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Abstract 

Inhibition of bacterial virulence is suggested to be a promising strategy in the development 

of new antibacterial drugs. The present work has focused on identifying new inhibitors of 

the bacterial virulence factors thermolysin (TLN), pseudolysin (PLN, LasB) and aureolysin 

(ALN), which are all zinc metalloproteases (MPs). A chemical group chelating the catalytic 

zinc ion of MPs, referred to as the zinc-binding group (ZBG) (e.g., phosphinate (PO2), 

carboxylate (COO-), thiolate (S-) and hydroxamic acid HONH-CO, sulfhydryl, etc.) is 

important for essential inhibition, and hence this interaction is crucial for the discovery of 

zinc MP inhibitors as putative new drugs. The strategy in the present work was to use 

different compounds with a putative ZBG, including compounds with nitrogen as the zinc 

donor atom.  The structure of the active site cleft of the virulence factors is very similar to 

that of the matrix metalloproteases (MMPs) and other human zinc MPs. Bacterial virulence 

inhibitors as drugs against bacterial infections should have limited effects on human 

endogenous zinc MPs. Therefore, we also tested their inhibition of human MMP-9 and 

MMP-14. Some of the compounds have previously been tested by others for their inhibition 

of MMP-9 and MMP-14, but were retested in the present study. The reason for retesting 

was that our experimental conditions were not identical to those previously used. To be able 

to compare the obtained binding strengths, the experiments needed to be performed under 

identical conditions. 

Enzyme kinetic studies were employed to investigate the inhibitory activities of different 

compounds and compare their affinities to both human and bacterial zinc MPs. The 

fluorogenic substrates Mca-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys(Dnp)-OH (ES005) and 

Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (ES001) were used for bacterial MPs and human 

MMPs, respectively. Identifying the binding modes of inhibitors in the bacterial and human 

zinc MPs is important for designing new inhibitors with increased specificity for bacterial 

zinc MPs. The binding modes were therefore studied by molecular modelling. 

Paper I: Catechol and bisphosphonate-containing compounds were tested against TLN, 

PLN, ALN, MMP-14 and MMP-9 using enzyme inhibition kinetics and in silico molecular 

modelling. The bisphosphonate-containing compound RC2 was identified by both 

inhibition kinetics and in silico studies to bind stronger to the bacterial virulence factors, 

TLN and PLN than to ALN, MMP-9 and MMP-14. Hence, this compound may be used as 
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a scaffold to design new and potentially stronger inhibitors of bacterial virulence factors 

with therapeutic potential. Such compounds may be used alone or as an antibiotic adjuvant 

that can help prolong the lifespan of available antibiotics by suppressing bacterial resistance 

or increasing antibiotic efficacy. Catechol-containing compound, BF471 was found to 

inhibit ALN by more than 50%. Further investigation along with chemical modification for 

stronger ALN inhibition might be useful in finding potential inhibitors of ALN. 

Paper II: Zinc chelators; derivatives of dipicolylamine (DPA), tripicolylamine (TPA), tris 

pyridine ethylene diamine (TPED), pyridine and thiophene with nitrogen as zinc donor were 

tested against bacterial MPs (TLN, PLN and ALN) and human MMPs (MMP-9 and MMP-

14). Previous studies have shown that TPA is an irreversible and time-dependent inhibitor 

of metallo-β-lactamases (MBLs). To test if this compound is also a reversible or irreversible 

time-dependent MP inhibitor, inactivation kinetics combined with a micro-dialysis 

experimental method were employed with the MMP-14 against TPA. This showed that TPA 

was a time-dependent reversible inhibitor of MMP-14. Most of the tested compounds were 

found to inhibit MMP-14 (except for DPA) and PLN more strongly than the other enzymes. 

DPA inhibited PLN significantly stronger than the other four enzymes. Therefore, these 

compounds may serve as a scaffold for the development of novel anti-virulence compounds. 

Paper III:  Phosphinic compounds were tested as inhibitors of TLN, PLN, ALN and the 

human enzymes MMP-9 and MMP-14 using enzyme kinetics. The binding modes of the 

strongest inhibitors (compounds H-1 and H-2) were also studied by docking. Molecular 

dynamics (MD) simulation was performed to predict the cleavage site/sites of the 

fluorogenic substrate (ES005) in TLN and to identify amino acids constituting the different 

subpockets of the substrate binding sites. The MD simulations indicated that Gly-Phe amino 

acids are more favourable P1 and P1’ residues for TLN than Ala-Phe and, therefore, 

predicted to be the main cleavage site residues of the TLN/ES005 complex. The H-1 

compound was a strong inhibitor of MMP-9 and MMP-14, while the H-2 compound was 

found to inhibit all five proteases. Therefore, structural modification of H-2 might give rise 

to a structural scaffold that only inhibits bacterial MPs.  

In all three papers, quenching experiments for the compounds showed no quenching effect 

on the fluorescence product formed during catalysis. 
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1. Introduction 

1.1. The multidrug resistance problem 

Bacterial multi-drug resistance (MDR) has become a major health problem worldwide and 

is prevalent among both Gram-positive and Gram-negative bacteria. Bacterial MDR is 

defined as a lack of susceptibility to at least one agent in three or more chemical classes 

of antibiotics [1]. In 2008 a study described the term “ESKAPE”, which was used for the 

most prevalent MDR bacteria, including Enterococcus faecium (E. faecium), 

Staphylococcus aureus (S. aureus), Klebsiella pneumoniae (K. pneumoniae), Acinetobacter 

baumanii (A.baumanii), Pseudomonas aeruginosa (P. aeruginosa), and Enterobacter 

species [2]. These bacteria cause the bulk of infections and efficiently “escape” the effects 

of antibacterial drugs and chemotherapeutic agents. 

A systematic review paper from 2022 [3] estimated deaths and disability-adjusted life-years 

attributable to and associated with bacterial MDR for 23 pathogens and 88 pathogen–drug 

combinations in 204 countries and territories during 2019. They estimated that around 4.95 

million people died from illnesses associated with bacterial MDR in 2019, including 1.27 

million deaths attributable to bacterial MDR, mainly caused by ESKAPE pathogens [3]. 

Vancomycin-resistant Enterococcus species (VRE) [4], methicillin-resistant S. aureus 

(MRSA) [5], and carbapenem-resistant P. aeruginosa (CRP) [6] are the highest prioritized 

pathogens by World Health Organization (WHO) for new drug development as they are the 

most challenging resistant organisms involved in a variety of infections.  

Most of the classical antibiotics have been developed based on their ability to kill or inhibit 

the growth of bacteria. A major limitation of this approach is that it targets bacterial viability 

and induces a high selection pressure that has driven the rapid emergence of MDR 

pathogens. Alternative approaches with novel modes of action to the currently available 

conventional antibiotics are of utmost necessity for encountering extremely MDR bacteria. 

Otherwise, it would be very difficult to prevent the world from repeating the vulnerable 

situation of the pre-antibiotic era, where common bacterial infections were seriously life-

threatening [7].  

 

https://revive.gardp.org/resource/antibiotic-antibacterial-and-antimicrobial/
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1.1.1. Multi-drug resistant bacteria and their virulence factors  

The virulence of microbes involves their ability to infect the host and cause clinical 

symptoms through factors that help bacteria in attachment, colonization and invasion of the 

host, disrupting host tissue integration, suppressing or escaping from the host immune 

response, and exhausting nutrients from the host [8-11]. These virulence potencies rely on 

several different extracellularly secreted factors, among which proteases are considered to 

be promising novel drug targets [12, 13] as the expression of these virulence factors 

contributes to the broad spectrum of infections and the frequent ineffectiveness of current 

therapies [14]. 

 P. aeruginosa secrets several proteases, such as elastase A, elastase B, protease IV, and 

alkaline proteases [15], among which elastase B or pseudolysin (PLN or LasB) is a key 

virulence factor of P. aeruginosa. PLN is a metalloprotease (MP) that degrades extracellular 

proteins of the host for the nutrition of the bacteria. PLN is also reported to damage elastin, 

an essential component of the pulmonary tissue and blood vessels, impairing lung function, 

triggering pulmonary haemorrhage [16, 17] and causing corneal infections [18]. In patients 

with cystic fibrosis, P. aeruginosa is the most common pathogen [19]. PLN has also a 

crucial role within the bacterial cell to activate the intracellular pathway that initiates the 

growth of bacterial biofilm [20, 21]. By adopting a biofilm mode of growth, P. aeruginosa 

can be able to survive and causes fatal and devastating diseases mainly in 

immunocompromised patients [22]. 

S. aureus is a dangerous Gram-positive bacterium giving both community-acquired and 

nosocomial infections [23]. It has now become a major challenge owing to the rise of 

methicillin-resistant S. aureus (MRSA) as well as other bacterial MDR strains [24]. 

Recently emerged community-acquired MRSA was reported to cause serious infectious 

diseases, including sepsis and pneumonia [25, 26]. However, several virulence factors 

produced by S. aureus may contribute to the development of infection, including 

hemolysins, leukocidins, proteases, enterotoxins, exfoliative toxins, and immune-

modulatory factors. The accessory gene regulator (agr) quorum-sensing system is known 

to play a central role in the regulation of these virulence factors [27]. The agr quorum 

sensing system is composed of the response regulator AgrA, the sensor histidine kinase and 
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AgrC that in response to auto-inducing peptides expresses a regulatory RNA [28]. S. aureus 

secretes several proteases such as cysteine proteases, serine proteases, and serine–like 

proteases and MPs. A skin abscess in the host at the sites of infection serves as a reservoir 

of peptides. Peptides and free amino acids are important sources of nutrients for the growth 

of bacteria. A study showed that the MP aureolysin (ALN) secreted by S. aureus cleaves 

collagen into peptide fragments that can support S. aureus growth under nutrient-limited 

conditions [29]. Some virulence factors are also used by S. aureus to deteriorate the host 

immune system [30, 31]. ALN is one of the most important virulence factors reported to 

actively inhibit the phagocytotic and neutrophilic function of the human complement 

system facilitating their survival and pathogenicity [32].  

The MP thermolysin (TLN) secreted by the Gram-positive thermophilic bacterium Bacillus 

thermoproteolyticus is also known as a bacterial virulence factor involved in bacterial 

nutrition and sporulation [33]. TLN is well studied both functionally and structurally and 

has become the prototype of the M4 family of proteases [34]. TLN has been found to cause 

infections and diseases in humans [35]. The M4 family of proteases contain a zinc ion in 

the catalytic site, and  PLN and ALN are also members of the M4 family. Over the years, 

TLN has been used as a model system for studying the structure and function of other zinc 

MPs. Due to structural similarities in the catalytic site, TLN inhibitors have been used in 

the design of inhibitors of other zinc MPs [36].   

 

1.1.2. Inhibition of bacterial virulence as a new strategy against bacterial infections  

As bacterial virulence factors degrade extracellular proteins and peptides as their nutrients 

before sporulation, the inhibition of the function of these proteases by zinc chelation may 

prevent the establishment, survival, and maintenance of infection within the host body. The 

concept of inhibition of virulence is a recently established strategy against bacterial infection 

[37]. Such a strategy does not attack the bacteria directly and therefore, might apply reduced 

evolutionary pressure for the development of resistance [37]. Hence, inhibition of the 

activity of the bacterial virulence factors rather than targeting bacterial growth is suggested 

to be an alternative new therapeutic strategy against bacterial infections [38]. Molecules 

capable of selectively inhibiting bacterial zinc MPs in the spread of infection could lead to 

the development of novel therapeutics. Moreover, because of their mechanism of action, 

inhibitors of bacterial zinc MPs may as well be used to fight MDR strains [39]. Such 
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inhibitory agents have been termed “second-generation” antibiotics [40]. This approach has 

emerged as a promising alternative to classical antibiotics. Alone or in combination with 

known antibacterial agents, such inhibitors may be effective against bacterial infection and 

bacterial biofilm formation. Using as an adjuvant, a reduced dose of the antibacterial agent 

may be effective for the treatment, contributing to less evolutionary pressure for MDR 

development. Therefore, the virulence factors PLN, ALN, and TLN are promising targets 

for the development of new antibacterial drugs or in the development of adjuvants to present 

antibacterial treatment.   

 

1.2 Classification of Proteases  

It has been estimated that there are more than sixty thousand different proteases [41] and of 

which more than 570 different proteases are present in humans [42]. Of the human proteases, 

approximately 200 are MPs [43]. Proteases target peptide bonds of proteins and cause 

proteolysis by hydrolysing peptide bonds between amino acids of the proteins [44]. This 

activity is important for many physiological and pathological processes [45]. Proteases or 

peptidases are of two types: endoprotease and exoprotease. An endoprotease cuts a bond 

within a protein/peptide molecule, whereas an exoprotease cleaves off either the carboxy- 

or the amino-terminal amino acid of the protein/peptide (Figure 1).  

Based on the mechanism or catalytic residue taking part in the catalysis, proteases in general 

are divided into six distinct classes namely, aspartate-, glutamate-, metallo-, cysteine-, 

serine, and threonine-proteases. However, glutamate proteases have not been identified in 

mammals [46]. As described above, the bacterial virulence factors PLN, TLN, and ALN are 

all proteases of the MP class [34, 47]. All classes of endoproteases are found both 

extracellularly and intracellularly (Figure 1), but aspartate, threonine and cysteine proteases 

are mostly intracellular and their proteolytic activity occurs in an acidic environment, 

whereas serine proteases and MPs are mostly extracellular and hydrolysis occurs optimally 

at neutral pH [48].  
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Figure 1: General classification of proteases. The figure was generated based on the 

text from references 44,46 and 48 by using Powerpoint. 

 

1.2.1  Metalloproteases  

Based on sequence similarity and evolutionary distances, MPs are classified hierarchically 

into more than 90 MP families with subfamilies and clans with subclans. This is a widely 

accepted classification provided by the MEROPS database [34]. Most members of the MP 

class contain two zinc ions and up to four calcium ions. One zinc ion is catalytic, while the 

other is structural. The calcium ions stabilize the structure [49]. MPs can have metals other 

than zinc in their catalytic site. For example, cobalt, manganese, or nickel may be anchored 

at the bottom of the catalytic cleft attached to side chain amino acid residues of the enzyme 

[50, 51].  
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MPs with zinc at the catalytic site belong to clan zincin. Generally, three amino acid residues 

histidine, aspartate, and glutamate are known as zinc-binding residues that are characteristic 

of particular MPs clans and families [45]. Zincin is the most extensive clan of MPs, which 

have a relatively common short zinc-binding amino-acid consensus sequence HEXXH. 

This motif is provided by an “active-site helix” and supplies two metal-binding histidines 

(H) and the general base for the reaction which is the glutamic acid (E). MPs with this motif 

belong to two subclans; gluzincin and metzincin. The first one was so named because a 

glutamic acid (E) is the third metal-binding residue whereas the latter one contains a 

histidine or aspartic acid instead of glutamic acid as the third metal-binding residue. The 

bacterial MPs TLN, PLN and ALN are all classified into the subclan gluzincin 

(HEXXH+E). In addition, they belong to the M4 family, often called the thermolysin 

family [52].  The subclan metzincin contains a loop in the active site that is termed the “Met-

turn” due to a conserved methionine (M) [50, 53]. In metzincins, the catalytic zinc ion is 

bound to the protein either through three histidine residues or two histidine residues and one 

aspartic acid residue (HEXXHXXGXXH/D+M), depending on the family [54]. Human 

matrix metalloproteases (MMPs), for example, MMP-9 and MMP-14 belong to this 

subclan. In addition, the MMPs belong to the M10 family of MPs [55] (Figure 1). In MMPs, 

the catalytic zinc is bound to the enzyme through three histidine residues.  

The bacterial MPs TLN, PLN and ALN and the human MMPs MMP-9 and MMP-14 are 

the MPs studied in the present thesis. They all belong to the clan zincin and have structural 

similarities in their catalytic sites. There are also structural similarities in molecules 

inhibiting these enzymes. In the following sections, the active site nomenclature, the 

structural organization, in addition to the active site topology of these enzymes are 

presented. 

 

1.3 Catalytic site nomenclature and specificity of the studied proteases 

The topology of the active site is important for both specificity and substrate binding. In 

general, the structural environment of the active site is in a conformational state for 

performing catalysis before recruiting any substrate. A widely used nomenclature system to 

describe the molecular interaction of proteases with their substrates was introduced by 

Schechter and Berger in 1967 [56]. In this system, the active site of a protease to bind a 
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polypeptide substrate is imagined as a series of subsites (subpockets). Each subsite interacts 

with one amino acid residue of the substrate. By nomenclature, the substrate amino acid 

residues that interact with proteases are called P (for peptide) and the subsites on the 

protease that interact with the amino acid residue of the substrate are called S (for subsite).  

 

 

 

 

 

 

 

 

 

 

 

These subsites interact with the side chains of the residues flanking the scissile or cleavable 

amide bond. The binding site is subdivided into N-terminal (non-primed) and C-terminal 

(primed) sites relative to the scissile bond. As shown in Figure 2, the substrate side chain 

upstream (N-terminal) of the cleavable amide bond is termed P1, P2, P3, etc., and 

downstream (C-terminal) are P1′, P2′, P3′, etc. The corresponding subsites of protease that 

interact with residues of the substrate are termed S1, S2, S3, and S1′, S2′, S3′, etc., 

respectively.  

The S1′ subsite is the most important for substrate recognition and specificity in many 

proteases, including MMPs and bacterial MPs of the M4 family. Generally, the S1′ subsite 

constitutes a hydrophobic site by interacting with hydrophobic or bulky hydrophobic amino 

Figure 2: Schematic illustration of different binding subsites of a peptide substrate 

to the active site cleft in a zinc MP. This nomenclature is used for all proteases. 

The active site cleft with its sub-sites is denoted as S (S1, S2, etc.) and the amino 

acid residues in the peptide substrate that interact with these sub-sites are defined 

as P (P1, P2, etc.). The unprimed sites are to the N-terminal and the primed sites are 

to the C-terminal side of the scissile bond denoted with a red arrow. The zinc ion 

represents the catalytic residue for most MPs (modified from [56] using 

Powerpoint).  
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acid side chains of substrates, whereas the S1 subsite is characterized by hydrophilic 

residues. The S2′ subsite is also hydrophobic [57]. However, as the active sites of M4 

enzymes were found to be structurally quite similar to the endogenous metzincins, for 

example MMPs belonging to the M10 family, the substrate binding pockets of MMPs 

present quite similar subsites for the substrates as that of M4 enzymes. Moreover, the depth 

of the S1′ subsite particularly might represent a specificity factor that may distinguish 

between the M4 and M10 enzymes [58].  

TLN prefers substrate cleavage at the N-terminal side of Leu, Phe, Ile or Val as P1‘ residue. 

Besides, hydrolysis of bonds with Met, His, Tyr, Ala, Asn, Ser, Thr, Gly, Lys, Glu or Asp 

at P1′ has also been observed. The major specificity site for the substrate of this enzyme is 

at S1′, which accepts large hydrophobic residues. Although substrates can interact with 

residues in the S1, S2 and S2′ subsites, these interactions are less important for specificity 

[59].  

PLN has a significantly more ‘open’ active-site cleft than TLN. Due to this broader cleft, 

PLN prefers mostly aromatic residues at the P1′ position as opposed to aliphatic ones 

favoured by TLN [60]. For ALN, the S1′ site is also the main specificity determinant and 

is configured to accommodate hydrophobic P1′ residues. In contrast to TLN and PLN, the 

deep active-site cleft of ALN has a more closed and narrow structure. The presence of a 

loop segment on top of the active-site cleft makes ALN unique, and because of that ALN 

lacks elastinolytic activity in comparison to some other members of the M4 family [61].  

MMPs generally break peptide bonds N-terminally of a residue with a hydrophobic side 

chain, for example, Leu, Ile, Met, Phe, or Tyr. The S1′ pocket of variable depth is a well-

defined substrate P1′-binding site in MMPs [62]. Many of the structurally known MMPs 

possess Leu at their substrate P1′ position (Figure 2) and they are classified as “deep and 

intermediate S1′ pocket MMPs”. The S1′ subpocket of MMP-9 is a relatively flat, slightly 

twisted tunnel-like cavity of predominantly hydrophobic character located in the centre of 

the active site groove. In MMP-9, this subsite possesses an intermediate-sized pocket, 

which is neither deep nor shallow and prefers large aliphatic residues in the P1′ position 

such as Leu and Met [63]. A deep tunnel-like pocket is found in many MMPs like MMP-

3, MMP-12, and MMP-14, which can accommodate larger amino acid derivatives, such as 
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homophenylalanine in the P1′ position and thereby contributing to the substrate specificity 

[64, 65]. 

 

1.4 Thermolysin, pseudolysin and aureolysin  

The recent release (Release 9.4) of the MEROPS database shows that the M4 family is a 

big family of MPs, and its members are mostly bacterial MPs. The main physiological 

function of secreted bacterial MPs is to degrade host proteins and peptides for bacterial 

nutrition, and several of them are bacterial virulence factors. 

 

1.4.1 The maturation process  

Similar to other secreted MPs, the activation process of bacterial M4 MPs involves the 

removal of the signal peptide (SP) after the enzyme is secreted [66]. Bacterial M4 MPs are 

typically translated as propeptides, with a secretory signal sequence at N-terminal to the 

propeptide and a two-domain peptidase unit. Following the SP in the precursors, a 

propeptide is present that acts as an intramolecular chaperone (IMC), contributing to the 

correct folding of the catalytic domain (Figure 3). However, the IMC is not required for 

function [67, 68].  

 

 

 

 

 

 

 

A recent study revealed that the propeptides contain a peptidase inhibitor domain known as 

‘pepSY’ [69]. In some bacterial MPs, the precursor also contains a C-terminal extension, as  

Figure 3: Representation of the domain structure of typical precursor M4 bacterial 

MPs.The precursor comprises four main parts: a signal peptide S, a propeptide (F 

and Py), a catalytic domain (C), and PPC domains. The PPC-terminal domain is a 

type of C-terminal extension in several TLN- like proteases. The figure was created 

by using Powerpoint. 

 



 

10 

 

in the pseudoalteromonas sp. SM9913, which contains two PPC (Pre-peptidase C-terminal) 

domains at its C-terminal extension [68]. Both the propeptide and the C-terminal extension 

are cleaved during maturation. Biochemical studies have revealed that the maturation of 

bacterial MPs is accomplished by an autocatalytic process, and their prodomain also plays 

a key role in the maturation [70, 71]. 

The PLN maturation process has been studied in detail among the M4 family members. 

After synthesis, prepropseudolysin is secreted into the periplasm and the SP is removed. 

The resultant proenzyme folds into an un-auto-processed zymogen which is mediated by its 

prodomain [67]. Then, going through the autocatalysis, the prodomain is rapidly cleaved 

off. In most cases, the prodomain is cleaved off in the periplasm by full or partial 

autocatalysis but remains associated non-covalently with a mature peptide which results in 

the auto-processed complex of PLN [72-74]. Later this auto-processed complex is 

translocated to the outside of the cells through the outer membrane by the Xcp (extracellular 

carboxyl proteases) export machinery [75, 76]. Dissociation and degradation of the 

prodomain by other active PLNs result in the formation of an active PLN [74, 77]. A 

detailed study by Gao et al. [68] observed that the un-auto-processed zymogen is in an 

unstable conformational state with high energy basal protease activity. This condition leads 

to the quick induction of the first autocleavage of the peptide bond between the prodomain 

and the catalytic domain. Upon this autocleavage a more stable autoprocessed complex of 

the prodomain and the catalytic domain with lower energy is formed. The C-terminus of the 

prodomain in the autoprocessed complex inserts into the cleft between the two regions of 

the catalytic domain. The last histidine residue of the prodomain replaces the activated water 

molecule in the mature enzyme and acts as a monodentate ligand to zinc. This interaction 

brings about the inactivation of enzyme activity. Thereafter, C-terminus of the prodomain 

in the complex is broken into small peptide pieces and is released from the catalytic domain. 

Another water molecule occupies the fourth coordinating site of the catalytic Zn2+ and 

thereby results in a fully active enzyme [68]. 
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1.4.2 Three-dimensional structure 

1.4.2.1 Thermolysin 

The very first X-ray crystal structure of TLN  revealed that it comprises 316 amino acid 

residues [78] and has a molecular mass of 34.6 kDa [59]. It contains an N-terminal and C-

terminal region, which form the catalytic domain. The N-terminal region is mainly β-pleated 

sheets, whereas the C-terminal is predominantly α-helical (Figure 4(b)). The catalytic 

centre is an approximate tetrahedral geometry formed with the coordination of Zn2+ and its 

four ligands, His142, His146, Glu166, and the activated water molecule. The Zn2+ is located 

in a deep cleft of the catalytic centre and participates in the hydrolysis process. Therefore, 

it is named the catalytic Zn2+. Removal of the catalytic Zn2+ by a chelator lead to the loss of 

the activity [79]. Besides the Zn2+, there are four Ca2+ ions of which two are located near 

the catalytic centre and the other two on two surface loops. These are found important for 

the structural stabilization of TLN by preventing autolysis [80].  

 

1.4.2.2 Pseudolysin 

Pseudolysin (PLN) is the most important extracellular endoprotease of  P. aeruginosa,  and 

has a molecular mass of  33 kDa containing 301 amino acid residues [81]. This enzyme 

shows considerable sequence homology with TLN, with approximately 48 % overall 

sequence identity. The identity is especially high in the region between residues 136 and 

180, which includes part of the catalytic site [82]. Therefore, the 3D structure of PLN is 

almost superimposable to that of TLN [83]. Like TLN, PLN also has N-terminal and C-

terminal domains that are separated by the cleft of the catalytic site (Figure 4(a)). The N-

terminal domain contains antiparallel β-strands while the C-terminal domain is α-helical 

like that of TLN. It contains one zinc atom necessary for the activity, while one calcium ion 

is required for its stability. PLN contains four cysteine residues which form two disulfide 

bonds (Cys30–Cys58 and Cys270–Cys297) important for both stability and activity. 

Cysteine residues are not present in TLN [84]. 
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1.4.2.3 Aureolysin   

ALN is an extracellular zinc-dependent neutral MP secreted by S. aureus [85, 86]. It is a 

single-chain protein that contains 301 amino acid residues with a molecular mass of 38 kDa 

[87, 88]. It exhibits high sequence similarity to other proteases from the TLN family. ALN 

is conserved in two allelic forms (type I and II) in S. aureus that employs different specific 

functions. The primary structure of type I ALN shares a sequence homology of 48.6% and 

36.7% with TLN and PLN respectively [89]. This enzyme binds one zinc metal ion 

necessary for activity and three calcium ions essential for its stability.  

  

 

 

Figure 4: Comparison between the substrate binding site of PLN and TLN. The Cα-

trace of the enzymes are shown.  (a) 3D structures of the catalytic domain of PLN (PDB-

1u4g) which has a more open and broader active site than TLN. (b) 3D structure of the 

catalytic domain of TLN (PDB-5dpe) showing the substrate binding site. The figure has 

been created with the program majestro included in the Schrödinger suit of molecular 

modelling programs. 
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1.5 Human matrix metalloproteases  

The extracellular matrix (ECM) comprises various matrix macromolecules. Major 

constituents are fibrous-forming proteins such as collagens, elastins, fibronectins, 

proteoglycans, laminins and glycoproteins. All proteins undergo extensive remodelling or 

breakdown under many physiological and pathological conditions [90]. The primary 

enzymes responsible for ECM breakdown are endoproteases belonging to the subclan 

metzincin of the MP class. The major role of these MPs is the degradation of various ECM 

and non-ECM molecules to regulate many physiological functions in humans, such as cell 

growth, angiogenesis, cell apoptosis, tissue repair, blood pressure, coagulation, cell 

signalling, reproduction, wound healing, hemostasis and homeostasis and immune response 

[91]. MMPs are also reported to promote cell proliferation, migration, and differentiation 

[92]. MMPs belong to the M10 family and show optimal proteolytic activity between pH 7 

and 8 for most substrates [93]. Dysregulation of one or many of these MMPs can lead to 

numerous serious health issues, such as cardiovascular diseases, arthritis, and 

neurodegenerative diseases, as well as various types of cancer [94].  

In humans, there are 24 different MMPs (Figure 5). Out of these, 16 are secreted and six 

(MMP-14, -15, -16,  - 17, -24 and -25) are membrane-anchored/associated also termed MT-

MMPs, while -23A and 23B contain a type II transmembrane domain at their N-terminal 

domain but also an RX(K/R)R motif in front of the catalytic domain.  The secreted MMP-

9 (gelatinase B) and the membrane-associated MMP-14 are the two most studied [95].  

MMPs are classified based on different criteria such as structural homology, substrate 

preferences, mechanism of enzymatic reaction, and types of domains present. The catalytic 

domain of all MMPs contains the zinc-binding motif HEXXHXXGXXH (E- the catalytic 

glutamic acid) [92]. The occurrence of additional domains within the C-terminus is the 

major difference between MMPs [96]. The typical structure of MMPs consists of a 

prodomain, a catalytic domain, a hinge region and a hemopexin-like domain (HPX) (Figure 

5) [97]. 
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Figure 5: Classification of MMPs with their domain structures. There are four common 

domain structures found in MMPs: a propeptide domain, a catalytic domain, a hinge region 

and a hemopexin domain. MMP-7 and MMP-26 do not have haemopexin and hinge regions. 

MMP-9 contains a heavily O-glycosylated hinge region, while both MMP-9 and MMP-2 

have three fibronectin-like repeats in the catalytic domain. RX(K/R)R motif is present at 

the C-terminal end of the prodomain of both membrane-anchored and furin-activated 

MMPs) (modified from [96 and 97] using Powerpoint). 

 

1.5.1 Matrix Metalloprotease-9  

Matrix metalloprotease - 9 (MMP-9) is known to have gelatin-degrading capacity and hence 

is called gelatinase. MMP-2 is also known as a gelatinase having the same capacity. MMP-

9 is a secreted multidomain enzyme. Human monomer proMMP-9 has a molecular weight 

of 92 kDa [98]. Like collagenases, stromelysins and MT-MMPs, MMP-9 contains all 

typical domain structures of MMPs (Figure 5), with an additional fibronectin-like module 
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in the catalytic domain consisting of cysteine-rich repeats that resemble fibronectin type II 

and enables binding to gelatin (denatured collagen), laminin and collagen types I and IV 

(Figure 5). However, MMP-9 is the most complex MMP identified so far. Having a heavily 

glycosylated structurally flexible 64 amino acids linker region (OG domain) between its 

catalytic and HPX domain, it possesses a rather different overall 3D structure compared to 

MMP-2. Previously this domain was called the type-V-collagen-like domain [99, 100]. 

 

 

 

 

 

 

 

 

 

 

 

The catalytic domain of the MMP-9 has an oblate-ellipsoidal shape with a notch at its flat 

surface which harbours the catalytic zinc. It is separated into small “lower” Sn' (n'=1, 2, 

3…) and large “upper” Sn (n=1, 2, 3…) subdomains. These subdomains form the substrate 

binding pocket. The upper subdomain comprises a five-stranded, highly twisted β-sheet, 

two α-helices, and three surface loops together with the S-shaped double loop, which is 

attached to the β-sheet by the “structural” zinc ion. The lower subdomain consists of a wide 

right-handed spiral terminating in the met-turn, the S1′ wall, the specificity loop arcuate 

around the S1′ pocket, and a C-terminal α-helix (Figure 6).  

 

Figure 6: 3D structure of the catalytic domain of MMP-9 (PDB-2OVZ). The 

Cα-trace of the catalytic domain is shown. The figure has been created with 

the program majestro included in the Schrödinger suit of molecular modelling 

programs. 
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1.5.2 Matrix Metalloprotease-14  

Matrix metalloprotease-14 (MMP-14) was the first integral membrane protein found among 

MMPs. Therefore, it was named membrane-type I matrix metalloprotease (MT1-MMP) 

[101]. The activated  MMP-14 has a molecular mass of 53.7 kDa [102] and was first 

reported as an efficient activator of proMMP-2 [101]. It can also activate pro-collagenase 3 

(proMMP-13) [103]. MMP-14 contains a typical domain structure of MMPs with an 

additional transmembrane domain and a cytoplasmic tail (Figure 5) [101]. Furin was 

reported to activate proMT1-MMP by cleaving at Arg111-Tyr112 of a decapeptide insert 

with an RXLR motif upstream of its catalytic domain [104]. It is also reported that by 

cleaving the same site, trypsin can also activate the human recombinant proMT1-MMP 

(Δ269-559, N-MT1-MMP) in vitro [105]. 

       

1.6. Catalytic mechanism of metalloproteases  

A functional zinc ion in the active site of TLN acts as a cofactor and is essential for 

proteolytic function. The catalytic mechanisms of TLN have been used as a model system 

to understand different stages of enzyme catalysis in zinc MPs [106]. This mechanism 

involves the recruitment and positioning of a water molecule before catalysis. The water 

molecule first interacts with the catalytic zinc ion and forms hydrogen bonds with the 

general base, a glutamic acid residue adjacent to the first histidine in the zinc-binding motif 

(HEXXH+E) (Figure 7). This action polarizes the solvent and increases its nucleophilicity. 

With a Zn2+-coordinated water molecule, the wide groove separates the enzyme into two 

large domains and, through the accommodation of an extended peptide chain within the 

enzyme, results in the Michaelis complex [80, 106]. Once the carbonyl oxygen of the 

scissile peptide is bound and polarized by the catalytic metal, the carbonyl carbon becomes 

more susceptible to nucleophilic attack by a water molecule. A proton is accepted by the 

general base glutamate that is immediately transferred to the nitrogen of the scissile 

substrate bond. Thus, a gem-diolate tetrahedral reaction intermediate is formed. Again, the 

glutamic acid serves as a proton shuttle, removing the second proton from the water 

molecule and delivering this proton to the same amino nitrogen in the substrate. The peptide 

bond (C-N) is broken, and finally, the release of an amine and an enzyme-carboxylate 
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complex is resolved from the intermediate. The catalytic cycle is closed by the carboxyl 

product detachment, probably mediated by the uptake of a new water molecule [107]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.7 Inhibitors of zinc metalloproteases 

Enzyme activity can be affected by inhibitors slowing down or stopping an enzymatic 

reaction. Poisons and drugs often act as enzyme inhibitors. By the 21st century, medical 

science evolved a lot in discovering drug targets and new drugs were discovered for 

receptors (e.g. opioids), ion channels (e.g. calcium channel blockers), transporters (e.g. 

diuretics) and enzymes (e.g. angiotensin-converting-enzyme inhibitors) [108]. Enzymes 

hold a prominent position among antibacterial drug targets [109, 110]. Enzyme inhibitors 

have immediate and defined effects that are key criteria for being a good therapeutic agent. 

Hence, the efforts to identify and optimise drug candidates are made by focusing on the act 

Figure 7:  Schematic representation of hydrolytic mechanism for MPs. Most MPs 

contain two zinc ligands histidine (HEXXH+E) and some three, and usually, glutamic 

acid (E) acts as a Lewis acid or base. The fourth ligand is a water molecule that is 

activated and cleaves peptide bonds through a nucleophilic attack on the carbon atom 

in the carbonyl group. His, Tyr or Arg residues serve to stabilize the transition phase by 

forming a hydrogen bond with the oxygen atom on the carbonyl group. Protonation of 

the amide nitrogen atom results in the bond being split off. Zinc acts as a Lewis acid in 

the system and becomes penta-coordinated (modified from [80] using Powerpoint). 
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of inhibition of specific enzyme targets. Among currently available drugs, 47% are enzyme 

inhibitors [111]. 

Zinc MP inhibitors may be endogenous peptides or proteins like the tissue inhibitors of 

metalloproteases (TIMPs) [112] that inhibit MMPs, and the streptomyces metalloprotease 

inhibitor (SMPI) that inhibits enzymes of the M4 family [113] or traditional small synthetic 

molecules. However, both endogenous peptide and protein inhibitors and also small 

synthetic molecules have a functional group capable of displacing the zinc-coordinating 

water molecule and interacting with the catalytic zinc, referred to as zinc-binding groups 

(ZBGs). A lot of effort was put into the development of MMP inhibitors for therapeutical 

use. Most of the compounds failed in clinical trials. However, over the years, several drug 

screening campaigns have identified high-affinity inhibitors of human MMPs and other zinc 

MPs [114]. In addition to high-affinity inhibitors, these screening campaigns also resulted 

in several compounds with known ZBGs but limited or no activity for the tested target. 

Phosphinate (PO2
-), carboxylate (COO-), thiolate (S-) and hydroxamic acid HONH-CO were 

identified as effective ZBG leading to potent inhibition of zinc MPs [115-119]. In addition 

to zinc interactions, these functional groups may provide hydrogen bonding interactions 

with the enzyme backbone, and one or more additional groups may form effective Van der 

Waals interactions with enzyme subsites [114] (Figure 2).  

Hydroxamic acid is a widely used ZBG for inhibitors of MMPs [120] and is also a common 

motif in the development of protease inhibitors connected to many diseases [121]. These 

compounds relied on targeting the zinc ion in the active site of MMPs. However, due to a 

lack of specificity along with partial instability and hydrolysis of hydroxamate to 

hydroxylamine and carboxylate derivates [49,69], these zinc ion chelators failed in the late 

stages of clinical trials. A precise understanding of the structural details of individual MMPs 

from the available crystal structures [205, 206], as well as the role of the individual MMPs 

in normal physiology and disease, is of utmost necessity and requires a lot of investigation 

to find more potent, and selective ZBGs for the MMPs active site zinc ion to incorporate 

the inhibition.  

Phosphorus-containing drugs have been an important class of therapeutic agents targeting 

a broad range of diseases. Due to the strong absorption capacity for metal ions and organic 

molecules, phosphorus-containing compounds were also found to act as good inhibitors of 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7290391/#B49-cells-09-01313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7290391/#B69-cells-09-01313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7290391/#B205-cells-09-01313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7290391/#B206-cells-09-01313
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zinc MPs [122]. The major types of phosphorus-containing functional groups include 

thiophosphate-containing P=S bonds, phosphoric anhydrides with one or multiple P-O-P 

units, and bisphosphonate - bearing P-C-P units. BP drugs are bone resorption inhibitors 

belonging to the class of anti-osteoporotic drugs [123]. Compounds containing a 

phosphorus atom bound directly to one or more carbon atoms show more hydrophilic 

character and better chemical stability [122]. However, phosphoramidon is a phosphorus-

containing peptide and a naturally occurring potent inhibitor of TLN. A study by Bartlett 

and Marlowe provided evidence that the different analogs of phosphoramidon were good 

TLN inhibitors, and not just multi-substrate ground-state analogues but also transition-state 

analogs [124, 125]. They were found to form tetrahedral intermediates during the hydrolysis 

of peptide bonds [126].  

Since the discovery of penicillins, β-lactam antibiotics have been among the most important 

antimicrobial drugs [127]. Metallo-β-lactamases (MBLs) have been identified as an 

important contributing factor to β-lactam resistance in Gram-negative bacteria [128]. To 

date, at least 200 different types of MBLs have been described [129, 130]. Among them, 

MBLs- VIM, IMP and NDM-1, produced by clinical isolates of Enterobacteriaceae and P. 

aeruginosa have been reported in most geographical regions [131] and become a serious 

threat to global public health due to their antimicrobial resistance mechanisms. In MBLs, 

zinc in the active site plays a central role in their activity and catalysis [132]. Therefore, 

zinc chelation may be an effective strategy to overcome the resistance developed by MBLs 

[133, 134]. Simultaneously, bacterial zinc MPs like PLN, TLN, and ALN are all zinc-

dependent proteases [47, 135]. Therefore, MBL inhibitors or compounds structurally 

similar to known MBL inhibitors may also be a valuable strategy as zinc MP inhibitors. 

Camberlein et al. described the interaction of phosphoramidon with PLN using an 

antivirulence approach [136]. Their study disclosed phosphoramidon as a PLN inhibitor (Ki 

value of 0.25 μM) for the first time, previously reported as a TLN inhibitor (Ki of 30 nM at 

neutral pH) [137]. They also tested compounds containing metal-chelating moieties thiol 

and hydroxamate as potential inhibitors of PLN. Though several good lead compounds were 

reported in this study, unfortunately, none of these compounds has reached the market yet 

because of their poor chemical stability (oxidation) under physiological conditions and a 

lack of specificity over human MMPs.  
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Kessler et al. [138] also tested several amino acid and peptide derivatives containing 

hydroxamate, phosphoramidate, and thiol as potential inhibitors of PLN. The most effective 

inhibitors found were P-Leu-Phe, and HSAc-Phe-Leu (Ki = 0.2 µM). Similar findings were 

achieved by Holmquist and Vallee [139] for the inhibition of TLN using analogous 

derivatives. Nishino and Powers [140] showed that peptides containing thiol and 

hydroxamic acids were 10-fold more effective as inhibitors of PLN than TLN, as the zinc 

atom in the active site of PLN has a geometry more favourable for coordination with some 

ligands than the zinc atom of TLN. 

In a recent study by Konstantinović et al. [117], a series of novel thiol-containing 

succinimide-based derivatives were tested as inhibitors of PLN. They found some potent 

inhibitors of PLN that sufficiently showed selectivity for the bacterial MPs over human 

MMPs with low toxicity. However, a drawback of zinc-chelating inhibitors containing the 

thiol group is the possible oxidation to the respective disulfides, resulting in the inactivation 

of the compounds [121].  

To avoid this possible oxidation issue, Kany et al. [121] synthesized and tested several 

compounds replacing the thiol with a hydroxamic acid to see the antivirulence effect on 

PLN. They also aimed to see the effect on biofilm formation and extracellular DNA release 

by P. aeruginosa. One hydroxamate compound was found effective for the purposes; 

additionally, low cytotoxic effects on mammalian cell lines were also observed [121].  

As mercaptoacetamide-based thiols have been reported to inhibit clostridial collagenase, 

inhibitors with high selectivity toward human MMPs also inhibit PLN [141]. Kany et al. 

studied the structure-activity relationship (SAR) of N-aryl mercaptoacetamides by testing 

35 derivatives of this thiol-containing compound for PLN inhibition by applying a FRET-

based in vitro assay. Their study revealed some potent inhibitors that could be further 

developed into drugs for antibacterial infection. The compounds of mercaptoacetamide 

class contain a prodrug-like thiocarbamate-motif, which releases free thiols as the active 

form after hydrolysis in the buffer. Unlike thiols, which have the possibilities to be oxidized 

to disulfides, thiocarbamate prodrugs have the advantage of being stable toward oxidation 

[142]. 

As mentioned previously, the structure of the active site clefts of the bacterial virulence 

factors PLN, TLN and ALN are very similar to that of human MMPs and other zinc MPs. 
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It is, therefore, reasonable to believe that compounds synthesized during screening for 

inhibitors of human zinc MPs may inhibit TLN, PLN or ALN. Over the years, our research 

group has also tested several known MMP inhibitors as inhibitors of PLN, TLN and ALN. 

Sylte et al.[143] studied two hydroxamate compounds (galardin and compound 1b) for the 

bacterial zinc MPs, TLN, PLN and ALN, and the two human zinc MMPs, MMP-9 and 

MMP-14, using experimental binding studies and molecular modelling. Both compounds 

bound stronger to MMP-9 than to MMP-14, while 1b was a stronger inhibitor than galardin. 

Only galardin inhibited the bacterial enzymes, but not as strongly as did with human MMPs. 

Their study also revealed that the size and shape of the ligand structural moiety that enters 

the S1’-subpocket is an important determinant for specificity between the human MMPs and 

bacterial MPs [143].  

In our research group, several hydroxamate derivatives were also tested by Sjøli et al. [57] 

to find inhibitors of TLN and PLN, and the human zinc MPs  adamalysin-17 (ADAM-17), 

MMP-2 and MMP-9 using the same methods as Sylte et al. [143]. Their study showed that 

these compounds were stronger inhibitors of the MMPs than of the M4 enzymes. However, 

compound LM2 bound stronger to PLN than to TLN, and stronger to the two bacterial MPs 

TLN and PLN  than to tested human MPs. Molecular modelling revealed that occupation of 

the S2’ subpocket by an aromatic group was the main reason for stronger interactions with 

PLN than with TLN [57].  

A series of 14 compounds that have previously been investigated for their ability to inhibit 

different MMPs were also tested for TLN and PLN by Adekoya et al. [33]. Their study 

showed that only two compounds bound stronger to PLN and TLN than to the MMPs. They 

also revealed that the structural differences between the bacterial zinc MPs and human 

MMPs in S1, S1’and S2 subpockets at the active site and the shape and size of the compounds 

are important for designing new TLN and PLN inhibitors with low MMP binding affinity 

[33].  
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2. Aims of the study 

The overall long-term goal of our project is to identify inhibitors of the bacterial virulence 

factors PLN, ALN and TLN that could be developed into drugs against bacterial infections. 

Several inhibitors have been identified for TLN and PLN, both by our group and by others, 

some of which were already mentioned above. However, TLN and PLN inhibitors have so 

far not been developed into approved drugs. To our knowledge, small molecules as 

inhibitors of ALN have not been identified either. 

In the present thesis, we aimed to test compounds with a ZBG from previous screening 

campaigns in search of MMP inhibitors for their activity against PLN, ALN and TLN. Both 

the compounds found to inhibit MMPs and other compounds from the screening campaigns 

were included [144, 145]. Further, we aimed to test their effects against human MMP-9 and 

MMP-14 using the same experimental conditions as for the bacterial MPs. In addition, we 

wanted to test a series of compounds with nitrogen as a donor atom for zinc chelation. These 

compounds have previously been tested for their binding of MBLs [127, 134, 146].   

In that way, we were aiming to obtain information that could enrich the existing knowledge 

about the inhibition of bacterial zinc MPs. In addition, identify compounds that could be 

used as lead compounds for the development of anti-virulence drugs or compounds that 

could be used as adjuvants during antibacterial treatment. 

We considered several approaches to achieve the above-mentioned goals: 

➢ Perform enzyme kinetic and inhibition kinetic studies with the different series of 

compounds to obtain information about the inhibitory activities and compare their 

affinities to both human and bacterial zinc MPs.  

➢ Study the molecular interaction of various inhibitors with bacterial and human zinc 

MPs by molecular modelling.  

➢ Study the possible quenching effect of the putative inhibitors on the fluorescence 

product of the substrate (McaPL-OH) formed during catalysis.  

➢ Predict the cleavage site/sites of the fluorogenic substrate Mca-Arg-Pro-Pro-Gly-

Phe-Ser-Ala-Phe-Lys(Dnp)-OH (catalogue # ES005) by TLN, and identify enzyme 

amino acids constituting the different subpockets of the substrate binding site using 

molecular dynamics (MD) simulations. 
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3. Experimental summary 

Compounds were tested as inhibitors of the bacterial virulence factors PLN, ALN and TLN 

and the human MMP-9 and -14 using enzyme kinetics and molecular modelling. By 

inhibition kinetics, we obtained affinity values of the tested compounds, while molecular 

modelling of enzyme-compound complexes contributed with structural insight into the 

affinity values.  

The experimental methods applied in the present study were similar for all three papers. 

The fluorogenic substrates Mca-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys(Dnp)-OH 

(catalogue # ES005) for bacterial zinc MPs and Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 

(catalogue # ES001) for MMP-9 and MMP-14 were used for enzyme kinetic studies. First, 

it was necessary to determine if a compound was an inhibitor and if the compound was a 

slow or fast binder. In these experiments, 100 µM compound was mixed and preincubated 

with the enzyme for different time points (0 – 45 min) at room temperature before the 

addition of substrate and the determination of enzyme activity.  Dose-response curves were 

performed for compounds that inhibited the enzyme activity by more than 50% and from 

these curves IC50 values were determined. Thereafter,  Ki values were determined based on 

the inhibition mechanism using IC50 values and Km values for the substrates during the 

conditions used in the inhibitory experiments. The binding modes of the strongest inhibitors 

of the tested compounds with the TLN, PLN, ALN, MMP-14 and MMP-9 were studied 

using molecular docking. In paper I, the ICM-modelling software [147] was used for 

docking, while the Schrødinger suite of programs  [148] was used for the molecular docking 

in paper II and, and molecular dynamics studies in paper III. 

Catechol-containing compounds in paper I were previously investigated as MMP inhibitors 

by Tauro et al. [144]. They were tested for binding to MMP-2,-8 and -9, and we wanted to 

see if these compounds also could inhibit bacterial zinc MPs. Seven catechol derivatives 

from the previous study by Tauro et al. [144], in addition to ML33 were tested in the present 

study, focusing on classical SARs. Most of the catechol derivatives had a  sulphonylamide 

group connected to aromatic groups, and we wanted to see how the relative position of the 

sulfonamide linking group with catechol as well as the hydroxyl groups in the catechol, 

affected the binding interaction with bacterial zinc MPs and human MMP-9 and MMP-14.  
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Previously Rubino et al. tested the bisphosphonate compounds RC14, LS4, MT242, and 

RC2 against MMP-2,-8,-9,-14 [149]. In paper I, a total of seven bisphosphonate 

compounds, including those that Rubino et al. investigated, were also studied against PLN, 

ALN and TLN and MMP-9 and MMP-14. Quenching effect on the fluorescence product 

formed during catalysis and time-dependent inhibition were also tested for the compounds.  

Several studies have shown that zinc chelators could be used [150] to inhibit MBLs by 

removing Zn2+ from their active site [151, 152]. In paper II, twenty different zinc chelators 

dipicolylamine (DPA), tripicolylamine (TPA), tris pyridine ethylene diamine (TPED), 

pyridine and thiophene derivatives were tested against TLN, PLN, ALN, MMP-14 and 

MMP-9 using the same methods as in paper I. 

Phosphinates were found to be transition state analogues where one oxygen atom of the 

phosphate binds zinc, and the other oxygen interacts with the catalytic Glu and hence has 

the position of the water molecule that hydrolysis the peptide bond. Previously, different 

phosphinyl-containing compounds have been tested against various MMPs and other MPs, 

such as compound H-1 (RXP470) against MMP-1,-2,-3,-7,-8,-9,-10,-11,-12,-13,-14, ACE, 

NEP and TACE [153, 154], compound H-2 (RXPO3) against MMP-1,-2,-7,-8,-9,-11,-14 

[155] and compound H-4 against the carboxypeptidase  Angiotensin Converting Enzyme-2 

(ACE-2) [145]. In paper III, we tested H-1, H-2 and H-4, in addition to two phosphinyl-

containing compounds to check if they were inhibitors of bacterial zinc MPs, and how 

strongly they inhibited MMP-9 and MMP-14 under the same experimental conditions as 

used for the bacterial MPs. Besides using the same methodology as in the first two papers 

for compound testing, two 200 ns MD simulations of TLN/ES005 complexes were 

performed to find the most favourable cleavage site of ES005 by TLN and identify amino 

acids within the different substrate binding subsites of TLN. Similar simulations were also 

performed for complexes of ES001 with MMP-9 and MMP-14 to identify amino acids 

within the subsites of these enzymes. 
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4. Summary of Results 

Catechol and bisphosphonate compounds (Paper I), zinc-chelating compounds (Paper II) 

and phosphinic compounds (Paper III) showed no quenching effect on the substrate 

product (McaPL-OH). Most of the zinc-chelating compounds and some phosphinic 

compounds expressed background fluorescence, but this did not affect the inhibitory assays 

or the determination of their IC50 and Ki values against the proteases they bound.  

An experiment of enzyme inhibition kinetics to check the inhibition mechanism of catechol 

and bisphosphonate compounds (Paper I) revealed that they were bound to the active site 

of the proteases and are thereby considered to be competitive to the substrates of these 

proteases. All other tested compounds in the present thesis were also found to be 

competitive inhibitors, and they were also found to bind to the active site in the docking 

studies. None of the compounds alone showed stronger binding to the bacterial MPs than 

human MMPs except for bisphosphonate compounds RC2 (Paper I) and the zinc chelator 

DPA (Paper II). The RC2 compound bound stronger to TLN and PLN while the zinc-

chelating compound DPA inhibited PLN much stronger than the other proteases, including 

human MMPs. The zinc-chelating compounds TPA and its derivative Zn148 (Paper II) 

showed strong inhibition of both PLN and MMP-14 with Ki values in the lower µM region. 

Several catechol-containing compounds, particularly BF471 showed more than 50% 

inhibition of all five proteases including ALN for which Ki value was around 49 µM (Paper 

I, Figure 1). Inactivation experiments along with microdialysis of TPA revealed that it was 

a time-dependent reversible inhibitor of MMP-14. Molecular docking results revealed that 

interaction with the S1’ subpocket residue was important for strong binding and inhibition 

of MPs. The orientation of the side chain of R203 in TLN, R200 in ALN, and R197 in PLN 

located at the entrance of the S1’ subpocket was found to hinder functional groups from 

entering deeply into S1’ subpocket of bacterial MPs, and this could be the main reason for 

weaker interaction with bacterial MPs than with human MMPs. Two 200 ns MD simulations 

of TLN/ES005 complexes (Paper III) were performed to find the putative favourable 

cleavage site for TLN/ES005 complex. This study revealed that the Gly (P1) - Phe (P1’) 

bond was a more favourable cleavage site for TLN/ES005 than between Aln (P1)-Phe (P1’). 

Of the five phosphinic compounds, only H-2 acted as a strong inhibitor against all five 

enzymes, H-1 only against the two MMPs, while H-3, H-4 and H-5 could not be regarded 

as good inhibitors of any of the five enzymes. 
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5. Discussion 

Some of the compounds tested in the present studies have previously been tested against 

MMP-9 and MMP-14. We decided to retest these compounds as our experimental 

conditions varied from those previously used. The differences in experimental conditions 

and to which extent these differences resulted in different binding strengths of some of the 

compounds were depicted in detail in the papers of this thesis, and will not be discussed in 

the present chapter. The SAR of the tested compounds, including elucidation of the 

compound binding modes studied by docking, were also discussed in the three papers and 

will not be discussed in detail here in this chapter. The focus of the present chapter is on the 

most interesting compounds from these studies, and the use of zinc MP inhibitors as putative 

antivirulence compounds.  

 

5.1. Antivirulence strategy at the dawn of the post-antibiotic era 

In 1969, the general surgeon of the United States declared, “We have closed the chapter on 

infectious diseases due to antibiotics”. However, we are now in the post-antibiotic era, 

unfortunately, with many MDR bacteria which are responsible for infectious diseases 

substantially contributing to high mortality worldwide [8]. Very few new antibiotics are in 

the late-stage development pipeline, and according to a report from the International 

Diseases Society of America (IDSA) only one single new antibiotic has been approved by 

FDA since 2010. This report also concluded that only seven new antibiotics targeting MDR 

Gram-negative bacilli had completed phase II or phase III trials since 2010 [156]. If this 

situation continues, the prediction is that by the year 2050, around 10 million people will 

die yearly because of infections that are difficult to treat with available classical antibiotics 

[157]. The only way to control the current health crisis caused by MDR bacteria is to 

develop novel new strategies to fight these pathogens. Research contributing to the 

development of new antibacterial strategies with high selectivity and specificity to their 

target may give hope to overcome the critical situation in the coming years.  

The present thesis is focusing on a new and promising strategy that targets bacterial 

virulence rather than viability, by identifying inhibitors of the bacterial virulence factors 

PLN, ALN and TLN. This strategy may be an alternative sustainable solution to classical 
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antibiotics to defeat the increasing prevalence of antibiotic-resistant of bacterial infections 

and has been proposed as one of the most effective solutions to this health crisis that may 

improve the therapeutic options for bacterial infection [8]. As bacteria-derived proteases are 

essential for virulence, they are attractive pharmacological targets as they may be 

specifically inhibited while leaving normal host zinc MPs (including MMPs) functions 

intact [158]. In addition, anti-virulence agents do not affect commensal bacteria, thereby 

mitigating secondary infections. Importantly, bacterial SOS responses to their DNA damage 

are not affected by anti-virulence agents, and hence little side effects may occur compared 

to the present antibiotic treatment. The bacterial virulence factors PLN, ALN and TLN 

resemble several human zinc MPs, including the MMPs, in structure and function. Hence 

finding selective and specific inhibitors which only strongly inhibit bacterial zinc MPs with 

little or less inhibition of human zinc MPs is challenging, but would be strongly beneficial. 

The treatment of bacterial infections with MPs inhibitors will most often be for a shorter 

period of time, some milder side effects may therefore be accepted. In addion, bacterial MP 

inhibitors could serve as adjuvants, and this potential approach can prolong the lifespan of 

classical antibiotics by suppressing bacterial resistance or enhancing antibiotic efficacy.  

There may be some challenges with anti-virulence activity as well. The disruption of the 

virulence factor may imply fitness consequences for the bacteria, and this requires a more 

detailed understanding of the dynamics of action of the targeted virulence factor as well as 

the dynamics of their production. Chemical modification of the virulence factor might 

appear over time and can modulate its activity.[159] 

 

5.2. Putative consequences of off-target effects on human matrix 

metalloproteases  

In the present thesis MMP-9 and MMP-14 were chosen as representatives for human MMPs 

for studying putative off-target binding. The reason was that MMP-9 is the best studied 

among soluble MMPs, while MMP-14 is the best studied among the MT-MMPs [95]. 

MMPs are ubiquitously present in the human body and are found to involve in the regulation 

of many physiological processes. In most typical adult tissues MMPs remain at a balanced 

level between MMPs and tissue TIMPs, which maintains several biological activities [160]. 

Inhibition of the virulence factors that in addition create an imbalance between MMPs and 
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tissue TIMPs may affect several physiological processes such as morphogenesis, 

angiogenesis, tissue remodelling (e.g., cardiovascular remodelling), embryonic 

development, regulation of cell growth and death, and wound healing [161, 162]. 

Dysregulation of one or many of these MMPs (or TIMPs) can cause numerous serious 

health issues.  

In addition, several MMPs were also found to participate in the activation of other pro-

MMPs. For example, MMP-10 and MMP-3 have been identified to activate MMP-1, MMP-

7, MMP-8, and MMP-9, enhancing ECM degradation [163]. MMP-2 and MMP-13 were 

found to help in the cleavage of the pro-domain of pro-MMP-9 for its activation [164]. 

However, MMP-14 activates both MMP-2 and MMP-13 and, in the presence of TIMP-2, 

affects tumour invasion and metastasis by promoting cell migration [165]. The cross-

reactivity and interactions of MMPs can damage the ECM if the tight regulation of MMPs 

is not optimized [166]. The complex network and cross-reactivity of the MMPs as well as 

overlapping substrate recognition, make it challenging to understand the individual role of 

each MMP in the ECM. Off-target effect on one particular subtype of MMP during the 

treatment of bacterial infection may, therefore, also affect the regulation of other MMPs.  

Using MMP knockout mice as a model for examining MMPs in vivo is challenging because 

animal models may not show exact human conditions and mechanisms of diseases [167]. It 

might show different phenotypes based on different kinds of bacteria, different infection 

rates or different infection routes. Two individual studies used MMP knockout mice and 

their conclusion on the role of MMP-9 during infection was found contradictory to each 

other. Lee et al. showed that MMP-9 had a protective role in infection with Pseudomonas 

[168], whereas McClellan et al. showed the opposite [169]. Though these two studies 

suggested that MMPs were involved in infections, it is a big challenge for researchers using 

knockout mice as a model for human health to find when, where and which MMP is 

beneficial or detrimental during a particular infection, and hence complicates the work on 

drug discovery. 

A wide range of proteases of the M4 family secreted by P. aeruginosa is known to activate 

various pro-MMPs. The virulence factor PLN has been found to strongly activate pro-MMP-

1, -8 and -9 in vitro [170]. MMP-9 was found to be activated by TLN [49]. The excessive 

MMP activity results in uncontrolled ECM cleavage, directly contributing to tissue damage 
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of the host [167] and the dissemination of the bacteria. The level and activities of MMPs 

during infection depend substantially on different parameters, such as the bacterial species 

and its types of virulence, the route of infection, and the immune status and age of the host 

conditions etc.  Therefore, one of the benefits of drugs targeting a bacterial zinc MP known 

to activate one or more human MMPs is that it will also prevent uncontrolled MMP 

activation and tissue destruction in infected and nearby tissue. 

 

5.3. Promising compounds as a scaffold for future lead compounds   

Bacterial arthritis, particularly S. aureus-induced arthritis, is a disease with high morbidity 

leading to rapidly progressive bone resorption [171]. The bisphosphonates are found to be 

beneficial in clinical trials of osteoporosis as they can regulate bone turnover by suppressing 

osteoclast activity.  Zoledronic acid (ZA) is a third-generation bisphosphonate for the 

treatment of osteoporosis [172, 173]. All bisphosphonates are synthetic analogues of 

inorganic pyrophosphate (PPi), which is composed of easily-degraded phosphodiester (P-

O-P) bonds that connect the two phosphate groups of PPi. Contrary, bisphosphonates are 

the natural by-product of numerous metabolic reactions that is present in plasma and urine. 

Unlike  PPi, bisphosphonates contain two phosphate groups joined by stable, covalent bonds 

to a central carbon atom. Bisphosphonates can bind with a divalent cation such as Ca2+ and 

Zn2+ by coordination of two phosphonate groups. Their ability to chelate Zn2+ is the basis 

for the MP-inhibiting property of bisphosphonates [174]. In our study on bisphosphonates 

(Paper I), we found that one of the bisphosphonates (RC2) had a much stronger binding to 

the two virulent factors (PLN and TLN) than to the two human MMPs (MMP-9 and MMP-

14) and the third virulent factor (ALN). Based on the beneficial use of various 

bisphosphonates in clinical trials on osteoporosis, it appears that further studies including 

improvement of RC2 and tests against other human MPs and bacterial MP virulence factors 

would be favourable. RC2 or an RC2-derivative may be used as an antibacterial adjuvant.  

The binding strength of the RC2 compound for PLN (Ki = 22± 3 µM) was found to be 

comparable with the recently reported hydroxamate inhibitor of PLN (Kiapp = 12.3± 0.6 µM) 

by Kany et al. [121]. The binding modes and interactions with the active site of PLN of 

these two compounds were found to be very similar (Figure 8). They showed that their 

hydroxamate inhibitor was leaning toward the primed binding sites of PLN, which was 
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similar to RC2. One of the phosphate groups of the RC2 compound interacted with active 

site zinc atom, H223 and E141, while the other phosphate group interacted with R198 (two 

hydrogen bonds) and H223. Kany et al. also showed that the hydroxamate compound 

interacted with the same residues of PLN as RC2. Both the carbonyl oxygen and the 

hydroxamide oxygen of the hydroxamate compound coordinated with the zinc of the active 

site, giving a distorted trigonal bipyramidal geometry of zinc coordination. The carbonyl 

oxygen had a weaker interaction with His223 and the hydroxamide oxygen forms a 

hydrogen bond with the adjacent Glu141. The NH-group of RC2 interacted with the 

backbone of A113, while the amide nitrogen of hydroxamate interacted with the carbonyl 

group of Ala113. In TLN, we observed a binding pose quite similar to that described for 

PLN. The NO2-group of RC2 was located within the S1’-subpocket not deep into the pocket 

because of the side chain of R198. The aromatic core of hydroxamate compound was found 

to be away from Arg198 in the S1′ binding site which was contradictory to their previous 

study with thiol-containing inhibitors of PLN [142]. The interaction with Arg198 in the S1′ 

binding site was found to be important for the selectivity of MPs [136, 175] and our present 

study also revealed the same findings. However, the findings of  Kany et al. showed that 

the selectivity of proteases could indeed be achieved by sparing the S1′ pocket [121].  

 

 

Figure 8: Comparison of the binding mode and interaction with the active site residues of 

PLN by one hydroxamate compound called compound 7 (panel A) [121], and RC2 in Paper 

I Figure 5 (panel B). A. The structure of PLN is complex with compound 7 [121]. The 

active site zinc ion is grey, and the calcium ion is a green sphere. Residues involved in the 

binding of 7 are shown as sticks and interactions are represented as yellow dashed lines. B. 

Structure of PLN in complex with RC2. Zinc is shown as a dark grey sphere and the side 

chain of zinc coordinating amino acids is shown in blue (Paper I, Figure 5). 
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Hyroxamate is a strong zinc binder and has been used as a ZBG in many zinc MP inhibitors, 

including inhibitors of MMPs [120]. In addition, several of the more recent good inhibitors 

of PLN are also hydroxamates [121]. Hydroxamate inhibitors have not been tested in the 

present study, but previously our group found a promising hydroxamate compound (LM2) 

that bound stronger to the bacterial zinc MPs than to human MMP-2, MMP-9 and ADAM-

17 [57], suggesting that LM2 and LM2 derivatives can be a promising structural scaffold 

for developing compounds with high specificity against bacterial MPs. Testing of new LM2 

derivatives confirmed this assumption (unpublished work).   

In a study by Konstantinovic et al., N-aryl-3-mercaptosuccinimide inhibitors showed strong 

inhibition against PLN with IC50 values from 4-6 µM [117]. A study by Camberlein et al. 

showed moderate inhibition of PLN by N-aryl-3-mercaptoacetamide with an IC50 value of 

6.6 µM [136]. The IC50 values for RC2 in the present study were also in lower micromolar 

ranges for PLN and TLN. A comparison of the findings of the present study with those of 

others confirmed that  RC2 could be an interesting lead, which could serve as a scaffold for 

the rational development of selective MPs inhibitors as potential new antibiotics or 

adjuvants of classical antibiotics.  

Peptide-based inhibitor of ALN has been identified by a study where Ki value was found to 

be 346 nM [176]. The present study described small-molecule inhibitors of ALN. To our 

knowledge, this is the first time small molecules as ALN inhibitors have been described in 

the literature. The catechol-containing compound BF471 showed more than 50% inhibition 

of  ALN with Ki value around 49 µM and this finding will hopefully be a good start for 

developing potential ALN inhibitors with stronger affinity. 

Inactivation of the bacterial MBLs by removing the Zn2+ was found to be a very effective 

approach [177]. A highly selective zinc chelator is very important in the construction of an 

inhibitor of a zinc-dependent enzyme, as the metal chelators are generally toxic to the host 

cells [127]. In solution, metal chelating groups with nitrogen rather than oxygen as a donor 

atom are expected to bind weaker to sodium, calcium, potassium, iron and manganese or 

other relevant biological cation than to zinc [178]. Hence, compounds containing metal 

chelating groups with nitrogen as donor atoms may therefore show specificity for zinc MPs 

over other MPs. A study revealed that TPA containing nitrogen as donor atoms are Zn2+ 

chelators of MBLs. They showed that TPA derivatives Zn148 [179] and Zn155 [134] 
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strongly inhibited MBLs. In paper II, we found that some of these MBL inhibitors also 

inhibited zinc MPs, and the strongest inhibition was seen against PLN and human MMP-

14. Therefore, we can conclude that the present inhibitors of MBLs also might be relatively 

good inhibitors of the bacterial virulence factor PLN. In addition, this inhibition may 

strengthen the potency of Zn148 and Zn155 as antibacterial adjuvants against P. aeruginosa 

infections.  

The phosphinate compound H2 was found to inhibit all five MPs, while compound H1 was 

found to inhibit MMP-9 and MMP-14 (Paper III). Previous  X-ray crystallographic studies 

showed that these compounds interact with both primed and non-primed site residues of the 

MMPs [118, 180]. Occupation of both primed and non-primed binding sites of the bacterial 

zinc MPs was confirmed in paper III by docking. In addition, phosphinate compounds are 

transition state analogues and could be excellent small-molecule inhibitors of MPs. 

Chemical modification of the H-2 compound could give rise to useful inhibitors of bacterial 

MPs with increased selectivity. 

 

5.4. Putative methodological limitations  

The 3D structure of the enzymes is very important for their proper functioning of enzymes. 

Disruption of the structure by breaking the intermolecular bonds and interaction causes a 

loss of activity. Temperatures and pH beyond their optimal range can result in enzyme 

denaturation. Besides substrate and enzyme concentration, optimized pH of around 7.5 of 

the assay buffer and a temperature of 37ο C were maintained during enzyme kinetic 

experiments. Some very tiny technical errors, for example, pipetting and instrumental 

errors, might have some effect on the results. Therefore, we conducted each experiment 

with at least three parallels, sometimes even more, to reduce possible errors. In addition, 

incubation time, proper mixing of the components and reading the data continuously for 30 

minutes were all maintained at the best level to obtain a reliable outcome. 

However, accurate prediction of binding conformations and compound activity 

corresponding to the SAR based on docking is still a big challenge. Many uncertainties are 

associated with the docking and scoring of compound conformations. These could be a 

limited resolution of the crystal structure of targets and some inherent uncertainty; for 
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example, the enzymes themselves are not static. Atoms can vibrate, electron clouds may 

shift, and the last crystal structure might be an averaged atomistic position considered to be 

another source of uncertainty. However, though most structures in the PDB have a B-value 

or temperature factor associated with each atom to model this uncertainty, still, it is a 

prediction, mimicking the truth. Molecular mechanical parameters for zinc are problematic 

as zinc can change coordination during the binding and reaction and results in 

conformational changes. The parameterization of zinc is, therefore, challenging [113]. 

Due to steric clashes with the protein, compounds might be improperly docked, or even 

after being docked correctly, the score might be bad due to non-optimal ligand-protein 

contacts. In addition to problems associated with scoring, induced fit or other 

conformational changes that occur on binding and the participation of water molecules or 

ions in protein-ligand interactions are most challenging when it comes to comparing with 

the actual versatile cellular environment. However, a combined study of molecular 

modelling and inhibition kinetics to obtain the molecular interaction between ligands and 

the target was found to be an excellent methodological approach for finding potential 

inhibitors of bacterial zinc MPs. 
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6. Conclusion  

The strategy of targeting bacterial virulence factors does not directly cause bacterial cell 

death. Instead, they focus on mechanisms used by bacteria to cause infection and damage 

the hosts’ immune response. This therapeutic strategy has been found promising in reducing 

and preventing resistance formation within infectious pathogens as this exhibit reduced 

selective pressure on bacteria compared to traditional antibiotics.  

In the present study we have identified new inhibitors of the bacterial virulence factors PLN, 

TLN and ALN, and in that way obtain information that enriches the existing knowledge 

about the inhibition of bacterial zinc MPs. The bisphosphonate-containing compound RC2, 

DPA, and the TPA derivatives Zn148 and Zn155 showed anti-virulence potential against 

bacterial zinc MPs, especially for PLN, while the catechol-containing compound BF471 

was a promising inhibitor of ALN. Both Zn148 and Zn155 have previously been found to 

inhibit MBLs and the finding in the present study that they also inhibited PLN further 

support their significance as promising compounds. These compounds may also serve as 

scaffolds for the development of novel anti-virulence compounds. As an antibiotic adjuvant, 

these inhibitors can also help prolong the lifespan of available antibiotics by suppressing 

bacterial resistance or increasing antibiotic efficacy. Overall, the findings of the present 

study would contribute to enriching the list of potential anti-virulence agents that can be an 

enormous help against bacterial infection, especially against PLN, the main virulence factor 

of P. aeruginosa.  

7. Future perspectives  

The molecules that showed promising in vitro results by inhibiting the enzymatic activity 

of bacterial virulence factors need further testing. Testing the efficacy of anti-virulence 

agents on the biofilm formed by the pathogenic bacteria is in progress in our group. During 

P. aeruginosa infections, the complement system is targeted by PLN. Studying the 

depletion of complement factors by P. aeruginosa in the presence or absence of PLN 

inhibitors will also give information about their therapeutic value. Such studies have been 

described previously [181]. However, they should also be tested further in vivo to 

investigate their effects in cell culture and animal models. The artificial liposomes 

mimicking cell membranes could be used in sequestering bacterial virulence factors in both 

in vitro and in vivo studies. 
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ABSTRACT
Compounds containg catechol or bisphosphonate were tested as inhibitors of the zinc metalloproteases,
thermolysin (TLN), pseudolysin (PLN) and aureolysin (ALN) which are bacterial virulence factors, and the
human matrix metalloproteases MMP-9 and �14. Inhibition of virulence is a putative strategy in the devel-
opment of antibacterial drugs, but the inhibitors should not interfere with human enzymes. Docking indi-
cated that the inhibitors bound MMP-9 and MMP-14 with the phenyl, biphenyl, chlorophenyl, nitrophenyl
or methoxyphenyl ringsystem in the S10-subpocket, while these ringsystems entered the S20- or S1 -sub-
pockets or a region involving amino acids in the S10- and S20-subpockets of the bacterial enzymes. An
arginine conserved among the bacterial enzymes seemed to hinder entrance deeply into the S10-sub-
pocket. Only the bisphosphonate containing compound RC2 bound stronger to PLN and TLN than to
MMP-9 and MMP-14. Docking indicated that the reason was that the conserved arginine (R203 in TLN and
R198 in PLN) interacts with phosphate groups of RC2.

Compound RC2

Ki (μM)
TLN: 16.2 
PLN: 22
ALN: > 100
MMP-9: > 100
MMP-14: > 100

ARTICLE HISTORY
Received 8 November 2020
Revised 12 February 2021
Accepted 4 March 2021

KEYWORDS
Zinc proteases; bacterial
virulence factors; matrix
metalloproteases; enzyme
inhibition; docking
and scoring

Introduction

It is estimated that there are more than 60000 different pro-
teases1,2. In vertebrates they are involved in regulation of physio-
logic processes such as cell growth, angiogenesis, blood pressure,
coagulation, cell signalling, reproduction, wound repair, hemosta-
sis and homeostasis2–7. Proteases are either secreted from cells or
localised inside cells. They are divided into classes and clans
depending on the active site residues taking part in the catalytic
reaction (Merops database)8–10. The major classes found in all
organisms are aspartate-, threonine-, cysteine-, serine- and met-
allo-proteases, but in addition the classes glutamate-, aspargine-
and mixed-proteases have been detected in microorganisms
(Merops database)10.

Dysregulation of one or several proteases in humans is often
associated with disease3,4,11–14 and several proteases are potential

targets for therapeutic interventions15–18. In humans there are
around 570 different proteases and approximately 190 of these
are metalloproteases19. Of around 280 cell-secreted human pro-
teases, approximately 120 are metalloproteases2,19,20. Matrixins or
matrix metalloproteases (MMPs) is a family of secreted and mem-
brane associated calcium dependent metalloproteases which con-
tains a catalytic and a structural zinc ion11. MMPs belong to the
M10 family of proteases. In humans there are 23 different MMPs,
and MMP-9 and -14 are two of the members11. One or several
members of the MMP family are overexpressed and functionally
involved in pathological conditions such as chronic venous dis-
ease, fibrotic disorders, inflammation, liver diseases, lung diseases,
neurological diseases, osteoarthritis, viral infection, cardiovascular
diseases and in various cancer forms21. Several investigators both
in academia and industry have developed MMP inhibitors
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interacting with the active site. However, in clinical tests the vast
majority of MMP inhibitors have failed22 The most likely reason is
that the MMPs are of major importance in many physiological
processes such as cell apoptosis, embryogenesis, immune
response, morphogenesis, tissue remodelling, tooth enamel forma-
tion, reproduction, menstruation, wound healing, angiogenesis
and axonal growth13,21,23. MMPs are tightly regulated and
expressed in all human tissues and organs13,22,23, and therefore an
uncontrolled activity regulation of one or several MMPs by an
inhibitor should be avoided. In microorganisms, proteases are
involved in processes such as generation of nutrition, growth, sur-
vival and invasion into host organisms24–30. Bacterial infectious
diseases claim millions of casualties each year, and the spreading
of antibiotic multi-resistance among central human pathogenic
bacteria is recognised as a major global health concern and a
pressing societal challenge. Development of new antibiotics with
novel modes of action and innovative strategies to efficiently fight
bacterial infections are urgently needed. Inhibition of bacterial
virulence rather than directly targeting bacterial growth and via-
bility has gained increasing interests in anti-infective drug discov-
ery31,32. Such compounds may impose less evolutional pressure
for resistance development than classical antibiotics, and have lim-
ited impact on the host commensal flora. Several proteases are
bacterial virulent factors and therapeutically interesting as putative
antibacterial drug targets26–29,33. However, compounds targeting
bacterial virulence have so far not been approved as drugs34,35.

MMP-9 (gelatinase B) is secreted, while MMP-14 belongs to the
membrane type metalloproteases (MT-MMPs), and is also called
membrane type 1 metalloprotease (MT1-MMP). The MT-MMPs
contain either a transmembrane domain or a GPI-membrane
anchor, with the catalytic site located outside the cell in the extra-
cellular environment11. The MMPs are constituted of different
structural domains, and both MMP-9 and MMP-14 contain an N-
terminal prodomain, followed by a catalytic domain, a hinge
region and a C-terminal hemopexin like (HPX) domain. In MMP-14,
the HPX domain is followed by the transmembrane domain, while
MMP-9 contains three fibronectin-II like (FnII) repeats in the cata-
lytic domain11. The MMPs belong to the clan metzincins and the
catalytic zinc ion is bound to the protein through three histidines
of the segment (HEXXHXXGXXH/DþM)8,9. The fourth zinc ligand
in the inactive proform is the cysteine in the PRCGV motif of the
pro-domain36,37. The fourth zinc ligand in the activated MMPs is a
water molecule, that also binds to the side chain of the glutamate
that follows the first histidine in the zinc binding segment8,9.
MMP-9 can be activated in the extracellular environment by natur-
ally occurring proteases such as trypsin, kallikrein, MMP-2 and
MMP-3, but also by mercurial and organomercurial compounds
such as HgCl2 and APMA (p-aminophenylmercuric acetate) and
bacterial metalloproteases such as thermolysin (TLN) and pseudo-
lysin (PLN)37. MMP-14, like the other MT-MMPs, are activated
inside cells by the serine protease furin11. MMP-14 is the most
studied enzyme among membrane-linked MMPs, while MMP-9
(gelatinase B) is the most studied among secreted MMPs14,38.
Binding of inhibitors to the active site of MMP-14 and MMP-9
have been extensively studied both by kinetic and X-ray crystal-
lography39–47. The active sites of the MMPs are similar but not
identical. Their S1’-subpocket determines the substrate cleavage
site, and they all prefer hydrophobic amino acids in
this pocket48,49.

TLN from Bacillus thermoproteolyticus is the model enzyme of
the M4 family of proteases, which is also termed the thermolysin
family50. These enzymes have a zinc ion in the catalytic site, which
has tetrahedral coordination. Two histidines of a HEXXH motif and

a glutamic acid located 18–72 residues C-terminal to the HEXXH
motif are the three ligands that anchor the zinc ion to the
enzyme, while the fourth ligand is a water molecule as in the
MMPs, which also binds the side chain of the glutamate following
the first histidine in the zinc binding segment8,9,50. Inhibitors con-
taining a metal binding group replace the catalytic water mol-
ecule on the zinc ion when they bind the catalytic site51. TLN, PLN
from Pseudomonas aeruginosa (LasB or elastase of P. aeruginosa)
and aureolysin (ALN) from Staphylococcus aureus belong to the
subclan MA(E) of the M4 family, also known as the “Glu-
zincins”8,9,50. These three proteases have several similarities des-
pite a modest sequence identity (28% between TLN and PLN)52,53.
The three dimensional (3D) structures of PLN and TLN have been
extensively studied, also in complex with inhibitors, and reveal
large similarities in the overall structure. The main structural differ-
ences are that PLN consists of a slightly more open substrate
binding cleft than TLN, and that PLN has one structural calcium
while TLN has three53–55. For ALN only the 3D-structure of the
free enzyme is known56. Although PLN is not as well characterised
as TLN, it appears that the slight difference in substrate specificity
between the two enzymes is mainly due to the size of the S10-sub-
pocket and a more open substrate binding cleft in PLN than in
TLN. PLN has a broader substrate specificity than most other M4
family members including TLN, although all these enzymes prefer
a hydrophobic amino acid at the P1’ position. Furthermore, for
substrate degradation four subsites of PLN require to be
occupied50,53,55.

PLN, TLN and ALN are secreted bacterial virulence factors, and
inhibitors may be new antibacterial drugs, either alone or used as
adjuvant to traditional antibacterial treatment. PLN, TLN and ALN
have structural resemblance with human MMPs. In order to have
a therapeutic value, compounds targeting these virulence factors
should not interfere strongly with the function of human MMPs,
due to the importance of MMPs in physiological processes.
Identifying structural determinants for strong binding to the bac-
terial M4 proteases and human MMPs would therefore be of piv-
otal importance for the development of new antibacterial drugs.
In this study, we have studied several catechol containing and
bisphosphonate containing compounds for their inhibition of TLN,
PLN, ALN, MMP-9 and MMP-14 in order to identify new M4 inhibi-
tors and investigate structural determinants that might be import-
ant for selective binding using inhibition kinetic and
molecular modelling.

Results and discussion

Km values for the fluorescence quenched substrates

At conditions used in the present work (1% DMSO in all assays),
the Km values of the substrate McaPLGL(Dpa)AR-NH2 with APMA-
activated recombinant MMP-9 (rMMP-9(A)), trypsin-activated
MMP-9 from THP-1 cells (MMP-9(T)) and MMP-14 were 4 ± 1, 6 ± 2
and 4.9 ± 0.4 mM, while the Km values of the substrate
McaRPPGFSAFK(Dnp)-OH with ALN, PLN and TLN were 76 ± 7,
24 ± 8 and 6± 1 mM, respectively. The estimated Km values for ALN
and PLN must be regarded as uncertain since the highest sub-
strate concentration used was 10mM due to quenching. The
obtained Km values are very similar to those previously obtained
for theses enzymes without DMSO57 or with a DMSO concentra-
tion of 5%58. Previously it was reported that TLN is inactivated in
most organic cosolvents, but can tolerate up to 10% DMSO to
enhance substrate solubility59. For TLN, the Km value was also
determined with a DMSO concentration of 2%. This resulted in a
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Km value of 7 ± 1 lM which is not significantly different from the
value obtained in the presence of 1% DMSO.

Quenching experiments with catechol containing compounds
and bisphosphonates

All compounds were first tested for possible quenching of the
formed fluorescence product. The experiments were performed
with varying concentrations of the putative inhibitors (0� 100 lM)
against varying fluorescence product (McaPL-OH) concentration as
previously described for PAC-1 and Isatin derivatives58, and as
described in the experimental section. These experiments revealed
that in contrast to the PAC-1 and Isatin derivatives58, neither the
catechol derivatives nor the bisphosphonates used in the present
work quenched the fluorescence product. However, some of the
compounds showed fluorescence at the emission and excitation
wavelength used, but that did not affect the inhibitory assays as
enzymatic reactions were followed continuously.

Inhibitory effects of catechol containing compounds

The inhibitorial power of 100 lM of the eight catechol containing
compounds was tested against the two human metalloproteases
MMP-9(T) and MMP-14 and the three bacterial metalloproteases
ALN, PLN and TLN (Figure 1). In order to detect putative slow and
slow-tight binding, the catechol derivatives were first incubated
along with the enzyme for 15min at 37 �C. In controls without
inhibitor present, enzymes and buffer were preincubated under
identical conditions. Thereafter, the enzyme reaction was started
by adding the relevant chromogenic substrate and the rate was

followed continuously for 30min. Except for BF486, which did not
affect MMP-9, and BF482 which did not affect PLN, all cathecol
containg compounds showed inhibition of the five proteases
(Figure 1). Both BF471 and BF489 showed more than 50% inhib-
ition of all five proteases, while ML32 reduced the activity more
than 50% for four of the proteases (not for TLN). The activity was
reduced with more than 50%, by MT336 for the two MMPs, by
BF482 for MMP-9(T) and by ML33 for ALN (Figure 1). In all other
inhibitory studies with catechol containing compounds, the activ-
ity was reduced between 0 and 45%.

X-ray crystallography studies showed that BF471 binds to the
active site of MMP-860, and hence we could expect that all tested
catechol derivatives should bind the active site. To assure that this
is correct, the inhibitors BF471 and BF489 were tested against
varying McaRPPGFSAFK(Dnp)-OH using TLN as described in the
Experimental section. The results showed that the two catechol
derivatives competed with the substrate (data not shown) and the
Ki values obtained were 57± 6 lM for BF471 and 73± 11lM for
BF489. It should be noted that the reaction was started by adding
the enzyme to the substrate-inhibitor mixtures. In the case of slow
binding, the full potential of these inhibitors would not be real-
ised by this inhibitory assay. When the activity was reduced by
more than 60%, experiments were performed with varying con-
centrations of the catechol derivatives. IC50 values were obtained
from dose response plots, and Ki values were determined from
the IC50 values based on substrate competitive inhibition. By the
use of Ki values, we can compare the binding strength of the
compounds for the different enzymes and not only comparing the
compounds ability to bind one enzyme. The obtained Ki values of
the catechol contaning compounds for the five tested proteases
are given in Table 1. There are several possible explanations for
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Figure 1. Inhibitory effect of 100lM of the catechol containing compounds on the activity of the human metalloproteases, MMP-9 and MMP-14, and the bacterial
metalloproteases TLN, PLN and ALN. The inhibition experiments were performed by using a fixed concentration of 4lM of both the MMP-9 and MMP-14 substrate
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the deviation in determined Ki value of BF471 and BF489 for TLN
from the dose response plots and the double inverse plots. One
possible explanation is that the catechol compounds are slow
binders, and hence less inhibitory activity is observed without pre-
incubation of enzyme and inhibitor.

Figure 1 and Table 1 show that the position of the OH-groups
in the catechol moiety affects the binding. Moving the OH-group
from position 2 to position 4 (ML32 vs. BF471 and ML33 vs.
BF489) largely strengthen the binding for four of the enzymes,
while the effect was less for ALN. Another striking effect occurs
with the addition of a methylene group between the catechol
moiety and the sulphonamide group, which resulted in weaker
binding (BF489 vs. BF486 and ML32 vs. BF466). Changing the
sulphonyl group to a methylene group and the methylene
between the catechol moiety and the sulphonylamide moiety to a
carbonyl (BF466 vs. MT336) resulted in stronger binding for the
two MMPs, but with only limited activity changes for the bacterial
enzymes. Overall, it appeared that the structural differences
between the catechol derivatives had little effect on the ALN
activity, while the activity of the other four enzymes varied corres-
pondingly. None of the catechol derivatives showed stronger
binding to the bacterial than the human enzymes. The largest dif-
ferences in binding strengths between the human MMPs and the
bacterial proteases were seen for MT336.

Except for ML33, all catechol derivatives have previously been
tested for binding to MMP-2, MMP-8 and MMP-960. For six of
them, IC50 values for the enzymes between 2 and 12 mM were
reported. The exception was MT336, which had IC50 values
between 4 and 56 mM. The Ki values for MMP-9 in the present
study were higher than the IC50 values in the previous study, the
exception was MT336 for which we obtained a lower value. It is
not easy to point out a single factor in the experiments contribu-
ting to deviations between the studies. Both studies used a pH of
7.5 but the buffer compositions were slightly different. In the pre-
sent study, we used MMP-9 purified from THP-1 cells and acti-
vated by trypsin, and hence the enzyme has its C-terminal
hemopexin domain intact57. Tauro et al.60 used a commercial
active MMP-9 produced in E-coli that only contained the catalytic
domain and the fibronectin-like (FnII) module. We do not believe
that the use of the two different variants of MMP-9 should affect
binding of the catechol derivatives, as we previously have shown
that small MMP inhibitors, like galardin and an azasugar-based
hydroxamate compound had, the same strength of binding to dif-
ferent N- and C-terminal truncated variants of recombinant MMP-
9 and trypsin activated MMP-9 from THP-1 cells57. A factor that
may contribute to differences is that after preincubation of MMP-9

with catechol derivatives and adding of the substrate for starting
the reaction, we followed the reaction continuously for 30min,
while Tauro et al.60 used an endpoint assay allowing the reaction
to proceed for 2 to 4 h before the fluorescence was measured. We
did some tests to determine if some of these differences could
affect the binding results. In the test experiments, we used rMMP-
9(A) which differs from the MMP-9(T) by a slightly different N-ter-
minal and a largely truncated C-terminal HPX domain57. One hun-
dred mM of BF466 was tested where the 0.1M Hepes buffer pH
7.5 was exchanged to a 0.1M Tris-HCl buffer pH 7.5. The rMMP-
9(A) was preincubated with BF466 for 0, 15 and 30min at 37 �C
and the reaction was started by the addition of the substrate
McaPLGL(Dpa)AR-NH2 (4 mM in the assay) following the reaction
continuously for 3 h. The controls without BF466 were treated
identically. The obtained vi/v0 values for the three time points
were 0.74 ± 0.04 (N¼ 4), 0.68 ± 0.02 (N¼ 4) and 0.73 ± 0.05 (N¼ 4).
These results fit well with obtained data for MMP-9(T) in Hepes
buffer (Figure 1) suggesting that neither the buffer nor the origin
of the MMP-9 affected the binding of this inhibitor. Further, the
compound could not be regarded as a slow binder of MMP-9. We
also tested if the use of an end point assay could affect the
results. Here rMMP-9(A) was preincubated with different concen-
trations of BF482 for 30min in 0.1M Hepes pH 7.5 and the reac-
tion was started by the addition of McaPLGL(Dpa)AR-NH2 (4 mM in
the assay). The reaction was allowed to proceed for 4 h, and the
reaction was stopped by addition of EDTA (end concentration
10mM) and the relative fluorescence intensity determined. This
resulted in an IC50 value of 40 ± 1 mM and a Ki value of
20.1 ± 0.7 mM (Figure 2), while the vi/v0 value for 100 mM inhibitor
was similar to that in Figure 1. This suggests that the use of either
initial rate assays or end point assays is not a reason for the
obtained differences between this study and that of Tauro et al.60.

Docking
Docking of the catechol containing compounds into the X-ray
structure of MMP-9 (PDB ID: 5cuh) and MMP-14 (PDB ID: 1bqq)
showed that the biphenyl, bromophenyl and methoxyphenyl
group of the compounds enter the S1’ -subpocket. The interaction
modes of BF471 in MMP-9 and MMP-14 were very similar to that
observed in the X-ray structure of BF471 with MMP-860. In

Figure 2. Dose response plot of BF482 for MMP-9(A). The enzyme with and with-
out inhibitor was pre-incubated for 30min at room temperature and the reaction
was started by adding McaPLGL(Dpa)AR-NH2 (4lM in assay). The reaction was
allowed to proceed for 4 h at 37 �C and stopped by the addition of EDTA (10mM
end concentration). The relative fluorescence was determined with the Clariostar
plate reader as described in the Experimental Section, where vi and v0 are the
reaction rates in the presence and absence of BF482, respectively. Each point on
the curve shows the mean± sd (N¼ 5 for all points except for two points where
N¼ 4). The regression coefficient r2 is 0.97, with a determined IC50 value of
38.8 ± 0.9lM and a Ki value of 19.4 ± 0.4lM.

Table 1. Ki values of the catechol containing compounds for TLN, PLN, ALN,
MMP-14, and MMP-9(T).

Compound

Ki ± sd (lM)

McaRPPGFSAFK(Dnp)-OH McaPLGL(Dpa)AR-NH2

TLN PLN ALN MMP-14 MMP-9(T)

ML32 N.D. 38 ± 8 N.D. 19 ± 0.8 51 ± 17
BF471 13 ± 2 9± 3 49 ± 5 6.6 ± 0. 6 13 ± 2
BF489 14 ± 5 16 ± 3 N.D. 8.3 ± 0.6 12.6 ± 0.6
MT336 N.D. N.D. N.D. 12 ± 1 13 ± 1

Ki values determined for both bacterial and human metalloproteases using two
different fluorescence quenched peptide substrates, McaRPPGFSAFK(Dnp)-OH
(for TLN, PLN, and ALN) and McaPLGL(Dpa)AR-NH2 (for MMP-9(T) and MMP-14).
The concentration of the substrates used was 4 mM and the highest concentra-
tion of tested inhibitors was 100 mM. Compounds included are only those where
100 mM of the compound reduced the enzymatic activity by 60% or more as
described in the text. The Ki values are based on 4–6 experiments.
N.D.: not determined.
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contrast, docking catechol containing compounds into TLN (PDB
ID: 5dpe) and PLN (PDB ID: 1u4g) showed docking poses both
with the diphenyl, bromophenyl and methoxyphenyl groups
entering the S1- or the S10/S20 -subpockets. The cathecol contain-
ing compounds bind quite weak to ALN, and docking indicated
binding modes quite different from the other proteases (Figure 3).
It seems like the side chain of R203 in TLN, corresponding to R200
in ALN and R197 in PLN, is the main reason for the binding pose
differences between the human and bacterial proteases. For most
of the compounds, the arginine side chain orientation hinders the
biphenyl, bromophenyl and methoxyphenyl groups of the com-
pounds to enter deeply into the S1’-subpocket (Figure 3). This
arginine is known as functionally important for TLN-like proteases,
and is suggested to interact with a backbone carbonyl group of
the substrates61 and is located at the border between the S10- and
S20-subpockets. Table 2 shows the most important amino acids in
the different protease subpockets for binding the compounds in
the present study.

The highest scored pose of BF471 with TLN was with the
diphenyl moiety into the S20-subpocket, with the sulphonamide
group interacting between the side chain of R203, the side chain
of N112 in the S2’-subpocket and H231 (Figure 3). Both hydroxyl
groups of the BF471 catechol ring interacted with the Zn atom,

while the hydroxyl group in position 3 also created a hydrogen
bond with E143. However, the best pose of BF489 in TLN had the
bromophenyl entirely into the S10-subpocket, while a hydroxyl of
the catechol ring interacted with the backbone of W115 (S1-sub-
pocket) and the amide with E143, thereby obtaining a binding
pose quite similar to that observed for BF471 and the other cat-
echol containing compounds in MMP-9 and MMP-14 (Figure 3).

The highest scored pose of BF471 in PLN was with the
diphenyl moiety into the S1-subpocket interacting close to Y155,
while the catechol moiety entered into the region between the
S10- and S20-subpocket with the hydroxyl groups interacting with
R198 (Figure 3). The NH-group formed a hydrogen bond with
E141. Moving the hydroxyl group from position 2 (ML32) to pos-
ition 4 (BF471) of the catechol moiety resulted in increased bind-
ing affinity towards all enzymes. In PLN the change allowed
interactions between both hydroxyl groups of BF471 and R198,
while only one hydroxyl group of ML32 interacted with R198
which may explain the higher PLN affinity of BF471 than of ML32.

The compounds showed weak affinity for ALN (Figure 1), and
only BF471 reduced the enzymatic activity with more than 60% at
a concentration of 100 mM and a Ki value of 49lM was deter-
mined. BF471 obtained a docking pose in ALN quite different
from those in the other enzymes (Figure 3). The catechol hydroxyl
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groups formed hydrogen bonds with Q152 and N167 in the S1-
subpocket, while the NH group formed hydrogen bonds with the
backbone of W117 and with the biphenyl ring-system located
above the Zn2þand R200. The possibility of two hydrogen bonds
(with Q152 and N167) is perturbed for ML32 with the hydroxyl
group in position 2 (Figure 3). Instead the hydroxyl groups of
ML32 were occupied with Zn2þ, while diphenyl ring system was
highly exposed to solvent without clear interactions with amino
acids in ALN. Based on the docking it was not easy to explain the
increased binding affinity of BF471 for ALN compared with ML32.
Both compounds docked quite similar into the enzyme. However,
the meta-hydroxyl group (position 3) of ML32 was located further
from Y157 in the S1-subpocket without the possibility of a hydro-
gen bond, and in addition the sulphonamide group in ML32 was
located further from H231 than the corresponding group
in BF471.

Docking indicated that ML32 and ML33 bound similarly to
MMP-9 and -14. The hydroxyl group in position 2 of both com-
pounds formed hydrogen bonds with the two oxygen atoms of
the side chain carboxyl group of E402 (MMP-9 numbering). The
hydroxyl group in position 2 seems to replace the zinc-bound
water in the free enzyme, as it also interacted with the catalytic
zinc. The two oxygen atoms at the sulphonylamide group formed
hydrogen bonds with the main chain NH groups of L187 and
A189, while the amide hydrogen of the compounds formed
hydrogen bonds with the main chain carbonyl of P421. Thus the
main difference in binding strength between ML32 and ML33 for
MMP-9 and -14 is mainly attributed to the difference in interaction
with the S1’-subpocket by the diphenyl and the methoxy-
phenyl group.

The position of the OH– groups in the catechol in relation to
the position of the amide nitrogen bound to the catechol seemed
important for inhibitory capacity of the compounds. Moving the
hydroxyl in position 2 of ML32 and ML33 into position 4 (BF471
and BF489) seemed to strengthen binding to MMP-9 and MMP-14
(Table 1, Figure 1). BF471 docked into MMP-9 with the hydroxyl
group in position 3 forming a hydrogen bond with the side chain
of E402, while the hydroxyl group in postion 4 interacted with the
backbone CO of A191. Both hydroxyl groups of BF471 and BF489
also interacted with Zn2þ, while only the hydroxyl group in pos-
ition 2 of ML32 and ML33 interacted with Zn2þ. Introduction of a
methyl group between sulphonylamide moiety and the catechol
ring of BF489 giving compound BF486 resulted in decreased
inhibition of all enzymes (Figure 1). Docking indicated that the
bromophenyl group of BF486 was deeper into the S1’-subpocket
of MMP-9 and -14 than that of BF489, and one of the oxygen at
the sulphonylamide group formed a hydrogen bond with the
main chain nitrogen of Y423 and not with A189 and L188 as seen

for BF489. Furthermore, one side chain carbonyl oxygen of E402
formed a hydrogen bond with the NH group of the sulphonyla-
mide moiety of BF486, while the other E402 carbonyl oxygen
interacted with the hydroxyl group in positon 3 of the catechol. In
addition, the position 3 hydroxyl group interacted with the back-
bone CO of A191. These overall changes result in weaker binding
of BF486 than of BF489.

MT336 differs from BF466 in that the sulphonyl group of BF466
is replaced by a methylene group, and the methyl group between
the sulphonylamide moiety and the catechol ring by a carbonyl
group. Hence MT336 contains an amide bond, which improved
the binding for MMP-9 and MMP-14 compared to BF466, but not
for the bacterial enzymes (Figure 1 and Table 1). Docking into
MMP-9 and MMP-14 showed that the carbonyl of MT336 was
much closer to the catalytic zinc atom than any of the oxygen
atoms of the sulphonylamide moiety of BF466, and in addition,
the hydroxyl group in position 2 of the catechol was also closer
to Zn2þ.

Inhibitory effects of bisphosphonates

Figure 4 shows the inhibition of 100 lM of the seven bisphospho-
nates. Replacing the catechol moiety of ML32 and BF471 with a
bisphosphonate giving MT242, and the catechol moiety of ML33
giving LS4, had either no effect or reduced the binding (Figures 1
and 4). Adding a methoxy group to position 4 of the phenyl
group (RC14 to LS4) had almost no effect of the binding, except
for PLN where the binding was strengthened. The addition of a
strong electron withdrawing group (NO2) at the position 4 of the
phenyl group, giving RC2 resulted in a much stronger binding to
PLN and TLN than to the two MMPs (Figure 4 and Table 3).
However, for ALN the binding strength was almost similar to that
without the NO2 group (RC14) or with a methoxy group at the
phenyl ring (LS4) (Figure 4). The binding of RC2 to ALN was even
weaker than for the two human MMPs (Figure 4). Removal of the
sulphonyl group from the bisphosphonate of RC14 giving GD16
had limited effect on the binding of the five proteases (Figure 4).
Addition of a chloride ion at position 4 of the phenyl group of
GD16 giving ML45 resulted in enhanced binding to all proteases
except for TLN (Figure 4 and Table 3). Addition of an additional
phenyl ring to position 4 of the phenyl group of GD16, giving
MT363, gave much stronger binding for four of the proteases.
However, the binding was reduced for ALN (Figure 4 and Table 3).
Most bisphosphonates bound weaker to ALN than to the
other proteases.

The seven bisphosphonate compounds were also previously
tested against various MMPs including MMP-9 and MMP-1462,63.
As for the catechol derivatives, the results for some of the

Table 2. Functionally important amino and amino acids in the S1-, S10- and S20-subpockets of TLN, PLN, ALN, MMP-9, and MMP-14 contributing to the binding of cat-
echol or bisphosphonate containing compounds tested in the present study.

TLN PLN ALN MMP-9 MMP-14

S1-subpocket W115, Y157 W115, Y155 W117, Q152, N167 H190, P193 F204
S10-subpocket L133, V139, H142, I188 L132, V137, H140, I190 V137, H144, I186, V189 L397, V398, H401, L418,

Y420, P421, Y423,
R424, T426

L199, E219, W221,
N231, H239

S20-subpocket N111, F130, Y193, L202 E111, F129, L197 N114, F132, L199 G186, L187, Y218 L235, V236, Y261, Q262
Catalytic Glu E143 E141 E145 E402 E240
Known inhibitor

binding residues
N112, A113, F114,

R203, H231
E111, N112, A113,

R198, H223
N112, Y114, R200, H228 A189, H190, A191 A200, H201

Zn2þ ligated H142, H146, E166 H140, H144, E164 H144, H148, E168 H401, H405, H411 H239, H243, H248

The subpocket amino acids of MMP-9 in the table are based on the X-ray structure of the inactive MMP-9 mutant E402A lacking the pro, FnII, hinge and HPX
domains bound to a chromogenic substrate (PDB id: 4JIJ)71, while the numbering is as in the PDB id: 1l6j, which includes the three FnII-like repeats in the catalytic
site72. The subpocket amino acids of TLN are based on Krimmer et al.73. Subpocket amino acids of the other enzymes are based on structural superimposition with
TLN (PLN and ALN) and MMP-9 (MMP-14).
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compounds varied slightly from the present results for MMP-9 and
MMP-14. A difference between the assays was that in the present
study we used a preincubation time of 15min at 37 �C, while
Rubino et al. 201162 and Tauro et al. 201363 used 30min at 25 �C.
Another important difference was that in the present work we fol-
lowed the reaction continuously for 30min after preincubation,
while Rubino et al. 201162 and Tauro et al. 201363 used an end
point assay where the reaction was stopped by adding 3% of
acetic acid after 2–4 h of incubation, followed by fluorescence
measurements. These differences in assay conditions are not likely

explanations for the small differences in the obtained binding val-
ues as previously discussed for the catechol derivatives.

Docking
Docking indicated that like the catechol containg compounds, the
bisphosphonates bind MMP-9 and MMP-14 with the phenyl,
biphenyl, chlorophenyl, nitrophenyl or methoxyphenyl ringsystem
into the S10-subpocket (Figure 5). The phosphate and sulphona-
mide groups were located in the region of Zn2þ, E402, A189,
L187, L188, and V398 (MMP-9 numbering). However, docking into
TLN and PLN was not conclusive, and docking poses with these
ringsystems into the S1- or S10/S20-subpockets of TLN and PLN
were observed for most of the compounds. Notable features from
the binding studies were that RC2 inhibits TLN and PLN stronger
than ALN and the two human MMPs, while MT363 is a decent
inhibitor of all enzymes, except ALN (Figure 4, Table 3).

Docking of RC2 into PLN showed that one of the phosphate
groups interacted with Zn2þ, H223 and E141, while the other phos-
phate group interacted with R198 (two hydrogen bonds) and H223.
The NH-group interacted with the backbone of A113. The NO2-group
was located within the S10-subpocket close to the side chain R198, the
backbone NH-group of G187 and the side chain of the zinc-coordinat-
ing H140 (Figure 5). However, docking poses in PLN with the nitro-
phenyl group of RC2 in the S1-subpocket were also observed. In TLN,
poses quite similar to that described in PLN were observed, but the
highest scored was with the nitrophenyl group into the S1-subpocket
interacting with Y157 and with the nitro group exposed to solvent.
The sulphonamide group interacted with N112 and H231. One of the
phosphate groups interacted with Zn2þ, and the side chains of R203
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Table 3. The obtained Ki values of the various bisphosphonate containing com-
pounds for TLN, PLN, ALN, MMP-14 and MMP-9.

Compounds

Ki ± sd (mM)

McaRPPGFSAFK(Dnp) McaPLGL(Dpa)AR-NH2

TLN PLN ALN MMP-14 MMP-9(T)

LS4 N.D. 58 ± 4 N.D. N.D. N.D.
RC2 16.2 ± 0.4 22 ± 3 N.D. N.D. N.D.
ML45 N.D. 37 ± 6 N.D. 17 ± 1 N.D.
MT363 7 ± 1 12 ± 4 N.D. 7.2 ± 0.6 6.6 ± 0.4

The Ki values for both bacterial and human metalloproteases were measured
with two different fluorescence quenched substrates, McaPLGL(Dpa)AR-NH2 (for
MMP-9 and MMP-14) and McaRPPGFSAFK(Dnp)-OH (for TLN, PLN and ALN). The
concentration of the substrates used was 4 mM and the highest concentration
of the inhibitor compounds tested was 100 mM. Compounds tested were only
those where 100 mM of the compound reduced the enzymatic activity by 60%
or more. The Ki values are based on 4–6 experiments.
N.D.: not determined.
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and E143, while the other interacted with the side chain of R203 and
N112. In MMP-9 and -14, RC2 bound with the the nitrophenyl group
into the S10-subpocket (Figure 5). In MMP-14, the phosphate groups
were involved in a network of interactions with Zn2þ and E240, back-
bone NH and CO of A200, and the backbone NH groups of L199 and
Y261, in addition to being exposed to solvent. The phosphate groups
of RC2 had fewer strong interactions with the enzyme in the MMPs
than in PLN and TLN, which may contribute to stronger interactions
of RC2 with TLN and PLN than with the MMP-9 and -14.

Except for ALN, MT363 binds quite strong to all enzymes. In
PLN the biphenyl group of MT363 was located within the S2’-sub-
pocket, while one the phosphate groups interacted with Zn2þ,
E141 and the backbone NH of W115, while the other interacted
with N112, F114, in addition to being quite solvent exposed.
However, docking poses with the biphenyl group into the S1-sub-
pocket were also obtained. In TLN, MT363 docked best with the
biphenyl group into the S1-subpocket obtaining stacking interac-
tions with Y157, while also poses with the biphenyl into the S20-
subpocket were obtained. In the best docking pose the phosphate
groups interacted with Zn2þ, R203 and H231, while the other
pointed into the S20-subpocket and interacted with N112 (Figure
5). In the MMPs, the biphenyl moiety was in the S10-subpocket,
while the bisphosphonate group interacted with Zn2þ, the side

chain of E402 (MMP-9 numbering), V398, the backbone of A189,
in addition to being exposed to the solvent.

Conclusion

Several of the tested MMP-inhibitors were identified as strong TLN
and PLN inhibitors, while only BF471 inhbited ALN activity with
more than 60%. Both tested catechol containing compounds and
bisphosphonates bound MMP-9 and �14 with the the phenyl,
biphenyl, chlorophenyl, bromophenyl, nitrophenyl or methoxy-
phenyl ringsystem into the structurally flexible S10-subpocket. In
TLN, PLN and ALN, the contribution of a postively charged argin-
ine (TLN; R203, PLN; R198, ALN; R200) at the entrance of the S10-
subpocket hinders that these functional groups fully enter the S10-
subpocket of the bacterial enzymes. Instead these groups occupy
the S1- or the S20-subpocket, or are located at the entrance of the
S10-subpocket. However, interactions with the arginine seem to be
an important factor for strong binding to the bacterial proteases.
RC2- bound stronger to TLN and PLN than to the MMPs. RC2 may
be used as a scaffold to identify new compounds that bind much
stronger to the bacterial virulence factors TLN and PLN than to
the human MMPs, and hence have a therapeutic potential as

PLN-RC2PLN-MT363

TLN-RC2TLN-MT363

F130 F130

W115 W115

N112 N112
E143 E143

L202

L202
R203 R203

H231 H231Y157Y157

W115 W115
E141 E141

F129F129V137 V137

D136D136

L197

R198

L197

R198H223H223
Y155Y155

MMP9-MT363 MMP14-RC2

A191

Y423

R424

T426
L418

A189

E402

V398

L188
L187

E240

F198

A200 L199

P259 Q262

Y261

F260

V236

Figure 5. MT363 and RC2 docked into PLN, TLN MMP-9 (MT363) and MMP-14 (RC2). TLN, PLN and MMP-9. Zinc is shown in dark grey. The side chain of zinc coordi-
nating amino acids are shown in blue. The side chains of some amino acids of importance for ligand binding are displayed with the following colour coding of atoms:
oxygen: red; nitrogen: blue; carbon: yellow; hydrogen: grey. Colour coding of ligand atoms: oxygen: red; sulphur: green; nitrogen: blue; phosphate: orange; hydrogen:
grey; carbon – MT363: purple; carbon – ML32: orange.
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virulence factor inhibitors and represent a new strategy in the
fight against drug resistant bacterial infections.

Experimental section

Materials

TRIS, DMSO, Na2HPO4 and sodium acetate were from Merck
(Darmstadt, Germany). EDTA was from Fluka (Buchs, Switzerland).
Acrylamide, Commassie Brilliant Blue G-250 and Triton X-100 were
from BDH (Poole, UK). RPMI 1640, streptomycin, penicillin, phorbol
12-myristate 13-acetate (PMA), Hepes, Brij-35, Silver nitrate, alka-
line phosphatase-conjugated antibodies and gelatine were pur-
chased from Sigma (St Louis, MO, USA). Gelatine-Sepharose, Q-
Sepharose and Sephadex G-50 (fine) were from GE-Healthcare
(Uppsala, Sweden). DC Protein Assay and unlabelled molecular
weight standards were from BioRad (Richmond, CA, USA). Magic
Marker molecular weight standards were from Invitrogen
(Carlsbad, CA, USA). Western Blotting Luminol reagent and HRP-
conjugated donkey anti-goat secondary antibody were from
Sancta Cruz (Santa Cruz, CA, USA). HRP-conjugated goat anti-rab-
bit secondary antibody was from Southern Biotech (Birmingham,
AL, USA). Foetal bovine serum was from Biochrom AG (Berlin,
Germany). Human MT1-MMP/MMP-14 (catalytic domain), TLN and
PLN were from Calbiochem (San Diego, CA, USA) and Aureolysin
was from BioCentrum Ltd (Krak�ow, Poland). McaPLGL(Dpa)AR-NH2

(ES001) and McaRPPGFSAFK(Dnp)-OH (ES005) were from R&D
Systems (Minneapolis, MN, USA).

Synthesis of compounds

Synthesis of compounds tested in the present study was reported
previously60,62,63.

Biosynthesis of proMMP-9

The human leukemic monocyte cell-line THP-1 was a kind gift
from Dr. K. Nilsson, Department of Pathology, University of
Uppsala, Sweden. The cells were cultured in RPMI 1640 medium
with 10% foetal bovine serum, 50lg/ml of streptomycin, and
100 units/ml of penicillin. To isolate secreted cell-synthesized
proMMP-9, the cells were washed 3 times in serum-free medium
and then cultured for 72 h in serum-free RPMI 1640 medium with
0.1lM PMA as described previously64,65. Conditioned medium was
harvested, loose cells were pelleted by centrifugation at 1200 rpm
(200 g) for 10min. ProMMP-9 was thereafter isolated and detected
as described below.

Purification and activation of proMMP-9 from the THP-1 cells

The proMMP-9 in conditioned medium from the THP-1 cells was
partly purified as described previously57,65,66. SDS-electrophoresis
under reducing conditions, followed by either silver or Coomassie
Blue staining, showed two bands, a major band at 92 kDa and a
minor band at 28 kDa. Western blotting revealed that the 92 kDa
band was proMMP-9, and the 28 kDa band was TIMP-1. The
amount of proMMP-9 was estimated spectrophotometrically at
280 nm using e280nm¼114,360 M�1 cm�1 67, ignoring the contribu-
tion of TIMP-1.

The purified proMMP-9 was activated by trypsin, by mixing
approximately 300 mg of proMMP-9 with trypsin (31 lg/ml) for
10min at 37 �C in 0.1M Hepes pH 7.5, 0.005% Brij35% and 10mM
CaCl2. The activation and processing of MMP-9 were terminated

by adding a 50 times excess of SBTI (2.7mg/ml) in relation to tryp-
sin and after 10min incubation at room temperature, the mixture
was transferred and kept on ice during the kinetic and inhibition
kinetic measurements. After activation, the activity was deter-
mined with 10 mM of McaPLGL(Dpa)AR-NH2 in 0.1M Hepes pH 7.5,
0.005% Brij35% and 10mM CaCl2 in a total assay volume of
100 mL, at 37 �C. Initial rates were measured at an excitation wave-
length of 320 nm and an emission wavelength of 405 nm with a
slit width of 10 nm using a Perkin Elmer LS 50 Luminescence spec-
trometer and the FL WinLab Software Package (Perkin Elmer). The
amount of active MMP-9 was determined by active site titration
using galardin as described previously57.

Expression, purification and activation of recombinant human
proMMP-9 in Sf9 insect cells

The expression and purification of recombinant human full-length
proMMP-9 (rpMMP-9) from Sf9 insect cells were performed as
described previously57. The amount of proMMP-9 was estimated
spectrophotometrically at 280 nm using e280nm¼114,360M�1 cm�1

57. Activation of the recombinant proMMP-9 was performed with
APMA (auto-activation) as described previously57. The amount of
active MMP-9 was determined by active site titration using galar-
din also described previously57.

Determination of Km values

Km values were determined for McaPLGL(Dpa)AR-NH2 with APMA-
activated recombinant MMP-9 (rMMP-9(A)), trypsin-activated MMP-
9 from THP-1 cells (MMP-9(T)) and MMP-14, and for
McaRPPGFSAFK(Dnp)-OH with ALN, PLN and TLN. Substrate con-
centrations used were 1–10 mM in a total volume of 100 mL of
0.1M Hepes pH 7.5 containing 10mM CaCl2, 0.005% Brij-35 and
1.0% DMSO. Substrate concentrations above 10 mM resulted in
quenching as reported previously58. Initial rate experiments were
performed as described above for the determination of enzyme
activity of MMP-9 during activation and the same excitation and
emission wavelengths were used for both substrates.

Determination of IC50 and Ki values

The various inhibitors were dissolved in 100% DMSO giving an
inhibitor concentration of 10mM. All the inhibitory and control
experiments contained a total and fixed concentration of 1.0%
DMSO. The inhibitory constant IC50 of the various compounds
were performed with inhibitor concentrations ranging from 10�10

to 10�4M in the assay, with a fixed substrate concentration of
4.0 mM in a total volume of 100 mL 0.1M Hepes pH 7.5, 10mM
CaCl2, 0.005% Brij-35 and 1.0% DMSO, except for ALN where the
substrate concentration was 5.0mM. The fixed enzyme concentra-
tion were as follows; 0.28 nM MMP-9(T), 0.05 nM MMP-9(A), 1.0 nM
MMP-14, 1.4 nM ALN, 0.5 nM PLN and 0.21 nM TLN. Enzymes with
and without inhibitors were pre-incubated for 15min at 37 �C, the
initial rate assays were started by adding the substrate and the
reaction was followed for 30min. Assays were performed using a
Spectra Max Gemini EM micro-plate reader (Molecular Devices) or
a Clario Star micro plate reader (CLARIOstarVR BMG LABTECH).
Assays were performed at 37 �C, using an excitation wavelength
of 320 nm and an emission wavelength of 405 nm with a slit width
of 10 nm. The IC50 values were calculated either in Sigma Plot
(Enzyme kinetics 1.3 module) or in Graph Pad Prism 5 using
Equations (1) or (2) depending on the concentration span of the
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used inhibitor:

vi
v0

¼ 1

ð1þ 10 pIC50�pIð ÞÞ (1)

vi
v0

¼ 1

1þ ½I�
IC50

� � (2)

where vi is the enzyme activity in the presence of inhibitor, v0 the
activity in the absence of inhibitor, pI¼�log [Inhibitor] in M and
pIC50 ¼ �log IC50 in M. All experiments were performed in at
least triplicate.

For substrate competitive inhibitors, Equations (3) shows the
relation between IC50 and Ki values based on the fixed concentra-
tion of substrate used and the enzymes Km value for the sub-
strate:

IC50 ¼ Ki ð1þ ½S�=KmÞ (3)

Quenching experiments

Some of the catechol and biphosphate derivatives showed a con-
centration dependent fluorescence at wavelengths used for the
McaPLGL(Dpa)AR-NH2 and McaRPPGFSAFK(Dnp)-OH substrates. To
determine to which extent these derivatives could quench the
time dependent enzymatic increase in the fluorescence product of
the processed substrate, quenching experiments were performed
as described previously58. Briefly, the fluorescence (kex¼320 nm,
kem¼405 nm, slit width ¼ 10 nm) of various concentrations of the
fluorescent product of the substrate McaPLGL(Dpa)AR-NH2,
McaPL-OH (0–100 nM), was determined in absence and presence
of various concentrations of the catechol and bisphosphonate
derivatives (0–100 mM). Primary and secondary plots were used to
determine whether the catechol and bisphosphonate derivatives
quenched the McaPL-OH fluorescence.

Docking

The internal Coordinate Mechanics (ICM) program version68 was
used for docking of catechol containing compounds (ML32,
BF471, ML33, BF489, BF486, BF482, BF466, MT336) and bisphosph-
onate containing compounds (RC14, LS4, RC2, MT242, GD16,
ML45, MT363) into the target proteases. The X-ray crystal struc-
tures of PLN (PDB-code:1u4g), TLN (PDB-code: 5dpe), MMP-9 (PDB-
code: 5cuh, ALN (PDB-code: 1bqb) and MMP-14 (PDB-code:1bqq)
were collected from the PDB database and used for docking.
Crystallographic water molecules were removed along with the
co-crystallized small molecule inhibitors. Hydrogen atoms were
added and optimised using the ECEPP/3 force field before the
structures were refined and minimised. The various inhibitors
were built using ICM and minimised before docking. The binding
modes of the inhibitors in the X-ray structure complexes PLN
(1u4g), TLN (5dpe) and MMP-9 (5cuh) were used to define the
binding pocket for docking into these enzymes, using grid maps
that included all amino acids within 5 Å of the cocrystallized inhib-
itors. However, X-ray crystal structures with small molecule inbi-
tors were not available for ALN and MMP-14. For ALN, the X-ray
structure without inhibitor (1bqb) was superimposed with the PLN
complex (1u4g) and the inhibitor in the PLN complex was used to
create docking grids including all amino acids within 5 Å of the
PLN inhibitor. For MMP-14, the X-ray crystal structure of MMP-8
with the inhibitor BF471 (PDB id: 5h8x) was superimposed with
the MMP-14 structure in complex with TIMP-2 (1bqq) and binding
mode of BF471 in MMP-8 was used to create docking grids within

5 Å of BF471. After ceating grid maps, semi-flexible docking was
performed where the enzymes were kept rigid while the ligands
were structurally flexible. Each docking was run in three parallels.
Ligand conformer sampling in vacuo and Monte Carlo global
energy optimisation were used to generate docking poses69, while
the poses were scored using the Virtual Ligand Scoring (VLS) mod-
ule of the ICM program. The VLS scoring function uses steric,
entropic, hydrogen bonding, hydrophobic and electrostatic terms
to calculate the score and also includes a correction term propor-
tional to the number of atoms in the ligand to avoid bias towards
larger ligands70.
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Abstract: Inhibition of bacterial virulence is believed to be a new treatment option for bacterial
infections. In the present study, we tested dipicolylamine (DPA), tripicolylamine (TPA), tris pyridine
ethylene diamine (TPED), pyridine and thiophene derivatives as putative inhibitors of the bacterial
virulence factors thermolysin (TLN), pseudolysin (PLN) and aureolysin (ALN) and the human zinc
metalloproteases, matrix metalloprotease-9 (MMP-9) and matrix metalloprotease-14 (MMP-14). These
compounds have nitrogen or sulfur as putative donor atoms for zinc chelation. In general, the
compounds showed stronger inhibition of MMP-14 and PLN than of the other enzymes, with Ki

values in the lower µM range. Except for DPA, none of the compounds showed significantly stronger
inhibition of the virulence factors than of the human zinc metalloproteases. TPA and Zn230 were
the only compounds that inhibited all five zinc metalloproteinases with a Ki value in the lower µM
range. The thiophene compounds gave weak or no inhibition. Docking indicated that some of the
compounds coordinated zinc by one oxygen atom from a hydroxyl or carbonyl group, or by oxygen
atoms both from a hydroxyl group and a carbonyl group, and not by pyridine nitrogen as in DPA
and TPA.

Keywords: bacterial virulence factors; matrix metalloproteases; zinc chelators; enzyme inhibition;
docking; molecular interactions

1. Introduction

Proteases (proteinases, peptidases, proteolytic enzymes) are involved in a variety of
biological processes and comprise many enzymes in different families with structural and
catalytic diversity. All proteases have a common ability to hydrolyze peptide bonds [1–3]. In
humans, proteases are associated with different physiological processes including cellular
signaling and growth, angiogenesis, blood pressure regulation, coagulation, intestinal
absorption of nutrition, reproduction, wound repair, hemostasis, and homeostasis [3–7].
In microorganisms, proteases are involved in processes such as generation of nutrition,
growth, survival, virulence, and formation of biofilm [8,9]. Dysregulation of human
proteases may contribute to disease, and several human proteases are targets for therapeutic
interventions [10–12], while several bacterial proteases are considered as important targets
for the next generation of antibacterial drugs [10,13,14].

Metalloproteases are a heterogeneous group of proteases using a metal ion to bind
the substrate and polarize a water molecule to perform the hydrolytic reaction. One of
the human enzyme families that utilize a zinc-ion in the hydrolytic reactions is the matrix
metalloproteases (MMPs). They belong to the M10 family of proteases [15], are calcium-
dependent, and contain both a catalytic and a structural zinc ion [16]. The catalytic zinc is
coordinated by three histidine residues and a water molecule in activated MMPs [17,18], and
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they are classified by the MEROPS database in the subclan metzincins [15]. MMPs are often
overexpressed and functionally involved in a wide range of pathological conditions and are
considered important drug targets [10,11,19–22]. However, the development of clinically
relevant MMP inhibitors for therapeutic interventions has so far shown limited success,
with a lack of efficacy and severe side effects in clinical trials [23,24]. More knowledge about
the regulation of MMPs in different tissues and organs may be necessary so that compounds
that promote positive effects and inhibit deleterious effects of specific MMPs for disease may
be developed. In humans, there are 23 different MMPs. Most of them are secreted from cells
as inactive proenzymes, while six are membrane-anchored through a type I transmembrane
domain or a glycosyl-phosphatidyl-inosityl (GPI) moiety [16]. Membrane-anchored MMPs
have the catalytic site extracellularly and are also called membrane-type metalloproteases
(MT-MMPs). MMP-9 (gelatinase B) is the most studied secreted MMP, while MMP-14 (also
called MT1-MMP) is the most studied MT-MMP. Several three dimensional (3D) structures
of MMP-9 with and without inhibitors are known from X-ray crystallography [25], while
3D structures of MMP-14 in complex with a small molecular inhibitor are not published,
but a complex of MMP-14 with the tissue inhibitor-2 of matrix metalloproteases (TIMP-2)
is deposited in the PDB-database (PDB id: 1BQQ).

The zinc-metalloproteases thermolysin (TLN) from bacillus thermoproteolyticus, pseu-
dolysin (PLN) from pseudomonas aeruginosa (LasB, or elastase of P. aeruginosa) and aureolysin
(ALN) from staphylococcus aureus are secreted bacterial virulence factors that belong to the
M4 family of proteases [13,15]. In the active enzymes, the catalytic zinc is coordinated
by two histidines, a glutamic acid and a water molecule. In addition to the catalytic zinc,
TLN has four calcium ions, while ALN has three and PLN has two. These enzymes are
classified by the MEROPS database in the subclan gluzincins [15]. The secreted virulence
factors degrade extracellular proteins and peptides of the host for bacterial nutrition and
contribute to biofilm formation. The spread of antibiotic multi-resistance among central
human pathogens is recognized by the World Health Organization (WHO) as a major
global health concern and a pressing societal challenge, and new treatment options are
needed to combat the spread [26]. Compounds inhibiting the virulence and not directly
targeting the growth and viability may be an alternative treatment to present antibiotics,
either alone or as an adjuvant to antibacterial drugs [27–30], and PLN, TLN and ALN are
therefore interesting drug targets. The 3D structures of TLN and PLN were extensively
studied with and without inhibitor [25], while only the 3D structure of the free enzyme is
known for ALN (PDB id: 1BQB).

The ratio of the effect on virulence factors over effects on human zinc metalloproteases
should be optimized to increase the therapeutic value of potential antibacterial drug
candidates. The zinc metalloproteases cleave protein and peptide substrates at the N-
terminal side of the amino acid occupying the S1’-subpocket. MMPs and virulence factors
of the M4 family preferentially accept hydrophobic amino acids in the S1’-subpocket as
shown in the MEROPS database [15], indicating structural similarities in their catalytic
sites. X-ray structures of the enzymes show that the region around the catalytic zinc ion
has structural similarities. Identifying potent inhibitors with high selectivity is therefore
challenging.

Small molecules that inhibit zinc metalloproteases contain a chemical group that re-
places the zinc coordinating water molecule in the catalytic site of the active enzymes and
coordinates the zinc ion. Phosphinate (PO2

−), carboxylate (COO−), thiolate (S−) and hy-
droxamic acid HONH-CO have shown to be effective zinc-binding groups leading to potent
inhibition of zinc metalloproteases [31–35]. In solution, metal chelating groups with oxygen
as donor atom are expected to be quite unselective for the chelating cation, while chelating
groups with nitrogen as donor atom are expected to bind weaker to sodium, calcium,
potassium, iron and manganese or other relevant biological cation than to zinc [36]. Com-
pounds containing metal chelating groups with nitrogen as donor atom may therefore show
selectivity for zinc enzymes in front of other metalloenzymes. Derivatives of the zinc chela-
tors di(2-pyridinemethyl)amine (dipicolylamine, DPA) and tri(2-pyridinemethyl)amine
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(tripicolylamine, TPA) with nitrogen as putative donor atom were found to inhibit metallo-
β-lactamases (MBLs) [37–40]. MBLs are a group of zinc-dependent hydrolytic enzymes
responsible for breaking down β-lactam antibiotics, including carbapenems, penicillins
and cephalosporins [41]. Their most likely mechanism of inhibition is by interference with
zinc in the active site giving irreversible inhibition [42,43]. In the present study deriva-
tives of DPA, TPA, tris pyridine ethylene diamine (TPED), pyridine and thiophene were
tested for their inhibition of MMP-9 as a representative of secreted MMPs, and MMP-14
as a representative of MT-MMPs, and against the bacterial virulence factors TLN, PLN
and ALN.

2. Results and Discussion

Twenty TPA, DPA, TPED, pyridine and thiophene derivatives were studied using
inhibition kinetics and molecular modeling. Some of the TPA and DPA analogs were
previously shown to be slow or irreversible inhibitors of MBLs [38–40]. Therefore, we
decided to test if the 20 compounds are time-dependent inhibitors of the bacterial virulence
factors TLN, PLN and ALN and two human zinc metalloproteases, MMP-9 and MMP-14.
In addition, we tested if TPA is a reversible or irreversible time-dependent inhibitor of
MMP-14. The compounds were also tested for putative quenching of the fluorescence
product formed during catalytic cleavage. The binding modes of the compounds in the
five enzymes were studied by docking the compounds into the catalytic site of the five zinc
metalloproteases.

2.1. Quenching

Quenching experiments were performed with varying concentrations of the com-
pounds (0–100 µM) against varying fluorescence product (McaPL-OH) concentrations as
previously described for procaspase-activating compounds (PACs), isatin derivatives, bis-
phosphonate and catechol containing compounds [44,45]. Primary and secondary quench-
ing plots revealed that none of the compounds quenched the fluorescence of the product.
Most of the 20 compounds gave a background fluorescence at the wavelengths used, but
this did not affect the inhibitory assays as enzymatic reactions were followed continuously.

2.2. The Inhibition of MMP-14 by TPA

We tested if TPA is a time-dependent irreversible or reversible inhibitor of MMP-14.
In these experiments, two different concentrations of MMP-14 (45 and 5.6 nM) were pre-
incubated up to 48 min at 37 ◦C with 10.0 and 11.1 µM of TPA, respectively, as described in
Materials and Methods. As controls, the same amount of MMP-14 (without TPA but with
the same concentration of DMSO) was identically pre-incubated at 37 ◦C. In the activity
assay (10 µM of the substrate McaPLGL(Dpa)AR-NH2) the pre-incubation mixture with
or without TPA and with a high concentration of MMP-14 was diluted 10 times which
resulted in a TPA concentration in the activity assay of 1 µM, while the mixture with the low
concentration of MMP-14 was only diluted 1.1 times, and hence the TPA concentration in
the activity assay was 10 µM. Figure 1A shows that the MMP-14 control without inhibitor
present was stable during the entire pre-incubation period, while the presence of TPA
resulted in a time-dependent inhibition of the enzyme. In the presence of 100 µM TPA,
vi/v0 was 0.61 after 2 min and 0.03 after 11 min pre-incubation at 37 ◦C. To determine
whether the observed time-dependent inhibition was due to reversible or irreversible
inhibition, a solution of 45 nM MMP-14 was first pre-incubated for approximately 40 min
at 37 ◦C with 10 µM TPA (1% DMSO in assay buffer, pH 7.5). As a control, MMP-14
(without TPA but with the same concentration of DMSO) was also pre-incubated for
approximately 40 min at 37 ◦C. Thereafter, aliquots (20 or 30 µL) of MMP-14 control and
MMP-14/TPA mixture were applied to micro-dialysis at 4 ◦C as described in Materials
and Methods. Figure 1B shows results from two representative independent micro-dialysis
experiments. The activity (vi/v0) increased after dialysis, and hence TPA is slowly released
from the MMP-14/TPA complex. This indicates that TPA is a slow, reversible inhibitor of
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MMP-14, and therefore we assume the tested TPA, DPA, TPED, pyridine and thiophene
derivatives most probably are not inactivators/irreversible inhibitors of the tested zinc
metalloproteinases, in contrast to the previous observations for MBLs [38–40].
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without TPA (○). Aliquots were withdrawn and the enzymatic activity determined. Initial rate ve-
locities (v) at the different time points were divided by the average of the control velocities (v0(Av)). 
The results for the high concentration of MMP-14 in the pre-incubation assay are from two inde-
pendent experiments. (B): Two independent experiments (Δ and □) of micro-dialysis (4 °C) of MMP-14 
(45 nM) pre-incubated at 37 °C. Aliquots were withdrawn after various time points and the initial rate 
velocities determined. The velocity ratio vi/v0 was determined for each time point where vi is the initial 
rate of the MMP-14/TPA sample and v0 of the MMP-14 control at the same dialysis time point. 
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and TLN. For compounds showing fast inhibition, each bar represents the mean of the 
results after 0–30 or 0–45 min pre-incubation. When time-dependent/slow inhibition was 
seen, the bars represent the mean of time points after the time curve has flattened out, and 
the slope of the curve is approximately zero (enzyme and inhibitors have reached an equilib-
rium) (supplementary material, Figures S1 and S2). For compounds where the time curve was 
still decreasing after 45 min pre-incubation, the mean of the 30 and 45 min pre-incubation time 
was used to give an impression of the relative binding strength of the compound. 

Figure 1. Time-dependent reversible inhibition of MMP-14 with TPA. (A): MMP-14 (45 (∆) and 5.6 (�)
nM) was pre-incubated at 37 ◦C with 10 and 11.1 µM TPA, respectively, while controls were without
TPA (#). Aliquots were withdrawn and the enzymatic activity determined. Initial rate velocities
(v) at the different time points were divided by the average of the control velocities (v0(Av)). The
results for the high concentration of MMP-14 in the pre-incubation assay are from two independent
experiments. (B): Two independent experiments (∆ and �) of micro-dialysis (4 ◦C) of MMP-14
(45 nM) pre-incubated at 37 ◦C. Aliquots were withdrawn after various time points and the initial rate
velocities determined. The velocity ratio vi/v0 was determined for each time point where vi is the
initial rate of the MMP-14/TPA sample and v0 of the MMP-14 control at the same dialysis time point.

2.3. Inhibitory Effects

A total of 100 µM of the compounds was either pre-incubated with the protease for 15,
30 and 45 min at room temperature and the enzymatic reaction was started by adding the
substrate, or not pre-incubated, i.e., the reaction was started by adding the protease to a
mixture of substrate and compound as described in Materials and Methods. The controls
were performed in the same way but without inhibitor present. Figures 2 and 3 show the
relative binding strength at 100 µM of the 20 compounds to MMP-9, MMP-14, ALN, PLN
and TLN. For compounds showing fast inhibition, each bar represents the mean of the
results after 0–30 or 0–45 min pre-incubation. When time-dependent/slow inhibition was
seen, the bars represent the mean of time points after the time curve has flattened out,
and the slope of the curve is approximately zero (enzyme and inhibitors have reached
an equilibrium) (supplementary material, Figures S1 and S2). For compounds where the
time curve was still decreasing after 45 min pre-incubation, the mean of the 30 and 45 min
pre-incubation time was used to give an impression of the relative binding strength of
the compound.
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Figure 2. Inhibitory effect of 100 μM of TPA derivatives on the activity of MMP-9, MMP-14, TLN, PLN 
and ALN. For compounds with fast inhibitory binding, the vi/v0 (mean ± s.e.m.) was based on the mean 
values after 0–45 or 0–30 min pre-incubation. For compounds with time-dependent slow inhibition the 
vi/v0 (mean ± s.e.m.) was based on pre-incubation time points where the time curve in supplementary 
material Figure S1 flattens out. For compounds where the time curve was not flattening out after 45 min 
of pre-incubation (not reached equilibrium), the mean value was for 30 and 45 min pre-incubation. 

Figure 2. Inhibitory effect of 100 µM of TPA derivatives on the activity of MMP-9, MMP-14, TLN,
PLN and ALN. For compounds with fast inhibitory binding, the vi/v0 (mean ± s.e.m.) was based
on the mean values after 0–45 or 0–30 min pre-incubation. For compounds with time-dependent
slow inhibition the vi/v0 (mean ± s.e.m.) was based on pre-incubation time points where the time
curve in supplementary material Figure S1 flattens out. For compounds where the time curve was
not flattening out after 45 min of pre-incubation (not reached equilibrium), the mean value was for 30
and 45 min pre-incubation.



Molecules 2022, 27, 56 6 of 18Molecules 2022, 27, 56 6 of 18 
 

 

 
Figure 3. Inhibitory effect of 100 μM of DPA, TPEN, pyridine and thiophene derivatives on the activity 
of MMP-9, MMP-14, TLN, PLN and ALN. For compounds with fast inhibitory binding, the vi/v0 (mean ± 
s.e.m.) was based on the mean values after 0–45 or 0–30 min pre-incubation. For compounds with time-
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binding inhibitor with different binding strengths on other enzymes and be a slow and 
time-dependent inhibitor of another. One of the compounds (DPA) had a surprising effect 
on MMP-14, where the rate of the enzymatic substrate cleavage was greatly enhanced at 
all the different incubation time points (supplementary material Figure S2). The mecha-
nism behind this was not further investigated. For most compounds with time-dependent 
inhibition, the inhibitory vi/v0 curve was flattening out after 15 or 30 min, but for a few 
compounds the curve did not flatten out, indicating that the enzyme/inhibitor complex 

Figure 3. Inhibitory effect of 100 µM of DPA, TPEN, pyridine and thiophene derivatives on the
activity of MMP-9, MMP-14, TLN, PLN and ALN. For compounds with fast inhibitory binding,
the vi/v0 (mean ± s.e.m.) was based on the mean values after 0–45 or 0–30 min pre-incubation.
For compounds with time-dependent slow inhibition, the vi/v0 (mean ± s.e.m.) was based on the
pre-incubation time points where the time curve in Figure S2 flattens out. For compounds where the
time curve was not flattening out after 45 min of pre-incubation (not reached equilibrium), the mean
value was for 30 and 45 min pre-incubation.

As shown for some of the compounds in supplementary material Figures S1 and S2,
the same compound had completely different effects on the five zinc metalloproteases.
One compound that did not give any effect on the activity of one enzyme, could be a fast
binding inhibitor with different binding strengths on other enzymes and be a slow and
time-dependent inhibitor of another. One of the compounds (DPA) had a surprising effect
on MMP-14, where the rate of the enzymatic substrate cleavage was greatly enhanced at all
the different incubation time points (supplementary material Figure S2). The mechanism
behind this was not further investigated. For most compounds with time-dependent



Molecules 2022, 27, 56 7 of 18

inhibition, the inhibitory vi/v0 curve was flattening out after 15 or 30 min, but for a few
compounds the curve did not flatten out, indicating that the enzyme/inhibitor complex
had not reached an equilibrium (supplementary material, Figures S1 and S2). The reason
might be a very slow, reversible binding. This was not further investigated.

When 100 µM of the test compound gave an inhibition of 60% or more (vi/v0 ≤ 0.4)
at 30 min pre-incubation, further experiments were performed to obtain dose–response
curves and Ki values calculated from the obtained IC50 values. To ensure comparable
results, all IC50 and Ki values were based on 30 min pre-incubation of the enzyme and
tested compound. Figure 4A,B show typical dose–response curves for Zn244 and Zn148
against PLN. Equation (1) in the Materials and Methods section was used to calculate
IC50 values.
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of the five zinc metalloproteases, there are similarities with their effects on MBLs, as the 

Figure 4. Dose–response plots of Zn244 (A) and Zn148 (B) for PLN. The enzyme with and without
inhibitor was pre-incubated for 30 min at room temperature and the reaction started by adding
McaRPPGFSAFK(Dnp)-OH (4 µM in assay), where vi and v0 are initial reaction rates in the presence
and absence of Zn244 and Zn148. Each point on the curve shows the mean ± s.d. (N = 3 for all points
in (A) and N = 4 for all points in (B) with regression coefficients r2 of 0.97 in (A) and 0.95 in (B),
giving an IC50 value of 4.46 ± 0.05 µM and a Ki value of 4 ± 1 µM for Zn244 (A) and an IC50 value of
6.07 ± 0.08 µM and a Ki value of 5 ± 2 µM for Zn148 (B). The large s.d. of the Ki values compared to
the IC50 values is due to the large s.d. in the Km value of the substrate in absence of an inhibitor.

For calculating Ki values from the obtained IC50 values it is necessary to know the Km
value for the enzyme with the substrate at the conditions in the inhibition experiments.
Equation (2) in Materials and Methods shows the relation between Ki and IC50 values
for a competitive inhibitor. Km values for the enzymes at the conditions used in the
present work were determined previously [44]. To summarize, the Km values of the
substrate McaPLGL(Dpa)AR-NH2 with MMP-9 and MMP-14 were 4 ± 1, and 4.9 ± 0.4 µM,
respectively, while the Km values of the substrate McaRPPGFSAFK(Dnp)-OH with ALN,
PLN and TLN were 76 ± 7, 24 ± 8 and 6 ± 1 µM, respectively. Estimated Km values for
ALN and PLN must be regarded as uncertain since the highest substrate concentration was
10 µM due to quenching. Table 1 shows the obtained Ki values. None of the compounds
were tight binders, i.e., Ki values close to or less than the enzyme concentration in the assay.
Most of the compounds showed inhibition of PLN and MMP-14 in the lower µM region,
while only 30–50% of the compounds had Ki values in the lower µM region for MMP-9,
TLN and ALN.
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Table 1. Ki values of the TPA, DPA and TPED derivatives for MMP-14, MMP-9, ALN, PLN and
TLN. Ki values determined for both bacterial and human metalloproteases using two different
fluorescence quenched peptide substrates, McaRPPGFSAFK(Dnp)-OH (for TLN, PLN and ALN) and
McaPLGL(Dpa)AR-NH2 (for MMP-9 and MMP-14). The concentration of the substrates used was
4 µM except for ALN where it was 5 µM and the highest concentration of the inhibitor compounds
tested was 100 µM. Ki values were only obtained for compounds where 100 µM of the compound
reduced the enzymatic activity by 60% or more, as described in the main text. Compound and enzyme
were pre-incubated for 30 min at room temperature and the reaction was started by the addition of
substrate as described in Materials and Methods.

Compound

Ki ± s.d. (µM)

McaPLGL(Dpa)AR-NH2 McaRPPGFSAFK(Dnp)-OH

MMP-14 MMP-9 ALN PLN TLN

TPA 1.2 ± 0.1 15 ± 4 16 ± 1 5 ± 2 5.5 ± 0.9
Zn146 3.8 ± 0.3 21 ± 5 25 ± 2 4 ± 1 n.d. a

Zn145 1.5 ± 0.1 n.d. n.d. 12 ± 4 n.d.
Zn230 3.5 ± 0.3 22 ± 6 20 ± 2 1.1 ± 0.3 12 ± 2
Zn148 8.6 ± 0.7 n.d. n.d. 5 ± 2 n.d.
Zn225 4.5 ± 0.4 28 ± 7 n.d. 5 ± 2 9 ± 2
Zn224 4.5 ± 0.4 n.d. n.d. 13 ± 4 n.d.
Zn227 4.8 ± 0.4 77 ± 19 n.d. 9 ± 3 11 ± 2
Zn244 4.0 ± 0.3 22 ± 6 n.d. 4 ± 1 n.d.
Zn155 2.4 ± 0.2 26 ± 6 60 ± 6 6 ± 2 n.d.
Zn177 11.2 ± 0.9 56 ± 14 n.d. 11 ± 4 n.d.
Zn175 n.d. 6 ± 2 14 ± 1 7 ± 2 n.d.
DPA n.d. n.d. n.d. 4 ± 1 n.d.

Zn239 6.1 ± 0.5 58 ± 14 n.d. 5 ± 2 32 ± 5
Zn45 2.5 ± 0.2 n.d. n.d. 2.8 ± 0.9 7 ± 1

a n.d., not determined.

None of the compounds showed selective inhibition favoring bacterial zinc metallo-
proteases over the two human MMPs, but DPA inhibited PLN much stronger than the
other enzymes. In general, the compounds showed quite similar inhibition of PLN and
MMP-14, and in general, the Ki values for these enzymes were lower than for the other
enzymes (Table 1).

The TPA derivative Zn148 (Kd (zinc) = 10−12 M), which is an irreversible inhibitor
of the MBLs VIM-2 and NDM-1, was shown to reverse carbapenem resistance in Gram-
negative pathogens in vivo without acute toxicity in female BALB/c mice [39]. These
authors also showed that Zn148 derivatives with reduced zinc-binding, Zn222 (Kd (zinc) =
10−6 M) and Zn223 (Kd (zinc) = 10−7 M), lacked the ability to reverse carbapenem resistance
in Gram-negative pathogens. The former compound did not inactivate the two MBLs,
while the latter showed a reduced capability to inactivate the two MBLs compared to Zn148.
The present results show that Zn148 is a decent inhibitor of the PLN and MMP-14, while
100 µM of the compound had no or only a limited effect on the other two bacterial proteases
(Table 1, Figure 2, supplementary material Figure S1). This compound reacts slower with
human MMP-9 than with MMP-14 and PLN, and the time curve did not flatten out after
45 min (supplementary material, Figure S1). It was also notable that the two compounds
where one or two pyridine groups were replaced by a benzene ring (Zn223 and Zn222)
resulted in weaker binding than Zn148 to PLN, MMP-14 and MMP-9, and no effect on TLN
and ALN (Figures 3 and S2).

Although our results suggest that the TPA derivatives are not irreversible inhibitors
of the five zinc metalloproteases, there are similarities with their effects on MBLs, as the
strongest zinc chelator binds strongest to both the proteases and the MBLs. PLN, the
elastase of P. aeruginosa is known to play a pivotal role in pseudomonal infections, and
the inhibition of PLN by Zn148 (Ki of 5 µM) suggests that this inhibition may strengthen
the potential of Zn148 as an antibacterial adjuvant against P. aeruginosa infections. In most
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human tissues, MMP-14 is constitutively expressed while MMP-9 is induced, and both
are involved in several physiological processes. The present results encourage further
investigations into off-target effects of this class of putative antibacterial adjuvants [39].

2.4. Enzyme Interactions

Of the 20 compounds, only TPA and Zn230 showed strong binding to all five proteases
(Figure 1, Table 1). In solution, TPA has a Kd for zinc of approximately 10−11 M [40,46].
Docking showed that the binding mode of TPA was quite similar in all five zinc metallopro-
teases (Figure 5). In PLN, the nitrogen atom in one of the pyridine rings coordinated zinc.
His223 formed a hydrogen bond with the same nitrogen atom and had pi–pi stacking inter-
actions with the pyridine ring. Another pyridine ring interacted within the S1’-subpocket
forming hydrophobic interactions with the side chains of Leu132, Val137 and Ile190. This
pyridine ring also formed pi–pi stacking interactions with His140 and pi–cation interactions
with Arg198. The third pyridine ring was in the direction of the S1-subpocket, being more
exposed to solvent than the other pyridine rings. In addition, this pyridine ring formed
pi–pi stacking interactions with His223 and pi–cation interactions with Arg198. The amine
nitrogen atom interacted with Glu141 and Asn112.

The introduction of a carboxylic acid functionality (Zn146) and its methyl ester (Zn145)
reduced the binding to MMP-9, TLN and ALN compared with TPA, but not to MMP-14 and
PLN (Figure 2, Table 1). Docking of Zn146 showed that the carboxylic acid was responsible
for coordinating the zinc in all enzymes, and not any of the pyridine nitrogen atoms
(Figure 6). In PLN, one pyridine ring was into the S1-subpocket forming pi–pi stacking
interactions with Tyr114, while another was exposed to solvent. Similar binding modes
were also seen in the other enzymes. In MMP-14 pi–pi stacking interactions were formed
with Phe198 (S1’-subpocket), in addition to a hydrogen bond between pyridine nitrogen
and Leu199 (S1’-subpocket), for one of the pyridine rings. Zn239 contains two carboxylic
acid groups (Figure 3), and docking indicated that the carboxylic acid group not interacting
with zinc, interacted with Glu111 in PLN, while one pyridine ring had pi–pi stacking
with Tyr155 (S1-subpocket), another with His223, while one pyridine nitrogen formed a
hydrogen bond with Asn112. Docking of Zn145 showed that the nitrogen atom of the
pyridine ring containing the methyl ester functionality ligated zinc, while the methyl ester
group was exposed to solvent in both PLN and MMP-14 (Figure 6). However, in PLN
docking poses of Zn145 with the methyl ester group interacting with Arg198 were also
obtained during the docking experiments, but still, the pyridine nitrogen coordinated
zinc. MMP-14 is lacking an arginine corresponding to Arg198 in PLN, and that may be
the reason that only one orientation of Zn145 was obtained with MMP-14. The reason
for zinc coordination by pyridine nitrogen in Zn145 that contains the carboxylic acid
ester functionality may be that the carboxylic acid ester is less polar and bulkier than the
carboxylic acid functionality in Zn146 giving steric hindrances.

Removal of one 2-methylpyridine group of TPA gives DPA. DPA is a weaker zinc-
binder (Kd ~ 10−8 M) than TPA (Kd ~ 10−11 M) [37,46], and its inhibition of the five proteases
was largely reduced compared to TPA, except for PLN where DPA and TPA were equally
effective (Figures 2 and 3, Table 1). Moderately strong inhibition of DPA was only seen for
PLN (Figure 3, Table 1). Docking of DPA into PLN showed that pyridine nitrogen coordi-
nated the zinc. The zinc interacting pyridine ring also had pi–pi stacking interactions with
His223. The other pyridine ring interacted with hydrophobic amino acids (Val137, Ile186,
Gly187, Ile190) and Asp136 in the S1’-subpocket and formed pi–pi stacking interactions
with the zinc ligated amino acid His140. In addition, the amine nitrogen atom interacted
with the catalytic amino acid Glu141 (Figure 7). Similar binding modes were also seen in
TLN and MMP-9. As previously mentioned, DPA increased the rate of the substrate cleav-
age by MMP-14 at all pre-incubation time points (Supplementary, Figure S2). Interestingly,
docking into MMP-14 indicated a binding mode different from that in PLN. The docking
program did not recognize any clear zinc binding, and the distance between zinc and the
closest pyridine nitrogen was approximately 3 Å in the highest scored docking pose, while
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the corresponding distance in PLN was approximately 2 Å. The pyridine ring containing
this nitrogen atom had pi–pi stacking interactions with the zinc ligated amino acid His239
(as in PLN). In addition, an amine hydrogen atom formed a pi–cation interaction with
His239 and a hydrogen bond with Pro259 (S1’-subpocket), while the other pyridine ring
interacted with Tyr261 (pi–pi stacking) in the S1’-subpocket. The binding mode indicated
that the substrate may interact within the substrate binding cleft despite bound DPA. A
putative explanation for the increased rate of substrate cleavage may be that the position of
the pyridine ring closest to zinc may contribute to a more favorable binding mode of the
substrate McaPLGL(Dpa)AR-NH2 for cleavage.
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zinc via the carboxylic acid. Zn230, Zn148 and Zn225 have the hydrophilic methyl-amino
glycosyl side chain linked to the TPA molecule via an amide bond that is either unmodified
(Zn230), methylated (Zn148) or ethylated (Zn225). Except for PLN, reduced inhibition
relative to TPA was obtained for these derivatives, but their difference in inhibition of
PLN and MMP-14 was small (Figure 2, Table 1). Derivatives with a structural change
of one of the 2-methylpyridine groups of TPA had little effect on the enzyme activity of
MMP-14 and PLN. That may suggest that their main interactions with PLN and MMP-14
are mainly through the 2-methylpyridine groups. However, this suggestion is contradictory
to the docking results that indicated that, in addition to Zn146 and Zn239, derivatives
containing the methyl-amino glycosyl side chain (Zn230, Zn148 and Zn225, Zn126) also
coordinated by one or more oxygen atoms, either via one hydroxyl group, the carbonyl
group, or both a hydroxyl group and the carbonyl group. Docking indicated that all other
TPA and DPA derivatives, including those containing a carboxylic acid ester functionality
(Zn145, Zn244) coordinated zinc by pyridine nitrogen. The exception was Zn45 (Figure 2),
which coordinated zinc by the carbonyl group.

An interesting feature was when one or both the two unmodified 2-methylpyridine
groups of Zn148 were replaced by a benzylic group (Zn223 and Zn222) the MMP-14 binding
was prevented compared with Zn148 (Figures 2 and 3). This suggests that the nitrogen
in both these 2-methylpyridine groups is needed for MMP-14 binding. Similarly, these
two modifications weaken but do not prevent the binding to PLN. The importance of the
two unmodified 2-methylpyridine groups for the binding to MMP-14 and PLN is also
shown by the weak inhibition or lack of inhibition by the two compounds Zn216 and Zn215,
where the 2-methylpyridine groups are replaced by 2-methylthiophene groups. That may
suggest that the pyridine nitrogen atoms of Zn148 are directly involved in binding or that
the electron distribution of the pyridine rings is important. Docking of Zn148 into MMP-14
(Figure 8) showed that the zinc-binding was both by the carbonyl group and a hydroxyl
group, and not by pyridine nitrogen. However, the pyridine rings were still important
for interactions, as one pyridine nitrogen interacted with Phe204 in the S1-subpocket,
while Phe204 also formed pi–pi stacking interactions with another pyridine ring, while
the third pyridine ring formed pi–pi stacking with Tyr203. The sugar chain also formed
hydrogen bonds with the catalytic residue Glu240 and with Ala200 (S1’-subpocket) and
Pro259 (S1’-subpocket).
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3. Materials and Methods
3.1. Materials

Dimethyl sulfoxide (DMSO), TRIS, sodium hydrogen phosphate (Na2HPO4), and
sodium acetate (CH3COONa) were from Merck (Darmstadt, Germany). Ethylenediaminete-
traacetic acid was from Fluka (Buchs, Switzerland). Acrylamide, Coomassie Brilliant Blue
G-250 and Triton X-100 were from BDH (Poole, UK). Hepes, Brij-35, Silver nitrate, alkaline
phosphatase-conjugated antibodies and gelatin were from Sigma (St. Louis, MO, USA).
Gelatin-Sepharose, was from GE-Healthcare (Uppsala, Sweden). DC Protein Assay and
unlabeled molecular weight standards were from BioRad (Richmond, CA, USA). Sf9 in-
sect cells and Magic Marker molecular weight standards were from Invitrogen (Carlsbad,
CA, USA). Western Blotting Luminol reagent and HRP-conjugated donkey anti-goat sec-
ondary antibody were from Sancta Cruz (Santa Cruz, CA, USA). HRP-conjugated goat
anti-rabbit secondary antibody was from Southern Biotech (Birmingham, AL, USA). Fetal
bovine serum was from Biochrom AG (Berlin, Germany). Galardin (Gm6001), human MT1-
MMP/MMP-14 (catalytic domain), TLN and PLN were from Calbiochem (San Diego, CA,
USA) and Aureolysin was from BioCentrum Ltd. (Kraków, Poland). McaPLGL(Dpa)AR-
NH2 (ES001) and McaRPPGFSAFK(Dnp)-OH (ES005) were from R&D Systems (Minneapo-
lis, MN, USA).

3.2. Compounds for Testing

Twenty TPA, DPA, TPEN, pyridine and thiophene derivatives were tested as putative
inhibitors of MMP-9, MMP-14, PLN, TLN and ALN. Synthesis of the compounds was
reported previously [37–40]. The structure of the compounds is shown in Figures 2 and 3.

3.3. Expression, Purification and Activation of Recombinant Human proMMP-9 in Sf9 Insect Cells

The expression and purification of recombinant human full-length proMMP-9 (rpMMP-
9) from Sf9 insect cells were performed as described previously [47]. The amount of
proMMP-9 was estimated spectrophotometrically at 280 nm using ε280 nm = 114.36 mM−1

cm−1 [48]. Activation of the recombinant proMMP-9 was performed with APMA (auto-
activation) as described previously [47]. The amount of active MMP-9 was determined by
active site titration using galardin also described previously [47].

3.4. Determination of Reaction Velocities

McaPLGL(Dpa)AR-NH2 was used as a substrate for MMP-9 and MMP-14, while
McaRPPGFSAFK(Dnp)-OH was used as substrate for ALN, PLN and TLN. The reaction
velocities/initial rates (v) were determined at 37 ◦C, at an excitation wavelength of 320 nm
and an emission wavelength of 405 nm with a slit width of 10 nm using either a Perkin
Elmer LS 50 Luminescence spectrometer and the FL WinLab Software Package (Perkin
Elmer) or a Clario Star microplate reader (CLARIOstar® BMG LABTECH).

The test compounds were dissolved in 100% DMSO giving a concentration of 10 mM.
A fixed substrate concentration of 4.0 µM in a total volume of 100 µL 0.1 M Hepes pH 7.5,
10 mM CaCl2, 0.005% Brij-35 and 1.0% DMSO, were used in all assays, except for ALN
where the substrate concentration was 5.0 µM. The fixed enzyme concentrations were as
follows; 0.05 nM MMP-9, 1.0 nM MMP-14, 1.4 nM ALN, 0.5 nM PLN and 0.21 nM TLN.
Time-dependent inhibitory experiments without and with 100 µM of testing compounds
were performed as follows. Compounds were either pre-incubated with the proteases for
15, 30 and 45 min at room temperature and the enzymatic reaction was started by adding
the substrate, or not pre-incubated, i.e., the reaction was started by adding the protease to
the mixture of substrate and compound. Control tests without compound present were
performed in the same way. The reaction was followed for 30 min at 37 ◦C.
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3.5. Testing of Slow, Reversible/Irreversible Binding of TPA

In pre-incubation tests with high concentration of MMP-14, 90 µL 50 nM MMP-14 was
mixed with 9.0 µL 110 µM TPA (dissolved in 0.1 M Hepes pH 7.5 containing 10 mM CaCl2,
0.005% Brij-35 and 10% DMSO) and incubated at 37 ◦C for up to 48 min. As a control, 90 µL
50 nM MMP-14 was mixed with 9.0 µL 0.1 M Hepes pH 7.5 containing 10 mM CaCl2, 0.005%
Brij-35 and 10% DMSO. At different time points, 10 µL of the enzyme (with and without
TPA) was added to 90 µL of 0.1 M Hepes pH 7.5 containing 10 mM CaCl2, 0.005% Brij-35
and 11.1 µM ES001 and the initial rate reaction velocity (v) was determined as described
in Section 3.4. using a Perkin Elmer LS 50 Luminescence spectrometer. The reaction was
followed for 1 min (10 data points collected per second). The TPA concentration was 10 µM
in the pre-incubation assay and 1.0 µM in the reaction rate assay.

In pre-incubation tests with a low concentration of MMP-14, 60 µL 50 nM MMP-14
was mixed with 420 µL 0.1 M Hepes pH 7.5 (containing 10 mM CaCl2, 0.005% Brij-35) and
60 µL of either 0.1 M Hepes pH 7.5 containing 10 mM CaCl2, 0.005% Brij-35 and 10% DMSO
(control) or 60 µL 100 µM TPA (dissolved in 0.1 M Hepes pH 7.5 containing 10 mM CaCl2,
0.005% Brij-35 and 10% DMSO). At different time points, 90 µL of the enzyme (with and
without TPA) was mixed with 10 µL 100 µM ES001 and the initial rate of the reaction was
determined as described above. The TPA concentration is 11.1 µM in the pre-incubation
assay and 10 µM in the reaction rate assay.

3.6. Microdialysis

Ninety µL of 50 nM MMP-14 was mixed with 9.0 µL of either 0.1 M Hepes pH
7.5 containing 10 mM CaCl2, 0.005% Brij-35 and 10% DMSO (control) or 110 µM TPA
(dissolved in 0.1 M Hepes pH 7.5 containing 10 mM CaCl2, 0.005% Brij-35 and 10% DMSO)
and incubated at 37 ◦C for approximately 40 min. After 0 and 40 min pre-incubation,
10 µL of an enzyme (with and without TPA) was mixed with 90 µL of 0.1 M Hepes pH 7.5
containing 10 mM CaCl2, 0.005% Brij-35 and 11.1 µM ES001 and the reaction velocity was
determined as described above (Section 3.5). Samples pre-incubated for 40 min at 37 ◦C
were added to microdialysis at 4 ◦C. For that, 1 mL Eppendorf pipette tips were cut and
sealed with a dialysis membrane (cut-off 14 kDa) that were boiled and rinsed in Milli-Q
water. Twenty or 30 µL of the sample (with and without TPA) was added to each tip and
samples with and without TPA were dialyzed for up to 4 or 5 h in 100 mL of 50 mM Hepes
pH 7.5 containing 5 mM CaCl2 and 0.005% Brij-35. After dialysis, the sample (with and
without TPA) in the tip was removed and the total volume of the dialyzed sample was
determined. If a sample at a time point contained more than added (i.e., >20 or 30 µL),
the dilution was determined and compared with the other sample at that time point. At
each time point, the initial rate was determined for an equal amount of enzyme (with and
without TPA) based on the dilution factor. The reaction rate was determined as described
above, where 10 µL sample (after correct dilution) was added to 90 µL of 0.1 M Hepes pH
7.5 containing 10 mM CaCl2, 0.005% Brij-35 and 11.1 µM ES001.

3.7. Determination of IC50 and Ki Values

The inhibitory constant IC50 of the various compounds were performed with con-
centrations ranging from 10−10 to 10−4 M in the assay, with a fixed substrate, enzyme
and buffer concentration as described above. Enzymes with and without inhibitor were
pre-incubated for 30 min at room temperature, and initial rate assays were performed as de-
scribed above. Assays were performed using a Clario Star microplate reader (CLARIOstar®

BMG LABTECH). The IC50 values were calculated in Graph Pad Prism 5 using Equation (1):

vi

v0
=

1(
1 + 10(pIC50−pI)

) (1)
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where vi is the enzyme activity in the presence of inhibitor, v0 the activity in the absence
of inhibitor, pI = −log [Inhibitor] in M and pIC50 = −log IC50 in M. All experiments were
performed in at least triplicate.

Equation (2) shows the relation between IC50 and Ki values for substrate competitive
inhibitors based on the used fixed substrate concentration and the enzymes Km value for
the substrate:

IC50 = Ki (1 + [S]/Km) (2)

3.8. Quenching Experiments

To determine to which extent the compounds quench the time-dependent enzymatic
increase in the fluorescence product of the processed substrate, quenching experiments
were performed as described previously [45]. Briefly, the fluorescence (λex = 320 nm,
λem = 405 nm, slit width = 10 nm) of various concentrations of the fluorescent product
McaPL-OH (0–100 nM) of the substrate McaPLGL(Dpa)AR-NH2 was determined in the
absence and presence of various concentrations of the test compounds (0–100 µM). Primary
and secondary plots were used to determine whether these compounds quenched the
McaPL-OH fluorescence.

3.9. Docking

The following enzyme structures in the PDB-database were used for docking: TLN;
5DPE, PLN; 1U4G, ALN; 1BQB, MMP-14; 1BQQ, MMP-9; 5CUH. All five X-ray structures
were optimized using the Protein preparation Wizard in Schrodinger Suites (version 2021-1)
with default setting [49]. Water molecules at the binding site were deleted. Overlapping
atoms were corrected using restrained minimization with the OPLS4 force field [50]. Grid
maps were generated for each structure with a van der Waals radius scaling factor of 1 Å
and a partial cut-off of 0.25 Å. The co-crystalized ligands were used as the centroid of the
grid map generation for PLN, TLN and MMP-9, while the catalytic zinc atom was the
centroid for ALN and MMP-14. The 20 selected derivatives were prepared with the Ligprep
program, using ionization states in the pH range of 7.4 ± 0.2, generation of tautomers
and retaining the specified chirality. The compounds were docked into the five enzyme
structures using Glide Standard Precision (SP) docking with enhanced sampling and
generation of maximum 10 poses per compound. The docking result was ranked using
docking score. Docking of the compounds was performed in triplicate. The best results
were determined using both docking score and ligand orientation in the binding site.

4. Conclusions

Inhibition of bacterial virulence is believed to be a new treatment option for bacterial
infections. Here we tested DPA, TPA, and derivatives of DPA, TPA, TPEN, pyridine
and thiophene as putative inhibitors of the bacterial virulence factors TLN, PLN and
ALN, the human zinc metalloproteases MMP-9 and MMP-14. The compounds showed
stronger inhibition of PLN and MMP-14 than of the other enzymes, with Ki values in the
lower µM range. TPA and Zn230 were the only compounds that inhibited all five zinc
metalloproteinases with a Ki value in the lower µM range. Docking studies indicated that
Zn146 and Zn239 coordinated zinc by the carboxylic acid functionality, while derivatives
containing the methyl-amino glycosyl side chain (Zn230, Zn148 and Zn225, Zn126) also
coordinated by one or more oxygen atoms, either via one hydroxyl group, the carbonyl
group, or both a hydroxyl group and the carbonyl group. The other compounds coordinated
zinc by pyridine nitrogen. Our studies indicated that TPA is a slow, reversible inhibitor
of MMP-14, and it is therefore reasonable to believe that the tested compounds are not
inactivators/irreversible inhibitors of the tested zinc metalloproteinases, in contrast to the
previous observations for MBLs [38–40].

Several of the tested compounds including Zn148 were previously found to irre-
versibly inhibit MBLs by chelating the catalytic zinc and were suggested to be promising
as adjuvants to antibacterial treatment with β-lactam antibiotics. Zn148 (Figure 2) was
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also found to reverse the carbapenem resistance in Gram-negative pathogens in vivo with
limited in vivo toxicity [39]. PLN is the key zinc metalloproteinase virulence factor secreted
by the opportunistic Gram-negative pathogen P. aeruginosa, which is characterized by the
WHO as a critical pathogen for which new treatment options are urgently needed. The
reversible inhibition of PLN by Zn148 and other compounds in the present study indi-
cates that they may inhibit P. aeruginosa virulence and have potential as adjuvants in the
treatment of pseudomonas infections.

Supplementary Materials: The following are available online. Figure S1: Time-dependent inhibitory
effect of 100 µM of TPA derivatives on MMP-9, MMP-14, TLN, PLN and ALN. Figure S2: Time-
dependent inhibitory effect of 100 µM of DPA, TPEN, pyridine and thiophene derivatives on the
activity of MMP-9, MMP-14, TLN, PLN and ALN.
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Supplementary figure S1 

 

Figure S1. Time dependent inhibitory effects of 100 μM TPA derivatives on the activity of MMP-9, MMP-14, TLN, 

PLN and ALN. The inhibition experiments were performed as described in Materials and Methods using a 

concentration of 4 μM of the MMP-9 and MMP-14 substrate McaPLGL(Dpa)AR-NH
2
 and the ALN, PLN and TLN 

substrate McaRPPGFSAFK(Dnp)-OH, except for ALN, where 5 μM was used. The v
i
/v

0
 (mean ± s.d.) were based 

on 3-6 experiments. 
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Figure S2. Time dependent inhibitory effects of 100 μM DPA, TPEN, pyridine and thiophene 

derivatives on the activity of MMP-9, MMP-14, TLN, PLN and ALN. The inhibition experiments were 

performed as described in Materials and Methods using a fixed concentration of 4 μM of the MMP-9 

and MMP-14 substrate McaPLGL(Dpa)AR-NH2 and the ALN, PLN and TLN substrate 

McaRPPGFSAFK(Dnp)-OH. For ALN 5 μM was used. The vi/v0 (mean ± s.d.) were based on 3-6 

experiments. 
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Abstract 

The human matrix metalloproteases MMP-9 and MMP-14, and the bacterial virulence factors 

thermolysin (TLN), pseudolysin (PLN, LasB) and aureolysin (ALN) are all zinc metalloproteases. 

In the present study, molecular dynamics (MD) simulations were used to study the 

interactions of the substrate McaPLGL(Dpa)AR-NH2 (ES001) with MMP-9 and MMP-14, and of 

the substrate McaRPPGFSAFK(Dnp)-OH (ES005) with TLN. The MD simulations identified 

amino acids within the primed and unprimed substrate binding sites and indicated that the P1 

and P1’ residues of ES005 most probably are the Gly-Phe residues. Enzyme inhibition kinetic 

studies were used to test 5 compounds containing phosphinyl as the putative zinc binding 

group as inhibitors of MMP-9, MMP-14, TLN, PLN and ALN using the same substrates as in the 

MD simulations. These studies indicated that the compound H-1 inhibited MMP-14 and two 

different forms of MMP-9 with inhibition constants ranging from 0.89 to 30 μM, but not the 

bacterial enzymes. Induced fit docking indicated that the aromatic group of H-1 entering the 

S1’-sub-pocket of the MMPs was too big for the S1’-subpocket of the bacterial enzymes. 

Compound H-2 inhibited the MMPs with inhibition constants ranging from 0.53 μM (MMP-9) 

to 3.0 μM (MMP-14) and the bacterial enzymes with inhibition constants ranging from 2.5 μM 

(TLN) to 80 μM (ALN). Induced fit docking indicated that H-2 bound differently to the human 

and bacterial protease. The three other compounds did not inhibit any of the proteases.  
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1. Introduction 

Proteases have fundamental roles in all kingdoms of life where they cleave substrates by 

hydrolyzing peptide bonds (1, 2). Most proteases are found in microorganisms being involved 

in many processes including generation of nutrition, growth, survival, virulence, and formation 

of biofilm (3-6). In humans there are more than 570 different proteases involved in variety of 

physiological processes including cellular signaling and growth, angiogenesis, blood pressure 

regulation, coagulation, intestinal absorption of nutrition, reproduction, wound repair, 

hemostasis, and homeostasis (7-12). Alteration in their regulation or istructure may have 

dramatic consequences for organisms, and in human lead to different human pathologies 

including cancer and neurodegenerative diseases (13).   

Metalloproteases (MPs) form the largest family of proteases utilizing 33 % of the human 

degradome, the complete set of proteases produced by human cells (1).  MPs comprise a 

heterogenous group of proteases using a metal ion to bind the substrate and polarize a water 

molecule to perform the hydrolytic reaction. For most MPs, the metal ion is a zinc. In the 

present paper we are focusing on the human matrix MPs (MMPs), MMP-9 and MMP-14, that 

belong to the M10 family of proteases and the bacterial MPs thermolysin (TLN), aureolysin 

(ALN) and pseudolysin (LasB elastase, PLN) of the M4 family of proteases (5). All these enzymes 

utilize a zinc ion for the hydrolytic cleavage. The metal ion is usually coordinated with the 

polypeptide backbone through the binding to two histidines and a third residue which can be 

another histidine as in the MMPs (14), or a glutamic acid as in TLN, PLN and ALN, or an aspartic 

acid  (15). An amino acid serving as a general base in the catalytic reaction is also necessary. 

The general base accepts a proton from the polarized water molecule and transfer the proton 

to the nitrogen of the scissile bond. In both the MMPs and the bacterial M4 family enzymes, 

the general base is the glutamic acid of the conserved HExxH motif, while the histidines of the 

motif are zinc coordinating (1, 15).  

Human MMPs constitute a family of MPs with important functions in many physiological 

processes and are over-expressed in various diseases. MMPs may have a dual role by 

promoting the initiation and progression of a disease or by preventing the disease (14, 16-19). 

MMPs were considered as interesting drug targets, and several compounds that to a certain 
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extent selectively inhibited the activity of MMPs were developed both by pharmaceutical 

companies and academia (20-29). However, clinical trials with MPP inhibitors were 

disappointing, resulting in a reduced focus of MMPs as promising drug targets (30). Based on 

recent progress in understanding their physiological role and their duality in different 

diseases, there has been a rebirth for the development of new MMP inhibitors as putative 

new therapeutics (30, 31). 

PLN, ALN and TLN are secreted bacterial virulence factors (15). Inhibition of bacterial virulence 

is a promising new strategy in the treatment of bacterial infections, either alone or as an 

adjuvant to antibacterial drugs (32-34). PLN (LasB) is the principle extracellular virulence factor 

of the Gram negative pathogen Pseudomonas Aeruginosa (P. aeruginosa) (6).  P. aeruginosa 

causes severe infections of lungs, skin, eyes, soft tissues, urinary tract, and bloodstream, and 

is the etiologic agent of chronic airway infections in patients with chronic bronchitis, 

bronchiectasis, and cystic fibrosis (6, 35). The pathogen is listed in the category “critical” on 

the World Health Organization’s (WHO) priority list of bacterial pathogens for which 

research and development of new antibiotics are urgently needed (36). ALN is secreted by 

the Gram positive bacterium Staphylococcus aureus (S.aures) that may cause serious 

infections if it enters the bloodstream or internal tissues. S. aureus is implicated in several 

different infections ranging from mild skin-related infections to more severe life-threatening 

and systemic infections such as bacteremia (37, 38).  S. aureus is one of the most harmful 

human pathogens and is connected to the methicillin resistance (39). TLN is a thermostable 

protease of industrial use secreted by the Gram positive bacteria bacillus thermoproteolyticus 

(15).  The enzyme is the prototype of the M4 family of proteases, and the M4 family is also 

termed the thermolysin family. 

A lot of the knowledge about inhibition of zinc MPs in general is based on MMP inhibitors. 

Most compounds that inhibit MMPs contain a zinc binding group (ZBG) in addition to a scaffold 

that interacts with the active site cleft, and common ZBGs are hydroxamic acid (HONH-CO), 

carboxylate (CO2
-), thiolate (S-) and phosphinyl (PO2

-) (40, 41). Hydroxamic acid and thiolate 

are stronger zinc binders than carboxylate and phosphinyl groups (41, 42). The scaffold of 

inhibitors with hydroxamic acid, carboxylate, or thiolate (S-) targets the primed (essentially) 

or unprimed subsites, while X-ray crystallography studies suggested that compounds with the 

phosphinyl may act as transition state analogues allowing interactions of the connecting 
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scaffold with both primed and unprimed parts of the active site, and thereby increasing the 

possibility for selectivity (25, 27, 41-44). In most studies where the goal was to obtain selective 

MMP inhibitors, the ZBG was fixed while the scaffold of the inhibitors was varying. However, 

in one study, the contribution of different ZBG to MMP binding was studied by using a scaffold 

that was combined with phosphinyl, carboxyl or hydroxamic acid as ZBG (41). The scaffold in 

combination with phosphinyl as ZBG resulted in the compound RXP470 (compound H-1 in the 

present study). The study showed that the different ZBGs affected binding affinity and 

selectivity, the dynamics of binding and the position of the inhibitor at the binding site (41). 

RXP470 interacted both with primed and unprimed sites, while replacements of the 

phosphinyl group with carboxylic acid or hydroxamic acid as ZBG, in addition to removal of a 

p-bromophenyl group gave inhibitors that interacted with primed parts of the active site, only 

(41).  The binding strength of inhibitors containing phosphinyl, carboxylic acids or thiolates as 

ZBG are pH dependent in contrast to those with a hydroxamic acid group (41, 42).  

In the present study we performed molecular dynamics (MD) simulations of the substrate 

McaPLGL(Dpa)AR-NH2 (ES001) with MMP-9 and MMP-14, and of the substrate 

McaRPPGFSAFK(Dnp)-OH (ES005) with TLN (Figure 1). The aims of these simulations were to 

study molecular interactions between the substrates and the enzymes and identify amino 

acids within primed and unprimed binding sites of the enzymes. In addition, we wanted to 

identify the most probable cleavage site of ES005 by bacterial MPs. In order to identify 

structural determinants for selectivity between bacterial zinc MPs and human MMPs, we have 

in several papers tested compounds with different ZBGs (15, 45-49) as inhibitors, including 

compounds with nitrogen as donor atom for zinc chelation (50). In the present paper, we are 

testing RXP470 (compound H-1, Figure 2) and four other compounds with phosphinyl as ZBG 

as inhibitors of MMP-9, MMP-14, TLN, PLN, and ALN. ES001 was used as substrate in the 

inhibition kinetics studies with MMP-9 and MMP-14, while ES005 was as substrate in the 

studies with TLN, PLN and ALN. Phosphinyl compounds were also studied by induced fit 

docking into the MPs.   
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2. Results and Discussion 

2.1 Molecular dynamics simulations of substrate – enzyme interactions  

The binding mode of a substrate probe molecule to a mutated mini-variant of MMP-9 has 

been studied by X-ray crystallography (51). The structure of the probe molecule is very similar 

to that of ES001. We have used this X-ray complex as a starting point to obtain more 

information about the binding of ES001 to MMP-9 and MMP-14 and ES005 to TLN.  To study 

the interactions between these substrates and the enzymes, we performed 200 ns molecular 

dynamics (MD) simulations. Aims of the MDs were to study the stability of the complexes, 

identify amino acids constituting the most important sub-pockets of these enzymes and 

investigate putative cleavage sites of ES005 by TLN.  TLN is known to prefer hydrophobic 

amino acids within the S1’ sub-pocket, but where TLN cleaves ES005 is not exactly known.  For 

ES005 with TLN we performed two 200 ns MD simulations. One simulation with Gly and Phe 

as respectively P1 and P1’ residues, and another with Aln and Phe as P1 and P1’ residues (Figure 

1).  

The root means square deviations (RMSDs) of the protein and substrate from the starting 

enzyme/substrate complexes are shown in Supplementary Figure S1 and S2. These figures 

indicate that the complexes were stable during MD simulations. Table 1 shows amino acids of 

the enzymes that interacted with the P1, P2, P1’ and P2’ residues of the substrates, and others 

being close to these residues during MD simulations of ES001 with MMP-9 and MMP-14 and 

during the ES005/TLN simulation with the Gly as P1 residue and the Phe as P1’ residue (Figure 

1). Enzyme/substrate contacts during simulations are shown in supplementary Figures S3 and 

S4. 

 

2.1.1. The binding of ES001 with MMP-9 and MMP-14 

The only structural difference between ES001 and a substrate probe molecule that was co-

crystallized with MMP-9 (51) is the P1’ residue, which is a Leu in ES001 and a 4-iodo-Phe in the 

substrate probe (Figure 1). The X-ray crystal structure indicated that the substrate probe binds 

MMP-9 in an elongated conformation with the N-terminal Mca group (Figure 1) in the 

unprimed direction and the C-terminal arginine in primed direction. ES001 was docked into 

MMP-9 in a similar starting orientation such that the Gly was occupying the S1-subpocket and 
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Leu the S1’-subpocket. During 200 ns simulations both with MMP-9 and MMP-14 the substrate 

kept the orientation and elongated conformation within the binding site cleft throughout 

simulations. The terminal parts of ES001 showed largest structural flexibility during the MD 

simulations, and Figure 2 shows that the N-terminal Mca and the Dpa in the C-terminal of the 

substrate were most exposed to solvent during MD.  

Figure 2 shows that Ala191 interacted with the backbone NH group of Leu in P2 position of 

ES001, while the catalytic zinc ion of MMP-9 interacted with the CO group of the Gly in P1 

position and with one of the negatively charged oxygen atoms and a nitrogen of Dpa for most 

of the simulation. The catalytic glutamic acid (Glu402) also interacted with the backbone NH 

of the P1’ residue for 30 % of the frames, while the backbone CO of Pro421 interacted with 

the backbone NH group and a side chain nitrogen of Dpa in P2’ position. A water molecule was 

bridging between Leu188 and the backbone CO in P1
’-position, while Tyr423 interacted with 

the backbone CO in P2’-position for more than 30 % of the frames (Figure 2). Altogether, ES001 

obtained a hydrogen bonding network with MMP-9 very similar to that of the substrate probe 

in the X-ray complex with MMP-9 (51). In MMP-14, the interactions of the central parts around 

the cleavages site were very similar to that in MMP-9, and ES001 had similar interactions with 

the catalytic zinc ion and the catalytic glutamic acid (Glu240) as in MMP-9 (Figure 2). However, 

the interactions around the P2 and P2’ positions were quite different from that in MMP-9 for 

most of the frames (Figure 2). 

  

2.1.2 The binding of ES005 with TLN 

ES005 is larger than ES001 and the substrate probe that was co-crystallized with MMP-9 (51), 

and the docking process of ES005 into the catalytic site of TLN was quite problematic, such 

that the starting complex for the MD simulations may be more uncertain than those for ES001 

in MMP-9 and MMP-14. The RMSD of substrate and enzyme during MD are shown in 

supplementary Figure 2. These plots show that ES005 was quite stable during both 

simulations. However, for the simulation with Ala and Phe (AF complex) in S1 and S1’ sub-

pockets, respectively, the substrate obtained an extremely stable conformation after 

approximately 100 ns and stayed in that conformation for the rest of the simulation. During 

the first 100 ns of this simulation the N-terminal parts of ES005 did not have binding partners 
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within the enzyme and large portions of the substrate (especially in the N-terminal parts) were 

strongly exposed to solvent. After 100 ns the N-terminal Mca group folds against the C-

terminal Dnp group giving a folded and very stable conformation of the substrate (Figure 3).  

The simulation with Gly and Phe (GF complex) in S1 and S1’ sub-pockets, respectively, retained 

a quite elongated conformation for the entire simulation, with the N-terminal Mca in 

unprimed direction and the C-terminal Dnp in primed direction (Figure 3), as seen for ES001 

with MMP-9 and MMP-14, and in the X-ray structure of the substrate probe with MMP-9 (51). 

In the GF complex, the catalytic zinc interacted with the backbone CO-group of both the Pro 

in P2 position and the Gly in P1 position. Asn112 interacted with the backbone NH group of 

both Phe in P1’ and Ser in P2’ position, while Arg203 interacted with backbone CO in P1’ 

position. Asn111 interacted with side chain of Ser in P2’, while His142 was stacking with the 

side chain Phe in P1’ position (Figure 3).  In the AF complex, unprimed residues of ES005 were 

more important for forming interactions with amino acids in TLN than in the GF complex 

(Figure 3). The backbone CO group of Gly now in the P4 position obtained hydrogen boding 

interactions with Asn116, while the backbone NH of Ser now in P2 position interacted with 

Trp115. The side chain of Phe now in P3 position was stacking with Phe114. The backbone CO 

of P2 (Ser) and P1 (Ala) interacted with the catalytic zinc. The backbone NH of P1’ (Phe) 

interacted with Asn112, while the side chain was stacking with His142. The C-terminal Dnp 

interacted with Asn11 and Arg203 (Figure 3).  

During catalytic cleavage, the incoming substrate is presumed to displace a water molecule 

coordinated to the catalytic zinc, such that the general base (Glu143 of the HEXXH motif)) can 

accept a proton from the zinc polarized water molecule and transfer it to the leaving nitrogen 

of the scissile bond (52, 53). During the cleavage process the side chain oxygen of Asn112 in 

TLN and the backbone carbonyl of Ala113 are suggested to accept hydrogen bonds from the 

protonated nitrogen (P1’ position) of the scissile bond. In both simulations Asn112 formed 

hydrogen bonds with the backbone NH of the P1’ residue, and Glu143 is also located near the 

NH group of the P1’ residue. Based on that both cleavage sites may be possible. In both 

complexes the central P1 and P1’ residues form favourable interactions with the enzyme that 

can facilitate proton transfer and substrate cleavage. In the GF complex the ES005 structure 

is more elongated than in the AF complex and in a conformation more similar to the 

conformation of ES001 in MMP-9 and MMP-14 (Figure 2) and to the conformation of the 
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substrate probe with MMP-9 than in the AF complex. In addition, TLN is classified as an 

endopeptidase (15), and an Ala-Phe cleavage will result in a dipeptide product. Altogether, 

this may suggest that the Gly-Phe is a more realistic cleavage site of ES005 in TLN than Ala-

Phe. However, based on the present simulations we cannot rule out that ES005 is cleaved both 

at Gly-Phe and Ala-Phe by TLN.  

 

2.1.3 Sub-pocket amino acids 

The amino acids within the substrate sub-pockets during MD of ES001 with MMP-9 and MMP-

14 and ES005 with TLN (Gly-Phe cleavage site) are shown in Table 1. Amino acids in direct 

contact with the substrate, in addition to amino acids in close vicinity of substrate side chains 

have been included in the table. Amino acids in PLN and ALN corresponding sub-pocket amino 

acids in TLN are also shown. These amino acids have been identified by amino acids sequence 

alignments of the catalytic domain of TLN, PLN and ALN (Supplementary figure S5).  The 

identification of amino acids with the different sub-pockets was not easy, especially for the S1 

sub-pocket, since the substrate amino acid entering this pocket were a glycine in both ES001 

and the GF-simulation of ES005 with TLN. In addition, for amino acids located at the boarder 

of two sub-pockets it is a definition if the amino acid belongs to one or the other sub-pocket. 

Table 1 is therefore slightly differing from a corresponding table based on docking of inhibitors 

by Rahman et al. 2021 (45). 

 

2.2 Km values of fluorescence quenched substrates 

At experimental conditions in the present work (1 % DMSO in all assays), the Km value of ES001 

with recombinant Mag-Trypsin activated MMP-9 (MMP-9(MT)) was 2.7 ± 0.5 µM. Km values of 

ES001 for MMP-9(A) and MMP-14, and of ES005 for TLN, TLN and ALN at experimental 

conditions as in the present work were determined previously (45). To summarize, the Km 

values of ES001 with MMP-9(A) and MMP-14 were 4 ± 1 and 4.9 ± 0.4 µM, respectively, while 

the Km values of ES005 with ALN, PLN and TLN were 76 ± 7, 24 ± 8 and 6 ± 1 µM, respectively. 

The estimated Km values for ALN and PLN in that study must be regarded as uncertain since 

the highest substrate concentration used was 10 µM due to quenching. The Km values were 
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very similar to those previously obtained for these enzymes without DMSO (48) or with a 

DMSO concentration of 5 % (47).  

 

2.3 Quenching experiments with phosphinic compounds 

All compounds were first tested for possible quenching of the formed fluorescence product. 

The experiments were performed with varying concentrations of the putative inhibitors (0 - 

100 μM) against varying concentrations of the fluorescence product (McaPLG-OH)  of ES001 

as previously described for PAC-1 and isatin derivatives (47), and as described in Materials and 

Methods. These experiments revealed that neither of the phosphinic compounds quenched 

the fluorescence product. However, some of the compounds showed background 

fluorescence at the emission and excitation wavelength used, but that did not affect the 

inhibitory assays as enzymatic reactions were followed continuously. These results were 

similar to our previous results with bisphosponate and catechol containing compounds (45) 

dipicolylamine (DPA), tripicolylamine (TPA), tris pyridine ethylene diamine (TPED), pyridine 

and thiophene deriviatives (50), but in large contrast to PAC-1 and isatin derivatives which 

larely quenched the fluorescence product (47). 

 

2.4 Inhibitory effects of the phosphinic compounds 

To determine the inhibitory power of the phosphinic compounds and if they were slow or fast 

binders, enzymes and 100 μM of the compounds were pre-incubated for either 15 or 30 min 

at room temperature. Thereafter, the reaction was started by adding substrate, and the 

reaction was followed for 30 min at 37 °C. Experiments without pre-incubation were also 

performed, where the reaction was started by adding the enzyme to the mixture of substrate 

and phosphinic compound and the reaction was followed as described above. Control 

experiments without phosphinic compounds were performed identically. As shown in 

Supplementary Figure S6, these compounds were not slow binder to any of the human and 

bacterial proteases, except H-3 against MMP-14 where it appeared that the inhibition was 

stabilized after 15 min pre-incubation.  

Figure 4 shows that only compound H-2 is a strong inhibitor of all five proteases, and strongest 

inhibition was seen with MMP-9 and MMP-14. Compound H-1 was a strong inhibitor of only 
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the two human proteases, while the other three compounds (H-3, H-4 and H-5) showed only 

weak to no inhibition of the five proteases. Ki values were determined for the enzymes where 

100 μM of a phosphinic compounds resulted in an inhibition of 50 % or more. Table 2 

summarizes these results. H-2 binds strongest to the two MMP-9 activated variants (MMP-

9(MT) and MMP-9(A) with Ki values around 0.5 μM. This compound bound approximately 

equally good to MMP-14 and TLN, although the binding was weaker than to MMP-9. A much 

weaker binding was observed to PLN and ALN, although the binding was stronger to the 

former enzyme.  

Induced fit docking of H-2 into MMP-9 is shown in Figure 5. The highest scored pose of H-2 

with MMP-9 is shown in gold-yellow and had a scoring of -16.3 kcal/mol. All different 

enantiomers were initially docked however, the RSS enantiomer (Figure 4 and Figure 5C) was 

the highest scored and was also the one used for the inhibition kinetics studies. The X-ray 

structure of the SSS enantiomer with MMP-11 is known (PDB id: 1hv5) (54) and is 

superimposed with the MMP-9/H2 complex in Figure 5A. The figure shows large similarities 

between the complexes. In both, H-2 interacts both with primed and unprimed pockets, and 

the propylphenyl group occupies the S1’ sub-pocket and penetrates quite deeply into the 

pocket. The most striking difference is that the indole ring occupies the S2’ sub-pocket in the 

X-ray complex (SSS enantiomer), while in the best docked complex (RSS enantiomer) the ring 

is more in the direction of the S3’ sub-pocket (Figure 5B). In addition, the positions of the other 

phenyl rings were also different.  The position of H-2 (RSS) in MMP-14 was quite similar to that 

in MMP-9, but in the best pose the indole ring was in the direction of the S2’-sub-pocket 

(Figure 6), more similar to the X-ray complex of the SSS-enantiomer with MMP-11 than in 

MMP-9. The scoring in MMP-14 was – 14.9 kcal/mol.  

The induced fit docking complexes of H-2 with PLN, ALN and TLN are sown in Figures 7-9. The 

scoring values with these enzymes were as follows; PLN: -13.0 kcal/mol, ALN:  -13.0 kcal/mol, 

TLN: -13.4 kcal/mol. In agreement with the obtained Ki values, the induced fit docking studies 

show that H-2 binds weaker to TLN, PLN and ALN than to MMP-9 and MMP-14 (Table 2). The 

main differences between the bacterial MPs and the human MMPs was that the phenyl ring 

of H-2 closest to the phosphinyl group entered the S1’-sub-pocket in the bacterial MPs (Figure 

7, 8 and 9), while the propylphenyl group (Figure 4) entered this pocket in the MMP-9 (Figure 

5) and MMP-14 (Figure 6). In the bacterial enzymes the propylphenyl group was in the 
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direction of unprimed sites. These results indicate that the propyl chain with the phenyl ring 

that occupies this sub-pocket in MMP-9 and MMP-14 and in the X-ray structure of MMP-11 is 

too long to enter the S1’ sub-pocket of the virulence factors, and therefore the shorter 

phenylalanine enters this sub-pocket. This agrees with our previous studies on compounds 

with hydroxamic acid as ZBG, showing that the S1’ sub-pockets of the MMPs can occupy larger 

groups than the corresponding sub-pocket of TLN, PLN and ALN (46, 48, 49). H-2 interacted 

both with prime and unprimed sub-sites in the bacterial MPs. This agreed with the docking 

into MMP-9 and MMP-14 and indicate that H-2 and other phosphinyl compounds also may 

mimic substrate transition states while interacting with bacterial zinc MPs. 

H-1 binds stronger to MMP-14 than to the two variants of MMP-9, with Ki values of 0.89 μM, 

19 μM and 30 μM, receptively (Table 2). (41). Induced fit docking of H-1 into MMP-9 and MMP-

14 were performed both with the RSS and SSS enantiomer. The difference between the 

enantiomers was at the chiral centre closest to the phosphinyl group (Figure 4). The X-ray 

structure complex of the SSS enantiomer with MMP-12 is known (PDB id: 5czm) (41). In that 

complex the big isoxazolyl side chain of H-1 (Figure 4) enters deeply into the S1’-subpocket of 

MMP-12. Docking of the RSS and SSS enantiomers into MMP-9 (Figure 10) and MMP-14 

(Figure 11) showed that this group of H-1 also enters the S1’-subpocket of MMP-9 and MMP-

14. Both the SSS and RSS-enantiomer could be docked into the active site of MMP-9 and MMP-

14, but the SSS-enantiomer showed best scoring in both, with a scoring value of -13.2 kcal/mol 

in MMP-9 and -9.2 kcal/mol in MMP-14. The corresponding scoring values for the RSS-

enantiomer was -7.2 kcal/mol for MMP-9 and -6.3 kcal/mol for MMP-14.  These scoring values 

indicated that H-1 binds stronger to MMP-9 than MMP-14, which is contradictory to the 

calculated Ki values (Table 2). In the bacterial enzymes, isoxazyl side chain seems too big to 

enter the S1’-subpocket, and no clear interactions with any of the enzyme sub-sites were 

observed, which may explain why H-1 did not bind PLN, TLN and ALN (Figure 4). 

Previously, H-1 (RXP470) (Figure 4) have been tested as inhibitor of various metalloproteases 

(MMP-1,-2,-3,-7,-8,-9,-10,-11,-12,-13,-14, ACE, NEP and TACE)  (55, 56). In agreement with our 

results, they found that H-1 binds stronger to MMP-14 than MMP-9 with Ki values of 0.14 and 

1.3 μM, respectively (56). Noticeable, the previously obtained Ki values H-1 and H-2 for MMP-

9 and MMP-14 were lower than the values we obtained in the present study. H-2 (RXPO3) 

were also previously tested as an inhibitor against various matrix metalloproteases (MMP-1,-
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2,-7,-8,-9,-11,-14) (44). In agreement with our results, H-2 bound stronger to MMP-9 than to 

MMP-14 with Ki values of 10 and 40 nM, respectively. Another study showed that that the RSS 

enantiomer of H-2 bound stronger to MMP-14 than the RRS enantiomer, with Ki values of 90 

and 386 nM, respectively (43). In both these studies, the reported Ki values were lower than 

those obtained for these two enzymes in the present study with the RSS enantiomer of H-2. 

Differences in the experimental setup between the present study and the previous studies of 

H-1 and H-2  (43, 44, 56) may explain the differences in obtained Ki values. Buffer 

compositions, pH, in addition to assay reaction temperature were different. Previous studies 

showed that the binding of H-1 (RXP470) to MMP-12 is pH dependent and the Ki value 

increased approximately ten times with one unit increase in buffer pH (41, 42). The assay 

reaction temperature may have an effect of the obtained Ki values. In a previous study with 

the enzyme Drosophila lebanonensis alcohol dehydrogenase (ADH), it was shown that the 

dissociation constant (KEO,I) of pyrazole from the ternary enzyme-NAD+-pyrazole complex 

increased with increasing temperature in the pH region 7-10 (57). Both the buffer pH and 

assay temperature were higher in our experiments compared to the previous studies, which 

at least in part may contribute the higher Ki values obtained in our study. 

The phosphinc di- and tri-peptide compounds H3-H5 with a carboxylic acid or a carboxylic 

ethyl ester at the C-terminal P1’ position (Figure 4), were previous studied as potential 

carboxyexopeptidase inhibitors. H4 was one of several phosphinic di- and tri-peptide 

compounds designed and tested against angiotensin-converting enzyme 2 (ACE2), 

carboxypeptidase A and angiotensin-converting enzyme (ACE) (58). Thus, it was not 

unexpected that compounds H3-H5 showed weak to no inhibition of the five proteases in the 

present work (Figure 4). 

 

 

3. Material and Methods 

3.1 Materials 

Dimethyl sulfoxide (DMSO), TRIS, sodium hydrogen phosphate (Na2HPO4), and sodium acetate 

(CH3COONa) were from Merck (Darmstadt, Germany). Ethylenediaminetetraacetic acid was 

from Fluka (Buchs, Switzerland). Acrylamide, Coomassie Brilliant Blue G-250 and Triton X-100 
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were from BDH (Poole, UK). Hepes, Brij-35, Silver nitrate, alkaline phosphatase-conjugated 

antibodies, p-aminophenylmercuric acetate (APMA) and gelatin were from Sigma (St Louis, 

MO, USA). Magnetic trypsin beads (Mag-Trypsin) were purchased from Takera (Gothenburg, 

Sweden). Gelatin-Sepharose, was from GE-Healthcare (Uppsala, Sweden). DC Protein Assay 

and unlabelled molecular weight standards were from BioRad (Richmond, CA, USA). Sf9 and 

High FiveTM insect cells and Magic Marker molecular weight standards were from Invitrogen 

(Carlsbad, CA, USA). Western Blotting Luminol reagent and HRP-conjugated donkey anti-goat 

secondary antibody were from Sancta Cruz (Santa Cruz, CA, USA). HRP-conjugated goat anti-

rabbit secondary antibody was from Southern Biotech (Birmingham, AL, USA). Fetal bovine 

serum was from Biochrom AG (Berlin, Germany). Galardin (Gm6001), human MT1-

MMP/MMP-14 (catalytic domain), TLN and PLN were from Calbiochem (San Diego, CA, USA) 

and Aureolysin was from BioCentrum Ltd (Kraków, Poland). McaPLGL(Dpa)AR-NH2 (ES001) 

and McaRPPGFSAFK(Dnp)-OH (ES005) were from R&D Systems (Minneapolis, MN, USA). Mca-

PL-OH was from Bachem AG (Basel, Switzerland). 

The phosphinic compounds were a kind gift from professor Athanasio Yiotakis, University of 

Athens, Greece. Synthesis of these compounds have been described in previous papers (42-

44, 54, 56, 58, 59). Structures of the phosphinic compounds tested in the present study are 

shown in Figure 4. 

 

3.2 Expression, purification and activation of recombinant human proMMP-9  

The expression of recombinant full length proMMP-9 (rpMMP-9) in Sf9 and High Five insect 

cells and the purification were performed as previously described (48, 60). The amount of 

proMMP-9 was estimated spectrophotometrically at 280 nm using ε280nm = 114.36 M-1cm-1  

(61) for the full length enzyme. Activation of the recombinant proMMP-9 was performed with 

APMA (auto-activation) and Mag-Trypsin as previously described (48), while the amount of 

active MMP-9 was determined by active site titration using galardin, also described previously 

(48). 
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3.3 Enzyme inhibition studies of phosphinic compounds  

3.3.1 Determination of reaction velocities 

The substrate McaPLGL(Dpa)AR-NH2 (ES001) were used for APMA activated MMP-9 (MMP-

9(A)), Mag-Trypsin activated MMP-9 (MMP-9(MT)) and MMP-14, while the substrate  

McaRPPGFSAFK(Dnp)-OH (ES005) were used for ALN,  PLN and TLN. The reaction 

velocities/initial rates (v) were determined at 37 °C, at an excitation wavelength of 320 nm 

and an emission wavelength of 405 nm with a slit width of 10 nm using either a Perkin Elmer 

LS 50 Luminescence spectrometer and the FL WinLab Software Package (Perkin Elmer) or a 

Clario Star micro plate reader (CLARIOstar® BMG LABTECH). 

The phosphinic compounds were dissolved in 100 % DMSO giving a concentration of 10 mM. 

In all assays, a fixed substrate concentration of 4.0 µM in a total volume of 100 µL 0.1 M Hepes 

pH 7.5, 10 mM CaCl2, 0.005 % Brij-35 and 1.0 % DMSO. Fixed enzyme concentrations were as 

follows; 0.05 nM MMP-9(A), 0.05 nM MMP-9(MT), 1.0 nM MMP-14, 1.4 nM ALN, 0.5 nM PLN 

and 0.21 nM TLN. Time dependent inhibitory experiments without and with 100 μM of 

phosphinic compounds were performed as follows: Compounds were either pre-incubated 

with proteases for 15 and 30 minutes at room temperature and the enzymatic reaction was 

started by adding the substrate, or not pre-incubated, i.e., the reaction was started by adding 

the protease to the mixture of substrate and compound. Control tests without compound 

present were performed in the same way. The reaction was followed for 30 minutes at 37 °C.  

 

3.3.2 Determination of Km values 

Km values were determined for ES001 with Mag-Trypsin activated recombinant MMP-9 (MMP-

9(MT)). Substrate concentrations used were 1-10 µM in a total volume of 100 µL of 0.1 M 

Hepes pH 7.5 containing 10 mM CaCl2, 0.005 % Brij-35 and 1.0 % DMSO. Substrate 

concentrations above 10 µM resulted in quenching as reported previously (47). Initial rate 

experiments were performed as described above for the determination of enzyme reaction 

velocities using a Perkin Elmer LS 50 Luminescence spectrometer and the FL WinLab Software 

Package (Perkin Elmer). Km values of ES001 for MMP-9(A) and MMP-14, and of ES005 for TLN, 
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TLN and ALN at same experimental conditions as in the present work were determined 

previously (45). As described previously, in these experiments the reactions were followed for 

one minute, only, and initial reaction velocities were determined from the activity curves.  

 

3.3.3 Determination of IC50 and Ki values 

The inhibitory constant IC50 of the phosphinic compounds were performed with 

concentrations ranging from 10-10 to 10-4 M in the assay or 8 concentrations that resulted in 

inhibition between 10 - 90%, using a fixed substrate, and concentrations of enzyme and buffer 

as described above. Enzymes with and without inhibitor were either pre-incubated for 30 

minutes at room temperature, or not pre-incubated, and initial rate assays were performed 

as described above. Assays were performed using a Clario Star microplate reader (CLARIOstar® 

BMG LABTECH). The IC50 values were calculated with Graph Pad Prism 5 using equation 1 or 

2, depending on concentration ranges of phosphinic compounds used. 

 

𝑣𝑖

𝑣0
=  

1

(1 +  10(𝑝𝐼𝐶50−𝑝𝐼))
    (1)                              

   

   

𝑣𝑖

𝑣0
=  

1

(1 +  
[𝐼]

𝐼𝐶50
)

  (2) 

 

 

In equation 1 and 2, vi is the enzyme activity in presence of inhibitor, v0 the activity in absence 

of inhibitor, pI = -log [Inhibitor] in M and pIC50 = - log IC50 in M. All experiments were performed 

in at least triplicate. Equation (3) shows the relation between IC50 and Ki values for substrate 

competitive inhibitors based on the fixed substrate concentration used and the enzymes Km 

value for the substrate: 

 

IC50 = Ki (1 + [S] / Km) (3)  
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3.3.4 Quenching experiments 

To determine to which extent the tested compounds quenched the time dependent enzymatic 

increase in the fluorescence product of processed substrates, quenching experiments were 

performed as described previously (47). Briefly, the fluorescence (λex=320nm, λem=405 nm, slit 

width =10 nm) at various concentrations of the Mca-fluorescent product of ES001 and ES005 

(0-100 nM), was determined in absence and presence of various concentrations of the 

phosphinic compounds (0-100 µM). Primary and secondary plots were used to determine if 

these compounds quenched the McaPL-OH fluorescence. 

 

3.4 Molecular modelling 

The Schrödinger 2021-2 suit of programs (Schrödinger, Inc., New York, USA, 2021) were used 

for molecular modelling. Induced fit docking of H-1 and H-2 (Figure 1) was performed into the 

active site cleft of MMP-9, MMP-14, TLN, ALN and PLN. The Desmond program (62) running 

on the graphics processing unit (GPU) of our workstations was used for molecular dynamics 

simulations of ES001 with MMP-9 and MMP-14, and of ES005 with TLN. 

 

3.4.1 Induced fit docking of H1 and H2 

The 2D structures of H-1 and H-2 were drawn, converted to 3D by the 3D builder tools of 

Maestro 12.8.  Different enantiomeric states of H-1 and H-2 were generated and optimized 

with the LigPrep module using the OPLS4 force field (63). The obtained low energy 

conformations were used for induced fit docking (IFD).     

The following X-ray crystal structures were used for docking: MMP-9; PDB id 2ovz (a 

Glu402Gln mutant of MMP-9). MMP-14; PDB id 1bqq, complexed with TIMP-2, an X-ray crystal 

structure of MMP-14 with a small molecular inhibitor is lacking in the PDB-database. PLN; PDB 

id 3dbk, complex with the inhibitor phosphoramidone. TLN; PDB id 1tlp, complex with a 

phosphoramidate inhibitor. ALN; PDB id 1bqb, structure of the enzyme without inhibitor, an 

ALN-inhibitor complex is lacking in the PDB-database.  
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Gln402 in the MMP-9 structure were mutated back to Glu402 as in the wild type MMP-9. 

Enzyme structures were protonated at pH 7.4 + 0.2 using the Epik tool, missing hydrogen 

atoms were added, and structures were optimized using the OPLS4 force field (63). An atomic 

distance of 12 Å around the center of the co-crystallized inhibitors were used to generate the 

3D grid box for docking. For PDB structures without a small molecular inhibitor (MMP-14 and 

ALN), the catalytic zinc atom was used as center of the 3D grid box. IFD was performed for the 

H1 and H2 into the enzyme structures using default parameters and standard sampling, 

retaining 20 poses of each ligand. The IFD scores were calculated to rank the different poses. 

 

3.4.2    Construction of enzyme-substrate complexes  

The X-ray structure complex of an inactive mutated form of MMP-9 (the Glu227Ala mutant  

corresponding to Glu402Ala in the present manuscript) in complex with a substrate probe 

molecule (PDB id: 4jij), together with an X-ray crystal structure of MMP-9 that contains the 

prodomain, the catalytic domain and the three FnII (fibronectin type II) modules (PDB id: 1l6j) 

were used as starting points for generating MMP-9/ES001, MMP-14/ES001 and TLN/ES005 

complexes. The prodomain was deleted from the 1l6j structure giving Phe107 as the new N-

terminal amino acids, as observed in trypsin and MMP-3 activated MMP-9 (64). 

The length of ES001 is similar to that of the substrate probe (Figure 1), and the only structural 

difference is that the substrate probe contains a phenylalanine with an iodine atom in para-

position (51), while ES001 has a leucine in the corresponding position (Figure 1). The iodinated 

phenylalanine occupies the S1’ binding cavity of MMP-9 (51), and the corresponding leucine 

in ES001 is therefore most probably the P1’- position of ES001 (Figure 1). Crystallographic 

water molecules were removed from both structures, and an initial MMP-9 - ES001 complex 

was constructed from the MMP-9 – substrate probe complex (PDB id: 4jij) by mutating the 

iodinated phenylalanine in P1’- position of the substrate probe to the leucine in ES001. 

Thereafter the MMP-9 -ES001 complex were superimposed with the 1l6j structure lacking the 

prodomain, and ES001 was transferred into the catalytic site of the modified 1l6j structure.  

The 1l6j structure was chosen since the three FnII domains also may influence the structural 

dynamics of MMP-9. 
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An initial complex of MMP-14 with ES001 was constructed by superimposition the X-ray 

structure of MMP-14 (PDB id: 1bqq) without crystallographic water molecules with the 

generated MMP-9 - ES001 complex, and thereafter transferring the ES001 structure into the 

active site cleft of MMP-14 in a position similarly to the position in MMP-9. 

Construction of complexes of TLN with ES005 was a bit more problematic. ES005 is longer than 

ES001 and the substrate probe (Figure 1) and generating the ES005 structure directly from the 

substrate probe was therefore problematic.  The X-ray structure of MMP-9 with the substrate 

probe was superimposed with the X-ray structure of TLN (PDB id: 1tlp), without 

crystallographic water molecules, and the substrate probe was transferred into the TLN 

structure. Thereafter ES005 was drawn, converted to 3D by the 3D builder tools of Maestro 

12.8, and optimized with the LigPrep module using the OPLS4 force field (63). The exact 

cleavage site(s) of TLN in ES005 are not known, but TLN prefers quite large and hydrophobic 

amino acids within the S1’-pocket (15), and the P1’-position of ES005 was therefore anticipated 

to be one of the two phenylalanine residues (Figure 1). Two complexes of ES005 with TLN 

were therefore constructed, by manually position the ES005 on top of the substrate probe in 

the TLN structure. In both complexes a phenylalanine of ES005 was superimposed with the 4-

iodo-phenylalanine in the substrate probe such that in one of the complexes, the glycine of 

ES005 was the P1-amino acid, while in the other the alanine of ES005 was the P1-amino acid 

(Figure 1). Manual adjusts of some of the side chains of ES005 were necessary to avoid 

structural clashes.    

The enzyme structure complexes of ES001 with MMP-9 and MMP-14, and the two complexes 

of ES005 with TLN were protonated at pH 7 + 2 using the Epik tool, missing hydrogen atoms 

were added, and complexes were optimized using the OPLS4 force field (63). 

 

3.4.3 Molecular dynamics simulations 

The four energy optimized complexes from section 2.5.2 were used as starting points for 200 

ns of MD simulations using graphics processing unit (GPU) technology as implemented in the 

Desmond program (https://www.deshawresearch.com/publications/Desmond-

GPU_Performance_April_2021.pdf) version 6.7 (Schrödinger, Inc., New York, USA, 2021). The 

OPLS4 force field (63) was also used for MD simulations. Molecular systems were solvated 

https://www.deshawresearch.com/publications/Desmond-GPU_Performance_April_2021.pdf
https://www.deshawresearch.com/publications/Desmond-GPU_Performance_April_2021.pdf
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within an orthorhombic box by using the TIP4P water model with a region of 10 Å between 

the surface of the enzyme – substrate complexes and the walls of the box. Chloride ions were 

added to neutralise the molecular system. Equilibration of the molecular systems were 

performed by the recommended default relaxation protocol that includes 100 ps of Brownian 

dynamics at constant temperature (10 K) and pressure with restraints on solute heavy atoms, 

followed gradually heating of the system from 0 to 300 K. A cut-off radius of 9 Å was used for 

short range electrostatic and van der Waals interactions. Long range electrostatic interactions 

were treated by the smooth particle mesh Ewald method (65). After convergence, MD 

simulations for 200 ns were performed using isothermal-isobaric ensemble (NPT) 

(temperature 300 K, pressure 1.01325 bar) with time steps of 2 fs. A Nose-Hoover thermostat 

and the Martyna-Tobias-Klein barostat were used to maintain constant temperature and 

pressure (66). Coordinates were written every 100 ps, giving all together 2000 frames in each 

trajectory.  
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Table 1. Amino acids within the sub-pockets of MMP-9, MMP-14, TLN PLN and ALN. Amino acids 

included are those in the vicinity of substrate side chains during MD simulations. Sub-pocket amino 

acids of PLN and ALN are based on amino acid sequence alignments with TLN (Figure S5). 

Sub-pocket MMP-9 MMP-14 TLN PLN ALN 
S1 H190, A191, 

E402, H405 
F198, A200, 
A202, E240, 
H243 

A113, F114, 
Y157 

A113, Y114, 
Y155 

A115, A116, 
Y159  

S1’ Y393, S394, 
F396, L397, 
V398, H401, 
L418, Y420, 
P421, M422, 
Y423, R424, 
T426 

L199, L235, 
N231, V236, 
V238, H239, 
F260, Y261, 
Q262, F263 
 

N112, M120, 
S134, D138, 
V139, H142, 
G189, L202, 
R203  

N112, M120, 
L132, D136, 
V137, H140, 
G187, L197, 
R198 

N114, M122, 
S136, D140, 
V141, H144, 
G186, L199, 
R200 

S2 A191, P193 H201, Y203, 
F204 

W115, E143, 
H146 

W115, E141, 
H144 

W117, E145, 
H148 

S2’ G186, L187, 
Y218, H411 

H249, S250, 
S251, P259 

N111, F130, 
L133, Y193 

E111, Y130, 
L132, K191 

N113, F132, 
L135, Y190 

 

 

 

Table 2. Ki values of the phosphinic compounds H-1 and H-2 for MMP-14, MMP-9(A), MMP-9(MT), 

ALN, PLN and TLN. The table is showing Ki ± s.d. values determined for both bacterial and human 

metalloproteases using two different fluorescence quenched peptide substrates, 

McaRPPGFSAFK(Dnp)-OH (for TLN, PLN and ALN) and McaPLGL(Dpa)AR-NH2 (for MMP-9(MT), MMP-

9(A) and MMP-14). The concentration of the substrates was 4.0 μM and highest concentration of the 

test compounds was 100 µM. Compounds reducing the enzymatic activity by 50 % or more at a 

concentration 100 µM are included. Compound and enzyme were pre-incubated for 30 min and the 

reaction was started by the addition of substrate as described in the Materials and Methods. The s.d. 

of the Ki values is the sum of the s.d. from both IC50 and Km, where the added s.d. value of Km have the 

same relative weight as the contribution of [S] / Km to the obtained Ki value from IC50 (eqn. 3). 

 

 
 

Compound 

Ki ± s.d. (μM) 

McaPLGL(Dpa)AR-NH2 McaRPPGFSAFK(Dnp)-OH 

MMP-14 MMP-9(A) MMP-9(MT) ALN PLN TLN 

H-1 
H-2 

0.89 ± 0.04 
3.0 ± 0.1 

19 ± 3 
0.56 ± 0.07 

30 ± 4 
0.53 ± 0.06 

n.d.a 

80 ± 4 
n.d. 

40 ± 2 
n.d. 

2.5 ± 0.2 
an.d., not determined 
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Figure 1. Two dimensional (2D) illustrations of the substrate probe from the X-ray crystallographic complex with 

MMP-9 (PDB id: 4JIJ), McaPLGL(Dpa)AR-NH2 (ES001) that was used as substrate for MMP-9 and MMP-14 in the 

binding assays, and McaRPPGFSAFK(Dnp)-OH (ES005) that was used as substrate for TLN, PLN and ALN.  
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Figure 2. Molecular interactions of ES001 with MMP-9 and MMP-14. A: Close up of the binding cleft of the 

catalytic site of MMP-9 and MMP-14 with ES001 (green) at the catalytic site. The surface of binding cleft (yellow) 

is shown and the P1’ residue is indicated. The Cα-trace of the backbone of the catalytic part is indicated in blue. 

The coordinate sets after 161 ns of simulation with MMP-9 and after 125 ns with MMP-14 which represent stable 

periods of the simulations are used for illustration. The yellow backbone Cα of MMP-9 indicates the fibronectin 

repeats of MMP-9. B and C: 2D illustration of the complexes in A. Amino acids within 4 Å of the substrates are 

included. 
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Figure 3. Molecular interactions of ES005 with TLN. Close ups of the substrate binding cleft. A complex from each 

of the two MD simulation (TLN/ES005-GF and TLN/ES005-AF) representing stable complex structures are shown. 

The coordinate sets after 137 ns and 160 ns are shown for TLN/ES005-GF and TLN/ES005-AF, respectively. The 

binding cleft surface is shown in yellow with the Cα-trace in blue. ES005 in green.  
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Figure 4. The molecular structures and inhibitory effect of 100 μM of the H-compounds on the activity of MMP-

9, MMP-14, TLN, PLN and ALN. 
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Figure 5. Induced fit docking of H-2 with MMP-9. A: The docked complex of H-2 (gold-yellow, RSS enantiomer) 

with MMP-9 (blue Cα-trace) superimposed with the X-ray structure complex (PDB id: 1HV5) of MMP-11 (yellow 

Cα-trace) in complex with H-2 (green, SSS enantiomer). H-2 oxygens in red, H-2 nitrogens in blue, H-2 phosphate 

in dark-red. The RSS enantiomer of H-2 was used in the enzyme kinetics studies. B: H-2 with MMP-9, colour 

coding as in A. C: 2D illustrations of the interactions. Amino acids within 4 Å of H-2 are included. 
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Figure 6. Induced fit docking of H-2 with MMP-14. A: The docked complex of H-2 (RSS enantiomer) with MMP-

14. The colour coding is like in Figure 5.  B: 2D illustrations of the interactions. Amino acids within 4 Å of H-2 are 

included. 
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Figure 7. Induced fit docking of H-2 with PLN. A: The docked complex of H-2 (RSS enantiomer) with PLN. The 

colour coding is like in Figure 5.  B: 2D illustrations of the interactions. Amino acids within 4 Å of H-2 are included. 
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Figure 8. Induced fit docking of H2 with ALN. A: The docked complex of H-2 (RSS enantiomer) with ALN. The 

colour coding is like in Figure 5.  B: 2D illustrations of the interactions. Amino acids within 4 Å of H-2 are included.  
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Figure 9. Induced fit docking of H-2 with TLN. A: The docked complex of H-2 (RSS enantiomer) with TLN. The 

colour coding is like in Figure 5.  B: 2D illustrations of the interactions. Amino acids within 4 Å of H-2 are included. 
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Figure 10. Induced fit docking of H-1 with MMP-9. A: The MMP-9/SSS enantiomer complex superimposed with 

the MMP-9/RSS enantiomer complex after induced fit docking. SSS enantiomer in green and RSS enantiomer in 

gold-yellow. Colour coding of enzyme and ligand atoms is like in Figure 5. The chloride of H-1 in dark-green and 

the bromide in dark-red. B: 2D illustrations of the interactions of the SSS-enantiomer of H-1 with amino acids in 

MMP-9. Amino acids within 4 Å of H-1 are included. 
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Figure 11. Induced fit docking of H-1 with MMP-14. A: The SSS enantiomer (gold-yellow) of H-1 docked into MMP-

14. Colour coding of enzyme and ligand atoms is like in Figure 5. B: 2D illustrations of the interactions of the SSS-

enantiomer of H-1 with amino acids in MMP-14. Amino acids within 4 Å of H-1 are included. 
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Supplementary Figure S1 

 

 

Figure S1. Root means square deviations (RMSDs) of enzyme and ligand (McaPLGL(Dpa)AR-

NH2, ES001 ) from the starting enzyme – ES001 complexes during 200 ns of molecular 

dynamics (MD) simulations. Above: ES001 with MMP-9. Below: ES001 with MMP-14.  



Supplementary Figure S2 

 

 

Figure S2. RMSDs of the thermolysin (TLN) and ligand (McaRPPGFSAF(Dnp)-OH, ES005) from 

starting TLN – ES005 complexes during 200 ns of MD simulations. Above: MD with Gly-Phe as 

P1 and P1’ residues. Below: MD with Ala-Phe as P1 and P1’ residues.  



Supplementary Figure S3 

 

 

Figure S3. The Interactions of ES001 with amino acid side chains of MMP-9 (above) and MMP-14 

(below) during 200 ns of MD simulation. 



Supplementary Figure S4 

 

 

 

Figure S4. The interactions of the substrate McaRPPGFSAFK(Dnp)-OH (ES005) with side chains of TLN 

during 200 ns of MD simulations with Gly-Phe (above) and Ala-Phe as P1 and P1’ residues. Putative P1 

and P1’ residues of ES005 are indicated in Figure 1.  

 

 



Supplementary Figure S5 

 

 

 

 

PLN   ---AEAG----GPGGNQKIGKYTYGSDYGPLIVNDRCEMDDGNVITVDMNSSTDDSKTTP 53 

TLN   ITGTSTVGVGRGVLGDQKNINTTYS-TYY--YLQDN--TRGNGIFTYDAK---------- 45 

ALN   --EAAATGTGKGVLGDTKDININSI-DGGF-SLEDL--THQGKLSAYNFN---------- 44 

         : :     *  *: *  : .         ::*      . : : : :           

 

PLN   FRFACPTNT-----YKQVNGAYSPLNDAHFFGGVVFKLYRDWFGTSPLTHK---LYMKVH 105 

TLN   YRTTLPGSLWADADNQFFASYDAPAVDAHYYAGVTYDYYKNVHNRLSYDGNNAAIRSSVH 105 

ALN   -DQTGQATLITNEDENFVKDDQRAGVDANYYAKQTYDYYKNTFGRESYDNHGSPIVSLTH 103 

         :   .       : . .      **:::.  .:. *:: ..      :   :   .* 

 

PLN   YG-----RSVENAYWDGTAMLFGDGATMFYP--LVSLDVAAHEVSHGFTEQNSGLIYRGQ 158 

TLN   YS-----QGYNNAFWNGSQMVYGDGDGQTFIPLSGGIDVVAHELTHAVTDYTAGLIYQNE 160 

ALN   VNHYGGQDNRNNAAWIGDKMIYGDGDGRTFTNLSGANDVVAHELTHGVTQETANLEYKDQ 163 

       .      . :** * *  *::***    :     . **.***::*..*: .:.* *:.: 

 

PLN   SGGMNEAFSDMAGEAAEFYMRGKNDFLIGYDIK---KGSGALRYMDQPSRDGRSIDNASQ 215 

TLN   SGAINEAISDIFGTLVEFYANKNPDWEIGEDVYTPGISGDSLRSMSDPAKYGDPDHYSKR 220 

ALN   SGALNESFSDVFGYFV-----DDEDFLMGEDVYTPGKEGDALRSMSNPEQFGQPSHMKDY 218 

      **.:**::**: *  .      . *: :* *:      ..:** *.:* : *   .  .  

 

PLN   YYN---GIDVHHSSGVYNRAFYLLANSP--------GWDTRKAFEVFVDANRYYWTATSN 264 

TLN   YTGTQDNGGVHINSGIINKAAYLISQGGTHYGVSVVGIGRDKLGKIFYRALTQYLTPTSN 280 

ALN   VYTEKDNGGVHTNSGIPNKAAYNVI----------QAIGKSKSEQIYYRALTEYLTSNSN 268 

            . .** .**: *:* * :            . .  *  :::  *   * * .** 

 

PLN   YNSGACGVIRSAQNR----NYSAADVTRAFSTVGVTCPSAL 301 

TLN   FSQLRAAAVQSATDLYGSTSQEVASVKQAFDAVGVK----- 316 

ALN   FKDCKDALYQAAKDLYDEQTAE--QVYEAWNEVGVE----- 302 

      :..   .  ::* :     . .  .* .*:. ***       

 

 

 

Figure S5. Amino acid sequence alignments of the catalytic domain of pseudolysin (PLN), thermolysin 

(TLN) and aurolysin (ALN). SWISS-PROT accession codes; PLN: P14756, TLN: P00800, ALN P81177. The 

alignments were generated using Clustal Omega at the online services of EMBL-EBI 

(http://www.ebi.ac.uk/services). The zinc binding motif and the catalytic glutamic acid are 

highlighted in bold. 
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Supplementary Figure S6 

 

 

 

Figure S6. Time dependent inhibitory effects of 100 μM of the compounds (H1-H5) on the activity of 

aureolysin (ALN), pseudolysin (PLN), thermolysin (TLN), MMP-14, MMP-9 (A) and MMP-9 (MT). The 

experiments were performed as described in the material and methods section using a concentration 

of 4 μM of the substrate McaPLGL(Dpa)AR-NH
2
 (ES001) for MMP-9 (A), MMP-9 (T) and MMP-14, and 

of the substrate McaRPPGFSAFK(Dnp)-OH (ES005) for TLN, ALN and PLN.  Concentrations of the 

enzymes were as follows: 0.05 nM MMP-9(A), 0.05 nM MMP-9(MT), 1.0 nM MMP-14, 1.4 nM ALN, 

0.5 nM PLN and 0.21 nM TLN. The v
i
/v

0
 (mean ± s.d.) were based on 3-7 experiments. 
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