per a.u. 709/2 PEG, 3 EDO
Rmsd from target values
bonds (Å)/angles (�) 0.008/1.64
Average B-factor (Å2) 38.1
Protein contacts and geometry analysis b

Ramachandran favoured/outliers/all analysed 686 (95.0%)/0/722
Bond-length/bond-angle/chirality/planarity outliers 0/3/0/2
Side-chain outliers 22 (3.6%)
All-atom clashes/clashscore b 15/1.3
RSRZ outliers b/Fo:Fc correlation 2 (0.3%)/0.97 (0.95)
PDB access code 7SKM

a Abbreviations: EDO, ethylene glycol; PEG, diethylene glycol; RSRZ, real-space R-valu
b According to the wwPDB Validation Service (https://wwpdb-validation.wwpdb.org/v
c Values in parenthesis refer to the outermost resolution shell if not otherwise indica
d For definitions, see Table 1 in [94].
e For definitions, see [95,96].
f Average intensity is hI/r(I)i of unique reflections after merging according to XSCALE
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became available, which was processed with the actual space
group P41 (Table 2) and solved by Fourier synthesis after rigid-
body refinement of the two copies of the partially refined complex
structure in the a.u. The structure was manually rebuilt using COOT
[78] and refined using REFMAC5 [79] considering twinning, as well
as TLS and non-crystallographic symmetry (NCS) restraints. The
final model included residues A209–E509, one zinc and three cal-
cium ions of peptidase protomers A and C, as well as I20–I86 and
I20–P84 of inhibitor moieties B and D, respectively, plus five ethy-
lene glycol and 559 solvent molecules. Given that the structure
of unbound aureolysin had originally been obtained before the
gene sequence was available [27,49], it contained five erroneous
residues at positions 354, 361, 479, 492, and 493, which were cor-
rected in the final model of the complex.

The structure of the wt-IMPI complex with aureolysin was
solved at a resolution of 1.85 Å by Fourier synthesis after rigid-
body refinement using the coordinates of the refined mutant com-
plex structure. Model completion and refinement were carried out
as described above. The final model comprised residues A209–E509
and A209–V508 of peptidase molecules A and C, plus one zinc and
three calcium ions each, as well as I20–I86 and I20–K85 of inhibitor
moieties B and D, respectively. Two diethylene glycol, three ethy-
lene glycol, and 709 solvent molecules completed the model.
Table 2 provides essential statistics on the final refined models,
which were validated using the wwPDB validation service
(https://validate-rcsb-1.wwpdb.org/validservice) and deposited at
www.pdb.org (access codes 7SKL and 7SKM).

Miscellaneous — Structural superpositions were calculated
with SSM [80] in COOT. Figures were prepared using CHIMERA
[81]. Protein interfaces and intermolecular interactions were
analysed using PDBEPISA [82] (www.ebi.ac.uk/pdbe/pisa) and
verified by visual inspection. The interacting surface of a complex
was taken as half the sum of the buried surface areas of either
molecule.
Aureolysin/I57F-IMPI (1) Aureolysin/I57F-IMPI (2)

ID23-2 (ESRF) XALOC (ALBA)
P41212/1 P41/2
0.380 (estimated for P41) 0.536
68.80, 167.25 68.08, 166.69
0.87313 0.97926
326,552/26,086 398,888/99,152
68.8–2.05 (2.17–2.05) 68.1–1.60 (1.70–1.60)

72) 100.0 (99.9)/0.193 (1.808) 99.7 (99.4)/0.050 (1.069)
630) 0.069 (0.712)/0.997 (0.641) 0.029 (0.618)/0.999 (0.580)

9.4 (1.6) 14.2 (1.8)
41.9/12.5 (13.4) 34.4/4.0 (4.0)

68.1–1.60
98,470 (681)
0.158 (0.188)
6322/6 Ca2+, 2 Zn2+

559/5 EDO

0.008/1.76
32.6

691 (95.5%)/1/723
0/2/0/3
15 (2.5%)
20/1.7
7 (1.0%)/0.98 (0.97)
7SKL

e Z-score.
alidservice).
ted.

[70].

https://validate-rcsb-1.wwpdb.org/validservice


Fig. 2. Inhibitory activity of wild-type IMPI. (A) Residual fractional activity as Vi/V0 relative to the activity in the absence of inhibitor of (left) 10 nM ulilysin, (middle)
100 nM aureolysin, and (right) 10 nM thermolysin after incubation with wt-IMPI at several molar ratios using the DQ gelatin substrate. (B) As above, but using the internally
quenched fluorescent FRET-4 peptide as the substrate.
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3. Results and discussion

Assessment of wild-type IMPI as an aureolysin inhibitor and
initial protein redesign — Wild-type IMPI was expressed in E. coli
and recovered in a highly pure form (Fig. 1A-D; Suppl. Fig. 1). To
assess its effect on aureolysin, which in turn was purified to homo-
geneity from cultures of S. aureus (Fig. 1E-H; Suppl. Fig. 1), the inhi-
bitor was tested at molar ratios of 1:1 to 1:200 using a fluorogenic
protein (Fig. 2A) and a fluorogenic peptide (Fig. 2B). We also tested
thermolysin (the archetypal M4 family MP) and ulilysin, a metz-
incin MP from the pappalysin family (MEROPS M43B; [67,68]) as
controls. Thermolysin was efficiently inhibited as expected,
whereas ulilysin was not inhibited at all, in agreement with IMPI
being a specific inhibitor of M4 family MPs. Aureolysin was also
inhibited in a dose-dependent manner, particularly when using
the peptide substrate, although not to the same extent as
thermolysin.

We superposed the structure of unbound aureolysin [27] onto
thermolysin in a complex with wt-IMPI [62] and hypothesised that
replacing I57 (whose side chain interacts with the MP, see below)
with a bulkier residue such as phenylalanine might achieve stron-
ger inhibition. Accordingly, we produced the mutant I57F-IMPI as
described above for wt-IMPI (Fig. 1I) and used it for further
analysis.

Overall structure of the IMPI–aureolysin complex — We crys-
tallised I57F-IMPI and wt-IMPI in complexes with aureolysin
(Fig. 3A) and used molecular replacement to solve their tetragonal
(P41) crystal structures, which contained two complexes per a.u.
Structural solution and refinement (to 1.60 and 1.85 Å, respec-
tively) was hindered by the presence of merohedral twinning in
both crystals, with twinning fractions of 0.536 and 0.490, respec-
tively (Table 2). Even so, the structures were refined to final free
Rfactor values of 0.188 and 0.219, respectively, which are considered
accurate. This was confirmed by the final Fourier maps (Fig. 3E).
The two structures were practically indistinguishable upon super-
position, so the following discussion focuses on the I57F-IMPI com-
plex (protomers A and B) if not otherwise stated.

The structure of wt-IMPI has been reported in a complex with
thermolysin [62]. Briefly, it has a spearhead shape (Fig. 3B), whose
tip contains a ‘‘reactive-site bond” (RBS; N56–I/F57) within a RCL
(C52–C59). The latter is anchored to a subjacent ‘‘scaffold loop”
(C33–C37) via two disulfide bonds, which are part of a set of five
that confer structural rigidity. The regular secondary structures
of IMPI comprise four b-strands (b1–b4) and one a-helix (a1).
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The structure of the aureolysin CD is known for its unbound
form [27]. It conforms to that of the thermolysin family and con-
sists of an N-terminal subdomain (NSD; A209–A363, Fig. 3C) featur-
ing an N-terminal b-barrel grafted into a frontal five-stranded
mixed b-sheet whose lowermost strand forms the ‘‘upper-rim” of
the active-site cleft (N322–I326; Fig. 3C,D). This element binds sub-
strates in an extended conformation as an antiparallel b-ribbon.
The NSD also contains a ‘‘backing helix” and an ‘‘active-site helix”,
encompassing the characteristic motif of the zincin MPs, H352-E-X-
X-H356 [83,84]. The two histidine residues are ligands of the cat-
alytic zinc, and the glutamate is the general base/acid of the cleav-
age reaction [85] (Fig. 3E). The main distinctive structural element
of the aureolysin NSD compared to other thermolysins is a ‘‘flap”
(N312–N321) that precedes the upper-rim strand and protrudes
from the surface above the cleft (Fig. 3C,D).

The C-terminal subdomain (CSD; N364–E509; Fig. 3C) starts
with the characteristic ‘‘glutamate helix” of gluzincins [19,20],
which contains the third zinc-binding protein ligand (E376;
Fig. 3E). It is followed by a long ‘‘irregular segment” (D388–G434)
that shapes the bottom of the active-site cleft on its primed side,
including the hydrophobic S10 pocket. This pocket confers sub-
strate specificity upon aureolysin and other M4 family MPs, as
well as most other MP families [53]. Moreover, the irregular seg-
ment embraces three calcium-binding sites, which stabilise the
structure [28]. The removal of these ions using chelators therefore
causes irreversible inactivation [28,86]. The CSD also contains a C-
terminal four-helix bundle arranged as a Greek-key motif.
Remarkably, the aureolysin CSD lacks the conspicuous b-ribbon
that protrudes from the last turn of the first of these a-helices
in thermolysin.

In the complex, I57F-IMPI inserts like a wedge into the active-
site cleft of the peptidase (Fig. 3C,D) and interacts via interfaces
of 865 and 849 Å2 (DiG = –5.2 and –4.5 kcal/mol [82]) in complexes
A/B and C/D, respectively. This involves 24 hydrogen bonds and
salt bridges, plus two metallorganic bonds, as well as hydrophobic
interactions between five inhibitor and 10 peptidase residues
(Table 3). The main participating elements are the RCL and scaffold
loop of the inhibitor, as well as the flap, upper-rim strand, S10-
pocket shaping residues, and the initial and final stretches of the
irregular segment. Diverging from the thermolysin complex,
superposition of the aureolysin complexes with wt-IMPI and
I57F-IMPI revealed a much smaller spread in the relative orienta-
tion between inhibitor and peptidase. The maximum deviation at
the cleft-distal site of the inhibitor was � 4�/1.8 Å across the four



Fig. 3. Structure of the IMPI–aureolysin complex. (A) Tetragonal protein crystals of the aureolysin–wt-IMPI (left) and aureolysin–I57F-IMPI complexes (right). (B) Ribbon-
type plot of I57F-IMPI depicting the four b-strands (b1–b4) and the single helix (a1) of the structure, as well as the five disulfide bridges (with numbered cysteine residues).
The scaffold loop is shown in blue, and the reactive-centre loop (RCL) is shown in pink with numbered residues (sticks). The cleaved reactive-site bond (RSB), N-terminus, and
C-terminus are labelled. Hydrogen bond N56Od1–N60Nd2 is needed to maintain the position of the P1 residue in place. (C) Ribbon-type plot of the complex between I57F-IMPI
(green ribbon, disulfide bonds as yellow sticks) and aureolysin (pale gold ribbon, catalytic zinc and structural calcium cations shown as magenta and red spheres,
respectively) viewed along the active-site cleft (vertically rotated 90� counterclockwise away from the traditional ‘‘standard orientation” of MPs [53]). The side chains of the
zinc-binding MP residues and the general/base acid glutamate are further shown as sticks for reference (carbons in salmon). The N-termini and C-termini are labelled, the
characteristic flap is in purple, and the NSD and CSD of the peptidase are indicated. (D) Rotated view of (C). (E) Close-up in cross-eye stereo showing the RCL and scaffold loop
of I57F-IMPI (green carbons) and the zinc site of aureolysin (carbons in salmon) superposed with the final 1.60-Å (2mFobs-DFcalc)-type Fourier map as a semi-transparent
surface contoured at 1 r in a similar view to (D). The RSB is cleaved, selective inhibitor and MP residues are numbered in red and blue, respectively. Hydrogen bond N56Od1–
N60Nd2 is shown as a dashed line. (F) In vitro proof that binding and inhibition of aureolysin by wt- and I57F-IMPI involves the cleavage of the inhibitor at the RSB (N56–I57)
within the RCL as shown by SDS-PAGE analysis of the respective SEC fractions. (G) Mass spectra showing analysis of the cleavage of (top) intact wt-IMPI (blue spectrum;
7933.1 Da) giving rise to the cleaved inhibitor (red spectrum; 7676.3 Da) and (bottom) intact I57F-IMPI (blue spectrum; 7967.1 Da) to yield the cleaved inhibitor (red
spectrum; 7710.0 Da). Incubation of both intact species with aureolysin leads to the removal of the N-terminal tag-segment G-M�S (–275 Da) and the addition of a water
molecule (+18 Da) due to RSB cleavage. For wt-IMPI, a small fraction of tag-depleted noncleaved inhibitor was detected (7658.3 Da). (H) Close-up in stereo of (D), further
rotated 25� downwards and 25� leftwards, giving insight into the interactions between I57F-IMPI (sticks with green carbons, residue numbers in red) and aureolysin (sticks
with carbons in salmon, residue numbers in blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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complexes of the two structures, compared to � 10�/4.8 Å for the
two thermolysin complexes in the a.u. [62].

Finally, superposition of IMPI-bound aureolysin with the
unbound structure [27] revealed negligible differences between
the NTS and CTS. This contrasts with thermolysin, where a 5� rel-
ative rotation of the two subdomains distinguishes between the
unbound and bound forms [87]. Similar relative motion was pro-
posed for P. aeruginosa elastase and Bacillus cereus neutral pro-
teinase [27]. Aureolysin therefore does not appear to undergo the
closing hinge motion when binding ligands or substrates, in con-
trast to other M4 family MPs.

IMPI inhibits aureolysin via the standard mechanism — The
IMPI RCL runs across the peptidase cleft in the direction of the sub-
strate, blocking S4-S10 with residues P53–I/F57 (Fig. 3H). Remark-
ably, the RSB was cleaved in the crystals (Fig. 3E), which was
verified in vitro by incubating both wt-IMPI and I57F-IMPI with
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aureolysin. Indeed, both forms were cleaved at N56–I/F57 (Fig. 3F,
G). This feature causes the terminal carboxylate oxygen of the P1

residue, N56OT, to bind the catalytic zinc and contribute to a dis-
torted tetrahedral coordination sphere together with protein
ligands H352Ne2, H356Ne2, and E376Oe2 (all 2.02–2.11 Å apart in
the various structures). N56OT replaces the two solvent molecules
found in the unbound structure [27] and further contacts
H436Ne2 (3.08–3.15 Å), which is equivalent to H231 of thermolysin
(thermolysin residues are shown in italics with subscript numbers
for clarity). Together with Y157, equivalent to Y376 in aureolysin,
this residue helps to stabilise the tetrahedral reaction intermediate
[85]. Moreover, the other carboxylate oxygen of N56 is very close to
the general base/acid glutamate (N56O–E353Oe1; 2.60–2.67 Å),
indicating that one of them must be protonated. On the primed
side of the cleft, P1

0 residue I/F57 is bound via its a-amino group
to E353Oe2 (2.90–3.01 Å) and the upper-rim main-chain carbonyl



Fig. 4. Inhibitory activity of the IMPI mutants. (A) Relative fractional activity as Vi/V0 o
molar ratios 1:1, 1:5, 1:10, 1:50 and 1:100 with FRET-4 (at 20 lM) as the substrate.
deviations. (B) Tabular representation of the relative aureolysin activity data (in %) sho
using a four-parameter sigmoidal fit in GRAPHPAD (see Suppl. Fig. 2), and the inhibitor

Table 3
Interactions at the I57F-IMPI–aureolysin interface.

Hydrogen bonds/salt bridges (<3.7 Å) Hydrophobic interactions (<4 Å)

Y31O – K430Nf 3.10/2.79 Å
E32Oe2 – D431N 2.75/2.82 Å
A36O – Q317Ne2 –/2.72 Å E32 – K430

D38N – Q317Oe1 3.11/– Å I54 – I326
D38N – Q317Ne2 –/3.48 Å I55 – H356

Q47Ne2 - Q317Ne2 3.48/– I55 – Y367

I55N – W325O 2.92/2.86 Å F57 – F340
I55O – W325N 2.87/2.92 Å F57 – L343
N56O – E353Oe1 2.67/2.83 Å F57 – V349

N56O – E353Oe2 3.23/3.10 Å F57 – H352

N56OT – H436Ne2 3.15/3.08 Å F57 – M396

N56OT – Y367Og 3.69/3.45 Å F57 – L407
N56Nd2 – A323O 2.82/3.00 Å R58 – F340
F57N – N322Od1 3.09/3.25 Å R58 – L407
F57N – A323O 3.27/3.14 Å
F57N – E353Oe2 2.90/3.01 Å
F57O – R408Ng1 2.84/2.75 Å
F57O – R408Ng2 2.83/2.76 Å
R58N – N322Od1 3.51/3.45 Å
R58Ne – N321O 2.85/2.47 Å
R58Ng1 – N321O 2.74/– Å
R58O – N322Nd2 2.88/2.83 Å
N60Od1 – N322Nd2 3.11/2.80 Å
K62Nf – Q317Oe1 –/2.66 Å
Ionic interactions
N56OT – Zn999 2.11/2.08 Å
N56O – Zn999 2.61/2.38 Å

The first residue/atom belongs to IMPI, the second to aureolysin. The two values for
each bond correspond to complexes between protomers A/B and C/D, respectively.
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of A323 (3.14–3.27 Å) as well as the side-chain carboxamide of N322

(3.09–3.25 Å; Fig. 3E,H).
The inhibition mode described above agrees with the ‘‘standard

mechanism” or ‘‘canonical mechanism” of peptidase inhibition
[88,89]. Remarkably, in standard-mechanism inhibitors (which
mostly target serine endopeptidases), the RSB is cleaved very
slowly because the cleavage reaction is kinetically unfavourable,
so the intact complexes have half-lives of several years [90]. This
has been verified by many crystal structures with intact RSBs
[91]. In contrast, IMPI represents a unique case of a standard-
mechanism MP inhibitor occurring as a cleaved inhibitor, first in
its thermolysin complex [62] and now here with aureolysin, whose
69-residue structure is kept rigid through five disulfide bonds that
are evenly distributed across the structure.

Finally, in the aureolysin complexes, the cleaved RSB is poised
for rejoining, which is another functional requisite of the standard
mechanism [91]. This is indicated by the proximity and orientation
of the a-amino group of I/F57 relative to the carboxylate carbon of
N56, which are ideally situated for a nucleophilic attack. Indeed, the
angle I/F57N–N56C–N56OT, where N56OT is the oxygen that is not
bound to the general base/acid glutamate, is � 110� on average
over all four I57F-IMPI and wt-IMPI complexes, thus in good agree-
ment with the value postulated for a productive Bürgi-Dunitz geo-
metrical reaction coordinate (105 ± 5� [92]). This is supported by
the ability of cleaved wt-IMPI to rejoin in vitro following the addi-
tion of catalytic amounts of thermolysin [62].
f 50 nM aureolysin after incubation with IMPI mutants, relative to the wild type at
Experiments were performed at least in triplicate, and error bars show standard
wn in (A). Average half-maximal inhibitory concentrations (IC50) were determined
constant Ki was estimated usinf the equation Ki = IC50/([S]/KM + 1) [93].
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Redesign of IMPI — Based on the IMPI–aureolysin crystal struc-
tures described above, we identified positions 50, 54, 55, 57 and 58
of the RCL as ideal for mutagenesis and constructed 11 single, dou-
ble and triple point mutants in addition to the wt-IMPI and I57F-
IMPI variants (T50Q, T50R, T50Y, I54M, I55R, I55W, I55Y, I57Y, R58E,
T50Y + I55R, and T50Y + I55R + I57F). All variants were produced and
purified as efficiently as described above for wt-IMPI (Fig. 1I),
and were compared to wt-IMPI for their ability to inhibit aure-
olysin at molar ratios of 1:1 to 1:100 using the fluorogenic peptide
FRET-4 as the substrate (Fig. 4A,B). R58E did not affect peptidase
activity. We tested the mutant with thermolysin, which
revealed � 200-fold weaker inhibition than the wild type (Suppl.
Fig. 2). We thus conclude that the mutant was properly folded,
as suggested by its behaviour during purification, but functionally
impaired and thus unable to block thermolysins. The rest of the
cohort of mutants achieved the concentration-dependent inhibi-
tion of aureolysin. They could be assigned to two groups, one sim-
ilar to the wild type, with residual activities of 3–8% at the highest
molar ratio (Fig. 4B), whereas and the others showing weaker inhi-
bition, with residual activities of 17–58% (Fig. 4B). The derived IC50

values enabled us to estimate Ki values of 346–644 nM for the first
group and 1220–4520 nM for the second group (Fig. 4B). Notably,
mutant I57F (from the initial stage of the project, see above)
achieved the highest inhibition among all variants tested
(Ki = 346 nM) and would thus provide a suitable lead for further
development.

Corollary — Aureolysin plays multiple roles during S. aureus
infections and is a promising target for the development of novel
antimicrobials. We tested the M4-specific inhibitor IMPI, and
found that it inhibited the peptidase using the standard mecha-
nism, best described for serine endopeptidases, based on the anal-
ysis of crystal structures. We therefore designed a cohort of point
mutants, with I57F emerging as the strongest inhibitor. This is, to
our knowledge, the first report of a TP candidate that can inhibit
one of the major proteolytic virulence factors of S. aureus. The only
other protein-based inhibitor with this ability is the general pan-
peptidase inhibitor a2-macroglobulin, which has a molecular mass
of �720 kDa and a broad spectrum of targets, making it unsuitable
for therapeutic applications. Cell-based and disease challenge stud-
ies are now required to confirm the potential of I57F-IMPI as a TP
for the treatment of S. aureus infections.
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