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Summary

The alarming rise of antibiotic resistant pathogens poses a serious threat to public health and
urgently necessitates the development of new antibiotics. In order to reduce the selection pressure
on bacteria, this study aims at the development of ‘pathoblockers’ which target bacterial virulence
instead of Killing the pathogens. In this context, secreted bacterial collagenases represent highly
attractive targets because of their pivotal roles in the infection process and their advantageous
extracellular localization.

In this thesis, the development of inhibitors of ColH from Clostridium histolyticum and LasB from
Pseudomonas aeruginosa is described. A class of N-aryl mercaptoacetamides displays promising
activity on both targets, with distinct differences in structure-activity relationships and the binding
mode to the respective protease. Synthetic efforts further led to the development of a hydroxamate
derivative of the lead LasB inhibitor.

The inhibitors described herein share a high selectivity toward mammalian matrix metalloproteases,
which was rationalized by combining the information obtained from the co-crystal structures with
computational approaches. Further biological assays shed light on the impact of LasB inhibition on
key resistance mechanisms of P. aeruginosa and demonstrate in vivo efficacy in a Galleria

mellonella infection model.



Zusammenfassung

Der alarmierende Anstieg von Antibiotika-resistenten Bakterien stellt eine ernstzunehmende
Bedrohung fir die menschliche Gesundheit dar. Aus diesem Grund ist Entwicklung neuer
Antibiotika dringend notwendig. Um den Selektionsdruck auf Bakterien zu reduzieren, hat diese
Arbeit zum Ziel, ,,Pathoblocker” zu entwickeln, welche die bakterielle Virulenz hemmen anstatt
die Pathogene zu toten. In diesem Kontext stellen sezernierte bakterielle Kollagenasen sehr
attraktive Targets dar, da sie eine zentrale Rolle im Infektionsprozess spielen und den Vorteil mit
sich bringen, dass die bakterielle Zellwand nicht Gberwunden werden muss.

In dieser Dissertation ist die Entwicklung von Inhibitoren der Enzyme ColH aus Clostridium
histolyticum und LasB aus Pseudomonas aeruginosa beschrieben. Eine Klasse von
N-Arylmercaptoacetamiden zeigt vielversprechende Aktivitat an beiden Targets, allerdings mit
klaren Unterschieden in den Struktur-Wirkungs-Beziehungen und im Bindungsmodus. Uber
chemische Synthese wurde weiterhin ein Hydroxamsaure-Derivat des besten LasB-Inhibitors
entwickelt.

Die hier beschriebenen Inhibitoren haben eine hohe Selektivitdt gegeniiber humanen Matrix-
Metalloproteasen gemein, die Uber die Kristallstrukturen und Computer-basierte Methoden rational
erklart werden konnte. Weitere biologische Assays beleuchten die Auswirkung der LasB-
Hemmung auf zentrale Resistenzmechanismen von P. aeruginosa und zeigen in vivo-Effekte in

einem Galleria mellonella-Infektionsmodell.
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1 Introduction

1.1 Proteases in Drug Discovery

Proteases are enzymes capable of hydrolyzing peptide bonds.! Based on the mechanism of
hydrolysis, these enzymes are classified as serine, threonine or cysteine proteases, which covalently
bind their substrates, and aspartic, glutamic or metalloproteases, which cleave peptides via non-
covalent catalysis involving an activated water molecule.r? Peptides are cleaved either at the N- or
C-terminus (by exopeptidases) or in between (by endopeptidases).> Conventionally, the amino
acid residues of a substrate are labelled P1-Pn toward its N terminus and P1'-Pn’ toward the
C terminus, starting from the scissile bond (Figure 1).2 Accordingly, the protease subsites which
bind the respective amino acids are labelled S1-Sn (non-primed sites) and S1'-Sn’ (primed sites).
Based on their sequence homology, proteases are grouped into different families in a peptidase
database named MEROPS.*

%%%J\\»

Scussﬂe bond

Ss Sy Sy’ Sy

Figure 1. Schematic overview of substrate cleavage sites and their respective binding sites at the surface of
a protease. Non-primed binding sites are located toward the N terminus of the substrates (S1-Sn), primed
binding sites toward the C terminus (S1'-Sn’). Adapted from Schechter and Berger®

Proteases are important players in the regulation of human health and disease, since they control
vital processes such as organ homeostasis, blood coagulation or tissue development, to name but a
few.256 Consequently, their inhibition represents an attractive approach toward the treatment of
various diseases.?>%

A well-established method to develop protease inhibitors is to target the active site.® Different
strategies to obtain access to active site-directed ligands are nicely reflected in the history of the
renin inhibitor aliskiren (Figure 2): the first peptidic inhibitors (e.g. H-142, 1) resembling the natural
substrate angiotensinogen were modified to peptidomimetics serving as transition-state analogues
(remikiren, 2).” The idea of this approach is to generate an inhibitor which mimics the transition

state of a substrate but binds with higher affinity and cannot be processed by the enzyme.? In this



context, knowledge about the substrate specificity of a protease is of vital benefit, granting access
to compounds resembling preferred amino acids at the cleavage site.® In principle, this traces back
to the lock and key model introduced by Fischer more than 120 years ago.® In case of the bacterial
zinc-metalloprotease thermolysin, transition-state analogues are represented by compounds bearing
tetrahedral phosphonamidate functions with activity in the nano- to picomolar range.'® Since
peptide-like inhibitors resemble protease substrates, resistance formation is believed to be reduced,
because mutations would be disadvantageous when completely preventing the processing of natural
substrates.

Peptidic inhibitor 1

Transition state analogue 2

Peptidomimetic 3

Figure 2. Schematic overview of the development cascade of renin inhibitors. Adapted from Drag,
Salvesen® and Jensen et al.”

As an alternative to this ligand-based approach, structure-based methods have successfully been
employed to discover specific protease inhibitors.2® These efforts can be based on virtual screening
campaigns or on the screening of focused or fragment libraries,2*2 which can give rise to non-
peptidic inhibitors.>® A prominent example for a such an inhibitor is the approved drug aliskiren
(3), which represents the latest step of the above mentioned development cascade for renin
inhibitors.” An advantage of such non-peptidic inhibitors is their insensitivity to inactivation by
endogenous proteases, which can increase bioavailability.?

With the aim of blocking the catalytic activity of a protease, it is well-established to equip inhibitors
with so-called ‘warheads’ which directly interfere with the catalytic function of the enzyme.?® In
case of covalent catalysis this can lead to irreversible inhibition (e.g. by epoxides), which is viewed
critically because of the high potential of unwanted side-effects.?!® In case of metalloprotease
inhibition, compounds typically bear zinc-chelating moieties like thiols, hydroxamates or
heterocycles.* There has been a special focus on hydroxamic acids as MMP inhibitors for cancer
therapy,'>*° which is outlined in more detail in chapter 1.6.

Apart from addressing the catalytic unit of a protease, the activity can also be diminished by

targeting allosteric binding sites, as with allosteric caspase inhibitors introduced by Hardy et al.°



This approach can prove useful for boosting selectivity, as conserved active sites are not targeted
directly.®

Several protease inhibitors are in clinical use (Figure 3), like ACE inhibitors for the reduction of
blood pressure (e.g. captopril, 4),°> HDAC inhibitors for cancer treatment (e.g. vorinostat, 5),2
thrombin inhibitors as antiplatelet drugs (e.g. argatroban, 6)° or the previously highlighted anti-
hypertensive aliskiren (3, Figure 2).” In contrast to these endogenous human proteases, the disease
state in case of an infection is substantially regulated by exogenous bacterial or viral proteases,
which are responsible for tissue invasion, immune evasion or the development of a septic shock.??
To date, protease inhibitors have been approved for the treatment of HIV (e.g. ritonavir, 7, Figure
3) or HCV (e.g. simeprevir).2® For bacterial infections however, no protease inhibitor is in clinical
use yet.?324

Still, this class of enzymes offers promising drug targets to develop novel antibacterial agents,
which has become a matter of utmost importance in a time when mankind is facing the threat

imposed by antibiotic resistant bacteria.?®%’

Figure 3. Structures of protease inhibitors in clinical use: captopril (4),° vorinostat (5),2* argatroban (6),>
ritonavir (7)%

1.2 Antibiotic Resistance

The introduction of antibiotics for the treatment of bacterial infections is one of the most
tremendous achievements of modern medicine.?® Starting with the discovery of penicillin and the
sulfonamides in the late 1920s and 1930s, a “golden era” evolved, when most of the currently used
antibiotics were developed.?3?° These developments led to the assumption that “It is time to close
the book on infectious diseases”, a much-quoted misconception attributed to Dr. William H.

Stewart, US Surgeon General in the late 1960s.%° Despite the lack of evidence that Dr. Stewart ever



made this statement,®! this urban legend excellently sums up the underestimation of a serious
medical problem: antibiotic treatment is becoming ineffective due to the development of
resistance.®? Remarkably, resistance toward sulfonamides was already reported in the late 193052833
and penicillinases were first described in 1940.3

In his Nobel lecture in 1945, Sir Alexander Fleming even mentioned the possibility of resistance
development by underdosage of antibiotics.®® Further reasons for the increasing ineffectiveness of
antibiotics include their excessive use in animal husbandry, their misuse for the treatment of non-
bacterial infections or poor patient compliance.®**" This has led to the selection of bacteria
insensitive to multiple drugs like the so-called “ESKAPE” bugs.*® More recently, the WHO has
addressed highly critical pathogens creating a list of priority pathogens, with a special focus on
Gram-negative bacteria like Pseudomonas aeruginosa or Acinetobacter baumanii.®® Since
permeation of the Gram-negative cell wall proves extremely challenging, these bacteria are
particularly problematic to treat.** Clearly, efforts to decelerate resistance formation must include
a reduction of antibiotic use in livestock and stewardship strategies.®”* On top of that, there is a
dramatic need for the development of novel drugs against bacterial infections.3"-394142
Paradoxically, the increasing emergence of resistant bacteria is accompanied by decreased
industrial efforts to develop novel antibiotics.***® This is partly due to the reduced profit prospects
of novel antibacterial drugs, given the relatively short time of administration compared to the
treatment of chronic diseases, and the fact that novel antibiotics are likely to be used as reserve
drugs.*243

Most of the newly approved antibacterial agents of the last decades were derivatives of existing
classes, with only two new classes being applied for systemic treatment.** The currently used
antibiotics target essential processes in the bacterial life cycle, such as cell wall synthesis, DNA
replication or protein biosynthesis.?® This leads to a high selection pressure on the bacteria and
consequently favors the formation of resistance.* In order to avert a “post-antibiotic era”®* where
routine infections cannot be treated anymore, the development of novel treatment options is a matter
of utmost urgency.**#! Notably, teixobactin®® and griselimycin*’ represent two examples of recently
reported anti-bacterial compounds with the promise of low resistance formation.

To the end of increasing the effectiveness of novel antibiotics as well as reducing resistance
formation by a different mechanism of action, there has been a recent paradigm shift toward the

development of anti-infectives targeting bacterial virulence.®



1.3 Developing Novel ‘Pathoblockers’ to Tackle Bacterial Virulence

The term ‘virulence’ is a relative measure for the capacity of a pathogen to harm its host.*® Upon
infection with bacteria, disease progression and evasion of the host immune response is promoted
by virulence factors such as toxins, proteases, adhesins, secretion systems or siderophores.* In
order to develop new anti-infective drugs combating bacterial pathogenicity, these virulence factors
are considered to be attractive targets.3%50-°2

The pathoblocker approach largely extends the number of potential drug targets, since these are no
longer limited to factors essential for the bacterial life-cycle.33%%%2 In addition to directly interfering
with virulence factors, it is also possible to inhibit their formation by blocking e.g. bacterial quorum
sensing networks®® or oxidative protein folding.*° Since bacteria are ‘disarmed’ rather than impaired
in their viability and growth (Figure 4), there is lower selection pressure which should reduce the
formation of resistance.3°0-%2 Besides, the absence of growth-inhibiting properties would make
these drugs less attractive for the use in animal husbandry, which eliminates another important
factor contributing to the formation of resistance.® Targeting pathogen-specific pathways, anti-
virulence agents also hold the promise of reduced side-effects since human signaling pathways are
not affected.>! Pathogen-specificity further limits the transmission of resistance genes to other
bacteria via horizontal gene transfer.>? Additionally, these agents would not harm the human
microbiome, contrary to conventional antibiotics which can lead to severe complications by
damaging the commensal flora.>* Once their pathogenicity is reduced, the bacteria could then be

cleared from the host either by the immune system or by conventional antibiotics.3%5!

Toxins Adhesins

Signaling molecules Secretion systems

/

Pathoblockers

Antibiotics

Figure 4. Schematic comparison of the action of conventional antibiotics to the inhibition of bacterial
virulence. Adapted from Heras et al.>® The structure of the PQS molecule was taken from Wagner et al.%®
and the image of P. aeruginosa was created by M. Empting.

The hypothesis that these drugs are less likely to cause resistance has been critically questioned by
Allen et al.% In fact, resistance toward anti-virulence drugs has been observed, even in clinical
isolates.>”*8 Allen et al. suggest that resistance development toward anti-virulence agents depends

on whether the respective virulence factor is beneficial for the bacteria or not.*® They argue that



addressing beneficial virulence factors could select for resistance, as for example a mutation in the
target of virstatin led to better colonization of mice by Vibrio cholerae.” However, if this protein
is only expressed at the site of infection, resistance formation will be reduced due to the minor
selection pressure on the commensal population.®® Consequently, the development of ‘evolution-
proof” drugs is possible, but depends on the selection of the target and the environment of
antibacterial treatment.*

To date, several anti-virulence drugs are in development, with the only FDA-approved drugs being
immunoglobulins that target extracellular virulence factors.>? Several small-molecule inhibitors are
in preclinical development, like for example antagonists for P. aeruginosa RhIR*® or LasR,®® but
none of them has been approved for clinical use yet.5?

1.4 Targeting LasB from Pseudomonas aeruginosa

1.4.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative, aerobic nosocomial human pathogen.® It is a leading
cause for infections of cystic fibrosis patients, often with fatal outcome.52% According to the Cystic
Fibrosis Foundation, in 2016 nearly every second CF patient was infected with P. aeruginosa, with
17.7% of the strains showing multi-drug resistance.%* This pathogen is further responsible for
urinary tract infections, keratitis and wound infections, especially in individuals suffering from burn
wounds.®® As resistant strains are emerging while new treatment options are missing, the WHO has
recently classified P. aeruginosa as one of the three most critical pathogens on its priority list for
global research and development.*

Several resistance mechanisms have been reported, including target mutations, inactivation of
B-lactams by B-lactamases or compound efflux.®®” Another major cause for antibiotic resistance of
P. aeruginosa is the formation of biofilms.®® The bacterial biofilm is a matrix of extracellular
polymeric substances such as polysaccharides, proteins, lipids or extracellular DNA (eDNA), which
embeds the bacteria.®® Surrounded by the biofilm matrix, these are significantly less sensitive to
antibiotic treatment and to host defense mechanisms like phagocytosis.®® Extracellular DNA, which
is a major component of the P. aeruginosa biofilm,” leads to reduced permeability of the outer
membrane and to acidification of the biofilm, causing resistance toward human antimicrobial
peptides (AMPs)"* and to aminoglycosides.” Biofilm formation further favors adherence to medical
devices such as urethral or central venous catheters, thereby contributing to the establishment of
hospital-acquired infections.”™"™

In order to combat the threat posed by resistant P. aeruginosa, there is a special focus on virulence
factors as potential drug targets.’>™ P.aeruginosa produces numerous Vvirulence factors

contributing to disease progression.”® On the one hand these can be cell-associated, like for example



pili, lipopolysaccharides or lectins which play important roles for adhesion and colonization.”®"’
Accordingly, lectin inhibitors have been shown to inhibit host cell invasion’® and biofilm
formation.” On the other hand, there are secreted toxins including proteases, hemolysins, HCN or
the pigment pyocyanin.’®8 Playing pivotal roles in the establishment of an acute infection by tissue
invasion and dissemination,”” extracellular factors represent attractive targets.>® Virulence factor
expression in P. aeruginosa is controlled by a network of population-dependent signaling cascades,
known as quorum sensing.8! Key players of this network have been addressed in drug discovery
campaigns, including the multiple virulence factor regulator PgsR,®2# or PgsD, an enzyme crucial
for signal molecule biosynthesis.3* Compounds targeting these enzymes need to be cell-wall
permeable, due to the intracellular location of the QS circuit.® A substantial advantage of
addressing secreted targets is the fact that there is no need to cross the Gram-negative cell wall,
which is very challenging due to the presence of two membranes.®"#

A key element of this work is the extracellular virulence factor elastase (LasB), which plays a
pivotal role in host colonization and evasion of the host immune response and thereby significantly

contributes to disease progression upon infection with P. aeruginosa.®®

1.4.2 Properties and Functions of LasB

LasB is a zinc-metalloprotease secreted by P. aeruginosa.?” It is encoded by the lasB gene as a 53.4
kDa preproenzyme, whose signal sequence (2.4 kDa) is cleaved upon membrane passage into the
periplasm, where the 18 kDa propeptide is removed to yield mature LasB (33 kDa).%8 The
propeptide stays non-covalently attached to the mature protease during secretion into the
extracellular space, where it is degraded.®®® The N-terminal domain of the protease is formed
mainly by antiparallel B-strands, while the C-terminal domain is predominantly a-helical with the
active site being located in between these domains (Figure 5).°* The resulting tertiary structure of
LasB is highly similar to thermolysin from Bacillus thermoproteolyticus, why it belongs to the
thermolysin (M4) family of ‘Glu-zincin’ enzymes.**%* Accordingly, conserved amino acid residues
are the zinc-coordinating His-140, His-144 and Glu-164, as well as Glu-141, Tyr-155 and His-223
which are essential for catalysis.®! LasB is active against a variety of substrates, including the
connective tissue components collagen and elastin or laminin.8”%% Generally, bulky hydrophobic

amino acids at the N-terminal cleavage site of the protease are preferred.®®



Figure 5. Apo structure of LasB (PDB Code 1EZM) visualized in standard orientation.® The N-terminal

domain consisting mainly of B-strands is shown at the top, the a-helical C-terminal domain at the bottom.

Conserved residues are highlighted in a zoom in view. Zinc is depicted as a gray sphere, calcium as green
one.

Apart from LasB (also known as pseudolysin), P. aeruginosa produces and secretes several other
proteases.”” Aeruginolysin (alkaline protease) can also contribute to tissue degradation in the
infection process, but its proteolytic potency is low compared to LasB.%"* LasA (staphylolysin) is
a zinc-metalloprotease capable of lysing staphylococci.®®% It has low elastolytic activity but makes
elastin more susceptible to cleavage by LasB by breaking Gly-Gly bonds.*® LasA itself is processed
extracellularly by the action of LasB.® Furthermore, P. aeruginosa expresses lysyl endopeptidase
(protease 1V), a serine protease involved in immune evasion.'® Out of these proteases, LasB is the
most abundant one and possesses the highest endopeptidase activity.®’

LasB is of crucial importance for the colonization and invasion of the host upon infection with
P. aeruginosa.?®1% This is due to its tissue-damaging properties which can lead to dermonecrosis,*®
airway'® and cornea damage'® or disruption of cell junctions.X%1%7 It further plays a substantial
role in the evasion of human response mechanisms by cleaving numerous components such as
cytokines, complement factors,® the immunoglobulin 1gG%° or surfactant proteins.** Using an
in vivo model, Kuang et al. demonstrated LasB to reduce phagocytosis of P. aeruginosa by
degrading surfactant protein-A in mice lungs.**? LasB is further known to downregulate IL-6** and
to disarm pulmonary defense receptor PAR2.1*4 Additionally, it impairs wound healing by
inhibiting the growth of fibroblasts.!*® Saint-Criq et al. have recently reported LasB to target a
receptor mutated in CF patients, making lung epithelia more susceptible for infections.!* LasB also
degrades flagellin, thereby preventing it from inducing an immune response.® It further evades the
host response by cleaving a peptide from thrombin which eventually inhibits pro-inflammatory
processes.'’ The human AMP LL-37 has been found to be cleaved and thereby inactivated by LasB

as well 118



On top of that, swarming motility as well as biofilm formation of P. aeruginosa were shown to
depend on LasB.!® Regarding the involvement of LasB in biofilm formation, two possible
mechanisms have been reported: Kamath et al. have found LasB to proteolytically activate
nucleoside diphosphate kinase (NDK), an enzyme generating GTP for the formation of alginate,
which is an important constituent of the biofilm.2%12! This has been related to retention of LasB in
the periplasm, where NDK activation takes place.'?! Yu et al. have linked biofilm formation to the
regulation of rhamnolipids, which is associated to the lasB gene.??

Taken together, these versatile, harmful functions in the infection process of P. aeruginosa make

LasB an attractive anti-infective drug target.10411312

1.4.3 LasB Inhibitors

Since LasB is a zinc-metalloprotease, it is inhibited by zinc chelators like EDTA or
phenanthroline.®” Inhibitor development has further been based on zinc-chelating moieties like
thiols or hydroxamates, which is a common strategy in protease drug discovery.** This approach
has led to thiol-containing peptides with protective effects on keratitis in rabbits.2%5124 Kessler et al.
have also demonstrated thiol and hydroxamate-based compounds to inhibit elastin and cartilage
cleavage.’® In line with the high structural similarity, several peptide hydroxamates are potent
inhibitors of LasB and thermolysin alike.??® Cathcart et al. have presented preference of nonpolar
aliphatic and aromatic amino acids at the P1’ position of metal-chelating dipeptides for inhibition
of LasB, which is in agreement with the substrate specificity of LasB.!?” They have demonstrated
thiol 8 (Figure 6) to significantly reduce P. aeruginosa biofilm formation and to completely
eradicate biofilms in combination with antibiotics.*?® The first nonpeptidic LasB inhibitors have
been introduced by Garner et al.!?® These heterocyclic zinc chelators, as well as a tropolone
derivative (9)**° impair swarming of P. aeruginosa. Besides, heterocyclic inhibitors developed as
analogs of the Pseudomonas quinolone signal (PQS) are also active on LasB with low micromolar
ICs0s.13 Alternative nonpeptidic inhibitors are the mercaptoacetamides described by Zhu et al. to
increase the survival time of Caenorhabditis elegans in an early in vivo assay (10).2*2 In addition to

these small molecules, monoclonal antibodies also serve as LasB inhibitors.*3?
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Figure 6. Structures of selected LasB inhibitors: peptidic mercaptoacetamide 8,2 tropolone 9,* N-aryl
mercaptoacetamide 10%%2 and phosphoramidon (11).3

The mentioned nonpeptidic compounds have low micromolar in vitro activities on LasB,!2%:1%0:1%2
while some peptide-based compounds are active in the submicromolar range.>128 This holds true
for the thermolysin-inhibitor phosphoramidon (11) as well.*#1% Regarding selectivity, the
mercaptoacetamides were shown to be selective toward individual human proteases (MMP-2 and
HDAC),** while the thiol-based peptides did not impair the activity of MMP-2,-8, and -9.1%% The
non-peptidic inhibitors introduced by Fullagar, Garner et al. are not selective against MMP-2 and -9,
except for the tropolone scaffold.’*® A series of hydroxamate-based peptides presented by Adekoya

et al. have been derived from MMP inhibitors, consequently lacking selectivity.136:137

1.5 Targeting Clostridial Collagenases

1.5.1 Clostridia

Clostridia are Gram-positive, obligate anaerobic bacteria which are ubiquitously present in soil or
wastewater and form also part of the human commensal flora.!3139 Several clostridial species can
cause severe diseases like tetanus (C.tetani), botulism (C. botulinum), foodborne illness
(C. perfringens) or gas gangrene (C. perfringens, C. histolyticum).3 The incidence of gas gangrene
is perilously increased in cases of natural disasters or during times of war.**® Due to its rapid
progress, which can also result in shock or organ failure, amputation is often necessary despite
antibiotic treatment.*** The strain C. difficile is a cause for severe nosocomial diarrhea as well as
pseudomembranous colitis, which can be a consequence of antibiotic treatment.>*1%°142 Resistance
toward multiple antibiotics, mainly caused by target mutations,**® seriously hamper the treatment
of C. difficile infections and make the development of novel treatment options an urgent
necessity.5*14? Antibiotic resistance has been observed in other Clostridium species as well.}#

Clostridial pathogenicity is based on the production and secretion of numerous toxins.*> A few of

these toxins are classified as biological warfare agents, including botulinum neurotoxin from
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C. botulinum, which is the most toxic substance known.'*® Collagenases which are expressed and
secreted by pathogenic clostridia have hydrolytic activity on components of the connective tissues
and represent crucial virulence factors.?3%1447 |n addition to invasion of the host, they are also
important for the acquisition of nutrients and toxin diffusion.*® Based on a mouse myonecrosis
model, Awad et al. concluded that collagenase is not crucial for the establishment of an infection
by C. perfringens, but rather the production of a-toxin.}*® In contrast, the invasiveness of
L. interrogans was clearly related to the in vivo expression of extracellular collagenase, highlighting
the significance of these harmful proteases for bacterial pathogenicity.'*

1.5.2 Properties and Function of C. histolyticum Collagenases

For the degradation of connective tissue, one of the most efficient systems that is known are the
collagenases secreted by C. histolyticum.* This bacterium produces two classes of these proteases,
which are encoded by the colH or colG gene, respectively.*! Contrary to mammalian MMPs, which
cleave collagen at a single cleavage site, clostridial collagenases are capable of attacking it at
multiple sites and cleaving it to small peptides.t® This specificity is due to a high selectivity of the
active site of these enzymes for the GPX sequence,'*® which is a characteristic motif of the collagen
triple helix.®>

ColH and ColG are classified into the M9 family of metallopeptidases.!® Similar to LasB and
thermolysin, they are ‘Glu-zincins’, harboring the characteristic zinc-binding motif ‘HEXXH’ with
a downstream glutamate as third zinc ligand.*®® These two metalloproteases of ~115 kDa are
composed of a saddle-shaped, N-terminal collagenase unit and a collagen recruitment unit, which
is composed of one to two collagen binding and polycystic kidney disease-like domains (Figure
7).15L157-180 The catalytic subdomain of ColG adopts a thermolysin-like fold, including a five-
stranded B-sheet with the edge strand involved in substrate recognition.’®® The collagenase unit
comprises an activator domain and a peptidase domain which is, unlike the full collagenase unit,
not capable of degrading collagen.t®® In proximity to the catalytic zinc, a calcium binding site was
discovered which is necessary for full collagenase activity.®® Another important structural feature
of these proteases is a double Gly-motif 28 amino acids downstream of the active site, forming a
secondary S1” oxyanion pocket.®*1 The peptidase domain of ColG displays structural similarity
to the ColH peptidase domain, but interestingly an even higher similarity to the one of ColT from
C. tetani.'®® Furthermore, ColG and ColA from C. perfringens share the same domain architecture
and have high sequential similarity.!*

Interestingly, ColH from C. histolyticum is used as a therapeutic for Dupuytren’s Disease!®! which
is characterized by a pathologic overproduction of collagen in hands,*®? and is also approved for the
reduction of penile plaque in Peyronie’s disease.'®® Further applications are wound debridement?®*

or human cell islet isolation.®
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Given their detrimental role in the establishment of infections, clostridial collagenases represent

prime targets for the development of novel anti-infective agents.?:16

" e
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Figure 7. Domain organization of ColH and ColG. PKD: polycystic kidney disease like-domain, CBD:
collagen binding domain. Adapted from Eckhard et al.*>®

1.5.3 C. histolyticum Collagenase Inhibitors

Similar to LasB inhibitors (chapter 1.4.3), several collagenase inhibitors are based on small peptides
containing different zinc-binding groups such as thiols,'®® phosphonamides!®”*¥8 or phosphonic
amides like isoamyl-PO,-GPA (12, Figure 8),*” with low micromolar to nanomolar activities.
Aldehyde and ketone substrate analogs are less active with three-digit micromolar 1Css.'%° As
expected, zinc chelation by phenanthroline leads to collagenase inhibition, t00.1° The thermolysin
and LasB inhibitor phosphoramidon is also active on ColH, with an ICso of 16 uM.!"* Modification
of natural coumarin derivatives isolated from Viola yedoensis have led to nanomolar collagenase
inhibitors like compound 13.2"* Supuran and Scozzafava have introduced hydroxamate derivatives
of valin,'”? glycine!" or alanine'’ with nanomolar activities (for a selected example see 14). Similar
inhibitors contain dibenzo-suber(en)yl moieties,’® thiadiazole rings,*’® or succinate/iminodiacetic
acid.*””

Being partly derived from known MMP inhibitors, these compounds lack selectivity and are rather

potent inhibitors of several MMPs alike.!"2177

12 13 14

Figure 8. Structures of selected ColH inhibitors: isoayml-PO2-GPA (12),%” coumarin derivative 13,'"* and
succinyl hydroxamate 14.17
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1.6 Matrix Metalloproteases (MMPs)

MMPs are zinc-metalloproteases belonging to the M10 family of peptidases.* An important
function of MMPs is the degradation and turnover of extracellular matrix (ECM) components, but
they are also heavily involved in the regulation of inflammatory processes, apoptosis, cell
differentiation and growth.!’®"® More recently, there has been insight into further intracellular
functions of MMPs, like transcription factor activity.® The expression of MMPs is induced by e.g.
components of the immune system or hormones and their activity is further regulated by tissue
inhibitors of metalloproteinases (TIMPs) or az-macroglobulin.t”®8 Dysregulation of MMP
function can be the reason for various diseases like arthritis, cardiovascular diseases, inflammation
and cancer.1’8179182 Therefore, these proteases were considered promising targets for cancer
therapy.21.183

Generally, MMPs are formed by a propeptide, a catalytic domain containing the active site zinc,
the linking ‘hinge region’ and a hemopexin domain important for substrate recognition.!’®7
Presence and multiplicity of these domains vary, depending on the function of the respective
enzyme.’817® In humans, more than 20 different MMPs are present, which are classified based on
their function as collagenases (MMP-1, -8, -13), gelatinases (MMP-2, -9), as well as stromelysins,
matrilysins and membrane-type MMPs.1® With regard to the depth of their S;” binding pocket,
MMPs are further divided into deep (e.g. MMP-3, -12, -14), intermediate (e.g. MMP-2, -8, -9) and
shallow pocket MMPs (e.g. MMP-1, -7).184 The structural differences in the S;” site are believed to
grant access to inhibitors specifically targeting individual MMPs.*® Similar to the bacterial
collagenases described above, MMPs share the ‘HEXXH’ motif, yet the third zinc ligand is a
histidine instead of a glutamate.”®

In the last decades, MMP inhibitors like batimastat largely failed in clinical trials, partly because of
poor oral bioavailability but mainly because of unwanted side effects, which were due to the
unselective inhibition of various MMPs or other metalloproteases.?!>® Given that many MMP
inhibitors contain zinc chelating moieties, poor selectivity can to some extent be attributed to the
disproportionate contribution of the zinc chelating moiety to compound binding.'® Therefore, there
is also considerable interest in targeting less conserved binding sites, like the hemopexin domain.*®
It has now become clear that the physiological function of MMPs can be extremely versatile,
making them in part targets and anti-targets at the same time.% Along with partially poor trial
design,’>17 the heterogeneity of MMP function is another reason for the failure of MMP inhibitors
in clinical studies.’® As a consequence, selectivity toward other proteolytic enzymes is of high
importance in protease drug discovery, with a special emphasis on MMPs as far as zinc

metalloprotease inhibitors are considered.51518
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2 Aim of the Thesis

Because of their essential role in numerous processes regulating human health and disease,
proteases are regarded as attractive drug targets and many protease inhibitors have been approved
for clinical use. However, several drug discovery campaigns toward novel protease inhibitors failed
i.a. for the reason of poor selectivity of the drug candidates toward other proteolytic antitargets.
Developing selective inhibitors proves challenging, especially in case of active site-directed
compounds. Yet, this approach is particularly attractive for the development of novel antibacterial
drugs. In a time when humankind is facing the increasing emergence of bacteria which are resistant
to commonly used antibiotics, this is a matter of utmost importance. In the search of new antibiotics
with novel modes of action, the concept of targeting bacterial virulence has gained significant
attraction. Since these ‘pathoblockers’ are supposed to reduce selection pressure on bacteria, they
are considered as a promising new weapon to combat the threat imposed by these resistant
pathogens. In this context, extracellular proteases represent conceptually attractive drug targets.
They contribute essentially to host colonization and immune evasion and prove particularly
advantageous due to their extracellular localization, which allows circumvention of potential
permeability issues.

The objective of this thesis was the development of inhibitors targeting two bacterial collagenases:
ColH from the Gram-positive C. histolyticum and LasB from the Gram-negative P. aeruginosa.
These pathogens cause severe diseases like gas gangrene (C. histolyticum) and fatal lung infections
in immunocompromised or CF patients (P. aeruginosa). Considering the lack of selectivity of many
known inhibitors of ColH and LasB, there was a special focus on selectivity toward mammalian
MMPs.

In previous work at HIPS-DDOP, an SPR screening of a focused protease inhibitor library was
performed, which was followed by a functional assay of the binding hits in collaboration with the
University of Salzburg. The aim of this work was the establishment of an SAR of the most
promising class of hits, along with their biophysical and biological characterization. These efforts
also included resynthesis of the most promising hits. The results regarding ColH are outlined in
chapter 3.1.

The second part of this work aimed at the discovery of LasB inhibitors (chapter 3.2). To this end, a
reported FRET-based assay was used to perform a functional screening of the aforementioned
library and a fragment library. In order to overcome the problem of quenching compounds causing
false-positive results, an LC-MS based counterscreen was developed. Further work aimed at SAR
establishment, X-ray structure-based optimization and the biological evaluation of lead inhibitors

including selectivity toward human MMPs and in vivo efficacy in G. mellonella.
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The third part of this thesis describes synthetic efforts to replace the thiol function of the lead LasB
inhibitor (chapter 3.3). This chemical work was again accompanied by further biological analysis
of LasB inhibition. Here, the objective was to analyze effects on key resistance mechanisms of
P. aeruginosa, such as biofilm formation, eDNA release and the cleavage of the human AMP
LL-37.



16

3 Results

3.1 Chapter A: Discovery of a Potent Inhibitor Class with High Selectivity toward
Clostridial Collagenases'®’

Schonauer, E.J-; Kany, A. M. J-; Haupenthal, J.; Hiisecken, K.; Hoppe, 1. J.; Voos, K.;
Yahiaoui, S.; Elsasser, B.; Ducho, C.; Brandstetter, H.; Hartmann, R. W.

L these authors contributed equally

Reprinted with permission from J. Am. Chem. Soc. 2017, 139, 12696-12703.
DOI:10.1021/jacs.7b06935
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ABSTRACT: Secreted virulence factors like bacterial collage-

nases are conceptually attractive targets for fighting microbial

infections. However, previous attempts to develop potent . ..
compounds against these metalloproteases failed to achieve collagenases —
selectivity against human matrix metalloproteinases (MMPs).

Using a surface plasmon resonance-based screening comple-

mented with enzyme inhibition assays, we discovered an N-aryl
mercaptoacetamide-based inhibitor scaffold that showed sub-

micromolar affinities toward collagenase H (ColH) from the human pathogen Clostridium histolyticum. Moreover, these
inhibitors also efficiently blocked the homologous bacterial collagenases, ColG from C. histolyticum, ColT from C. tetani, and
ColQI from the Bacillus cereus strain Q1, while showing negligible activity toward human MMPs-1, -2, -3, -7, -8, and -14. The
most active compound displayed a more than 1000-fold selectivity over human MMPs. This selectivity can be rationalized by the
crystal structure of ColH with this compound, revealing a distinct non-primed binding mode to the active site. The non-primed
binding mode presented here paves the way for the development of selective broad-spectrum bacterial collagenase inhibitors with

Selectivity

° human
* 1 MMPs

HExxH

|\

e

potential therapeutic application in humans.

B INTRODUCTION

Clostridia represent a family of ubiquitously occurring Gram-
positive bacteria comprising perilous pathogens that cause
diseases such as botulism (Clostridium botulinum), gas gangrene
(C. perfringens), tetanus (C. tetani), or pseudomembranous
colitis (C. difficile)."” These toxigenic clostridia still represent a
threat to public health, as tetanus and clostridial myonecrosis
have maintained high mortality rates and pseudomembranous
colitis is a known severe complication of antibiotic therapy.*~®
Furthermore, substantial amounts of pathogenic clostridia were
cultured in the past 60 years for use as bioweapons.”
Consequently, massive efforts have been aimed at unraveling
the molecular basis of these life-threatening infections.
Nevertheless, such infections remain a major challenge, as
this knowledge did not yet lead to satisfactory treatment
options.

The high lethality of these bacteria is related to collagenases
which are crucial for clostridial virulence, given their critical role
in colonization and evasion of host immune defense,
acquisition of nutrients, facilitation of dissemination, or tissue
damage during infection. Additionally, they might potentiate
clostridial histotoxicity by facilitating toxin diffusion.”*’

W ACS Publications © 2017 American Chemical Society

The physiological substrate of clostridial collagenases is
collagen, the main component of the extracellular matrix in
mammals (up to 90%).'”"" Its defining characteristic is the
collagen triple-helix, which is perpetuated by the triplet repeat
Gly-X-Y (X and Y positions are mostly occupied by proline
(28%) and hydroxyproline (38%)).'> The natively folded triple
helix is highly resistant to proteolysis.'”'" Even the most
prominent human collagenases, the matrix metalloproteinases
MMP-1, -2, -8, -13, -14, and -18, can cleave the triple helix only
at a single site."'® In contrast to that, clostridial collagenases
can process collagen triple helices at multiple sites, as the active
site displays a remarkable selectivity for the Gly-Pro-Y triplets,'”
and they can decompose collagen completely into small
peptides."®

The inhibition of these extracellular collagenases is
conceptually attractive, as it does not attack the pathogen
directly but rather blocks the colonization and infiltration of the
host by the clostridia. Thereby reducing the Darwinian
selection pressure, targeting bacterial virulence is considered a
promising approach to combat the emerging threat of drug-
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resistant bacteria. To date, several anti-virulence targets

have been validated, demonstrating the potential of this
approach.”™** Kassegne et al. showed, for example, that a
collagenase knock-out strain from Leptospira interrogans
displayed reduced virulence in an in vivo model.”®

Targeting extracellular enzymes provides a substantial benefit
because inhibitors do not need to cross the bacterial cell wall,
which has turned out to be challenging in many cases.”” >
Consequently, bacterial collagenases represent prime targets for
an effective therapy against clostridial and bacillary infec-
tions 693233

Clostridial collagenases are zinc metalloproteinases of ~115
kDa with a multi-domain organization, homologues of which
are also found in many bacilli. The mature protein harbors an
N-terminal collagenase unit of ~78 kDa, which is the minimal
collagenolytic entity, followed by a varying composition of two
to three accessory domains, which are thought to be involved in
collagen swelling and binding to fibrillar collagen.”* ™" The
collagenase unit is composed of the activator domain and the
peptidase domain.** The peptidase domain harbors the
catalytic zinc ion, which is coordinated by the two histidines
of the canonical zinc-binding HEXXH motif, and a downstream
glutamate.”*"33~*! The glutamate residue in the HEXXH
motif acts as the general acid/base, which polarizes the catalytic
water essential for catalysis. This polarized water molecule
performs the nucleophilic attack, while the zinc ion serves as an
oxyanion hole to the carbonyl oxygen of the scissile peptide
bond.”

Several groups have been working on the development of
clostridial collagenase inhibitors in the past, focusing on the
collagenases G (ColG) and H (ColH) from C. histolyticum. In
this context, besides the identification of active compounds
from Viola yedoensis,” inhibitors based on sulfonylated
derivatives of L-valine hydroxamate'' have been synthesized
as well as sulfonyl aminoacyl hydroxamates.” Furthermore,
compounds incorporating S-amino-2-mercapto-1,3,4-thiadia-
zole zinc binding functions,* arylsulfonyl-ureido and $-
dibenzo-suberenyl/suberyl,” or succinyl hydroxamate and
iminodiacetic acid hydroxamate moieties” have been de-
scribed. These inhibitors follow the classic architecture of
metalloprotease inhibitors with a backbone that mimics the
natural substrate, which is connected via a linker to a zinc-
binding group that chelates the catalytic zinc ion and, thereby,
expels the essential catalytic water molecule from the active
site.””?” These inhibitors were developed as substrate
analogues and/or designed on the basis of inhibitors for
other metalloproteases that share the HEXXH motif,>' like
thermolysin or MMPs.**"7**=% Unfortunately, the synthetic
clostridial collagenase inhibitors are not selective, inhibitin
clostridial collagenases and MMPs alike.""*547/453757,39-6
Therefore, they are not suitable for antibacterial therapy in
humans. Consequently, novel and more effective drug
candidates are urgently needed.

Efforts to design selective inhibitors were hampered by the
lack of high-resolution structural data on clostridial collagenases
until 2011. The first crystal structures revealed that, although
there is no significant sequence homology between the
peptidolytic domains of clostridial collagenases and MMPs,
their active sites share a similar catalytic zinc ion-binding
geometry and the canonical non-prime-site substrate-recog-
nition motif, the edge strand."”

In this study, we wanted to capitalize on the recent crystal
structures of the peptidase domains of three clostridial

4,41

collagenases:’" with the aim to rationally develop small
organic molecules targeting collagenase ColH from C.
histolyticum. In the following we describe the discovery of
inhibitors which are highly active and selective for clostridial
collagenases over MMPs and have the potential to be further
optimized for a future therapeutic application in humans. Their
selectivity can be rationalized on the basis of a co-crystal
structure of the peptidase domain of ColH in complex with an
inhibitor, revealing a distinct non-primed mode of binding of
the inhibitor to the active site.

Bl RESULTS AND DISCUSSION

Discovery of New Inhibitory Scaffold. To discover new
low-molecular-weight inhibitory compounds, a focused pro-
tease inhibitor library was screened with a surface plasmon
resonance (SPR)-based binding assay using the amine-coupled
peptidase domain of ColH (ColH-PD) as ligand. To ensure the
integrity of ColH-PD after immobilization, the collagenase-
specific peptidic substrate N-(3-[2-furyl]acryloyl)-L-leucyl-
glycyl-L-prolyl-L-alanine (FALGPA)®> was used as positive
control (Figure Sla). A total of 1520 structurally diverse
small molecules with an average molecular weight (MW) of
389 + 78 Da were screened at 100 uM. Compounds showing a
MW-normalized response higher than that of 500 uM FALGPA
(i.e, 35 p-refractive index units) were classified as hits. The
SPR screen resulted in 202 primary hits. Nineteen compounds
were excluded from the subsequent testing as known
promiscuous inhibitors,”’ resulting in a hit rate of 12.0%
(Figure S2).

The secondary functional screening assessed the potential of
the 183 SPR hits to inhibit the peptidolytic activity of ColH-PD
using a custom-made fluorescence resonance energy transfer
(FRET) substrate. Typically, the FALGPA®* and Wiinsch®
assays are used to characterize the activity of clostridial
collagenases due to their easy setup and commercial availability
next to their specificity for these enzymes.””*>*° However, the
low binding affinity of these peptides together with their low
signal-to-noise ratios severely limits the sensitivity of these
assays. Consequently, substantial amounts of enzyme and
substrate are needed in characterization studies (e.g.,, Ky values
for FALPGA are in the mM range62'67). To facilitate our
screening process, we designed and synthesized a decapeptide
(Mca-Ala-Gly-Pro-Pro-Gly-Pro-Dpa-Gly-Arg-NH,) to be used
as a substrate for a FRET-based assay. Its sequence was based
on the detailed profile of the primed and non-primed cleavage
site specificity of clostridial collagenases as determined by
Proteomic Identification of protease Cleavage Sites (PICS)
recently.'”*® The assay sensitivity was increased by several
orders of magnitude compared to the FALGPA assay by the
application of the FRET technology.”””” The Ky value of this
substrate is 62 + 8 uM for ColH-PD. The 183 SPR binders
were screened at a final concentration of 40 M. The inhibitor
isoamylphosphonyl-Gly-Pro-Ala (Figure S1b) was used as
positive control in the assay.”® In sum, the SPR-based and
activity-based screenings led to six functional hits (>25%
inhibition) with MWs ranging from ~210 to ~385 Da (Figure
$3). The two most active inhibitors in this assay were
mercaptoacetamides 1 and 2 (Table 1). Compound 2 led to
an inhibition of ColH-PD in vitro similar to that of
isoamylphosphonyl-Gly-Pro-Ala, both at 40 uM, i.e., 82 + 3%
and 81 + 1%, respectively.

Dose—response studies revealed an ICg, value of 1.9 + 0.3
uM for this compound, while the non-substituted aniline
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Table 1. ICy, Values of Mercaptoacetamide Compounds for ColH-PD

B
R'N\[(\s NH,
[e]
Compound R ICso(uM) Compound R ICso (uM)
5% S
1 2546 7 /©/ 0.19+0.02
Cl
% 53
2 19403 8 |\ ©/ 0.19+0.03
(¢]
% cl
3 0.010 £ 0.002 9 193
(e]
Sy
ey oS
4 o 0.044 +0.007 10 233
o]
o Cr
5 0.071 £0.009 11 26+4
So o
5 kS
6 /©/ 0.12£0.01 12 @[ 317
Cl

derivative 1 showed lower activity toward ColH-PD (ICs, = 25
+ 6 uM). Our further hits showed considerably weaker
inhibition and, in one case, proved to be incompatible with the
FRET assay at high concentration. The high potency of the N-
aryl mercaptoacetamides combined with their relatively low
molecular weight encouraged us to investigate this promising
compound class further in order to improve the inhibitory
activity.

Characterization of Mercaptoacetamide Hits. A total of
36 derivatives of this compound class were purchased (see
Tables 1, 3, and S1). Six derivatives showed improved
inhibition compared to 2 (3—8). Generally, the introduction
of functional groups in para-position to the aniline turned out
to be favorable, considering the striking loss of activity of ortho-
methoxy-substituted compound 11 compared to its para-
analogue § (ortho-effect), and ortho-chloro-substituted com-
pound 12 compared to its para-analogue 7. The superior
performance of para-derivatives was also evident regarding the
100-fold decrease in ICgy of 7 compared to its meta-chloro-
substituted counterpart 9. In comparison to the unsubstituted
compound 1, meta-substituted compounds 9 and 10 showed no
significant improvement in ICs,. Removal of the 3-methyl-
group of compound 2 even led to a 16-fold decreased ICg,
(compound 6), suggesting that the meta-substitution is not
beneficial for ColH inhibition.

Regarding electronic properties of our hits it becomes
apparent that the best compounds 3—S$, displaying ICs, values
in the two-digit nanomolar range, bear oxygen-containing
groups with hydrogen bond accepting properties.

Selectivity against MMPs and Broad-Spectrum Inhib-
ition of Other Bacterial Collagenases. To determine the
selectivity of our compounds toward clostridial and bacillial
collagenases on the one hand, and MMPs on the other, selected
compounds (3 and 7, Figure 1) were tested using in vitro

100 mmm 100 M compd. 3
80

== 100 uM compd. 7

Residual activity (%)
(23
o
1

Figure 1. Inhibition of selected MMPs and bacterial collagenases by
N-aryl mercaptoacetamide compounds 3 and 7.

inhibition assays with ColH-PD and the peptidase domains of
ColT (ColT-PD), the collagenase units of ColG (ColG-CU)
and of ColQ1 (ColQ1-CU), as well as the catalytic domains of
MMP-1, -2, -3, -7, -8, and -14. The hydroxamate-based
peptidomimetic batimastat (Figure Slc) is a highly potent
and unselective inhibitor of MMPs’' and was used as a positive
control. MMPs are highly similar to each other in their active-
site topology, which has made the development of selective
active-site directed MMP inhibitors a challenging task.”>”* The
S1’ binding site is the major specificity determinant in MMPs.
Based on the S1’ site, the MMPs are typically divided into deep,
intermediate and shallow S1” binding pocket groups (e.g., deep:
MMP-3, -12, and -14; intermediate: MMP-2, -8, and -9;
shallow: MMP-1 and -7).”* Therefore, we chose a panel of
MMPs to investigate the binding of our compounds to all three
S1’ pocket types. In line with published results,”" batimastat
displayed ICs, values below 10 nM for all of these MMPs
(Table S2). As expected from this broad-spectrum zinc
metalloproteinase inhibitor, batimastat also inhibited ColH-

DOI: 10.1021/jacs.7b06935
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PD, ColT-PD, ColG-CU and ColQI-CU (Figure S$4).
Intriguingly, compounds 3 and 7 resulted in no or negligible
inhibition of the tested MMPs (Figure 1 and Figure SS). Only
in case of MMP-2, we observed 25% inhibition at 100 M
compound 3, while ColH-PD was efficiently inhibited, showing
less than 10% residual activity. Thus, we observed a more than
1000-fold selectivity of these two compounds for ColH over
MMPs. Strikingly, the clostridial collagenase homologues ColG
and ColT, and the bacillial collagenase ColQl, were even more
efficiently inhibited, showing $% or less residual activity when
treated with 100 #M compound 3 or 7. A similar compound
scaffold had been reported by Zhu et al. to inhibit LasB, an
extracellular elastase from Pseudomonas aeruginosa.7> In sum,
these findings showed that the N-aryl mercaptoacetamide-based
inhibitors are not only selective against MMPs, but are also
potent broad-spectrum inhibitors of bacterial collagenases.
Crystal Structure of the Peptidase Domain of ColH in
Complex with Compound 3. To rationalize the binding
mode of the N-aryl mercaptoacetamide-based inhibitors, we
aimed to solve the crystal structure of ColH-PD in complex
with compound 3. The structure was determined at 1.87 A
resolution with all residues being defined in the electron density
at excellent geometric and crystallographic parameters (Table
$3). The overall topology of the peptidase domain showed the
expected thermolysin-like fold. The average root-mean-square
displacements (RMSDs) of backbone atoms between the
structure of the apo-peptidase domain and the peptidase
domain in complex with isoamylphosphonyl-Gly-Pro-Ala were
0.133 and 0.123 A, respectively. The peptidase domain of ColH
is divided horizontally by the active-site cleft into an upper N-
terminal and a lower C-terminal subdomain (CSD). Substrates
can bind to the active-site cleft from the left (non-primed side)
to the ri%ht (primed side) when viewed in standard
orientation.”® Central elements of the N-terminal subdomain
(NSD) are the active-site helix and a mixed five-strand f-sheet.
The zinc-binding motif HEXXH, which provides the two zinc-
coordinating histidines and the general acid/base glutamate, is
located in the active-site helix (Figure 2). The lowermost f-
strand of the mixed f-sheet shapes the upper perimeter of the

7 )

T fmmma

Figure 2. Peptidase domain of ColH in complex with the hydrolysis
product of compound 3. Close-up view of the active site in ball-and-
stick representation. The inhibitor (blue) is shown in sticks with the
maximum likelihood weighted 2F, — F. electron density map
contoured at lo. The catalytic zinc ion (dark gray), calcium ion
(green), and water molecule (red) are shown as spheres. The S1’ site
formed by Gly425 and Gly426 in the edge strand (shown in dark gray
sticks) is indicated.

active-site cleft, the edge strand. The edge strand interacts in an
antiparallel manner with the substrate predominantly on the
non-primed side*"”””® The third zinc ligand is a glutamate
residue, located on the glutamate helix of the CSD. The
insertion of 30 residues between the HEXXH motif and this
glutamate residue shapes (i) the non-primed side of the active-
site cleft and (ii) a calcium-binding site crucial for enzymatic
activity. >

A well-defined electron density was observed for the ligand
bound in the active site. The structure of compound 3 could be
clearly modeled into the density (Figure 2), except for the
carbamoyl unit of the thiocarbamate moiety. Instead, the
electron density showed the sulfur atom coordinating the
catalytic zinc ion, suggesting that the thioester group had been
hydrolyzed in the co-crystallization process. This result
prompted an investigation of our newly discovered class of
inhibitors with particular emphasis on the stability of the
thiocarbamate function in aqueous buffers such as the buffer
system of the functional assay and the crystallization buffer.

Stability of the Thiocarbamate Unit. Two inhibitors with
major differences in potency (7, 12) were selected and the
hydrolytic formation of the corresponding free thiol was
analyzed by liquid chromatography—mass spectrometry (LC-
MS). Free thiols were synthesized as references for the stability
assay. The conversions of compounds 7 and 12 into
compounds 14 and 15, respectively, proceeded rapidly in 10
mM HEPES, pH 7.5 at 22.5 °C, with thiocarbamate half-lives of
26.8 + 1.4 min (7) and 20.6 + 0.9 min (12, Figure 3). These
results corroborated that the inhibition of thiocarbamates 1—12
was predominantly due to the respective free thiols.
Considering the preparation time and the pre-incubation time
of 1 h for each compound with ColH-PD before the functional
assay was started by addition of the substrate the

a
Cl:
U o ~ 100
A A s nH, € 3
PN( g 80T i
s | E, e
7 % 60 !‘i r.r’ & 7
a r % 14
3 40 kS ¥ .a Disulfide
2 ,2 .i"'
v § 20 F 9
Cli o s _‘_A_.a.a..‘.-&-Q-A»ﬁ»‘bvh'!:".:‘:e:
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ZONT .
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] £
A A S _NH, §
il i i T itk
a o] S FIPE
s £y i 48
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= 7Y . Ra-D A-h el
A < 0 it .'e""‘i-oo
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Figure 3. Conversion of thiocarbamates 7 and 12 into the respective
corresponding free thiols: (a) compound 7 into 14 and (b) compound
12 into 15. Time course of hydrolysis in 10 mM Hepes, pH 7.4 (10%
methanol), at 22.5 °C was monitored by LC-MS, showing conversion
into corresponding thiol and to minor extent into another compound
which is most likely the disulfide oxidation product.”’
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thiocarbamates were quantitatively converted within the time
frame of the experiment. Thiol formation was also demon-
strated at pH 6.4, corresponding to the buffer used for co-
crystallization (Figure S6).

Confirmation of Thiol as Active Compound. To further
substantiate these findings, we followed two different strategies.
First, we studied the inhibitory activities of the free thiols 13—
15. Thus, we determined the ICg, values of the free thiols 13—
15 with ColH-PD in the presence of the reducing agent TCEP.
The resulting ICs, values of 0.017, 0.21, and 40 uM
corresponded well with 0.010, 0.19, and 31 uM of the
thiocarbamate analogues (Tables 1 and 2).

Table 2. Inhibition of ColH-PD by Thiol Compounds in the
Presence of 5 mM TCEP

H
R’N\n/\SH
o

Compound R 1C, (uM)
0.017 £
(o]
14 /©/ 0.21£0.01
Cl
Cl
15 40£9

The results of the MMP and bacterial collagenase inhibition
assays could also be reproduced using the thiol compounds,
with 13 and 14 demonstrating a similarly high selectivity
against MMPs and a broad-spectrum inhibition of bacterial
collagenases (Figure 4).

100 100 pMcompd. 13

©
o
1

=== 100 uMcompd. 14

Residual activity (%)
$

Figure 4. Inhibition of selected MMPs and bacterial collagenases by
thiol compounds 13 and 14.

As a second strategy, we aimed to synthesize a structural
analogue of compound 1 lacking the hydrolytically instable
thioester motif. The formal replacement of the sulfur atom with
a methylene group led to the carboxamide analogue 16, which
was prepared and tested for its inhibitory activity toward ColH-
PD (Figure 5). Compound 16 was devoid of any activity even
at 1000 M. This demonstrated that the carbamoyl moiety in 1
does not contribute to target binding, but is just part of a

H o
N
A
3
16

no inhibition (ColH-PD) @ 1000 uM

Figure 5. Structure and inhibitory activity of the non-hydrolyzable
carboxamide analogue 16.

prodrug-like structure which furnishes the corresponding
bioactive thiol by chemical hydrolysis.

Further in line with our findings, dithiocarbamates 17—-21
(Table 3) were inactive toward ColH-PD. LC-MS experiments

Table 3. Structure and Activity of Dithiocarbamates

s
R,H )LN/\
T

Inhibition
Compound R at 100 uM.
(%)
no
7 \O/©/ inhibition
EL no
18 /©/ inhibition
Br
no
1 \’/©/ inhibition
.717' no
20 /© inhibition
F
21 Y©/ 12:3
o

with the dithiocarbamate analogue of our best hit 3 showed no
formation of free thiol 13 within the time frame of our assay,
explaining the inactivity of these derivatives by stability toward
hydrolysis (Figure S7).

In addition, the thermodynamic profile of the interaction
between compounds 7 and 14 and ColH-PD was determined.
As expected, isothermal titration calorimetry (ITC) measure-
ments resulted in very similar affinities and free energy values,
resulting from the hydrolysis of 7 to furnish thiol 14 (Table 4).
Compound binding to ColH-PD turned out to be enthalpy-
driven. In sum, the findings from the stability assay, the in vitro
assay and the ITC data confirmed the thiols as active
compounds in our enzyme inhibition assay.

Cytotoxicity Test. Regarding the potential therapeutic use
of our compounds in humans, we investigated the cytotoxic
properties of selected N-aryl mercaptoacetamides. Cytotoxicity
tests using HEP G2 cells showed compounds 13 and 14 to
display low cytotoxicity, comparable to that of the marketed
antibiotic rifampicin (Table 5), while doxorubicin as control
showed the expected cytotoxic effect. These findings underline

DOI: 10.1021/jacs.7b06935
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Table 4. ITC and ICg, Results of the Thiocarbamate—Thiol
Pair 7 and 14

7 14
ICq (uM)* 0.19 + 0.02 021 + 001
Kp (uM)? 0.309 + 0.045 0.360 + 0.038
AG (kcal mol™)” -89 +0.1 —88 + 0.1
AH (keal mol™)? —127 £12 —154 + 03
—TAS(keal mol*)? 38+ 13 6.6 + 04
N>< 0.54 + 0.05 048 + 0.03

“IC;, refers to the functional FRET assay. PResults are from at least
two independent measurements. “The low stoichiometry could be
explined by incomplete zinc occupation of the active sites.*!

the potential of our compounds for the development of novel
anti-infectives.

Table S. Cytotoxicity of 13, 14, and Three Reference
Compounds in HEP G2 Cells

compound concn (uM) reduction of viability (%)
13 100 17 £12

14 100 28+ 12
rifampicin 100 2945
doxorubicin 1 S0+5
batimastat 100 13+£7

Zinc Coordination by a Thiolate. The identification of
the thiol as active compound in our functional assays was in
excellent agreement with the crystal structure analysis which
demonstrated that only a sulfur atom, to be precise a thiolate,
was coordinating the catalytic zinc ijon. To validate our
conclusions on the protonation state of the sulfur atom, we
calculated the pK, values for the thiol group resulting from the
hydrolysis of thiocarbamate 3 in solution and when bound to
the active site using the Molecular Operating Environment
(MOE) software.*” The pK, of the thiol group was strongly
lowered from 9.0 in the solvent to 3.1 by the direct
coordination to the zinc ion. This suggests that the thiol is
fully ionized to the thiolate form in both the activity assay and
the crystallization experiment upon binding to the active site.

Binding Mode of the N-Aryl Mercaptoacetamide
Compound to the Active Site of ColH-PD. The hydrolysis
product of compound 3 binds to the S3 to S1 substrate binding
pockets (Figure 2). The thiolate coordinates the zinc ion with a
sulfur-to-zinc distance of 2.27 A. In the SI pocket, the amide
oxygen of compound 3 forms a hydrogen bond with the main-
chain amide nitrogen of Tyr428 (3.11 A) of the NSD, while the
amide nitrogen of compound 3 hydrogen-bonds with the
carbonyl oxygen (OE2) of Glu487 (2.97 A) of the CSD. In
addition, the benzene ring of the ligand is involved in a 7—7-
stacking interaction with the imidazole ring of His459
(centroid-centroid distance of 3.80 A). The oxygen of the
acetyl group of 3 interacts via a bridging water molecule (3.07
A) with the main-chain oxygen of Tyr428 in S1 (3.11 A) and
with the main-chain nitrogen of Glu430 in S3 (2.84 A). Thus,
the inhibitor is well-braced in-between the NSD and the CSD
of the peptidase domain.

Importantly, the binding mode of the inhibitor is not
directed toward the primed substrate-binding sites, but toward
the non-primed recognition sites in-between the calcium-
binding site and the catalytic zinc ion. Thus, this complex of
ColH-PD with the thiol derived from compound 3 is the first to

describe non-primed interactions between a clostridial
collagenase and an active site-directed ligand.

Identification of Selectivity Determinant. The thiol
derived from compound 3 interacts with two central elements
of the active site: (i) the zinc ion and its liganding sphere
(His4SS, Glu456, His459, and Glu487), and (ii) the edge
strand (Gly425-Glu430). These two central elements are also
present in MMPs:'" A structurally, but not sequentially,
homologous edge strand frames the upper rim of the active
site in MMPs, and the zinc-liganding sphere composed of the
HEXXH motif and a third proteinaceous ligand is nearly
identical between the MMPs and the clostridial collagenases.
The geometry of the zinc-liganding sphere is almost perfectly
superimposable in clostridial collagenases and MMPs (RMSD
= 0.060 A between ColH and MMP-1). Only the third zinc-
binding residue differs. While in MMPs, this position is
occupied by a histidine; in clostridial collagenases, this ligand is
a glutamate provided by the gluzincin-specific glutamate helix.
Given this high similarity in the active site between clostridial
collagenases and MMPs, this triggered the question of how we
can rationalize the observed differences in selectivity of the N-
aryl mercaptoacetamide compounds toward the two enzyme
families. A first in silico structural analysis of the active sites of
MMP-1, -2, -3, -8, -12, and -13 suggested that (i) these enzymes
could accommodate the mercaptoacetamide compounds in
their non-primed substrate pockets, and that (ii) the residues
on the edge strand and the zinc ion are positioned as such as to
allow productive interactions with the thiolate. Yet, the MMPs,
lacking the zinc-binding glutamate, cannot provide the
hydrogen-bonding partner for the amide nitrogen of the
mercaptoacetamide inhibitor. Hence, is the interaction with the
gluzincin-specific Glu487 crucial for selectivity? To test this
hypothesis, we mimicked the zinc-liganding sphere of MMPs in
ColH-PD by mutating Glu487 into a histidine. A comparison of
the apparent inhibition constant K¢,y of compound 11 toward
wild-type ColH-PD and the mutant E487H, 92 + 8 and 166 +
23 uM, respectively, showed that the mutation did not result in
a drastic change in the inhibitory potency. This suggests that
the interaction with the edge strand on the non-primed site,
mediated via main-chain contacts, is the main structural
selectivity determinant. This hypothesis is further supported
by a structural analysis of the edge-strand conformations in
MMPs and clostridial collagenases in the ligand-bound state.
Within each family, the ligand-bound edge-strand conformation
is highly conserved (Figure 6). Compared to the clostridial
situation, the edge strand in MMPs is tilted by 27—-29°. This
tilted orientation could explain the inefficient binding of the N-
aryl mercaptoacetamide compounds to the MMPs, suggesting
that the interactions with the non-primed edge strand (S1—S3)
are the crucial selectivity determinants.

It was also interesting to see that related mercaptoacetamide
derivatives were shown to inhibit LasB from P. aeruginosa.75
Analysis of our best compound 13 in an in vitro LasB inhibition
assay revealed a more than 1000-fold lower activity compared
to ColH (data not shown). This is likely due to the distinct
binding mode of compound 13 to the non-primed binding site
of ColH (Figure 2) in contrast to the proposed primed binding
mode of the related compounds in LasB by Zhu et al.”

With regard to future inhibitor design, these findings suggest
that by (i) amplification of the interactions with the edge strand
and (ii) extension of the inhibitor scaffold in para, ie., by
developing the compound further into the non-primed
substrate recognition pockets, even more potent and selective
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Figure 6. Close-up on the superpositioned active sites of three MMPs
(a) and of three clostridial collagenases (b) in the ligand-bound state.
The ligands have been removed for better visualization. The HEXXH
motif is shown in sticks, and the zinc ions (gray) and calcium ions
(green) are shown as spheres. The edge strand on top of the catalytic
zinc is highlighted in color.

compounds could be developed. In compounds with optimized
affinity to the edge strand and the non-primed substrate
binding pockets, we plan to investigate the replacement of the
thiol moiety by a less reactive ZBG. Such lead compounds hold
the promise of higher efficacy and therefore higher safety in

potential therapeutic applications in humans.

B CONCLUSION

We identified a novel compound scaffold for the selective
inhibition of clostridial collagenases. Starting with an SPR-
based primary screening of a focused library, we validated the
SPR-hits in a secondary enzyme inhibition assay using a
custom-tailored FRET peptide substrate for clostridial
collagenases. Two mercaptoacetamide derivatives were the
most potent functional hits in this assay. Further derivatization
of these initials hits, in particular the introduction of oxygen-
containing groups in para-position to the aniline, led to the
generation of highly potent N-aryl mercaptoacetamide-based
clostridial collagenase inhibitors with ICg, values in the two-
digit nanomolar range. These compounds showed unprece-
dented selectivity against MMPs, while at the same time they
displayed a broad-spectrum inhibition of bacterial collagenases.
The selectivity of these compounds could be rationalized on
the basis of a co-crystal structure of ColH-PD with the most
active compound, revealing a distinct non-primed binding
mode of the inhibitor to the active site. The mercapto-
acetamides were also shown to display no cytotoxicity toward
human cells. These insights pave the way for the development
of selective broad-spectrum bacterial collagenase inhibitors with
potential therapeutic application in humans.
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Figure Sz. SPR screening for ColH inhibitor discovery. Screening data for 183 hits and 10 selected non-hits of the TimTec Acti-
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Figure S4. Inhibition of bacterial collagenases by batimastat.
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Figure S5. MMP inhibition assay. Exemplary representation of fluorescence intensity curves indicating protease activity of
MMP-2 and -8. The influence of selected compounds on MMP activity is shown. The fluorescence intensity at 520 nm was de-

termined every 60 s for a period of one hour.
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Figure S6. LC-MS stability assay of cp. 3 in 10 mM MES pH 7.4 (10% methanol) at 22.5°C.
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Figure S7. LC-MS stability assay of dithiocarbamate 21 in 10 mM Hepes pH 7.4 (10% methanol) at 22.5°C, illustrating that the

dithiocarbamates are stable within the experimental time frame as no hydrolysis to the corresponding free thiol 13 occurs.
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Table S1. Structure and activity of thiocarbamates and related compounds.
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Table S2. IC, values of batimastat towards MMP-1, -2, -3, -7, -8 and -14

1C50 (nM)
MMP-1 2.2+0.1
MMP-2 1.8+ 0.1
MMP-3 5.6 0.9
MMP-7 7.0 £ 0.2
MMP-8 0.7%0.2
MMP-14 2.8+0.2

Table S3. Data collection and refinement statistics for ColH-PD in complex with compound 3.

Data collection
Space Group Pi12,1
Cell dimensions
a(A) 513
b (A) 79-7
c(A) 57.0
o (°) 90.0
B () 91.2
7 () 90.0
Wavelength (A) 0.97623
Resolution range (A) 4633 -1.87 (1.937 -1.87)°
Roerge 0.083 (0.636)
Mean I/sigma(I) 8.7(1.9)
Completeness (%) 99.6 (99.8)
Multiplicity 3.5(3.6)
CCa/2 0.998 (0.771)
cC* 0.999 (0.933)
Wilson B-factor 21.73




Refinement

Resolution range (A)

46.33 -1.87(1.937 -1.87)

No. of unique reflections

37834 (3810)

Ryork/Riree 0.1903/0.2264
No. of non-hydrogen atoms 3258
Protein 3129
Ligand 16
Solvent u3
B factors
Protein 25.70
Ligand 29.00
Solvent 23.80
RMSD
Bond lengths (A) 0.005
Bond angles (°) 0.82
Ramachandran favoured (%) 99.5
Ramachandran allowed (%) 0.5
Ramachandran outliers (%) 0.0

“Statistics for the highest-resolution shell are shown in parentheses.
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2. Experimental Section

Protein Expression and Purification of ColH-PD. The peptidase domain of ColH (Uniprot: Q4608s5; Leu331-Gly721) was ex-
pressed and purified as published previously '. The homogeneous protein, as judged by SDS-PAGE and size-exclusion chroma-
tography, was flash-frozen in thin-walled PCR tubes at 12.3 mg/mL concentration in 10 pL aliquots in 10 mM Hepes pH 7.5, 100
mM NaCl, 1 mM CaCl,, 3% (v/v) glycerol, and 3 mM NaNj,. For functional assays, the protein samples were prepared immediately
before usage. After thawing, the protein solution was clarified by centrifugation at 13,000 g at 4°C for 30 min and protein concen-
trations were determined by UV,g, measurements using the molar extinction coefficient calculated by ProtParam (e = 77130 M™

cm™) %

Screening Library. The screening library comprising 1,520 low-molecular weight compounds was purchased from TimTec
(Newark, DE, USA). The compounds had an average molecular weight (MW) of 390 Da and were provided as 10 mM stock solu-

tions in DMSO.

SPR-based Primary Screening. The surface plasmon resonance experiments were performed using a Reichert SR 7500DC
equipped with CMDsoom sensor chip (Xantec Bioanalytics, Diisseldorf, Germany). For immobilization, standard amine coupling
chemistry was applied. Both channels were activated for 7 min with a mixture of 0.1 M NHS (N-hydroxysuccinimide) and 0.1 M
EDC (3-(Ethyl-iminomethyleneamino)-N, N-dimethylpropan-1-amine) at a flow rate of 10 pL/min. The peptidase domain of ColH
(1 mg/mL; 45.8 kDa; crystallization grade) was diluted 1:20 in 10 mM sodium acetate buffer pH 4.0 and coupled to the sensor
surface via standard amine coupling chemistry on one of the channels to 15-20,000 pRIU. Flow cell 2 was left blank to serve as a
reference surface. Both channels were blocked with a 3 min injection of 1 M ethanolamine, pH 8.0. The 1,520 analytes were dilut-
ed in running buffer (10 mM Hepes pH 7.4, 150 mM NaCl, 0.005 % (v/v) Tween 20, 5 % (v/v) DMSO) to a final concentration of
100 pM. The screening was run at 18 °C and a flow rate of 50 uL/min. An initial series of buffer injections was carried out on both
flow cells to equilibrate the system. Each cycle consisted of a 60 s injection of 100 pM analyte, followed by a 120 s dissociation
phase. Every 12 injections included 500 pM FALGPA (N-[3-(2-furyl)acryloyl]-Leu-Gly-Pro-Ala) as positive and 100 uM ampicillin
as negative control. All screening experiments comprised two seven-point DMSO injections, to produce a DMSO calibration
curve in order to correct differences in solvent effects on empty and target surface. They consisted of 60 s injections ranging
from 4.25 to 5.75 % (v/v) DMSO. Data were zeroed, referenced, and calibrated using Scrubber 2.0 software. SPR responses, ex-
pressed in refractive index units [pRIU] that were used for analysis correspond to the corrected response recorded 45 s after start

of the injection.

Determination of Kinetic Parameters. Steady state measurements were used to determine Ky, for the custom-made FRET
substrate Mca-Ala-Gly-Pro-Pro-Gly-Pro-Dpa-Gly-Arg-NH, (FS1-1) (Mca = (7-Methoxycoumarin-4-yl)acetyl; Dpa = N-3-(2,4-

dinitrophenyl)-L-2,3-diaminopropionyl). The substrate was dissolved in DMSO. The enzymatic reaction was started by adding

S10



35

ColH-PD to a final concentration of 2, 4, and 6 nM. The final reaction buffer contained 250 mM Hepes pH 7.5, 400 mM Na(l, 10
mM CaCl,, 10 pM ZnCl,, 2% DMSO, and 2.5 - 120 pM substrate. Cleavage of the substrate was followed by measuring the fluores-
cence signal every 5 s for 2 min (Excitation: 328 nm, Emission: 392 nm) in an Infinite M2oo plate reader (Tecan, Grodig, Austria)
at 25°C. The initial velocity was determined from the progress curves (<10% substrate conversion) using regression analysis > and
inner filter effect-correction *. The €8 and €em;y, Were estimated in the buffer used for the kinetic assays to be 21794 M™ cm”
and 9561 M™" ecm™. Ky and kg, were calculated by non-linear regression from the resulting Michaelis - Menten plot using

GraphPad Prism 5 (Graph Pad Software, San Diego, CA, USA).

FRET-Based Inhibition Assay. In the secondary screening, ColH-PD was pretreated with the compounds for 1 h at room tem-
perature. The reaction was initiated by the addition of 5 uM FSi-1. The increase in fluorescence was monitored for 2 min (Excita-
tion: 328 nm, Emission: 392 nm) at 25°C. The final concentrations were 50 nM ColH-PD, 40 pM compound or isoamylphospho-
nyl-Gly-Pro-Ala, 250 mM Hepes pH 7.5, 400 mM NaCl, 10 mM CaCl,, 10 pM ZnCl,, and 2% DMSO. In case of poor compound
solubility, the DMSO concentration was increased, but never exceeded 4.8%. The percentage of enzyme inhibition was calculat-
ed in relation to a reference without a compound added, only plus buffer control. For IC,, measurements, the experiments were
performed as described above, but using 10 nM ColH-PD, 2 pM FSi-1, 2% DMSO and employing 8 different compound concen-
trations. The compound concentrations were chosen to be evenly distributed above and below the estimated ICy,. All experi-
ments were performed in triplicates and repeated at least three times. IC,, values were determined using non-linear regression
with a constant Hill slope of -1. In case of tight binding conditions (E= Kjpp), the initial velocities were fit to the Morrison
equation . Enzyme concentration was held at a constant value E; = 10 nM (when K; (app) > E1), whereas v, and Kj(,,,) were treated
as adjustable parameters °, IC,, values are given as mean values of three independent experiments + standard deviation. Report-
ed apparent inhibition constants (Kjpp)) were measured under first-order conditions (S, << Ky) and with Kiip)/Er > 10 7 and in
the presence of 3.5% DMSO. Measurements under reducing conditions were performed in the presence of 5 mM TCEP. Regres-
sion analysis was performed using GraphPad Prism 5 (Graph Pad Software, San Diego, CA, USA) and DYNAFIT (BioKin, Ltd.,

Madison, WI, USA).

Bacterial Collagenase Inhibition Assay. These assays were performed as described above for the IC,, measurements using 100
pM of the indicated compounds. The final enzyme concentrations used were 10 nM ColH-PD, 30 nM ColT-PD, 40 nM ColG-CU,

and 2 nM ColQi1-CU, respectively.

Human matrix metalloproteinases (MMP) inhibition assay. The catalytic domains of MMP-1, -2, -3, -7, -8 and -14 along with
the SensoLyte 520 Generic MMP Activity Kit were purchased from AnaSpec (Fremont, CA, USA). The assay was performed ac-
cording to the guidelines of the manufacturer. Fluorescence signals were measured in a CLARIOstar plate reader (BMG

LABTECH, Ortenberg, Germany) every 60 s for a period of 1 h. Compounds synthesized by us were tested at 100 pM. ICy, values
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were determined for the hydroxamate-based peptidomimetic batimastat which was used as a positive control. The calculation of
the IC,, value was performed by plotting the percent inhibition vs. the different inhibitor concentrations on a semi-log plot. At

least three independent measurements were performed for each compound.

Isothermal Titration Calorimetry (ITC). ITC experiments were carried out using an ITC200 instrument (Microcal Inc., GE
Healthcare). Final ligand concentrations were obtained by dilution 1:20 (v/v) in the experimental buffer resulting in a final
DMSO concentration of 5% (v/v). Protein concentration was determined by measuring the absorbance at 280 nm using the
molar extinction coefficient calculated by ProtParam (e = 77130 M” ¢m”) * DMSO concentration in the protein solution was
adjusted to 5% (v/v). ITC measurements were routinely performed at 25 °C in 10 mM Hepes pH 7.5, 100 mM NaCl, 1 mM CaCl,,
3% (v/v) glycerol, and 3 mM NaN,. Titrations were performed on 40-50 uM ColH peptidase domain in the 200 pL sample cell
using 2 pL injections of 250-500 uM ligand solution every 180 s. Raw data was collected and the area under each peak was inte-
grated. To correct for heats of dilution and mixing, the final baseline consisting of small peaks of the same size at the end of the

experiment was subtracted.

Experimental data was fitted to a theoretical titration curve (one site binding model) using MicroCal Origin 7 software, with AH
(enthalpy change in kcal mol-1), K, (association constant in M-1), and N (number of binding sites) as adjustable parameters.
Thermodynamic parameters were calculated from equation AG = AH - TAS = RT In K, = -RT In Kj, where AG, AH, and AS are
the changes in Gibbs free energy, enthalpy, and entropy of binding, respectively. T is the absolute temperature, and R = 1.98 cal

mol " K. For every sample, at least two independent measurements were performed.

LC-MS method. The stability assay was performed measuring the UV254 chromatogram of 20 pM thiocarbamate compound in
10 mM HEPES pH 7.5 or in 10 mM MES pH 6.4 in presence of 20 pM caffeine as internal standard. Injections were performed
every 6.5 minutes during 104 minutes in total. Samples of the respective free thiols to determine the retention time were ana-
lyzed before thiocarbamate injection using the same method. Compounds and ISTD were dissolved in MeOH and diluted 1:20 in
assay buffer, respectively, giving a final volume of 200 pL with a methanol concentration of 10% (v/v). The solution of internal
standard in assay buffer was incubated at 22.5°C for at least 10 min before adding thiocarbamates. Measurements were started

directly after compound addition.

The analyses were performed using a TF UltiMate 3000 binary RSLC UHPLC (Thermo Fisher, Dreieich, Germany) equipped with
a degasser, a binary pump, an autosampler and a thermostated column compartment and a MWD, coupled to a TF TSQ Quan-
tum Access Max mass spectrometer with heated electrospray ionization source (HESI-II). For gradient elution, a NUCLEODUR
(18 Pyramid column (150 x 2 mm, 3 pm, Macherey-Nagel, Diiren, Germany) was used with a mobile phase consisting of acetoni-
trile containing 1%o formic acid (FA; v/v; eluent A) and water containing 1%o FA (v/v; eluent B) and a flow rate of 600 pL/min

under the following conditions: 0 — 0.5 min 10% A, 0.5 - 4 min 10 - 95% A, 4 — 5 min hold, 5 - 5.5 min 10% A for column equilibra-
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tion giving a total run time of 5.5 min. The injection volume was 5 pL. The divert valve was set to 1.5 min. Before injecting sam-

ples the column was equilibrated with 10% methanol (v/v) in assay buffer using this method.

For UV detection we monitored the following wavelengths: 254 nm, 272 nm and 29o nm. The following MS conditions were
used: electrospray ionization (ESI), positive mode, sheath gas, nitrogen at a flow rate of 60 arbitrary units; auxiliary gas, nitrogen
at flow rate of 20 arbitrary units; vaporizer temperature, 300 °C; ion transfer capillary temperature, 350 °C; capillary offset, 15 V;
spray voltage, 3500 V. The mass spectrometer was operated in the SIM mode with the following masses: caffeine m/z 194.0 (tube
lens offset 100 V), ¢p. 3 m/z 252., ¢p. 7/12 m/z 245.0 (tube lens offset 88 V), cp. 13 m/z 252.1, ¢p. 14/15 m/z 202.1 (tube lens offset

129 V) with a scan width of m/z 2.0 and a scan time of 0.1 s, respectively. Three independent measurements were performed.

Observed retention times were as follows: caffeine 2.29 min, cp. 3 2.68, cp. 12 3.08 min, ¢p. 7 3.22 min, ¢p. 13 3.00 min, cp. 14 3.57
min, cp. 15 3.52 min. Additional peaks were found at 3.51 min, 4.32 min and 4.19 min for cp. 13, 14 and 15, respectively, hinting at
disulfide formation. Peak areas were determined using TF Xcalibur Software. Peak areas were normalized by ISTD peak area and

divided by total peak area. Half-life was determined using a one-phase decay model (GraphPad Prism 5 software).

Cytotoxicity assay. Hep Gz cells (2 x 10° cells per well) were seeded in 24-well, flat-bottomed plates. Culturing of cells, incuba-
tions and OD measurements were performed as described previously ® with small modifications. 24 h after seeding the cells the
incubation was started by the addition of compounds in a final DMSO concentration of 1 %. The living cell mass was determined

after 48 h. At least two independent measurements were performed for each compound.

Co-Crystallization, X-ray Data Collection and Analysis. Prior to crystallization, 4 mg/mL ColH-PD were preincubated with
260 pM compound 3 in 8 mM Hepes pH 7.5, 33 mM NaCl, 0.33 mM Ca(l,, and 2% DMSO for 1 h on ice and then clarified by
centrifugation for 30 min at 13,000 g at 4°C. The co-crystal was grown by the sitting drop vapour diffusion method by mixing 1 pL
protein-inhibitor solution with 1 pL reservoir solution. The reservoir contained 0.1 M MES pH 6.4, 25% w/v polyethylene glycol
methyl ether 2000, and 50 mM NaCl. The drop was streak-seeded from crystals of unliganded ColH-PD °. Crystals appeared
within several days. The crystals were cryoprotected with MiTeGen LV Cryo-oil (MiTeGen, Ithaca, NY) and immediately flash-
frozen in liquid nitrogen. X-ray diffraction data were collected on beamline ID2g at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. The data set was processed using XDS '* and AIMLESS ". The phase problem was solved by molecu-
lar replacement with PHASER ™ using a ColH-PD structure as search model (PDB code 4arf; ligand deleted). Final structures
were obtained by several refinement cycles using PHENIX * interspersed with model building in WinCoot ". The PyMOL Mo-
lecular Graphics System, version 1.7.6.0, Schrodinger, LLC, was used for (i) figure generation, (ii) calculation of RMSD values
(apo ColH-PD: gar1, MMPi: 3shi) and (iii) for comparison of ligand-bound edge strand conformations (MMP-1: thfc, MMP-2:
3ayu, MMP-3: 1b8y, MMP8: 1176, MMP-12: 1jiz, MMP-13: 4jp4, ColT: 4ar8, ColG: 2y6i) *. The final refined structure of ColH-PD in

complex with compound 3 was deposited in the Protein Data Bank (PDB) as entry 50O7E.
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Chemistry. General Procedures. Compounds 2-12 and 21-37 were commercially available (ChemBridge, San Diego, CA, USA).
Synthesis of free thiols 13-15 was achieved by treating the respective anilines with thioglycolic acid in a neat reaction (see Scheme

S1). ' Selected thiocarbamates were synthesized according to the procedures described below.

: SH
NH, >5h 120°C Z H

13-15
Scheme S1. Synthesis of free thiol compounds 13-15.

All reagents were used from commercial suppliers without further purification. Procedures were not optimized regarding yield.
NMR spectra were recorded on a Bruker Fourier 300 (300 MHz) spectrometer. Chemical shifts are given in parts per million
(ppm) and referenced against the residual proton, 'H, or carbon, ®C, resonances of the >99% deuterated solvents as internal
reference. Coupling constants (J) are given in Hertz. Data are reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, m = multiplet, br = broad and combinations of these) coupling constants and integration. Mass spectrometry
was performed on a SpectraSystems-MSQ LCMS system (Thermo Fisher, Dreieich, Germany). Flash chromatography was per-
formed on silica gel 60 M, 0.04 - 0.063 mm (Machery-Nagel, Diiren, Germany) or using the automated flash chromatography
system CombiFlash Rf+ (Teledyne Isco, Lincoln, NE, USA) equipped with RediSepRf silica columns (Axel Semrau, Sprockhével
Germany) or Chromabond Flash Cg columns (Macherey-Nagel, Diiren, Germany). Purity of compounds synthesized by us was
determined by LCMS using the area percentage method on the UV trace recorded at a wavelength of 254 nm and found to be

>95%.
Thiol synthesis

N-(4-acetylphenyl)-2-mercaptoacetamide (13)
H
e

o

4'-Aminoacetophenone (300 mg, 2.21 mmol) was placed in a crimp vial. The vial was evacuated and flushed with nitrogen three
times, followed by addition of thioglycolic acid (160 pL, 2.3 mmol). The vial was flushed with argon and heated to 120°C for 18

hours. The crude was purified by automated flash chromatography (petroleum ether:ethyl acetate 70:30 to 0:100) to yield the
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title compound as a white powder (50 mg, 1%). "H NMR (300 MHz, Methanol-d,) § ppm 2.58 (s, 3 H), 3.34 (s, 2 H), 7.69 - 7.77
(m, 2 H), 7.95 - 8.03 (m, 2 H); *C NMR (75 MHz, Methanol-d,) § ppm 26.61, 29.55, 120.32, 130.89, 134.09, 144.75, 172.04, 199.56; MS

(ESI') m/z 210 (M+H)"

N-(4-chlorophenyl)-2-mercaptoacetamide (14)

H
T
Cl “

14

4-chloroaniline (200 mg, 1.57 mmol) was placed in a crimp vial. The vial was evacuated and flushed with nitrogen three times,
followed by addition of thioglycolic acid (120 pL, 1.72 mmol). The vial was flushed with argon and heated to 120°C for 5 hours.
The crude was purified by flash chromatography (petroleum ether:ethyl acetate go:10 to 70:30) to yield the title compound as a
white powder (187 mg, 59%). 'H NMR (300 MHz, DMSO-d;) 8 ppm 2.97 (br s, 1 H) 3.29 (s, 2 H) 7.30 - 7.42 (m, 2 H) 7.53 - 7.68

(m, 2 H) 10.21 (5, 1 H); *C NMR (75 MHz, DMSO-d) § ppm 28.24, 120.61, 126.92, 128.67, 137.92, 168.72; MS (ESI") m/z 202 (M+H)"

N-(2-chlorophenyl)-2-mercaptoacetamide (15)

Cl H
Y e
(0]
15

2-chloroaniline (164 pL, 1.57 mmol) was placed in a crimp vial. The vial was evacuated and flushed with nitrogen three times,
followed by addition of thioglycolic acid (120 pL, .72 mmol). The vial was flushed with argon and heated to 120°C for 5 hours.
The crude was purified by automated flash chromatography (petroleum ether:ethyl acetate 70:30 to 50:50) to yield the title com-
pound as a white powder (160 mg, 51%). 'H NMR (300 MHz, DMSO-d¢) § ppm 3.02 (s, 1 H), 719 (dt, ] = 7.6, 1.7 Hz, 1 H), 7.33 (dt, J
=7.6,1.4 Hz, 1 H), 7.50 (dd, ] = 8.0, 1.5 Hz, 1 H), 7.80 (dd, J = 8., 1.4 Hz, 1 H), 9.66 (br. s., 1 H), ®C NMR (75 MHz, DMSO-d,) &

pPpPm 27.79, 125.23, 125.81, 126.20, 127.48, 129.45, 134.62, 168.93 ; MS (ESI") m/z 202 (M+H)"

Thiocarbamate synthesis

S-(2-oxo-2-(phenylamino)ethyl) carbamothioate (1)

S15
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H v
60h, rt

Under nitrogen atmosphere, N-phenyl-2-mercaptoacetamide (209 mg, 1.25 mmol) was dissolved in 20 mL dry THF and triethyl-
amine (200 pL, 1.44 mmol) and trimethylsilyl isocyanate (200 pL, 1.48 mmol) were added. The reaction mixture was refluxed for
4 hours and then stirred at room temperature for 60 hours. After that, the reaction was quenched for 30 min with methanol. The
crude was purified using flash chromatography (petroleum ether:ethyl acetate 7:3) to yield the title compound as a white powder
(50 mg, 19 %). 'H NMR (500 MHz, DMSO-dg) § ppm 3.69 (s, 2H), 7.04 (t, ] = 7.4 Hz, 1H), 7.30 (t, ] = 71 Hz, 2H), 7.57 (dd, ] = 8.4,
0.8 Hz, 2H), 7.40-7.90 (b, 2H), 10.09 (s, 1H); ®C NMR (126 MHz, DMSO-d¢) § ppm 34.10, 119.03, 123.31, 128.75, 139.02, 166.24,

166.89; MS (ESI") m/z 2u (M+H)"

S-(2-((4-acetylphenyl)amino)-2-oxoethyl) carbamothioate (3)

o) o o)

s O

NH, NH,SCN, EtOH NJ\/STNHZ
H o}

5 h, reflux
3

"7 4'-~Aminoacetophenone (200 mg, 1.5 mmol) was added to a solution of chloro-

Following the procedure described by Koulberg
acetic acid (140 mg, 1.5 mmol) and ammonium thiocyanate (9o mg, 1.5 mmol) in 5 mL absolute ethanol. The reaction was re-
fluxed for 5 hours and then stirred at room temperature for 14 hours. Addition of water, followed by extraction with ethyl acetate

gave the crude which was purified using automated flash chromatography (acetonitrile + 0.1% formic acid:water + 0.1% formic

acid 5:95 to 70:30) to yield the title compound as a white powder (39 mg, 10%).

'H NMR (300 MHz, DMSO-d6) 8 ppm 2.52 (s, 3 H), 3.74 (s, 2 H), 7.50 - 7.87 (br s, 2H), 7.67 - 7.74 (m, 2 H), 7.89 - 7.97 (m, 2 H),
10.46 (s, 1 H); >C NMR (75 MHz, DMSO-dg) § ppm 26.39, 34.19, 118.27, 129.48, 131.74, 143.28, 166.08, 167.52, 196.46; MS (ESI") m/z

253 (M+H)"

S-(2-((4-chlorophenyl)amino)-z-oxoethyl) carbamothioate (7)

o}
cl )K/SH cl —s» NCO ¢l
6 Q i W@
s
NH, 18h, 120°C J\/ EtsN, THF J\/

5h, reflux
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N-(4-chlorophenyl)-2-mercaptoacetamide (14) was prepared according to the described procedure and the crude was taken in 6
mL THF without further workup or purification. Triethylamine (260 pL, 1.9 mmol) was added, followed by trimethylsilyl isocya-
nate (250 pL, 1.9 mmol). The reaction mixture was kept under argon atmosphere and refluxed for 5 hours. After cooling to room
temperature the reaction was quenched for 10 min with methanol. The crude was purified by flash chromatography (petroleum
ether:ethyl acetate 75:25 to 50:50) to yield the title compound as a white powder (70 mg, 18% over two steps). 'H NMR (300 MHz,
DMSO-dg) § ppm 3.69 (s, 2 H), 7.30 - 8.00 (br s, 2 H), 7.32 - 7.40 (m, 2 H), 7.57 - 7.65 (m, 2 H), 10.25 (5, 1 H); >*C NMR (75 MHz,

DMSO-dg) § ppm 34.05, 120.57, 126.82, 128.63, 137.94, 166.10, 167.06; MS (ESI') m/z 245 (M+H)"

S-(2-((2-methoxyphenyl)amino)-2-oxoethyl) carbamothioate (11)

A @
o]] o)
HO
- >
NH, NH,SCN, EtOH NJ\/S\H/NHZ
o) o}

: H
O 90 min, reflux P -

O-anisidine (380 pL, 3.4 mmol) was added to a solution of chloroacetic acid (318 mg, 3.4 mmol) and ammonium thiocyanate (205
mg, 2.7 mmol) in 6 mL absolute ethanol. The reaction was refluxed for 1.5 hours until formation of a precipitate. Addition of
water, followed by filtration gave the crude which was purified using automated flash chromatography (petroleum ether:ethyl

acetate 80:20 to 0:100) to yield the title compound as a white powder (140 mg, 22%).

'H NMR (300 MHz, DMSO-d;) § ppm 3.69 (s, 2 H), 3.83 (s, 3 H), 6.84 - 6.95 (m, 1 H), 6.98 - 7.1 (m, 2 H), 7.59 - 8.00 (br s, 2 H),
8.04 (d, ] = 7.5 Hz, 1 H), 9.25 (5,1 H); >C NMR (75 MHz, DMSO-d¢) § ppm 33.79, 55.80, 111.08, 120.34, 124.10, 127.28, 148.76, 166.29,

167.16; MS (ESI') m/z 240 (M+H)"
N-phenylsuccinamide (16)

(o}

O
C|)J\/\[r ~ NH
CLNH Et;N, DCM NJ\/\( N MeOH NJ\/\( 2

2 10min, 0°C H o 5min, 0°C H o

3h, it 17h, 1t 16

Methyl succinyl chloride (170 pL, 1.4 mmol) was added dropwise over 5 min to a solution of aniline (100 pL, 1.1 mmol) and tri-
ethylamine (300 pL, 2.2 mmol) in dry dichloromethane at o C. After another 5 min, the reaction was allowed to warm up to room
temperature and was stirred for 3 hours. Washing with sodium bicarbonate solution and evaporation of the solvent gave the

crude which was purified using radial thin-layer chromatography (dichloromethane) to vyield methyl-4-oxo-4-

(phenylamino)butanoate as a white powder (222 mg, 98%).
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'H NMR (500 MHz, CDCl,) § ppm 2.66 (t, ] = 6.5 Hz, 2H), 2.75 (t, ] = 6.5 Hz, 2H), 3.70 (s, 3H), 7.09 (t, J = 7.4 Hz,1H), 7.30 (t, ] =
7.9 Hz, 2H), 7.50 (d, ] = 7.9 Hz, 2H), 7.71 (s, 1H); ?C NMR (126 MHz, CDCl,) § ppm 29.37, 32.21, 52.13, 119.91, 124.36, 129.08, 137.98,

169.86, 173.80; MS (ESI*) m/z 208 (M+H)"

Methyl-4-oxo0-4-(phenylamino)butanoate (26 mg, 0.13 mmol) was added to a 10% ammonia solution in methanol (9 mL) at 0°C.
After addition, the reaction was allowed to warm up to room temperature and was stirred for 17 h. The reaction mixture was
concentrated in air stream and the crude was purified using flash chromatography (dichlormethane:methanol:triethylamine

97:21) to give the title compound (29 mg, quant.).

'H NMR (500 MHz, DMSO-d,) § ppm 2.38 (t, ] = 7.2 Hz, 2H), 2.38 (t, J = 7.2 Hz, 2H), 6.76 (s, 1H), 7.00 (t, ] = 7.4 Hz, 1H), 7.27 (t, ]
= 7.9 Hz, 2H), 7.33 (s, 1H), 7.58 (d, ] = 7.7 Hz, 2H), 9.92 (s, 1H); *C NMR (126 MHz, DMSO-d) § ppm 29.96, 31.51, 18.87, 122.83,

128.63, 139.38, 170.55, 173.33; MS (ESI') m/z 215 (M+Na)'

Peptide synthesis

Solid-phase synthesis of the peptide Mca-Ala-Gly-Pro-Pro-Gly-Pro-Dpa-Gly-Arg-amide (with Mca = 7-methoxycoumarin-4-
acetyl and Dpa = Dap(Dnp) = N-beta-2,4-dinitrophenyl-L-2,3-diaminopropionyl) was carried out on a scale of 100 pmol with a
Syro Multiple Peptide Synthesizer (MultiSynTech, Witten, Germany) on Rapp S RAM resin (Rapp Polymere, Tiibingen, Germa-
ny) for the generation of the C-terminal amide. Fmoc chemistry with TBTU / diisopropylethyl amine activation with tenfold
excess was employed for the coupling of the amino acids. Coupling time was 1 hour. Side chain protection of arginine was Pbf.
After assembly of the peptide chain Mca was coupled in a threefold excess with activation by TBTU / diissopropylethyl amine in
DMEF over 3 hours at room temperature. The crude peptide was cleaved from the resin and deprotected by a 3 hour treatment
with TFA containing 3% triisopropylsilane and 2% water (10 mL/g resin). After precipitation with ¢-butylmethyl ether, the result-
ing crude peptide was purified by preparative HPLC on C18 material with water/acetonitrile gradients containing 0.1% TFA and
characterized by analytical HPLC and MALDI-MS. The final product was lyophilized from water. For the calculation of the con-
centration of stock solutions of the peptide one counter ion of trifluoroacetic acid (mol. weight 114.02) was taken into account.

Yield: 56 mg (44.6 pmol).
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ABSTRACT: The increasing emergence of antibiotic resist-
ance necessitates the development of anti-infectives with novel
modes of action. Targeting bacterial virulence is considered a
promising approach to develop novel antibiotics with reduced
selection pressure. The extracellular collagenase -elastase
(LasB) plays a pivotal role in the infection process of
Pseudomonas aeruginosa and therefore represents an attractive
antivirulence target. Mercaptoacetamide-based thiols have
been reported to inhibit LasB as well as collagenases from
clostridia and bacillus species. The present work provides an
insight into the structure—activity relationship (SAR) of these
fragment-like LasB inhibitors, demonstrating an inverse

%

LasB

IC5p=6.6% 0.3 M

MMPs | ( -y,
Selectivity In vivoefficacy

activity profile compared to similar inhibitors of clostridial collagenase H (ColH). An X-ray cocrystal structure is presented,
revealing distinct binding of two compounds to the active site of LasB, which unexpectedly maintains an open conformation. We
further demonstrate in vivo efficacy in a Galleria mellonella infection model and high selectivity of the LasB inhibitors toward

human matrix metalloproteinases (MMPs).

KEYWORDS: antibiotic resistance, antivirulence agent, elastase, LasB, binding mode, selectivity, Galleria mellonella

he increasing emergence of resistant bacteria poses a
threat to pubhc health, especially in the case of Gram-
negative species."”” Pseudonionas aeruginosa is one of the three
most problematic pathogens on the WHO priority list." It is the
reason for many hospital-acquired infections as well as fatal
lung infections in cystic fibrosis and bronchiectasis patients.”"
To combat the rise of antibiotic-resistant Pseudomonas
aeruginosa infections, novel treatment options are urgently
needed.*®
A promising new approach to reduce selection pressure is to
target bacterial virulence in order to disarm pathogens rather
than to kill them.””'" Pseudomonas aeruginosa produces
numerous virulence factors contributing to disease progression,
which provide attractive anti-infective targets.''™'* The
extracellular collagenase elastase (LasB) is a major virulence
factor, playmg a crucial role for the pathogenicity of
P. aeruginosa.”” The enzyme is a zinc—metalloprotease with
high structural similarity to thermolysin.'®'” One of its main
functions is the cleavage of components of the connective tissue

V ACS PUbI ications  © XXxx American Chemical Society

like elastin'® or collagen'® to allow the bacteria to colonize a
niche in the host. Tissue damage is further caused by disruption

of cell-to-cell junctions.'””” Additionally, LasB enables
P aerugmosa to evade the human immune response by cleavmg,
ia, 1gG,*' cytokines,” surfactant proteins A and D,
complement factor C3,”* or pulmonary defense receptor
PAR2.> Consequently, this protease represents an attractive
anti-infective target and its extracellular localization facilitates
drug discovery as permeation of the Gram-negative cell wall is
not needed.”*

LasB belongs to the thermolysin (M4) family of enzymes.”’
For this class, it has been reported that the rather open active
site cleft of the protease adopts a more closed conformation
upon inhibitor binding.”® To date, several zinc-chelating
inhibitors of LasB have been described,” > including
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compounds bearing a mercaptoacetamide motif attached either
to small peptides”™ or to aniline.”* Crystallographic data
shedding light on the binding mode of these thiols to the
protease has not been available yet. We have recently described
N-aryl mercaptoacetamide-based compounds as very potent
clostridial collagenase inhibitors with high selectivity toward
human matrix metalloproteinases (MMPs).** The compounds
contain a prodrug-like thiocarbamate-motif, which liberates free
thiols as the active form after hydrolysis in buffer. The best
collagenase H (ColH) inhibitor 1 (Figure 1) was also found to

inhibit LasB.
(0]
aeky
S NH
N
1

Figure 1. Structure of most potent ColH inhibitor 1.

In this work, we report a functional screening followed by
LC-MS validation for LasB inhibition of the focused TimTec
ActiTarg-P library previously used to discover the ColH
inhibitors. The only inhibitor resulting from the screening
was an N-aryl mercaptoacetamide. Encouraged by the
promising inhibitory activity and selectivity, we wanted to
gain further insight into LasB inhibition by this compound
class. We describe the activity and selectivity profiles of a broad
range of N-aryl mercaptoacetamides. An X-ray crystal structure
of a mercaptoacetamide-based inhibitor in complex with LasB is
presented revealing an unprecedented open conformation of
the active site, which harbors two inhibitor molecules. To the
best of our knowledge, this is the first description of inhibitor
binding to LasB which does not lead to a closure of the active
site cleft.

B RESULTS AND DISCUSSION

Screening for Novel LasB Inhibitors. In order to expand
the chemical space of LasB inhibitors, we performed a
functional screening based on the FRET-based in vitro assay
developed by Nishino and Powers.”® We used a protease
inhibitor-enriched library which, after removing structures
known as PAINS,*” comprised 1192 low molecular weight
compounds. In addition, we included 330 fragments (May-
bridge Fragment Library) into the screening. The only
compound showing more than 50% inhibition when tested at
100 M was mercaptoacetamide 2 (Figure 2). Several false-
positive hits had to be excluded because of quenching of
substrate fluorescence.

)OS
S._NH,
N e
2 (o]

Figure 2. Structure of screening hit 2.

Development of an LC-MS-Based Readout for the
FRET Assay. In the FRET-based proteolytic assay, active LasB
cleaves a quenched substrate, which results in an increase of
fluorescence.”® Enzyme inhibition leads to reduced substrate
cleavage and consequently to reduced fluorescence. However,
compounds interfering with the fluorophore by quenching

effects® can pretend enzyme inhibition, resulting in false-

positive hits.*”*" Several quenching compounds were found,
especially among fragments. To clarify if reduced fluorescence
was caused by protease inhibition or to quenching effects, we
developed an LC-MS-based readout for the FRET Assay.
Elastase cleaves the synthetic substrate Abz—Ala—Gly—Leu—
Ala—Nba (3) at the Gly—Leu bond,***! forming cleavage
products 4 and 5 (Figure 3A) which could be separated
chromatographically. Using the published LasB inhibitor
phosphoramidon® as a positive control, the FRET assay
results were excellently reproduced using an LC-MS-based
readout which was based on the mass peak of cleavage product
S (Figure S1). Applying this technology, we could detect
several false positives whose apparent inhibition in the FRET
assay was only due to quenching. Two examples are shown in
Figure 3B.

Structure—Activity Relationship of N-Aryl Mercaptoa-
cetamides. To elucidate the structure—activity relationship
(SAR) of N-aryl mercaptoacetamides, 35 derivatives were
purchased or synthesized (for further information, see the
Supporting Information) and tested for LasB inhibition
applying the FRET-based in vitro assay (Tables 1 and SI).
Nonpolar aromatic substituents, especially halogens, turned out
to be favorable for activity while polar hydrogen-bond accepting
moieties led to significantly reduced inhibition. For the o-, m-,
and p-Cl derivatives 9, 12, and 17 as well as m- and p-CH;
derivatives 13 and 21, no substantial effect of the substitution
position on activity was found. The same holds true for the
methoxy (11, 15, 23) and o- and p-phenyl (10, 18) analogues.
Introduction of a second substituent improved the ICg, at least
2-fold. Addition of methyl or chlorine substituents to 17
resulted in the best compounds 26, 27, and 28, displaying ICs,
values in the one-digit micromolar range. An exception is
dimethoxy derivative 32, which showed an activity similar to
the monomethoxy analogues 11, 15, and 23. In comparison to
the initial screening hit 2, the activity could be improved by
more than 2.5-fold. Two examples showed that the
introduction of a third substituent was not beneficial for
inhibition: Introduction of a methyl group to compound 26 led
to a 2-fold drop in activity (34), while no difference was
observed between di- and trimethyl derivatives 29 and 33.

Comparison to the SAR for ColH Inhibition. Interest-
ingly, the here reported SAR shows an inverse activity profile of
the N-aryl mercaptoacetamides compared to ColH. We
previously reported polar, hydrogen bond-accepting substitu-
ents, especially in para-position to the aniline function, to be
most potent for ColH inhibition.*® Contrary to that, oxygen-
containing compounds like, e.g, the methoxy-derivatives 11,
15, 23, and 32 showed considerably weaker LasB inhibition
compared to their halogen-substituted analogs. Strikingly, our
best ColH inhibitor 1 is one of the weakest inhibitors described
in this study. The position of the substituent substantially
affects inhibition of ColH but not of LasB.

Confirmation of Thiols as Active Compounds. As
previously described,™ thiocarbamates are rapidly cleaved to
the corresponding free thiols in aqueous buffers (Figure 4A).
Consequently, to confirm that the observed weaker activity on
LasB compared to clostridial collagenases was not due to slower
hydrolysis in LasB assay buffer, we performed the recently
reported LC-MS-based stability test. Fast hydrolysis of 17 in 50
mM Tris, pH 7.2, was observed with a thiocarbamate half-life of
3.7 + 0.1 min (Figure 4B). A third component was formed
which is most likely the disulfide oxidation product. Compound
hydrolysis proceeded faster than described for the ColH assay
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Figure 3. (A) Cleavage of FRET substrate Abz—Ala—Gly—Leu—Ala—Nba (3) into products 4 and S by LasB. Abz = 2-aminobenzoyl; Nba = 4-
nitrobenzylamide. (B) Structure and comparison of FRET (blue, v/v,) vs LC-MS results (red, A/A,) for fragments 6 and 7.

Table 1. Chemical Structures and LasB Inhibition of a Series of N-aryl Mercaptoacetamides
o]

N~ AL

X \n/\s NH,

RLJ o

Cp. R 1Cq, (M) Cp. R 1Cyy (uM) Cp. R 1Cy, (uM)
8 2-Br 114 + 02 17 4-Cl 157 + 0.4 26 2-CH;-3-Cl 59+03
9 2-Cl 141 + 0.5 18 4-Ph 19.8 + 1.4 27 3,4-di-Cl 62 +03
10 2-Ph 250 + 0.8 19 4-Br 228 + 1.1 28 2-CH,;-5-Cl 72 + 02
11 2-OCHj, 517 + 40 20 41 329+13 29 2,4-di-CH; 12.1 + 04
12 3-Cl 194 + 0.5 21 4-CH, 36.1 + 0.7 30 2,3-di-CH, 12.3 + 04
13 3-CH,4 475 + 14 22 4-0C,H; 476 + 1.1 2 3,4-di-CH, 160 + 1.9
14 3-F 592 + 09 23 4-OCHj, 477 £ 1.0 31 3-Cl-4-CH, 163 + 1.0
15 3-OCHj 617 + 2.1 1 4-COCH,4 731 +£ 25 32 2,4-di-OCH, 540 + 2.7
16 3-NHSO,CH; 1272 + 35 24 4-COOCH; 81.5 + 2.5 33° 2,4,6-tri-CH; 119 + 04
25 4-(CH,-1,2 4-triazole) 856 +23 34¢ 3-C1-2,6-di-CH, 119 + 0.4

“Compounds 33 and 34 were synthesized as free thiols.
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Figure 4. (A) Conversion of thiocarbamate 17 into corresponding free thiol 35. (B) LC-MS stability assay showing fast hydrolysis of 17 into 35 in
S0 mM Tris, pH 7.2 (10% methanol), at 37 °C. (C) In vitro results for 17 and 35 are in accordance with the LC-MS results.

at 22.5 °C,* indicating temperature dependence of hydrolysis. the LC-MS assay that compound activation occurs within the
Additionally, we found the same in vitro activity of selected preincubation time of our assay (Figures 4C and 5). Unlike
thiols compared to their prodrugs, confirming the results from thiols, which can be oxidized to disulfides,” these thiocarba-
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Figure 5. (A) Structure of thiol 36. (B) FRET assay results for 36 and
prodrug 27. Nonlinear regression was performed with the Hill Slope
constrained to 1.

mate prodrugs have the advantage of being stable toward
oxidation. As expected, the inactivity of dithiocarbamates 75—
82 (Table S1) could be explained by their stability toward
hydrolysis (Figure S2).

Binding Mode of Compound 36 to LasB. To elucidate
the binding mode of the N-aryl mercaptoacetamides to LasB,
we cocrystallized compound 27 with LasB purified from
Pseudomonas aeruginosa PA14 culture supernatant. The putative
LasB—27 complex crystallized in space group P2, and crystals
diffracted to 1.3 A resolution (Figure 6). The structure was

Figure 6. Structure of LasB in complex with 36. Cartoon
representations of LasB (cyan) in complex with 36 (black, gray).
The difference electron density (F, — F.) contoured to 3o with phases
calculated from a model that was refined in the absence of 36 is shown
as a yellow isomesh. The active-site zinc ion is shown as a gray sphere
and calcium ion, as a green sphere. Residues involved in binding of 36*
and 36 are shown as sticks.

solved by molecular replacement using the published LasB apo
structure (PDB ID 1EZM) as a search model. Full details of the

data collection and refinement statistics can be found in Table
S2.

Hydrolysis of 27 to 36 was expected from the stability tests
and from the in vitro assay using the corresponding thiol 36,
and indeed, there was no electron density for the thiocarbamate
group observed. These observations confirm that the prodrug
moiety does not contribute to the inhibitory activity. To our
surprise, instead of one molecule, the active site of LasB
contained unambiguous electron density for two molecules of
36, arranged in an antiparallel fashion (hereafter, referred to as
36" and 36"). In the LasB apo structure, the active-site zinc ion
is coordinated by the side chains of His140, His144, and
Glul64 as well as one water molecule. The free thiol of 36*
displaces the water molecule to complete the tetrahedral
coordination sphere (sulfur—zinc distance of 2.3 A). The
carbonyl oxygen of 36" forms a bidentate hydrogen bond with
Argl98 in the S1’ binding site (2.2 A/2.3 A), while the side
chain of His223 forms a hydrogen bond with the thiol and
amide nitrogen (2.4 A/3.5 A). The amide nitrogen of the
second molecule hydrogen bonds with Asnl12 in the edge
strand (2.0 A), while its aromatic core lies in the lipophilic S2’
binding pocket. The tolerance of substitution at different
positions without crucial changes in activity can be explained by
the relatively large size of the binding site in comparison to the
rather narrow binding pocket of ColH. Calculations performed
with Molecular Operating Environment (MOE) software*
enabled us to determine differences in the acidity of the thiol
groups: Zinc coordination significantly increased thiol acidity,
reducing the pK, value from 9.0 in solution to 4.0. These results
indicate full ionization of this sulfur atom when bound to the
active site. In contrast, no significant change in the acidity of the
nonzinc bound thiol could be determined, indicating a
protonated state of this sulfur atom. It appears probable that
binding of 36" is required for 36" to bind to the protein by
providing a hydrophobic surface anchored to the active-site zinc
ion 36" with which it can interact. Regarding the Hill Slope of 1
in the in vitro assay for 36 (Figure SB), it seems that only one
binding event is necessary for full inhibition. This indicates that
a second molecule might not be required for the activity of the
compound and its absence in solution cannot be excluded.

Elastase belongs to the M4 family of peptidases, showing
high similarity to thermolysin from Bacillus thermoproteolyti-
cus.”’ Tts C-terminal domain is composed mostly of a-helices,
while the N-terminal domain is formed predominantly by
antiparallel f-sheets. The active site cleft is positioned within
the hinge region in between the two domains.'” Interestingly,
binding of 36" and 36" does not lead to a closure of the active
site cleft as it has been reported after binding of
phosphoramidon™ and another peptidic inhibitor." In fact,

Figure 7. (A) Structure of 37, the N-benzyl derivative of active thiol 36. (B) Surface representation of LasB bound to two molecules of 27. (C)
Modeling of 37, the N-benzyl derivative of the active thiol 36 based on the X-ray crystal structure.
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Scheme 1. Synthesis of N-Benzyl Mercaptoacetamides®
cl cl
2, ——
cl NH; o cl NH
N sadifs'c
(A Br R:—
5 =
47-54

b

39-44,46 4

39R=H
40R =3-F
#MR=4F
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“Reagents and conditions: (a) sodium triacetoxyborohydride, DCM, RT, 20 h (47—52, 54), or 3-methoxybenzylbromide, K,CO;, DMF, 120°C, 20
h (53); (b) chloroacetyl chloride, acetone, 0 °C to r.t, 1.5 h; (c) ammonium thiocyanate, ethanol, 80 °C, 2 h; (d) sulfuric acid, acetic acid, 0 °C, 30

min.

the open conformation observed in the apo structure is virtually
unperturbed (C, rmsd of just 0.24 over 290 residues, Figure
§3). It seems likely that the antiparallel binding of two
molecules of 36 prevents the active site from closing and thus
allows the enzyme to be addressed in an open conformation.
This offers a completely new avenue for the design of LasB
inhibitors.

In the work of Zhu et al,, a primed binding mode of N-aryl
mercaptoacetamides to the LasB active site was proposed on
the basis of docking studies.”* We experimentally confirmed the
inhibitor to be placed in the primed binding pocket. However,
there are substantial differences in the orientation of the
inhibitor, mainly owing to the presence of two molecules. The
reported docking studies suggested additional chelation of the
zinc atom by the carbonyl group of the inhibitor, which we
demonstrated to hydrogen bond with Argl98. The proposed
hydrogen bond between Asn112 and the amide nitrogen of the
inhibitor is indeed present, yet it is formed by 36" and not by
the zinc chelating 36"

Structure-Based Optimization. Binding of a single
molecule to the binding site instead of two might have an
entropic benefit resulting in improved inhibition. Hence, we
tried to replace the second, nonzinc chelating molecule and to
grow the zinc-binding molecule deeper into the binding pocket,
using the crystal structure of the LasB—36 complex. Modeling
approaches showed a benzyl group to be appropriate to fill the
part of the binding pocket occupied by the aromatic core of the
nonzinc binding molecule (Figure 7).

A straightforward approach was used to synthesize N-benzyl
derivatives of compound 27 (Scheme 1): N-benzyl substituted
anilines 47—54 were obtained via reductive amination, using
aniline 38 and a variety of benzaldehydes (39—44,46). Amide
coupling with chloroacetyl chloride led to intermediates $5—
62. Replacement of the a-chlorine by a thiocyanate group was
followed by hydrolysis to the respective thiocarbamates 63—70
using a mixture of concentrated sulfuric acid and acetic acid."’

Introduction of a benzylic group at the position of the amide
nitrogen of 27 led to an active compound with an IC;, of 20.4
+ 0.9 uM (63, Table 2). The activity was approximately 3-fold
lower compared to the nonbenzylated compound (Table 1).
We introduced halogens at several positions of the benzyl
group (64—67) to improve hydrophobic interactions with the
lipophilic part of the binding pocket. The activity was slightly
increased compared to 63; however, with ICgy’s in the two-digit
micromolar range, our compounds were still less active than 27.
The polar phenol and methoxyphenol derivatives 68 and 69
inhibited LasB in the same range as the halogenated
compounds 64—67, indicating that the lipophilic part of the

Table 2. Structure and LasB Inhibition of N-Substituted
Derivatives 63—74

Rw o
C]D/N\[(\S)J\NHZ
Cl o

R

Cp. ICsp (uM)
63 Ph 204 + 09
64 3'-F-Ph 12.6 + 0.4
65 4'-F-Ph 153 + 0.6
66 3'-Cl-Ph 173 £ 0.8
67 2',3",5"-tri-Cl-Ph 159 £ 0.9
68 3"-OH-Ph 17.6 + 0.6
69 3'-OCH;-Ph 143 + 0.6
70 3'-OCH;-4'-F-Ph 183 + 0.9
71 H 159 £ 0.7
72 n-C,Hg 150 + 0.5
73 C,H, 545 +23
74 CHy, 27.6 + 1.4

binding pocket might not be reached. Combination of the 4'-
fluorine of 65 and the 3’-methoxy group of 69 did not lead to
an additive effect (70).

Given that the activity could not be improved by introducing
rigid aromatic functions, we investigated conformationally more
flexible alkyl substituents. Synthesis was achieved following the
same procedure (Scheme 1) using the respective alkyl
aldehydes, giving compounds 71—74 (Table 2). Similar to
the benzyl compounds 63—70, introduction of alkyl sub-
stituents at the amide nitrogen led to a loss of activity,
especially in case of the rather bulky neopentyl and cyclo-
hexylmethyl substituents (73 and 74). Considering that
replacement of the amide hydrogen by the methyl group
already resulted in @ more than 2-fold loss of activity (71), we
concluded that the hydrogen bond formed between Asnll2
and the second molecule in the binding pocket plays an
important role for compound binding.

To assess the impact of N-substitution on thiocarbamate half-
life, the stability of 68 and 74 was analyzed. Again, we proved
that thiocarbamates were cleaved rapidly; thus, the reduced
activity was not caused by slower compound activation in assay
buffer (Figure $4).

Selectivity toward Further Proteases. MMPs are
ubiquitously present in the human body, playing pivotal roles
in the progress of various diseases but also exerting beneficial
effects on human health. The unselective inhibition of various
MMPs was the reason for the failure of several protease
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inhibitors, while selectively inhibiting specific MMPs remains a
challenging task in protease drug discovery.”™> Several
bacterial protease inhibitors lacking MMP selectivity have
been reported.”*™>® Thiol-based LasB inhibitors have been
tested toward selected MMPs.>**" In this context, the
inhibition of range of six MMPs with structural variation in
their S1’ binding pocket’” (deep: MMP-3 and -14;
intermediate: MMP-2 and -8; shallow: MMP-1 and -7) was
analyzed for 27. As we previously demonstrated for other N-
aryl mercaptoacetamides,™ 27 did not inhibit this broad range
of MMPs at concentrations up to 100 uM either (Figure S5).

In contrast to these antitargets, bacterial metallo-f-lactamases
represent attractive additional targets, since cleavage of p-
lactam antibiotics by these proteases is a crucial mechanism of
antibiotic resistance.” Inhibition of metallo-B-lactamases by
thiol-based inhibitors has been reported to restore the activity
of f-lactam antibiotics.”™®* To this end, we tested IMP-7, a
metallo-B-lactamase present in clinical isolates of P. aeruginosa
for in vitro inhibition by prodrug 27 and thiol 36. Interestingly,
the enzyme was found to be inhibited by 27 (1.16 + 0.07 uM)
as well as 36 (0.86 + 0.06 uM).

Cytotoxicity Assays. For a potential therapeutic applica-
tion in humans, we analyzed the cytotoxicity of thiocarbamate
17 as well as thiols 35 and 36 toward two different human cell
lines (Table 3). As described previously,”® the mercaptoaceta-

Table 3. Cytotoxicity of 17, 35, and 36 in HEP G2 and
HEK293 Cells

reduction of viability [%]

Cp. conen [uM] HEP G2 HEK293
17 100 26 + 16 51+ 12
35 100 28 + 12° S1+4
36 100 25+3 2+S5
doxorubicin 1 50 + 5° 49 +7
rifampicin 100 29 + 5¢ 19+ 3
batimastat 100 13 +7¢ 2%2

“Values taken from Schonauer et al.**

mides had only a low cytotoxic effect on HEP G2 cells at a
concentration as high as 100 M. Likewise, the cytotoxic effect
on HEK293 cells was also low at this high concentration.
Galleria mellonella Infection Model. Stimulated by the
promising in vitro results, the in vivo efficacy of our compounds
was investigated. Infection models with Galleria mellonella
larvae have previously been employed by us to assess novel
treatment options for Pseudomonas aeruginosa-induced infec-
tions63'6"_ and were reported to highly correlate with mouse
models.”> We analyzed the effect of prodrug 27 and active thiol
36 by coinjecting them with PA14. The larvae were challenged
with PA14 concentrations corresponding to two times the
LDy, Compared to PAl4-infected larvae receiving no
treatment, 2.5 nmol of 36 significantly increased the survival
of G. mellonella from 43% to 72% after 65 h (Figure 8).
Notably, not only the survival time was increased, as reported
for LasB inhibitors in a C. elegans model,*" but also the survival
rate. However, administering the same concentration of
thiocarbamate prodrug did not lead to a significant effect,
indicating an insufficient release of the thiol in G. mellonella
hemolymph. These findings prove the potential of LasB
inhibition to effectively reduce P. aeruginosa pathogenicity.

— 1004 —
=
g 80+
c —— PBS Control
a 50 PA14 + 2.5 nmol 36
K] 21,
3 404 PA14 + 2.5 nmol 27
§ - PA14
E 20-
o 0 T T T 1

0 20 40 60 80
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Figure 8. Survival curves for PA14-challenged Galleria mellonella larvae
receiving treatment with 2.5 nmol 27 or 36 in comparison to larvae
receiving treatment with PBS only. Curves represent results from at
least three independent measurements. The survival rate was
significantly higher for larvae treated with 36 (p = 0.0003, log-rank
test) but not with 27. The survival rate for larvae treated with the
compounds in PBS was 100%.

B CONCLUSION

In this study, a functional screening of a protease-inhibitor
enriched library and a fragment library was performed using a
well-established FRET assay, with the aim to expand the
chemical space of LasB inhibitors. An LC-MS-based counter-
screen was developed, allowing identification of false-positives.
Only one real screening hit was identified, an N-aryl
mercaptoacetamide. Compounds of this class are known to
be inhibitors of LasB as well as of ColH from C. histolyticum.
We analyzed the inhibition of a further 35 derivatives of this
class of fragment-like molecules. Interestingly, the SAR was
inverse to the activity profile we discovered for ColH, allowing
rational optimization of the compound class to selectively
inhibit either LasB or ColH. The X-ray crystal structure of a
LasB—inhibitor complex was solved, revealing a primed binding
mode of two thiol molecules to the active site of the protease.
Importantly, our results show that inhibitor binding does not
necessarily lead to a closure of the binding pocket, as it has
been described for thermolysin-like proteases. These findings
pave the way for the development of novel LasB inhibitors
targeting the open conformation of the enzyme, providing an
important starting point for lead optimization. The structural
information obtained by X-ray crystallography was used to
grow the fragments by introducing benzyl or alkyl groups.
These compounds indeed inhibited LasB, yet the activity was
not improved. Supposably, the conformation of the N-
substituted compounds is not ideal to replace the second
inhibitor molecule in the binding pocket. With the f-lactamase
IMP-7, we discovered an additional target of the N-aryl
mercaptoacetamides, which is attractive for the development of
novel anti-infectives. Furthermore, in vivo efficacy was
demonstrated using a Galleria mellonella infection model. The
survival rate of PA14-infected larvae was increased significantly
when treated with our best thiol. Considering the fragment-like
character of our inhibitors and the fact that they represent
antivirulence agents instead of traditional antibiotics, this is a
remarkable effect. These results underline the potential of
reducing bacterial pathogenicity to develop novel antibacterial
drugs, which are urgently needed to combat antibiotic
resistance. N-aryl mercaptoacetamides prove particularly
interesting for the development of such drugs, since they
display high selectivity toward human MMPs.

DOI: 10.1021/acsinfecdis.8b00010
ACS Infect. Dis. XXXX, XXX, XXX=XXX



ACS Infectious Diseases

51

B EXPERIMENTAL SECTION

Expression and Purification of LasB. Pseudomonas
aeruginosa PA14 were grown in lysogeny broth medium for
72 h at 37 °C. Cells were removed by centrifugation (5000
rpm, 4 °C, 60 min), and the supernatant was filtered through a
bottle-top-filter (0.20 pm). Purification was performed
according to the method described by Morihara et al.® with
few modifications. The precipitate formed by acetone treatment
was dissolved in water and dialyzed against buffer A (20 mM
Tris, pH 8.0). The dialyzed sample was then loaded onto a
Hitrap Q HP column (GE Healthcare, Little Chalfont, UK)
and washed back to baseline in buffer A, before being eluted
with a gradient from buffer A into buffer A2 (20 mM Tris, pH
8.0, 1 M NaCl). The fractions with the strongest activity were
pooled together (in vitro assay described below) and loaded
onto a Superdex 200 gel filtration column (GE Healthcare) that
was pre-equilibrated with buffer B (20 mM Tris, pH 8.0, 2 mM
CaCl,). Protein purity and activity was assessed by SDS-PAGE
and the in vitro inhibition assay.

In Vitro Inhibition Assay. For the initial screening, Elastase
was purchased from Elastin Products Company (Owensville,
MO, USA) or Merck (Darmstadt, Germany). Later, purified
elastase prepared according to the procedure described above
was used. The fluorogenic substrate 2-Aminobenzoyl-Ala-Gly-
Leu-Ala-4-Nitrobenzylamide®® was purchased from Peptides
International (Louisville, KY, USA). Fluorescence intensity was
measured for 60 min at 37 °C in black 384-well microtiter
plates (Greiner BioOne, Kremsmiinster, Austria) using a
CLARIOstar microplate reader (BMG Labtech, Ortenberg,
Germany) with an excitation wavelength of 340 + 15 nm and
an emission wavelength of 415 + 20 nm. The assay was
performed in a final volume of 50 4L of assay buffer (50 mM
Tris, pH 7.2, 2.5 mM CaCl,, 0.075% Pluronic F-127, 5%
DMSO) containing LasB at a final concentration of 10 nM
(commercial batch) or 0.3 nM (purified batch) and the
substrate at 150 uM. Before substrate addition, compounds
were preincubated with the enzyme for 15 min at 37 °C.
Experiments were performed in duplicates and repeated for at
least two times. Blank controls without enzyme were
performed. After blank subtraction, the slope of samples
containing inhibitors (v) was divided by the slope of a
simultaneously started uninhibited enzymatic reaction ().
ICs, values were determined with nonlinear regression using
GraphPad Prism $ (Graph Pad Software, San Diego, CA, USA)
and are given as mean values + standard deviation (SD). The
slope factor was constrained to 1.

LC-MS-Based Readout for the FRET Assay. The FRET-
based fluorescence assay was performed according to the
procedure described above using S0 mM Tris, pH 7.2. At the
end of the measurement, the enzymatic reaction was stopped
by adding formic acid at a final concentration of 2%.
Simultaneously, amitryptiline was added as internal standard.
The resulting mixture was diluted 1:10 in a mixture of 10%
acetonitrile in Milli-Q water containing 2% formic acid,
resulting in a 10 #M amitryptiline concentration. The analyses
were performed using a TF UltiMate 3000 binary RSLC
UHPLC (Thermo Fisher, Dreieich, Germany) equipped with a
degasser, a binary pump, an autosampler, and a thermostated
column compartment and a MWD, coupled to a TF TSQ
Quantum Access Max mass spectrometer with heated electro-
spray ionization source (HESI-II). For gradient elution, an
Accucore RP-MS column (150 X 2.1 mm, 2.6 pm, Thermo

Fisher, Dreieich, Germany) was used with a mobile phase
consisting of acetonitrile containing 1% formic acid (FA; v/v;
eluent A) and water containing 1%¢ FA (v/v; eluent B) at a
flow rate of 400 yL/min under the following conditions: 0—0.9
min 10% A, 0.9—2.5 min 10—50% A, 2.5—5.5 min 50—70% A,
5.5—6 min hold, and 6—6.5 min 10% A, giving a total run time
of 6.5 min. The injection volume was 10 yL. The divert valve
was set to 1.6 min. The autosampler temperature was set to 6
°C. The following MS conditions were used: electrospray
ionization (ESI), positive mode, sheath gas, nitrogen at a flow
rate of 35 arbitrary units; auxiliary gas, nitrogen at flow rate of
10 arbitrary units; vaporizer temperature, 50 °C; ion transfer
capillary temperature, 270 °C; capillary offset, 15 V; spray
voltage, 3000 V. The mass spectrometer was operated in the
SIM mode with the following masses: 4, m/z 266.1 (tube lens
offset 120 V); amitryptiline, n/z 278.1 (tube lens offset 90 V);
S, m/z 337.0 (tube lens offset 120 V); 3, m/z 584.1 (tube lens
offset 120 V) with a scan width of m/z 2.0 and a scan time of
0.1 s, respectively. Measurements were performed in duplicates
and repeated for at least two times. Observed retention times
were as follows: 4, 2.00 min; §, 3.52 min; amitryptiline, 4.02
min; 3, 4.37 min. MS-peak areas were determined using TF
Xcalibur Software. Peak areas were normalized by ISTD peak
area (giving A) and divided by the peak area of the respective
ISTD normalized sample without inhibitor (A,). ICs, values
were determined using the method described above (GraphPad
Prism § software).

LC-MS-Based Stability Assay. The assay was performed as
described previously® using 50 mM Tris, pH 7.2, and a
temperature of 37 °C.

Screening Library. The protease inhibitor enriched
screening library (ActiTarg-P) was purchased from TimTec
(Newark, DE, USA). Fragments were obtained from the
Maybridge Fragment Library (Maybridge, Altrincham, UK).
Compounds were stored as DMSO stock solutions.

Chemistry. All reagents were used from commercial
suppliers without further purification. Procedures were not
optimized regarding yield. NMR spectra were recorded on a
Bruker Fourier 300 (300 MHz) spectrometer. Chemical shifts
are given in parts per million (ppm) and referenced against the
residual proton, 'H, or carbon, *C, resonances of the >99%
deuterated solvents as internal reference. Coupling constants
(J) are given in Hertz. Data are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, t = triplet, m =
multiplet, br = broad and combinations of these) coupling
constants, and integration. Mass spectrometry was performed
on a SpectraSystems-MSQ LCMS system (Thermo Fisher,
Dreieich, Germany). Flash chromatography was performed
using the automated flash chromatography system CombiFlash
Rf+ (Teledyne Isco, Lincoln, NE, USA) equipped with
RediSepRf silica columns (Axel Semrau, Sprockhdvel Ger-
many) or Chromabond Flash C18 columns (Macherey-Nagel,
Diiren, Germany). Purity of compounds synthesized by us was
determined by LCMS using the area percentage method on the
UV trace recorded at a wavelength of 254 nm and found to be
>95%. Thiols and thiocarbamates were synthesized according
to the procedures described previously.” N-benzyl and N-aryl
mercaptoacetamides were synthesized according to Schemes S1
and S2 using General Procedures 1-3 as described in more
detail in the Supporting Information.

Human MMP Inhibition Assay. The catalytic domains of
MMP-1, -2, -3, -7, -8, and -14 along with the SensoLyte 520
Generic MMP Activity Kit were purchased from AnaSpec
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(Fremont, CA, USA). The assay was performed as described
previously using Batimastat as a positive control,*® according to
the guidelines of the manufacturer.

p-Lactamase Inhibition Assay. Activity assays for IMP-7
were carried out, as described by Klingler et al.*’ Final protein
concentrations of 0.1 nM in a 50 mM HEPES buffer (pH 7.5,
0.01% Triton X-100). Substrate (Fluorocillin (Invitrogen,
Darmstadt, Germany)) was dissolved in assay buffer to a final
concentration of 888 nM. Test compounds were dissolved and
prediluted in DMSO (final concentration: 1%). In a black
polystyrol 96-well plate (Corning), an amount of 1 xL of the
respective inhibitor solution at different concentrations was
incubated with 89 L of IMP-7 containing buffer for 30 min at
room temperature. Ten uL of substrate solution was added.
The readout of the emitted fluorescence was started
immediately (45 s for 30 cycles) using a Tecan Infinite
F200Pro (Tecan Group Ltd.; excitation at 495 nm and
emission at 525 nm). Blank controls were performed without
enzyme. Positive controls were performed with enzyme but
without inhibitor. The inhibitory activity of each test
compound was measured in three independent experiments.
For calculation of ICg, values, data obtained from measure-
ments with eight different inhibitor concentrations were used.
For the evaluation of the sigmoidal dose response equation
(variable slope with four parameters), GraphPad Prism $
(GraphPad Software, La Jolla, CA, USA) was used.

Cytotoxicity Assays. Hep G2 or HEK293 cells (2 x 10°
cells per well) were seeded in 24-well, flat-bottomed plates.
Culturing of cells, incubations, and OD measurements were
performed as described previously”” with small modifications.
Twenty-four hours after seeding the cells, the incubation was
started by the addition of compounds in a final DMSO
concentration of 1%. The living cell mass was determined after
48 h. At least two independent measurements were performed
for each compound.

Galleria mellonella Virulence Assay. The v1ru1ence assay
was performed as described by Lu et al® with some
modifications: Galleria mellonella larvae (TruLarv) were
purchased from BioSystems Technology (Exeter, United
Kingdom). Injections were performed using a LA120 syringe
pump (Landgraf Laborsysteme, Langenhagen, Germany)
equipped with 1 mL Injekt-F tuberculin syringes (B. Braun,
Melsungen, Germany) and Sterican 0.30 X 12 mm, 30G X L.§
needles (B. Braun). The following treatment conditions were
applied: (a) sterile PBS solution, (b) PA14 suspension, (c) 2.5
nmol of 27 in “b”, (d) 2.5 nmol of 36 in “b”, (e) 2.5 nmol of 27
in “a”, and (f) 1.25 nmol of 36 in “2”. Samples a—e contained
1% DMSO and f, 0.5%. For each treatment, data from at least
three independent measurements were combined.

X-ray Crystallography. LasB was concentrated to 10—12
mg/mL and mixed with inhibitor 27 at a final concentration of
1 mM. Complex crystals were grown by the sitting drop
method using a reservoir solution containing 0.2 M magnesium
chloride and 30% (w/v) PEG 3350. Crystals were cryopro-
tected in glycerol, and diffraction data was collected from single
crystals at 100 K at beamline 1D23-2 (ESRF) at a wavelength of
0.873 A. Data was proceeqed using Xia2,” and the structure was
solved using PHASER® molecular replacement with Pseudo-
monas aeruginosa elastase (PAE, PDB ID 1EZM) as a search
model. The solution was manually rebmlt with COOT” and
refined using PHENIX”' and RefmacS.”” The final refined
structure of LasB in complex with compound 27 was deposited
in the Protein Data Bank (PDB) as entry 6F8B.

Molecular Modeling. Molecular modeling was performed
with Molecular Operating Environment 2015.10 (MOE)
software (Chemical Computing Group, Montreal, Canada)
using standard parameters. In the cocrystal structure of LasB
and 36, inhibitor molecule 36® was removed and 36" was
grown using the Builder function. The final structure was
energy-minimized using the QuickPrep function. AMBER10:-
EHT was used as a force field.
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1  Supporting Tables and Figures

Table S1. Structures of compounds showing no activity in the in vitro LasB inhibition assay.
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Table S2. Data collection and refinement statistics.

LasB-27

Resolution range

38.22 - 1.3(1.346 -1.3)

Space group

P1211

Unit cell

40.390.041.990 114.1 90

Total reflections

128214 (12304)

Unique reflections

64739 (6304)

Multiplicity

2.0 (2.0)

Completeness (%)

96.96 (94.56)

Mean I/sigma(l) 17.78 (3.97)
R-merge 0.02876 (0.1924)
R-work 0.1421 (0.1982)
R-free 0.1557 (0.2238)
Number of non-hydrogen atoms 2736

macromolecules 2285

ligands 28

solvent 423
Protein residues 298
RMS(bonds) 0.008
RMS(angles) 0.99
Ramachandran favored (%) 96.28
Ramachandran allowed (%) 3.38
Ramachandran outliers (%) 0.34
Rotamer outliers (%) 0.43
Clashscore 2.50
Average B-factor 13.78

macromolecules 11.34

ligands 16.93

solvent 26.79

Statistics for the highest-resolution shell are shown in parentheses.
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Figure S1. Comparison of FRET-assay results (blue, v/vo) with results from the LC-MS-based counterassay (red, A/Ao) using
the positive control phosphoramidon. ICso values: 207 + 13 nM (FRET); 223 + 15 nM (LC-MS)

LasB Assay Buffer
50 mM Tris pH 7.2 (10% MeOH), 37°C
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Figure S2. LC-MS stability assay of dithiocarbamate 75 in 50 mM Hepes pH 7.2 (10% methanol) at 37°C, confirming
dithiocarbamates to be stable toward hydrolysis within the experimental timeframe of the assay.

Figure S3. Superposition of LasB apo (yellow) with LasB-27 (cyan). Binding of the inhibitor does not trigger LasB to adopt a
closed conformation.
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LasB Assay Buffer
50 mM Tris pH 7.2 (10% MeOH), 37°C
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Figure S4. LC-MS stability assay of compounds 68 and 74, showing N-substitution not to affect thiocarbamate half-life.
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Figure S5. Inhibition of selected MMPs by 27. Values are means of at least three independent determinations at 100 pM (50

UM on MMP-8).
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2 Synthetic Procedures

2.1  Thiol synthesis

2-mercapto-N-mesitylacetamide (33)

Joem

2.4 6-trimethylaniline (208 pL, 1.48 mmol) was placed in a crimp vial. The vial was evacuated and
flushed with nitrogen three times, followed by addition of thioglycolic acid (114 pL, 1.62 mmol). The
vial was flushed with argon and heated to 120°C for 6 hours. The crude was purified using automated
flash chromatography (reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 5:95
to 100:0) to vield the title compound as a white powder (43 mg, 14%). '"H NMR (300 MHz, DMSO-ds)
S ppm 2.10 (s, 6 H), 2.21 (s, 3 H), 2.93 (br. s, 1 H), 3.28 (s, 2 H), 6.86 (s, 2 H), 9.30 (s, 1 H); *C NMR
(75 MHz, DMSO-ds) d ppm 17.9, 18.1,20.5,27.2, 128.2, 132.1, 134.8, 135.4, 168.5; MS (ESI') m/z 210
(M+H)’

N-(3-chloro-2,6-dimethylphenyl)-2-mercaptoacetamide (34)

e
(o]

3-chloro-2,6-dimethylaniline (170 mg, 1.09 mmol) was placed in a crimp vial. The vial was evacuated
and flushed with nitrogen three times, followed by addition of thioglycolic acid (91 pL, 1.30 mmol).
The vial was flushed with argon and heated to 120°C for 40 hours. The crude was purified using
automated flash chromatography (reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic
acid 30:70 to 80:20) to yield the title compound as a white powder (33 mg, 13%). 'H NMR (300 MHz,
DMSO-ds) 8 ppm 2.14 (s, 3 H), 2.18 (s, 3 H), 2.99 (br. s., 1 H), 3.32 (s, 2 H), 7.11 (d,J=8.2 Hz, 1 H),
7.27(d,J =83 Hz, 1 H), 9.61 (s, 1 H); *C NMR (75 MHz, DMSO-ds) 8 ppm 15.3, 17.8, 27.1, 127.1,
128.4,130.8, 133.3, 134.5, 136.2, 168.7; MS (ESI") m/z 230 (M+H)"
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N-(4-chlorophenyl)-2-mercaptoacetamide (35)

H
JOR S
Cl o

4-chloroaniline (200 mg, 1.57 mmol) was placed in a crimp vial. The vial was evacuated and flushed
with nitrogen three times, followed by addition of thioglycolic acid (120 pL, 1.72 mmol). The vial was
flushed with argon and heated to 120°C for 5 hours. The crude was purified by automated flash
chromatography (petroleum ether:ethyl acetate 90:10 to 70:30) to yield the title compound as a white
powder (187 mg, 59%). 'H NMR (300 MHz, DMSO-ds) & ppm 2.97 (br. s., 1 H) 3.29 (s, 2 H)
7.30-7.42(m, 2 H) 7.53 - 7.68 (m, 2 H) 10.21 (s, 1 H): *C NMR (75 MHz, DMSO-d¢) & ppm 28.2,
120.6, 126.9, 128.7, 137.9, 168.7; MS (ESI") m/z 202 (M+H)'

N-(3.4-dichlorophenyl)-2-mercaptoacetamide (36)

C.Ijnrw

Cl e

3.4-dichloroaniline (800 mg, 4.94 mmol) was placed in a crimp vial. The vial was evacuated and flushed
with nitrogen three times, followed by addition of thioglycolic acid (350 pL, 5.02 mmol). The vial was
flushed with argon and heated to 120°C for 5 hours. The crude was purified by automated flash
chromatography (petroleum cther:ethyl acetate 90:10 to 55:45) to yield the title compound as a white
powder (792 mg, 68%). 'H NMR (300 MHz, DMSO-ds) & ppm 3.00 (s, 1 H), 3.31 (s, 2 H), 7.47
(dd,J=89,24Hz 1 H),758(d,J=8.8Hz, 1 H), 797 (d,J=2.4Hz, 1 H), 10.38 (s, 1 H); *C NMR
(75 MHz, DMSO-ds) & ppm 28.3, 119.1, 120.2, 124.8, 130.7, 131.0, 139.0, 169.1; MS (ESI") m/z 236
(M+H)"
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2.2 Thiocarbamate synthesis

S-(2-(] 1,1'-biphenyl]-2-ylamino)-2-oxoethyl) carbamothioate (10)

O - J\/s
NH4SCN EtOH
O 4 h, reflux

2-Aminobiphenyl (100 mg, 0.59 mmol) was added to a solution of chloroacetic acid (56 mg, 0.59 mmol)
and ammonium thiocyanate (45 mg, 0.59 mmol) in 5 mL absolute cthanol. The reaction was refluxed
for 4 hours. Water was added and the mixture extracted with ethyl acetate. The combined organic phases
were washed with brine, dried over sodium sulfate and concentrated under reduced pressure to give the
crude which was purified using automated flash chromatography (reversed-phase: acetonitrile + 0.1%
formic acid:water + 0.1% formic acid 20:80 to 80:20) to yield the title compound as a white powder
(44 mg, 26%). '"H NMR (300 MHz, DMSO-d¢) & ppm 3.53 (s, 2 H), 7.20 - 8.00 (br. s, 2 H), 7.22 - 7.50
(m, 8 H), 7.65 (d, J = 7.8 Hz, 2 H), 9.25 (s, 1 H); *C NMR (75 MHz, DMSO-d¢) & ppm 33.4, 1254,
125.6,127.4,127.8, 128.6, 128.8, 130.3, 134.5, 135.2, 138.3, 166.0, 167.3; MS (ESI") m/z 287 (M+H)"

S-(2-((3-(methylsulfonamido)phenyl)amino)-2-oxoethyl) carbamothioate (16)

o)
TN NH,
O H NH4SCN EtOH
5h reflux 16

N-(3-Aminophenyl)methanesulfonamide (100 mg, 0.54 mmol) was added to a solution of chloroacetic
acid (51 mg, 0.54 mmol) and ammonium thiocyanate (41 mg, 0.54 mmol) in 5 mL absolute ethanol. The
reaction was refluxed for 5 hours. Water was added and the mixtrue extracted with ethyl acetate. The
combined organic phases were washed with brine, dried over sodium sulfate and concentrated under
reduced pressure to give the crude which was purified using automated flash chromatography (reversed-
phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 5:95 to 30:70) to yield the title
compound as a white powder (33 mg, 20%). 'H NMR (300 MHz, DMSO-ds) & ppm 2.97 (s, 3 H), 3.68
(s,2H),6.88 (m, 1 H),7.24 (t,J=8.1 Hz, 1 H), 7.34 (m, 1 H), 7.40 - 7.89 (br..s., 2 H), 7.50 (t, J = 2.0 Hz,
1 H). 9.75 (s, 1 H), 10.17 (s, 1 H); *C NMR (75 MHz, DMSO-ds) & ppm 34.1, 110.3, 114.5, 114.6,
129.5, 138.8, 139.8, 166.2, 167.0; MS (ESI") m/z 304 (M+H)*
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S-(2-((3-((1H-1,2,4-triazol-1-yl)methyl)phenyl)amino)-2-oxoethyl) carbamothioate (25)

o]
=N =i
NN R . - NN JJ\/S
2 NH,SCN, EtoH
5 h, reflux 25

4-((1H-1,2,4-triazol-1-yl)methyl)aniline (100 mg, 0.57 mmol) was added to a solution of chloroacetic
acid (54 mg, 0.57 mmol) and ammonium thiocyanate (44 mg, 0.57 mmol) in 7.5 mL absolute ethanol.
The reaction was refluxed for 5 hours. Water was added and the mixtrue extracted with ethyl acetate.
The combined organic phases were washed with brine, dried over sodium sulfate and concentrated under
reduced pressure to give the crude which was purified using automated flash chromatography (reversed-
phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 10:90 to 30:70) to yield the title
compound as a white powder (10 mg, 6%). 'H NMR (300 MHz, DMSO-d¢) 8 ppm 3.68 (s, 2 H), 5.34
(s, 2H), 7.23 (m, 2 H), 7.54 (m, 2 H), 7.39 - 7.89 (br. s., 2 H), 7.96 (s, | H), 8.61 (s, | H), 10.15 (s, 1 H);
3C NMR (75 MHz, DMSO-ds) 8 ppm 34.0,48.6,51.7, 119.1, 128.5, 131.0, 138.7, 144.0, 151.6, 166.2,
166.9; MS (ESI*) m/z 292 (M+H)"

S-(2-((3,4-dichlorophenyl)amino)-2-oxoethyl) carbamothioate (27)

Cl D\ o '—SI—NCO Clj©\
o uJK,SH J\,s

EtsN, THE  ClI
3h, reflux

36 was prepared according to the procedure described above and used without further purification
starting from 200 mg 3.4-dichloroaniline (1.23 mmol). The crude was dissolved in 4 mL dry THF and
tricthylamine (170 pL, 1.23 mmol) and trimethylsilyl isocyanate (170 pL, 1.26 mmol) were added. The
reaction mixture was refluxed under argon atmosphere for 3 hours. The reaction was quenched for 30
min with methanol. The crude was purified using automated flash chromatography (petroleum
ether:ethyl acetate 80:20 to 90:10) to yield the title compound as a white powder (160 mg, 47% over
two steps). 'H NMR (300 MHz, DMSO-de) 8 ppm 3.70 (s, 2 H), 747 (dd, /= 8.9, 2.4 Hz, 1 H), 7.55
(d,J=8.8 Hz, 1 H), 7.39-7.87, (br.s.,2 H), 7.97 (d,J=2.3 Hz, 1 H), 10.42 (s, 1H); *C NMR (75 MHz,
DMSO-ds) & ppm 34.1, 119.1, 120.2, 124.7, 130.7, 131.0, 139.1, 166.0, 167.5; MS (ESI") m/z 279
(M+H)*
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2.3  Synthesis of N-benzyl and N-alkyl mercaptoacetamides

Preparation of N-benzylanilines 47-54 and N-alkylanilines 85-88 (General procedure 1). To a solution
of 3.4-dichloroaniline 38 (1 equiv.) in DCM (10 mL) in a crimp reaction vial was added the appropriate
aldehyde (1.0 — 1.2 equiv.), followed by acetic acid (0.1 equiv). Sodium triacetoxyborohydride (1.5 —
2.0 equiv) was added stepwise. The vial was flushed with argon and the reaction was stirred for 20 hours
at room temperature. The mixture was quenched 10% NaOH (5 mL) under cooling and extracted using
DCM. The combined organic phases were washed with brine, dried over sodium sulfate and

concentrated under reduced pressure to afford crude product.

Preparation of N-benzyl-N-(3,4-dichlorophenyl)acetamides 55-62 and N-alkyl-N-(3,4-dichlorophenyl)-
acetamides 89-92 (General procedure 2). The appropriate N-benzylaniline or N-alkylaniline was
dissolved in 10 mL of acetone. Chloroacetyl chloride (1.0 — 1.4 equiv.) was added dropwise under
cooling on ice. After 30 min the reaction was allowed to warm at room temperature for 1 hour. The
reaction was quenched by addition of saturated NaHCOj5 solution (5 mL) and stirring for 10 min. The
mixture was extracted with ethyl acetate. The combined organic phases were washed with brine, dried

over sodium sulfate and concentrated under reduced pressure to afford crude product.

Preparation of S-(2-((3,4-dichlorophenyl)(arylamino)-2-oxoethyl) carbamothioates 63-70 and S-(2-
((3,4-dichlorophenyl)(alkylamino)-2-oxoethyl) carbamothioates 71-74 (General procedure 3). The
appropriate N-benzyl-N-(3.4-dichlorophenyl)acetamide or N-alkyl-N-(3.4-dichlorophenyl)-acetamide
was dissolved in 4 mL ethanol and placed in a crimp vial, followed by addition ammonium thiocyanate
(1 = 1.1 equiv.). The reaction was heated to 80°C for 2 hours. Water was added and the mixture was
extracted with ethyl acetate. The combined organic phases were washed with brine, dried over sodium
sulfate and concentrated under reduced pressure to give crude intermediate. The crude was dissolved in
2 mL ethanol and added dropwise to a pre-cooled mixture of 3 mL 90% sulfuric acid and 10% acetic
acid. After stirring on ice for 30 min, the reaction mixture was diluted in water and extracted with ethyl
acetate. Washing with brine, followed by drying over sodium sulfate and concentration under reduced

pressure gave the crude.
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Synthesis of S-(2-((3,4-dichlorophenyl)(arylamino)-2-oxoethyl) carbamothioates 63-70

General General General

] ] ]

.2 :@\ procedure 1 g :@\ procedure 2 e D\ o} procedure 3 QD\ o

cl NH, O & H@ cl NH cl NJ\/CI cl NJ\/ S\n/NH’
38 jo o~ N O

L Br R R{

3944,48 45 Z Z

3®R=H

WR=3F 47-54 55-62 63-70
41R=4F

42R=3-Cl

43 R =2,35-r-Cl

44 R =3-OH

45R =3-OCHg

48 R = 3-OCHg4-F

Scheme S1. Synthesis of N-benzyl mercaptoacetamides.

S-(2-(benzyl(3.4-dichlorophenyl)amino)-2-oxoethyl) carbamothioate (63)

(o}

A,

S~ “NH,

47 was prepared according to general procedure 1 using 3,4-dichloroaniline (250 mg, 1.54 mmol),
benzaldehyde (156 pL. 1.54 mmol), acetic acid (8.8 pL. 0.15 mmol) and sodium triacetoxyborohydride
(491 mg, 2.32 mmol). The obtained brown oil (352 mg) was used without further purification. MS (ESI")
m/z 252 (M+H)"

55 was prepared according to general procedure 2 using 47 (352 mg, 1.40 mmol) and chloroacetyl
chloride (111 pL, 1.54 mmol). After 5 hours at room temperature, additional chloroacetyl chloride was
added (37 pL, 0.51 mmol) and the reaction stirred at room temperature for 17 hours. The obtained crude
was purified using automated flash chromatography (reversed-phase: acetonitrile + 0.1% formic
acid:water + 0.1% formic acid 30:70 to 50:50) to yield the title compound as a white powder (282 mg,
56% over two steps). MS (ESI') m/z 328 (M+H)"

63 was prepared according to general procedure 3 using 55 (44 mg, 0.13 mmol) and ammonium
thiocyanate (10 mg, 0.13 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 50:50 to 100:0) to yield the
title compound as a white powder after freeze-drying (20 mg, 40%). '"H NMR (300 MHz, DMSO-ds)
& ppm 3.56 (br. s, 2 H), 4.89 (s, 2 H), 7.14 - 7.34 (m, 6 H), 7.39 -7.84 (br. s, 2 H), 7.61 (d, /= 2.2 Hz,
1 H), 7.64 (d, J = 8.6 Hz, 1 H); *C NMR (75 MHz, DMSO-ds) & ppm 32.7, 52.2, 127.3, 127.8, 128 4,
128.7, 1303, 130.6, 131.1, 131.5, 136.8, 141.5, 165.9, 167.8: MS (ESI") m/z 369 (M+H)"
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S-(2-((3,4-dichlorophenyl)(3-fluorobenzyl)amino)-2-oxoethyl) carbamothioate (64)

(o}

PN

S “NH,

48 was prepared according to general procedure 1 using 3,4-dichloroaniline (250 mg, 1.54 mmol),
3-fluorobenzaldehyde (196 pL, 1.85 mmol), acetic acid (8.8 pL, 0.15 mmol) and sodium
triacetoxyborohydride (654 mg, 3.09 mmol). The obtained brown oil (401 mg) was used without further
purification. MS (ESI") m/z 270 (M+H)'

56 was prepared according to general procedure 2 using 48 (200 mg, 0.74 mmol) and chloroacetyl
chloride (82 pL, 1.04 mmol). The obtained crude (258 mg) was used without further purification.
MS (ESI') m/z 346 (M+H)'

64 was prepared according to general procedure 3 using 56 (258 mg, 0.74 mmol) and ammonium
thiocyanate (56 mg, 0.74 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 30:70 to 100:0) to yield the
title compound as a white powder after freeze-drying (117 mg, 39% over three steps). 'H NMR (300
MHz, DMSO-ds) 6 ppm 3.57 (br. s, 2 H), 4.90 (s, 2 H), 7.01- 7.11 (m, 3 H), 7.28 (dd, J = 8.6, 1 H),
7.30- 7.38 (m, 1 H), 7.66 (m, 1 H), 7.40- 7.80 (br. s, 2 H), 7.67 (d, J = 1.0, 1 H); *C NMR (75 MHz,
DMSO-ds) & ppm 32.8, 51.9, 1142 (d, Jor = 209 Hz), 1146 (d, Jer = 21.6 Hz), 1239 (d,
Jer=2.24Hz), 128.7, 130.4, 130.5 (d, Jor = 8.2 Hz), 130.8, 131.3, 131.7, 139.9 (d, Jor = 7.5 Hz),
141.6, 162.3 (d, Jor = 243.6 Hz), 166.1, 168.1; MS (ESI") m/z 387 (M+H)"

S-(2-((3.4-dichlorophenyl)(4-fluorobenzyl)amino)-2-oxoethyl) carbamothioate (65)

[0}

PN

S” " NH,

OYVQ/F

49 was prepared according to general procedure 1 using 3.4-dichloroaniline (250 mg, 1.54 mmol),
4-fluorobenzaldehyde (199 pL., 1.85 mmol), acetic acid (8.8 pL. 0.15 mmol) and sodium
triacetoxyborohydride (653 mg, 3.09 mmol). The obtained brown oil (398 mg) was used without further
purification. MS (ESI*) m/z 270 (M+H)"

57 was prepared according to general procedure 2 using 49 (185 mg, 0.68 mmol) and chloroacetyl

chloride (54 pL. 0.68 mmol). After 3 hours at room temperature, additional chloroacetyl chloride was
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added (27 pL, 0.34 mmol) and the reaction stirred at room temperature for 2 hours. The obtained crude
(226 mg) was used without further purification. MS (ESI") m/z 346 (M+H)'

65 was prepared according to general procedure 3 using 57 (266 mg, 0.65 mmol) and ammonium
thiocyanate (50 mg, 0.66 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 40:60 to 100:0) to yield the
title compound as a white powder after freeze-drying (109 mg, 37% over three steps). 'H NMR
(300 MHz, DMSO-ds) & ppm 3.54 (br. s, 2 H), 4.86 (s, 2 H), 7.06 - 7.16 (m, 2 H), 7.17 - 7.27 (m, 3 H),
7.37-7.96 (br.s,2H),7.61 (d.J=2.4Hz, 1 H). 7.65 (d.J=8.6 Hz. 1 H): ®C NMR (75 MHz, DMSO-ds)
dppm 32.7,51.5, 115.2 (d, Jer= 20.9 Hz), 128.8, 130.0 (d, Jor= 8.2 Hz), 130.4, 130.6, 131.2, 131.6,
133.0 (d, Jer=3.0 Hz), 141.4, 161.4 (d, Jer= 243.6 Hz), 165.9, 167.8; MS (ESI") m/z 387 (M+H)"

S-(2+((3,4-dichlorophenyl)(3-chlorobenzyl)amino)-2-oxoethyl) carbamothioate (66)

o

J

S NH,

50 was prepared according to general procedure 1 using 3,4-dichloroaniline (250 mg, 1.54 mmol),
3-chlorobenzaldehyde (210 pL, 1.85 mmol), acetic acid (8.8 pL, 0.15 mmol) and sodium
triacetoxyborohydride (654 mg, 3.09 mmol). The obtained brown oil (458 mg) was used without further
purification. MS (ESI") m/z 286 (M+H)'

58 was prepared according to general procedure 2 using 50 (229 mg, 0.80 mmol) and chloroacetyl
chloride (70 pL, 0.88 mmol). After 1 hour at room temperature, additional chloroacetyl chloride was
added (35 pL, 0.44 mmol) and the reaction stirred at room temperature for 2 hours. The obtained crude
(255 mg) was used without further purification. MS (ESI*) m/z 362 (M+H)*

66 was prepared according to general procedure 3 using 58 (255 mg, 0.70 mmol) and ammonium
thiocyanate (53 mg, 0.70 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 30:70 to 100:0) to yield the
title compound as a white powder after freeze-drying (150 mg, 49% over three steps). 'H NMR (300
MHz, DMSO-d¢) & ppm 3.57 (br. s, 2 H), 4.89 (s, 2 H), 7.13-7.21 (m, 1 H), 7.23- 7.36 (m, 4 H), 7.45-
7.85 (br. s, 2 H), 7.66 (dd, J = 8.6, 2 H); *C NMR (75 MHz, DMSO-d¢) 5 ppm 32.7, 51.7, 126.5, 127.3,
127.7,128.7, 130.2, 130.7, 131.2, 131.6, 133.1, 139.4, 141.4, 165.9, 168.0; MS (ESI") m/z 403 (M+H)"
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S-(2-((3,4-dichlorophenyl)(3-chlorobenzyl)amino)-2-oxoethyl) carbamothioate (67)

HzNJol\s cl
Cl
LS A

51 was prepared according to general procedure 1 using 3.4-dichloroaniline (250 mg, 1.54 mmol),
2.3.5-trichlorobenzaldehyde (386 mg, 1.85 mmol), acetic acid (8.8 pL, 0.15 mmol) and sodium
triacetoxyborohydride (654 mg, 3.09 mmol). The obtained crude was purified using automated flash
chromatography (petroleum ether:ethyl acetate 100:0 to 30:70) to yield the title compound as a white
powder (300 mg, 55%). MS (ESI") m/z 403 (M+H)'

59 was prepared according to general procedure 2 using 51 (150 mg, 0.42 mmol) and chloroacetyl
chloride (48 pL, 0.59 mmol). After 1 hour at room temperature, additional chloroacetyl chloride was
added (48 uL. 0.59 mmol) and the reaction stirred at room temperature for 2 hours. The obtained crude
was purified using automated flash chromatography (reversed-phase: acetonitrile + 0.1% formic
acid:water + 0.1% formic acid 30:70 to 100:0) to yield the title compound as a white powder (116 mg,
64%). MS (ESI") m/z 430 (M+H)"

67 was prepared according to general procedure 3 using 59 (116 mg, 0.27 mmol) and ammonium
thiocyanate (21 mg, 0.27 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 40:60 to 100:0) to yield the
title compound as a white powder after freeze-drying (88 mg, 43% over three steps). 'H NMR (300
MHz, DMSO-ds) & ppm 3.60 (br. s, 2 H), 4.97 (br. s, 2 H), 7.33-7.90 (br. s, 2 H) 7.40 (d,J = 8.4, 1 H),
7.50 (br.s, 1H),7.69(d, J=8.6, 1 H), 7.72-7.78 (m, 1 H), 7.81 (br. s, 1 H); *C NMR (75 MHz, DMSO-
de) 6 ppm 32.7,51.0, 127.9, 1285, 128.9, 129.2, 130.2, 130.9, 131.3, 131.7, 132.3, 132.9, 138.3, 141.3,
165.9, 168.3; MS (ESI') m/z 473 (M+H)'

S-(2-((3,4-dichlorophenyl)(3-hydroxybenzyl)amino)-2-oxoethyl) carbamothioate (68)

(0]

X

52 was prepared according to general procedure 1 using 3.4-dichloroaniline (250 mg, 1.54 mmol),

3-hydroxybenzaldehyde (226 mg, 1.85 mmol), acetic acid (8.8 pL, 0.15 mmol) and sodium
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triacetoxyborohydride (654 mg, 3.09 mmol). The obtained pale oil (344 mg) was used without further
purification. MS (ESI") m/z 268 (M+H)'

60 was prepared according to general procedure 2 using 52 (172 mg, 0.64 mmol) and chloroacetyl
chloride (51 pL, 0.64 mmol). After 1 hour at room temperature, additional chloroacetyl chloride was
added (26 pL, 0.32 mmol) and the reaction stirred at room temperature for 2 hours. The obtained pale

oil (220 mg) was used without further purification. MS (ESI") m/z 344 (M+H)"

68 was prepared according to general procedure 3 using 60 (220 mg, 0.64 mmol) and ammonium
thiocyanate (49 mg, 0.64 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 25:75 to 100:0) to yield the
title compound as a white powder after freeze-drying (61 mg, 21% over three steps). 'H NMR
(300 MHz, DMSO-de) 6 ppm 2.07 (s, 1 H), 3.55 (br. s, 2 H), 4.79 (br. s, 2 H), 6.50 - 6.66 (m, 3 H), 7.07
(t,J=8.0Hz, 1 H),7.22(dd,J=8.6,24 Hz | H), 7.32 - 7.88 (br. s, 2 H), 7.59 (d, /= 2.4 Hz, 1 H),
7.65 (d.J=8.6 Hz. 1 H), 9.35 (s, 1 H); ®C NMR (75 MHz, DMSO-ds) & ppm 32.7, 52.2, 114.3, 114 8,
118.4, 128.7, 129.4, 130.3, 130.4, 131.1, 131.4, 138.2, 141.5, 1574, 165.8, 167.7, MS (ESI") m/z
385 (M+H)"

S-(2-((3.4-dichlorophenyl)(3-methoxybenzyl)amino)-2-oxoethyl) carbamothioate (69)

3.4-dichloroaniline (300 mg, 1.85 mmol), 3-methoxybenzyl bromide (260 pL, 1.85 mmol) and
potassium carbonate (511 mg, 3.7 mmol) were placed in a crimp vial and dissolved in 5 mL DMF. The
reaction was heated to 120°C for 20 hours. Water (5 mL) was added and the mixture extracted with
ethyl acteate. The combined organic phases were washed with brine, dried over sodium sulfate and
concentrated under reduced pressure. The crude was purified using automated flash chromatography
(petroleum ether:ethyl acetate 100:0 to 80:20) to yield the title compound as a pale oil (342 mg, 66%).
MS (ESI') m/z 282 (M+H)"

61 was prepared according to general procedure 2 using 53 (150 mg, 0.53 mmol) and chloroacetyl
chloride (44 pL, 0.56 mmol). After 1 hour at room temperature, additional chloroacetyl chloride was
added (20 pL, 0.25 mmol) and the reaction stirred at room temperature for 2 hours. The obtained pale
oil (140 mg) was used without further purification. MS (ESI*) m/z 358 (M+H)*
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69 was prepared according to general procedure 3 using 61 (140 mg, 0.39 mmol) and ammonium
thiocyanate (30 mg, 0.39 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 40:60 to 100:0) to yield the
title compound as a white powder after freeze-drying (45 mg, 21% over two steps). 'H NMR (300 MHz,
DMSO-ds) & ppm 3.56 (br. s, 2 H), 3.71 (s, 3 H), 4.86 (s, 2 H), 6.71 - 6.84 (m, 3 H), 7.20 (t,J= 8.0 Hz,
1 H), 7.25 (dd, J=8.5, 2.5 Hz, 1 H), 7.36-7.85 (br. s, 2 H), 7.61 - 7.68 (m, 2 H); ®C NMR (75 MHz,
DMSO-des) 6 ppm 32.7,52.1,55.0, 112.8, 113.2, 119.9, 128.7, 129.4, 130.2, 130.5, 131.1, 131.5, 138 4,
141.6, 159.3, 165.9, 167.8; MS (ESI*) m/z 399 (M+H)'

S-(2-((3.4-dichlorophenyl)(4-fluoro-3-methoxybenzyl )Jamino)-2-oxoethyl) carbamothioate (70)

o]
HNT S

Oﬁ) F
::D/N\/Q:o/

54 was prepared according to general procedure 1 using 3.4-dichloroaniline (300 mg, 1.85 mmol),
4-fluoro-3-methoxybenzaldehyde (343 mg, 2.22 mmol), acetic acid (10.6 pL, 0.19 mmol) and sodium
triacetoxyborohydride (785 mg, 3.70 mmol). The obtained oil (550 mg) was used without further
purification. MS (ESI*) m/z 300 (M+H)'

62 was prepared according to general procedure 2 using 54 (200 mg, 0.67 mmol) and chloroacetyl
chloride (64 pL, 0.80 mmol). The obtained pale oil (162 mg) was used without further purification.
MS (ESI") m/z 376 (M+H)"

70 was prepared according to general procedure 3 using 62 (162 mg, 0.43 mmol) and ammonium
thiocyanate (36 mg, 0.47 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 30:70 to 100:0) to yield the
title compound as a white powder after freeze-drying (38 mg, 14% over three steps). '"H NMR (300
MHz, DMSO-ds) & ppm 3.54 (br. s, 2 H), 3.73 - 3.82 (s, 3 H), 4.85 (s, 2 H), 6.68 - 6.78 (m, 1 H), 6.98
(d,J=8.0Hz, 1 H), 7.09 (dd, J=11.6, 8.3 Hz, | H), 7.25 (dd, J=8.6,2.4 Hz, 1 H), 7.36 - 7.98 (br. s,
2 H), 7.62 - 7.68 (m, 2 H); "C NMR (75 MHz, DMSO-ds) & ppm 32.7, 51.8, 55.9, 113.3, 115.7
(d, Jer=179Hz,1C), 1202 (d,Jer=6.7Hz, 1 C), 128.8, 130.4, 130.6, 131.2, 131.5, 133.6 (d, Jor =
3.7Hz, 1 C), 1415, 147.0 (d. Jer= 104 Hz, 1 C), 150.7 (d. Jer = 2429 Hz. 1 C), 166.0, 167.9: MS
(ESI') m/z 417 (M+H)"
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Synthesis of S-(2-((3,4-dichlorophenyl)(alkylamino)-2-oxoethyl) carbamothioates 71-74

cl General cl General cl 8 General cl
procedure 1 procedure 2 procedure 3 o
12, == 0, T e = L R e
cl NH, cl NH cl N cl N T
» . » S04
85-88 89-92 71-74
85R=H 89R=H
86 R = n-C4Hg 90 R =n-C4Hg
87 R=t-C4Hy 91 R =tC4Hg
88 R = CgHyy 92 R = CgHyy

Scheme S2. Synthesis of N-alkyl mercaptoacetamides.

S-(2+((3,4-dichlorophenyl)(methyl)amino)-2-oxoethyl) carbamothioate (71)

85 was prepared according to general procedure 1 using 3.4-dichloroaniline (300 mg, 1.85 mmol),
formaldehyde (81 pL, 2.22 mmol), acetic acid (10.6 puL, 0.19 mmol) and sodium triacetoxyborohydride
(785 mg, 3.70 mmol). The obtained crude was purified using automated flash chromatography
(petroleum ether:ethyl acetate 100:0 to 30:70) to yield the title compound as a pale powder
(80 mg, 25%). MS (ESI') m/z 217 (M+H)'

89 was prepared according to general procedure 2 using 85 (80 mg, 0.45 mmol) and chloroacetyl
chloride (44 pL, 0.55 mmol). The obtained pale oil (107 mg) was used without further purification.
MS (ESI') m/z 252 (M+H)'

71 was prepared according to general procedure 3 using 89 (107 mg, 0.42 mmol) and ammonium
thiocyanate (36 mg, 0.47 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 30:70 to 100:0) to yield the
title compound as a white powder after freeze-drying (41 mg, 32% over three steps). 'H NMR
(300 MHz, DMSO-ds) 6 ppm 3.19 (br. s, 3 H), 3.55 (br. s, 2 H), 7.28 - 7.88 (br. s, 2H), 7.42 (dd,
J=86Hz J=2.1Hz, 1H),7.72(d,J=8.7Hz, 1 H), 7.75 (br. s, 1 H): ®C NMR (75 MHz, DMSO-ds)
& ppm 32.6,37.3, 127.7, 129.4, 131.2, 131.6, 143.4, 165.9, 167.5; MS (ESI") m/z 293 (M+H)"
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S-(2-((3,4-dichlorophenyl)(pentyl)amino)-2-oxoethyl) carbamothioate (72)
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86 was prepared according to general procedure 1 using 3,4-dichloroaniline (300 mg, 1.85 mmol),
valeraldehyde (217 pL, 2.04 mmol), acetic acid (10.6 uL, 0.19 mmol) and sodium triacetoxyborohydride

(785 mg, 3.70 mmol). The obtained oil (360 mg) was used without further purification. MS (ESI")
m/z 232 (M+H)"

90 was prepared according to general procedure 2 using 86 (180 mg, 0.78 mmol) and chloroacetyl
chloride (74 pL, 0.93 mmol). The obtained pale oil (240 mg) was used without further purification.
MS (ESIY) m/z 308 (M+H)"

72 was prepared according to general procedure 3 using 90 (240 mg, 0.78 mmol) and ammonium
thiocyanate (65 mg, 0.86 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 50:50 to 100:0) to yield the
title compound as a white powder after freeze-drying (110 mg, 34% over three steps). 'H NMR
(300 MHz, DMSO-ds) & ppm 0.77 - 0.87 (m, 3 H), 1.10 - 1.30 (m, 4 H), 1.36 (m, 2 H), 3.45 (br. s, 2 H),
3.61(t,J=73Hz 2H),7.21-790 (br.s, 2 H), 7.39 (m, 1 H), 7.72 (s, 1 H), 7.75 (s, 1 H); ®C NMR
(75 MHz, DMSO-d¢) & ppm 13.8,21.7, 26.7, 28.1, 32.8, 38.7, 39.0, 39.2, 39.8, 40.1, 40.4, 48.7, 128.9,
130.4,131.2, 131.7, 141.8, 165.9, 167.1; MS (ESI") m/z 349 (M+H)"

S-(2-((3,4-dichlorophenyl)(neopentyl)amino)-2-oxoethyl) carbamothioate (73)

87 was prepared according to general procedure 1 using 3.4-dichloroaniline (300 mg, 1.85 mmol),
pivaldehyde (221 pL, 2.04 mmol), acetic acid (10.6 pL, 0.19 mmol) and sodium triacetoxyborohydride
(785 mg, 3.70 mmol). The obtained oil (360 mg) was used without further purification. MS (ESI")
m/z 232 (M+H)"

91 was prepared according to general procedure 2 using 87 (180 mg, 0.78 mmol) and chloroacetyl
chloride (74 pL, 0.93 mmol). The obtained pale oil (240 mg) was used without further purification.
MS (ESIY) m/z 308 (M+H)"
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73 was prepared according to general procedure 3 using 91 (240 mg, 0.78 mmol) and ammonium
thiocyanate (65 mg, 0.86 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 30:70 to 100:0) to yield the
title compound as a white powder after freeze-drying (20 mg, 6% over three steps). 'H NMR (300 MHz,
DMSO-ds) & ppm 0.77 (s, 9 H), 3.54 (br. s, 2 H), 3.61 (s, 2 H), 7.28 - 7.79 (br. s, 2 H), 7.45 - 7.55 (dd,
J=20,J=85,1H),7.70(d, J=8.7 Hz, 1 H), 7.85 (br. s, 1 H); ®C NMR (75 MHz, DMSO-ds) & ppm
28.1,33.0,33.8,59.7, 1288, 130.2, 131.0, 131.5, 143.9, 166.0, 168.1; MS (ESI") m/z 349 (M+H)"

S-(2-((cyclohexylmethyl)(3,4-dichlorophenyl)amino)-2-oxoethyl) carbamothioate (74)

88 was prepared according to general procedure 1 using 3,4-dichloroaniline (300 mg, 1.85 mmol),
cyclohexanecarboxaldehyde (224 pL, 1.85 mmol), acetic acid (10.6 uL, 0.19 mmol) and sodium
triacetoxyborohydride (654 mg, 3.09 mmol). The obtained oil (400 mg) was used without further
purification. MS (ESI") m/z 258 (M+H)"

92 was prepared according to general procedure 2 using 88 (200 mg, 0.78 mmol) and chloroacetyl
chloride (86 pL, 1.08 mmol). The obtained pale oil (215 mg) was used without further purification.
MS (ESIY) m/z 334 (M+H)"

74 was prepared according to general procedure 3 using 92 (215 mg, 0.64 mmol) and ammonium
thiocyanate (49 mg, 0.64 mmol). The crude was purified using automated flash chromatography
(reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid 40:60 to 100:0) to yield the
title compound as a white powder after freeze-drying (71 mg, 25% over three steps). 'H NMR (300
MHz, Chloroform-d) 6 ppm 0.84 - 1.07 (m, 2 H), 1.07 - 1.29 (m, 3 H), 1.30 - 1.62 (m, 6 H), 3.47
(s,2H),355(d,J=73Hz, 2H), 6.03 (br.s,2H), 7.15(d, J=7.8 Hz, 1 H), 7.38 (br. s, 1 H), 7.52
(d.J= 8.4 Hz, 1 H). “C NMR (75 MHz, Chloroform-d) & ppm 32.7. 51.0, 127.9, 128.5, 128.9, 129.2,
130.2,130.9, 131.3, 131.7, 132.3, 132.9, 138.3, 141.3, 165.9, 168.3; MS (ESI") m/z 377 (M+H)"
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3.3 Chapter C: Tackling Pseudomonas aeruginosa Virulence by a Hydroxamic
Acid-Based LasB Inhibitor

The following persons contributed experimentally to this chapter:

Andreas M. Kany: performed syntheses and the in vitro inhibition assay, established and

performed the LL-37 assay, planned Biofilm/eDNA assays

Asfandyar Sikandar: purified LasB and modified the protocol, performed LasB

crystallization experiments and structure determination

Dr. Martin Empting: performed structural superimposition of LasB with MMP structures and

image preparation

This part of the thesis has been submitted to ACS Chem. Biol.




Proteases have proven to be attractive targets for the treatment of various diseases, including infections.!
While antiviral protease inhibitors are in clinical use for the treatment of ¢.g. HIV or HCV, no bacterial
protease inhibitors have been approved as anti-infective drugs yet.>* However, in order to combat the
spread of antibiotic resistance, new antibacterial agents with novel modes of action are urgently
needed.** This applies especially for Gram-negative pathogens which are challenging to treat as their
cell wall is difficult to permeatel.” Due to their reduced selection pressure, anti-virulence agents are of
great interest in anti-infective drug discovery.®!! In this context, bacterial proteases represent attractive
targets.>*!? Notably, the only FDA-approved anti-virulence drugs are immunoglobulins that target
secreted virulence factors, highlighting the potential of extracellular targets to circumvent cell wall
permeation problems.® The highly problematic Gram-negative pathogen Pseudomonas aeruginosa has
been assigned critical priority by the WHO"® and urgently requires novel treatment options because of
increasing resistance.'*'> P. aeruginosa is i.a. responsible for fatal lung infections in cystic fibrosis

131720 the zinc-

patients.'® Among its numerous virulence factors displaying potential drug targets,
metalloprotease elastase (LasB) is of specific interest, given its extracellular location.?! LasB
substantially contributes to disease progression in P. aeruginosa infected individuals by facilitating host
invasion and immune evasion.?? It was for example found to degrade and thereby inactivate the
endogenous antimicrobial peptide (AMP) LL-37.% Furthermore, LasB was reported to be involved in
the formation of P. aeruginosa biofilms either by periplasmic activation of nucleoside diphosphate
kinase (NDK) required for alginate synthesis?*, or by upregulation of rhamnolipids.?® The aggregation
of bacteria in the biofilm matrix seriously impedes successful antibiotic treatment and blocks host

defense mechanisms. 262

Several thiol-based inhibitors with promising activity on LasB have been described. 2 A class of
N-aryl mercaptoacetamides turned out to be particularly attractive since these thiols display high
selectivity toward a range of human matrix metalloproteinases (MMPs).3*** Thiol-containing
compounds are in clinical use for the treatment of various diseases.**** However, a disadvantage of this
class compared to other zinc-chelating inhibitors is the possible oxidation to the respective disulfides,

resulting in inactivation of the compounds.*’

In this study, we describe the synthetic replacement of the sulfhydryl function of LasB inhibitor 132 (ICso
6.6 = 0.3 uM, Figure 1) by zinc-binding groups insensitive to oxidation. Among the compounds tested,
a hydroxamic acid derivative was found to inhibit LasB in the low micromolar range as well.
Hydroxamates have been reported as LasB inhibitors, but the described compounds lack selectivity
toward human MMPs.*** In contrast, the inhibitor described in this work maintained the remarkable
selectivity of thiol 1, despite a binding mode equivalent to described hydroxamate-MMP complexes.
The new compound was further able to reduce biofilm formation and eDNA release by P. aeruginosa

and to restore the antimicrobial effect of LL-37.
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Figure 1. Structures of lead LasB inhibitor 1 and compounds 3-8 synthesized in this article.

RESULTS AND DISCUSSION
Synthesis of novel compounds 3-8.

Among the variety of chemically diverse zinc binding groups in literature,*’ we focused on hydroxyl,
carboxyl and hydroxamate functions. By introducing these relatively small zinc chelating groups, drastic
changes in the size of the thiol function of 1 were avoided in order to allow the inhibitor backbone to
preserve the previously observed binding mode. Carboxylic acid derivatives 3, 4 and 6 were obtained
cither by reacting aniline 2 with succinic/maleic anhydride or via hydrolysis of methylester intermediate
5. Similarly, 7 was synthesized by reacting 5 with hydroxylamine (Scheme 1, A-B). As an isosteric
modification we further synthesized the alcohol derivative of 1, compound 8, using glycolic acid in a

neat reaction (Scheme 1, C).
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Scheme 1. Reagents and conditions: (a) succinic anhydride, dioxane, 70 °C, 6 h, (b) maleic anhydride, dioxane, 70 °C, 6 h; (c)
methyl malonyl chloride, EtzN, DCM, RT, 4 h; (d) NaOH, THF, RT, 24 h; (¢) H.NOH, DIPEA, MeOH, 8 h reflux, 16 h RT;
(f) glycolic acid, 130°C, 24 h

Identification of compound 7 as a potent LasB inhibitor

Using a FRET-based inhibition assay*’ it turned out that replacement of the thiol function of 1 by a
hydroxy group led to a complete loss of activity when tested at 600 uM (8). Compounds bearing a
carboxylic acid in y- (3,4) or in B-position (6) to the carbonyl group were also inactive. Contrary to that,

the B-hydroxamic acid derivative 7 displayed an ICso of 17.4 + 0.8 uM.



Binding Mode of 7 to LasB.

In order to rationalize whether the minor difference in activity compared to 1 was due to a different
binding mode, the X-ray co-crystal structure of the LasB-7 complex was solved. The complex
crystallized in space group P2,2,2; and crystals diffracted to 2.1 A resolution (Figure 2, A). The structure
was solved by molecular replacement using the published LasB apo structure (PDB ID 1EZM) as a
search model. Full details of the data collection and refinement statistics can be found in Table S1.
Hydroxamate 7 was found to be orientated toward the primed binding site of the protease. As expected,
the active site zinc atom is coordinated by both the carbonyl oxygen and the hydroxamide oxygen of 7,
leading to a distorted trigonal-bipyramidal geometry. The carbonyl oxygen further undergoes a weaker
interaction with His223 (3.5 A). Additionally, the hydroxamide oxygen forms a hydrogen bond with the
adjacent Glul41 (2.5 A), while the amide nitrogen interacts with the carbonyl group of Alal13 (3.0 A).
These observations are in excellent accordance with the reported binding of hydroxamate functions to
MMP-7,*! MMP-3*? or to thermolysin.** Inhibitor binding to thermolysin-like proteases like LasB was
described to lead to a closure of the binding pocket due to hinge-bending motion.* Intriguingly, thiol 1
has recently been discovered by us to keep the active site cleft in an open conformation due to the
unexpected binding of two molecules to the primed binding site (Figure S1).*? In contrast, only one
molecule of the hydroxamate binds to the protease, which undergoes the characteristic hinge-bending.
Unlike the zinc-chelating thiol, the hydroxamate directly interacts with the edge strand via a hydrogen
bond with the main chain oxygen of Alal13. This interaction presumably promotes closure of the active
site cleft, which is hampered in case of thiol 1 by the second molecule interacting with Asnl12. Due to
the twisted orientation of the aromatic core of 7 compared to 1, a previously observed bidentate hydrogen
bond with Argl98 in the S1’ binding site is not possible. This observation could explain the slightly

weaker activity of the hydroxamate compared to the thiol.

Figure 2. (A) Structure of LasB in complex with 7. Cartoon representations of LasB (cyan) in complex with 7 (black). The
difference electron density (Fo-Fc) contoured to 3¢ with phases calculated from a model that was refined in the absence of 7 is
shown as a blue isomesh. The active-site zinc ion is shown as a grey, calcium ion as a green sphere. Residues involved in
binding of 7 are shown as sticks, their interactions depicted as yellow dashed lines. (B) Overlay of LasB (cyan) in complex
with 7 (grey) and MMP-3/-7 (green) occupied by hydroxamate inhibitors 9 and 10 (brown, PDB codes 4GIL/IMMQ). Zinc
ligands are highlighted.
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Selectivity Toward MMPs.

Strong zinc chelating groups like hydroxamic acids can be the reason for poor selectivity toward further
metalloproteases, when compound binding is driven more by the chelating moiety than by the rest of
the molecule.” In fact, the lack of selectivity toward MMP anti-targets has been one reason for the
failure of various hydroxamate-based MMP inhibitors in clinical trials.***” Considering the high
similarity of zinc chelation by 7 to hydroxamate binding to MMP-3 or MMP-7. it was investigated
whether the previously demonstrated selectivity of N-aryl mercaptoacetamides toward six human
MMPs*2** could be maintained. Fortunately. 7 did not inhibit the activities of these MMPs with differing
depth of the S1' binding site*® including MMP-3 and -7 (Table 1). By contrast, the unselective inhibitor

Batimastat* (Figure S3) inhibited all tested enzymes in the low nanomolar range.

Table 1. Residual activity of six MMPs in presence of 100 uM 7 and ICso values of Batimastat®*; Means and SD of at least
three independent measurements are displayed.

7 Batimastat

Res;((l)n;’allI ;lctll‘;l'tly at ICso [nM]
MMP-1 91+9 22+0.1
MMP-2 87+3 1.8+0.1
MMP-3 84 L5 5.6+t09
MMP-7 98 £3 7.0+£0.2
MMP-8 7346 0.7+0.2
MMP-14 98 + 4 2.8+0.2

This of course prompted the question why, despite comparable interactions of the hydroxamate function,
LasB was inhibited but not MMP-7. Logically, the selectivity might be related to differences in the
positioning of the inhibitor backbone in the pocket. In order to investigate this, published X-ray
structures of MMPs in complex with hydroxamates were overlaid with the LasB-7 complex. The shallow
S1" pocket of MMP-7 is occupied by an isobutyl moiety of inhibitor 9*' and the deep S1’ pocket of
MMP-3 by an aromatic core of inhibitor 10** (for inhibitor structures see Figure S2). In contrast, the
core of 7 does not bind to the respective pocket of LasB (Figure 2, B). The ability to bind the S1’ pocket
of the respective MMP is a common feature of reported hydroxamate-based MMP inhibitors, which can
also be the cause for a lack of selectivity.**** Consequently, the high selectivity toward various MMPs
with differing depth of the S1' binding pocket could be explained by an inability of 7 to bind to this site

of the protease.

Cytotoxicity Assays.

In addition to selectivity, it was also investigated whether the cytotoxicity of 7 toward human cell lines

was as low as described for thiol 1.% This was of specific interest since cytotoxic properties are a known
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drawback of hydroxamates.”! Notably, 7 has only low effects on the viability of HEK293 cells at 100
puM, comparable to thiol 1 and rifampicin (Table 2). The effect on HEP G2 cells was a little bit higher
at this high concentration. Yet, compared to doxorubicin, a 100 times higher concentration is needed to

achieve approximately 50% reduction of viability.
pp \ )

Table 2. Cytotoxicity of 1, 7 and two reference compounds in HEP G2 and HEK293 cells.

Reduction of viability [%]
Compound Concn [uM]

HEP G2 HEK293

1 100 254:3¢ 22 458

7 100 55+18 29+ 14
Rifampicin 100 34+12 24+ 10
Doxorubicin 1 504 47+8

*Values taken from*

Restoration of LL-37 antibacterial activity against P. aeruginosa PA14.

LL-37 is an o-helical human cathelicidin peptide, which shows increased prevalence in cystic fibrosis
patients.” Its effectiveness against P. aeruginosa is considerably reduced as it is susceptible toward
cleavage by LasB.” In order to assess a potential restoration effect of 7 on the activity of LL-37, a
bacterial growth assay with PA14 and LL-37 in presence/absence of 7 was performed (Figure 3). The
antibacterial effect of LL-37 alone was only minor at 25 pg/mL (p = 0.0211). However, when combined
with the LasB inhibitor, it recovered its ability to reduce bacterial growth in a dose-dependent way.
Significant reduction of the ODgoo was observed starting from a hydroxamate concentration of 62.5 uM
(p=0.0047). At high concentrations, 7 itself slightly inhibited PA 14 growth, yet to a much lower extent
than in combination with LL-37 (p = 0.0255 at 250 uM 7). These findings highlight the potential of

LasB inhibitor 7 to restore a host defense mechanism which is otherwise hampered by LasB.

144
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Figure 3. Growth of PA14 cultures incubated with 7 in absence (blue) and presence (red) of 25 pg/mL LL-37. Means and SD
of three independent measurements are depicted. * =p <0.05, *¥=p <0.01, **¥** =p <0,0001
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Biofilm volume and eDNA reduction

The biofilm matrix, a key element of P. aeruginosa resistance,”® is composed of extracellular
polysaccharides, lipids, proteins and, importantly, extracellular DNA (¢DNA).>*** Inhibition of LasB
was shown to inhibit biofilm formation.?® Therefore, it was of great interest to investigate whether
treatment of PA14 cultures with 7 would result in reduced biofilm formation as well. Indeed, the
hydroxamate caused a concentration-dependent reduction eDNA release (Figure 4, A) and of the overall
biofilm volume (Figure 4, B). Since significant inhibition was observed at concentrations lower than
250 uM. these effects can be attributed to the on-target activity of the compound and are not due to a
reduction of bacterial growth or lysis of cells. Hence, LasB inhibitor 7 has demonstrated important
pathoblocker activity. It is able to interfere with crucial factors leading to bacterial resistance of
P. aeruginosa toward antibiotics and host defense molecules.?’** Given the periplasmic localization of
NDK? the inhibitor appears to be able to permeate at least the first membrane of the Gram-negative cell
wall. To the best of our knowledge, no direct correlation between LasB inhibition and a reduction of

¢DNA release has been reported to date.

A 140+ B 140+
120 *edkdek 120 *ekdek I l
i 4 |_ =
S 100 l S 100-
S S -
§ 80 § 80
5 601 5 601 —
X 40 2 40-
20 20-
0- 0- T T T T
Q N S O S ) S ] Q O S S 2] Q )
S D PN R T M
7 [uM] 7 [pM]

Figure 4. Reduction of eDNA release by treatment of PA 14 cultures with 7. (A) Reduction of overall PA14 biofilm volume by
7. (B) Columns represent mean and SD of at least four independent measurements. ** =p <0.01, *¥** =p <0.0001

CONCLUSION

Based on our recent findings that N-aryl mercaptoacetamides are promising highly selective inhibitors
of the virulence factor LasB from P. aeruginosa, the lead inhibitor was modified by changing the zinc-
chelating moiety to a hydroxamate.. Using X-ray crystallography, it was shown that similar to the thiol
analogue 1, hydroxamate 7 occupied the primed binding site. Contrary to our recent observations for 1,
only one inhibitor molecule was bound to the protease, which could undergo the characteristic hinge-
bending motion resulting in a closed conformation of the enzyme. This was attributed to the ability of
the inhibitor to interact with catalytic zinc and the edge strand alike. Despite the high similarity of zinc

binding to hydroxamates inhibiting MMP-7, inhibitor 7 was unexpectedly able to maintain the



remarkable selectivity of 1 toward a range of MMPs. This could be rationalized by the fact that the S1’
pocket was not occupied by 7, unlike observed for MMP inhibitors. These findings show that despite
the selectivity issues related to hydroxamic acids, selectivity can indeed be achieved by sparing the S1
pocket. Furthermore, low cytotoxicity toward HEK293 cells was observed as well as minor antibiotic
effects at relatively high concentrations. Below an antibacterial concentration of 250 uM, LasB was
efficiently inhibited in vitro. This inhibition could be translated into more complex, cellular assays,
highlighting this compound as a promising anti-virulence agent. After reduction of their pathogenicity
by such an agent, bacteria are supposed be cleared by host defense mechanisms or with the help of
conventional antibiotics.!®!! In this context, our results highlight a direct restoration effect of the
antibacterial activity of the host defense peptide AMP LL-37 in vitro. Indirectly, the activity of host
defense mechanisms might be further improved by the inhibition of biofilm formation and eDNA release
also observed for 7. The same holds true for the effectiveness of conventional antibiotics, which is
seriously hampered by bacterial biofilms. Overall, these findings pave the way for the rational

development of selective protease inhibitors as potential new antibiotics.

METHODS.

Chemistry. All reagents were used from commercial suppliers without further purification. Procedures
were not optimized regarding yield. NMR spectra were recorded on a Bruker Fourier 300 (300 MHz)
spectrometer. Chemical shifts are given in parts per million (ppm) and referenced against the residual
proton, 'H, or carbon, *C, resonances of the >99% deuterated solvents as internal reference. Coupling
constants (J) are given in Hertz. Data are reported as follows: chemical shift, multiplicity (s = singlet,
d = doublet, t = triplet, m = multiplet, br = broad and combinations of these) coupling constants and
integration. Mass spectrometry was performed on a SpectraSystems-MSQ LCMS system (Thermo
Fisher, Dreieich, Germany). Flash chromatography was performed on silica gel 60 M, 0.04 - 0.063 mm
(Machery-Nagel, Diiren, Germany) or using the automated flash chromatography system CombiFlash
Rft (Teledyne Isco, Lincoln, NE, USA) equipped with RediSepRf silica columns (Axel Semrau,
Sprockhével Germany) or Chromabond Flash C18 columns (Macherey-Nagel, Diiren, Germany). Purity
of compounds synthesized by us was determined by LCMS using the area percentage method on the UV

trace recorded at a wavelength of 254 nm and found to be >95%.
Expression and Purification of LasB. LasB was expressed and purified as described previously.*?

In vitro Inhibition Assays. The LasB in vitro inhibition assay and the MMP assay were performed as

described previously.*

Cytotoxicity assays. Hep G2 or HEK293 cells (2 x 10° cells per well) were seeded in 24-well, flat-
bottomed plates. Culturing of cells, incubations and OD measurements were performed as described

previously™® with small modifications. 24 h after seeding the cells the incubation was started by the
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addition of compounds in a final DMSO concentration of 1 %. The living cell mass was determined

after 48 h. At least three independent measurements were performed for each compound.

X-ray Crystallography and image preparation. LasB was concentrated to 10-12 mg/mL and mixed
with inhibitor 7 at a final concentration of ImM. Complex crystals were grown by the sitting drop
method using a reservoir solution containing 1.8 M AMSO, and 0.1 M Tris-Cl, pH 8.8. Crystals were
cryoprotected in glycerol and diffraction data was collected from single crystals at 100 K at beamline
ID29 (ESRF) at a wavelength of 1.738 A. Data was processed using Xia2%” and the structure solved
using PHASERS® molecular replacement with Pseudomonas aeruginosa elastase (PAE, PDB 1D
1EZM) as a search model. The solution was manually rebuilt with COOT?® and refined using PHENIX®’
and Refmac5°!. The final refined structure of LasB in complex with compound 7 was deposited in the
Protein Data Bank (PDB) as entry 6FZX. Structural superimposition of complex structures of human
MMPs (IMMQ and 4G9L) and LasB (6FZX) was achieved through alignment of residues 201-205 of
4GIL (corresponds to residues 140-144 of 1IMMQ) using the align atoms algorithm of YASARA
structure  (YASARA  Biosciences GmbH).** Image was rendered using PovRay

(http://www.povray.org/).

Bacterial growth assay. The assay was performed in 96 well plates (Greiner, Kremsmiinster, Austria)
with a final volume of 200 pL. LL-37 was purchased from AnaSpec (Fremont, CA, USA) and diluted
to a final concentration of 25 pg/ml from 125 pg/mL stocks in 18MQ H,O. Prior to culture addition 7
was serially diluted in DMSO. A pre-culture of PA14 was adjusted to the final start ODggo 0.02 in
lysogeny broth medium. All samples contained 1% DMSO and 40% of 18MQ H,0. ODgoo was measured
using a FLUOstar Omega (BMG labtech, Offenburg, Germany) after inoculation and after incubation
for 16.5 h at 37°C with 200 rpm. Given ODsoo values were obtained after subtraction of the respective
start ODggo and represent three independent measurements with at least two replicates each. One-way

ANOVA was performed using GraphPad Prism 6 software.

Biofilm and eDNA assays. The assays were performed as described previously %
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Supporting Information to Chapter C

Table S1. Data collection and refinement statistics.

LasB-7

Resolution range

61.26 - 2.1 (2.175 - 2.1)

Space group P212121
Unit cell 43.7 53.0 122.5 90 90 90
Total reflections 88777
Unique reflections 16581 (1575)
Multiplicity 5.3(5.4)
Completeness (%) 95.88 (93.64)
Mean I/sigma(l) 4.3(1.9)
R-merge 0.257 (0.689)
R-work 0.1828 (0.2210)
R-free 0.2102 (0.3084)
Number of non-hydrogen atoms 2641
macromolecules 2317
ligands 29
solvent 295
Protein residues 300
RMS(bonds) 0.004
RMS(angles) 0.94
Ramachandran favored (%) 95.27
Ramachandran allowed (%) 4.39
Ramachandran outliers (%) 0.34
Rotamer outliers (%) 0.00
Clashscore 2.00
Average B-factor 17.59
macromolecules 16.44
ligands 24.71
solvent 25.92

Statistics for the highest-resolution shell are shown in parentheses.
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Figure S1. (A) Binding of the hydroxamate compound 7 leads to a closed conformation of the LasB active
site. (B) In contrast, binding of the recently reported thiol inhibitor of LasB (1) arrests the enzyme in an open
conformation. LasB is shown as a cyan surface representation, the active site zinc ion as a grey sphere and

ligand molecules as grey/black sticks.
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Figure S2. Structures of published hydroxamate-based MMP-7 inhibitor 9* and MMP-3 inhibitor 10.2

Figure S3. Structure of MMP inhibitor Batimastat.®



90

Synthesis

4-((3,4-dichlorophenyl)amino)-4-oxobutanoic acid (3). 3,4-dichloroaniline (160 mg, 0.99 mmol)
was placed in a crimp vial and dissolved in 5 mL of dioxane at 70°C. Succinic anhydride (105 mg,
1.05 mmol) was added. The reaction was stirred at 70°C for 6 hours. Hydrochloric acid (2 M, 2
mL) was added and the aqueous phase was extracted with ethyl acetate, washed with brine and
dried over magnesium sulfate and concentrated under reduced pressure. The crude was purified
using automated flash chromatography (reversed-phase: acetonitrile + 0.1% formic acid:water +
0.1% formic acid 15:85 to 65:35) to yield the title compound as a white powder (152 mg, 59%). *H
NMR (300 MHz, DMSO-ds) 6 ppm 2.37 - 2.49 (m, 4 H), 7.36 - 7.44 (dd, J = 8.8, 2.3 Hz, 1 H), 7.48
(d,J=8.8Hz, 1 H), 7.93 (d, J = 2.2 Hz, 1 H), 10.21 (s, 1 H), 11.57 - 12.75 (br. s, 2 H); *C NMR
(75 MHz, DMSO-ds) & ppm 28.6, 31.1, 118.9, 120.1, 124.3, 130.6, 131.0, 139.3, 170.7, 173.7;
MS (ESI*) m/z 262 (M+H)*

(2)-4-((3,4-dichlorophenyl)amino)-4-oxobut-2-enoic acid (4). 3,4-dichloroaniline (170 mg, 1.05
mmol) was placed in a crimp vial and dissolved in 5 mL of dioxane at 70°C. Maleic anhydride (103
mg, 1.05 mmol) was added. The reaction was stirred at 70°C for 6 hours. Filtration of the formed
precipitate gave the title compound as a white powder (151 mg, 55%). *H NMR (300 MHz, DMSO-
ds) & ppm 6.32 (d, J = 11.9 Hz, 1 H), 6.48 (d, J = 11.9 Hz, 1 H), 7.50 (dd, J = 8.9, 2.4 Hz, 1 H),
7.59 (d, J =8.8 Hz, 1 H), 8.01 (d, J = 2.3 Hz, 1 H), 10.6 (s, 1 H), 12.76 — 13.04 (br s., 1 H); **C
NMR (75 MHz, DMSO-dg) & ppm 119.4, 120.5, 125.1, 130.1, 130.7, 131.0, 131.6, 138.8, 163.7,
166.8; MS (ESI*) m/z 260 (M+H)*

Methyl-3-((3,4-dichlorophenyl)amino)-3-oxopropanoate (5). 3,4-dichloroaniline (500 mg, 3.1
mmol) was dissolved in 10 mL of dichloromethane under cooling on ice. Triethylamine (850 L,
6.2 mmol) were added, followed stepwise by methyl malonyl chloride (520 uL, 4.9 mmol). The
mixture was warmed to room temperature and stirred for 4 hours. The organic phase was washed
with saturated ammonium bicarbonate solution. The crude was purified automated flash
chromatography (petroleum ether:ethyl acetate 80:20 to 5:95) to yield the title compound as a white
powder (548 mg, 67%). '"H NMR (300 MHz, DMSO-dg) 8 ppm 3.49 (s, 2 H), 3.66 (s, 3 H), 7.45
(dd, J = 8.9, 2.4 Hz, 1 H), 7.58 (d, J = 8.8 Hz, 1 H), 7.96 (d, J = 2.4 Hz, 1 H), 10.49 (s, 1 H); 13C
NMR (75 MHz, DMSO-ds) & ppm 43.5, 52.0, 119.1, 120.3, 125.0, 130.8, 131.0, 138.8, 164.5, 167.8;
MS (ESI*) m/z 262 (M+H)*

3-((3,4-dichlorophenyl)amino)-3-oxopropanoic acid (6). 5 (150 mg, 0.57 mmol) was dissolved in
4 mL of tetrahydrofurane. Sodium hydroxide solution (2 M, 570 pL) was added, followed stepwise
by 1.43 mL of water. The mixture was stirred at room temperature for 24 hours. The aqueous phase
was extracted with diethyl ether. After addition of 5 mL of water, the aqueous phase was extracted
with ethyl acetate, dried over magnesium sulfate and concentrated under reduced pressure to yield
the title compound as a white powder (115 mg, 81%). *H NMR (300 MHz, DMSO-ds) & ppm 3.36
(s,2H), 7.46 (dd, J =8.9, 2.4 Hz, 1 H), 7.58 (d, J = 8.8 Hz, 1 H), 7.98 (d, J = 2.3 Hz, 1 H), 10.43
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(s,1H),12.48-12.94 (br.s, 1 H); ®°C NMR (75 MHz, DMSO-ds) & ppm 44.0, 119.1, 120.2, 124.8,
130.8, 131.0, 139.0, 165.1, 168.9; MS (ESI*) m/z 248 (M+H)*
N*-(3,4-dichlorophenyl)-N*-hydroxymalonamide (7). Hydroxylamine hydrochloride (106 mg, 1.52
mmol) was dissolved in 10 mL of methanol. N,N-Diisopropylethylamine (280 pl, 1.68 mmol) was
added. The mixture was stirred at room temperature for 30 minutes. 5 (100 mg, 0.84 mmol) was
added and the reaction refluxed for 8 hours, followed by 16 hours at room temperature. The mixture
was acidified with hydrochloric acid until pH 1 and extracted with ethyl acetate. The organic phase
was washed with brine, dried over magnesium sulfate and concentrated under reduced pressure.
The crude was purified using automated flash chromatography (reversed-phase: acetonitrile + 0.1%
formic acid:water + 0.1% formic acid 20:80 to 100:0) to yield the title compound as a white powder
(27 mg, 27%). *H NMR (300 MHz, DMSO-ds) 6 ppm 3.12 (s, 2 H), 7.48 (dd, J = 8.9, 2.4 Hz, 1 H),
757 (d,J=8.9Hz,1H),7.98(d, J=2.3Hz 1H),8.99 (s, 1H),10.42 (s, 1 H), 10.62 (s, 1 H); **C
NMR (75 MHz, DMSO-ds) & ppm 44.5, 119.6, 120.7, 125.3, 131.3, 131.5, 139.5, 165.6, 169.4;
MS (ESI*) m/z 263 (M+H)*

N-(3,4-dichlorophenyl)-2-hydroxyacetamide (8). 3,4-dichloroaniline (200 mg, 1.23 mmol) and
glycolic acid (94 mg, 1.24 mmol) were placed in a crimp vial. The vial was sealed and heated to
130°C for 24 hours. The crude was purified using flash chromatography (petroleum ether:ethyl
acetate 70:30 to 60:40) to yield the title compound as a white powder (156 mg, 58%). 'H NMR
(300 MHz, DMSO-dg) & ppm 4.00 (s, 2 H) 5.50 — 6.00 (br. s, 1 H) 7.56 (d, J = 8.9 Hz, 1 H) 7.70
(dd, J=8.8,2.5Hz, 1 H) 8.11 (d, J = 2.4 Hz, 1 H) 9.76 — 10.23 (br. s, 1 H); **C NMR (75 MHz,
DMSO-ds) 3 ppm 61.9, 119.7, 120.8, 124.8, 130.5, 130.8, 138.7, 171.5; MS (ESI*) m/z 220 (M+H)*

References
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4 Final Discussion

The goal of this thesis was the discovery of inhibitors of bacterial collagenases, precisely ColH
from C. histolyticum and LasB from P. aeruginosa. As described in the introduction, these
extracellular enzymes prove attractive targets for the development of new anti-infectives targeting
bacterial virulence, since they play a key role in the infection process of these pathogenic bacteria.
Since LasB and ColH are zinc-metalloproteases, the drug discovery strategy was based on a focused
protease inhibitor library (ActiTarg-P, obtained from TimTec). For the discovery of LasB
inhibitors, a functional screening was performed, using a FRET-based assay supplemented by an
LC-MS-based readout to exclude false-positives. The development of ColH inhibitors was based
on the results of an SPR binding assay complemented with a secondary functional FRET assay.

Interestingly, both screening campaigns yielded N-aryl mercaptoacetamides as most promising
inhibitors. Although not derived from a fragment library, these compounds do represent fragments,
fulfilling the criteria presented for fragment-based lead discovery in the so-called ‘rule of three’
(molecular weight <300 Da, number of hydrogen bond donors/acceptors < 3, ClogP < 3).1® Their
inverse Structure-Activity Relationships (SAR) toward the two targets, the unprecedented high
selectivity toward human MMPs along with the prodrug character will be discussed and compared
in the following chapters. This is followed by a discussion of synthetic modifications and the

evaluation of LasB inhibition in more complex cellular systems and an in vivo model.

For the sake of clarity, compounds mentioned in this part of the thesis are denominated with the
capital letter A, B or C referring to the respective manuscript, followed by an Arabic number

corresponding to the numbering in each manuscript.

4.1 SAR and Binding Modes of N-Aryl Mercaptoacetamides

A central element of this work was the SAR elucidation of N-aryl mercaptoacetamides toward ColH
and LasB. Interestingly, the functional assay results for a series of derivatives with varying
substitution of the aromatic core revealed different structural properties to be favorable for the
activity toward ColH (chapter A) and LasB (chapter B).

In case of ColH, substitution in para-position to the aniline moiety is highly beneficial for
inhibition. There is, for example, a more than 300-fold difference in activity between p-methoxy
derivative A5 (ICso 0.071 = 0.009 uM) and its o-analogue A1l (ICso 26 + 4 uM). Similarly, p-Cl
substituted A7 (ICs0 0.19 £ 0.02 uM) is considerably more active than o-Cl derivative A12 (ICso 31
+ 7 puM) or m-Cl derivative A9 (ICso 19 = 3 pM). The most potent ColH inhibitor is
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N-(4-acetylphenyl)-2-mercaptoacetamide with an 1Csp 0of 0.017 £+ 0.002 uM (A13, or 0.010 £ 0.002
MM when its prodrug A3 is concerned, Table 1). Two additional compounds with 1Csq values in the
two-digit nanomolar range bear methylester (A4) or methoxy (A5) groups para to the aniline
moiety, demonstrating a strong preference for polar, hydrogen-bond accepting functions.

The observed SAR could be rationalized by the X-ray crystal structure of A13 in complex with the
ColH peptidase domain. The hydrolysis product of thiocarbamate prodrug A3 was found to bind to
the S1-S3 site of the protease, forming a hydrogen bond with the main-chain oxygen of Tyr428 in
S1 and the main-chain nitrogen of Glu430 in S3 via the acetyl function and a bridging water
molecule. This interaction explains the preference for hydrogen bond-accepting moieties in para-
position to the aniline. Considering the tremendous drop in activity upon removal of the para-acetyl
moiety (Al, I1Cso 25 + 6 pM), these hydrogen bonds seem to be of particular importance.

Table 1. Structure and inhibition of ColH and LasB by the respective lead inhibitors.

Cp. A3/B1 A25/B27
)
H 0
N A H
S” NH cl N JU
Structure Y@/ l]/\ " j@/ S Nk
S cl °
ColH ICso [uM] 0.010  0.002 86 + 2% inhibition @100 pM
LasB 1Cso [HM] 731£25 6.2+0.3

As mentioned above, the SAR toward LasB showed a different activity profile of the N-aryl
mercaptoacetamides. Notably, the best ColH inhibitor A3 is one of the weakest LasB inhibitors
described in chapter B (B1, ICso 73.1 £ 2.5 uM). Likewise, the activity of the very potent ColH
inhibitors A4 and A5 on LasB is in the high two-digit micromolar range (B24, 1Cs, 81.5 £ 2.5 uM
and B23, 1Cso 47.7 £ 1.0 uM). Contrary to what was observed for ColH, nonpolar substituents,
especially halogens, were advantageous for activity on LasB, which is exemplified by o-, m-, or
p-Cl derivatives B9, B12 and B17, with ICsy values between 14 and 19 uM. This is one of several
examples pointed out in the chapter, which highlights that the position of a substituent does not
substantially affect the activity of the compound. Yet, addition of a second substituent to the
aromatic core of B17 (ICso 15.7 + 0.4 uM) generally improved the activity and led to the best LasB
inhibitors B26-B28 with one-digit micromolar ICso values (5.9 — 7.2 uM). These observations are
in accordance with studies reporting LasB to prefer bulky, hydrophobic amino acids at the cleavage
site of its substrates.%1?’

As expected, the co-crystal structure of B36 with LasB revealed the thiol function of the inhibitor
to chelate the active site zinc. In contrast to the ColH-A13 complex, a primed binding mode was

discovered, with the unexpected binding of a second molecule in an antiparallel orientation toward
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the zinc-chelating one (a more detailed binding mode analysis is subject of chapter 4.3). Actually,
the presence of two molecules in the X-ray structure is in disagreement with the observed Hill slope
of 1 in the in vitro assay. Apparently, for full inhibition only one binding event is necessary.
Consequently, the second molecule appears to have no impact on inhibition and its absence in

solution cannot be excluded.

Considering the notable difference in activity of the best hit toward the respective target, which is
in the low nanomolar range for ColH but only in the low micromolar range for LasB, the question
arises what causes this disparity. The SAR on ColH is sharp, given that several derivatives show
only less than 50% inhibition at 100 uM (A32-A35). The co-crystal structure with the best inhibitor
revealed that literally all functional groups of A13 undergo distinct interactions with active site
amino acid residues. Accordingly, this small molecule represents a highly specific ‘key’ perfectly
fitting into its ‘lock’, the protease binding site. This is remarkable for an inhibitor of that size, given
that fragments are normally low-affinity ligands.'*® Clearly, this is related to the presence of a thiol
moiety as a ‘warhead’ binding the catalytic zinc, which results, as determined using ITC, in
enthalpy-driven binding of this compound class.

The SAR deduced for LasB is generally less sharp, with a much smaller difference in activity
between the best (B26, ICsp 5.9 £ 0.3 uM) and the weakest N-aryl mercaptoacetamide
(B16, 1C50127.2 £ 3.5 uM). The X-ray co-crystal structure revealed several interactions between
the inhibitor and the binding pocket, but not for the aromatic core or the amide nitrogen of the zinc-
chelating molecule as in ColH-A13. Contrary to that complex, edge strand interactions are not
achieved by the zinc-chelating B36#, but rather by the second thiol bound. Hence, in order to
improve the activity on LasB, a more specific ‘key’ engaged in more interactions with the binding
site would be needed. A rational strategy toward this end is the N-benzylation/-alkylation approach
outlined in chapter B. The fact that all the resulting compounds were active on the target (B63-B74)
indicates a high tolerance for different substitution patterns, which could be due to the
comparatively large binding site of LasB. Presumably, these new inhibitors do not possess an
optimal conformation for binding to LasB in the mode that was suggested by molecular modelling.
An alternative approach toward a more specific (and hence more potent) ‘key’ could be the
development of a thiol inhibitor that is capable of leading to a closure of the active site by combining

the interactions of the two molecules present.

Regarding the distinct differences between the two targets, the herein discussed SAR and co-crystal
structures clearly allow the rational, structure-based design of novel anti-infectives specifically

targeting LasB or ColH.
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4.2  Prodrug Character of the Thiocarbamate Function

Prodrugs are compounds which have to undergo transformation after they are administered, in order
to yield the actual active drug.*®* This approach has proven useful for crossing biological barriers
(like the blood-brain barrier), or when drug solubility needs to be altered, as for example in case of
intravenous application of otherwise poorly water-soluble drugs.!**1*® Furthermore, prodrugs are
used to enhance the chemical stability of drugs.'®> Mostly, they are converted enzymatically by e.g.
esterases, phosphatases or hepatic CYP enzymes, but non-enzymatic hydrolysis can also take
place.!®® Prominent protease inhibitors equipped with a prodrug moiety are ACE inhibitors like
ramipril.2 Examples for masked thiols are clopidogrel'** or racecadotril, where the active metabolite
thiorphan is equipped with an acetate function.'®® A similar approach has been used for N-aryl
mercaptoacetamides.*?

The sulfhydryl groups of the inhibitors presented in this study are protected with a carbamate
function, which liberates free thiols after hydrolysis (Figure 9). Carbamates have been used to
design prodrugs of phenolic compounds, mostly to overcome metabolic instability.!*® The
somewhat fortuitous discovery of the prodrug character of our inhibitors prompted us to closely
investigate their stability. Using an LC-MS-based assay it was shown that thiocarbamates hydrolyze
rapidly in aqueous buffers, in absence of hydrolytic enzymes. On the contrary, carbamates are

generally known to be stable.'®’

i1 ‘

Figure 9. General scheme for the formation of active thiols from thiocarbamate prodrugs.

Comparison of the formation of N-(4-chlorophenyl)-2-mercaptoacetamide (A14/B35) in 10 mM
HEPES pH 7.5 at 22.5°C (chapter A) to 50 mM Tris pH 7.2 at 37°C (chapter B) shows differences
in thiocarbamate half-lives with 26.8 £ 1.4 min for A7 at 22.5°C and 3.7 £ 0.1 min for B17 at 37°C.
The faster activation in Tris buffer is most likely caused by the difference in temperature.
Considering the human body temperature of 37°C, the rapid activation in Tris buffer is presumably
closer to a scenario of potential application in men. Certainly, thiocarbamate stability was not
determined in human plasma, so differences in half-life cannot be excluded. Still, in terms of
temperature and pH our assay conditions are close to the physiological state. Consequently, it can
be assumed that the thiocarbamate function would be completely hydrolyzed after the prodrug was,
for instance, exposed to human plasma after intravenous application. This would prevent reduced
activity due to incomplete prodrug activation. Thiols like captopril were shown to form disulfides

not only in aqueous systems;'% in fact this is also possible for the dry substance as in a tablet.*®®
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Hence, stability of the undissolved compound, which eventually affects shelf life, will also be

enhanced by using this thiocarbamate protection group.

4.3 Changing the ‘Warhead’ to a Hydroxamic Acid

Several thiol-containing drugs are in clinical use, as for example the aforementioned antiplatelet
drug clopidogrel,*** the antidiarrheal racecadotril**® or the ACE inhibitor captopril.?® A drawback
of thiols is their sensitivity to oxidation to the respective disulphides.**® Consequently, newer ACE
inhibitors like enalapril do not contain sulfhydryl groups and are less prone to oxidative
metabolism.?®* As an alternative to the use of a thiocarbamate prodrug to avoid oxidation, the
strategy of replacing the thiol ‘warhead’ was pursued in chapter C.

Among the newly synthesized compounds derived from lead thiol B36, which included several
carboxylic acids (C3-C6) and an alcoholic isoster C8, hydroxamic acid C7 is the only one with in
vitro activity on LasB (ICsp 17.4 £ 0.8 puM). This indicates that in combination with the
phenylacetamide core a strong zinc binder is necessary for protease inhibition.

Even though B36 and C7 differ only by the zinc-chelating group, remarkable differences in their
binding to LasB were found. In the past, the presence of inhibitors at the active site of LasB was
related to a closure of the active site cleft due to hinge-bending motion.2° Concrete examples for
this phenomenon include a peptidic inhibitor?®® and phosphoramidon.?* We also made this
observation for hydroxamate C7. By contrast, the open conformation of the apo protein is virtually
maintained upon binding of thiol B36. An explanation for the different conformation of the enzyme
when occupied by these inhibitors was provided by the respective binding modes: The perpetuation
of the open conformation is most likely caused by the unexpected presence of two molecules of
B36 in the protease. The second, antiparallelly oriented thiol does not chelate the active site zinc,
but rather occupies the lipophilic S2” pocket. It presumably prevents the protease from closing over
the zinc-binding molecule, which therefore cannot undergo interactions with the edge strand. By
contrast, only one molecule of hydroxamate C7 was found in the pocket. The absence of a second
molecule enabled C7 to interact with the catalytic zinc and the edge strand alike, allowing the
characteristic closure of the active site cleft.

Apart from the conformation of the enzyme and the number of ligands bound, the orientation of the
inhibitor backbone was not equivalent either for this new compound. While the amide oxygen of
B36 is able to form a bidentate hydrogen bond with Arg198, the twisted orientation of the backbone
of C7 does not allow this interaction anymore. The 2.5-fold weaker activity of the hydroxamate
toward the thiol might be originated from the lack of this interaction.

In all, these findings point out that replacement of the zinc-chelating group of a metalloprotease

inhibitor, even if it does not cause a crucial difference in activity, can lead to substantial changes in
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the binding mode. This does not only affect the orientation of the inhibitor in the pocket, but even

the conformation of the entire protease.

4.4  Selectivity toward Human MMPs

As outlined in the introduction, a critical requirement for protease inhibitors is selectivity toward
other protease anti-targets. For zinc-metalloproteases these are in particular human MMPs, due to
their versatile functions (see chapter 1.6). For this reason, it was a key goal of this study to develop
inhibitors selectively targeting bacterial proteases. Therefore, we analyzed the potential activity of
selected compounds on MMPs. In order to cover a broad range of these antitargets, six
representative enzymes with differing depth of the S1" binding pocket were chosen, namely the
following: MMP-1, -7 (shallow), MMP-2, -8 (intermediate) and MMP-3, -14 (deep).

For the N-aryl mercaptoacetamides high selectivity was not necessarily to be expected, considering
the presence of a common zinc anchor and their small size. However, the compounds displayed an
unprecedented selectivity with negligible inhibition of all anti-targets tested. This could be
attributed to the interactions with the non-primed edge strand in ColH. This structural element is
also present in MMPs, but since it is tilted by 27-29°, productive interactions with the N-aryl
mercaptoacetamides are not possible. In line with these results, selected inhibitors showed
promising activities on collagenases from other Gram-positive species like C. tetani or B. cereus.
Mimicking the zinc-coordination sphere in MMPs by mutation of the glutamate ligand in ColH to
histidine did not cause a tremendous drop in activity, thus this interaction could be excluded as
alternative selectivity determinant.

The maintenance of the high selectivity of the thiols when changing the zinc-chelating group to a
hydroxamate was equally surprising. This is especially true in view of the fact that the interactions
of the hydroxamic acid function with LasB are highly similar to reported structures of hydroxamates
in complex with MMP-7,25 MMP-32% or with thermolysin,?” leading to a commonly observed
distorted trigonal-bipyramidal coordination geometry.?®® Consequently, the observed selectivity
must be determined by the interactions of the backbone of the molecule. Comparing the orientation
of the molecules in the binding pocket it becomes apparent that contrary to C7, the aforementioned
inhibitors occupy the shallow (MMP-7) or deep (MMP-3) S1” binding pocket of the respective
targets. Interactions at this site of the MMPs have been discussed as a reason for poor selectivity of
protease inhibitors.’818 Accordingly, it appears likely that the observed inactivity of C7 toward all
tested MMPs can be attributed to a lack of binding to this subsite.

It remains to be said that the selectivity of the mercaptoacetamides was explained based on their
interactions with the non-primed edge strand in ColH but not with regard to the complex with LasB.

In this case, a primed binding mode was observed, which raises the question why this alternative
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orientation of the inhibitor would not lead to MMP inhibition. Assuming absence of the second
ligand in a hypothetical MMP-thiol complex, one could conclude that again the non-occupation of
the S1” pocket and the lack of edge strand interactions is the reason for the inactivity toward MMPs.
Contrary to other studies about bacterial protease inhibitors (see chapter 1.4.3 and 1.5.3), which
focused mostly on only a few antitargets, this work describes the N-aryl mercaptoacetamides to be
selective toward a broad range of six MMPs. The selection of representative enzymes differing in
the S1” site might allow conclusions about the inhibition of other structurally related MMPs which
were not tested. Presumably, the compounds described herein are also highly selective towards
further MMPs because of the abovementioned non-occupation of the S1° pocket and the inability
to interact with the non-primed edge strand.

Along with their low cytotoxicity of toward selected human cell lines, these results constitute an
important prerequisite for the potential application of these protease inhibitors for the treatment of
infections with Clostridia or P. aeruginosa.

4.5 Biological Evaluation of the Impact of LasB Inhibition

Having in hand inhibitors with promising in vitro activity on LasB, it was of high interest to analyze
the impact of LasB inhibition by these compounds in more complex assay systems. To this end, the
potential to restore the effect of the AMP LL-37 was investigated. Furthermore, effects on biofilm
formation and on the biofilm component eDNA were analyzed. As outlined in the introduction,
these effects represent important resistance mechanisms of P. aeruginosa. The most advanced assay

performed in this study is an early in vivo infection model using G. mellonella.

45.1 LL-37 Rescue

LL-37 is a human a-helical cathelicidin peptide with antimicrobial activity against various bacteria,
including P. aeruginosa.?® It contributes to the innate defense system and is upregulated in CF
patients, with concentrations correlating to disease severity.?1%2! Apart from its antimicrobial
properties due to membrane permeabilization,?®® LL-37 is known to inhibit the formation of
P. aeruginosa biofilms and to destruct existing biofilms, exerting synergistic effects in combination
with classical antibiotics.?'22* This is caused partly by QS-mediated downregulation of several
genes, e.g. lasB.?* Schmidtchen et al. reported proteases from various bacterial species, including
P. aeruginosa LasB, to degrade LL-37 for the purpose of immune evasion.!*® These findings and
the fact that LL-37 cleavage can be prevented with ilomastat!!® prompted us to analyze the impact

of our hydroxamate-based inhibitor on this immune evasive process.
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As described in chapter C, we found only a weak effect of LL-37 on the growth of PA14
at 25 ug/mL. This is in line with reported MIC values towards P. aeruginosa strains of
>32 ng/mL.212214 In order to exclude growth inhibition by C7, its potential antibacterial properties
were investigated, revealing only a weak effect at high concentrations (p <0.05 at 250 uM).
Remarkably, bacterial growth was significantly decreased in a concentration-dependent manner
when PA14 cultures supplemented with LL-37 were treated with hydroxamate C7. This
demonstrates that LasB inhibition has the potential to restore the innate defense system of the host
which is otherwise impaired by P. aeruginosa. Hence, in an infectious disease state, apart from the
reduced invasiveness caused by LasB inhibition, the rescue of LL-37 could be of additional benefit
for the patient, because of the recovered antimicrobial activity and its anti-biofilm effect.?12213

45.2 Effects on Biofilm Formation and eDNA Release

As mentioned earlier, the biofilm is a central element favoring resistance of P. aeruginosa whose
formation is also dependent on LasB.!?:?? Inhibition of LasB has been demonstrated to lead to
reduced biofilm formation.'?® Thus, it was of great interest whether on top of strengthening the host,
hydroxamate C7 could also further weaken P. aeruginosa by interfering with a key resistance
mechanism.

The assay revealed a dose-dependent reduction of the total biofilm volume by C7. In addition to
that, a significant effect on the release of the major biofilm component eDNA was observed. As
discussed above, we found a direct effect of C7 on the activity of LL-37. Indirectly, the reduction
of eDNA should boost the activity of this AMP as well, as it is known to lead to resistance toward
LL-37.7* Similarly, the biofilm reduction could lead to an increased activity of conventional
antibiotics.®72215 In case of B-lactams, this could further be achieved by direct inhibition of metallo-
B-lactamases.?**?" In vitro activity on IMP-7, an enzyme of this class isolated from clinical strains
of P. aeruginosa, by thiol inhibitor B36 is an encouraging first result toward the end of an additional

restoration effect on penicillin and related antibiotics.

45.3 In Vivo Efficacy in Galleria mellonella

The G. mellonella infection experiment is a potent in vivo model, with substantial advantages over
murine models in terms of expenses, required instruments and ethical constraints.?’® For
P. aeruginosa, pathogenicity has been shown to highly correlate with mouse models.?*® In the
Hartmann group, this model has been employed to demonstrate in vivo efficacy of PgsR inhibitors®
and dual inhibitors of PgsR and PgsD.?®

P. aeruginosa has been reported to produce LasB after infection of G. mellonella.??® The protease

itself is toxic for the larvae and stimulates an immune response at concentrations below the lethal
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dosis.??! LasB has further been discussed to evade the G. mellonella immune response by degrading
antimicrobial peptides of the insect.???

The in vivo effect of LasB inhibition by thiol B36 and its prodrug B27 was investigated. To this
end, larvae were challenged with a bacterial load corresponding to two CFUs, which is two times
the LDso determined by Jander et al.?!® As pointed out in chapter B, the survival rate of the larvae
was increased significantly from 43% for the untreated larvae to 72% for larvae receiving 2.5 nmol
of B36. The ineffectiveness of prodrug B27 could be due to insufficient activation in the
G. mellonella hemolymph. In vivo efficacy of structurally related LasB inhibitors has been proven
by Zhu et al. using a Caenorhabditis elegans model.** The lifetime of the worms was significantly
prolonged when treated with the LasB inhibitors, however, contrary to our results, the overall
survival was not affected.’®? Hence, in our assay, inhibition of the virulence factor LasB did not
only decelerate disease progression, but importantly reduced the pathogenicity so much so that less

larvae were killed.

Taken together, these biological results highlight how the in vitro activity of our LasB inhibitors
could be translated into significant effects in more complex systems. Using cellular assays, we were
able to demonstrate reduction of biofilm formation and eDNA release, as well as a restoration effect
on the activity of the AMP LL-37. Finally, we proved in vivo efficacy for a thiol inhibitor in Galleria
mellonella. These findings reflect the various implications of LasB in the pathogenicity of
P. aeruginosa (chapter 1.4.2) and clearly underline the potential of this extracellular protease as a

drug target toward the development of novel, urgently needed anti-infectives.
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46 Outlook

The results described in this work regarding the potent and selective broad-spectrum inhibition of

secreted bacterial collagenases pave the way for the rational and straightforward development of

new antibacterial drugs with novel modes of action.

Potential further steps in these projects include the following:

Further analysis of the inhibition of clostridial collagenases other than ColH, including

dose-dependent measurements.

Analysis of the impact of collagenase inhibition on the cleavage of the natural substrate
collagen.

Establishment of an in vivo model using Clostridium strains expressing the targeted

proteases to assess the impact of collagenase inhibition in a more advanced setting.

Structure-based optimization of the inhibitors based on the here presented X-ray
co-crystals. This could aim at (i) replacement of the bridging water molecule between ColH
and A13to increase affinity; (ii) development of a thiol inhibitor of LasB capable of leading
to a closure of the active site cleft by engaging in more interactions with the binding site;
(iii) replacement of the zinc-binding group of the thiols by alternative (e.g. heterocyclic)

zinc chelators

Extension of the chemical space of LasB/ColH inhibitors by screening alternative

compound libraries.

Analysis of the impact of LasB inhibition on the activity of antibiotics or LL-37 in biofilm
or eDNA assays.

Determination of selected pharmacokinetic properties to obtain further information
regarding a potential application in humans. This would be followed by additional
modification of the compounds toward e.g. increased absorption or reduced metabolism

when necessary.

Extension of the selectivity tests to further metalloproteases like HDAC or ACE.
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