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Abstract 

Microbial infection and the rise of antibiotic resistance pose a serious threat to public health. 

To tackle bacterial infection and resistance, new bacterial targets and non-antibiotic treatment 

options need to be identified. Virulence factors are gaining attention these days as they play 

crucial roles in bacterial pathogenicity. As their inhibition does not kill the bacteria, the 

selection pressure for emerging new resistant mutants is reduced, while also assisting the host 

immune system in eliminating the disarmed bacteria. Extracellular bacterial collagenases are 

the etiologic features of many bacterial infections. They are metalloproteases characterized by 

their ability to digest the main scaffolds of the extracellular matrix, exposing deep tissue to 

bacteria and other toxins. As the inhibition of virulence factors is considered one powerful non-

antibiotic strategy, full characterization of these targets is essential to understand their role 

during infection. Furthermore, pre-clinical models imitating the infection need to be developed 

to decipher the role of virulence targets and their inhibitors in pathophysiological settings.  

This study addresses the characterization and validation of three bacterial collagenases and their 

inhibitors: collagenase Q1 (ColQ1) of Bacillus cereus, Collagenase H (ColH) of Clostridium 

histolyticum, and elastase B (LasB) of Pseudomonas aeruginosa. To promote our understanding 

of the pathological contribution of bacterial collagenases and to characterize the activity of 

small-molecule collagenase inhibitors as therapeutic agents, we developed pre-clinical systems 

modeling the infection settings and validating the collagenases and their inhibitors. These 

systems include in vitro cell-based, ex vivo pig skin, and in vivo Galleria mellonella larvae 

models. Furthermore, advanced microscopic techniques as well as in vitro biological and 

bioanalytical assays were used to evaluate the effects shown in these models. The newly 

discovered inhibitors investigated in this study are characterized with their potency, selectivity, 

and chemical stability, which many previously reported inhibitors lack. The findings of this 

work shed light on the roles of bacterial collagenases during bacterial infection – in particular 

in disease progression – and the effect of their inhibition with small-molecule antivirulence 

agents, which could represent an effective therapeutic strategy. 
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Zusammenfassung 

Mikrobielle Infektionen und die Zunahme der Antibiotikaresistenz stellen eine ernste 

Bedrohung für die öffentliche Gesundheit dar. Um bakterielle Infektionen und Resistenzen zu 

bekämpfen, müssen neue bakterielle Angriffspunkte und nicht-antibiotische Behandlungen 

gefunden werden. Virulenzfaktoren gewinnen in diesen Tagen an Aufmerksamkeit, da sie eine 

entscheidende Rolle bei der bakteriellen Pathogenität spielen. Ihre Hemmung durch sogenannte 

"Antivirulenzwirkstoffe" tötet die Bakterien nicht ab. Dadurch wird der Selektionsdruck für die 

Entstehung neuer resistenter Mutanten verringert und gleichzeitig das Immunsystem des Wirts 

bei der Beseitigung der deaktivierten Bakterien unterstützt. Extrazelluläre bakterielle 

Kollagenasen sind die ätiologischen Merkmale vieler bakterieller Infektionen. Es handelt sich 

dabei um Metalloproteasen, die sich durch ihre Fähigkeit auszeichnen, die Hauptgerüste der 

extrazellulären Matrix zu verdauen und so tiefes Gewebe für Bakterien und andere Toxine 

freizulegen. Da Virulenzfaktoren und ihre Inhibitoren als eine vielversprechende nicht-

antibiotische Strategie angesehen werden, ist ihre vollständige Charakterisierung unerlässlich, 

um ihre Rolle während der Infektion zu verstehen und neu entdeckte Faktoren als potenzielle 

Ziele und Inhibitoren zu validieren. Darüber hinaus müssen präklinische Modelle entwickelt 

werden, die die Infektion imitieren, um die Rolle der Virulenz-Targets und ihrer Inhibitoren in 

pathophysiologischen Situationen zu entschlüsseln.  

Diese Studie befasst sich mit der Charakterisierung und Validierung drei bakterieller 

Kollagenasen und ihrer Inhibitoren: der Kollagenase Q1 (ColQ1) von Bacillus cereus, der 

Kollagenase H (ColH) von Clostridium histolyticum und der Elastase B (LasB) von 

Pseudomonas aeruginosa. Um unser Verständnis des pathologischen Beitrags bakterieller 

Kollagenasen zu fördern und die Aktivität von niedermolekularen Kollagenase-Inhibitoren als 

therapeutische Wirkstoffe zu charakterisieren, haben wir präklinische Systeme entwickelt, die 

die Infektionsbedingungen nachbilden und die Kollagenasen und ihre Inhibitoren validieren. 

Zu diesen Systemen gehören In-vitro-Zellsysteme, Ex-vivo-Schweinehaut und In-vivo-Modelle 

basierend auf Galleria mellonella Larven. Darüber hinaus wurden moderne mikroskopische 

Techniken, sowie biologische und bioanalytische In-vitro-Tests eingesetzt, um die in den zuvor 

genannten Modellen gezeigten Wirkungen zu bewerten. Die neu entdeckten Inhibitoren, die in 

dieser Studie untersucht werden, zeichnen sich durch ihre Potenz, Selektivität und chemische 

Stabilität aus, die bei vielen bisher bekannten Inhibitoren fehlen. Die Ergebnisse dieser Arbeit 

werfen ein Licht auf die Rolle bakterieller Kollagenasen während bakterieller Infektionen, 

insbesondere bei der Förderung von Krankheiten, und auf die Wirkung ihrer Hemmung durch 
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niedermolekulare Antivirulenzmittel, die eine wirksame therapeutische Strategie darstellen 

könnten.
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1 Introduction 

1.1 Antibiotic resistance 

Antibiotics are drugs that prevent bacteria from growing and multiplying.[1] They function by 

inhibiting the catalytic activity of enzymes that are involved in bacterial physiology.[2] For 

instance, they block certain metabolic processes or reduce bacterial cell-wall construction, or 

protein, deoxyribonucleic acid (DNA), and ribonucleic acid (RNA) production, or disrupt the 

cell membrane.[2] After a lack of antibiotics to treat even minor infections that were likely to 

kill people, Alexander Fleming discovered the first antibiotic (penicillin),[3] which transformed 

medicine and improved human life expectancy. Since then, the antibiotic discovery has grown 

dramatically.[4,5] Simultaneously, the irrational use of these medicines has caused their efficacy 

to deteriorate with time as a consequence of increased selection pressure on bacteria, which 

favors the emergence of resistance.[4,5] Fleming already cautioned in his Nobel Prize speech 

against the possibility of penicillin resistance, as this would accelerate the evolution of 

antibiotic resistance in bacteria.[3,6,7]  

Today, we are all on the verge of a post-antibiotic era. Scientists and governments across the 

world are warning that the global antibiotic resistance crisis is rapidly worsening.[8] There are 

many reasons contributing to the rapid development of antibiotics inefficacy. Their widespread 

and inappropriate use has aided the emergence of antibiotic-resistant bacteria.[9,10] This 

resistance is further exacerbated by excessive use in animals and agriculture,[11,12] as well as 

their misuse for non-bacterial diseases and poor patient compliance.[10] The most critical 

contributors in the development of resistance can be found in developing nations where nearly 

all antibiotics are accessible without a prescription.[13] Figure 1 summarizes the main causes of 

antibiotic resistance development. 

Rising antibiotic resistance has prompted scientists to modify the structure of existing natural 

antibiotics and to create active synthetic equivalents.[14] Unfortunately, as resistance developed 

faster than the discovery of new antibiotics, this strategy did not endure.[14] The discovery of 

novel synthetic antibiotics proved difficult, especially in regard to their potential to permeate 

the bacterial cell wall of Gram-negative bacteria to reach their targets.[15] Another factor 

complicating the search for synthetic antibiotics is that most synthetic compounds do not 

comply with Lipinski’s rule of five, which increases the probability of their failure.[16] 

Furthermore, clinical studies,  which must be undertaken prior to the introduction of 

antimicrobials to the market to ensure drug safety and efficacy are particularly challenging to 

execute.[16] This is because placebos are not permitted to be used in infected patients owing to 
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ethical concerns.[16] There are also commercial obstacles. For example, the discovery of drugs 

with a short duration of administration (e.g., antibiotics) has lowered profits of pharmaceutical 

companies, leading them to focus on producing drugs that can be taken daily and for an 

extended period of time (e.g., cholesterol-lowering drugs).[17] In addition, new antibiotics would 

be reserved for patients suffering from infections by multi-drug resistant and extensively drug-

resistant bacteria incompatible with a short patient life time. 

To tackle this crisis, a number of measures must be taken, above all prevention of infectious 

diseases and patient education.[18] In addition, pathogens that are resistant to antibiotics must 

be tracked and studied thoroughly, alternative treatment strategies, and classical antibiotics with 

new modes of action must be developed to manage the infections.[18–21] 

 

Figure 1. Overview of the main causes of antibiotic resistance development. Adapted from www.euro.who.int. 

1.2 Proposed strategies to tackle resistance development 

To address the problems posed by this serious health threat, the public and research institutions 

will need to collaborate to modify behaviors in antibiotic usage and to develop alternative 

therapeutic options. There are some potential strategies that are now being implemented to 

manage the resistance development crisis.[14,18,19,22] These strategies have three key aspects: 1) 

development of novel antimicrobial agents that inhibit already known targets preferably in an 

unprecedented way (i.e., with a new binding mode). 2) Identification of new essential bacterial 

targets and using them for the discovery of anti-infectives with a new mode of action (e.g., 
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enzymes of methylerythritol 4-phosphate pathway).[23] 3) looking for non-antibiotic strategies to 

minimize the emergence of resistance and to restore the efficacy of existing 

antimicrobials.[14,18,22,24] The latter is the most promising approach, because the other strategies 

will inevitably, again, lead to resistance development and narrow the therapeutic options. 

Several non-antibiotic methods are being explored for the management and prevention of 

bacterial infections.[19] Among these methods are: 

1.2.1 Antivirulence strategies 

Targeting bacterial virulence factors. Pathogenic bacteria produce virulence factors, which 

enable them to overcome the host’s defense mechanisms, invade the tissue, and gain access to 

deeper locations to spread the infection.[25] Therefore, it is thought that inhibiting the activity 

of these virulence factors will reduce the bacterial pathogenicity rather than kill them.[22,25] This 

keeps the selection pressure low and delays the emergence of resistant mutants.[25] To target the 

virulence mechanism of pathogenic bacteria, the secreted virulence factors can be directly 

inhibited. In addition, their release occurs through needle-like-secretion systems, which inject 

the virulence factors and toxins directly into human cells; these secretion systems are also 

attractive drug targets.[22] To date, there are no synthetic small-molecules antivirulence or 

antisecretion agents on the market, although many are in the early or latter phase of clinical 

trials (Figure 2).[22] The question of whether virulence factor inhibitors will ever be of 

therapeutic value against pathogenic bacteria is still being investigated. 

Targeting biofilm formation and adherence. Biofilm forms when microorganisms adhere 

and proliferate on a surface, producing extracellular polysaccharides that assist adhesion and 

matrix development.[26,27] As a result, the organism’s phenotype properties (e.g., growth rate 

and gene transcription) change.[26,27] Biofilm-forming bacteria can survive antibiotics that 

would normally eradicate planktonic-growing bacteria, making their removal difficult.[26,27] 

Furthermore, the biofilm’s extracellular matrix also impedes antibiotic entry into the 

biofilm.[26,27] To avoid the formation of biofilms, new techniques are being developed. 

However, these techniques are still under clinical investigation.[28] Biofilm formation often 

occurs on medical equipment like heart valves and teeth, thus preventing adhesion is one 

approach to combat biofilm formation.[22,28] This can be accomplished by coating the devices’ 

outer surface with antiadhesive substances that prevent bacteria from adhering to them.[29] The 

biofilm attaches to human epithelial cells via lectin-like fimbriae, which bind sugar moieties on 

cell surfaces.[30] By inhibiting these lectins, biofilm formation can be prevented (Figure 2).[22,30] 

Other targets were directly related to biofilm development including quorum sensing (QS) or 
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small signaling molecule c-di-GMP, which regulates the switch that allows planktonic cells to 

form a biofilm. Their suppression is suitable to prevent biofilm formation.[22,31] 

Targeting signaling molecules. QS is a communication system that controls gene expression 

with regard to variations in cell numbers.[31,32] It generates and releases chemical signals termed 

auto-inducers, which get more concentrated as cell density rises.[31,32] Acylated homoserine 

lactones and processed oligopeptides are used in Gram-negative and -positive bacteria, 

respectively, as auto-inducers for bacteria to communicate.[22,31,32] In both Gram-positive and -

negative bacteria, QS communication circuits control a wide variety of physiological 

functions.[22,31,32] These include biofilm formation, competence, virulence, motility, 

sporulation, conjugation, and others.[31,32] Two basic techniques for discovering new drugs that 

inhibit this type of signal transmission are known. First, by inhibiting the production of QS 

signaling molecules or suppressing their interactions with their receptors (Figure 2).[22,31,32]  

Alternative approaches to limit virulence. Other non-antibiotic methods to target bacterial 

pathogenicity are being researched.[19] Liposome-based cytotoxin inhibitors are one of them.[33] 

They protect epithelial and endothelial cells as well as the immune system from harm by 

sequestering a variety of bacterial cytotoxins.[33] These inhibitors have so far shown promise in 

vitro and in vivo against Gram-positive infections with Staphylococcus aureus and 

Streptococcus pneumonia.[33] Liposomes that target exotoxin-producing Gram-negative 

bacteria are still being studied.[33]  

1.2.2 Viral phage therapy 

Bacteriophages are viruses that attach themselves to particular bacteria and inject their genome 

into them.[34] The viral genome replaces the bacterial genome, which prevents the bacteria from 

multiplying.[34] In Eastern Europe, phages were used before the discovery of antibiotics, and 

today owing to the substantial increase in resistance development, an interest has risen to return 

to this approach.[34] Phage therapy provides a number of advantages, including high selectivity 

in targeting bacteria and a high therapeutic index, which reduce side effects in humans.[19,22,34] 

This will also limit the ability of bacteria to evolve resistance.[19,22] In addition, these phages 

are also non-pathogenic to the gut microbiome, lowering the risk of opportunistic 

infections.[19,22] Due to their ability to penetrate biofilms, they have an additional advantage 

over conventional antibiotics.[19,22,34] Despite all of these advantages, their ability to match with 

a single strain makes their discovery challenging and limits their application.[22] To overcome 

this obstacle, it is proposed to develop a cocktail of phage mixtures to treat the same infection, 

because the bacterial components of the same infection might vary from patient to patient.[35] 

These cocktails can be also used to lyse most strains from the same species (Figure 2).[35]  
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1.2.3 Immunotherapy 

Immunotherapies protect against infection by targeting or altering immune components to 

eliminate pathogens and damaged host cells.[36,37] Vaccines are the most well-known and most 

effective type of immunotherapy. This includes the Bacillus Calmette-Guérin (BCG) 

vaccination, which protects children from infection with Mycobacterium tuberculosis.[38] 

Immunotherapies are classified into two types, passive and active.[36,37] Ex vivo components 

such as immune cells or recombinant antibodies are delivered to the patients as a form of passive 

immunotherapy.[36,37] Active immunotherapies, on the other hand, employ virulence factors to 

trigger components of the host immune memory, such as T-cell or humoral response.[36,37] 

Passive immunotherapies such as monoclonal and polyclonal antibodies, as well as active 

immunotherapies such as multi-epitope bacterial vaccines, are both being developed to treat 

bacterial infections.[36,37] These antibodies might be used alone or in conjugation with 

conventional antibiotics to boost their efficacy or assure their targeted delivery and activity 

(Figure 2).[36,37] 

 
 

Figure 2. Representation of some indirect-acting strategies that can be used to tackle bacterial infections. 

1.3 Bacterial metalloproteases as virulence factors  

Proteases are hydrolytic enzymes that catalyze the breakage of peptide bonds in proteins and 

peptides.[39,40] They are divided into exoproteases and endoproteases based on their catalytic 

mechanisms.[39,40] The N- or C-termini of proteins are where exoproteases operate. 

Metalloproteases, cysteine proteases, serine proteases, threonine proteases, and aspartic 

proteases are all endoproteases that hydrolyze internal peptide bonds.[39,40] Metalloproteases 

have one or two catalytic metals at their active site, which is usually a Zn2+ cation but can also 

be Mg2+, Ni2+, or Cu2+.[39,40] They are generated by all living organisms, including plants, 
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humans, and microbes. [39,40] They are secreted either inside the cell or outside the cells, the 

latter being referred to extracellular metalloproteases.[39,40] Extracellular metalloproteases in 

humans (i.e., matrix metalloproteases: MMPs) have been widely investigated due to their 

contribution to numerous illnesses such as cancer, arthritis, and heart diseases.[41] Several of 

their inhibitors are in medical use such as antihypertensive drugs (e.g., enalapril and 

aliskiren)[42], cancer treatment drugs (e.g., depsipeptide)[43], and anticoagulant medication (e.g., 

argatroban).[44] Bacterial extracellular metalloproteases, on the other hand, received less 

attention prior to the antibiotic resistance crisis.[45] Over the past years, substantial progress has 

been made in identifying and characterizing a variety of bacterial metalloproteases as potential 

drug target candidates for antivirulence drug development.[45] These bacterial metalloproteases 

are produced in an inactive state inside the cell and then go through certain processes to become 

active.[39] The active enzyme is released outside the bacterial cell to initiate and maintain the 

infection.[39,40,46] For nourishment, the extracellular metalloproteases degrade host proteins into 

oligopeptides and amino acids (use them as a source of carbon) leading to support the 

dissemination of bacteria and their toxins (Figure 3).[39,40,46] They also attack the host immune 

response by destroying certain immunological components.[39,40,46] All of these actions result in 

the host’s immune system being unable to clear the infection, allowing the bacteria to spread to 

deeper and more vulnerable sites in the host’s body.[39,40,46]  

 

Figure 3. Illustration of tissue invasion induced by bacterial metalloproteases (collagenases). Bacterial 

collagenases digest the collagen of the extracellular matrix leaving gaps that assist bacteria to spread and reach 

deep locations.  

Many of the extracellular metalloproteases secreted by pathogenic bacteria such as fragilysin 

from Bacteroides fragilis, elastase B (LasB) from Pseudomonas aeruginosa, various types of 

collagenases from Clostridium and Vibrio have been thoroughly studied. However, none of 

their inhibitors have been tested in humans yet.[46,47]   
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Three of these metalloproteases, which are related to opportunistic infections will be discussed 

here in detail:  

1.3.1   Elastase B of Pseudomonas aeruginosa 

P. aeruginosa is a Gram-negative bacterium that can cause life-threatening infections, 

especially in immune-suppressed and cystic fibrosis (CF) patients.[48] This bacterium is 

classified by the World Health Organization (WHO) as one of three pathogens that necessitate 

a quick discovery of anti-infectives (Acinetobacter baumannii, P. aeruginosa, and Enterobacter 

species).[49] This is owing to its capacity to evade the effects of antibiotics and develop 

resistance against a wide range of treatments.[50] Therefore, a lot of work has been put into 

understanding the pathogenicity and virulence of this bacterium in order to develop innovative 

strategies to intervene in the course of its infections. 

Serval proteases are released by the opportunistic P. aeruginosa. These include elastase A 

(LasA), elastase B (LasB), pseudomonas small protease, protease IV, alkaline protease, large 

protease A, large exoprotease A, and aminopeptidase.[51] These proteases are crucial for the 

development and maintenance of the infection.[51,52] Among these proteases, LasB is the most 

common secreted protease, with proteolytic and elastolytic properties that allow it to target a 

variety of essential host substrates, resulting in P. aeruginosa pathogenicity.[51,53,54] LasB is a 

Zn2+ - and Ca2+-dependent metalloprotease with a molecular weight of 33 kDa that belongs to 

the M4 thermolysin-peptidase family (according to the classification in the MEROPS 

database).[51,53,54] The production of LasB is controlled by lasl QS and is secreted via the type-

2 secretion system after activation of its inactive form (i.e., preproelastase) into a mature 

enzyme (i.e., LasB).[51,53,54] The mature enzyme is made up of two domains; the N-terminal 

domain is mostly made up of antiparallel β-strands, whereas the C-terminal domain is made up 

of α-helices (Figure 4).[55] Between these two domains, the active site is located. The resulting 

tertiary structure is identical to Bacillus thermoproteolyticus thermolysin.[55] Besides, Zn2+ 

ligands (i.e., His 144, His 140, and Glu 164) and other residues in the active sites (e.g., Glu 141 

and Tyr 155) are similar for LasB and thermolysin.[55] This explains why LasB belongs to the 

M4 thermolysin-peptidase family.  

LasB processes many host-derived substrates, including elastin (most studied substrate), and 

other extracellular matrix (ECM) proteins such as collagen, as well as immunological 

components such as immunoglobulins, cytokines, chemokines, surfactants, and antimicrobial 

peptides.[56]  
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Figure 4. Crystal structure of apo LasB (PDB code: 1EZM). The N-terminal part consists of antiparallel β-

sheets as illustrated at the top, and the C-terminal has mostly α-helices as shown at the bottom; zoom into Zn2+ 

(yellow) and ligands: His: histidine 144, histidine 140, and Glu: glutamine 164. Ca2+ and Zn2+ cations are depicted 

in red and yellow, respectively. 

Due to its broad-spectrum proteolytic activity, LasB has various roles during P. aeruginosa 

infections. These include the disruption of the epithelial barriers by damaging intracellular tight 

junctions, which has been shown by several studies.[51,57] In addition, its influence on many 

immunological components that interfere with the host’s normal innate and adaptive immune 

responses allows the infection to reach anaerobic sites and become a chronic infection.[51,53,54] 

According to a study in a mouse lung infection model, lasB knockout mutant strain RP45 (its 

wild-type is a clinical isolate from a CF patient, and obtained in the early stage of persistence) 

did not influence the survival rate of infected mice.[58] Instead, it resulted in a decreased 

frequency of chronic lung infections. This displays LasB’s significance in P. aeruginosa’s early 

adaptability to chronic colonization.[58] 

On the other hand, Bastaert et al. found that mice infected with a lasB deletion strain 

administered intranasally had a greater life expectancy than mice infected with a wild-type 

strain, implying that this was due to alveolar macrophages’ lower capacity to remove LasB+ 

infections.[59] According to the same study, they found that recombinant LasB reduced the 

alveolar macrophages’ capacity to eliminate other unrelated pathogens.[59] Furthermore, Yu et 

al. discovered that LasB plays a role during the biofilm formation, while the lasB mutant 

decreases the biofilm formation through the inhibition of rhamnolipid production.[60] Other 

studies were performed on simpler models such as Galleria mellonella larvae, showing that 

injection of recombinant LasB caused a significant reduction in the survival of the larvae.[61,62] 

They found that LasB induced a toxic effect via activating the prophenoloxidase-activating 

cascade, which is an important defensive mechanism used by the larvae for entrapping 
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microorganisms.[61,62] This activation eventually led to melanization and death. This effect 

initiated by LasB is comparable to the toxic effect of other M4 peptidases (i.e., thermolysin).[62–

64] These and other studies suggest that LasB is a validated druggable target for pathoblocker 

development.[51,53,54,57,65,66] As previously stated (Section 1.2), targeting virulence factors is a 

promising approach due to their important roles e.g., concerning tissue damage and immune 

response disruption.[51,53,54,65] In addition, their extracellular localization eliminates the 

difficulty of penetration, which is the main obstacle to the development of conventional 

antibiotics against Gram-negatives.[56]  

Inhibition of LasB activity can be accomplished in a number of ways, including direct and 

indirect inhibition.[56] These strategies include: 1) targeting QS-mediated induction to inhibit 

LasB expression; this method is desirable since it will also lead to the suppression of the 

expression of other virulence factors.[67,68] 2) Sequestering of metal ions necessary for LasB 

activity (i.e., Zn2+ and Ca2+); this method is not recommended since it could also inhibit host 

MMPs.[69] 3) Inhibition of the hydrolytic activity of LasB, directly and specifically; this strategy 

will minimize the influence on host MMPs, which may be essential to re-establish the immune 

response.[70–74] Figure 5. shows structures of some LasB inhibitors.  

 

 

 

 

 

 

 

 

 

 

 

 
1 

IC50 (LasB) = 1 µM[75] 

2 

IC50 (LasB ) = 6 µM[76] 

3 

Ki (LasB ) = 1 µM[71] 

4 

IC50  (LasB ) = 0.48 µM[77] 

 

Figure 5. Chemical structure of selected LasB inhibitors with their in vitro activity calculated as IC50 or Ki. 

An IC50 shows how much compound concentration is required to stop target activity by half. Ki indicates potency 

of compounds in a biochemical assay with certain substrate concentration. 

1.3.2   Collagenases of Clostridium histolyticum 

Clostridia are anaerobic, sporulating Gram-positive bacteria that include more than 120 species. 

Well-known species include C. tetani, C. botulinum, C. sordellii, C. perfringens, C. septicum, 

C. novyi, and C. histolyticum.[45] Many of them pose a public health risk and some even have 

been used as bioweapons.[78–80] The clostridial collagenases belong to the M9 peptidase family, 

which is divided into two classes of well-recognized collagenases.[81] Class I includes ColG, 

which is characterized by its high activity on collagen and moderate activity on FALGPA 

(synthetic peptide used for collagenase kinetic studies).[81] While class II includes ColH, which 
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has a moderate activity on collagen and a high activity on FALGPA.[81] Clostridial collagenases 

have the ability to cleave collagen (their natural substrate) into a mixture of small peptides by 

attacking it at multiple sites. Human MMPs, on the other hand, break collagen at a single site.[45] 

This high specificity of bacterial collagen-degrading enzymes is ascribed to their active site, 

which is highly selective for the GPX sequence (a hallmark motif of the collagen triple helix).[82] 

C. histolyticum (also known as Hathewaya histolytica) is one of the most pathogenic bacteria 

among the clostridial species. It causes gas gangrene, which is a life-threatening infection and 

could lead to organ amputation.[78] The histotoxic effect of C. histolyticum is largely mediated 

by its toxins and released hydrolytic enzymes such as protease and collagenase.[81,83] C. 

histolyticum produces six collagenases.[83] These have been extensively studied and used as a 

useful tool for industry[84] and for clinical use[85–87] (e.g., to treat some collagen overproduction-

related disorders).[85–87] But their role during bacterial pathogenicity has received less 

attention.[45] A few studies[88] showed the direct role of bacterial collagenase during infection. 

One of these was performed by Rippon and Peck, who showed that infecting mice with a 

collagenase-deficient Actinomadura madura strain  which causes actinomycosis  resulted in 

a delayed onset of symptoms and increased their survival rate.[89] In contrast, infection with a 

mutant strain that releases excess collagenase resulted in an earlier onset of symptoms and 

showed high toxicity.[89] Another study was performed with Vibrio vulnificus and showed the 

significant contribution of the released collagenase in bacterial invasion into human tissue.[90] 

The clostridial collagenases have been hypothesized to have similar roles, highlighting the 

relevance of bacterial collagenases in bacterial infections.[91,92] This toxicity of collagenases is 

related to their damaging effect on the main scaffold of the connective tissue (i.e., collagen) and 

some immunological components.[93] More studies are needed to characterize the function, 

kinetics, and specific mechanism of each bacterial collagenase. 

The production of clostridial collagenases is regulated by QS. The QS system in C. perfringens 

is the best studied. Studies have shown that two regulatory genes are involved in the expression 

of the extracellular toxin and collagenase genes namely virR (response regulator) and virS 

(sensor histidine kinase).[94,95]  

Among the C. histolyticum collagenases, ColH and ColG with a molecular weight of 115 

kDa[45] are the most characterized ones.[92,96–98] They are Zn2+- and Ca2+-dependent 

metalloproteases[45] and considered as true collagenases (able to cleave the helical region of 

native folded collagen under physiological conditions).[45,99] Similar to other bacterial 

collagenases, ColH and ColG contain a collagenase unit of 78 kDa. This unit has two domains, 

the activator and peptidase domains, which are located close to the N-terminus (Figure 
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5).[96,97,100–102] The Zn2+ ion in the active site is coordinated by two histidine residues of the 

HEXXH motif and a downstream glutamate.[96,97,100–102] A calcium-binding site was identified 

near the zinc, which is required for high collagenase activity.[102,103] The collagenase unit is 

followed by three accessory domains, which are found at the C-terminus, two polycystic-kidney 

disease-like domains and one collagen-binding domain for ColH. But there is only one 

polycystic-kidney disease-like domain and two collagen-binding domains in ColG (Figure 

6).[102,104,105]  

The first natural product clostridial collagenase inhibitors with nanomolar activities isolated 

from Viola yedoensis were discovered[106] after that the crystal structure of both proteins (i.e., 

ColH and ColG) was solved.[100,102] Then, other inhibitors were found, with a backbone similar 

to the collagenase substrate. These compounds do have a Zn2+-binding group (ZBG) (such as 

hydroxamate[107,108], phosphonic amide[109,110], and thiol[111]) that chelates the catalytic Zn2+ ion. 

These inhibitors showed effects at low micromolar to nanomolar concentrations, but their 

activities on other off-targets (mainly human MMPs) prevented them from progressing to the 

next stage of drug development.[107–111] 

 

Figure 6. Crystal structures of ColH and ColG domains. Collagenase unit of ColG (PDB: 4ARE), PKD: 

polycystic kidney disease like-domain (PDB: 4JRW), CBD: collagen-binding domain (PDB: 2O8O). Adapted 

from Eckhard et al.[105] 

In addition, their poor pharmacokinetic profiles, high cytotoxicity, and chemical instability 

made it difficult for them to be employed for further testing.[112,113] Therefore, the inhibitor 

design strategy has been changed in the last several years, shifting the focus to novel ZBGs or 

non-zinc chelating inhibitors.[114] In recent years, the Hartmann and Hirsch groups have 

identified classes of selective inhibitors with unique ZBGs that are active against a wide range 
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of clostridial collagenases.[74,115,116] Those inhibitors were shown to have minimal toxicity and 

some of them proved to be chemically stable (Figure 7). 

 

 
 

 
 

 
 

 

5 

 

IC50 (ColH ) = 0.017 µM[73] 

6 

 

IC50 (ColH ) = 0.06 µM[114] 

7 

 

IC50 (ColH ) = 7 µM[115] 

 

Figure 7. Chemical structure of selected ColH inhibitors with high activity on target and low activity on 

human off-targets. 

1.3.3   Collagenases of Bacillus cereus 

Bacillus cereus is one of a clinical Bacillus isolate; others isolates include B. megatenium, B. 

mycoides, B. cytotoxicus, B. thuringiensis, B. anthracis, and B. pseudomycoides.[117] These 

bacteria are Gram-positive spore-forming motile rod-shaped bacteria that are aerobic or 

facultatively anaerobic.117 These bacteria can endure harsh ecological circumstances and grow 

in extremely cold or warm environments because of their capacity to produce spores.[118] B. 

cereus shares genetic similarities with the human pathogen B. anthracis (which causes a fatal 

disease called anthrax) and the insect pathogen B. thuringiensi.[119] Many studies have been 

published during this century to record the rise in B. cereus infections, indicating that this 

bacterium causes severe infections that can be fatal.[117] There are six distinct categories of B. 

cereus infections: 1) local infections such as burns, post-surgical wounds, and eye infections, 

2) blood infections such as septicemia and bacteremia, 3) central-nervous-system infections 

such as meningitis and abscesses, 4) infections of the respiratory tract, 5) cardiac infections, 

and 6) food poisoning.[117,118] This opportunistic bacterium generates a range of well-studied 

toxins and is characterized by the production of extracellular proteases and collagenases.[119–

124] Some of these collagenases are well-characterized.[119–126] Their significance in B. cereus 

pathogenicity and their direct functions during infection, however, remain not fully understood. 

Cereolysin, collagenase, hemolysin II, phospholipase C, emetic toxins, proteases, and beta-

lactamases are some of the toxins and virulence factors produced by B. cereus.[119] Their 

synthesis is modulated by QS with the help of a transcription factor named pleiotropic regulon 

phospholipase C regulator (PlcR).[127,128]  

Bacillary collagenases, like clostridial collagenases, are members of the M9 peptidase family 

and they target the collagen at multiple locations.[122,123] They also digest synthetic peptides 
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such as PZ-PLGPA and FALGPA, which are employed in enzyme-activity assays.[93] Some 

collagenases have been shown to play a key role in bacillary infections. For instance, cutaneous 

anthrax caused by B. anthracis is characterized by necrotic skin lesions. As previously reported, 

this bacterium has the ability to destroy native collagen, which might explain the necrotic 

lesions.[126,93] Another study revealed that B. thuringiensis utilizes ColB for insect invasion.[129] 

Collagenases have also been found to play a role in B. cereus-mediated endophthalmitis[124] and 

periodontal diseases.[130] Despite the extensive knowledge of bacillary collagenases, much 

remains unknown, including crystal structures, characterization of enzymatic activity, and, 

most importantly, their direct role in B. cereus pathogenicity, especially in some severe 

infections such as wound and gastrointestinal infections.  

ColA and ColQ1 from B. cereus ATCC 14579 and Q1 strains, respectively, were recently 

identified.[122,123] Their crystal structures have not yet been solved, but homology models based 

on the structure of ColH and ColG were designed for both. [122,123] These homology models 

predicted that the domains are arranged similarly to clostridial collagenases, and the catalytic 

Zn2+ ion in the active site of the bacillary collagenase binds also to two histidine residues of the 

HEXXH motif and to a downstream glutamic acid. [122,123] In addition, there is a calcium-

binding site found in the peptidase domain. Therefore, the enzyme activity is influenced by both 

Zn2+ and Ca2+ ions similar to the clostridial collagenases. [122,123] This similarity in structure 

might be related to high sequence identity between clostridial collagenases (i.e., ColH and 

ColG) and ColQ1 and ColA, which is 45% and 70%, respectively.[122,123]  

Furthermore, investigations have shown that these two bacillary collagenases (i.e., ColQ and 

ColA) have a higher collagenolytic and peptidolytic efficacy than the clostridial 

enzymes.[122,123] As previously stated (Section 1.3), clostridial ColG harbors the highest 

collagenolytic activity among bacterial collagenases and is therefore classified in class I, while 

ColH has the highest peptidolytic activity and belongs to class II. [81] Bacillary collagenases 

belong to both classes since they exhibit activity against collagen and small peptides. This 

activity on both types of substrates can be explained by a different architecture of the active 

site. The active site of ColG, for instance, has a low affinity for the catalytic Zn2+ cation and is 

comparatively flexible.[122,123] On the other hand, ColH has a more rigid and stable catalytic 

core due to the additional Zn2+-coordinating residue (i.e., aspartate 421).[122,123] Instead of Asp 

421, ColQ1 has a glutamate, which is thought to help to stabilize the catalytic Zn2+ cation.[123] 

However, this glutamate is located distant from the catalytic Zn2+ cation as suggested by the 

homology model.[123] Therefore, it is assumed that the loop area in which it is located is 

movable. Depending on the substrate type, this loop may either flip up to allow collagen binding 
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or flip down to allow small peptide binding to resemble the catalytic center of ColH.[123] This 

suggests that bacillary collagenases may degrade not only collagen but also other peptides 

involved in critical physiological mechanisms, thereby speeding up the bacterial invasion. This 

highlights the need for additional research into their possible functions during infection, as well 

as the necessity for more investigations into the characterization of novel bacillary collagenases.  

In contrast to clostridial collagenases, fewer inhibitors are reported in the literature for bacillary 

collagenases, which may be due to the lack of crystal structures. Some of these compounds are 

reported to be active against ColH have a lower activity against ColA or ColQ1.[74,115,116] 

Examples of these compounds are shown in Figure 8.   
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µM[116]
 

 

Figure 8. In vitro activity and chemical structure of known ColQ1 inhibitors. 

1.4 Substrates of bacterial metalloproteases 

As indicated in Section 1.3, metalloproteases target peptide bonds and may then hydrolyze a 

wide range of substrates. LasB and bacterial collagenases degrade a variety of substrates, which 

will be discussed in more detail below. 

1.4.1 LasB substrates 

Elastin is a crucial protein of the ECM that is found in a wide range of tissues and organs.[131–

133] It gives flexibility to blood vessels, lungs, skin, and breasts and capacity to reshape 

themselves after being stretched or contracted.[131–133] Tropoelastin is the primary structural 

component of elastin fibers (Figure 9).[131–135] It is divided into two domains, one with a 

hydrophobic and the other with a hydrophilic amino acid sequence.[131–135] The former contains 

a lot of hydrophobic amino acids like Gly, Val, and Pro, which help to align the tropoelastin.[131–

135] The hydrophilic domain, on the other hand, is made up of Ala and Lys, which contribute in 

cross-linking.[131–135] Due to the substantial cross-linking and durability, elastin resists most 

proteases and is only susceptible to a few elastases.[131–139] Elastin does not undergo a 

considerable turnover in healthy tissue and has a half-life of more than 70 years because of its 

extensive cross-linking.[131–139] Elastin degradation is thought to be natural and happens 
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throughout physiological processes including growth, wound healing, tissue remodeling, and 

pregnancy.[131–139] Under some pathogenic circumstances, particularly those that cause 

breakdown of elastin due to the production of degrading agents, the pace of elastin degradation 

is accelerated.[131–139] This deterioration affects not just the equilibrium of ECM components, 

but also several physiological processes.[131–140] For instance, when elastin is broken down, it 

produces elastokines, which stimulate angiogenesis, chemotaxis, proliferation, proteases 

activation, and apoptosis.[140] Consequently, it promotes the onset and progression of a variety 

of diseases, including chronic obstructive pulmonary disease, cancer, metabolic syndrome, and 

others.[140] The mechanism of elastin breakdown by LasB starts with LasB approaching the 

elastin fiber and binding to the hydrophobic domain on the fiber surface.[137,139,141,142] After that, 

LasB attacks the sensitive bonds of the hydrophobic and aromatic amino acid 

residues.[137,139,141,142] As a result, cavities and holes form on the surface of the fibers. These 

cavities get larger with time until the fiber is spontaneously broken down into tiny peptides and 

amino acids.[137,139,141,142]  

 

Figure 9. Illustration of an elastin fiber and its composition. 

Other structural components that LasB digests include collagen[143] (see Section 1.4.2), 

laminin,[144] and peptides involved in the formation of tight junctions, including VE-cadherin 

and occluding.[145] It also targets the innate immune components which serve as antimicrobial 

peptides and antiproteases; LL-37[145] and elafin,[145] respectively. LasB hydrolyzes a wide 

range of host blood components. These include: 1) lactoferrin and transferrin, causing iron to 

be released and cytotoxic free radicals to be generated.[146] 2) blood clotting proteins such as 

fibrin, fibrinogen, and thrombin, which causes bleeding.[147] 3) hemoglobin, which causes iron-

containing heme to be released.[147] All of these processes induced by LasB will eventually 

result in bacterial proliferation, tissue injury, and inflammation.  

1.4.2 Substrate of bacterial collagenases  

The most studied substrate of bacterial collagenases is collagen and its unfolded form (i.e., 

gelatin).[98,142,148–150] Collagen is a fibrous protein that provides structure and integrity to tissue 
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and organs. It is the major component of the ECM, which can be found in skin, bone, blood 

vessels, and tendons.[148,151,152] There are 28 subtypes of collagens and their distribution varies 

among tissues. The most prevalent ones in the ECM are types I, II, and III (80–90%).[151–153] 

Fibrillar collagen is made up of three interwoven units, two of which are alpha-1 chains and 

one of which is an alpha-2 chain (Figure 10).[148,151–153] The chains contain a sequence of 

repeated amino acids, the most common ones are Gly, Pro, and Hyp.[154] The high amino acid 

content and hydrogen bond interactions between the three chains assist to keep the three chains 

together and stabilize the stiff three-stranded collagen helix.[148,151–153] Many of these three-

stranded collagen molecules clump together side-by-side to form fibrils (Figure 10).[148,151–153] 

This unique structure of collagen prevents it from being destroyed by most proteolytic enzymes, 

although it can be destroyed by some MMPs,[149,150] mammalian cysteine proteases,[101] and true 

bacterial collagenases with unique specificities to trigger collagen breakdown.[82,155] Bacterial 

collagenases digest collagen by attacking the bond in the repetitive Gly-X-Y motif (ColG and 

ColH attack distinct sites, thus each has different characteristics for cutting collagen),[149] 

resulting in generating a mixture of small peptides and amino acids.[149] These products can be 

used by bacteria as a source of carbon and energy.[82,149,155]  

 
Figure 10. Collagen fiber structure and the alpha-chains of its fibril. 

1.5 Antivirulence agent development between concern and hope 
 

As previously indicated (Section 1.2), this approach holds a lot of promise, primarily because 

it does not trigger the evolutionary pressure leading to the development of resistance and 

preserves the microbiota.[156] Furthermore, it may enhance antibiotic efficacy and even allow 

us to use antibiotics that are no longer in use owing to antibiotic resistance.[25,157,158] Despite 

these benefits, no small-molecule antivirulence drug has been used in the clinic yet. Most of 

them are in preclinical or clinical stages.[25,157,158]  

There is a concern about this approach since virulence factors may play a role in bacterial 

survival in vivo, although the in vitro data contradict this.[25,157,158] The main obstacle in 

determining this in vivo is that studying resistance development is challenging. This is due to 

the complexity of the bacterial transmission and colonization dynamics, which vary between 
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species and are not well understood.[159] There are additional practical challenges because 

compared to antibiotic development, antivirulence agents’ development costs more money and 

time. This is because treating a single germ may require the use of several antivirulence 

agents.[159] The limited range of virulence agents may require us to use them in combination 

with antibiotics. Therefore, the regulatory path of this adjunctive treatment is new. Another 

obstacle is that the timing of the administration of the antivirulence medicine is very critical 

because we need to know when the virulence factors are secreted.[159]  

Despite the above-mentioned drawbacks, there is still optimism that these restrictions can be 

overcome by understanding the specific role of the virulence factors during infection. In 

addition, a rapid identification of the pathogen would also make it easier to intervene 

immediately and target the virulence factor once it is released.[25] An acceleration of clinical 

trials and a substantial investment would assist scientists to conduct more research and get us 

more information about these agents and their future.[25] This hope increased against three 

pathogens, which are not considered as critical germs, have FDA-approval antivirulence 

monoclonal antibodies.[25] These pathogens are C. botulinum,[160] C. difficile,[161] B. 

anthracis,[162,163] which could cause fatal diseases in some cases. BIG (for C. botulinum)[160], 

bezlotoxumab (for C. difficile)[161], and raxibacumab (for B. anthracis)[162,163]  were authorized 

for clinical use in 2003, 2016, and 2012, respectively. The clinical trials have demonstrated that 

inhibition of some of these pathogens’ virulence factors and toxins improves patient 

outcomes.[160–163] This now calls for showing that also small-molecule antivirulence agents can 

work in humans. 

1.6 Aims of the Thesis 

As shown in this chapter, resistance development toward commonly used antibiotics is rapidly 

evolving, leading to fewer therapeutic options to manage even minor infections. In recent 

decades, the number of authorized antibiotics has declined, resulting in a substantial gap 

between the number of available antibiotics and the medical need due to the increasing number 

of resistant bacteria. The identification of new essential bacterial targets, as well as alternative 

non-antibiotic approaches, are promising strategies to combat the rise in antibiotic resistance.  

Extracellular proteases are attractive therapeutic targets for antivirulence agent discovery, as 

they are pivotal for numerous processes in bacteria, including host colonization, immunological 

evasion, and exotoxin diffusion. Targeting these proteases will not exert the evolutionary 

pressure for drug-resistant mutants, offering the host immune system a better chance of 

eradicating and removing the bacteria. Furthermore, their extracellular localization allows us to 
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avoid possible permeability and efflux pump concerns, which are currently major issues in the 

development of antibiotics. 

Recently, several monoclonal antibodies – targeting secreted toxins of pathogenic bacteria – 

have received FDA approval. This implies evidence that small-molecule antivirulence agents 

represent a promising strategy to confront infections. Several small-molecule inhibitors of 

bacterial proteases have been discovered, however, due to their poor selectivity toward human 

MMPs, chemical instability, and cytotoxicity, the majority of them have failed to enter the pre-

clinical phase. In addition, the lack of suitable pre-clinical models simulating the infection 

settings to ensure the biological properties of new targets and efficacy of newly developed 

antivirulence, lead to the failure to adequately characterize the biological activity of novel 

compounds. This will subsequently delay their clinical evaluation and application. 

This thesis aimed to characterize and validate bacterial collagenases (i.e., LasB of P. 

aeruginosa, ColQ1 of B. cereus, and ColH of C. histolyticum) by pursuing two approaches: 

 

I. Establishing pre-clinical models mimicking the infection conditions induced by 

collagenase-producing bacteria to investigate the activity of the aforementioned 

collagenases. These models include in vitro cell-based, ex vivo pig-skin, and in vivo 

Galleria mellonella models. The evaluation of the results obtained from these models was 

conducted using in vitro biochemical, bioanalytical, and advanced microscopic techniques. 

The outcomes of this part are highlighted in subchapters 2.1, 2.2, and 2.4. 

II. The second part of this study focuses on the characterization of newly discovered potent, 

selective, and chemically stable small-molecule collagenase inhibitors. Using the 

established pre-clinical models, the biological efficacy of the most active inhibitors was 

evaluated. In addition, selectivity over a panel of human off-targets, cytotoxicity, and in 

vitro efficacy were also assessed using various assays. Two representative bacterial 

collagenase inhibitors were combined with a collagen inducer molecule, their efficacy as a 

therapeutic tool for wound infections was explored. The results of this part are outlined in 

subchapters 2.1, 2.3, and 2.4. 
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2.1.1 Supporting Information 

 

Supplementary Table 

Zebrafish embryo toxicity 

 
Table S1. Results of zebrafish embryo toxicity for compounds 15, 25, 5 and 6 

 

Compound 
Conc. 
[µM] 

Observations after  
1 day of incubation  

Observations after  
2 days of incubation 

Observations after  
3 days of incubation 

Observations after  
4 days of incubation 

Final 
survival 
rate [%] 

15 

100 
no pigmentation,  
cpd precipitation 

impaired 
pigmentation 

cpd precipitation 

impaired 
pigmentation 

cpd precipitation 

impaired 
pigmentation 

cpd precipitation 
90 

30 
impaired 

pigmentation 
impaired 

pigmentation 
- - 100 

10 
impaired 

pigmentation 
- - - 100 

2 - - - - 90 

25 

100 
no pigmentation,  
cpd precipitation 

impaired 
pigmentation 

cpd precipitation 

impaired 
pigmentation 

cpd precipitation 

impaired 
pigmentation 

cpd precipitation 
100 

30 - - - - 100 

10 - - - - 100 

2 - - -  malformation:  
1 embryo 90 

5 

100 
all embryos dead, 
cpd precipitation 

all embryos dead 
cpd precipitation 

all embryos dead 
cpd precipitation 

all embryos dead 
cpd precipitation 

0 

30 
all embryos dead, 
cpd precipitation 

all embryos dead 
cpd precipitation 

all embryos dead 
cpd precipitation 

all embryos dead 
cpd precipitation 

0 

10 no pigmentation 
impaired 

pigmentation 
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Precipitation of compound 5 was observed by eye at 30 µM and 100 µM, while for compounds 6, 15 and 25 it was 

observed only at the highest concentration tested (100 µM) 
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Supplementary Figures 

Ex vivo pig skin experiment 

 

 
 
Figure S1. Stability of ColQ1 after different time points and under different buffer conditions. 

 

 

 
Figure S2. Quantification of hydroxyproline as a product of ColQ1-induced degradation of collagen in small 

pieces of pig ear skin. Different concentrations (0 – 500 nM) ColQ1 were used; hydroxyproline formation was 

determined after different time points. Mean ± SD of three independent measurements are presented. 
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Figure S3. Calibration curve of hydroxyproline. Mean ± SD of three independent measurements are depicted. 

 

Chemistry 

The supplementary information of the chemistry part can be found online under the following 

link: 

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00584/suppl_file/jm0c00584_si_001.

pdf 
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2.2 Chapter B 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inhibition of collagenase Q1 of Bacillus cereus as a 

novel antivirulence strategy for the treatment of skin 

wound infections 

 
Alaa Alhayek, Essak S. Khan, Esther Schönauer, Tobias Däinghaus, Roya Shafiei, Katrin Voos, 

Mitchell K. L. Han, Christian Ducho, Gernot Posselt, Silja Wessler, Hans Brandstetter, Jörg 

Haupenthal, Aránzazu del Campo, and Anna K. H. Hirsch 

 

 

 

 

 

 

 

Open access article, Advanced Therapeutics 2022. 

DOI: 10.1002/adtp.202100222 

Copyright (2022) Wiley‐VCH GmbH 



Results 

43 
 
 



Results 

44 
 
 



Results 

45 
 
 



Results 

46 
 
 



Results 

47 
 
 



Results 

48 
 
 



Results 

49 
 
 



Results 

50 
 
 



Results 

51 
 
 



Results 

52 
 
 



Results 

53 
 
 



Results 

54 
 
 



Results 

55 
 

2.2.1    Supporting information 

Supplementary Figures 

 

Peptidolytic activity of the B. cereus csn (Figure S1) 

 
Figure S1. B. cereus csn activity in a collagenase-specific peptidic assay. Peptidolytic activity towards a 

collagenase-specific substrate by csn from B. cereus ATCC 14579 and inhibited with compounds 1 and 2 (n = 3, 

results are shown as mean ± standard deviation). Compound 1 was used at a concentration of 10x its IC50 vs ColQ1. 

Due to limited solubility in the reaction buffer, compound 2 could only be tested at a concentration of 1x IC50.  B. 

cereus: Bacillus cereus, csn: culture supernatant. 

Standard curve of ColQ1 (Figure S2) 
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Figure S2. Representative standard curve of peptidolytic activity of ColQ1 in presence of serine and cysteine 

inhibitors. A 2.4 nM/ml stock solution of ColQ1 was serially diluted in the reaction buffer of the in vitro FRET-

based peptidolytic assay. The reactions were initiated by the addition of 2 µM FS1-1 and the reactions monitored 
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for 2 min (excitation: 328 nm, emission: 392 nm) at 25 °C. Initial velocities were calculated via linear regression. 

All experiments were performed in triplicates and results are shown as mean ± standard deviation. 

 

 

Dose-response curves for compound 1 and compound 2 vs ColQ1 (Figure S3) 
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Figure S3. Representative dose-response curve for the IC50 value determination of compound 1 and 2 on 

ColQ1. Due to limited compound solubility, the IC50 determination had to be performed via linear regression and 

was limited to the linear portion of the sigmoidal response curve. The compounds were preincubated for 1 h at RT 

before initiating the reaction by addition of 2 µM FS1-1. The reactions were monitored for 2 min (excitation: 328 

nm, emission: 392 nm) at 25 °C. Initial velocities were calculated via linear regression and normalized to a non-

inhibited control reaction. All experiments were performed in triplicates and results are shown as mean ± standard 

deviation. 
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Bright-field and DAPI signals of the tissue used for the immunostaining of fibrillar 

collagens (Figure S4)  
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Figure S4. Bright-field and DAPI images of the non-treated tissue and ColQ1-treated tissue (a) COL I 

(Collagen I), (b) COL III (collagen III), (c) COL V (collagen V). Dermal and epidermal regions are labeled. Scale 

bar: 100 μm.  

Effect of storage conditions on skin tissue (Figure S5)  

 
Figure S5. The influence of storage temperature on skin viability. 
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SHG and fibrillar collagen imaging for the tissue challenged with ColQ1 with or without 

compound 1 (Figure S6) 

 

 

Figure S6. Compound 1 inhibited the collagenolytic effect of ColQ1 ex vivo in skin tissue. (a) Dose-dependent 

effect of compound 1 in Hyp release assay. (b) Confocal SHG images revealed an improved collagen signal with 

300 µM of compound 1 (tissue challenged with 300 nM ColQ1) compared with 300 nM ColQ1 without inhibitor. 

(c) Immunostaining of fibrillar COLs of the non-treated skin and treated with ColQ1 with or without compound 

1. Statistical analysis was performed with one-way ANOVA and statistical significance was analyzed by Tukey 

test. Significance was calculated by comparing non-treated vs treated tissue with compound 1 (mean ± SD, **** 

p ≤ 0.0001, *** p ≤ 0.001). Hyp: hydroxyproline, COLs: collagens, SHG: second-harmonic generation. Scale bar: 

100 μm for SHG images and for the immunostained images. 
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Viability and imaging data of fibroblast and keratinocyte cells challenged with B. cereus 

csn (Figure S7–S9) 

 
Figure S7. Viability data of fibroblast (NHDF) and keratinocyte (HaCaT) cells upon the treatment with B. 

cereus csn. (a) Representations of MTT data of skin cells after 1 and 2 days of incubation with various 

concentrations of B. cereus csn. (b) Composite signal of live and dead skin cells challenged with various 

concentrations of B. cereus. Green signals: living cells and red signals: dead cells, red signal in some cases was 

lost because the detached cells were washed away after the rinsing step with PBS. (n = 3, results are shown as 

mean ± standard deviation), B. cereus: Bacillus cereus, csn: culture supernatant. Scale bar: 200 µm. 
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Figure S8. Bright-field signals of skin cells challenged with B. cereus csn visualized with 20X objective. (a) 
Non-treated NHDF cells compared with (b) NHDF cells treated with 1.25% (v/v) B. cereus csn. B. cereus: Bacillus 

cereus, csn: culture supernatant Scale bar: 100 µm 
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Live/dead imaging of the effect of compounds 1 and 2 on skin cells challenged with B. 

cereus csn (Figure S9)  

 
 

Figure S9. Compounds 1 and 2 maintained the viability of skin cells upon the treatment with 1.25% (v/v) of 

B. cereus csn. Live/dead imaging with fibroblasts (NHDF) and keratinocytes (HaCaT) challenged with 1.25% 

(v/v) of B. cereus csn with and without compounds (a) 1 and (b) 2 and (c) non-treated cells. Green signals: living 

cells and red signals: dead cells, red signals in some cases were lost because the detached cells were washed away 

after the rinsing step with PBS. B. cereus: Bacillus cereus, csn: culture supernatant. Scale bar: 200 μm for images. 
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G. mellonella survival analysis of the larvae challenged with B. cereus csn or with ColQ1 

(with or without compound 1) and its inactive mutant version (Figure S10–S11) 

 

 
 

Figure S11. Probability of survival of the Galleria mellonella larvae treated B. cereus csn or ColQ1. (a) The 

survival of larvae challenged with different concentrations of ColQ1 (active and inactive mutant), the survival rate 

of larvae treated with 300 and 100 µM of the inactive mutant ColQ1 E502A was 100%. (b) The survival of larvae 

challenged with different concentrations of B. cereus csn. B. cereus: Bacillus cereus, csn: culture supernatant. 

Each curve represents results of three independent experiments. 
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Figure S11. Kaplan–Meier survival analysis of larvae treated with B. cereus csn with and without compound 

1. (a) Survival analysis of larvae treated with 300 nM ColQ1 and with various concentrations (50–300 µM) 

compound 1. (b) The improvement in the survival of larvae challenged with 100% (v/v) B. cereus csn and various 

concentrations of compound 1 (50–300 µM). The statistical difference between groups treated with 300, 150, and 

50 µM of compound 1 and treated with only 300 nM ColQ1 is p = 0.0002, p = 0.0510, and p = 0.7593, sequentially 

(log-rank). The statistical difference between groups treated with 300, 150, and 50 µM of compound 1 and treated 

with only 100% (v/v) B. cereus csn is p < 0.0001, p = 0.0096, and p = 0.0107, respectively. The survival rate for 

the larvae treated with compound 1 in PBS was 100%. B. cereus: Bacillus cereus, csn: culture supernatant. 
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Supplementary Table 

 

Table S1. Summary of epifluorescence imaging conditions  

Imaging 

conditions 

Collagen 

Objective 
Exposure 

time 
LUT settings (Min–Max) 

Fig 1 – ColQ1 effect 

COL I Plan Apo λ 10x 700 ms 500–1200 

COL III Plan Apo λ 10x 700 ms 500–1200 

COL V SPlanFluor 20x LWD Dry 200 ms 500–5600 

Fig 3 – (compound 2) 

COL I SPlanFluor 20x LWD Dry 200 ms 500–8000 

COL III SPlanFluor 20x LWD Dry 200 ms 500–1400 

COL V SPlanFluor 20x LWD Dry 1 s 500–1600 

S4 Fig – (compound 1) 

COL I SPlanFluor 20x ELWD DIC N1 200 ms 500–560 

COL III SPlanFluor 20x ELWD DIC N1 200 ms 500–560 

COL V SPlanFluor 20x ELWD DIC N1 1 s 500–800 
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2.3 Chapter C 
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Abstract 

Bacterial wound infections are one of the major causes of mortality and morbidity in humans. 

This is due to the increase of antibiotic resistance, which has reduced significantly the available 

options to treat wound infections. The severity of wound infections is associated with the 

secreted virulence factors, which help to digest the extracellular matrix (ECM) during the 

invasion phase, facilitating bacterial dissemination. Bacterial collagenases are one of these 

virulence factors. Such collagen-degrading enzymes are able to digest the collagen of the ECM, 

enabling the infection to persist and the wound to heal slowly.  

Here we describe a cocktail therapy containing collagenase inhibitor and a collagen inducer 

molecule named heat shock protein 47 (Hsp47). This combination showed improvement in the 

intensity of collagen, collagen production and alignment as evidenced by several microscopic 

and bio-analytical techniques.  

Introduction 

Bacterial wound infection is the colonization of exposed skin by a large number of proliferating 

bacteria.[1] The bacteria penetrate the tissue via their secreted virulence factors, which assist 

them in reaching anaerobic areas, resulting in the production of pro-inflammatory mediators, 

slowing wound healing and provoking a cascade of subsequent responses.[2–4] Purulent 

discharge or painful spreading erythema are examples of these local responses.[5] The wound 

healing occurs by overlapping four key processes, (i) hemostasis (ii) inflammation (iii) 

proliferation and (iv) remodeling.[6] Multiple cell types, ECM, and mediators (e.g., growth 

factors and cytokines) are all employed to control each phase of wound healing.[6] To allow a 

proper wound healing process to occur, all factors that impede healing must be stopped, 

including the activity of the released virulence factors of pathogenic bacteria secreted during 

invasion.[7,8] Bacterial proteases (such as elastase B, collagenase, hyaluronidase, and others) 

have been demonstrated in several studies to have a negative impact on wound healing.[8] Acute 

wound infections are caused by external injureies and anticipated to heal within a short time. 

Although, in some severe instances, especially when the wound is colonized by multiple-

resistant bacteria, the treatment choices might be limited or non-effective.[1]  

Antibiotics are one of the most widely prescribed medicines for the treatment of bacterial 

wound infections.[1,9] Due to the abuse of these medicines and the significant selective pressure 

on the bacteria, many pathogenic bacteria evolved multi-drug resistance.[10,11] Therefore, new 

techniques to combat wound infections and to limit the propagation of resistance are 

required.[12] The inhibition of virulence factors produced by bacteria is one possible treatment 

approach for wound infections.[13,14] This is because several virulence factors target the 
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structural protein components of the ECM, including collagen, elastin, laminin, and 

fibrillin.[3,18] Bacterial collagenases, for instance, have the potential to cause uncontrolled tissue 

damage during wound invasion, potentiating the bacterial dispersion and amplifying the effect 

of other released toxins.[3,23,24] Furthermore, they operate as pathogenic components and keep 

the wound in the inflammatory phase, delaying healing.[19,28] Also their effect on numerous 

immunological components such as immunoglobulins and antimicrobial peptides, might delay 

wound recovery.[19,28] These collagen-degrading enzymes target the fibrous protein collagen, 

which accounts for 90% of the ECM and 30% of the total protein in the body.[24,29] This protein 

can be degraded by bacterial collagenases at multiple sites, causing it to disintegrate into small 

peptides and amino acids, which can be used by the bacteria as a carbon and energy source.[30] 

Collagen is an interwoven structural protein that is produced by fibroblasts in a complex of 

intra- and extracellular events.[31] The biosynthesis of collagen starts in the endoplasmic 

reticulum (ER), where alpha-chains of procollagen are assembled with the assistance of heat 

shock proteins and post translational modifications.[32] Collagen is composed of the three 

repeated amino acids Gly-X-Y, with X usually being proline and Y hydroxyproline (Hyp). 

These amino acids are linked together to create a triple helix of the collagen molecule.[33] 

Besides its supportive function, collagen (such as I and III) is important for the wound-healing 

process. It attracts fibroblasts and stimulates them to generate and deposit more collagen to the 

wound bed.[32,33,37] Collagen also triggers the clotting cascade and platelet aggregation, as well 

as the production of growth factors and cytokines.[35,40,41] Therefore, if collagen is destroyed by 

the action of bacterial collagenases, the wound becomes weak and may split, delaying 

healing.[35,40,41]  

Hsp47 is an ER-resident collagen binding Hsp, that is essential for the formation and 

stabilization of collagen.[42–44] It functions by guiding the correct folding of the triple-helix of 

procollagen before it is secreted outside the cell.[42–44,49] Hsp47 binds to type I, II, III, IV, and 

V collagens, specifically to the arginine at the Y position of Gly-X-Y.[48] The function of Hsp47 

in disease promotion has been previously described using in vitro and in vivo models, which 

revealed that high Hsp47 levels are associated with the occurrence of fibrosis due to collagen 

overproduction and accumulation.[44,50,51] Low Hsp47 levels, on the other hand, cause an 

incorrect collagen assembly and inappropriate synthesis in the cell.[45] Since Hsp47 is involved 

in the regulation of collagen synthesis, secretion, and alignment, it is expected to play a role in 

wound healing.[43,52]   

Here, we report the characterization of a cocktail therapy involving a photoactivatable variant 

of Hsp47 (photoactivation of Hsp47 allows light-mediated regulation of collagen biosynthesis 
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within mammalian cells and ensure the delivery of Hsp47 into the ER) and collagenase 

inhibitors. The characterization was perfoemed by an ex vivo pig-skin model challenged with 

bacterial collagenase Q1 (ColQ1, secreted by Bacillus cereus bacteria).[53,54] The activity of this 

combination was studied by bio-analytical methods including enzyme-immunosorbent (EI), 

and LC-MS/MS-based Hyp assays as well as with microscopic methods including second-

harmonic generation (SHG) confocal, polarization (PLM), and transmission electron 

microscopy (TEM). Our data from these assays revealed that the cocktail therapy inhibited the 

activity of ColQ1 and improved the deposition of the well-aligned collagen. This suggests that 

using this therapeutic tool to address wound infections could be promising to speed up wound 

healing.  

Results and discussion 

Collagen matrix protection and recovery after cocktail treatment 

To study the effect of ColQ1 inhibitors and the photoactivated variant of Hsp47 (H47Y<ONBYhv) 

we tested them on an ex vivo pig-skin model pre-treated with B. cereus ColQ1. H47Y<ONBY has 

no affinity to collagen due to the presence of a photoactivatable o-nitro benzyl tyrosine 

(ONBY). At Tyr383, the light cleaves the ONBY group (H47Y<ONBYhv), which restores the 

protein’s ability to bind to collagen.[46,55] We hypothesized that a photoactivatable combination 

treatment would not only protect the skin from progressive degradation by ColQ1, but also 

assist the skin to regenerate a healthy collagen matrix. Therefore, mixtures of H47Y<ONBYhv with 

either compound 1 or compound 2 were added to the ex vivo skin tissue after one day of 

treatment with 300 nM of the B. cereus ColQ1. Compounds 1 and 2, H47Y<ONBYhv and its other 

variants (i.e., H47: wild-type Hsp47 and H47Y<ONBY: inactive variant of Hsp47) were included as 

controls. Next, all samples were fixed and prepared for microscopic and biochemical analysis. 

The molecular structure of label-free collagen can be visualized via SHG imaging.[56] The SHG 

imaging of non-treated healthy skin showed straight coiled collagen fibrils with interconnected 

wave-like structure (Figure 1). The ColQ1-treated sample, on the other hand, showed a low 

SHG signal with large gaps between the collagen fibers, indicating the collagenolytic activity 

of ColQ1 (Figure 1). Concentrations of 200 µM of compound 1 and 5 µM of compound 2 were 

used in this study due to their previously reported activity on  tissue.[53] Compound 1 at 200 µM 

and compound 2 at 5 µM increased the SHG signal and reduced the space between collagen 

fibers (Figure 1). While the H47 and H47Y<ONBY at 0.2 µM resulted in no effect on the recovery 

of collagen due to difficulties in their delivery into the ER, 0.2 µM of H47Y<ONBYhv led to partial 

collagen matrix recovery and fewer gaps between the collagen fibers (Figure 1). The 

concentration of H47Y<ONBYhv (i.e., 0.2 µM) was determined based on the moderate effect on 
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improving collagen I (COL I) of treated skin with ColQ1 as measured by the EIA (Figure S1). 

When the inhibitors and the H47Y<ONBY were combined (i.e., non-photo-activated cocktails 1 

and 2), the collagen matrix was protected to some extent, similar to the effect with each 

compound alone. In contrast, the combined compounds with H47Y<ONBYhv (i.e., photo-activated 

cocktails 1 and 2) showed dense wavy collagen bundles with a high SHG signal and fewer gaps, 

similar to the morphology of the non-treated healthy skin (Figure 1). 

 

 

Figure 3. Photoactivated cocktails 1 and 2 suppressed the collagenolytic effect of Bacillus cereus collagenase 

Q1 (ColQ1) and increased the collagen deposition. Confocal SHG images show improvement in collagen signal 

upon the treatment with 200 µM compounds 1 and 5 µM 2 together with H47Y<ONBYhv. H47: wild-type Hsp47, 

H47Y<ONBY: inactive variant of Hsp47. H47Y<ONBYhv: photo-activatable variant of Hsp47. n = 3, Scale bar: 

100 µm.  

To quantify the effect of the treatments, the DMEM supernatant of the tissue was collected, 

followed by quantification of the released Hyp by LC-MS/MS. After 1 day of incubation with 
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ColQ1, the quantity of released Hyp into the medium was similar (̴ 800 nM) for all samples 

(Figure S2). Compounds 1 and 2 reduced the release of Hyp to  ̴ 300 nM after 1 day of 

treatment. In contrast, the tissue treated with H47, H47Y>ONBYhv, H47Y>ONBY, and ColQ1 

demonstrated an increased Hyp release over the four days of the experiment due to the activity 

of the non-inhibited ColQ1. The effect of the photo-activated cocktails 1 and 2 were comparable 

to the treatment with only compounds. This might be due to the fact that Hsp47 activity occurs 

inside the tissue, therefore the increase in Hyp may not be reliably quantified outside the tissue. 

These data support the inhibitory effect of the compounds against ColQ1, but they do not 

support the efficacy of cocktails 1 and 2. Therefore, the tissue-derived Hyp was evaluated in 

more detail for cocktail-treated tissue samples. After 4 days of incubation, the ColQ1-treated 

tissue showed a reduction in Hyp levels (3 ± 1 µM/mg) (Figure 2). The treatment with the non-

photo-activated cocktails 1 and 2 enhanced the Hyp in the tissue from 3 ± 1 µM/mg to 5 ± 2 

µM/mg on day four. The photo-activated cocktails 1 and 2 boosted the amount of Hyp further. 

Both increased the Hyp levels from 3 ± 1 µM/mg to 10 ± 4 µM/mg, which was equivalent to 

the amount measured in the healthy tissue (Figure 2). These findings confirm the SHG imaging 

data and indicate the activity of the combined treatments in inhibiting ColQ1 and depositing 

collagen in the tissue.  
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Figure 4. The amount of hydroyproline (Hyp) in the tissue treated with 300 nM of the Bacillus cereus 

collagenase Q1 (ColQ1) and cocktails 1 and 2. The skin was treated with 300 nM ColQ1 for one day (background 

is highlighted in violet). Then, the cocktails of H47Y<ONBY with compound 1 or compound 2 were added on day 

2, exposed to light, and kept until day 4. Upon light exposure, H47Y<ONBY was converted to its active version 

H47Y<ONBYhv. Data point represents mean value of three independent experiments ± SD 

Cocktail therapies improve alignment and intensity of collagen fibers 

The mechanical behavior of skin is influenced by the orientation of collagen fibers. To 

investigate the degree of alignment and molecular order of dermal collagen fibers of skin we 

used polarization light microscopy (PLM).[57,58] We also evaluated the optical retardance of the 
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skin collagen, which is an indicator of the molecular order of the birefringent polymer, 

collagen.[57,58] Mean values of optical retardation were normalized to the highest measurement 

of all healthy samples as 100%.  

The PLM imaging of the non-treated healthy skin showed a good signal intensity in the heat 

map (yellow to red color) (Figure 3a), ordered vector directionality (Figure S3), and high 

optical retardation values (i.e., 100%) (Figure 3b), reflecting a high degree of alignment. A 

substantial decrease in the intensity of collagen signals confirmed by heat map (cyan to blue 

color) (Figure 3a), random directionality of the vectors (Figure S3), and 50% drop in the 

optical retardance (Figure 3b) was observed in the ColQ1-treated sample, suggesting that 

collagen fibers were interrupted and disordered (Figure 3). In contrast, treatment with each 

individual compound, as well as photo-activated or non-photo-activated cocktails 1 and 2 

showed moderate to high collagen in the heat maps, fewer random vector directions, and 

improvement in the optical retardance in a range of 70−100%. Interestingly, the photo-activated 

samples exhibited a similar appearance as the healthy sample (Figures 3 and S3). The unusual 

gaps were filled and the collagen fibers were arranged in a dense web (Figure 3). This indicates 

the potency of the photo-activated cocktails 1 and 2 in inhibiting ColQ1 and generating new 

well-aligned collagen.  

To further assess the morphology of the matrix collagen fibrils, and the three-dimensional 

appearance of the skin, we used transmission electron microscopy (TEM).[59] The collagen 

fibrils in the non-treated healthy samples were highly aligned with consistent interfibrillar 

spacing and grouped in basket-weaves shape, as described before for skin (Figure 4). Collagen 

fibrils were poorly aligned and the interfibrillar gaps were large when treated with ColQ1. Upon 

treatment with only compound 1, compound 2, or the photo-activated H47Y<ONBYhv in presence 

of ColQ1, the amount of collagen fibrils increased, resulting in fewer gaps. This effect increased 

further when both (i.e., ColQ1 inhibitor and photo-activatable H47Y<ONBYhv) were combined, as 

this led to a remarkable increase in the collagen fibril density and organization. In addition, 

interfibrillar gaps were reduced to the level of non-treated healthy samples (Figure 4). The 

controls, non-photo-activated cocktails 1 and 2, showed similar effects to the samples with only 

compounds. H47 and H47Y<ONBY, on the other hand, showed more spacing and fewer collagen 

fibrils (Figure 4). These data indicate that upon treatement with cocktails, the effect of ColQ1 

is inhibited and new deposited collagen is formed with a structure similar to that of an untreated 

healthy sample.  
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Figure 5. Intensity of dermal collagen fibers in ColQ1-treated skin tissue, and with and without cocktails 1 

and 2, visualized with a polarization light microscope. a) Heat map images indicate the high (red to yellow) 

and the low (cyan to blue) intensity of collagen of the skin. b) Relative values of the optical retardance calculated 

for healthy and ColQ1-treated skin tissues (n = 3). The data represent the mean values of each experiment ± SD, 

ANOVA; statistical significance was analyzed by Tukey test, *** p < 0.001). 
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Figure 6. Representative electron micrographs of the morphology of dermal collagen networks in human 

skin. Normal human skin sample with densely packed collagen fibrils (A). The number of collagen fibrils is 

decreased and their suprastructural organization disrupted in the presence of 300 nM of ColQ1 (B). In contrast, 

the dermal collagenous network is more like in normal skin in the presence of compound 1 (C) and even better in 

the presence of compound 2 (D). In the presence of the photo-activated collagen inducer H47Y<ONBYhv, the 

dermal matrix was improved although the skin was treated with ColQ1 (compare E-G). This effect is even more 

pronounced in a combination of the photo-activated collagen inducer and compounds 1 or 2 (compare H–K). n = 

5, all scale bars: 1 µm.   

 

Cocktail treatments inhibit ColQ1 and enhance the amount of fibrillar collagen I of the 

tissue 

COL I is the most common collagen found in skin, representing 80–90% of skin collagen.[47] 

To quantify the effects of the cocktail therapies on COL I, an enzyme immunosorbent assay 

(EIA) was performed. As plotted in Figure 5, the non-treated healthy sample showed no 
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significant changes in the relative COL I amount per tissue weight. ColQ1-treated samples lost 

70% and 100% of their relative COL I amount within 24 h and 48 h, respectively. Each 

individual compound was able to inhibit the collagenolytic effect of ColQ1; the COL I level 

increased to about 50% after 48 h of incubation. The photo-activated H47Y<ONBYhv slowed the 

degradation, indicating its activity in synthesizing COL I after 48 h of incubation. The non-

photo-activated cocktail-treated samples showed similar COL I recovery as the compounds. 

Encouragingly, incubation with photoactivated cocktails 1 and 2 led to significantly increased 

COL I levels back to 100%, indicating enhanced collagen deposition. These results corroborate 

our microscopic observations, and allowed to examine the effects of all treatments over time.  
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Figure 7. The relative amount of collagen I per mg tissue measured over time using enzyme immunosorbent assay. The 

skin was treated with 300 nM for one day (background is highlighted in violet), then the cocktails of H47Y<ONBY 

with compound 1 or compound 2 were added on day 2, exposed to light, and kept until day 4. Upon light exposure, 

H47Y<ONBY was converted to its active version H47Y<ONBYhv. Data points represent mean values of three 

independent experiments ± SD. 

Conclusions 

Since collagen is involved in wound healing, it is important to protect it from the collagenolytic 

activity of bacterial collagenases.[26,60] One strategy to prevent collagen breakdown is the use 

of small-molecule collagenase inhibitors.[61] Hsp47 is a heat shock protein involved in collagen 

synthesis and assembly. [42,52] Here, we investigated the biological activities of a combined 

treatment of wound infections by collagenase inhibitors and Hsp47. This combination therapy 

led to high SHG signals and less spacing between collagen fibers in an ex vivo pig-skin model, 

pre-treated with the B. cereus ColQ1. Additionally, we revealed that the tissue treated with the 

cocktails 1 and 2 showed a significant increase in Hyp levels inside the tissue. Furthermore, 

PLM and TEM imaging revealed that well-aligned deposited collagen and less interfibril 

spacing after treatment with photo-activated cocktails 1 and 2. Finally, our data were further 

verified on the level of the fibrillar COL I deposited in the tissue using EIA. The data of this 

assay underlined that cocktail treatment enhanced COL I in the tissue pre-challenged with 
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ColQ1 comparable to what is seen in non-treated healthy tissue. The effects of this combination 

require further research to study the effect of the cocktails in other models and biochemical 

assays. Other collagen-enhancing molecules such as ascorbic acid[62] or retinol[63] in 

conjugation with collagenase inhibitors could also be investigated. 

Materials and Methods  

Production of photo-activatable H47 and H47Y<ONBY. Expression and purification of H47 

and H47Y<ONBY were carried out as previously described.[46] 

Expression and purification of B. cereus ColQ1. The collagenase unit of ColQ1 from B. 

cereus strain Q1 (Uniprot: B9J3S4; Tyr94-Gly765) was produced as reported before.[64]  

Synthesis of compounds 1 and 2. The synthesis was performed according to the previously 

reported synthetic route.[53] 

Ex vivo pig-skin model. The ex vivo pig-skin model was carried out as described before with 

some modifications.[53,54] The 15 mm sterile skin punches were acclimatized for 24 h in the 

DMEM medium and stored at 37 °C, 5% CO2 with shaking at 300 rpm. The next day, the skin 

was rinsed 3x with PBS and used for subsequent experiments. 

For cocktail therapy application, the skin was treated with 300 nM ColQ1 in 300 µl DMEM 

supplemented with 4 mM Ca2+ and 10 µM Zn2+ for 24 h at 37 ° C, 5 % CO2 with shaking at 

300 rpm. The next day, the tissues were treated with the following treatments for 5 h in the 

dark: 1) DMSO 2) 200 µM compound 1 and 5 µM compound 2 3) 0.2 µM H47Y<ONBY 4) 200 µM 

compound 1 or 5 µM compound 2 with 0.2 µM H47Y<ONBY, two controls were included one non-

treated with ColQ1 and the other treated with 300 nM ColQ1. Skin tissue treated with cocktail 

1 (200 M compound 1 + 0.2 µM H47YONBY) and 2 (5 M compound + 0.2 µM H47YONBY) were 

illuminated with 0.48 J/cm2 UV of a custom-made apparatus (6 cm distance to the sample) for 

60 seconds within a separate 24-well plate to activate H47YONBY. Following the activation step, 

all samples were incubated for 72 h at 37 °C, 5% CO2, with 300 rpm shaking without any 

medium changes. Next, the biopsy punches were washed 1x PBS and incubated for 3 days in 

300 µL DMEM supplemented with 4 mM Ca2+ and 10 µM Zn2+ and 1% pen/strep. Afterwards, 

the tissue samples were fixed using 4% PFA and stored at 4 °C for microscopic analysis and 

the DMEM medium was collected for the Hyp assay or kept at –20 °C.  

Sample preparation for SHG microscopy. The sample preparation and imaging was carried 

out as described before.[53] 

Sample preparation for polarization microscopy. The samples were prepared following the 

published method for SHG and with 20 µm thickness.[53] A Zeiss inverse Observer microscope 

(Zeiss Observer Z1, Göttingen, Germany) with a LC-PolScope image processing system (CRI, 
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LOT-Oriel, Darmstadt, Germany) equipped with an A-Plan 10x/0.25Phl objective was used 

together with CRI´s Abrio imaging software was used to study alignment of collagen fibers in 

skin cryosections. A standard 546 nm band filter was used for all images. Prior to the analysis 

of each sample, even for different samples on the same slide, the background images were 

acquired. The background serves as a system calibration and subtraction of the actual signal 

which therefore facilitates comparison of all images taken. To acquire these background 

images, a spot without any signal and no traces of hydrophobic PAP-pen circuit must be 

selected. Simultaneously to the image recording, the pictures optical retardance intensity is 

recorded by the software which is further used to statistically analyze the difference between 

each condition. Each image was captured to derive grayscale, heat map, and pseudo-orientation 

with 10 nm vector grid. Grayscale indicates the intensity of optical retardance from black to 

white (weak to strong). Heat map shows the collagen content from blue to red (low to high). 

Pseudo-orientation illustrates the direction of the imaged collagen fibers, which is shown by 

the color code of a pie diagram. Vectors illustrate continuous or interrupted fibers of a decent 

length (here 10 µm). For calculation of the relative retardance in the polarization measurement, 

the mean optical retardance values of all images from three independent experiments were 

normalized to the highest optical retardance mean value from healthy pig skin, which was 

considered as 100%. The statistical significance was analyzed by the Tukey test, which 

illustrates the significant differences between conditions. Significance was calculated by 

comparing non-treated vs treated samples (mean ± SD, ANOVA, *** p < 0.001).  

Sample preparation for electron microscopy. Small skin samples were fixed in 2% (v/v) 

formaldehyde and 2.5% (v/v) glutaraldehyde in 100 mM cacodylate buffer, pH 7.4, at 4 °C 

overnight. After washing in PBS, samples were postfixed in 0.5% (v/v) osmiumtetroxide and 

1% (w/v) potassium hex-acyanoferrate (III) in 0.1 M cacodylate buffer for 2 h at 4 °C followed 

by washing with H2O. After dehydration in an ascending ethanol gradient ranging from 30 to 

100%, specimens were incubated 2x in propyleneoxide for 15 min each time and embedded in 

Epon using flat embedding molds. Ultrathin sections were cut with an ultramicrotome, collected 

on copper grids, and stained with 2% uranyl acetate for 10 min. Electron micrographs were 

taken at 60 kV with a Phillips EM-410 electron microscope using imaging plates (Ditabis, 

Pforzheim, Germany).   

LC-MS/MS-based hydroxyproline assay. The collected DMEM medium of the ex vivo 

experiments after 0, 1, 2, 4 days were tested to quantify the released Hyp of each condition. A 

500 µL master mix solution of 20% H2O, 80% acetonitrile, and 500 nM epinephrine (Sigma) 

was used to dilute 5 µL of each sample. The epinephrine served as internal standard. All samples 
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were centrifuged two times for 10 min at 14,000 rcf and 4 °C to remove the ColQ1 protein. A 

volume of 120 µL supernatant was filled into inserts in the MS vials then submitted to the LC-

MS/MS. To generate a calibration curve, a hydroxyproline standard (Sigma) of 10 mM in 

DMEM medium was stepwise diluted 1:1 until a concentration of 0.078 nM was achieved, and 

5 µL of each diluted standard were added to 500 µL master mix (Figure S4). The measurement 

was carried out using a TF UltiMate 3000 binary RSLC UHPLC (Thermo Fisher, Dreieich, 

Germany) connected to a TF TSQ Quantum Access Max mass spectrometer with heated 

electro-spray ionization source (HESI-II). For gradient elution, a Ymc-Triart Diol HILIC 

column (5 μm, 150 X 4.6 mmI.D., Ymc Europe GMPH) was used at flow rate of 200 µL/min 

with a mobile phase composed of acetonitrile containing 1‰ formic acid (FA) (v/v; eluent A) 

and H2O containing 1‰ FA (v/v; eluent B) under the following conditions: 0−1.3 min 10% B, 

1.3−5.5 min 60−90% B, 5.5−6 min 90−10% B, 5.5−6 min hold, and 7−12 min 10% B with 400 

μL/min flow rate and a total run time of 12 min. The injection volume was 2 μL. The divert 

valve was set to 1.6 min. The temperature of the autosampler was set to 20 °C. The following 

MS settingss 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 30 arbitrary units; vaporizer 

temperature 300 °C; ion transfer capillary temperature 250 C, spray voltage: 3500 V.  

The mass spectrometer was operated in the SRM mode with the following masses: 68.170 m/z 

Hyp product (tube lens offset 66 V and collision energy 17 eV); epinephrine, 77.089 m/z 

(product a) and 166.043 m/z (product b) (tube lens offset 66 V for both and collision energy 36 

and 9 eV, respectively) with a scan width of 0.010 m/z and a scan time of 0.1 s, respectively. 

Observed retention times were as follows: hydroxyproline 5.07 min; epinephrine 5.07 min for 

products a and b (Figure S4). MS-peak areas were determined using TF Xcalibur Software then 

Hp peak areas were normalized by the internal standard (i.e., epinephrine) peak area and the 

concentration of Hp was calculated using the calibration curve. Measurements were performed 

in duplicates, repeated at least two times from three independent experiments.  

To quantify the hydroxyproline in tissue, the procedure above was used with minor 

modifications. The flash-frozen tissue was homogenized by sonicating (20% power for 5 min, 

60 sec on and 15 sec off) following with acid hydrolysis with 37% (v/v) HCl for 3 h at 120 °C, 

the homogenized tissue was then centrifuged 14,000, 10 min, 20 °C. The supernatant was 

collected and diluted 1:10 in H2O followed with 1:100 dilution in the master mix mentioned 

before. The instrument set up was the same as above. The Hyp amount was divided by the 

weight of the subsequent sample. 
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Enzyme-immunosorbent assay. The tissue samples were transferred into 2 mL Eppendorf 

tubes, and they were weighed to correct weight differences of samples used for further 

measurements. The biopsy punch quarters were labeled with 200 μL of an 1:500 diluted rabbit 

anti human COL I antibody (Collagen Type I Antibody 600-401-103-0.5, Rockland INC.) in 

PBS per tube and incubated for 1 h at room temperature. Then the antibody solution was 

removed, and the samples were washed with 3x 200 μL PBS with 5 min incubation time in 

between each step. After washing, the samples were incubated with 200 μL horseradish-

peroxidase (HRP) conjugated secondary antibody (anti-rabbit IgG HRP-conjugated Antibody) 

(1:500 diluted in PBS) for 1 h. The samples were then washed with 1x 200 µL PBS to remove 

unbound antibody. Next, the samples were incubated with 300 µL of a pre-warmed 1:1 mixture 

of substrate A (stabilized hydrogen peroxide) and substrate B (stabilized 3, 3´, 5, 5´-

tetramethylbenzidine) for 20 min in the dark, at 200 rpm and at room temperature. Then, a 

volume of 150 µL stop solution (2 N H2SO4) was added into each Eppendorf tube. The tissue-

free Eppendorf tube containing substrate mix and stop solution was used to blank the 

absorbance measurement at 450 nm using a SpectraMax spectrophotometer. Each biopsy punch 

quarter series absorbance per weight value was normalized to its healthy sample. 

Statistical analysis 

The datasets of all conditions were plotted and their statistical significance was analyzed using 

GraphPad Prism v9. All graphical data in this work is reported as the mean(s) ± SD(s). The 

comparisons of multiple conditions are performed by Tukey one-way ANOVA test to show 

significant differences between conditions. Thereby, the values of untreated vs treated samples 

were compared. A p < 0.001 was considered as statistically significant. The highest value of all 

non-treated healthy samples was assumed as 1 (i.e., 100%), and all other conditions were 

normalized to that value.  
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2.3.1 Supporting information 

 

Supplementary Table  

Table SI. Second harmonic generation confocal acquisition raw data  

 

Z-stack 10 slices (45 µm) 

Scaling 1.38 µm x 1.38 µm x 5.00 µm 

Bit depth 12 bit 

Zoom 0.6 x 0.6 

Pixel time 8.24 µs 

Averaging 4 

NDD detector 

Laser power 8.0% 

Laser wavelength 900 

Detector gain 500 
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Figure S1. The amount of collagen 1 deposited in the tissue upon the treatment with 300 nM of the Bacillus 

cereus collagen Q1 (ColQ1) and different concentrations of the photoactivatable H47Y<ONBYhv. The skin 

was treated with 300 nM for one day (background is highlighted in violet) then the cocktails of H47Y<ONBY 

with compound 1 or compound 2 were added on day 2, exposed to light, and kept until day 4. Upon light exposure, 

H47Y<ONBY was converted to its active version H47Y<ONBYhv. Data points represent mean values of three 

independent experiments ± SD.  

 
Figure S2. The release of hydroxyproline (Hyp) over time into the DMEM medium of the skin tissue. The 

skin was treated with 300 nM for one day (background is highlighted in violet) then the cocktails of H47Y<ONBY 

with compound 1 or compound 2 were added on day 2, exposed to light, and kept until day 4. Upon light exposure, 

H47Y<ONBY was converted to its active version H47Y<ONBYhv. Data points represent mean values of three 

independent experiments ± SD. 
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Figure S3. Alignment of dermal collagen fibers in ColQ1-treated skin tissue and with and without cocktails 

1 and 2 visualized with polarization light microscope. The analysis of LC-PolScope orientation images 

encoding the slow optical axis per pixel are shown as pie diagram. Vectors directions indicate the orientation of 

collagen fibers.  
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Figure S4. The LC-MS spectra of hydroxyproline (Hyp) (a) and epinephrine (internal standard of the LC-

MS/MS-based hydrpxyroline assay) and the calibration curve of the hydroxyproline (c), which was used to 

estimate the concentration of hydroyproline of the unknown samples. 
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Abstract 

In view of the worldwide bacterial infection and antimicrobial resistance threats, new bacterial 

targets and innovative anti-infective agents with novel mechanisms of action are urgently 

needed. Since important roles in bacterial pathogenesis have been demonstrated for the 

Collagenases H and G (ColH and ColG) from Clostridium histolyticum, collagenases Q1 and 

A (ColQ1 and ColA) from Bacillus cereus represent attractive antivirulence targets.  

Here, we report on novel, potent and chemically stable bacterial collagenase inhibitors. Two 

chemical classes were discovered: synthesized and FDA-approved diphosphonates and 

hydroxamates. Both classes showed high in vitro activity against clostridial and bacillary 

collagenases (ColH, ColG, ColA, and ColQ1) accompanied by high selectivity over human 

metalloproteases. Furthermore, the inhibitors showed no cytotoxicity on several human cell 

lines and no inhibition of the ColQ1 and ColA-positive B. cereus AH187 strain growth. The 

biological activity of the most active inhibitors were also characterized in infection models. The 

most active diphosphonate compounds showed remarkable efficacy on the activity of 

collagenases (i.e., ColQ1 and ColA) secreted by AH187 strain. They reduced B. cereus-

mediated detachment of fibroblast cells, enhanced cell viability and prevented fibrillar collagen 

degradation. They also preserved cell polarity of the infected epithelial cells as measured by the 

transepithelial electrical resistance (TEER). The potent diphosphonate compounds improved 

the survival rate of AH187-infected Galleria mellonella larvae. The hydroxamate class was 

also tested in a similar manner. Interestingly, despite similar activity in enzyme inhibition 

assays, they did not have the same inhibitory effect in infection models. This might be due to 

their fast binding kinetics to clostridial and bacillary collagenases. By contrast, diphosphonates 

showed different and significantly slower binding kinetics towards the bacterial target 

collagenases.  

Introduction 

Bacterial resistance is on the rise and a worldwide economic and health crisis might be on the 

horizon as a result of the high incidence of death caused by multi-drug resistant bacteria.[1,2] 

This also comes together with the slow discovery of new antibiotics. If this trend continues, 

mild infections of today might become lethal in the future.[1,2] To tackle the rise in antibiotic 

resistance, alternative non-antibiotic treatment approaches are urgently needed. Antivirulence 

agents, which selectively inhibit pathogenicity factors of bacteria, and hence prevent or delay 

infection, are one potential strategy.[3,4] This could – without exerting selective pressure – 

harness the host’s immune system to fight the infection.[3,4]  
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Clostridium histolyticum (C. histolyticum) and Bacillus cereus (B. cereus) are Gram-positive 

bacteria and the epitome of many serious opportunistic infections including wound, corneal, 

gas gangrene, and also gastrointestinal infections.[5,6] The pathogenicity of these 

microorganisms is linked to their secreted toxins and proteases, which assist them to elude 

defensive mechanisms, reach deep locations for nourishment, and consequently reduplicate and 

persist in the infection site.[7] This might also enhance bacterial histotoxicity by promoting toxin 

diffusion.[7] Bacterial collagenases are calcium- and zinc-dependent metalloproteases and the 

etiologic feature of the aforementioned pathogens; they destroy tissue by demolishing 

extracellular matrix (ECM) collagen.[8,9] Fibrillar collagen is the most common protein in the 

ECM (up to 90%). It has a stable structure that resists proteolysis and can only be broken down 

by true bacterial and mammalian collagenases.[8,9] True bacterial collagenases process triple 

helical collagen under physiological conditions into small peptides and amino acids by targeting 

multiple sites.[8,9] True mammalian collagenases, on the other hand, such as the collagenolytic 

matrix metalloproteinases, cleave the collagen at a single site. After this initial cut, other 

enzymes assist in the further proteolysis of the collagen fragments.[9] Collagen is involved in 

many vital physiological processes such as tissue regeneration and wound healing, in addition 

to its tissue-supporting functions.[9] Therefore, any bacterial collagenase-induced imbalance in 

collagen structure or quantity will have detrimental effects on tissue regeneration and wound 

healing besides the formation of voids in the ECM, that allow the bacteria to invade and gain 

access to anaerobic areas.[10] Consequently, protecting collagen from bacterial collagenase 

represents a promising approach for developing antivirulence agents that can be used to treat 

collagenase-positive infections. 

C. histolyticum collagenases have been well studied in contrast to the homologous B. cereus 

collagenases. They are composed of two main structural modules; collagenase unit and collagen 

recruitment domains. The collagenase unit is composed of an activator and peptidase 

domains.[11,12] In the latter, two histidine residues in a HEXXH motif and a downstream 

glutamate coordinate the catalytic zinc ion. The general-acid base glutamate and the zinc ion 

polarize the water molecule in the active site and activate it for the nucleophilic attack.[11–14] 

The collagen recruitment domains are suggested to be involved in collagen swelling and 

binding to fibrillar and insoluble collagen.[11–14] High-resolution crystal structures are available 

for C. histolyticum collagenases, but not for B. cereus collagenases, which share a high 

sequence similarity (i.e., 70%).[15,16,13,17] 

We focused in this study on C. histolyticum collagenase H and G (ColH and ColG) and B. 

cereus collagenase Q1 and A (ColQ1 and ColA). These bacterial collagenases are attractive 
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candidates for antivirulence development because of their role in bacterial pathogenicity as well 

as their extracellular localization.[10] The penetration of the bacterial cell wall is generally a key 

problem for antibacterial agent development, however in this instance it can be avoided. 

Distinct collagenase inhibitors have been identified to date, the majority of which include a 

zinc-binding group (ZBG) that binds to the catalytic zinc ion, displacing the catalytic water 

molecule from the coordination and turning the enzyme inactive. Figure 1a shows examples of 

known ColH inhibitors.[18–20] The lack of selectivity over human matrix metalloproteases 

(MMPs) is the primary drawback that prevents further development of these existing potent 

inhibitors.  

 

 
 

1 

IC50 (ColH) = 0.024 µM 

2 

IC50 (ColH) = 0.021 µM 

3 

Ki (ColH) = 0.2 µM 

 

 
 

  

4a 

IC50 (ColH) = 0.010 µM 

 

% of inhibition at 100 µM 

(ColQ1) = 99% 

4b 

IC50 (ColH) = 0.017 µM 

 

% of inhibition at 100 µM 

(ColQ1) = 99% 

5 

% of inhibition at 100 µM 

(ColH) = 96% 

% of inhibition at 100 µM 

(ColQ1) = 99% 

6 

IC50 (ColH) = 7 µM 

 

IC50 (ColQ1) = 183 µM 

 

 

Figure 8. Example of known bacterial collagenase H (ColH) inhibitors. a) Structures of bacterial collagenase 

H.[18–20] b) Structures of the recently identified collagenases H and Q1 (ColH and ColQ1 inhibitors).[21,22,23,24] Zinc 

binding groups are highlighted by a dashed rectangles.  

 

Recently, we were able to develop selective inhibitors of bacterial collagenases. Compound 4a, 

a thiocarbamate, serves as a prodrug. By conversion into a free thiol group 4b it can bind to the 

zinc ion (Figure 1b).[21] The rest of the molecule binds to the conserved clostridial non-primed 

edge strand, explaining the selectivity for the bacterial collagenases over the human off-targets 

MMPs.[21] Succinimide 5 is a more rigid derivative of compound 4b (Figure 1b).[22] Similarly 

to thiocarbamate, this class has been validated for its high selectivity for several bacterial 

collagenases, including ColH and ColG from C. histolyticum, ColT from C. tetani, and ColQ1 

a 

 

b 
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from B. cereus, over the unwanted inhibition of human MMPs. The main drawback of these 

two compound classes is their chemical instability due to the oxidation of the thiol group into 

disulfide, which leads to the loss of their activity.  

Replacing the thiol group with another stable ZBG to maintain the chemical stability of the 

inhibitor is necessary, in addition to maintaining the high selectivity towards bacterial 

metalloproteases. The first stable and selective inhibitor (i.e., compound 6) (Figure 1b) of ColH 

was recently reported. Among various ZBGs, a phosphonate group has high stability and 

selectivity but moderate activities on ColH and ColQ1.[23,24]   

In this work, we aimed to find chemically stable, potent, and selective bacterial collagenase 

inhibitors. Furthermore, we set out to characterize a range of compounds bearing several 

different ZBGs regarding their biological activity in infection models that mimic the damage 

caused by collagenase during infection. We identified two chemical classes, namely 

diphosphonates (including FDA-approved drugs) and hydroxamates with excellent selectivity, 

low cytotoxicity, and remarkable micro- to submicromolar activity in vitro against B. cereus 

ColQ1, ColA and C. histolyticum ColH and ColG, demonstrating broad-spectrum activity 

towards a variety of disease-causing bacteria. In addition, activity in increasingly complex 

whole-cell assays and efficacy in a simple Galleria mellonella infection model. Hydroxamates 

compounds were tested analogously. Surprisingly, they did not demonstrate the same inhibitory 

impact in the infection models, despite similar potencies in enzyme-inhibition studies.  

Results and discussion 

Screening of compounds with various ZBGs on ColQ1 and ColH 

To discover new small-molecule inhibitors with a stable ZBG, a total of 38 compounds with 

distinct ZBGs were screened at 100 µM in an in vitro peptidolytic assay using a custom-made 

collagenase-specific quenched fluorescence substrate (Table S1 and Figure S1). Two 

compounds (13 and 27) showed strong inhibition against the collagenase unit of ColQ1 

(COlQ1-CU) (98 ± 1% inhibition and 97 ± 2% inhibition) and the peptidase unit of ColH (ColH-

PD) (83 ± 9% inhibition and 84 ± 2% inhibition), respectively. Both compounds were selected 

for further studies and a small library based on 13 and 27 structures was designed and 

synthesized (i.e., eighteen diphosphonates and seven hydroxamates).  

Synthesis of new anti-collagenase pathoblocker agents 

Diphosphonate synthesis 

As described in Schemes 1–3, the substituted 2,3-dihydroxy quinoxalines 7a–14a, and 15b 

were obtained by refluxing oxalic acid and the diamine derivative in 4 N hydrochloric acid. 

These dihydroxy quinoxalines were directly reacted with POCl3 in DMF in a one-pot reactor, 
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to provide 2,3-dichloroquinoxalines 7b–14b and 15c, respectively, which were used in the 

following step without additional purification.[25,26] The resulting mono 16a or di-chloro 

quinoxalines 7b–14b, 14c, and 15b were subjected to Arbuzov reaction with triethylphosphite 

in a sealed tube at 150 °C. TMSBr was employed to cleave the diethylphosphonate esters to 

their corresponding phosphonic acid 7–16 in good yield. Compound 14c was synthesized by 

reacting of 2,3-dichloroquinoxaline-6-carboxylic acid 14b with 3,4-dichloroaniline in DCM at 

RT for 18 h using EDC‧HCl as a coupling reagent (Scheme 2). Using LiOH in a dioxane/ water 

mixture, the di-chloro 13b was converted into its mono-chloro derivative 16a, as described by 

Yang et al. (Scheme 1). 

15a was produced by reacting 4-bromobenzene-1,2-diamine and (4-chlorophenyl)boronic acid 

in presence of  2 M sodium carbonate and (1,1'-bis(diphenylphosphino)ferrocene)palladium(II) 

dichloride [Pd(dppf)Cl2] as a catalyst in a mixture of dioxane/H2O (4:1) under microwave 

irradiation (150 °C, 150 W) for 20 min (Scheme 3).[27]  

 

 
 

Scheme 1. Synthesis of 5797 and its Analogues. Reagents and conditions: a) oxalic acid, 4 N HCl, reflux, 6 h; 

b) POCl3, DMF, 50 °C, 6 h; c) triethyl phosphite, sealed tube, 150 °C, 18h; d) bromotrimethylsilane, dry DCM, 

st., rt, 18 h; e) dioxane/H2O (1:1), LiOH, 55 °C, 24 h; f) POCl3, DMF, 0 °C to RT, 5 min. 
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Scheme 2. Synthesis of compound 14. Reagents and conditions: a) 3,4-dichloroaniline, EDC.HCl, DCM, 18 h; 

b) triethyl phosphite, sealed tube, 150 °C, 18 h; d) bromotrimethylsilane, dry DCM, st., RT, 18 h. 

 

 
 

Scheme 3.  Synthesis of compound 15. Reagents and conditions: a) (4-chlorophenyl)boronic acid, dioxane/ H2O 

(4:1), Na2CO3 (2 M), Pd(PPh3)4, microwave, 20 min; b) Oxalic acid, 4 N HCl, reflux, 6 h; c) POCl3, DMF, 50 °C, 

6 h; d) triethyl phosphite, sealed tube, 150 °C, 18 h; e) bromotrimethylsilane, dry DCM, st., RT, 18 h. 

 

Hydroxamate synthesis 

 

As described in Scheme 4, the hydroxamates 27–33 were synthesized in six steps. The mono 

carboxylic acids 22a and 22b were first obtained through a monosaponification using sodium 

hydroxide in a mixture of ethanol and water. These intermediates were then activated using 

EDC.HCl and HOBt, in dichloromethane with diisopropylethylamine, to form the desired 

amides 23a and 23b by reacting them with the free amine. Then, an addition of hydrochloric 

acid (4 N in dioxane) afforded the free amines 24a and 24b, and these react with the diazo 

transfer reagent to form the azides 25a and 25b. The ethyl esters were engaged in a KCN-
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catalyzed aminolysis reaction, which lead to the formation of the azido hydroxamic acids 26a 

and 26b. The final step is a copper-catalyzed Huisgen 1,3-dipolar cycloaddition to give the 

desired 1,2,3-triazole 1,4-disubstituted 27–33, the needed alkynes 34a–34d being previously 

synthesized by nucleophilic substitution of phenols on the propargylbromide. 

 

 
 
 

Scheme 4. Scheme 4.  Synthesis of hydroxamic acid compounds. Reagents and conditions: NaOH, EtOH/H2O 

(4:1), rt., 18 h; b) tert-butyl N-(2-aminoethyl)carbamate, EDC.HCl, HOBt, DIPEA, CH2Cl2, rt., 18 h; c) 4 N HCl, 

EtOH, 0°C to rt., 18 h; d) azide-N-diazoimidazole-1-sulfonamide hydrogen sulfate, K2CO3, ZnCl2, DIPEA, MeOH, 

rt., 18 h; e) aq. hydroxylamine (50% in water w/w), KCN (cat.), MeOH, rt., 18 h; f) Alkyne 34a–34d, prop-2-

ynoxybenzene or prop-2-ynylsulfanylbenzene, CuSO4 (5H2O), NaAsc, N,N-dimethylformamide/H2O (1.2:1), rt., 

18 h. 

 

 

Activity on B. cereus ColQ1 

Structure−activity relationships of the synthesized and FDA-approved diphosphonate 

compounds on ColQ1. The initial screening of the diphosphonate 13 and its synthesized 

derivatives using ColQ1-CU showed that the presence of both phosphonate groups with free 

hydroxyl groups is indispensable for inhibition (Table 1), indicating that the phosphonate 

groups acts as ZBG to the catalytic zinc ion. Replacing the 3,4-chloro of 13 with 3-methoxy 

group and 4-hydro (12c) or with 3,4-dihydro lead to loss of the activity as shown in compound 

7c. Replacing the 4-chloro of 13 with 4-hydro reduced the activity of 12. Compound 8 with 3-

fluoro instead of 3-chloro had a low activity. While compound 10 with 3-bromo regained the 

loss in the activity. Compound 15 with 3-chlorophenyl was more active than its 3-chloro 

derivative 9. The elongation of the 3-chlorophenyl into 3-dichlorophenylamide in compound 
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14 maintained the activity of 15. Quinoxaline (21) and N-di-methyl quinoxaline (b21) 

derivatives showed a much lower activity. 

In case of ColG-PD, this SAR could be rationalized by a crystal structure in complex with 

compound 13 determined at 1.95 Å resolution (Figure 3 and Table S2). In addition to a non-

functional binding site at the rear of the peptidase domain, we could detect 13 in the primed 

binding pocket, albeit at relatively low occupancy/high mobility. The inhibitor could be 

modeled into the active site with the help of a polder map. One of the phosphonate groups acted 

as ZBG and simultaneously interacted with Glu555 and Tyr607, while the aromatic scaffold of 

13 and the chlorides established hydrophobic interactions in the primed binding pockets with 

Phe515, His523 and Ile576.  

Table 1. Inhibition of ColQ1-CU by diphosphonates and derivatives at 100 µM 

concentrationa 

 

 

 

 

 

 

Cpd.  R1 R2 R3 R4 Inhibition (%) 

7 

 

  

  
40 ± 7 

7c 

 

  
  

0 - 8 

8 

 

  

  
38 ± 3 

9 

 

  

  
88 ± 2 

10 

 

  

  
95± 5 
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Cpd.  R1 R2 R3 R4 Inhibition (%) 

11 

 

  

  
58 ± 4 

11c 

 

  
  

0 - 8 

12 

 

  

  
23 ± 6 

12c 

 

  
  

0 - 8 

13 

 

  

  
98 ± 1 

14 

 

  
 

 
100 ± 1 

15 

 

  
 

 
96 ± 4 

16 

 

 
   

5 ± 2 

17 

 

 

   
17 ± 6 

18 

 

 

   
8 ±2 
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Cpd.  R1 R2 R3 R4 Inhibition (%) 

19 

 

 

   
8 ± 4 

20 

 

 

   
21 ± 4 

21 

 

  

 

 
35 ± 4 

21b 

 

  

 

 
58 ± 3 

 

 

aMeans and SD of three independent experiments. 

 

 

 

Figure 9. Crystal structure of ColG-PD in complex with 13 solved at 1.95 Å resolution. Close-up view of the 

active site in ball-and-stick representation. The inhibitor (cyan) is shown in sticks with polder map contoured at 

2.5 σ above background. The catalytic zinc ion (dark gray) and the calcium ion (green) are shown as spheres. 
 

As diphosphonates are routinely used in the treatment of bone diseases,[28] we also screened a 

number of FDA-approved diphosphonates regarding their effect on ColQ1-CU (Table 2). 
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Tiludronate disodium and alendronate sodium resulted in moderate inhibition of ColQ1-CU 

(63 ± 3 and 76 ± 1%, respectively) at 100 µM concentration. 

 

Table 2. Inhibition of ColQ1-CU by selected FDA-approved disphosphonates at 100 µM 

concentrationa 

 

Cpd. Structure 
Inhibition 

(%) 
Cpd. Structure 

Inhibition 

(%) 

Clodronate 

disodium 

 

n.i. 
Alendronate 

sodium 

 

76 ± 1 

Tiludronate 

disodium 

 

63 ± 3 
Ibandronate 

sodium 

 

n.i 

Neridronate 

 

n.i 
Risedronate 

sodium 

 

n.i 

 

 

aMeans and SD of three independent experiments, n.i.: no inhibition. 

 

Structure−activity relationships of hydroxamate compounds on ColQ1. An initial 

screening of hydroxamate 27 and its six derivatives using ColQ1-CU from B. cereus strain Q1 

was performed (Figure S2 and Table 3). The compounds differed structurally in the alpha-

substituent relative to the hydroxamic acid group and the terminal moiety. The screen revealed 

that the o-acetamide substituted phenoxy group present in 27 and 33 was the most favored 

terminal group and that small variations in the alpha-position were tolerated. Next, we 

evaluated the potential of the most potent compounds 27 and 33 as broad-spectrum inhibitors 

of bacterial collagenases and determined the inhibition constants using ColG-CU and ColH-PD 

from C. histolyticum, and ColA-CU from B. cereus strain ATCC14579 and ColQ1-CU (Table 

4). The results revealed that both compounds inhibited clostridial and bacillary collagenases in 

the low micro- to submicromolar range. 
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Table 3. Inhibition of ColQ1-CU by hydroxamates at 100 µM concentrationa 

 

 

Cpd. R1 R2 R3 R4 R5 Inhibition (%) 

27 
  

 

O 
 

97 ± 2 

28 
 

 
 

O 
 

81 ± 3 

29 

 
  

O 
 

87 ± 3 

31 
   

O 
 

93 ± 1 

30 
   

O 
 

92± 5 

32 
   

S 
 

71 ± 3 

33 
  

 

O 

 

101 ± 1 

 

aMeans and SD of three independent experiments 

Table 4. Inhibition of bacterial collagenases by 27 and 33a 

 

  6007 6193 

 Protein Ki (μM) Ki (μM) 

C. histolyticum 

ColH-PD 11.6 ± 0.4 1.7 ± 0.2 

ColG-CU 31 ± 1 18.4 ± 0.6 

B. cereus 

ColQ1-CU 0.10 ± 0.02 0.82 ± 0.07 

ColA-CU 3.4 ± 4 4.7 ± 0.3 

 

 

aMeans and SD of three independent experiments 
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We rationalized the screening results based on the crystal structure of 27 in complex with the 

peptidase domain of ColG, a close homologue of ColQ1, solved at 1.80 Å resolution (Figure 4 

and Table S2). The bound inhibitor occupied the active site from the S3 pocket to the S2’ 

binding site. In the S3 binding pocket, the ortho-acetamide group directly interacted with the 

edge strand via a hydrogen bond to the backbone amide of Glu498, while the aromatic phenoxy 

ring established π-π stacking interactions with the sidechain of Trp539. This explains the 

observed preference for the ortho-configuration of the acetamide group.  

 
 

Figure 4. Crystal structure of ColG-PD in complex with 27 solved at 1.80 Å resolution. Close-up view of the 

active site in ball-and-stick representation. The inhibitor (cyan) is shown in sticks with the maximum likelihood 

weighted 2Fo − Fc electron density map contoured at 1 σ. The catalytic zinc ion (dark gray) and the calcium ion 

(green) and water molecules (red) are shown as spheres. 

 

The central triazole ring hydrogen-bonded with Glu555 and formed a π-hydrogen interaction 

with Tyr599 in the S2 binding pocket. The hydroxamate group coordinateed, as expected, the 

catalytic zinc ion. The isobutyl group in the alpha-position formed hydrophobic interactions 

with Tyr607 and His523 in the S2’ pocket. The hydrophobic benzyl group of 33 can be expected 

to fit similarly into the S2’ pocket. 

Selectivity over human MMPs and activity on other bacterial virulence factor 

collagenases 

To assess the selectivity of the compounds towards human MMPs and other bacterial 

collagenases, compounds 13, 14, 15, 27, tiludronate disodium, and alendronate sodium were 

tested against ColG-CU and ColH-PD from C. histolyticum, and ColA-CU from B. cereus strain 

ATCC14579. In addition, the compounds were tested on catalytic domains of several human 

MMPs including MMP-1, -2, -3 and other important human off-targets which are involved in 
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gene expression and the processing of TNF-α, these include HDAC-3, -8, TACE (ADAM-

17).[29,30] For advanced safety screen COX-1 was also tested.  

Our data showed that the most potent inhibitors of ColQ1 possess a high selectivity over most 

of the tested human off-targets (except for 13 against MMP-1, -2, and -3 and tiludronate 

disodium against MMP-1) (Tables 5 and S3). Their activity against most tested bacterial 

collagenases, on the other hand, proved to be high which confirms their broad-spectrum 

inhibitory potency against bacterial targets (Table 6). This broad activity is comparable to that 

previously observed for compounds carrying thiol or phosphonate ZBGs.[21,22,23] 

 

Table 5. Inhibition of three MMPs in presence of 100 μM of compounds 13 14, 15, 27, 

tiludronate disodium, and alendronate sodiuma 

 

Class Cpd. MMP-1 MMP-2 MMP-3 

Synthesized 

diphosphonates 

13 53  ±  3  79  ± 2 33  ± 11 

14 >100 >100 >100 

15 >100 >100 >100 

FDA-approved 

diphosphonates 

Tiludronate 

disodium 
50 ± 10 >100 >100 

Alendronate 

sodium 
>100 >100 >100 

Hydroxamate 27 >100 >100 >100 

 

 

aMeans and SD of two independent experiments. 

 

Table 6. Inhibition of ColA-CU, ColH-PD, and ColG-CU in presence of 100 μM of 

compounds 13 14, 15, 27, tiludronate disodium, and alendronate sodiuma 
 

Class Cpd. ColA-CU ColH-PD ColG-CU 

Synthesized 

diphosphonates 

13 71 ± 4 83 ± 9 68 ± 4 

14 82 ± 2 96 ± 2 72 ± 3 

15 86 ± 8 97 ± 5 70 ± 8 

FDA-approved 

diphosphonates 

Tiludronate 

disodium 
72 ± 2 91 ± 2 28 ± 7 

Alendronate 

sodium 
18 ± 4 25 ± 5 28 ± 7 
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Class Cpd. ColA-CU ColH-PD ColG-CU 

Hydroxamate 27 93 ± 2 84 ± 2 71 ± 7 

 

 

aMeans and SD of at least two independent experiments. 

 

Cytotoxicity against human cell lines. Besides the selectivity, cytotoxicity is also an important 

criterium, especially when it comes to a potential therapeutic use in humans. In this context, we 

evaluated the cytotoxicity of 13, 14, 15, and 6007 against four human cell lines – HepG2 

(hepatocellular carcinoma), HEK293 (embryonal kidney), NHDF (Normal Human Dermal 

Fibroblasts), and MDCK II (Madin-Darby Canine Kidney II). The compounds did not show 

cytotoxic effects (IC50 values > 100 μM or 200 µM) against these cell lines (Table S4). This 

makes them suitable for further investigation to study their ADMET profile. 

Small-molecule inhibitors prevent collagen I degradation 

B. cereus collagenase inhibitors prevent collagen I cleavage. We examined collagen I (Col 

I) cleavage induced by the full length ColQ1-FL with and without inhibitors to investigate 

whether the compounds have an anti-collagenolytic effect on the collagenase’s natural 

substrate. After 4 h of co-incubation of ColQ1 with Col I, in the absence and presence of 

inhibitor, Col I breakdown was investigated. On reducing polyacrylamide gels, the hallmark 

bands of Col I (i.e., alpha 1, alpha 2, and beta chains) were clearly visible. Compared to the 

negative control (no inhibitor), 13 and 27 displayed considerable anti-ColQ1 activity and 

maintained the chains of Col I as shown at concentrations above 3 µM and 0.8 µM, respectively. 

Below these concentrations substantial chain disintegration was detected (Figure 5). The 

diphosphonate derivatives 11, 10, 14, and 15 inhibited the collagenase activity at all 

concentrations tested (12.5–1.5 µM) and protected Col I chains from cleavage (Figure 5). 

Similar findings were observed for other diphosphonate derivatives 7, 9, 11 and the 

hydroxamate derivative 33 (Figure S3). While severe degradation was visible at all tested 

concentrations (12.5–1.5 µM) of compounds 16, 21, b21, and the hydroxamate derivatives 28, 

29, 31, and 32 (Figure S3), indicating their low activity on ColQ1. These findings are 

corroborated by the previously determined inhibition data derived with the peptidolytic 

substrate. This highlights that several of our hydroxamate and diphosphonate compounds are 

in vitro able to prevent cleavage of the large, structurally more complex physiological substrate 

of collagenases i.e., Col I, which accounts for 80–90% of the collagen in the body.[31] Based on 
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these findings, we next investigated whether this protective effect would also prevail in a more 

complex cellular setting. 

 

 

Figure 5. Activity of ColQ1 inhibitors against the collagenolytic activity of ColQ1. Inhibitors prevented 

cleavage of 1 mg/mL of Col I chains (i.e., beta, alpha-1, and alpha-2). The Bacillus cereus collagenase Q1 

ColQ1 full length (50 ng) was incubated with 1 mg/mL Col I for three hours and the degradation was then 

visualized on 12% SDS-PAGE. Col I: 1 mg/mL Col I without any protease. M (kDa): molecular weight standards, 

Col I: type I collagen. 

Small-molecule inhibitors inhibit collagenase activity and preserve fibroblast cell 

integrity 

Collagenase release during B. cereus infection of NHDF cells. To investigate a potential 

antivirulence activity of ColQ1 inhibitors, we developed an in vitro infection model using the 

common connective tissue cell line NHDF in the ECM. There they have crucial functions, as 

they synthesize the main components of the ECM (such as collagen) and maintaining the ECM 

homeostasis.[32] Previous reports revealed that bacillary ColQ1 and ColA have prominent 

collagenolytic activity that is greater than or similar with the well-studied clostridial ColG and 

ColH.[16] Therefore, B. cereus collagenases were used as model proteases to further evaluate 

the inhibitors’ effects on infection settings. 

To establish the model, the release of B. cereus collagenases was investigated, in order to 

determine the duration needed for the BC AH187 strain (expresses two collagenases: B7HV61 

(sequence identical to ColQ1) and B7HZW5 (ColA)) to secrete considerable amounts of 

collagenase into the surrounding DMEM of NHDF cells. To inspect the release of collagenase, 

the DMEM medium was collected at various time points and investigated by gelatin 

zymography. The zymography analysis revealed that the bacteria required at least 4 h to release 
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substantial amounts of collagenases, which rose over time as seen in Figure S4. In the 

zymograms, besides the bands of the full-length ColQ1 and ColA (109 kDa), also truncated 

isoforms (100–40 kDa) were detected (Figure S4). This phenomenon has been previously 

reported for other bacterial collagenases.15 After 4 h of infection, we could also observe a 

massive reduction (>50%) in fibrillar collagen in the ECM quantified with the picrosirius red 

assay (Figure S4).[33,34] Concomitantly, NHDF cells started to detach and their morphology 

changed from spindle-shaped to round, evidenced by light microscopy studies and SDS-PAGE 

analysis of the cell lysate (Figure S4). In addition, we monitored the release of lactate 

dehydrogenase (LDH)[35] enzyme into the DMEM to detect cells undergoing cell death. 

Significant amounts of LDH were excreted after 4 h and the excretion increased over time 

(Figure S4). Studies showed that B. cereus protein complexes hemolysin BL and nonhemolytic 

enterotoxin also induced cytotoxicity and cell detachment, which means their release could also 

induce cytotoxicty.[36,37] These results suggest that bacterial collagenases may also play a role 

in inducing cellular necrosis. Based on these findings, we chose a time window of 4–6 h was 

chosen for testing the efficacy of collagenase inhibitors in the NHDF infection model. 

Collagenase inhibitors suppress the gelatinolytic activity of B. cereus collagenases released 

in the NHDF infection model. We investigated the most potent compounds from our in vitro 

cleavage assays in the NHDF infection model at 0, 25, 50, 100, and 200 µM concentrations. 

We observed a dose-dependent inhibitory effect on the activity of the secreted collagenases into 

the supernatant of infected cells detected by gelatin zymography. At 200 µM, 13 completely 

suppressed the gelatinolytic activity, while for 14 complete inhibition was already observed at 

100 µM concentration (Figure 6). The other diphosphonate derivatives (10, 11, and 15) were 

also evaluated. Compound 15 demonstrated also a clear dose-dependent inhibitory effect on 

gelatin turnover (Figure S7), while this was less evident for 10 and 11, which inhibited the 

collagenase’ activity towards gelatin only marginally at 100 µM (Figure S7).  

The most promising FDA-approved diphosphonate drugs from the in vitro enzyme assays were 

also tested. Tiludronate disodium and alendronate sodium could completely inhibit gelatin 

turnover in the zymography at a concentration of 100 µM and 200 µM, respectively, (Figure 

S9). Interestingly, the hydroxamate compounds (27, 28, 29, 30, 31, 32, and 33) showed no 

inhibitory effect on the collagenase in the zymography at all tested concentrations (Figures S10 

and S11). 
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Figure 6. The activities of 13 and 14 on the fibroblast (NHDF) cells infected with Bacillus cereus. a) The anti-

gelatinolytic activities of compounds 13 and 14 against B. cereus collagenases. The DMEM supernatants of the 

infected NHDF cells were applied on the zymograms. Clear regions against blue background indicate gelatin in 

the gel has been cleaved. b) The amount of fibrillar collagens maintained by 13 and 14 in the infected NHDF cells 

(highlighted in yellow). c) The cytotoxicity of B. cereus infection (highlighted in yellow) into NHDF cells treated 

with 13 and 14. Statistical analysis was performed with one-way ANOVA and statistical significance was analyzed 

by Tukey test. Significance was calculated by comparing non-treated vs treated cells with compounds (mean ± SD, 

**** p < 0.0001, ** p < 0.01, ns non-significant). Ctrl: control. M (kDa): molecular weight marker. 

Collagenase inhibitors prevent NHDF cell detachment and cleavage of fibrillar collagens 

of the ECM. We further evaluated the effect of the diphosphonate and hydroxamate compounds 

on cell morphology, the fibrillar collagen content of the ECM, and cell viability in the infection 

model. As shown in Figure 6, the diphosphate compounds 13 and 14 showed a dose-dependent 

effect on the NHDF cell. Above a concentration of 25 µM, they were both able to sustain the 

cells. The cells stayed attached and maintained their spindle shape (Figures S5 and S6) and 

above 50 µM concentration we observed a significant reduction in LDH releases, indicating 

higher cell viability. The diphosphonate derivative 15 and the FDA-approved diphosphonate 

drugs tiludronate disodium and alendronate sodium also showed dose-dependent effects on 

NHDF morphology, fibrillar ECM collagen content, and LDH release, however, at 

concentration  100 µM (Figures S6-S9). While the diphosphonate 10 and 11 showed less of 
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an effect at all tested concentrations (except for 10 which at 100 µM resulted in higher cell 

viability) (Figures S6 and S7).  

We also examined the hydroxamate compounds 27, 28, 29, 31, 32, and 33. Interestingly, none 

of them showed the expected effects. They were neither able to rescue cell morphology, nor to 

maintain the collagen content of the ECM. Also no inhibition of the collagenase in the gelatin 

zymography was detected at all concentrations tested (Figures S10 and S11). Puzzled by the 

results of the hydroxamate compounds, we investigated their stability in the conditions of the 

NHDF infection model to obtain a potential explanation for the observed findings. We used 27 

as representative example for this compound class. The LC-MS spectra (Figure S12) 

confirmed, however, the stability of 27 under the assay conditions. We, therefore, speculate that 

the hydroxymate compounds bind to the collagen and gelatin substrates with high effective 

affinity/avidity, thus reducing the free inhibitor concentration. 

To sum up, in the NHDF infection model, the potent diphosphonate compounds from the in 

vitro enzyme assays were shown to have anti-collagenolytic activity, by inactivating the 

bacterial collagenases. Furthermore, they reduced the cytotoxicity induced directly or indirectly 

by the released collagenases and maintained the spindle-shaped morphology of the cells. In 

contrast, the hydroxamate-based compounds displayed almost no anti-collagenolytic activity in 

the infection model, despite their inhibitory activity in the in vitro enzyme assays.  

Rapid, slow or very slow reversibility of diphosphonate inhibitors depends on 

target collagenase 

Next, we compared the inhibition mechanism of the diphosphonate compounds and the 

hydroxamate compounds to the bacterial collagenases. For this purpose, we performed rapid 

dilutions assays to test the reversibility of compound inhibition with ColA-CU and ColQ1-CU 

from B. cereus and ColH-PD and ColG-CU from C. histolyticum.[36] Upon rapid dilution, 

rapidly reversible inhibitors quickly dissociate from the enzyme and progress curves similar to 

the uninhibited control are observed, while irreversible or very slowly dissociating inhibitors 

remain bound to the enzyme and only very gradually recover activity.  

Intriguingly, as demonstrated in Figure S13, we observed clear differences between the 

compound classes. While the hydroxamates 27and 33 behaved towards both bacillary and 

clostridial collagenases like rapidly reversible inhibitors – as expected from active-site directed 

competitive inhibitors –, the disphosphonate compounds showed a more varied response. In 

case of ColQ1-CU, both 13 and 15 displayed progress curves with approximately less than 9% 

residual activity, which is typical for irreversible or very slowly dissociating inhibitors.[36] 

Therefore, we examined ColQ1-CU treated overnight with 13 by mass spectroscopy and could 
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confirm that the compound did not result in covalent protein modification (Figure S14). This 

leads to the conclusion that 13 must be a very slowly dissociating reversible binder of ColQ1. 

In case of ColA-CU, the rapid dilution assay revealed only a minimal inhibition in presence of 

13, but 15 displayed a progress curve typical for slowly dissociating inhibitors. In case of ColH, 

the effect of 13 and 15 were reversed compared to ColA, and in case of ColG, both 

diphosphonates behaved like rapidly reversible inhibitors. 

Slowly and very slowly dissociating inhibition are an interesting mechanism for reducing 

enzyme activity, as they increase the lifetime of the enzyme-inhibitor complex. Its advantages 

appear in the latter phases of drug development when pharmacological properties (i.e., dosing 

interval and patient safety) need to be optimized.[36,37] We speculate that the differential 

behavior observed in the infection models between the diphosphonate and hydroxamate 

compounds is caused by their different dissociation properties, which results in different 

enzyme–inhibitor complex lifetimes. The exact mechanism underlying the slow dissociation 

behavior, however, remains currently elusive, as we could not get a crystal structure of a 

diphosphonate inhibitor complex with ColA or ColQ1. 

Small-molecule inhibitors reduce collagenase activity and maintain epithelial cell 

integrity  

Collagenase inhibitors maintain the TEER of MDCK II cells. Epithelial cells form 

intracellular tight junctions establishing a sealed epithelium to control diffusion of membrane 

proteins, uptake of small molecules, and protect the body from hazardous substances.[38,39] B. 

cereus-mediated cell detachment severely destroys the epithelial barrier function, allowing 

access to deeper areas of the tissue. To quantify the effect on the epithelial barrier function, we 

investigated selected compounds regarding their effect on the TEER of polarized Madin–Darby 

Canine Kidney (MDCK) cells. We treated MDCK II cells with our target compounds followed 

by the infection with B. cereus AH187 strain or co-incubation with supernatant from BC AH187 

strain culture, which contains ColQ1 and ColA. In comparison to the no inhibitor control, the 

TEER of the infected MDCK cells (Figures 7a and S15) was maintained with compounds 14, 

15, tiludronate disodium and alendronate sodium at 100 µM concentration. While 

compounds 13 and 10 failed to sustain the TEER of the infected cells at 200 µM concentration 

(Figure S15) but they retain the TEER of the challenged cells with 50% (v/v) supernatant 

(Figure 7b).  

This discrepancy might be due to the lower quantities of collagenases secreted in the 

supernatant than compared to the potentially very high bacterial densities during infection 

events, resulting in high collagenase secretion. This might have disrupted the optimum 
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inhibitor/collagenase ratio and resulted in lower efficacy of some inhibitors. Despite these 

variations in effect, our findings support the notion that collagenases are involved in attacking 

epithelial barriers and that our inhibitor compounds can help to preserve the cellular junction, 

thereby reducing bacterial invasion. Thus, the effect of some inhibitors might be less in this 

case. These findings corroborate the theory that collagenases are one of the factors that might 

be involved in disturbing the TEER of epithelial cells. Our collagenase inhibitors proved their 

potential to preserve the cell attachment and the junction between them, subsequently reducing 

bacterial invasion. 

 

Figure 7. The change in the transepithelial electrical resistance (TEER) of the Madin–Darby Canine Kidney 

(MDCK) cells challenged with Bacillus cereus or 50% (v/v) culture supernatant. a) 14 and 15 preserve the 

TEER value of the MDCK infected with B. cereus compared with the non-treated conditions with inhibitor. b) 

Compounds 10, 13, 14, and 15 maintained the TEER of MDCK cells challenged with B. cereus supernatant. Each 

curve represents average ± standard deviation of at least three independent experiments. 

Compounds do not interfere with B. cereus growth. The aim of this work was to develop 

antivirulence agent that prevent bacteria from causing damage rather than killing them.[3] 

Therefore, we tested the compounds on B. cereus growth to rule out antibacterial activity and 

ensure that the effects shown in the in vitro infection models were not caused by influencing 

bacterial viability. For this purpose, we selected the most potent compounds and tested them 

against the BC AH187 strain. As shown in Table S5, compound had no effect on BC AH187 

growth and their minimum inhibitory concentration (MIC) was 200 µM or 100 µM. These 

data support that the antivirulence activity, not an antibacterial activity, was responsible for the 

observed effect in the infection experiments. 

ColQ1 inhibitors maintain the survival of G. mellonella larvae. Finally, we evaluated 

selected compounds in an in vivo infection model. G. mellonella larvae are one of the most 

frequently used models to evaluate effectiveness of newly discovered inhibitors and is well 

established for assessing B. cereus cytotoxicity.[40] We reported previously that treating the G. 

mellonella larvae with ColQ1 caused larvae death.[24] We established B. cereus infection of G. 

mellonella by injecting BC AH187 strain into the larvae in presence or absence of our 
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compound. The larvae were incubated at 37 °C throughout the experiment and the larvae 

survival was monitored twice a day. Three synthesized inhibitors and two FDA-approved drugs 

were tested. Compounds 13, 14, 15, tiludronate disodium and alendronate sodium 

ameliorated the survival of the larvae in a dose-dependent manner when compared to a control 

where no inhibitor was administered. At 100 µM, compounds 14 and 15 boosted the survival 

by around 50% and 35%, respectively. At lower concentration (i.e., 25 µM), both had a reduced 

effect (Figures 8 & S16). Compounds tiludronate disodium and alendronate sodium 

increased the survival by 40% at 100 and 200 µM, respectively (Figure S16). A concentration 

of 200 µM of 13 showed the highest effect, increasing the survival by about 35% while 50 µM 

showed the smallest effect and only improved survival by 5% (Figure S16). Overall, the data 

revealed the protective effect of the collagenase inhibition during B. cereus infection. As a 

result, these antivirulence compounds may be evaluated as a promising therapeutic agents in 

the future. 

 
 

Figure 8. Survival analysis of Galleria mellonella larvae treated with Bacillus cereus AH187 strain with and 

without 14. Each curve represents results of three independent experiments, statistical difference between groups 

treated with 100, 50, and 25 µM of compound 14 and B. cereus AH187 and with group treated only with B. cereus 

AH187 is p < 0.0001, p = 0.0039 and p = 0.0173, respectively, (log-rank test). The survival rate for the larvae 

treated with compound 14 in PBS was 100%.  

 

Conclusions 

To tackle the antibiotic resistance crisis, alternative, non-antibiotic therapies are urgently 

needed. One potential approach is the use of antivirulence agents, which inhibit the 

pathogenicity factors of bacteria and thus prevent or delay infection without exerting selective 

pressure. Bacterial collagenases are one of the antivirulence targets that are currently gaining 

wide attention. In this study, we identified two classes of inhibitors (synthesized and FDA-



Results 

111 
 

approved diphosphonates and hydroxamates) that target clostridial and bacillary collagenases. 

Among these compounds 13, 14, 15, tiludronate disodium and alendronate sodium of the 

diphosphonate class and 27 and 33 of the hydroxamate class displayed high and broad-spectrum 

in vitro inhibition of clostridial collagenases ColH, ColA, and on bacillary collagenases ColA 

and ColQ1. Furthermore, the majority of them demonstrated adequate selectivity over human 

MMPs and other off-targets. These compounds also showed no cytotoxicity in four human cell 

lines. We also studied the biological effect of these compounds in infection models where B. 

cereus was used as a representative bacterium-producing collagenases. In this context, we 

developed fibroblast- and epithelial-cell infection models to characterize the effect of B. cereus 

collagenases and their inhibition. Our findings suggest that the inhibition of B. cereus 

collagenases by the most potent diphosphonate compounds maintain the fibroblast cell 

attachment, cell morphology, cell viability, preserved the fibrillar collagen content, and 

sustained the TEER of epithelial cells. We also tested the compound in vivo in the G. mellonella 

larvae infection model, where the compounds enhanced the survival rate. The hydroxamates 

did not display any inhibition in the infection models, however, they showed similar potency 

as diphosphonates in the enzyme cleavage assays. This could be explained by their reversible 

binding mode, which we determined on clostridial and bacillary collagenases. In contrast, the 

most active diphosphonate demonstrated high potency in both enzyme assays and infection 

models which might be due to their slow to very slow dissociation binding with B. cereus 

collagenases. These findings offer insight on the role of bacterial collagenases in infections and 

on the significance of their inhibition with small-molecule inhibitors, which might represent a 

potential treatment strategy in the future.  

Materials and methods 

Chemistry for the diphosphonate compounds. Chemistry for the diphosphonate compounds. 

Chemical names follow the IUPAC nomenclature. Starting materials were purchased from 

Chempur, Aldrich, Acros, Combi-Blocks or Fluorochem and were used without purification. 

Column chromatography was performed using the automated flash chromatography system 

Combiflash Rf+ (Teledyne Isco) equipped with RediSepRf silica columns. Final products were 

dried in high vacuum. 1H NMR and 13C NMR spectra were measured on a Bruker AM500 

spectrometer (at 500 MHz and 125MHz, respectively) at 300 K and on a Bruker Fourier 300 

(at 300 MHz and 75 MHz, respectively) at 300 K. Chemical shifts are reported in δ (parts per 

million: ppm), by reference to the hydrogenated residues of deuterated solvent as internal 

standard: 2.05 ppm (1H NMR), 29.8, and 206.3 ppm (13C NMR) for acetone-d6, 2.50 ppm (1H 

NMR) and 39.52 ppm (13C NMR) for DMSO-d6. Signals are described as br (broad), s (singlet), 
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d (doublet), t (triplet), dd (doublet of doublets), ddd (doublet of doublet of doublets), dt (doublet 

of triplets) and m (multiplet). All coupling constants (J) are given in Hertz (Hz). Mass 

spectrometry was performed on a TSQ Quantum (ThermoFisher, Dreieich, Germany). The 

triple quadrupole mass spectrometer was equipped with an electrospray interface (ESI). Purity 

of compounds was determined by LC-MS using the area percentage method on the UV trace 

recorded at a wavelength of 254 nm and found to be > 95%. The Surveyor-LC-system consisted 

of a pump, an auto sampler, and a PDA detector. The system was operated by the standard 

software Xcalibur. An RP C18 NUCLEODUR 100-5 (3 mm) column (Macherey-Nagel GmbH) 

was used as stationary phase. All solvents were HPLC-grade. In a gradient run, using 

acetonitrile and water the percentage of acetonitrile (containing 0.1% trifluoroacetic acid) was 

increased from an initial concentration of 0% at 0 min to 100% at 13 min and kept at 100% for 

2 min. The injection volume was 15 µL and the flow rate was set to 800 µL/min. MS analysis 

was carried out at a needle voltage of 3000 V and a capillary temperature of 350 °C. Mass 

spectra were acquired in positive mode, using an electron spray ionization method, from 100 to 

1000 m/z and UV spectra were recorded at the wave length of 254 nm and in some cases at 360 

nm. High-resolution mass spectrometry (HRMS) measurements were recorded on a 

SpectraSystems-MSQ LC-MS system (Thermo Fisher). 

General procedure A: preparation of 1,4-dihydro-2,3-quinoxalinedione derivatives 7a–14a and 

15b 

A mixture of 1,2-phenylendiamine derivative (1 eq.) and oxalic acid (1.2 eq.) was refluxed in 

4 N HCl (20 mL) for 6 h, cooled to RT, poured over ice, and filtered. The product was washed 

with water and dried to give the titled compound. The product was used in the next step without 

further purification. 

General procedure B: preparation of 2,3-dichloroquinoxaline derivatives 7b–14b and 15c 

A mixture of 1,4-dihydro-2,3-quinoxalinediones 7a–14a, and 15b (2 mmol) and POCl3 (10 mL) 

was stirred at 50 °C in DMF for 2 h, cooled to RT, poured over ice, and filtered. The product 

was washed with water and dried to give the title compound. The product was used in the next 

step without additional purification. 

General procedure C: preparation of diethyl phosphonate derivatives 7c–13c, 14d, 15d, and 

16b 

2,3-dichloroquinoxaline derivatives 7b–14b, 15c, and 16a (1 eq) was suspended in triethyl 

phosphite (10 eq) and heated to 150 °C in a sealed tube for 18 h. Most of unreacted triethyl 

phosphite was evaporated in vacuo and the resultant oil was purified by column 

chromatography. 
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General procedure D: preparation of phosphonic acid derivatives 7–16 

To a solution of diethyl phosphonate (1 eq) in dry DCM, bromotrimethylsilane (10 eq) was 

added dropwise over a period of 15 min. The reaction mixture was stirred at RT overnight. Then 

MeOH was added and stirred at RT for 30 min. Solvents were concentrated in vacuo and the 

resultant oil was purified by preparative HPLC. 

(6,7-Dichloroquinoxaline-2,3-diyl)bis(phosphonic acid) (13 Compound 13 was synthesized 

according to general procedure D, using tetraethyl (6,7-

dichloroquinoxaline-2,3-diyl)bis(phosphonate) 13c (80 mg, 

0.17 mmol), bromotrimethylsilane (222 µL, 1.7 mmol) and DCM 

(15 mL). The reaction was stirred at RT overnight. The crude product 

was purified using preparative HPLC (CH3CN (HCOOH 0.05 %)/H2O (HCOOH 0.05 %) = 

0.2:9.8 to 10:0). The product was obtained as white solid (39 mg, 65%). 1H NMR (500 MHz, 

DMSO) δ 8.51 (s, 2H). 13C NMR (126 MHz, DMSO) δ 155.1 (dd, JC-P = 199.4, 29.9 Hz), 139.6 

(dd, JC-P = 19.9, 3.9 Hz), 135.6, 130.6. 31P NMR (202 MHz, DMSO) δ 4.49. HRMS (ESI–) 

calculated for C8H5Cl2N2O6P2 [M–H]– 356.90054, found 356.90056. 

(6-((3,4-Dichlorophenyl)carbamoyl)quinoxaline-2,3-diyl)bis(phosphonic acid) (14). 

Compound 14 was synthesized according to general 

procedure D, using tetraethyl (6-((3,4-

dichlorophenyl)carbamoyl)quinoxaline-2,3-

diyl)bis(phosphonate) 14d (100 mg, 0.17 mmol), 

bromotrimethylsilane (222 µL, 1.7 mmol) and DCM (15 mL). The reaction was stirred at RT 

overnight. The crude product was purified using preparative HPLC (CH3CN (HCOOH 0.05 

%)/H2O (HCOOH 0.05 %) = 0.2:9.8 to 10:0). The product was obtained as a white solid (43 

mg, 53%). 1H NMR (500 MHz, DMSO) δ 10.99 (s, 1H), 8.87 (d, J = 1.8 Hz, 1H), 8.45 (dd, J = 

8.8, 1.9 Hz, 1H), 8.33 (d, J = 8.8 Hz, 1H), 8.25 (d, J = 2.4 Hz, 1H), 7.84 (dd, J = 8.8, 2.4 Hz, 

1H), 7.68 (d, J = 8.8 Hz, 1H). 13C NMR (126 MHz, DMSO) δ 164.9, 155.7 (dd, JC-P = 70.9, 

29.7 Hz), 154.1 (dd, JC-P = 71.9, 30.0 Hz), 141.8 (dd, JC-P = 18.3, 2.7 Hz), 139.9 (dd, JC-P = 

18.4, 2.6 Hz), 139.5, 137.3, 131.4, 131.3, 131.2, 130.1, 129.3, 126.0, 122.0, 120.9. 31P NMR 

(202 MHz, DMSO) δ 4.95 (d, J = 4.8 Hz), 4.71 (d, J = 6.0 Hz). HRMS (ESI–) calculated for 

C15H10Cl2N3O7P2 [M–H]– 475.93765, found 475.93766. 
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(6-(4-Chlorophenyl)quinoxaline-2,3-diyl)bis(phosphonic acid) (15). Compound 15 was 

synthesized according to general procedure D, using 

tetraethyl (6-(4-chlorophenyl)quinoxaline-2,3-

diyl)bis(phosphonate) 15d (70 mg, 0.13 mmol), 

bromotrimethylsilane (170 µL, 1.3 mmol) and DCM (15 mL). 

The reaction was stirred at RT overnight. The crude product was purified using preparative 

HPLC (CH3CN (HCOOH 0.05 %)/H2O (HCOOH 0.05 %) = 0.2:9.8 to 10:0). The product was 

obtained as a white solid (24 mg, 44%). 1H NMR (500 MHz, DMSO) δ 8.45 (d, J = 1.9 Hz, 

1H), 8.37 (dd, J = 8.8, 2.0 Hz, 1H), 8.29 (d, J = 8.8 Hz, 1H), 8.04 – 7.96 (m, 2H), 7.67 – 7.59 

(m, 2H). 13C NMR (126 MHz, DMSO) δ 154.5 (dd, JC-P = 88.9, 30.6 Hz), 152.9 (dd, JC-P = 

89.0, 29.9 Hz), 142.8, 140.9 (dd, JC-P = 20.3, 5.2 Hz), 140.1 (dd, JC-P = 20.4, 5.1 Hz), 137.4, 

134.3, 131.9, 130.3, 129.9, 129.7, 126.5. 31P NMR (202 MHz, DMSO) δ 5.31, 5.27. HRMS 

(ESI–) calculated for C14H10ClN2O6P2 [M–H]– 398.97081, found 398.97078. 

Expression and purification of ColQ1, ColA, ColH, and ColG. The collagenases were 

produced and purified as previously described.[16] 

In vitro FRET-based proteolytic assay (ColQ1, ColA, ColG, and ColH). For all targets, the 

percent of inhibition and IC50 measurements were carried out as previously described.16,21,22 

Experiments were performed in triplicate, and the results are provided as means ± standard 

deviation. For the determination of the inhibition constant (Ki), similar assay conditions were 

chosen. However, nominal final enzyme concentrations of 1 nM ColQ1-CU, 10 nM ColH-PD, 

35 nM ColA, 60 nM ColG were used and the reactions were monitored for 2 min 24 s. 

Regression analysis was performed using GraphPad Prism v 9.0.0 (Graph Pad Software, San 

Diego, CA, USA). The experiments were performed under first-order conditions ([S0] ≪ KM), 

which resulted in an approximation of the Ki
app to the true inhibition constant (Ki), therefore, 

the results are reported as Ki values. 

Reversibility assays by rapid dilution. The recovery of enzymatic activity after a rapid large 

dilution was performed following Copeland, 2013.[28] In short, ColA, ColG, ColH, and ColQ1 

were incubated for 30 min at 100-fold the concentration required for the activity assay (i.e., 

4.375 µM, 7.500 µM, 1.250 µM and 0.125 µM, respectively) with a concentration of inhibitor 

equivalent to 10-fold the IC50. The mixture was then diluted 100-fold into the reaction buffer. 

The reaction was immediately initiated by addition of the quenched-fluorescent substrate FS1-

1 at a final concentration of 2 µM. The reaction was monitored for 2 min (excitation: 328 nm, 

emission: 392 nm) at 25 °C in an Infinite M200 plate reader (Tecan, Grödig, Austria).  
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Selectivity toward human MMPs. The MMPs inhibition assay (Sigma-Aldrich, Saint Louise, 

MO) was performed as previously reported and in accordance with the manufacturer’s 

instructions. The Fluorescence signals were measured in a CLARIOstar plate reader (BMG 

LABTECH, Ortenberg, Germany) at a concentration of 100 μM. 

Compound toxicity. Cytotoxicity assays on HepG2, HEK293, NHDF, and MDCK cells were 

carried out as described previously.[21] 

In vitro collagen cleavage assay. The experiments were done as described before.[16,24] 

Briefly, in a buffer containing 250 mM HEPES, 150 mM NaCl, 5 mM CaCl2, 5 µM 

ZnCl2, pH 7.5, 1 mg/mL acid-soluble type I collagen from bovine tail (Thermo Fischer 

Scientific) was incubated with 50 ng full length ColQ1. Compounds were evaluated at 

various concentrations, and incubated together with collagen, and ColQ1 at 25 °C for 3 

h. After stopping the reaction with 50 mM EDTA, the mixture was loaded on 12% SDS-

PAGE gel and stained with colloidal coomassie G-250 stainer.[41] Two separate 

experiments were carried out for each compound. 

In vitro NHDF infection model. A number of NHDF (Promo Cell C-12302) 1*105 cells/well 

were seeded in 24-well plates (Greiner) with DMEM medium (Gibco) containing 10% (v/v) 

fetal calf serum (FCS, Gibco) and 1% (v/v) glutamine (Gibco). Prior to the treatment, the cells 

were cultured at 37 °C for 24 h with 5% CO2. In brain heart infusion (BHI) medium, B. cereus 

AH187 bacteria were cultivated to a mid-exponential phase. The culture was centrifuged at 

4,000 x g for 7 min at RT before being rinsed and diluted in PBS. Then, B. cereus suspension 

was added on the cells to give an MOI (multiplicity of infection) of 0.03. Before the infection, 

cells were starved for 1 h with DMEM containing only 1% (v/v) glutamine and no FCS. The 

cells were infected with B. cereus for 1, 2, 4, and 6 h to examine the kinetics of collagenase 

release. The DMEM supernatant was collected and harvested by centrifugation at 4,000 x g at 

4 °C for 10 min. After the cells were washed, they were lysed using a lysis buffer (20 mM Tris 

pH 7.5, 1 mM EDTA, 100 mM NaCl, 1% Triton 100, 0.5% Na-deoxycholat, 0.1 % SDS, 1 x 

PIT, 1 mM Na3VO4, 1 mM Na-molybdate, 20 mM NaF, 20 mM β-glycerophosphate). Cell 

debris was removed by centrifugation with 12,000 x g at 4 °C for 10 min. The DMEM 

supernatants and cell lysates were stored at –80 °C for further investigation. The cell 

morphology was monitored with a light microscope (Olympus) using 20X objective. The 

kinetic study was performed in three independent experiments. To study the behavior of ColQ1 

inhibitors in this model, the experiment was done as stated above with a few changes, the 

compounds were added to the NHDF cells along with the bacterial suspension, and all incubated 
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at 37 °C for 5 h and 5% CO2. Two controls were considered in each experiment, uninfected 

cells, and infected cells without inhibitor. Each experiment was repeated three times in total. 

Non-reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis and 

zymography. To perform the zymography, we collected supernatants from the NHDF infection 

experiments and mixed them with 1% non-reducing loading buffer. They were then 

electrophoretically separated after loading onto 10% SDS-PAGE gels containing 0.1% gelatin 

(Roth, Karlsruhe, Germany). Following separation, the gel was incubated at 4 °C for 2x 30 min 

with gentle agitation in a renaturation buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 10 mM 

CaCl2, 10 µM ZnCl2, 2.5% Triton X-100). The gel was then treated in a developing buffer 

(50 mM HEPES pH 7.5, 200 mM NaCl, 10 mM CaCl2, 10 µM ZnCl2, 0.02% Brij-35) at 37 °C 

overnight. By staining the gel with 0.1% Coomassie brilliant blue R-250 dye overnight, 

transparent bands of gelatinolytic activity could be seen. The ChemiDoc XRS+ imaging system 

(Biorad, USA) was used to scan the gels and image analysis was performed with software (Li-

Cor Biosciences, USA).  

Reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis. The cell lysate was 

placed onto a 12% SDS-PAGE gel with a similar total protein content and stained overnight 

with Coomassie brilliant blue G-250. The gel was then visualized with ChemiDoc XRS+ 

imaging system (Biorad, USA) and the signal analysis was exerted with Image lab software. 

Picrosirius red assay. After infection, the NHDF cells were washed 3 x with PBS and then 

incubated with Bouin solution (Sigma) at RT for 20 min. The cells were incubated with 0.1% 

Picrosirius red dye (ab150681) at RT for 2 h. Then, they were washed 1 x with 0.01 N HCl and 

the matrix was dissolved in 0.01 N NaOH. The absorption was measured at 570 nm using a 

Tecan Infinite M200 plate reader (Tecan, Grödig, Austria). By dividing the absorbance of each 

sample by the absorbance of the healthy sample, the relative collagen quantity was determined. 

For each condition, the experiment was performed three times. 

Lactate dehydrogenase (LDH) release assay. The manufacturer’s procedure was followed to 

measure the released LDH amount in the supernatant of NHDF cells. Briefly, in a 96-well plate 

(Grenier), 50 µL of the supernatant were combined with 50 µL substrate. The plate was 

incubated at RT for 30 min in the dark then the reaction was stopped with 50 µL of the stop 

solution. The absorbance was measured at 490 nm with a Tecan Infinite M200 plate reader 

(Tecan, Grödig, Austria). The cytotoxicity was calculated in relative to the control (no 

inhibitor). 

Stability of 27 with LC-MS. A concentration of 200 µM of compound 27 was incubated with 

DMEM medium at 37 °C for 5 h and 5% CO2. After the incubation, 2 µL of the compound were 
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transferred to LC-MS vials containing 200 µL acetonitrile and LC-MS spectra were measured. 

Three controls were included i) 27 in DMEO ii) 27 in DMEM without incubation iii) DMEM 

medium. 

Transepithelial electric resistance (TEER) experiment. MDCK cells were seeded at a 

density of 3*104 cells/mL onto a Millipore hanging cell culture insert at 37 °C for 12 days with 

5% CO2. On day 5, the medium was changed. Prior to treatment, the cells were starved for 16 h 

in FCS free RPMI medium (Gibco). The bacteria or bacterial free supernatant were prepared, 

the bacteria used at MOI of 0.03 while 50% (v/v) supernatant was added. The ColQ1 inhibitors 

were added into the inner compartment. The TEER of the cells was measured with Millicell 

ERS-2 (Electrical Resistance System) over time. Three readings were recorded for each well, 

and the unit area resistance (UAR) was calculated using the mean values of the TEER following 

the equation below: 

𝑈𝐴𝑅 [[𝛺 ∗ 𝑐𝑚2] =  (𝛺𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 − 𝛺𝑏𝑙𝑎𝑛𝑘) ∗ 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑟𝑒𝑎 

Changes in TEER were normalized to the initial UAR (t = 0), which was set to 100%. 

B. cereus supernatant production. B. cereus AH187 strain was cultured in FCS-free DMEM 

medium at 37 °C. The supernatant was harvested by centrifugation and kept in –80 °C until 

needed. The supernatant was sterile-filtered with a 0.22 µm filter (Greiner).  

B. cereus growth inhibition assay. The effect of the compounds on B. cereus growth was 

carried out by growing the bacteria in BHI medium until the mid-growth phase. Next, the 

bacterial suspension was diluted until OD600 nm was 0.2 and combined with compounds in a 96-

well plate. The plates were subsequently incubated at 37 °C for 48 h in a Tecan Infinite M200 

plate reader (Tecan, Grödig, Austria). The MIC values presented are the average of at least two 

independent determinations. 

In vivo Galleria mellonella infection model. G. mellonella larvae were purchased from a 

fishing store. Injections were carried out using a LA120 syringe pump (Landgraf Laborsysteme, 

Langenhagen, Germany) equipped with 1 mL Injekt-F tuberculin syringes (B. Braun, 

Melsungen, Germany) and Sterican 0.30×12 mm, 30G×1.5needles (B. Braun). The larvae were 

divided into five groups depending on their treatment: i) Sterile PBS ii) no injection iii) only 

compound iv) BC AH187 bacterial suspension v) BC AH187 bacterial suspension with 

compound. Larvae were incubated at 37 °C for 3 days and inspected twice daily. The total 

larvae used in all three experiments were 40 larvae per group. When the larvae became black 

and did not move when simulated with a tweezer, they were deemed dead. 

Crystallization, X-ray data collection and analysis. Crystals of ColG-PD were grown in 

0.1 M Tris-Bicine pH 8.5, 0.04 M pentaethylene glycol, 0.04 M diethylene glycol, 0.04 M 
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triethylene glycol, 0.04 M tetraethylene glycol, 10% (w/v) polyethylene glycol 20,000 and 20% 

(v/v) polyethylene glycol 550 monomethyl ether in sitting-vapor diffusion plates. Crystals were 

soaked with 10 mM 27 and 13 for 2 weeks. 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 ID30B-at the European Synchrotron Radiation 

Facility (ESRF) in Grenoble, France. The data sets were indexed, integrated and scaled using 

XDS[42] and AIMLESS.[43] Molecular replacement was performed with PHASER[44] using as 

search model PDB entry 2y6i (ligand and activator domain deleted). Ligand coordinates and 

restraints were generated using the Grade Web Server.[45] Final structures were obtained using 

PHENIX[46] together with model building in WinCoot.[47] PyMOL v 4.0.0 was used for figure 

generation (The PyMOL Molecular Graphics System, Version 4.0.0 Schrödinger, LLC). The 

final refined structures will be deposited in the Protein Data Bank (PDB) before the submission. 

Data collection and refinement statistics are listed in Table S2. 

Statistical analysis. Graphical data in the manuscript are presented as the means ± SDs. 

Statistical comparisons are performed by Tukey one-way ANOVA test, which shows 

significant differences between conditions. Paramateric/non- paramateric statistical analysis 

used in the study were based on normality and homogeneity of variance. A value of p ≤ 0.001 

was considered statistically significant while p > 0.05 was considered non-significant. The 

normalized measurements were statistically compared between treated and non-treated groups 

using generalized estimating equations model to account for correlated data arising from 

repeated measures. The survival of G. mellonella was computed using the Kaplan–Meier 

method and log-rank test was applied to calculate the significance of differences between 

conditions. 
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2.4.1  Supporting information 

Supplementary Tables 

Table S1. Screening results for peptidase domain (PD) of ColH and collagenase unit 

(CU) of ColQ1 inhibitors discovery. The testing was performed at 100 µM. 

Compound 
% Inhibition 

(ColH-PD) 
 

% Inhibition 

(ColQ1-CU) 
 Structure 

 Mean SD  Mean SD   

 83 9  98 1  

 

27 84 2  97 2  

 

35 32 12  23 3  

 

36 86 5  72 5  

 

37 24 8  4 2  

 

38 19 7  3 1  

 

13 
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Compound 
% Inhibition 

(ColH-PD) 
 

% Inhibition 

(ColQ1-CU) 
 Structure 

 Mean SD  Mean SD   

39 30 14  3 10  

 

40 0 7  -1 1  

 

41 23 9  13 6  

 

42 102 3  98 7  

 

43 63 1  87 4  

 

44 82 5  90 2  
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Compound 
% Inhibition 

(ColH-PD) 
 

% Inhibition 

(ColQ1-CU) 
 Structure 

 Mean SD  Mean SD   

45 67 4  84 2  

 

46 18 8  88 2  

 

47 43 5  53 2  

 

48 30 9  -4 5  

 

49 -5 6  10 7  

 

50 17 7  2 3  

 

51 47 8  84 5  
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Compound 
% Inhibition 

(ColH-PD) 
 

% Inhibition 

(ColQ1-CU) 
 Structure 

 Mean SD  Mean SD   

52 42 6  59 2  

 

53 84 7  85 1  

 

54 7 16  16 4  

 

55 34 8  0 3  

 

56 -16 3  0 2  

 

57 -8 21  0 3  
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Compound 
% Inhibition 

(ColH-PD) 
 

% Inhibition 

(ColQ1-CU) 
 Structure 

 Mean SD  Mean SD   

58 -16 16  -4 7  

 

59 61 0  64 1  

 

60 1 14  -3 1  

 

61 -5 6  -8 2  

 

62 4 10  -2 1  

 

63 24 9  -4 5  

 

64 18 16  5 3  

 



Results 

127 
 

Compound 
% Inhibition 

(ColH-PD) 
 

% Inhibition 

(ColQ1-CU) 
 Structure 

 Mean SD  Mean SD   

65 72 7  -3 4  

 

66 95 4  92 2  

 

67 105 3  89 2  

 

68 58 6  Ki 6.9 0.2  

 

69 75 2  84 8  

 

70 32 16  -8 3  
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Table S2. Data collection and refinement statistics for ColG-PD in complex with 

compound 27 and 13 

Data collection 27 13 

Wavelength (Å) 0.976254 0.976254 

Resolution range (Å) 41.06 – 1.80 (1.86 – 1.80)a 41.25 – 1.95 (2.02 – 1.95) 

Space Group P 21 21 21 P 21 21 21 

Cell dimensions 

a, b, c (Å) 59.31, 78.39, 96.41 60.27, 77.79, 97.32 

, ,  (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 

No. of unique reflections 38367 (3832) 33936 (3303) 

Rmerge 0.0400 (0.3339) 0.0372 (0.3959) 

Mean I/sigma(I) 11.09 (2.20) 12.33 (2.06) 

Completeness (%) 90.52 (91.91) 99.69 (99.70) 

Multiplicity 1.9 (1.9) 2.0 (2.0) 

CC1/2 0.998 (0.773) 0.998 (0.699) 

CC* 0.999 (0.934) 1.000 (0.907) 

Wilson B-factor 23.35 30.71 

Refinement 

 

Resolution range (Å) 42.46 – 1.80 (1.86 – 1.80) 41.25 – 1.95 (2.02 – 1.95) 

Rwork / Rfree 0.1789 (0.2467) / 0.2067 (0.2934) 0.1842 (0.2627) / 0.2291 (0.3104) 

No. of non-hydrogen atoms 3293 3292 

Protein 

Ligand 

Solvent 

3110 

61 

150 

3167 

74 

75 
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Data collection 27 13 

B factors 

Protein 34.04 36.16 

Ligand 25.07 57.38 

Solvent 34.45 34.06 

RMSD 

Bond lengths (Å) 0.017 0.018 

Bond angles (°) 1.29 1.36 

Ramachandran favored (%) 98.69 98.71 

Ramachandran allowed (%) 1.05 1.29 

Ramachandran outliers (%) 0.26 0.00 

 

aStatistics for the highest-resolution shell are shown in parentheses. 
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Table S3. Activity of compounds 13, 14, 15, 27, tiludronate disodium, and alendronate 

sodium at 100 µM against HDAC-3, HDAC-8, TACE, and COX-1a 
 

Class Cpb. HDAC-3 HDAC-8 TACE COX-1 

Synthesized 

diphosphonates 

13 >100 >100 >100 >100 

14 >100 >100 >100 >100 

15 >100 >100 >100 >100 

FDA-approved 

diphosphonates 

Tiludronate 

disodium 
>100 >100 >100 >100 

Alendronate 

sodium 
>100 >100 >100 >100 

Hydroxamate 27 >100 >100 >100 n.d. 

 

 

aMeans and SD of two independent experiments, n.d.: not determined. 

 

Table S4. Cytotoxicity of compounds 13, 14, 15, and 27 at 100 µM or 200 µM against 

HepG2, HEK293, NHDF, and MDCKII cell linesa 

 

Class Cpb. HepG2 HEK293 NHDF MDCK II 

Synthesized 

diphosphonates 

13 >100 =100 >200 >200 

14 >100 >100 >100 >100 

15 >100 >100 >200 >200 

Hydroxamate 27 >100 >100 >200 >200 

 

aMeans and SD of two independent experiments. 
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Table S5. Antibacterial activity of selected compounds on BC AH 187 straina 

 

Class Cpd. MIC (µM) BC AH187 

Synthesized diphosphonates 

10 200 

11 200 

13 200 

14 100 

15 100 

FDA-approved diphosphonates 

Tiludronate 

disodium  
200 

Alendronate sodium 200 

Hydroxamate 6007 200 

 

aMeans and SD of two independent experiments. 
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Supplementary Figures 

Inhibition of the compounds vs ColQ1-CU and ColH-PD 
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Figure S1. Inhibition of the screened compounds at 100 µM vs collagenase unit (CU) of ColQ1 and peptidase 

unit (PD) of ColH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

133 
 

Inhibition of the hydoxamate compounds vs ColQ1-CU at 1, 10, and 100 µM 

comcentrations. 

 

 
Figure S2. Inhibition of ColQ1-CU by hydroxamates at 1, 10, and 100 μM concentration. 
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ColQ1 inhibitors effect on collagen I cleavage  

 

 
 

Figure S3. The effect of ColQ1 inhibitors on Col I cleavage. The Bacillus cereus collagense Q1 ColQ1 full 

length (50 ng) was incubated with 1 mg/mL Col I for 3 h, and the degradation was then visualized on 12% SDS-

PAGE. Col I: 1 mg/mL Col I without any protease. M (kDa): molecular weight standards, Col I: type I collagen. 
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The release of Bacillus cereus AH187 collagenases over time 

 

 
 

Figure S4. The release of collagenases of Bacillus cereus AH187 over 6 h period of time. a) The morphological 

changes in the fibroblast (NHDF) cells and their detachment over time. b) Gelatin zymogram represents the activity 

of Bacillus cereus collagenases released over 1, 2, 4, and 6 h in presece (+ NHDF) and absence of NHDF (- NHDF) 
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cells. The DMEM supernatants of the infected NHDF cells were applied on the zymograms. Clear regions against 

blue background indicate gelatin in the gel has been cleaved c) The depletion in the cell lysate over time indicating 

loss of cells, equal amount of protein was loaded. d) The reduction in fibrillar collagen content of the infected 

NHDF cells over incubation time. e) The cytotoxicity induced by toxins and proteases released by Bacillus cereus 

increased over time. The yellow background in d and e highlighted that the infected cells with B. cereus. Bright-

field images captured by 20x objective, scale bar: 50 µm. Statistical analysis was performed with one-way 

ANOVA and statistical significance was analyzed by Tukey test. Significance was calculated by comparing non-

infected vs infected cells (mean ± SD, **** p < 0.0001, *** p < 0.001, ns non-significant). M (kDa): molecular 

weight marker. 

 

The activity of the diphosphonates compounds on NHDF infection model 

 

 
 
Figure S5. The bright-field images of infected fibroblast (NHDF) cells with Bacillus cereus AH187 and 

treated with various concentrations of 13. 20x objectives was used to take the images, scale bar: 50 µm, Ctrl: 

control. 
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Figure S6. The bright-field images of infected fibroblast (NHDF) cells with Bacillus cereus AH187 and 

treated with various concentrations of 10, 11, 14, and 15. 20x objectives was used to take the images, scale bar: 

50 µm. 
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Figure S7. The activity of small molecule inhibitors on collagenases secreted by Bacillus cereus during 

infection of fibroblast (NHDF) cells. a) The anti-gelatinolytic activity of 10, 11, and 15. The DMEM supernatants 

of the infected NHDF cells were applied on the zymograms. Clear regions against blue background indicate gelatin 

in the gel has been cleaved. b) The quantity of fibrillary collagens preserved in the infected NHDF cells treated 

with 6174, 6169, and 6180. c) The change in the cytotoxity upon the treatment with ColQ1 inhibitors. The yellow 

background in d and e highlighted that the infected cells with B. cereus. One-way ANOVA was used for statistical 

analysis, and the Tukey test was used to determine statistical significance. The significance of the results was 

determined by comparing non-treated vs compound-treated cells (mean ± SD, **** p ≤ 0.0001, ** p ≤ 0.01, * p ≤ 

0.05, ns non-significant). M (kDa): molecular weight marker, Ctrl: control. 
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The activity of the FDA-approved diphosphonates drugs on NHDF infection model 

 

 
 

Figure S8. The bright- field images of infected fibroblast (NHDF) cells with Bacillus cereus AH187 and 

treated with various concentrations of tiludronate disodium and alendronate sodium. 20x objectives used 

to take the images, scale bar: 50 µm. Ctrl: control. 
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Figure S9. The activity of FDA-approved diphosphonate drugs on collagenases secreted by Bacillus cereus 

during infecting fibroblast (NHDF) cells. a) The anti-gelatinolytic activity of tiludronate disodium and 

alendronate sodium. The DMEM supernatants of the infected NHDF cells were applied on the zymograms. Clear 

regions against blue background indicate gelatin in the gel has been cleaved. b) The quantity of fibrillary collagens 

preserved in the infected NHDF cells treated with tiludronate disodium and alendronate sodium. c) The change 

in the cytotoxity upon the treatment with ColQ1 inhibitors. The yellow background in d and e highlighted that the 

cells were infected with B. cereus. One-way ANOVA was used for statistical analysis, and the Tukey test was used 

to determine statistical significance. The significance of the results was determined by comparing non-treated vs 

compound-treated cells (mean ± SD, **** p ≤ 0.0001, ** p ≤ 0.01, * p ≤ 0.05, ns non-significant). M (kDa): 

molecular weight marker, Ctrl: control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

141 
 

The activity of the hydormates on NHDF infection model   

 

 

 

 
 

 

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

Figure S10. The effect of 27 on Bacillus cereus-infected fibroblast (NHDF) cells. a) Bright-field images of 

NHDF cells. b) Gelatin zymograms of collagenases produced by Bacillus cereus during the treatment with 27. The 

DMEM supernatants of the infected NHDF cells were applied on the zymograms. Clear regions against blue 

background indicate gelatin in the gel has been cleaved. c) Relative collagen amount left in the NHDF cells after 

the infection and the treatment with 27. d) The cytotoxicity of Bacillus cereus released toxins and collagenases in 

presence of 27. The yellow background in d and e highlighted that the cells were infected with B. cereus. One-way 

ANOVA was used for statistical analysis, and the Tukey test was used to determine statistical significance. The 

significance of the results was determined by comparing non-treated vs compound-treated cells (mean ± SD, ns 

non-significant). M kDa): molecular weight marker, Ctrl: control. 
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Figure S11. The effect of hydroxamic acid-based compounds on Bacillus cereus-infected fibroblast (NHDF) 

cells. a) Relative collagen amount left in the NHDF cells after the infection and the treatment with or without the 

hydroxamates. The yellow background in d and e highlighted that the cells were infected with B. cereus. b) Gelatin 

zymograms of collagenases produced by Bacillus cereus during the treatment with the hydroxymates. The DMEM 

supernatants of the infected NHDF cells were applied on the zymograms. Clear regions against blue background 

indicate gelatin in the gel has been cleaved. M (kDa): molecular weight standard. 
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Stability of 27 in DMEM buffer of NHDF infection model 

 

 
 

Figure S12. LC-MS UV spectra of a) DMEM medium b) compound 27 in DMSO and without incubation c) 

compound 27 in DMEM medium without incubation d) compound 27 in DMEM with incubation at 37 °C for 5 h. 
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Reversibility assay results 
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Figure S13. Reversibility of inhibition of ColG, ColH, ColQ1 and ColA by the hydroxamates 27 and 33 and 

the diphosphonates 13 and 15. Rapid dilution assay to test reversibility of peptidase interaction with compounds. 

Recovery of enzymatic activity was measured after incubation of each enzyme in the absence or presence of 

inhibitor. Progress curves were monitored for 2 min after 1:100 dilution of the enzyme-inhibitor complex and after 

addition of substrate to initiate the reaction. 
 

Mass spectrometric analysis of protein-inhibitor reactions 

 

 

Figure S14. Mass spectrometric analysis of ColQ1-CU-ligand interactions. The mass spectrum of the 

collagenase unit of ColQ1 treated with ilomastat, a reversible inhibitor, 13, and no inhibitor. The average mass of 

the ColQ1 in all cases was 78566.5 ± 0.3 Da. 
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Effect of the diphosphonates on the TEER of epithelial cells 

 
 

Figure S15. The effect of ColQ1 inhibitors on the transepithelial electrical resistance (TEER) of Madin–

Darby Canine Kidney (MDCK) cells. a) Effect of 10 and 13 on the TEER of MDCK cells infected with Bacillus 

cereus AH187. b) The influence of ColQ1 inhibitor on the TEER of non-infected MDCK cells. c) Effect of FDA-

approved drugs (tiludronate disodium and alendronate sodium) on the TEER of MDCKII cells treated with the 

BC AH187 supernatant. d) The influence of the FDA-approved drugs on the TEER of non-infected MDCK cells. 
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Each curve represents average ± standard deviation of three independent experiments for a and c and two 

independent experiments for b and d. 

Galleria mellonella infection model  

 
Figure S16. Probability of survival of the Bacillus cereus-infected Galleria mellonella larvae treated with 

and without compounds 13, 15, tiludronate disodium and alendronate sodium. a) The survival analysis of the 

infected larvae treated with compound 13 various concentrations (50–200 µM) and b) compound 15 (25–100 µM). 

c) FDA-approved diphosphonate drugs at 100 or 200 µM. Each curve represents results of three independent 
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experiments, statistical difference between groups treated with 200, 100 and 50 µM of compound 13 and with B. 

cereus AH187 and treated with only B. cereus AH187 is p = 0.0008, p = 0.0283 and p = 0.393, respectively. While, 

between groups treated with 100, 50, and 25 µM of 15 and treated with only Bacillus cereus AH187 is p = 0.0149, 

p = 0.0357 and p = 0.1128, respectively. The statistical difference with 100 µM tiludronate disodium and 200 

µM alendronate sodium and with B. cereus AH187 is p = 0.0032 (log-rank test). The survival rate for the larvae 

treated with both compounds in PBS was 100%. 

Chemistry  

The supplementary information of the chemistry part will be available online when the 

manuscript is submitted. 
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3 Final Discussion  

Antivirulence agents are gaining attraction these days and becoming a potential approach to 

combat infections caused by multidrug-resistant bacteria. Bacterial collagenases are essential 

targets among several virulence factors produced by P. aeruginosa, B. cereus, and C. 

histolyticum. They play crucial roles in the infection process. Therefore, complete biological 

characterization of these virulence factors is important to fully comprehend their specific role 

during infection and to validate them as potential antivirulence targets. In this thesis, we verified 

the pathogenic activity of bacterial collagenases using pre-clinical models and small-molecule 

inhibitors. These models were first established with recombinant collagenase or bacterial csn 

and further developed into infection models. In all cases, we tested bacterial collagenases, 

which have been shown to be significant for the dissemination of bacteria and their other toxins. 

We also evaluated the activity of novel small-molecule inhibitors, which showed promising 

activity in such systems that mimic the pathogenic conditions generated by collagenases-

producing bacteria. Furthermore, these inhibitors have demonstrated broad-spectrum inhibition 

against several bacterial collagenases, high selectivity over human off-targets, low in vitro or 

in vivo toxicity, and high chemical stability.  

Our findings in this thesis will be discussed in more detail in the following subsections. 

Compounds referenced in the next subsections of the thesis are denoted with an uppercase letter 

(A, B, C, D, or E) referring to the relevant chapter, followed by an Arabic number according to 

the publication or manuscript numbering.  

3.1 SAR, binding mode, and initial biological evaluation of N-aryl-3 

mercaptosuccinimides, diphosphonates, and hydroxamates.  

A. N-Aryl-3 mercaptosuccinimides. To broaden the SAR of our previously reported N-aryl 

mercaptoacetamide inhibitors such as A5 on the aromatic moiety, we designed and synthesized 

derivatives of this class of inhibitors. The inhibitory data on LasB revealed that electronegative 

substituents such as chlorine or fluorine are beneficial for activity (A7−A27), especially di-

substituted derivatives. In contrast, electron-donating group substituents (e.g., dimethoxy) have 

a negative impact on the activity (A22). Furthermore, the activity was not improved by adding 

a carbon spacer adjacent to the thiol group (A50 and A51). We previously demonstrated that 

LasB and ColH inhibitors have some structural similarities, thus the SAR was also explored on 

ColH. Our previous data highlighted that polar substituents in para-position of N-aryl 

mercaptoacetamides are beneficial for activity, and the same was observed for the new class 
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(A25). Since this class has a similar structure to our previous class of N-aryl 

mercaptoacetamides, we assumed the interaction with LasB and ColH to be comparable.  

B. Diphosphonates. The thiol group, which we reported on in the previous classes is 

characterized by its oxidation to disulfide, resulting in a loss of activity. This makes it difficult 

to evaluate the biological activity of the compounds. To identify potent and chemically stable 

clostridial and bacillary collagenases inhibitors, we tested 38 LasB inhibitors for inhibition of 

ColQ1. This screening revealed two new classes of inhibitors (D13 and D27) with high activity 

and chemically stable ZBGs, namely diphosphonates and hydroxamates. We also tested a 

number of FDA-approved diphosphonates for their effect on ColQ1-CU (diphosphonates are 

commonly used in the treatment of bone diseases). According to the initial screening of the 

diphosphonate D13 and its synthesized derivatives against ColQ1-CU, the presence of both 

phosphonate groups is required for inhibition, indicating that the phosphonate group acts as a 

ZBG to the catalytic zinc ion (D17 and D16). Compound D13 loses its activity when the 3,4-

dichloro residue is replaced by a 3-methoxy, 4-hydro (D12c), or 3,4-dihydro (D7c). The FDA-

approved drugs D tiludronate disodium and D alendronate sodium resulted in moderate 

inhibition of ColQ1-CU (63 ± 3 and 76 ± 1%, respectively) at 100 µM. In contrast, the other 

evaluated FDA-approved diphosphonate-based drugs showed no inhibition.  

The crystal structure of ColG-PD (a close homologue of ColQ1) in complex with D13 at 1.95 Å 

resolution confirmed its binding mode. The compound was found in the primed binding pocket 

next to a non-functional binding site at the back of the peptidase domain. With the use of a 

polder map, the inhibitor could be modeled into the active site. One of the phosphonate groups 

acts as ZBG, interacting with Glu555 and Tyr607, while the aromatic scaffold of D13 and the 

chlorides form hydrophobic interactions with Phe515, His523, and Ile576 in the primed binding 

pockets. 

C. Hydroxamates. Seven compounds that differ in the alpha-substituent of this class were 

subjected to a brief SAR analysis. Compounds with o-acetamide-substituted phenoxy groups 

were the preferred terminal group, and small modifications in the alpha-position were tolerated 

as in D27 and D33.  

The crystal structure of D27 with ColG-PD solved at 1.80 Å resolution could justify the SAR 

data. The inhibitor occupies the active site from the S3 pocket to the S2’ binding site. The ortho-

acetamide group in the S3 binding pocket forms a hydrogen bond with the edge strand via the 

backbone amide of Glu498. The aromatic phenoxy ring is engaged in π-π stacking interactions 

with the side chain of Trp539. This explains the observed preference for the ortho-configuration 

of the acetamide group.  
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Activity on bacterial collagenases and selectivity over human off-targets  

Having a common structural motif that inhibits different bacterial collagenases is extremely 

intriguing, especially if the inhibitor can be utilized to treat infections caused by multiple 

bacteria that produce collagenases.  

The compounds in Chapters A and D were tested against several bacterial collagenases and 

human MMPs as representative off-targets. The most active compounds A20, A25, D14, D15, 

D27, and D alendronate sodium, showed high activity against clostridial (ColH and ColG 

and/or ColT) and bacillus (ColQ1 and/or ColA) collagenases, indicating their broad-spectrum 

inhibition. Besides the promising activities on target, the low activities against human off-

targets are a critical parameter that has to be monitored to avoid undesirable side effects. To 

cover a broad range of these off-targets, several representative human MMPs with different 

depths of the S1´ binding pocket were selected. These comprise MMP-1 or/and -7 (shallow), 

MMP-2 or/and -8 (intermediate) and MMP-3 or/and -14 (deep). This choice of three different 

pocket types allows us to evaluate the impact on other non-tested MMPs. In addition, other 

human off-targets were investigated, including TACE (ADAM-17), HDAC-3, and HDAC-8. 

MMP-1, -3, and -7 as well as HDAC-3 and -8 were not inhibited by A13 and A25, although 

MMP-2, -8, -14, and TACE were inhibited to some extent at 100 µM. To avoid off-target 

activity, these two N-aryl mercaptoacetamides should be further optimized. Compounds 

containing a diphosphonate or hydroxamate (D14, D15, D27, and D alendronate sodium) had 

negligible activity on the prior mentioned human off-targets at 100 µM. Only compound D 

tiludronate disodium and D13 showed some inhibition on MMP-1 or -2 or-3.  

The compounds A25 and A15 exhibited no cytotoxicity on three human cell lines and an MTC 

of 30 µM in an in vivo toxicity model based on zebrafish embryos, which is greater than the 

MTC observed for the corresponding N-aryl mercaptoacetamides A5 (MTC = 10 µM). 

Furthermore, A15 and A25 had no effect on the viability of C. histolyticum and P. aeruginosa. 

Similarly, several compounds (D14, D15, D27, and D alendronate sodium) displayed low in 

vitro cytotoxicity on four human cell lines and no anti-bacterial activity on B. cereus.  

These data constitute a significant prerequisite for the promising application of these protease 

inhibitors for the treatment of the infections caused by collagenase-producing bacteria. They 

also indicate the need for additional biological evaluation to ensure their potency in more 

advanced models. 

3.2     Establishment of pre-clinical models to investigate the effect of bacterial collagenase 

To allow a new molecule to enter clinical trials, pre-clinical tests on living cells or organisms 

strongly influence the development of novel compounds. Pre-clinical models assist us to 
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understand and measure the interaction of the new compound with a biological system that 

mimics the conditions in humans. Therefore, simple and advanced in vitro cell-based, ex vivo 

pig-skin, and in vivo G. mellonella pre-clinical models were established. With the help of these 

models, we aimed to investigate the collagenolytic activity of bacterial collagenase against 

collagen and the impact of their inhibition. Collagen is a structural protein that makes up 90% 

of the ECM. It has a variety of functions, it provides skin flexibility and structure. In wound 

infections, it aids wound closure and healing by activating the clotting cascade and stimulates 

fibroblast cells to produce more collagen in the wound bed. Thus, collagen breakdown would 

provide entry sites into deep host tissue, allowing bacteria and their toxins to spread and 

reduplicate in the infection site. Here, we studied the collagenolytic activity of a recombinantly 

generated ColQ1, collagenases-containing csn of B. cereus, wild-type and lasB knockout P. 

aeruginosa. In a previous report, it has been shown that B. cereus collagenases have a 

collagenolytic activity that is greater than or similar to the well-studied clostridial collagenases. 

Therefore, the collagenases produced by B. cereus AH187 strain (produces two collagenases, 

ColQ1 and ColA) were selected as representative collagenases to further validate and study the 

effect of collagenase inhibition in infection sittings. Moreover, the lack of information on the 

recently discovered B. cereus ColQ1 and other B. cereus collagenases supported the focus of 

this thesis to be on B. cereus collagenases. The infection was evaluated on two of the previously 

mentioned models, in vitro cell-based and in vivo G. mellonella models. The data of this section 

will be addressed in more detail below:  

In vitro cell-based models challenged with collagenase containing culture supernatants. 

Cell-based assays are effective for determining the effect of external stimuli on overall cell 

activity. In comparison to biochemical assays, they provide useful information in a biological 

and physiological context and can be used for early-stage proof of inhibitor efficacy. 

Here, we aimed to investigate the role of bacterial collagenases during infection in vitro using 

skin (NHDF, HaCaT) and lung (A549) cells. The NHDF and HaCaT cells were chosen for their 

capacity to produce fibrillar collagens and their involvement in the wound-healing process after 

the wound infection, which is a common disease and is caused by multiple collagenase-

producing bacteria. The A549 cells were chosen because of their high elastin and collagen 

content and given that the lung is one of the organs that is highly targeted by P. aeruginosa. To 

establish the models, the effect of the csn was first studied by applying different concentrations 

to the cells and investigating the cytotoxic effect (with MTT assay and live/dead fluorescence 

imaging) after 24 and 48 h of incubation. The viability of the three cells was decreased upon 

the treatment with the csn, as illustrated in Chapter B and Chapter E. A concentration of 0.07% 
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and 1.25% (v/v) of the B. cereus csn showed 50% drop in the cytotoxicity after 24 h incubation 

on HaCaT and NHDF cells, respectively. The same was detected with the wild-type P. 

aeruginosa csn, a concentration of 5% (v/v) wild-type csn reduced 50% of the viability of the 

A549 and NHDF cells. While lasB knockout P. aeruginosa csn demonstrated viability in a 

range of 80−100%, suggesting that LasB induces cytotoxicity. Additionally, the bright-field 

images revealed considerable cell rounding, detachment, and shrinkage in all investigated cell 

lines with the wild-type csn, indicating apoptosis.  

In vitro cell-based infection models. To establish a more complex model that mimics the 

damage caused by collagenase-producing bacteria and to examine the effect of collagenase 

inhibition, we developed two in vitro cell-based infection models. NHDF cells and MDCK II 

cells were chosen for this purpose. MDCK II cells are epithelial cells that protect the body’s 

cavities against any toxic substances. They were used to investigate if collagenase plays a role 

in attacking the epithelial barrier during infection.  

To establish the NHDF infection model, the release of collagenases by B. cereus over time was 

evaluated with a gelatin zymography. The zymograms showed that the release is increasing 

over time and the bacteria need at least 4 h to produce a considerable amount of collagenases. 

The infected cells showed 100% loss in cell viability (LDH assay) after 4 h of infection, whereas 

before this time, the viability was still high. This might be due to the high release of collagenases 

and other toxins. The fibrillar collagens of the infected NHDF cells were quantified (picrosirius 

red assay), the amount of fibrillar collagens was significantly decreased by 50% after 4 h of the 

infection. Cell morphology and attachment were also affected, the spindle-shaped morphology 

of the NHDF cells changed to round-shaped morphology and cell detachment was induced, 

signifying cell death (Chapter D).  

MDCK II cells were cultured on a cell insert to mimic the in vivo environment of the epithelial 

cells. B. cereus or csn was added to the epithelial cells, and the change in the TEER value was 

assessed over time. In both cases, namely cells treated with B. cereus or csn, the TEER value 

was reduced over time until it reached a very low value owing to epithelial cell detachment 

(Chapter D).  

Ex vivo pig-skin model. Ex vivo models allow for greater repeatability since they do not raise 

ethical concerns and provide a well-controlled artificial environment for experimentation. To 

elucidate the effect of collagenases and the inhibition efficacy of our inhibitors, we studied the 

effect of B. cereus csn and recombinantly produced ColQ1 in a living mammalian tissue. As 

previously stated in Chapters A and B, DMEM medium that lacks phenol red was used to 

maintain the tissue viability as it keeps the thermal stability of ColQ1 (determined by the 
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thermal-shift assay) and the presence of phenol red could interfere with the colorimetric Hyp 

assay. Furthermore, the concentrations of B. cereus csn and ColQ1 used for inhibitor testing 

were determined based on the effect detected by four concentrations (0, 35, 65, and 100% v/v) 

and (0, 100, 300, 500 nM), respectively. Collagen degradation was measured calorimetrically 

using a Hyp assay and microscopically using SHG confocal and immunofluorescence 

microscopes. Our data highlighted that 300 nM of ColQ1 showed a significant release of Hyp 

of 40 ± 5 µg/mL, and 65% (v/v) of the csn showed 50 ± 5 µg/mL after 24 h incubation. To 

investigate the collagenase-specific effects, we focused on ColQ1 in the imaging methods and 

in the inhibition studies. SHG microscopy showed a lower SHG signal as well as wide gaps 

between collagen structures at 300 nM. The immunofluorescence images underlined the 

degradation effect of ColQ1 on the tested fibrillar collagens I, III, and IV. Based on these 

findings, we hypothesized that collagenolytic activities reduce skin tissue integrity, allowing 

bacteria to penetrate deeper into the tissue.  

In vivo Galleria mellonella model. To explore the pathogenicity of the bacterial collagenase 

and its inhibition in a simple in vivo model, Galleria mellonella larvae were used. This model 

is being used in microbial-infection research as a substitute for murine models due to its ease 

to obtain and use without the need for specialized equipment and ethical constraints. 

Furthermore, the innate immune system mechanisms are closely similar to those of mammals.  

The effect of recombinantly produced ColQ1 and B. cereus csn, as well as wild-type and lasB 

knockout P. aeruginosa csn were all tested. As illustrated in the Kaplan–Meier survival analysis 

in Chapter B, the survival of the larvae was reduced upon the treatment with the catalytically 

active ColQ1 (20% drop at 300 nM) and collagenase-containing csn (15% drop at 100% (v/v)). 

While the catalytically inactive mutant of ColQ1 (E502A) exhibited no change in the survival 

at any of the concentrations tested after eight days of treatment. The wild-type P. aeruginosa 

csn reduced the survival of the larvae to 35% at 50% (v/v), whereas the lasB knockout P. 

aeruginosa csn showed no change in the survival at 50% (v/v) after six days of incubation 

(Chapter E), highlighting the importance of LasB in triggering the mortality of the larvae. This 

model was further developed into an infection model using the B. cereus AH187 strain. 

Injecting 4*106 CFU/mL of B. cereus into larvae lowered the survival by 90% and caused 

melanization after 2 days of infection (Chapter D).  

These findings indicate the detrimental effect exerted by collagenase and other toxins of the 

collagenase-producing bacteria. This damage could be linked to the triggering of melanization 

processes in the larvae since the dead larvae turned black in all cases, as proposed before for 

LasB. In addition, collagenases have been demonstrated to decompose hemolymph proteins of 
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the larvae into small peptides, provoking an immune response that eventually leads to their 

death. 

 

These results prompted us to explore the importance of collagenase inhibition during infection; 

this will be discussed below in subsection 3.3. 

 

3.3     Further biological evaluation of the collagenase inhibitors in infection-mimicking 

settings 

In vitro collagen-cleavage assay. As mentioned before, collagen is the most abundant 

supporting protein in the ECM, thus preserving its structure and function will prevent bacteria 

from spreading further into deep tissues. Collagenase inhibitors reported in Chapters B and D 

were tested for their ability to protect the COL I structure using a collagen-cleavage assay. We 

showed that the compounds (75 µM of B1 and 6 µM of B2) maintained the integrity of the 

alpha-1,-2, and beta chains of COL I from the decomposition effect of ColQ. D13 and its active 

derivatives (i.e., D11, D14, D15, and others) inhibited the collagen cleavage at up to 3 or 1 µM. 

Similar findings were observed for the hydroxymate compounds (D27 and D33). Some of the 

less active compounds were also tested and a clear degradation was detected at high 

concentrations as in the case of D16, D21, and others. These data emphasized the activity of 

the compounds as well as their ability to protect the structure of COL I. This calls for testing 

the compounds in more complex models and investigating their activity in an infection setting.  

In vitro cell-based model. The activity of the compounds was then assessed using the models 

described before in subsection 3.2. Compounds B1 and B2 were tested for their activity against 

1.25% (v/v) of B. cereus csn, which was used to challenge the NHDF and HaCaT cells. Both 

compounds displayed dose-dependent efficacies and maintained the viability of both cells, 600 

µM of B1 showed 80 ± 20% viability and 100 µM of B2 showed 70 ± 25% in comparison with 

no inhibitor conditions where the viability was 20 ± 10%. The live/dead imaging data were 

consistent with the MTT data, demonstrating a high number of viable cells in contrast to dead 

cells.[164] Similar to B. cereus and C. histolyticum collagenase inhibitors, LasB of P. aeruginosa 

inhibitors E11, E12, E19, E20 showed a significant increase in the viability of NHDF and A549 

cells challenged with the wild-type P. aeruginosa csn. While they did not affect the viability of 

the cells treated with lasB knockout P. aeruginosa csn. These data confirm that the compounds 

only target LasB and not other virulence targets in the csn. 

The activity of the diphosphonates and hydroxamates was assessed in more complex settings 

using NHDF and MDCK II infection models. The gelatin zymography results showed that the 
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gelatinolytic activity of the released collagenases of the infected cells with the inhibitors was 

demolished. The diphosphonate D13, D14, and D15 suppressed the cleavage of the gelatin that 

was co-polymerized with the polyacrylamide matrix of SDS-PAGE at 200 µM, 100 µM, and 

100 µM, respectively. Other diphosphonate derivatives (D10 and D11) had a lower effect on 

gelatin turnover at 100 µM. The diphosphonate FDA-approved drugs D tiludronate disodium, 

and D alendronate sodium inhibited collagenase completely at 100 µM. In contrast, the 

hydroxamates D27 and D33 did not show any inhibition of collagenase activity at 200 µM.  

This promising activity of the diphosphonate compounds was further evaluated with other 

assays that detect cell attachment, fibrillar collagen content, and viability of NHDF cells. The 

synthesized D13, D14, and D15 (>50 µM) and FDA-approved D tiludronate disodium, and D 

alendronate sodium (>100 µM) diphosphonate compounds showed a dose-dependent efficacy 

and sustained the attachment of the cells and their spindle-shaped morphology. The viability 

(LDH assay) and collagen quantification (picrosirius red assay) revealed that in presence of 

these inhibitors, the cell viability and fibrillar collagens were significantly enhanced. The 

hydroxamate compounds D27 and D33, on the other hand, showed no improvement, which is 

in line with the zymography data but contradicts the activity in the cleavage assays. This 

prompted us to investigate the biding of both classes; our findings revealed that diphosphonate 

compounds bind in a reversible quick, slow, or very slow dissociation mode depending on the 

bacterial collagenase. While the hydroxmates have a fast reversible dissociation mode. These 

data could explain the low activity of hydroxamates in the infection model. 

Further analysis was performed to investigate the compound protection effect on the level of 

TEER of MDCK II cells. The TEER of the infected cells and challenged cells with B. cereus 

csn and treated with our inhibitors D14, D15, D tiludronate disodium, D alendronate sodium, 

and others was maintained over 12 h (Chapter D). These results support our theory that bacterial 

collagenases might be involved in attacking the epithelial barrier during infection, which could 

enhance the dissemination of bacteria and their toxins.  

Ex vivo pig-skin model. To examine the effect of collagenase inhibition ex vivo in a model that 

mimics the degradation effect in a living tissue containing collagen, we tested our inhibitors 

described in Chapters A, B, and C. Concentrations of 100 µM of A25, 100 µM of B1, and 0.5 

µM of B2 reduced the Hyp release, indicating their efficacy in maintaining the collagen 

structure of the tissue from the collagenolytic effect of 300 nM ColQ1. Furthermore, SHG and 

immunofluorescence imaging data for B1 and B2 displayed a high density of collagen fibers, 

which matched the morphology of untreated tissue control. These data emphasized the 

implications of collagenase inhibition during infection as it assists in maintaining the integrity 
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of the tissue. These data inspired us to combine these two compounds with a collagen inducer 

protein called Hsp47. We hypothesized that in wound infections caused by bacteria that 

generate collagenases; our small inhibitors (C1 and C2) would prevent the collagenolytic 

activity, maintaining the collagen scaffold of the ECM. Furthermore, Hsp47 will create new 

well-organized collagen molecules, which could accelerate wound healing. This was confirmed 

using the ex vivo pig-skin model challenged with ColQ1 and evaluated with microscopic 

methods such as SHG, PLM, and TEM as well as bio-analytical methods such as LC-MS/MS 

Hyp-based assay and EIA. Our data from these methods highlighted the activity of this 

combination and call for additional studies to evaluate this approach in more simple and 

advanced systems (Chapter C). 

In vivo Galleria mellonella model. Finally, to translate the in vitro activity of the compounds 

in vivo, we tested them on G. mellonella larvae. Compounds B1 (at 150 µM) and B2 (at 5 µM) 

diminished the virulence activity of ColQ1 and the collagenases in the B. cereus csn, enabling 

the larvae to survive for the duration of the experiments. The survival of the larvae challenged 

with the wild-type P. aeruginosa csn was also improved upon treatment with D19 and D11. 

This model was further evolved into a B. cereus infection model and was used to examine the 

effect of the diphosphonates. As shown in Chapter D, compounds D14, D15 enhanced the 

survival by 50% and 35%, respectively at 100 µM. Both FDA-approved drugs D tiludronate 

disodium and D alendronate sodium boosted the survival by 40% at 100 and 200 µM, 

respectively. Full survival improvement was not observed with the compounds, suggesting that 

the toxicity is caused not only by collagenases but also by other secreted toxins such as non-

hemolytic and sphingomyelinase enterotoxins, all of which might operate together to kill the 

larvae.  

 

To summarize, these biological findings indicate how the in vitro efficacy of our bacterial 

collagenase inhibitors could be translated into significant effects in systems that are more 

complex. Using the cellular assays, we were able to demonstrate reduced collagenase activity, 

improved viability, maintained cell attachment, cell morphology, and fibrillar collagens. As 

well as preserved TEER of epithelial cells. Furthermore, we showed this effect in collagen of 

the ex vivo pig-skin model. Finally, we verified the in vivo efficacy on G. mellonella larvae for 

several inhibitors mentioned in this thesis. These findings reflect the various contributions of 

bacterial collagenase in the pathogenicity of C. histolyticum, B. cereus, and P. aeruginosa 

clearly emphasizing the potential of these extracellular proteases as therapeutic targets toward 

the development of new, urgently needed anti-infectives. 
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4 Perspectives 

As described in this thesis, bacterial collagenases have a significant role in the pathogenicity of 

bacteria. This role was elucidated using simple pre-clinical models and further studied with new 

classes of inhibitors, which are characterized by their high and broad-spectrum activity on 

bacterial collagenases, high selectivity over human off-targets, and low cytotoxicity. The data 

presented in this work highlighted bacterial collagenases as promising candidates for 

antivirulence development. Furthermore, they provide an opportunity for the development of 

new anti-infective agents with the ability to evaluate them in biological systems that are closer 

to the pathophysiological conditions.  

These are some possible steps to take in these projects: 

I. To investigate the precise roles of bacterial collagenases, a collagenase knockout strain of 

C. histolyticum and B. cereus may be produced, the mutant strains will also offer targeted 

validation information for the collagenase inhibitors. 

II. Although collagen has been recognized as a natural substrate for bacterial collagenases, 

immunological substrates, and other structural proteins have not been explored as 

thoroughly as LasB substrates, thus additional natural collagenase substrates can be 

investigated further. 

III. Exploring the impact of combining collagenase inhibitors with collagen inducers such as 

Hsp47 or ascorbic acid in vitro and in vivo in infection environments. 

IV. Solving the three-dimensional structures of B. cereus collagenases (ColQ1 and ColA) to 

better understand the binding of the compounds with them. 

V. Pharmacokinetic assessment of the identified inhibitors in vitro and later in vivo. 

VI. Assessment of the compound's effectiveness in an in vivo mouse infection model. 

VII. Finding new collagenase inhibitors by screening new chemical and natural product libraries 

against bacterial collagenases in order to further explore inhibitors with novel binding 

modes and chemical entities.  
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Abstract 

Antivirulence therapy has become a widely applicable method for fighting infections caused by 

multidrug-resistant bacteria. Among the many virulence factors produced by the Gram-negative 

bacterium Pseudomonas aeruginosa, elastase (LasB) stands out as an important target as it 

plays a pivotal role in the invasion of the host tissue and evasion of the immune response. In 

this work, we explored the recently reported LasB inhibitor class of α-benzyl-N-aryl 

mercaptoacetamides by exploiting the crystal structure of one of the compounds. Our 

exploration yielded inhibitors with maintained inhibitory activity, selectivity, and increased 

hydrophilicity. These inhibitors were found to reduce the pathogenicity of the bacteria and to 

maintain the integrity of lung and skin cells in the diseased state. Furthermore, the two most 

promising structures increased the survival rate of infected larvae by up to 60% in vivo in the 

Galleria mellonella model. 

Introduction 

The lack of efficient therapeutics on the market for targeting resistant bacteria calls for the 

development of novel pathoblockers.[1,2] These pathoblockers can disarm the bacteria rather 

than killing by inhibiting its pathogenic properties and thereby combat notorious nosocomial 

infections. P. aeruginosa is a Gram-negative bacterium that causes around 10% of hospital-

acquired infections and shows a high incidence in immunocompromised patients and in patients 

with cystic fibrosis (CF).[3–6] This opportunistic bacterium features several important 

mechanisms contributing to resistance development. Its efflux pumps can efficiently transport 

undesired antimicrobials out of the cell, while the secretion of β-lactamases eliminates the effect 

of β-lactam antibiotics by hydrolyzing their β-lactam ring.[7–10] Furthermore, its low outer-

membrane permeability prevents antibiotics from entering the cell and represents a challenge 

for the development of effective antibiotics.[11–13] This all underlines the urgent need to develop 

novel therapeutic options for the treatment of infections caused by these bacteria. 

Rather than focusing on bacterial viability, combating resistant bacteria by targeting their 

virulence factors has recently gained more attention.[14,15] These extracellular proteins are 

secreted by pathogenic bacteria and play an important role in various mechanisms, such as 

biofilm formation, invasion of host cells and evasion of the immune response, thus contributing 

to establishment and the progression of the disease.[16] The development of inhibitors of such 

targets can facilitate the clearance of the pathogen either by the host immune system or by 

antibiotics.[17,18] The main advantage of this method is the reduced selection pressure on the 

bacteria, which reduces the risk of resistance development by blocking the colonization and 

infiltration of the host, and the fact that the commensal bacteria remain unaffected.[14] Although 
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only a few small-molecule inhibitors have approached clinical application, numerous in vitro 

and in vivo studies support the efficacy of this strategy.[14,19] One recent successful example is 

the antibody drug bezlotoxumab, which is market approved and used as a toxin B neutralizer in 

the treatment of C. difficile infections.[20] 

LasB is considered as the key virulence factor secreted by P. aeruginosa.[21] It is a zinc-

metalloprotease responsible for pathogenic invasion of tissues and development of acute 

infections.[16,22] It can degrade elastin, fibrin and collagen, which are vital components of lung 

tissue, blood vessels and skin.[23] It is also involved in the inactivation of human 

immunoglobulins A and G as well as the cytokines gamma-interferon and tumor necrosis factor 

alpha.[24–29] All these collective mechanisms of LasB make it an attractive target for an 

antivirulence based therapy. 

Over the past few years, different inhibitor classes such as natural products[29], phosphoramidon 

(Pam)[31] and several non-peptidic inhibitors[32] have been reported as inhibitors of LasB. 

Virtual screening campaigns also reported fragment-like inhibitors with sub-micromolar 

activity (Figure 1, compound 1).[33] Small synthetic molecules such as thiols, hydroxamates or 

mercaptoacetamides[34–39] are commonly reported because of their metal-chelating motifs 

(Figure 1, compound 2). A successful fragment-merging strategy has recently identified α-

benzyl-N-aryl mercaptoacetamides as potent LasB inhibitors that are highly selective over a 

range of human metalloenzymes (Figure 1, Compound 3).[40]  

 

Figure 1. Structures of reported LasB inhibitors.
[33,38,40]

 Zinc-binding moieties are colored. 

 

The major bottleneck in the development of potent LasB inhibitors is the problem of selectivity 

with respect to mammalian metalloenzymes, which play a prominent role in metabolism.[41] 

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases with a 

catalytic domain containing Zn2+ ion.[42] This poses a selectivity issue with respect to the 

inhibitors bearing zinc-chelating motifs. Based on the depth of their S1′ binding pocket, MMPs 

are divided into three classes: deep, intermediate, and shallow. Considering these differences 

in structure, pre-assessment of selectivity for designed inhibitors is important to have effective 

inhibitors with an acceptable selectivity profile. 
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Results and Discussion. We recently reported a successful fragment-merging strategy leading 

to the discovery of a highly selective and potent class of α-benzyl-N-aryl mercaptoacetamides 

as LasB inhibitors.[40] The binding mode of this class was rationalized by an X-ray crystal 

structure of compound 5 (Figure 2) with LasB. A 12-fold boost in potency (IC50 = 0.48 ± 

0.04 µM) observed for inhibitor 3 compared to compound 4 also resulted in an in vivo effect in 

a Galleria mellonella model, demonstrating the success of this class in reducing bacterial 

pathogenicity. 

 

Figure 2. Structure of previously reported LasB inhibitor N-aryl mercaptoacetamide 4
[42]

 and α-benzyl-N-

aryl mercaptoacetamide derivative 5.
[40]

 

 

In this work, we embarked on the multiparameter optimization of compound 5 aided by 

structure-based design. We synthesized a total of 13 derivatives by varying the substituents and 

evaluated them against LasB. We identified promising inhibitors with maintained efficacy and 

selectivity. These inhibitors also reduced the pathogenicity of P. aeruginosa during the diseased 

state in lung and skin cell lines. Demonstration of an in vivo efficacy in a Galleria mellonella 

model highlights the potential of this class of inhibitors as effective antivirulence agents. 

Synthesis and evaluation of α-benzyl-N-alkyl mercaptopropionamide derivatives. As we 

observed a significant improvement in potency by introduction of a small-sized methyl 

substituent on the N-aryl ring, we analyzed whether other small-sized substituents would show 

the same effect on activity. Consequently, we synthesized six derivatives bearing mainly small 

substituents on both N-aryl and benzyl rings and evaluated their inhibitory activity against 

LasB. The synthetic route is represented in Scheme 1. 

The synthesis started with diazotization and subsequent chlorination of the corresponding 

commercially available racemic amino acids.[43] Coupling of the α-chloro carboxylic acid (6–

9) with the respective aniline gave the desired amide function (10a–15a). Intermediates 

containing hydroxyl groups were protected by a reaction with acetic anhydride (12b, 14b, and 

15b). The thioacetate function was introduced via an SN2 reaction using potassium thioacetate. 

Final deprotection of the thioacetate under basic conditions yielded compounds 10–15 in 20–
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88% yield as free thiol. The inhibitory activity of the final compounds against LasB was 

determined as previously reported (Table 1).[42]  

 

Scheme 1. Synthetic scheme of the α-benzyl-N-aryl mercaptoacetamide class. (i) sodium nitrite, 6 N HCl, 0 

°C – r.t., 16 h; (ii) thionyl chloride, DMF, 70 °C, 1 h, aniline derivative, DMF, 0 °C – r.t., 16 h; (iii) Et3N, DMAP, 

DCM, acetic anhydride, 0 °C – r.t., 30 min; (iv) potassium thioacetate, acetone, r.t., 5 h; (v) 2 M aq. NaOH solution, 

MeOH, r.t., 1.5 h. 

 

Table 1. Structures and inhibitory activities of α-benzyl N-aryl mercaptopropionamide 

derivatives 3, 5, and 10–15 against LasB.a  

 

 

Compound R R´ IC50 (µM) 

3 4-Me H 0.48 ± 0.04 

5 H H 1.2 ± 0.1 

10 4-NO2 H 1.0 ± 0.1 

11 4-OMe H 0.7 ± 0.03 

12 4-OH H 0.6 ± 0.04 

13 H 4-Me 2.8 ± 0.3 

14 H 4-OH 7.4 ± 0.6 
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Compound R R´ IC50 (µM) 

15 H 3-NO2-4-OH 2.5 ± 0.2 

 

aMeans and SD of at least two independent experiments. 

We previously showed the para-position to be the most favourable for a methyl group on the 

N-aryl ring. Based on this information, we introduced all three substituents in para position for 

compounds 10, 11, and 12 in this part of the molecule.  

Compound 10 with an electron-withdrawing nitro group demonstrated a slight improvement in 

activity compared to the unsubstituted parent structure 5. Compared to the most potent structure 

compound 3, however, the IC50 value was determined to be still two-fold higher. A slight 

improvement in potency was achieved through the methoxy group in compound 11 (IC50 = 0.7 

± 0.03 µM). Following this observation, we also introduced a hydroxyl group (compound 12), 

which maintained the activity in a similar range as compounds 10 and 11.  

Overall, electron-donating substituents on the N-aryl ring showed a stronger inhibitory effect, 

irrespective of their hydrophilicity (11, 12), while electron-withdrawing, polar substituents such 

as in compound 10 did not significantly improve the activity compared to compound 5. 

Introduction of various substituents on the benzyl ring in para-position yielded mainly 

unfavorable interactions. Having a hydrophilic hydroxyl group in compound 14 led to a six-

fold decrease in activity as compared to compound 5. Even though addition of a strong electron-

withdrawing nitro substituent in meta-position in compound 15 compensated for the loss in 

activity, it remained low in comparison to modifications on the phenyl ring. Surprisingly, 

introducing a methyl group in para-position in compound 13 did not create a significant change, 

as it showed a two-fold decrease in activity of compound 3, only restoring the activity of 

compound 15. These observations imply that nitro substituent seems to be beneficial for the 

activity, however, a deeper exploration with different substituent is necessary for fine tuning of 

the activity. 

Replacement of the N-aryl ring with heterocycles. The crystal structure of compound 5 

allowed us to examine different strategies for further optimization.[40] We previously discovered 

that the N-arylacetamide group in the S1` pocket is stabilized by H-bonding and hydrophobic 
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interactions. Introduction of a methyl substituent on para-position has improved the lipophilic 

interactions in S1 pocket (Figure 3). To further improve these core interactions, we performed 

a molecular docking study to replace the N-aryl ring with various heterocycles. 

Heterocycles are utilized in medicinal chemistry for tuning of various physicochemical 

properties such as polarity, hydrogen bonding capacity and solubility. Pyridines, thiazoles and 

benzimidazoles are commonly present in many natural products and in anti-infective drugs, 

providing diverse pharmaceutical applications.[45,46]   

 

 

Figure 3. Superposition of LasB (cyan surface) in complex with compound 5 (lime green, major 

conformation shown, PDB code: 7OC7) and modeling of hit structure 3 (pink) with key interacting residues. 
The phenyl group occupies the S1’ binding-site of the enzyme. The active-site Zn2+ cation is shown as a gray 

sphere. All figures are generated using PyMOL V.2.5 software.[44]  

 

We selected several heterocycles differing in size and substituents and generated docking poses 

in the binding pocket of LasB using SeeSAR 11.1 and visualized the interactions with PyMOL 

V.2.5 software (Figure S1).[44,47] Figures showing docked compounds as stick representation 

were generated using PyMOL V.2.5 software. As we previously observed a preference for the 

R- confirmation of the ligands in the binding pocket of LasB, all compounds were docked in 

their R- configuration. Predicted interactions in the binding pocket for two selected derivatives 

pyridine and benzothiazole are shown in Figure 4.  

Upon replacement of the N-aryl with a pyridyl ring, the docking study predicted similar 

interactions as compound 5 hydrophobic interactions of the benzyl ring with Val137 and Leu 

and cation-π interaction with Arg198 (Figure 4A). Additionally, a potential H-bonding of the 

N-atom in the ring with Asn112 could be predicted. Introducing a slightly larger benzothiazolyl 

His223 Arg 198 
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ring (Figure 4B) led to some additional π-π stacking interactions with His223 residues along 

with cation-π interactions with Arg198. In most of the docking poses, the orientation of the 

heterocyclic compounds did not differ significantly from the crystal structure of 5 in complex 

with LasB.  

 

Figure 4. Selected docking poses for A) pyridyl B) benzothiazolyl replacement. The interactions in the binding 

pocket of LasB (PDB code: 7OC7) are predicted by SeeSAR 11.1 and visualized using PyMOL V.2.5 softwares. 

The dashed lines represent H-bonds of less than 2.15 Å.  

 

Synthesis and evaluation of α-benzyl N-heteroaryl mercaptoacetamide derivatives. Based 

on the input from docking, we selected and synthesized seven heterocyclic compounds. The 

synthetic route is summarized in Scheme 2. The synthesis of heterocyclic derivatives 16–23was 

achieved by coupling compound 6 with the corresponding heterocyclic anilines using either 

ethyl chloroformate or 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 

3-oxide hexafluorophosphate (HATU) as the coupling reagent. Nucleophilic substitution of 

chlorine yielded the corresponding thioacetate intermediates 16b–23b, which were hydrolyzed 

under basic conditions to afford free thiol derivatives 16–23 in moderate to good yield (14–

84%). IC50 values for all seven derivatives against LasB were determined as reported previously 

(Table 2).43 

Replacement of the N-aryl with a thiazolyl in compound 16 (IC50 = 1.6 ± 0.1 µM) maintained 

the potency in the range of compound 5. Interestingly, with a relatively small substituent, 

methyl thiophenyl 3-carboxylate in compound 17, we observed an almost five-fold drop in IC50, 

presumably caused by unfavorable interactions due to the highly hydrophobic nature of the 

binding pocket. Introducing a pyridyl ring in compound 18 increased the activity back almost 

six-fold compared to compound 17. Nevertheless, it did not improve the potency further 

compared to compounds 5 and 16. 
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Scheme 2. Synthetic scheme of heterocyclic derivatives. (i) Et3N, ethyl chloroformate, THF, r.t. overnight; or 

(ii) HATU, DIEA, DCM, overnight; (iii) potassium thioacetate, acetone, r.t., 5 h; (iv) 2 M aq. NaOH solution, 

MeOH, r.t., 1.5 h. 

 

Table 2. Structures and inhibitory activities of α-benzyl N-heteroaryl 

mercaptopropionamides 5 and 16–22 against LasB.a  

 

 

Compound R  IC50 (µM) 

5 

 

 1.2 ± 0.1 

16 

 

 1.6 ± 0.1 

17 

 

 8.0 ± 1.1 

18 

 

 1.2 ± 0.04 

19 

 

 0.7 ± 0.1 

20 

 

 1.0 ± 0.1 
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Compound R  IC50 (µM) 

21 

 

 2.4 ± 0.2 

22 

 

 7.6 ± 1.4 

 

aMeans and SD of at least two independent experiments. 

 

Upon introduction of a larger benzothiazolyl ring in compound 19, the activity increased two-

fold (IC50 = 0.7 ± 0.1 µM) compared to 16. This improvement presumably stems from 

additional π-π stacking with the surrounding histidine residues for compound 19 as predicted 

by the docking poses. Although similar in size, the benzimidazolyl compound 22 led to a 

dramatic decrease in the inhibitory activity (IC50 = 7.6 ± 1.4 µM). Comparison of interactions 

of two structures in the binding pocket of LasB (Figure 5) reveals a slightly different binding 

mode for compound 22 lacking some key interactions like H-bonding with surrounding Arg198 

residue compared to compound 19. These observations highlight the importance of the correct 

heterocycle-mediated interactions within the binding pocket for improving potency. 

As much as the ring size, the nature of the substituents also plays a role on the fine-tuning of 

the activity, as depicted by the three-fold decrease in activity of compound 21 with a chloro-

substituted benzothiazolyl ring compared to compound 20 bearing a methoxy group on the 

benzothiazolyl ring.  

Although replacement of the N-aryl ring did not significantly improve the activity, compound 

19 (IC50 = 0.7 ± 0.1 µM) with a benzothiazolyl ring demonstrated an activity in the range similar 

to our previous hit 3 (IC50 = 0.48 ± 0.04 µM), while adding a slightly more hydrophilic nature 

to this class of inhibitors. This observation could be valuable in future formulation studies of 

these inhibitors, to overcome potential solubility issues by lowering their logD values. Indeed, 

calculation of Ligand Efficiency (LE) and Lipophilic Ligand Efficiency (LLE) of compounds 

3 (LE: 0.43, LLE: 2.37) and 19 (LE: 0.48, LLE: 3.21) revealed that we were able to improve 
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the hydrophilicity by maintaining LE and the inhibitory activity in the same range. To further 

demonstrate the potential of these inhibitors as pathoblockers against LasB, we selected 

compounds 11 and 12 along with the two heterocyclic derivatives, compounds 19 and 20 and 

evaluated them further in several in vitro and in vivo assays. 

 

 

 

Figure 5. Superposition of compound 19 (pink) and compound 22 (light gray) in the binding pocket of LasB 

(PDB code: 7OC7). The active-site Zn2+ cation is shown as a gray sphere. The dashed lines represent H-bonds of 

less than 2.15 Å.  

 

Targeting other virulence factors. We previously demonstrated that the inhibitors of LasB 

can also target bacterial collaganases.[50] Collagenase H (ColH), secreted by the Gram-positive 

bacterium Clostridium histolyticum, is a zinc-containing enzyme that causes tissue destruction 

by degrading collagen and is involved for various diseases in humans.[49] Similar to LasB, this 

extracellular metalloenzyme is capable of invading the host cell and acquiring nutritions to 

evade the immune defense. We previously demonstrated that the inhibitors of LasB can also 

target bacterial collaganases.[50] Consequently, we determined the inhibitory activity of our 

LasB inhibitors against this virulence factor.  

The IC50 values were in the low nanomolar range (Table S1) for several selected α-benzyl-N-

aryl derivatives, indicating the potential of this class for broad-spectrum inhibition of bacterial 

metalloproteases.  

Among four selected heterocyclic derivatives, only compound 19 showed a significant 

inhibition of ColH (Ki: 0.1 ± 0.01 µM). This observation is noteworthy, as this compound is 

also a potent inhibitor of LasB. 
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Antibacterial Activity. To detect possible antibacterial activities, we assessed the inhibitory 

effect of compounds 12 and 19 against P. aeruginosa PA14. The minimum inhibitory 

concentration (MIC) assay showed no reduction of bacterial density up to 100 µM for both 

inhibitors, as expected for antivirulence agents.  

Selectivity against MMPs and TACE as human off-targets. Inhibition of other zinc-

containing enzymes is described frequently for inhibitors of LasB, hindering the development 

of selective compounds. Matrix metalloproteases (MMPs) are calcium dependent zinc-

metalloenzymes, playing crucial roles in the human body.[49] To confirm the excellent 

selectivity we had previously reported for this class of inhibitors, we tested compounds 11, and 

12 and 19 for their activity against six representative MMPs, and the three human off-targets 

tumor necrosis factor-α-converting enzyme (TACE) or ADAM17, HDAC-3 and HDAC-8 

(Table 3).[50,51] 

Table 3. Activities of four LasB inhibitors against selected MMPs and further human off-

targets. (n.i. = <10% inhibition at 100 µM)a 

 

aMeans and SD of at least two independent experiments. 

Off-targets 3 11 12 19 

MMP-1 n.i. n.i. n.i. n.i. 

MMP-2 n.i. n.i. n.i. n.i. 

MMP-3 n.i. n.i. n.i. n.i. 

MMP-7 n.i. n.i. n.i. n.i. 

MMP-8 n.i. 12 ± 2 19 ± 4 n.i. 

Off-targets 3 11 12 19 

MMP-14 n.i. n.i. n.i. n.i. 

IC50 (µM) 

ADAM17 4.8 ± 1.5 4.1 ± 0.1 2.3 ± 1.4 10.4 ± 0.2 

HDAC-3 >100 >100 >250 >100 

HDAC-8 >100 >100 >250 >100 
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All tested inhibitors demonstrate a high selectivity over MMPs, whereas they showed relatively 

low selectivity for TACE (ADAM17) with IC50 values between 2 and 10 µM. Therefore, 

optimization strategies to improve selectivity towards this target are still necessary to develop 

pathoblockers, which are closer to a potential therapeutic application. 

Cytotoxicity. We next evaluated the cytotoxicity of compounds 12 and 19 against three human 

cell lines to further support the potential therapeutic use of our compounds. Both inhibitors did 

not show any toxicity against human hepatoma (HepG2), human embryonic kidney (HEK) 293 

and adenocarcinomic human alveolar basal epithelial (A549) cells up to 100 µM. 

In vivo zebrafish embryo toxicity. In view of their maintained potency, relatively high 

selectivity, and the lack of cytotoxicity, we next evaluated compounds 11 and 19 in an in vivo 

toxicity study using zebrafish embryos. These embryos possess a high degree of genetic 

similarity compared to the human genome, offering a feasible, medium‐throughput in vivo 

toxicity screening.[52,53] Additionally, the lethality and malformation during the development of 

embryonic zebrafish can also be assessed with this experiment. A maximum tolerated 

concentration (MTC) of ≤ 30 µM was obtained for compound 19 and ≤ 2 µM for compound 11 

(Table S2). 

Validation of the effect of LasB Inhibitors. Before validating the effect of selected inhibitors, 

we examined the cytotoxic effect of LasB-containing supernatant in vitro. The wild-type (wt) 

PA14 culture supernatant and LasB knockout (∆lasB) PA14 culture supernatantwere 

investigated on A549 and human dermal fibroblasts (NHDF) cells. As shown in Figures S2, 

the wt PA14 supernatant reduced the viability (determined with MTT assay) and showed does-

dependent effects in both cell lines. A concentration of 15% (v/v) decreased the viability to 10 

± 5% and 40 ± 5% of A549 and NHDF after one day incubation, respectively In contrast, the 

∆lasB PA14 supernatant exhibited less effect on the viability after one day of incubation, 

15%(v/v) showed 80 ± 20% viability and its effect was prominent in day two of incubation on 

both cells (Figure S2). The effect on cell morphology and attachment of both supernatants at 

15% (v/v) was also examined with bright-filed imaging, the wt PA14 induced cell detachment 

and rounding, indicating cell death (Figures S3 and S4). While 15% (v/v) ∆lasB PA14 

supernatant showed negligible effect in cell morphology and attachment of both cell lines.  

These data underline the role of LasB in inducing cell death.  

In the next step, we selected compounds 11, 12, 19, and 20 due to their high activity in enzyme 

assay, low cytotoxicity, and high selectivity over human off-targets to verify their effect against 

LasB in this cell-based assay. A mixture of various concentrations of compounds and 15% (v/v)  
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wt PA14 supernatant or ∆lasB PA14 supernatant was prepared and incubated with the cells for 

one day. 

Cell viability was assessed by the MTT assay and live/dead cells visualization. The MTT results 

in Figures 6 and S6 revealed that the selected compounds improved the viability of the cells 

and reduced the cytotoxic effect of the wt PA14 supernatant in a dose-dependent manner 

(Figures 6 and S5). For instance, compounds 19 and 20 showed 80 ± 15% increase in the 

viability of A549 cells at 50 µM, this effect was less with lower concentrations (Figure 6a). 

Whereas the compounds did not affect the activity of the ∆lasB PA14 supernatant and the 

viability was similar to the control (no inhibitor). (Figure 6b).  

 

 
Figure 6. Viability of cells treated with 11, 12, 19, 20, and 15% (v/v) wt PA14 supernatant or ∆lasB PA14 

supernatant (A) Dose-dependent effect of the compounds on A549 viability treated with wt PA14 supernatant; (B) 

no effect of the compounds on A549 cells treated with ∆lasB PA14 supernatant. Supernatant-treated groups are 

backgrounded in gray. Each graph is a representation of three independent experiments ± SD. One-way ANOVA 

was performed for each experiment following Dunnett’s multiple comparisons test. The mean of each column was 

compared with the mean of the negative control (ns: not significant, *: p ≤ 0.05, **: p ≤ 0.01, ***:p ≤ 0.001). wt 

PA14: wild-type P. aeruginosa PA14, ∆lasB PA14: LasB knockout P. aeruginosa PA14. 

 

Following this, live/dead staining showed an improved cell adhesion and live cell counts in 

both cell lines, when treated with LasB inhibitors and wt PA14 supernatant (Figures S7 and 

S9) while no effect on the viability of the cells challenged with . ∆lasB PA14 supernatant and 

treated with our inhibitors (Figures S8 and S10). Our data confirmed that our compounds are 

selective and only active against LasB, but not against other virulence targets in the supernatant. 

Moreover, these findings imply that our inhibitors can maintain the integrity of lung and skin 

cells during the disease state induced by P. aeruginosa, and may reduce the bacterial 

propagation through the cells.  



Appendix 

172 
 

Galleria mellonella in vivo model. To analyze the anti-virulence activity of LasB inhibitors in 

vivo, we used a simple model based on Galleria mellonella larvae. We have used this model 

previously to evaluate treatment options for P. aeruginosa.[40] We injected the larvae with a 

mixture of the compounds and wt PA14 supernatant, incubated them for six days, and recorded 

survival once per day (Figure 7). Our results show that wt PA14 supernatant reduced the 

survival of larvae to 35% after six days of incubation, whereas the ∆lasB PA14 supernatant 

resulted in the survival of all larvae. Compound 4, used as a control, showed an improvement 

in survival from 35% to 79% (in presence of wt PA14 supernatant). Compared to larvae treated 

with wt PA14 supernatant only, 0.5 mmol of compound 11 increased the survival from 35% to 

70% after six days. Interestingly, the performance of both compounds 11 and 19 was 

comparable with compound 4 with survival rates up to 75%. These results validate that our 

inhibitors are potential candidates to block the pathogenicity of P. aeruginosa. 

 
Figure 7. Kaplan–Meier survival analysis of larvae treated with 0.5 nmol of compounds 4, 11, and 19 and 

50% (v/v) wt PA14 supernatant. The survival was improved when wt PA14 supernatant challenged larvae were 

treated with compounds. Each curve represents results of three independent experiments. The statistical difference 

between groups treated with wt PA14 supernatant and compound 19, 11, and 4 is P = 0.0013, 0.0016, and 0.0116 

(log-rank test), respectively. The survival of the group treated with ∆lasB PA14 supernatant did not change 

compared to the wt PA14 supernatant treated group (P = 0.0001). The survival of larvae treated with 0.5 nmol of 

the compounds (in sterile PBS) showed 100% viability. wt PA14: wild-type P. aeruginosa, ∆lasB PA14: LasB 

knockout P. aeruginosa. 

Conclusions 

In this work, we applied a structure-based optimization approach to extend the chemical space 

of the recently identified LasB inhibitor class of α-benzyl-N-aryl mercaptoacetamides. By 

exploiting the crystal structure of LasB with the previously reported inhibitor 5, we first 

explored the effect of different substituents on both sides of the mercaptoacetamide core and 

synthesized six derivatives. We then replaced the N-aryl ring with different heterocycles 

varying in size and substituents and synthesized seven derivatives. Although no notable 

improvement in potency was observed with these derivatives, we were able to identify three 
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compounds (11, 12, and 19) with a maintained selectivity against selected human off-targets 

and a restored low micromolar inhibitory activity against LasB. With no signs of toxicity 

against human cell lines as well as zebrafish embryos, these compounds also demonstrated a 

reduction in the pathogenicity of P. aeruginosa and maintained the integrity of lung and skin 

cells treated with the LasB-containing supernatant. Inspired by these results, the in vivo efficacy 

of compounds 11 and 20 was further explored using an in vivo model based on Galleria 

mellonella larvae. The survival rate of the larvae challenged with wt PA14 supernatant was 

slightly increased in the presence of both compounds. This achievement is noteworthy 

considering the gain in potency and increased hydrophilicity with this new class of compounds. 

In addition to this, the inhibitory effect of this class of inhibitors against the structurally similar 

target ColH from Clostridium histolyticum was also investigated, revealing several inhibitors 

with submicromolar Ki against this promising target, such as compound 19. In view of the 

current antimicrobial resistance crisis, our results highlight the potential of this class of 

inhibitors as attractive candidates for becoming effective pathoblockers in reducing bacterial 

pathogenicity while diminishing potential resistance development. Further optimization 

strategies on both binding pockets should be explored to ensure an improved physicochemical 

and pharmacokinetic profile and to address the potential stability issues associated with the free 

thiol group in this class of inhibitors.  

Methods General Chemistry. All reagents were used from commercial suppliers without 

further purification. Procedures were not optimized regarding yield. NMR spectra were 

recorded on a Bruker AV 500 (500 MHz) spectrometer at room temperature. Chemical shifts 

are given in parts per million (ppm) and referenced against the residual proton, 1H, or carbon, 

13C, resonances of the >99% deuterated solvents as internal reference. Coupling constants (J) 

are given in Hertz (Hz). Data are reported as follows: chemical shift, multiplicity (s = singlet, 

d = doublet, t = triplet, dd = doublet of doublets, dt =doublet of triplets, m = multiplet, br = 

broad and combinations of these) coupling constants and integration. Liquid chromatography-

mass spectrometry (LC-MS) was performed on a LC-MS system, consisting of a 

DionexUltiMate 3000 pump, autosampler, column compartment, and detector (Thermo Fisher 

Scientific, Dreieich, Germany) and ESI quadrupole MS (MSQ Plus or ISQ EC, Thermo Fisher 

Scientific, Dreieich, Germany). High-resolution mass was determined by LC-MS/MS using 

Thermo Scientific Q Exactive Focus Orbitrap LC-MS/MS system. Purity of the final 

compounds was determined by LC-MS using the area percentage method on the UV trace 

recorded at a wavelength of 254 nm and found to be >95%. 
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Synthesis of Intermediates and Final Compounds  

General procedure A: Synthesis of chloro acid derivatives 6–9 from amino acid  

Amino acid (1.0 eq) was dissolved in 6 N HCl (2 mL/mmol or until mostly dissolved) under 

nitrogen atmosphere and cooled to -5 °C. NaNO2 (1.5–2.5 eq) was dissolved in water 

(0.3 mL/mmol amino acid) and added dropwise slowly. The mixture was stirred overnight 

while warming to r.t. The reaction mixture was extracted with EtOAc/THF (3:1). Combined 

organic extracts were washed with saturated aq. NaCl solution and dried over anh. Na2SO4. The 

solvent was removed under reduced pressure to obtain the product. The crude is used in the 

next steps without further purification. 

General procedure B: Synthesis of derivatives 10a–15a using thionyl chloride  

The acid (1.0 eq), SOCl2 (2.0 eq) and a few drops of DMF were heated to 70 °C for 1 h. The 

cooled mixture was added dropwise to a solution of the corresponding aniline (1.1 eq) in DMF 

(1 mL/mmol) at 0 °C. The mixture was stirred overnight at r.t. The reaction was quenched with 

water and extracted with EtOAc (3×). Combined organic extracts were washed with saturated 

aq. NaCl solution and dried over anh. Na2SO4. The solvent was removed under reduced pressure 

to obtain the crude product. The purification was done by column chromatography or flash 

chromatography. 

General Procedure B-1: Synthesis of coupling derivatives 16a, 19a–21a using 

ethylchloroformate as coupling reagent 

The acid (1.2 eq) was dissolved in THF and cooled in an ice-bath. Et3N (1.2 eq) was added, 

followed by addition of ClCO2Et (1.3 eq). After 5 minutes, ice-bath was removed, and reaction 

was stirred at r.t. for 30 minutes. The corresponding amine (1.0 eq) was slowly added. The 

reaction was monitored using TLC or LC-MS. After the reaction was completed, volatiles were 

evaporated under reduced pressure and crude product was purified using column 

chromatography. 

General Procedure B-2: Synthesis of coupling derivatives 17a, 18a, 22a using HATU as 

coupling reagent 

The acid (1.5 eq) was dissolved in DCM (10 mL) at r.t. and to this DIEA (1.5 eq) and HATU 

(1.5 eq) were added. The corresponding aniline (1 eq) was then added to this mixture and the 

reaction was monitored by LC-MS. The reaction is extracted with saturated aq. NaCl solution 

(1×) then dried over anh. Na2SO4. The crude is purified using reverse phase flash 

chromatography (H2O+0.1 %FA/ACN+0.1%FA 95:5 → 5:95). 

General procedure C: Protection of hydroxyl group in derivatives 12b, 14b and 15b 
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The amide (1.0 eq), Et3N (2.0 eq) and 4-dimethylaminopyridine (0.03 eq) were dissolved in 

DCM (5 mL/mmol) and cooled to 0 °C. Acetic anhydride (2.0 eq) was added dropwise. The 

solution was warmed to r.t. and stirred for 30 min. The reaction was washed with DCM, washed 

with saturated aq. NaCl solution, and dried over anh. Na2SO4. The solvent was removed under 

reduced pressure to obtain the crude product. 

General procedure D: Synthesis of thioacetate derivatives 10b, 11b, 12c, 13b, 14c, 15c and 

16b–22b 

The corresponding chloro derivative (1.0 eq) was dissolved in acetone under argon atmosphere. 

To this solution, CH3COSK (1.5–2.0 eq) was added and the reaction was stirred for 2–6 h at r.t. 

It was monitored by TLC or LC-MS. The reaction was quenched with water and extracted with 

EtOAc (3×). Combined organic extracts were washed with saturated aq. NaCl solution and 

dried over anh. Na2SO4. The solvent was removed under reduced pressure to obtain the crude 

product. The purification was done by flash chromatography. 

General procedure E: Hydrolysis of thioacetate for derivatives 10–15 and 16–22 

Thioacetate (1.0 eq) was dissolved in methanol (5 mL/mmol) under argon atmosphere and 2 M 

aqueous NaOH solution (2.0 eq) or solid NaOH (3.0 eq) was added. The reaction was stirred 

1–3 h at r.t. before quenching with 1 M HCl. Reaction was extracted with EtOAc and washed 

with 0.5 M HCl. Combined organic extracts were washed with saturated aqueous NaCl solution 

and dried over anh. Na2SO4 and filtered. The solvent was removed under reduced pressure to 

obtain the crude product. The purification was done by column chromatography or preparative 

HPLC (H2O+0.05%FA/ACN+0.05%FA, 95:5 → 5:95). For more polar compounds, instead of 

quenching the reaction with 1 M HCl, pH was adjusted to acidic using Amberlite IR-120. After 

filtration, Amberlite was washed with MeOH (3×), the solvent was evaporated, and the product 

was purified using preparative HPLC (H2O+0.05%FA/ACN+0.05%FA, 95:5 → 5:95). 

2-Chloro-3-phenylpropanoic acid (6). 

 Compound 6 was prepared according to general procedure A, using DL-phenylalanine (1 g, 6.0 

mmol) and NaNO2 (1.46 g, 21.2 mmol). The crude product was obtained as yellow oil and used 

without further purification (1.05 g, 94%). 1H NMR (500 MHz, CDCl3) δ ppm: 7.37–7.24 (m, 

5H), 4.51 (dd, J = 7.8, 6.9 Hz, 1H), 3.42 (dd, J = 14.0, 6.7 Hz, 1H), 3.21 (dd, J = 14.1, 7.9 Hz, 

1H). MS (ESI–) m/z 183.25 [M–H]–, 147.23 [M–H–HCl]–. 

2-Chloro-N-(4-methoxyphenyl)-3-phenylpropanamide (11a). 

Compound 11a was prepared according to general procedure B, using compound 6 (200 mg, 

1.08 mmol), SOCl2 (157 µL, 2.17 mmol) and p-anisidine (147 mg, 1.19 mmol). Purification 

was done by flash chromatography (Hex/EtOAc, 100:0 to 0:100). The product was obtained as 
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green solid (234 mg, 75%). 1H NMR (500 MHz, CDCl3) δ ppm: 8.01 (br s, 1H), 7.38–7.24 (m, 

7H), 6.90–6.86 (m, 2H), 4.71 (dd, J = 7.8, 4.4 Hz, 1H), 3.81 (s, 3H), 3.52 (dd, J = 14.3, 4.4 Hz, 

1H), 3.32 (dd, J = 14.3, 7.6 Hz, 1H). MS (ESI+) m/z 290.04 [M+H]+. 

S-(1-((4-Methoxyphenyl)amino)-1-oxo-3-phenylpropan-2-yl) ethanethioate (11b). 

 Compound 11b was prepared according to general procedure D, using compound 11a (230mg, 

0.95 mmol) and potassium thioacetate (162 mg, 1.42 mmol). Purification was done by flash 

chromatography (Hex/EtOAc, 100:0 to 0:100). The product was obtained as yellow solid (126 

mg, 40%). 1H NMR (500 MHz, CDCl3) δ ppm: 7.81 (br s, 1H), 7.37–7.34 (m, 2H), 7.33–7.23 

(m, 5H), 6.86–6.81 (m, 2H), 4.28 (dd, J = 8.4, 7.2 Hz, 1H), 3.79 (s, 3H), 3.44 (dd, J = 14.0, 8.4 

Hz, 1H), 3.01 (dd, J = 14.1, 7.1 Hz, 1H), 2.38 (s, 3H). 13C NMR (126 MHz, CDCl3) δ ppm: 

197.4, 168.3, 156.7, 137.9, 130.9, 129.5, 128.8, 127.2, 114.3, 121.8, 55.7, 48.7, 36.1, 30.7. MS 

(ESI+) m/z 330.08 [M+H]+, 288.08 [M–Ac+2H]+. 

2-Mercapto-N-(4-methoxyphenyl)-3-phenylpropanamide (11). 

Compound 11 was prepared according to general procedure E, using compound 11b (95 mg, 

0.29mmol) and 2 M NaOH aq. solution (290 µL, 0.58 mmol) in MeOH (2 mL). Purification 

was done by flash chromatography (Hex/EtOAc, 100:0 to 0:100). The final product was 

obtained as white solid (45 mg, 54%). 1H NMR (500 MHz, CDCl3) δ ppm: 7.90 (br s, 1H), 

7.37–7.33 (m, 2H), 7.31 (d, J = 7.5 Hz, 2H), 7.28–7.23 (m, 3H), 6.89–6.84 (m, 2H), 3.80 (s, 

3H), 3.70 (dt, J = 8.9, 6.6 Hz, 1H), 3.36 (dd, J = 13.7, 6.7 Hz, 1H), 3.24 (dd, J = 14.0, 6.4 Hz, 

1H), 2.10 (d, J = 8.9 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ ppm: 169.5, 156.9, 137.5, 130.4, 

129.6, 128.7, 127.3, 122.1, 114.3, 55.6, 45.9, 41.7. HRMS (ESI+) m/z calcd. for C16H18NO2S 

[M+H]+ 288.10527, found 288.10453. 

N-(Benzo[d]thiazol-2-yl)-2-chloro-3-phenylpropanamide (19a). 

Compound 19a was synthesized according to the general procedure B-1, using compound 6 

(626 mg, 3.39 mmol), 2-aminobenzothiazole (422 mg, 2.81 mmol), Et3N (476 µL, 3.39 mmol) 

and ClCO2Et (355 µL, 3.72 mmol) in THF (33 mL). The final product was purified using flash 

chromatography (DCM/MeOH, 100:0 to 95:5). Final product was obtained as off-white oil (324 

mg, 30%). 1H NMR (500 MHz, CDCl3) δ ppm: 7.86 (d, J = 7.9 Hz, 1H), 7.78 (m, 1H), 7.47 (t, 

J = 7.7 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 7.32–7.23 (m, 3H), 7.21–7.18 (m, 2H), 4.76–4.70 (m, 

1H), 3.56–3.51 (m, 1H), 3.29 (dd, J = 14.4, 7.8 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ ppm: 

167.1, 157.3, 148.2, 135.3, 132.3, 129.6, 128.8, 127.7, 127.72, 126.7, 124.6, 121.7, 121.3, 60.3, 

41.2. MS (ESI+) m/z 316.98 [M+H]+. 

S-(1-(Benzo[d]thiazol-2-ylamino)-1-oxo-3-phenylpropan-2-yl) ethanethioate (19b). 
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Compound 19b was prepared according to general procedure D, using compound 19a (323 mg, 

1.02 mmol) and potassium thioacetate (174 mg, 1.53 mmol) in acetone (10 mL). Purification 

was done by flash chromatography (Hex/DCM, 100:0 to 0:100). The final product was obtained 

as yellow solid (257, 71%). 1H NMR (500 MHz, acetone-d6) δ ppm: 11.24 (s, 1H), 8.02–7.88 

(m, 1H), 7.69 (d, J = 8.1 Hz, 1H), 7.43 (m, 1H), 7.35–7.26 (m, 5H), 7.24–7.17 (m, 1H), 4.72 

(dd, J = 8.7, 6.9 Hz, 1H), 3.41 (dd, J = 13.8, 8.7 Hz, 1H), 3.06 (dd, J = 13.8, 6.9 Hz, 1H), 2.36 

(s, 3H). 13C NMR (126 MHz, CDCl3) δ ppm: 196.2, 169.1, 157.6, 148.4, 136.9, 132.3, 129.3, 

128.8, 127.4, 126.5, 124.3, 121.5, 121.2, 47.9, 35.9, 30.5. MS (ESI+) m/z 357.01 [M+H]+, 

314.90 [M–Ac+H]+. 

N-(Benzo[d]thiazol-2-yl)-2-mercapto-3-phenylpropanamide (19). 

Compound 19 was prepared according to general procedure E, using compound 19b (128 mg, 

0.36 mmol) and 2 M NaOH aq. solution (359 µL, 0.72 mmol) in MeOH (3 mL). Purification 

was done by flash chromatography (Hex/EtOAc, 7:3). The final product was obtained as white 

solid (30 mg, 28%).1H NMR (500 MHz, CDCl3) δ ppm: 7.85 (d, J = 7.8 Hz 1H), 7.76 (d, J = 

8.1, 1H), 7.49–7.44 (m, 1H), 7.39–7.36 (m, 1H), 7.29–7.27 (m, 1H), 7.25–7.15 (m, 4H), 3.87–

3.80 (m, 1H), 3.40 (dd, J = 14.0, 7.0 Hz, 1H), 3.24 (dd, J = 14.0, 6.8 Hz, 1H), 2.26–2.17 (m, 

1H).13C NMR (126 MHz, CDCl3) δ ppm: 170.7, 159.0, 145.5, 136.7, 131.0, 129.4, 128.9, 127.5, 

127.2, 125.0, 121.9, 120.2, 44.7, 41.1. HRMS (ESI+) m/z calcd. for C16H15N2OS2 [M+H]+ 

315.06203, found 315.06178. 
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Supporting information 

Supplementary Figures 

 

 

 

 
Figure S1. Docking poses for A) Thiazole, B) 6-chlorobenzothiazolyl, C) 6-methoxybenzothiazolyl and D) 

Methyl thiophenyl 3-carboxylate replacement in the LasB ligand binding pocket. Figures are generated using 

PyMOL V.2.5 software.11 
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Figure S2. Illustration of the dose-dependent cytotoxic effect of wt) PA14 and∆lasB PA14 supernatant on 

normal human dermal fibroblast (NHDF) and adenocarcinomic human alveolar basal epithelial (A549) 

cells. A) wt PA14 supernatant reduces the viability of A549 cells after 24 h incubation compared with ∆lasB PA14 

supernatant. B) wt PA14 supernatant effect on the cell viability after 48 h incubation with A549 cells, the viability 

is further minimized. C) wt PA14 supernatant effect on NHDF cell after 24 h incubation, its cytotoxic effect on 

NHDF cells is less that on A549 cells D) The cytotoxic effect of wt supernatant after 48 h incubation with NHDF 

cells is improved. This confirms that LasB is one of the major virulence factors present in the supernatant. The 

low cytotoxic effect observed with the ∆lasB PA14 supernatant might be due to effect of other extracellular toxins 

than LasB such as phospholipase, LasA, phytotoxic factors and exotoxins.14 Each graph is a representation of three 

independent experiments ± SD. The percentage shows the amount of supernatant in the whole volume of 

Dulbecco’s Modified Eagle Medium (DMEM) and cells. PA14: wild-type Pseudomonas aeruginosa, ∆lasB PA14: 

LasB knockout P. aeruginosa. 
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Figure S3. Visualization of differently treated adenocarcinomic human alveolar basal epithelial (A549) cells. A) 

Untreated cells; B) Cells treated with 15% (v/v) wt PA14 supernatant, cell density significantly reduced compared 

with untreated cells; C) A549 cells treated with 15% (v/v) ∆lasB PA14 supernatant; cell density is still high, and 

the morphology of the cells did not change; D) Cells challenged with wt PA14 supernatant and treated with Pam; 

their cell integrity and morphology were maintained. Images were generated with 20X objective by Leica Las X 

and modified with the software Fiji ImageJ (Scale bar: 100 μm). wt PA14: wild-type Pseudomonas aeruginosa, 

∆lasB PA14: LasB knockout P. aeruginosa. 
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Figure S4. Visualization of differently treated normal human dermal fibroblast (NHDF) cells. A) Untreated 

cells; B) Cells treated with 15% (v/v) wt PA14 supernatant, cell density significantly reduced compared with 

untreated cells; C) Cells treated with 15% (v/v) ∆lasB PA14 supernatant; the cell density is still high, and the 

morphology of the cells did not change; D) Cells challenged with wt PA14 supernatant and treated with Pam; their 

cell integrity and morphology were maintained. Images were generated with 20X objective by Leica Las X and 

modified with the software Fiji ImageJ (Scale bar: 100 μm). wt PA14: wild-type Pseudomonas aeruginosa, ∆lasB 

PA14: LasB knockout P. aeruginosa. 
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Figure S5. Effect of a reducing agent on LasB activity. A) Activity of LasB presented in 10% (v/v) wt PA14 

supernatant incubated with different concentrations (mM) of TCEP, similar to pure LasB high concentration of 

TCEP (i.e., 5 and 2.5 mM) inhibited the activity of LasB in the supernatant. B) Effect of various concentrations 

(mM) of TCEP on 0.3 nM pure LasB. The activity was completely lost with 5 mM and 2.5 mM while at 0.6 mM 

and lower concentrations, it is similar to no TCEP conditions. C) Effect of TCEP concentrations on viability of 

A549 cells. 0.3 mM TCEP showed no effect on cell viability while higher concertations showed a reduction in the 

cell viability which was evaluated with MTT assay. Each curve represents a mean ± SD of at least two independent 

experiments. wt PA14: wild-type Pseudomonas aeruginosa. 
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Figure S6. Viability of normal human dermal fibroblast (NHDF) cells treated with 11 and 12 and 15% (v/v) 

wt PA14 or ∆lasB PA14 supernatant. A) Concentrations-dependent effects of compounds on the viability of 

NHDF cells treated with wt PA14 supernatant; B) Viability of NHDF cells treated with ∆lasB PA14 

supernatantand the highest tested concentration of compound that was used with PA14 supernatant. Each graph is 

a representation of three independent experiments ± SD. One-way ANOVA was performed for each experiment 

following Dunnett’s multiple comparisons test and moreover, the mean of each column was compared with the 

mean of the negative control (ns: not significant, *: p ≤ 0.05, **:p ≤ 0.01, ****: p ≤ 0.0001). wt PA14: wild-type 

Pseudomonas aeruginosa, ∆lasB PA14: LasB knockout P. aeruginosa. 
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Figure S7. Visualization of the effects of compounds 11, 12, 19 and 20 on wt PA14 supernatant treated 

adenocarcinomic human alveolar basal epithelial (A549) cells. Live/dead staining was carried out with 

fluoresceine diacetate and propidium iodine. Living cells are shown in green and dead cells in red. Red signal in 

some cases was lost because the detached cells were washed away after the rinsing step with PBS (scale bar: 200 

μm). wt PA14: wild-type Pseudomonas aeruginosa. 

 

 

 

  
 
Figure S8. Visualization of effect of compounds 11, 12, 19 and 20 on ∆lasB PA14 supernatant applied 

adenocarcinomic human alveolar basal epithelial (A549) cells. Live/dead staining was carried out with 

fluoresceine diacetate and propidium iodine. Live cells are showed in a green and dead cells in red. Scale bar: 200 

μm. Red signal in some cases was lost because the detached cells were washed away after the rinsing step with 

PBS. ΔlasB PA14: LasB knockout Pseudomonas aeruginosa. 
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Figure S9. Visualization of the effects of compounds 11 and 12 on wt PA14 supernatant treated human 

dermal fibroblasts (NHDF) cells. Live/dead staining was carried out with fluoresceine diacetate and propidium 

iodine. Living cells are shown in green and dead cells in red (Scale bar: 200 μm). Red signal in some cases was 

lost because the detached cells were washed away after the rinsing step with PBS. wt PA14: wild-type 

Pseudomonas aeruginosa. 
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Figure S10. Visualization of effect of compounds 11 and 12 on ∆lasB PA14 supernatant applied human 

dermal fibroblasts (NHDF) cells. Live/dead staining was carried out with fluoresceine diacetate and propidium 

iodine. Live cells are shown in green and dead cells in red. Scale bar: 200 μm. Red signal in some cases was lost 

because the detached cells were washed away after the rinsing step with PBS. ΔlasB PA14: LasB knockout 

Pseudomonas aeruginosa. 
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Figure S11. Supernatant evaluation of LasB activity assay. A) The activity of serially diluted wt PA14 and 

∆lasB PA14 supernatants B) The activity of various concentrations of pure LasB. C) The calibration curve that 

was created from the initial velocity that we calculated from graph B. The calibration curve estimates that 100% 

supernatant has 0.88 µM of LasB. 
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Supplementary Tables 

Table S1. Ki values for six selected compounds against ColH-PD and % inhibition of ColH-

PD at 1 µM concentration of six selected compounds.a Ki values and residual activities are 

determined as described previously.7 

 

Compound R1 R2 Ki (µM) 

3 Ph 4-Me 0.05 ± 0.01 

5 Ph H 0.4 ± 0.04 

11 4-OMe-Ph H 0.04 ± 0.01 

12 4-OH-Ph H 0.1 ± 0.02 

19 benzothiazolyl H 0.1 ± 0.01 

20 6-methoxybenzothiazolyl H 28 ± 1 

Compound R1 R2 
% inh. of ColH-PD 

@1µM 

10 4-NO2-Ph H 88 ± 2  

13 Ph 4-Me-Ph 69 ± 3  

14 Ph 4-OH 63 ± 2 

15 Ph 3-NO2-4-OH 74 ± 5  

16 thiazolyl H 34 ± 3 

20 6-chlorobenzothiazolyl H 73 ± 2 

 

aMeans and SD of at least two independent experiments. 
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Table S2. Zebrafish embryotoxicity results for compounds 11 and 19. 

Compound 
Concentration 

(µM) 
2 dpf 3 dpf 4 dpf 5 dpf 

Survival 

rate % 

11 

100 all dead - - - 0 

50 
imp. dev.,  

turbid body 
all dead - - 0 

30 imp. dev. all dead - - 0 

2 OK OK OK OK 100 

19 

100 imp. dev. 
5 imp. 

dev. 
5 imp. dev. 

5 imp. 

dev. 
0 

50 imp. dev. 
5 imp. 

dev. 
5 imp. dev. 

5 imp. 

dev. 
50 

30 OK 
OK, 3 

imp. dev. 

OK, 3 imp. 

dev. 

OK, 3 

imp. 

dev. 

70 

2 OK OK OK OK 100 

Danieau's 

ctrl 
- OK 

OK, 1 

malf., 

1 dead 

OK OK 80 

DMSO ctrl 1% OK 
OK, 1 

malf. 
OK OK 100 

 

malf. = body curvature  

impaired dev. = impaired development, pericardial edema 

No toxicity signs were observed for compound 11 at a concentration of 2 µM. However, all 

concentrations above (30 µM, 50 µM, and 100 µM) have led to a toxicity of 100%.  

30% of larvae showed toxicity signs, such as impaired body development and pericardial 

edema, when incubated with compound 19 at a concentration of 30 µM. The two highest 

concentrations (50 µM and 100 µM) were lethal for all larvae resulting in a survival rate of 0%. 

A comparable ratio of malformation was also found in the control groups (with only Danieau’s 

medium or 1% DMSO). Therefore, observed body malformation in larvae incubated in 

compound can be considered as not related to compound treatment.  
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Experimental Methods 

LasB Inhibition Assay. The purification of LasB from P. aeruginosa P14 supernatant as well 

as the subsequent performance of the FRET-based in vitro inhibition assay was performed as 

described previously.1 

In vitro ColH Inhibition Assay. The purification of ColH-PD and determination of the 

inhibitory activities of the selected compounds were performed as described previously.2,3 In 

short, enzyme and inhibitor or buffer control were preincubated for 1 h at RT, before the 

reactions were initiated by the addition of the quenched fluorescent substrate Mca-Ala-Gly-

Pro-Pro-Gly-Pro-Dpa-Gly-Arg-NH2 (Mca = (7-Methoxycoumarin-4-yl)acetyl; Dpa = N-3-

(2,4-dinitrophenyl)-L-2,3-diaminopropionyl) (FS1-1). The increase in fluorescence was 

monitored for 2 min 24 s (Excitation: 328 nm, Emission: 392 nm) at 25°C. The final 

concentrations were 2 nM ColH-PD, 10 µM compound, 250 mM Hepes pH 7.5, 400 mM NaCl, 

10 mM CaCl2, 10 µM ZnCl2, 2% DMSO, and 2 µM FS1-1. The percentage of enzyme inhibition 

was calculated in relation to a reference without a compound added, only plus buffer control. 

The concentrations of the compound were optimized according to Murphy.4 The apparent 

inhibition constant (Ki
app) value was determined by non-linear fitting to the Morrison equation5 

following a two-stage regression analysis strategy for tight-binding inhibitors.6 Regression 

analysis was performed using GraphPad Prism 9.0.0 (Graph Pad Software, San Diego, CA, 

USA). The experiments were performed under first order conditions ([S0] ≪ KM), which 

resulted in an approximation of the Ki
app to the true inhibition constant (Ki), and, therefore, the 

results are reported as Ki values. 

Antibacterial Activity assay. Minimum inhibitory concentration (MIC) assays were 

performed as described previously.1 The MIC value was higher than 100 µM for compounds 

12 and 19. At 100 µM, the bacterial growth was reduced by less than 10% for both compounds. 

Inhibition Assays with human off-targets. Assays focusing on the inhibition of human MMPs 

and ADAM17 were performed as described previously.7,8  

Cytotoxicity Assay. The toxicity of selected compounds toward HepG2, A549 and HEK293 

cells was determined as described previously.1,9 Compounds 12 and 19 showed no relevant 

cytotoxic behaviour against the human hepatoma cell line (HepG2), human embryonic kidney 

(HEK) 293 cells and adenocarcinomic human alveolar basal epithelial cells (A549) with IC50 

values higher than 100 µM. 

Docking Studies. Modelling of derivatives of compound 5 in the LasB ligand binding pocket 

(PDB:7OC7) were performed using SeeSAR 11.1 (BioSolveIT GmbH, Sankt Augustin, 



Appendix 

196 
 

Germany)10 software and the interactions are visualized using PyMOL Molecular Graphics 

System, Version 2.5 Schrödinger, LLC.11 All interaction figures are created with PyMOL v.2.5 

Zebrafish Experiments. Maximum Tolerated Concentration (MTC) assay was performed with 

minor modifications according to the procedure described in literature.12 After successful 

mating of parent fish from the AB wild-type line, embryos were collected, sorted and kept until 

the next day at 28 °C in 0.3× Danieau’s medium [17 mM NaCl, 2 mM KCl, 1.8 mM Ca(NO3)2, 

1.5 mM HEPES (pH 7.1 – 7.3), 0.12 mM MgSO4 and 1.2 μM methylene blue]. The assay was 

performed in 96-well plates using zebrafish embryos at 1 day post fertilization (dpf). Compound 

solutions in 0.3× Danieau’s medium were prepared freshly on the day of experiment with a 

final DMSO concentration of 1% (v/v). Single zebrafish embryos were placed in a 96-well 

microtiter plate - one embryo per well and ten embryos per condition - and directly incubated 

in the corresponding compound solutions. The embryos were monitored daily via microscopy 

until 120 hours post fertilization (hpf) (Table SI). All described experiments were performed 

with zebrafish embryos younger than 120 hpf and are therefore not classified as animal 

experiments according to EU Directive 2010/63/EU. Protocols for husbandry and care of adult 

animals are in accordance with the German Animal Welfare Act (§11 Abs. 1 TierSchG). 

Preparation of P. aeruginosa culture supernatants and LasB activity evaluation.  

The LasB knockout P. aeruginosa ∆lasB PA14 was kindly provided by the Häussler 

group (Twincore, Hannover, Germany). P. aeruginosa ∆lasB PA14 (parental strain: "P. 

aeruginosa PA14 (DSM 19882)") is a knockout mutant with markerless in-frame deletion (in 

frame deletion with pEX18Ap (no antibiotic resistance introduction)), as described in Casilag 

et al.13 Overnight cultures of a single colony of wild-type (wt) and ∆lasB PA14 strains were 

grown in lysogeny broth medium at 37 °C with constant shaking at 200 rpm. The next day, the 

culture was centrifuged at 4 °C, 5,000 rpm for 30 min. Then, the supernatant was passed through 

a membrane filter of 0.2 μm to sterilize it. The supernatant was aliquoted and stored at –80 °C 

until use. LasB activity of both supernatants was evaluated using the FRET-based assay which 

was described previously (Figure S11). 

Cell-based in vitro experiments. A549 cells were purchased from Sigma Aldrich and NHDF 

cells were provided from Leibniz Institute for New Materials (INM) (Saarbrücken, Germany). 

Both cell lines were cultured in cell culture plates with a 150 X 20 mm diameter. The cells were 

incubated with Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 

10% (v/v) fetal bovine serum (FBS, Gibco) and 1% (v/v) Penicillin-Streptomycin (Pen-Strep) 

at 37 °C under 5% CO2 in a humidified incubator. 50,000 NHDF cells/well and 100,000 A549 

cells/well were seeded in 96-well plates (Greiner) and incubated for 24 h at 37 °C and 5% CO2 
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so that the cells reached a confluency of 90%. For imaging purposes, the cells were plated on 

96 well glass bottom plates (Cellvis). Next, the cells were treated with (0–25%) PA14 or ∆lasB 

PA14 supernatant. to compare between their cytotoxic effects. 15% of each s.n. was used in the 

next experiments with compounds. To prevent disulfide formation of our compounds, we added 

tris(2-carboxyethyl) phosphine (TCEP) as a reducing agent and optimized its concentration in 

the assay before the evaluation of the compounds. A mixture of PA14 supernatant (i.e., wild-

type or mutant), various concentrations of LasB inhibitors, 40 μM ZnCl2 and CaCl2 and 300 

μM TCEP was preincubated for 30 min and directly added to the cells. The optimized 

concentration of TCEP did not show any toxic effect on cells and did not affect LasB activity. 

Phosphroamidon was included in the experiments as LasB reference inhibitor. A mixture of 

DMEM with TCEP, 40 μM ZnCl2, CaCl2 and 1% DMSO was used as a control. In order to 

determine the cell viability, we conducted two different assays: an MTT assay and a live/dead 

staining followed by imaging using a Leica epifluorescence microscope (DMi8, Leica 

microsystem CMS GmbH). The MTT assay is a method that can be used to determine the 

metabolic activity of cells, since active cells are able to reduce the MTT dye (3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) to the purple formazan precipitate 

which can be dissolved, and its absorbance can be measured. In the MTT assay, the cells were 

washed twice with 200 μL of sterile PBS, followed by addition of DMEM containing 5 mg/mL 

of MTT solution. The cells were incubated at 37 °C, 5% CO2 for 2 h. In a next step, the MTT 

solution was carefully removed and 200 µL of 100% DMSO was added to dissolve the purple 

formazan crystals. After this, we measured the absorbance at 550 nm using a PHERastar plate 

reader (BMG Labtech, Ortenberg, Germany). The viability of the cells was related to untreated 

control wells/cells. Live/dead staining was performed using fluorescein diacetate (FDA) to stain 

living cells and propidium iodide (PI) to stain the dead ones. The cells were seeded and 

incubated with the s.n. as described before. After 1 day of incubation, the cells were washed 3 

times with sterile PBS and then 0.03 mg/mL FDA and 0.02 mg/mL PI were added into each 

well and incubated for 5 min at 37 °C and 5% CO2. Imaging was performed using 5x 

magnification to have a general overview about the cell behavior. 20x magnification was used 

as well to visualize the change in the morphology of the cells in the bright field channel.  

Results of duplicate of three independent experiments were plotted and illustrated using 

GraphPad Prism v.8 and presented as mean values ± standard deviation. The statistical analysis 

of variance was performed with ANOVA followed by Dunnett’s multiple comparisons test. 

Statistical significance was calculated by comparing non-treated cell vs treated cells and a P 

value less than 0.05 was significant. For image illustration purposes, the brightness and contrast 
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were optimized for all images based on the values of control (no treatment) images for each 

channel. 

In vivo Galleria mellonella virulence assay. G. mellonella larvae were purchased from 

BioSystems Technology (Exeter, United Kingdom), stored at 8 °C in the dark and used within 

2 weeks. Prior to injection, larvae were immobilized by incubation for 10–15 min on ice. Then, 

the injection was performed using an LA120 syringe pump (Landgraf Laborsysteme, 

Langenhagen, Germany) supplied with a 1 mL syringe (B. Braun, Melsungen, Germany) and 

Sterican 0.30 × 12 mm, 30G × 1.5 sterile needles (B. Braun). The larvae were injected with 10 

μL of sample into the right proleg. The larvae were classified into various groups based on the 

applied treatment. Two negative control groups supplemented with no injection to control the 

quality of the larvae and a buffer control group injected with sterile PBS were included. A 

positive control group was also included, and the larvae were administered with 50% wt PA14 

supernatant. To test the anti-virulence effect of LasB inhibitors, a mixture of 50% wt PA14 csn, 

LasB inhibitor and 300 μM TCEP were incubated for 30 min at 37 °C and injected into the 

larvae. A group of larvae injected with 50% ∆lasB PA14 supernatant was also involved. All 

groups were incubated at 37 °C and inspected once per day for 4 days post-treatment and to 

record mortality. The larvae were considered dead if they are black and do not move when 

stimulated by contact with the forceps. The survival analysis was performed using GraphPad 

Prism v 8, data were plotted using the Kaplan–Meier method and statistical significance 

between groups was calculated with log-rank test. The data of three independent experiments 

were combined and plotted in the survival curve, 30 larvae in total were included for each 

conditions. 

Chemistry  

The supplementary information of the chemistry part will be available online when the 

manuscript is accepted. 
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DNA Deoxyribonucleic acid 

RNA Ribonucleic acid 

QS Quorum sensing 

MMPs Matrix metalloproteases 

LasB Pseudomonas aeruginosa elastase B 

LasA Pseudomonas aeruginosa elastase A 

WHO World Health Organization 

CF Cystic fibrosis 

ECM Extracellular matrix 

ZBG Zn2+-binding group 

ColH Clostridium histolyticum (Hathewaya histolytica) collagenase H 

ColG Clostridium histolyticum (Hathewaya histolytica) collagenase G 

ColB Bacillus thuringiensis collagenase B 

ColQ1 Bacillus cereus collagenase Q1 

ColA Bacillus cereus collagenase A 

CU Collagenase unit 

PD Peptidase unit 

PlcR Pleiotropic regulon phospholipase C regulator 

SAR Structure–activity relationships 

DMAP 4-Dimethylaminopyridine 

Pyr Pyridine 

DCM Dichloromethane 

DME Dimethoxyethane 

THF Tetrahydrofurane 

IC50 The half maximal inhibitory concentration 

TCEP Tris(2-carboxyethyl)phosphine hydrochloride 

HepG2 Hepatocellular carcinoma cell line 

HEK293 Embryonal kidney cell line 

A549 Lung carcinoma cell line 

HDAC Histone deacetylase 

TACE Tumor necrosis factor-α-converting enzyme 

MTC Maximum tolerated concentration 
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MIC Minimum inhibitory concentration 

DMEM Dulbecco’s Modified Eagle’s Medium 

csn Culture supernatant 

FRET Fluorescence resonance energy transfer; 

NHDF Normal human dermal fibroblast cells 

HaCaT Human epidermal keratinocyte cells 

MTT Microculture tetrazolium assay 

Hyp Hydroxyproline 

COL Collagen 

SHG Second harmonic generation 

RPMI Roswell Park Memorial Institute 

Pen-Strep Penicillin-streptomycin 

FBS Fetal bovine serum 

FCS Fetal calf serum 

DMSO Dimethyl sulfoxide 

FDA Fluorescein diacetate 

PI Propidium iodide 

PBS Phosphate buffered saline 

DAPI 4′,6-Diamidino-2-phenylindole 

Hsp47 Heat shock protein 47 

ER Endoplasmic reticulum 

EIA Enzyme-immunosorbent assay 

TEM Transmission electron microscope 

PLM Polarization light microscope 

ONBY O-nitro benzyl tyrosine 

H47 Wild-type Hsp47 

H47Y>ONBY In active variant of Hsp47 

H47Y>ONBYhv Photoactivatable variant of Hsp47 

LDH Lactate dehydrogenase 

TEER Transepithelial electrical resistance 

MDCK II Madin-Darby Canine Kidney II 

M (kDa) Molecular weight standards in kilo Dalton 

BHI Brain heart infusion medium 
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