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Targeting Extracellular Bacterial Proteases
for the Development of Novel Antivirulence
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Abstract: As resistance to clinically available antibiotics persistently increases, applying new strategies to target
pathogenic bacteria are paramount to design effective drugs. Bacterial proteases play vital roles in cell viability
and stress response, contributing to the pathogenicity of the resistant bacteria. Targeting these extracellular en-
zymes by antivirulence therapy is a prominent strategy in combating multi-drug resistant bacteria. By preventing
the colonization and infiltration of the host, this method can lower the selection pressure and reduce resistance
development significantly. Here, we review the role of bacterial proteases, the rise of antivirulence therapy and
we report on the development of novel antivirulence agents targeting two key virulence factors: elastase B (LasB)
from Pseudomonas aeruginosa and collagenase H (ColH) from Clostridium histolyticum.
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1. Introduction: The Role of Proteases in Drug
Discovery

Proteases are important signaling enzymes catalyzing the
breakdown of proteins by hydrolyzing peptide bonds.[!] They
control numerous key physiological processes such as cell-cy-
cle progression, cell proliferation, cell death and DNA replica-
tion as well as processing of hormones and biologically active
peptides. They are able to cleave protein substrates either from
the N or C termini (aminopeptidases and carboxypeptidases,

respectively) and/or in the middle of the molecule (endopep-
tidases).[2!

Fig. 1 illustrates the substrate binding to a protease where the
structure of the active site of the protease determines the substrate
specificity.34]
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Fig. 1. Schematic representation of the substrate cleavage sites in pro-
teases. Non-primed binding sites are located toward the N terminus,
whereas the primed binding sites are toward the C terminus. The figure
was adapted from Schechter and Berger and recreated by BioRender.
com.B!

A great variety of proteases exists that differ in size and struc-
tural composition.! Based on their mechanism of catalysis, pro-
teases are classified into six classes; aspartic, glutamic, cysteine,
serine and threonine proteases, as well as metalloproteases.[®! For
cysteine, serine and threonine, catalysis involves formation of an
acyl-enzyme complex followed by the release of both carboxylate
and amine products.B! In the case of aspartic, glutamic and me-
talloproteases, an activated water molecule acts as a nucleophile
and attacks a carbonyl group to hydrolyze the peptide substrate.!”)

As a result of their crucial roles in almost all important biologi-
cal pathways, proteases constitute attractive target proteins for the
treatment of various diseases.[!l The common strategy for targeting
proteases is to identify the active site and to design inhibitors that are
able to block it.[’! Most of the proteases are sequence-specific and
therefore, the designed active structures mimic the transition state of
the substrate, assuring not to be processed by the enzyme. /3]
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Designing inhibitors with selectivity toward a single protease
can be challenging if the targeted protease shares a similar catalytic
mechanism and substrate specificity with other proteases, but is
functionally completely different.!'% For the discovery of selective
protease inhibitors, alternative methods like structure-based drug
design or targeting allosteric binding sites are also applied.!'1.12!

There are many successful protease inhibitors on the market
(Fig. 2), for the treatment of various diseases such as angiotensin-
converting enzyme (ACE) inhibitors (e.g. captopril, 1)[!! used for
hypertension, and thrombin (serine) protease inhibitors for treat-
ing blood coagulation (e.g. dabigatran, 2).131 Clinically approved
protease inhibitors are also used for the treatment of diseases
caused by viruses like HIV (e.g. ritonavir, 3)¢ or hepatitis C.[14.15]
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Fig. 2. Structures of the protease inhibitors in clinical use: captopril 1,1
dabigatran 2,['® and ritonavir 3.©

Considering their versatile functions and the threat imposed
by antibiotic-resistant bacteria, proteases are promising targets to
develop new antibacterial agents.[®! Here, we focus on two ex-
emplary ones from a representative Gram-negative and -positive
pathogen, namely LasB from Pseudomonas aeruginosa and ColH
from Clostridium histolyticum.

2. Antibiotic Resistance and Antivirulence Therapy

The discovery of antibiotics, starting with penicillin, has saved
millions of lives during the 20™ century.!'6-181 The term ‘antibiotic’
initially referred to the natural secondary metabolites that were
able to inhibit the growth of microorganisms.l7! Later, its context
has been extended to synthetic and semi-synthetic antibacterial
agents.[!7l Antibiotics were not only successful in treating serious
infections but also played pivotal roles in decreasing morbidity
and increasing life expectancy.l9:201

As early as the late 1930s, starting with resistance toward
sulfonamides, antibiotic-resistant bacteria emerged as a serious
threat for the treatment of bacterial infections.[!6] Addition of new
classes of antibiotics to the market was not successful in solving
this problem as resistance has developed in all cases regardless
of the chemical classes that were introduced over the years.[19-21]

Factors like patient compliance, i.e. stopping the treatment
too early or overprescription of antibiotics can activate mutations
or gene transfer among bacteria for developing resistance.[2022]
Moreover, the excessive use of antibiotics in livestock kills the
susceptible bacteria causing the rise of more resistant strains.!°!
These strains are transferred to humans by the food supply, lead-
ing to serious infections.l'0l All these aspects contribute to the
evolution of different ways to maintain or develop resistance.[23-24]

Several bacteria that are insensitive to multiple drugs have
been listed as critical pathogens on the WHO priority list, as they
pose a serious threat, especially for immune-compromised pa-
tients.[21:2526] These are not only responsible for the great share of
nosocomial infections but they also represent a reference for pos-
sible resistance mechanisms.[?”l Among these pathogens, Gram-
negative bacteria such as P. aeruginosa and Acinetobacter bauma-
nii have been under a special focus since the permeability issues
associated with the Gram-negative cell wall represent a particular
challenge.[2527.28]

In contrast to the rapid emergence of resistant strains witnessed
over the past decade, the translation of antibiotics with novel mode
of action into clinical practice has not been efficient.[21.29-311 The
efforts for developing novel antibiotics have decreased signifi-
cantly with most of the newly approved drugs being derivatives
of existing classes.l'% As the current antibiotics target mainly the
vital functions in bacteria, this results in a high selection pressure,
facilitating more resistance.32!

Due to all aforementioned reasons, a ‘post-antibiotic era’ is
on the horizon, where the treatment options for many bacterial
infections are highly limited.[33] To combat this issue, an innova-
tive approach should be taken, which requires not only a strong
oversight of currently developed drugs but also a consideration of
alternative strategies to treat infections.

Antivirulence therapy has emerged as such an alternative strat-
egy, which aims to disarm the bacteria by inhibiting their viru-
lence factors.34-3¢1 This method, with a novel mode of action,
aims to reduce and reverse the selective pressure, leading to a
significant decrease in bacterial resistance (Fig. 3).[37381
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Fig. 3. Schematic representation of the mode of action of conventional
antibiotics versus inhibition of virulence factors by antivirulence agents.
The figure was adapted from Heras et al. and created with Biorender.
com.l4d
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Virulence factors are produced by bacteria in order to in-
vade the host cell and to evade the host-immune system.[33]
These include proteases, adhesins, regulators, toxins and
siderophores.[3739401 The purpose of targeting virulence factors
with so-called ‘pathoblockers’ is to reduce the pathogenicity,
thereby enabling the cellular immune response of the host cell
to eliminate the bacteria.l3# This concept is also successful for a
vast number of other potential drug targets like key components
of quorum-sensing (QS) networks.[#! Contrary to traditional anti-
biotics, potential antivirulence drugs can lead to a more effective
use of the antibiotics and preserve the host commensal flora.[42]

Given that each bacterium has its own unique virulence
mechanisms, it is likely that the developed antivirulence
drugs have a narrow spectrum, which might potentially be a set-
back.!40l Furthermore, whether a virulence factor is beneficial for
the bacteria or not plays a substantial role in the development
of resistance to antivirulence drugs, i.e. the selection of the right
target in combination with the right treatment is important for
maintaining the efficacy of these drugs.[*3!

The use of antivirulence drugs is in slow progress as most of
them are still in pre-clinical development and only a few have
made it to the clinic.34] Some of these FDA-approved inhibitors
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are targeting immunoglobulins.[3444 One recent example reaching
the market is the antibody drug bezlotoxumab used as a toxin B
neutralizer in the treatment of C. difficile infections.!4!

The lack of clinically approved small-molecule drugs proves
the urgent need for designing novel inhibitors of virulence factors
secreted by pathogenic bacteria. In view of this, zinc-containing
metalloproteases, present both in Gram-negative and Gram-
positive organisms, have emerged for designing successful inhibi-
tor profiles.[40l

2.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is an opportunistic Gram-negative
bacterium, frequently involved in chronic infections of immune-
suppressed patients.[*7] It can be isolated from numerous envi-
ronments including soil, plants and mammalian tissue.[*8] The
World Health Organization (WHO) places carbapenem-resistant
P. aeruginosa among the most critical pathogens as it is respon-
sible for 10% of hospital-acquired infections, and has a frequent
occurrence among cystic-fibrosis (CF) patients.[26:49.501 Tt is also
responsible for urinary-tract, cornea and wound infections espe-
cially in patients with predisposing factors.5!]

Various mechanisms of resistance are reported for P. aerugi-
nosa, including target mutations, disabling compound efflux and
inactivation of 3-lactam antibiotics by [3-lactamases.[52-55] Another
important factor contributing to resistance is the formation of bio-
films.[38.561 Biofilms consist of different components such as extra-
cellular proteins, polysaccharides and extracellular DNA (eDNA)
that constitute an effective protection against the host-immune re-
sponse.57-591 P. geruginosa uses QS mechanisms, some of which
are partially responsible for the formation and maturation of these
biofilms.38-581 QS allows bacteria to communicate and coordinate,
which adds up to the bacterial infection progress.[¢] Formation of
biofilms further favors the adherence to medical devices leading
to the rise of nosocomial infections.l6!l It has also been demon-
strated that biofilm-like microcolonies are formed in the lungs
of CF patients by P. aeruginosa exacerbating the effect of infec-
tion.[62.63]

P. aeruginosa produces numerous virulence factors respon-
sible for its pathogenicity.[5!! These can be distinguished by their
location either as cell-associated virulence factors, i.e. lectins,
flagella and biofilms or extracellular virulence factors such as
proteases, hemolysins, cytotoxin or pyocyanin.[62! Cell-associated
virulence factors play a crucial role in adhesion and coloniza-
tion of the bacteria.l%3] For example, lectin inhibitors hinder host-
cell invasion and in particular biofilm formation.[%! As presented
previously, quorum sensing is a way for bacteria to manipulate
the host immune response by regulation of virulence factors.[63]
Although targeting this network represents a challenge due to the
intracellular nature of the QS cascade, recent progress on target-
ing its key elements, namely the las, rhl and pqs systems, yielded
successful inhibitors with favorable pharmacokinetic properties
for pulmonary application.[66-68]

Consequently, extracellular virulence factors represent more
attractive targets, as there is no need for crossing the Gram-
negative cell wall, which is a highly challenging task due to the
presence of two membranes.[38] Elastases belonging to the prote-
ase family are such extracellular targets playing a pivotal role in
invasion and evasion of the host immune response, leading to a
faster disease progression.[09-71]

2.2 Elastase (LasB)

LasB is a zinc metalloprotease secreted by P. aeruginosa.l’!
Also known as pseudolysin, LasB is encoded by the lasB gene and
has a mature mass of 33 kDa.[7374 The N-terminal domain of the
protease consists of antiparallel 3-strands, whereas the C-terminal
part is predominantly a-helical. The active site is located in be-
tween these two domains (Fig. 4).1751 The overall tertiary structure

of LasB is highly similar to thermolysin from Bacillus thermopro-
teolyticus, which makes it a part of the thermolysin family of en-
zymes.[70771 Accordingly, conserved binding site residues are
zinc-coordinating His-140, His-144, and Glu-164, as well as Glu-
141, Tyr-155 and His-223.0761

J

Fig. 4. Apo structure of LasB (PDB code : 1EZM) shown in standard ori-
entation.”!

Target-validation experiments have demonstrated LasB as the
most abundant extracellular enzyme present in P. aeruginosa su-
pernatant with the highest endopeptidase activity, therefore mak-
ing it a critical anti-infective target.[73.791 LasB is able to degrade
elastin, fibrin and collagen, which are important components of
tissue cells and blood vessels, facilitating host colonization.[72]
Moreover, it can degrade surfactant proteins in the lung and it
is also involved in the inactivation of human immunoglobulins
A and G, cytokines gamma-interferon and tumor necrosis factor
alpha.[80-85]

In addition to these mechanisms of evading host immune
response, LasB is also a central player in the formation of bio-
films.[36:871 To date, two mechanisms have been reported for the
formation of biofilms that are regulated by LasB.[36-881 The first
one describes a mechanism where LasB activates nucleoside di-
phosphate kinase (NDK), an enzyme generating guanosine tri-
phosphate (GTP) for the formation of alginate, which is a crucial
constituent of the biofilm. The other mechanism is related to the
rhamnolipid-regulated biofilm formation, which is controlled by
the lasB gene. Once they are formed, biofilms are highly resistant
to immune response and antibiotics, creating an inflammatory re-
sponse, which maintains the infection.[86! Last but not least, LasB
is also widely recognized as the key virulence factor in the devel-
opment of chronic infections in CF patients.[5°]

P. aeruginosa secretes several other proteases, which are also
responsible for the infection progress. Aeruginolysin, for exam-
ple, can also contribute to tissue degradation but the proteolytic
capacity of this enzyme is low compared to LasB.091 LasA,
another zinc-metalloprotease secreted by these bacteria with an
elastolytic activity, makes elastin tissue more susceptible to LasB
by breaking Gly—Gly bonds.[92.93]

All the aforementioned features of LasB make it an attractive
anti-infective drug target, which is attracting more and more at-
tention nowadays.[%4

2.3 Inhibitors of Elastase (LasB)

As a common trend for all zinc-containing enzymes, most of
the inhibitors of LasB contain metal chelators.[! In addition to
known inhibitors such as ethylenediaminetetraacetic acid (EDTA)
and phenanthroline, other chemical classes such as hydroxamates
and thiols have also emerged as potent inhibitors of LasB.[72:96.97]

Cathcart et al. demonstrated that P1’ amino acid residues in
the active site of LasB are responsible for recognition of inhibitors
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with a preference for nonpolar and aromatic amino acids.[%8] This
observation led to the thiol compound 4 (Fig. 5), which was able
to reduce P. aeruginosa-induced biofilm formation.[®8!
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Fig. 5. Structures of selected LasB inhibitors: Peptidic mercaptoacet-
amide 4,8 N-aryl mercaptoacetamide 5,['°" a-benzyl N-aryl mercap-
toacetamide 6,1'%? phosphoramidon 7,['%31°%4 and a virtual screening hit
compound 8.11%!

The first nonpeptidic inhibitors of LasB were designed as
heterocyclic structures, followed by the introduction of the mer-
captoacetamide class.[?1901 The discovery of the non-peptidic in-
hibitor compound 5 remains noteworthy as it demonstrated an in
vivo effectin a Galleria mellonella infection model.['01] Substrate-
inspired merging and fragment-growing strategies applied on this
structure yielded compound 6 demonstrating a 12-fold increase
in potency while maintaining the selectivity and in vivo activity,
demonstrating the potential for this new scaffold.102]

Nevertheless, nonpeptidic inhibitors continue to demonstrate
low micromolar activities, whereas peptide-based compounds are
active in the sub-micromolar range. A successful example for this
observation is phosphoramidon (compound 7, Fig. 5), a peptidic
thermolysin inhibitor.[103.104]

Recent drug-discovery campaigns with rational approaches
involving virtual screening and computer-aided drug design have
yielded a series of non-peptidic LasB inhibitors like compound 8
with submicromolar activities and a good selectivity profile.[105]

The main drawback of zinc-chelating inhibitors of bacte-
rial metalloproteases is the presence of matrix metalloproteases
(MMPs) in the human cell, which are essential for important regu-
latory mechanisms.!!%] These enzymes belong to the M10 family
of peptidases and are responsible for degradation of extracellular
matrix (ECM) components, regulation of apoptosis and inflam-
matory processes.[107-1091 More than 20 different MMPs are pres-
ent in humans, each classified based on their function and the
depth of their S1° binding pocket.[107.1101 On the other hand, dys-
function of these enzymes causes various diseases such as cancer,

cardiovascular diseases and inflammation, which makes them at-
tractive targets for treatment of these diseases.[197:108] Due to these
diverse functions, MMPs are often regarded as both targets and
anti-targets, creating a challenge for the design of novel, selective
metalloprotease inhibitors.[111]

While designing inhibitors for extracellular metalloen-
zymes, screening against a series of representative MMPs is es-
sential to assess the selectivity profile of the designed inhibitor.
Mercaptoacetamides were reported to be selective over human
proteases such as MMP-2 and histone deacetylases (HDACs).[100]
Thiol-containing derivatives were also shown to be successful in
terms of selectivity over several MMPs.[1011 For hydroxamate-
based inhibitors selectivity, however, remains an issue.[!12113]

3. Targeting of Clostridial Collagenases

3.1 Introduction to Clostridia Genus

Clostridia are rod-shaped Gram-positive bacteria that are ob-
ligate anaerobes and present in soil, waste water or human com-
mensal flora.ll'+1151 Among more than 80 different species in
this family, a few are known to cause severe diseases.!!!5] These
include C. perfrigens and C. histolyticum, both causing gas gan-
grene, C. fetani causing tetanus and C. botulinum causing bot-
ulism.[!15] The strain C. difficile is of particular interest as it is
responsible for pseudomembranous colitis, which occurs as a con-
sequence of antibiotic use.[2.116] It also causes severe nosocomial
diarrhea.['15.117] The secretion of toxins and hydrolytic enzymes
like collagenases contributes to the pathogenicity of clostridia.[!18]
Some of the secreted toxins are known biological warfare agents
such as botulinum neurotoxin from C. botulinum, which is highly
toxic.l'191 In the meantime, collagenases are not only able to in-
vade the host cell directly, but also cause infections by acquiring
nutrients and toxin diffusion indirectly.!118]

An increasing resistance is observed among many strains of
clostridia, representing a challenge for treatment of the infections
caused by these pathogens.[120] As extracellular collagenases are
becoming highly important antivirulence targets, the next part will
focus on virulence factors from C. histolyticum.

3.2 Clostridium histolyticum

Clostridium histolyticum produces five different types of
toxins.!'151 Among these, [3-toxins are the biggest contributors to
its pathogenicity as collagenases are crucial for clostridial viru-
lence.!'151 This bacterium uses these extracellular metalloenzymes
as a means to invade the host cell and acquire nutrients to evade
the immune defense.[1211 Collagenases can then effectively cleave
the triple helix collagen into smaller oligopeptides, breaking the
connective tissue.!17.1221

The two types of proteases secreted by this bacterium are
encoded by colH or colG genes.l'23] Collagenase H (ColH) and
collagenase G (ColG) are classified as the M9 family of me-
talloproteases.[124] Structural studies performed on these en-
zymes have revealed a similar zinc-binding motif to elastase
from P. aeruginosa.l'?51 A calcium binding site was also discov-
ered close to the zinc-binding site, which proves the necessity
of a calcium cation for the peptidolytic and collagenolytic ac-
tiVity. [126,127]

Contrary to the full collagenase unit ColG, ColH is not able
to degrade collagen tissue as a result of bearing an activator and
a peptidase domain.!l'27.128] Interestingly, the ColG unit shares a
greater structural similarity to ColT from C. tetani and ColA from
C. perfringens than to ColH.[128]

As collagenases play a detrimental role in the progress of bac-
terial infections caused by C. histolyticum, they are considered
as essential targets for the development of alternative treatment
options for antibiotic resistance.
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3.3 Inhibitors of Collagenase H (ColH)

ColH inhibitors also require zinc-chelating groups to maintain
their activity by coordination of a zinc cation.[!26] Accordingly,
thiols, phosphonamides and hydroxamate motifs with activities
ranging from low micromolar to nanomolar are commonly re-
ported for inhibition of ColH.[129-1311 Phosphoramidon has been
shown to inhibit ColH as well, but it is not as potent as for
LasB.!291 Interestingly, modified natural coumarin derivatives
isolated from Viola yedonesis are also potent inhibitors with a
nanomolar activity (9, Fig. 6).0131]
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Fig. 6. Structures of selected ColH inhibitors: coumarin derivative 9,113V
N-aryl mercaptoacetamide derivative 10,1'*? an alternative zinc binding
motif phosphonate derivative 11.'%

Selectivity against human MMPs remains a challenge for
ColH inhibitors as most of the existing structures are derived from
the established MMP inhibitors.[134-136] Therefore, efforts for de-
signing novel structual motifs are essential to obtain selective and
potent inhibitors.

Schoénauer et al. introduced N-aryl-mercaptoacetamide-based
inhibitors that are quite successful in addressing the selectiv-
ity issue.[321 The inhibitor 10 (Fig. 6) with a low nanomolar
activity displayed more than 1000-fold selectivity over human
MMPs. Building on this exploration, we presented N-aryl-
mercaptosuccinimide derivatives with an improved chemical sta-
bility and lower in vivo zebrafish cytotoxicity while demonstrat-
ing a significant reduction of collagen degradation in an ex vivo
pig-skin model.[137]

The stability issues of thiols triggered the exploration of al-
ternative zinc-binding motifs as inhibitors of ColH.!38] Inspired
by the structure of compound 10, phosphonate derivative com-
pound 11 showed a low micromolar inhibition of ColH with a
good selectivity profile, offering a new direction for inhibitors of
this virulence factor.!'321331 Moreover, the similarity in the substi-
tution pattern of these two structures has provided a better insight
into the binding pocket of ColH, indicating a preference for polar
and hydrogen-bonding substituents.[132.133.137]

4. Conclusions and Outlook

In this review, we highlighted the importance of targeting pro-
teases in designing successful inhibitors for antivirulence therapy.
We focused on two key bacterial proteases Las B and ColH se-
creted from the notorious pathogens P. aeruginosa. and C. histo-
lyticum, respectively.

Many peptidic and non-peptidic drug-design inhibitors of LasB
have been reported up to date, demonstrating the potential of this
virulence factor. In some examples, application of different drug
design strategies such as fragment merging/linking or computer-
aided drug design accelerated the development of these inhibitors.
Nevertheless, selectivity over human metalloproteins and stability
of zinc-chelating motifs remain as great challenges that need to
be tackled when aiming for inhibitors with a considerable in vivo
activity.

ColH inhibition has gained more attention lately, as several
different inhibitors with successful selectivity profiles and low

micromolar activity have been reported. The discovery of inhibi-
tors with different zinc-binding groups has shown that the efforts
for designing and optimizing are not limited to certain scaffolds
and there is room for improvement.

Overall, all these efforts underline the importance and the suc-
cess of antivirulence therapy and various drug-design strategies in
the fight against the antimicrobial resistance crisis and increasing
the potential of inhibitors to move further into clinical develop-
ment.
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