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Abstract 

Antibiotic resistance is one of the major challenges in the present era and it is drastically 

increasing with the increase in time because of the overuse and misuse of antibiotics. Therefore, 

there is a demand of new antibiotics with new modes of action or other innovative strategies to 

overcome bacterial infections as soon as possible. The zinc metalloproteases Themolysin 

(TLN), Pseudolysin (PLN) and Aureolysin (ALN) are important bacterial virulence factors and 

the inhibition of these bacterial virulence factors is believed to be a new treatment option of 

bacterial infections. However, in order to have a therapeutic value, inhibitors of these enzymes 

should not interfere strongly with the activity of human zinc metalloproteases.  

In the present thesis, 26 compounds were tested for the inhibition of TLN, PLN, ALN and the 

human matrix metalloproteases-14(MMP-14). The compounds were selected from a previous 

virtual screening project at the research group. The inhibition of the compounds was tested by 

measuring the enzyme activity of PLN, TLN ALN and MMP-14 after exposure of the test 

compounds. The time resolved fluorescence by the use of fluorogenic substrates was used to 

measure the enzyme activity. The results showed that some of the compounds inhibited the 

enzyme activity by 30%-40% and they were not considered as slow binders as there was no 

significant change in activity with respect to the time. Compounds with highest rate of 

inhibition in enzyme assays were selected and proceed for molecular modeling studies by 

docking and MMGBSA calculations. The best compounds were compared with a known strong 

inhibitor of the zinc- metalloproteases in the molecular modeling part. 
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ABBREVIATIONS 

 

[E]  Concentration of enzyme 

[I]  Concentration of inhibitor 

[S]       Concentration of substrate 

µl               Microliter 

µM             Micromolar 

2D              Two- dimensional 

3D              Three-dimensional 

ALN           Aureolysin 

ChEMBL    A manually curated database of bioactive molecules having drug like features 

DMSO         Dimethyl sulfoxide 

IC50  The concentration of a compound that results in 50% inhibition of an enzymes 

reaction velocity against a substrate 

Km Michaelis-Menten constant: the concentration of substrate which gives an 

enzymaticreaction rate equal to the half of the maximum rate of enzymatic 

reaction (Vm/2) 

kDa Kilo-Dalton  

MEROPS      Database on proteolytic enzymes 

MMP             Matrix Metalloproteases 

PLN              Pseudolysin 
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TLN             Thermolysin 

v0                       Velocity of an enzymatic reaction without the inhibitor 

vi              Velocity of an enzymatic reaction containing the inhibitor 

Vm            Maximum rate of enzymatic reaction 

VLS          Virtual ligand screening 

WHO        World health Organization 
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1 Introduction 

1.1 History of antibiotics  

From the discovery of penicillin to the present modern era, antibiotics can be taken as one of 

the boons in the field of medicine. As antibiotics have played a vital role in control and 

eradication of the infectious diseases, which in turn is very important for the existence of the  

humankind (1). Before the invention and production of antibiotics, the mortality rate was very 

high due to lack of effective treatment (medications) and control of diseases. Then soon after 

the invention of the microscope in the 17th century and other technologies, scientists became 

interested in the causes, routes, infection steps and control of diseases caused by the microbes, 

which accelerated the invention of the new medications leading to the discovery of the 

antibiotics (2).  

11Antibiotics are the biomolecules produced by  microorganisms or synthesized in laboratory 

which inhibits the growth of or has capacity to kill the micro-organisms (3). Besides the use in 

human and veterinary medicine, antibiotics are used in different nonmedical fields like in 

fisheries, aquaculture, food preservatives, paint industry, alcohol industry and lots of other 

domestic uses like in field of agriculture (3). Due to the extensive use of antibiotics in different 

fields along with the medical field, different bacteria have developed a resistance against the 

treatment which is termed as antibiotic resistance. When any bacteria is exposed to antibiotic 

the resistance is developed by bacteria due to new spontaneous mutation(s) during the antibiotic 

treatment and the mutation(s) are transferred to other bacteria in the form of resistance gene 

with the help of genetic elements like plasmids (3, 4). 

Although antibiotics are considered to be one of the  most significant invention in the field of 

modern medicine, research have shown that some antibiotics like tetracycline were present in 

skeletal samples of Egyptian people from the late roman period (5) and in samples from  human 

skeleton from  Sudanese Nubia from 650-550 CE (6). Artemisinin  was discovered as a drug to 

treat malaria infection in the 1970s, and has been used in treatment of many illness by Chinese  

herbalists for thousands of years (7). This showed that antibiotics and anti-parasitic drugs have 

been used since ancient times, only the form was different (8). 
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1.2 Antibiotic resistance 

The main reason of antibiotic resistance can be considered a result of irrational use and the 

increasing use in medicine. The antibiotic resistance is leading to global threats as many of the 

bacteria are becoming resistant to the antibiotics so that it is difficult to treat the infection with 

the same antibiotics as before or with the same dose as before (9). Antibiotic resistance is found 

to be more common in the countries where there is high use of antibiotics (8). At the European 

continent, the use of antibiotics was found to be higher in southern parts than in the northern 

parts. In the years from 2012-2016 the use of antibiotics was found to be in a declining phase 

in Finland, Norway and Sweden, while an increasing trend was observed in Greece and Spain 

(9). The same trend of decreased use of antibiotics continued in Norway, Sweden and Denmark 

during 2016-2019 and the increasing trend continued in the Greece and Spain (10). 

 The World Health Organization (WHO) with a collaboration with the division of infectious 

diseases at the university of Tubingen, Germany divided the pathogens according to the 

necessity of new antibiotics as with critical, high or medium priority. The pathogens were 

divided into these three categories based on their deadliness, resistance to known antibiotics, 

transmission frequency, medium of transmission and their treatment options remaining till date. 

The critical group included bacteria with multiple drug resistance (resistance produced by any 

pathogen for more than one drug) that are in high threat in the hospitals leading to the use of 

critical care devices like ventilators. These bacteria include Acinebacter, pseudomonas 

aeruginosa (P.aeruginosa), and Enterobacteriaceae respectively.  P. aeruginosa was classified 

as the second most critical bacteria for which new antibiotics are urgently needed. It is a demand 

of quickly obtaining new antibiotics with new modes of action or other innovative strategies to 

overcome these bacterial infections. The second and third category consisted of bacteria like 

salmonella, streptococcus like bacteria which are less dangerous and are single drug resistant 

(10).   

 

1.3 Pseudomonas aeruginosa 

P. aeruginosa  is a gram-negative opportunistic bacterium first reported in humans in 1862 and 

is responsible for many kinds of diseases, including 10-15% of  hospital acquired  infections 
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(11). In addition to this, P. aeruginosa is also responsible for chronic lung infection in cystic 

fibrosis patients, bacteremia in severe burn cases and acute ulcerative keratitis (which is a major 

cause of mortality). And almost all kinds of P. aeruginosa  infections are found to be associated 

with an immune-comprised host defense (12),  like urinary tract infection and other infections 

(eyes, skin, soft tissues) (13). Present antibiotics  are occasionally successful against P. 

aeruginosa infections because P. aeruginosa possesses both intrinsic and acquirable resistance 

mechanisms (14).  Another reason for putative complications is that the bacteria forms biofilm 

which blocks the access of antibiotics to  the bacteria and antibiotics gets trapped inside the 

biofilm (15). P. aeruginosa can survive in highly diversified conditions as it consists of highly 

variable metabolic versatility from soil to a living host. When a mixture of unfavored carbon is 

provided to P. aeruginosa, the carbon metabolism is regulated by catabolite repression control 

mechanism. This mechanism accelerates the catabolism of substrates like short chain fatty 

acids, amino acids and polyamines (16, 17). This helps P. aeruginosa to survive in anaerobic 

respiration with minimum utilization of energy (12). Other striking features of P. aeruginosa is 

its ability to grow up to 42°C temperature (12, 13) and survival in poor nutrition and hostile 

condition (16). 

The genome of P. aeruginosa consists of a two compartment system (core genome and 

accessory genome) which encodes the outer membrane proteins which are involved in adhesion, 

motility, export of virulence factor and sensing to the environment. The genome has 5570 open 

reading frames (ORFs) and a genome size of 6.3Mbp (14). The core genome is highly conserved 

and covers about 90% of the total genome (18). The accessory genome are found to make a 

cluster in a certain loci and are named as “regions of genomic plasticity” which help in niche 

based adaptation (19).  

 

1.4 Virulence factors as targets for development of new antibacterial drugs 

In bacteria, proteases play a vital role in nutrition, growth and invasion into host that leads to 

the death of millions of people in the world (20, 21). In addition, several proteases are known 

to be bacterial virulence factors. Bacterial virulence factors are molecules synthesized by the 

bacteria which increases the capacity of bacteria to infect or damage a host tissue. They are 

known to facilitate bacterial colonization by inducing damage to a host tissue and actively 
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weakening the host immune response. Inhibition of bacterial virulence factor instead of 

targeting the bacterial growth is considered as a new alternative strategy in the development of 

antibiotics (22-24).  Such compounds are found to have little effect on evolutional pressure for 

the development of antibiotic resistance, and little impact in normal flora of the human body. 

They may be used alone, or as an adjuvant to existing treatment. Many proteases are found to 

be bacterial virulence factors and are interesting antibacterial drug targets. However, there are 

no compounds which so far have been approved as antibiotics that target bacterial virulence 

(24). Virulence factor is a character of any microorganism which help them to replicate and 

disseminate within the host by overcoming the host defense mechanism (25)  like urease in 

cryptococcus neoformans. 

However, in order to have therapeutic potential the inhibitors should only inhibit the bacterial 

proteases and not interfere strongly with the function of human proteases. It has been estimated 

that there are  more than 60000 different proteases (26).  

 

1.5 Proteases 

Proteases or peptidases are enzymes that have the capacity to catalyze the reaction and break 

down proteins into amino acids or small polypeptides and form new protein products. Proteases 

also help in the regulation of protein function (27). The process of protein break down is done 

by cleaving peptide bonds of proteins by hydrolysis (28). Proteases are broadly classified into 

two classes; exo-peptidases and endo-peptidases on basis of their hydrolysis of the proteins. 

Exopeptidases are proteases which cleave peptides at N-terminus or C-terminus releasing single 

amino acids, while endopeptidases cleave within the peptide chain. Figure 1 is a schematic 

illustration of a protein/peptide binding to the active site of an endo-peptidase. The MEROPS 

database  classify the proteases (on the basis of the active site residues taking part in a catalytic 

reaction ) into eight classes including; aspartic (A),  cysteine (C), glutamic (G), metallo (M), 

serine (S), threonine (T), aspargine (N) and mixed (M) (29). In humans, the proteases are 

involved in different physiological process of our body like in glaucoma (metalloproteases are 

expressed) (30), cell signaling, hemostasis, blood coagulation, wound repair (31), reproduction 

and angiogenesis (32). Any kind of dysregulation  of the proteases may lead to different 
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diseases (33). There are approximately 570 proteases in humans, out of which 190 are 

metalloproteases (34). 

 

 

Figure 1: Schematic illustration of the binding of a peptide substrate to the active site cleft in a protease. 

The active site cleft with its sub-sites (yellow) is designated as S (S1, S2 etc) and the side-chains in the peptide 

substrate that interact with these sub-sites are designated 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 (red arrow). Red dot represents the catalytic 

residue (zinc in most metalloproteases). 

 

1.5.1 Matrix metalloproteases (MMPs) 

 Matrix Metalloproteases (MMPs) is a sub-family of calcium dependent metalloproteases 

containing a catalytic zinc ion and a structural zinc ion. The subfamily consists of both secreted 

and membrane associated proteases and belong to the M10 family of proteases (21). MMPs are 

built up of different domains, modules and motifs (Figure 2). The main characteristics of this 

family is that it consists of the HEXXHXXGXXH zinc binding motif and has a met-turn formed 

by a conserved methionine C-terminal to the zinc binding motif (35). The fourth ligand in the 

inactive pro-form is the cysteine of the PRCGXPD motif of the pre-domain, while a water 

molecule is the fourth ligand in the activated form. In humans, 23 different MMPs are found 

(22, 36). MMPs are endopeptidases which play vital roles in the degradation of the extracellular 

matrix and basement membrane. The activity of MMPs is found to be increased in different 

human cancer forms. 
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Fig. 2: Structure of secreted and membrane-anchored MMPs (The figure is adopted from Extracellular human 

and bacterial metalloproteases – challenges in design of specific metalloprotease inhibitors. Fatema Raman, Imin 

Wushur, Ingebrigt Sylte and Jan-Olof Winberg, Tidsskrift for Norsk-biokjemisk selskap, in press.) 

 

1.5.1.1 Matrix metalloprotease-14 (MMP-14)   

MMP-14 is a  membrane bound collagenase which is an important protein in cancer invasion 

and metastasis, and collagenolysis is  vitally dependent on MMP-14 (37). MMP-14 targets a 

wide range of extracellular matrix (ECM) proteins. Re-modeling of ECM proteins plays a 

significant role in skeletal muscle injury and cellular regeneration. The regulation of cellular 

regeneration and skeletal muscle injury is activated by MMP-14. MMP-14 helps in the 

activation of cytokines, chemokines and growth factors (38). MMP-9 is a secretory type 

metalloprotease (gelatinase B), whereas MMP-14 is a membrane type-1 metalloprotease (MT1-

MMP) consisting of a transmembrane domain having the catalytic site located outside the cell, 

i.e. into the extracellular environment (21). All MMPs are comprised of different structural 
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domains including an N-terminal pro-domain followed by a catalytic domain, hinge region and 

C-terminal hemopexin domain (Figure 2). In MMP-14, the C-terminal hemopexin domain is 

followed by  a transmembrane domain and the catalytic domain in MMP-9 consists of a unique 

module of three fibronectin-II like repeats (33). The structure of MMP-14 in complex with the 

tissue inhibitor 2 of matrix metalloproteases (TIMP-2) is shown in Figure 3.  MMP-9 is 

activated by different naturally occurring proteases such as trypsin, MMP-2, MMP-3 or by 

organomercurial compounds like HgCl2. MMP-9 can also be activated by different bacterial 

metalloproteases like PLN and TLN. Likewise, MMP-14, the other membrane type MMPs 

(MT-MMPs) as well as some of the secreted MMPs are activated in the cell by the serine 

protease furin, which cleaves a basic RX[K/R]R motif located in the C-terminal part of the pro-

domain in these MMPs (see figure 2) (33). 

Figure 3: 3D structure of the catalytic domain of MMP-14, in which MMP-14 is bound to the Tissue Inhibitor of 

Metalloprotease-2 (TIMP-2) (PDB ID: 1BQQ). TIMP-2 (orange) is bound to the catalytic zinc (indicated by blue arrow) in 

MMP-14 (represented in green color). 
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1.5.2 Bacterial metalloproteases 

 Bacterial proteases are found in all eight classes of proteases. Most of the metalloproteases are 

zinc metalloproteases (39). According to the presence of sequences around the HEXXH motif 

bacterial zinc metalloproteases are classified into five distinct families; thermolysin, astacin, 

serratia, matrixin and reprolysin metalloproteases (40). The zinc metalloprotease family 

contains a large family called the thermolysin family or the M4 family, which falls under the 

MA clan of metalloproteases. The M4 family contains bacterial enzymes including PLN (LasB)  

from P. aeruginosa, TLN from Bacillus thermoproteolyticus and ALN from staphylococcus 

aureus and all belong the subclan MA(E) (41, 42). TLN is used by the industry in the synthesis 

of aspartame (artificial sweetener) (43, 44). 

 

1.5.2.1 Pseudolysin 

PLN (LasB) (Figure 4) is the most important secreted bacterial virulence factor of P. aeruginosa 

(45) and has a capacity to digest denaturated proteins like fibrin, casein and hemoglobin. In 

addition to this, in P. aeruginosa infection it can decrease proteins of significant biological 

roles like elastin, laminin, cytokines, fibrinogen, coagulation factor XII. PLN is secreted by 

type II secretion pathway which is signal sequence dependent and involves a two-step secretion 

from the inner to the outer membrane. Secretion of PLN can be minimized by increasing the 

concentration of glucose while iron, ammonium sulfate and some antibiotics  also have ability 

to decrease its production (46). 

  



 

17 

 

 

Figure 4: 3D Structure of PLN (resolution 1.5Å) of P. aeruginosa obtained by X-ray diffraction studies (figure 

adopted from the MEROPS database). The catalytic zinc is light grey in color and calcium in yellow color in CPK 

sphere. The ligands of zinc are shown in ball and stick representation. His-140 and His-144 are shown as purple 

color and Glu-164 is shown in blue. The catalytic Glu-141 is shown in blue.    

 

1.5.2.2 Thermolysin 

The structure of TLN is shown in Figure 5. TLN is also a member of M4 family of 

metalloproteases and can be seen in bacteria and fungus which is being biologically active at a 

pH of 7. TLN binds the catalytic zinc by a  tetrahedrally co-ordination of by three amino acids 

(two histidines and a glutamic acid) and a water molecule(47).  TLN cleaves at the N-terminal 

side of bulky amino acids like Leu, Phe and Val and other amino acids like Met, His, Tyr, Ser 

as these amino acids interacts at sub-site (S1’) in the enzyme (see figure 1) (48). PLN and 

griselysin also favor binding of hydrophobic residues to their S1’ sub-sites, although they have 

a larger preference for aromatic residues than TLN (49, 50). 
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Figure 5: 3D Structure of Thermolysin from MEROPS database obtained by X-ray diffraction method. The 

catalytic zinc is represented as light grey in color and structural calcium in yellow in color. The ligands of zinc 

(His-142, His-146 and Glu-166) and catalytic Glu-143 are shown in ball and stick representation. The histidines 

in purple and the glutamic acids in blue color, respectively. 

 

1.5.2.3 Aureolysin 

Aureolysin (ALN) is a single chain protein having a molecular weight of 28 kDa. The structure  

of ALN is shown in Figure 5. For the catalytic activity, zinc is required, but it can also be 

replaced with cobalt (giving a protease which is more active than native enzyme). The richest 

source of aureolysin is strain V8 which is found in staphylococcus aureus (involved in cleavage 

of peptide bonds from COOH side) (51). 
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Figure 6: 3D structure of Aureolysin from MEROPS database obtained by X-ray diffraction method. The catalytic 

zinc is represented as light grey in color and structural calcium as yellow in color. The ligands of zinc (His-144, 

His-148 and Glu-168) and the catalytic glutamic acid (Glu-145) are shown in ball and stick representation.  The 

histidines in purple and the glutamic acids in blue color, respectively. 

 

1.5.3 Similarities between the bacterial proteases 

There are a lot of similarities and differences between these three bacterial proteases if we look 

at the 3D-structures between them. One of the major structural difference is that PLN consists 

of a structural calcium and TLN have three of them. Likewise, another difference is that PLN 

has more space for binding to a substrate as compared to TLN.  Even though, PLN is not more 

recognized as TLN, it has some difference in the size of S1’ pocket leading to the difference in 

substrate specificity and has larger substrate binding cleft then in TLN. (41, 52, 53). PLN has a 

bigger sized binding pocket then TLN (54).  ALN also have similar structure as compared to 

the TLN but it shows a closed active site cleft confirmed when viewed without any inhibitor 

(55). 

 

 



 

20 

 

1.6 Molecular modeling 

Molecular modeling is a collection of computational techniques used to study the molecular 

structure and behavior of biological molecules. The methods are used to stimulate, predict and 

analyze the properties and behavior of molecules in an atomic level. This has become one of 

the major applied strategy in the field of computational chemistry, drug design, computational 

biology and materials science (56). 

   

1.6.1 Molecular Docking 

Molecular docking is an application of molecular modeling which deals with the prediction of 

binding modes and affinities of proteins or enzymes with small molecules (ligands) by proving 

a search algorithm and numerical score (scoring function) (57).   Molecular docking is one of 

the most commonly used technique in drug design as it has the ability to anticipate the binding 

conformation of ligands to its binding site with the strength  expressed in a numerical value on 

the basis of different favorable intramolecular interactions like hydrophobic interactions, 

hydrogen bonds and ligand interactions (58). Molecular docking can be viewed as a “lock-and-

key” model in which protein is referred as a “lock” and ligand as “key” as which they fit only 

in their orientation. But this concept has been replaced by another analogy “hand-in- globe” as 

in the docking process both the ligand and protein can be made flexible. In an induced fit 

docking process, the ligand and protein change their confirmation and maintain their optimum 

fit but in the XP docking the ligand change its conformation and the target is rigid (59). The 

main purpose of molecular docking is to predict ligand-receptor complexes using 

computational methods. This can be performed by two connecting steps which involves the 

attachment of the conformations of ligands into the active site of the protein and ranking those 

conformations using a scoring function. In ideal condition, sampling algorithms meets the 

experimental binding mode and scoring function ranks the highest among all the conformations 

(60). In addition to the use in drug discovery by identifying new target compounds to a 

particular protein, molecular docking can be used in in-silico as well as other experimental 

techniques like a combination of docking and other computational techniques with some 

experimental data can be used in study of drug metabolism by grab some important information 
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from cytochromeP450 (61). Similarly, this technique was also used to find inhibitors for the 

enzyme (DNA gyrase) by de-novo design of the same enzyme (62).  

Major obstacles in docking studies are the receptor flexibility and movement of secondary 

elements of receptors, ligands and catalysts. Although, some methods can overcome this by 

introducing structural flexibility, but with the global flexibility there is a requirement of an 

effective way to obtain and selection of reliable protein structures for which can fit in protein 

embedment. Another limitation of this method is high computational cost in CPU hours (60). 

 

1.6.2 MMGBSA calculation 

In a molecular docking, scoring function is used for the evaluation of the docking results but 

these functions usually simplify the calculations with many approximations because of the 

speed of the work (screening of one million compounds in 90 minutes using 15 thousand CPUs) 

(63). So, the docking program leaves behind the accuracy by focusing on the speed of the work. 

Although in most of the cases docking programs are used for the ligand binding interactions 

there is no availability of an ideal scoring function for all types of proteins and biomolecules. 

So, by using an imprecise scoring function, most of the times it fails to give the correct 

estimation of binding energies as compared to the experimental value.  In such case, for the 

confirmation of the accurate binding free energies rescoring steps are performed (64, 65). 

Therefore, in such case MMGBSA method is used for the rescoring as it has fastest force field 

method for free energy binding method in comparison to the other force field methods like 

thermodynamic integration (66, 67). So, MMGBSA is the most widely used method in the free 

energy calculation and gives more accurate and reliable results then traditional molecular 

docking (68-70).  

 

1.7 Enzyme kinetics 

Enzymes are the biological molecules capable of altering the chemical reactions occurring in 

living organisms. If any of the enzymes are dysregulated or failed to work, it may lead to the 

dysfunction of any system or even to the death of an organism. Likewise, most toxins and 
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venoms from different bacteria and animals consists of enzymes (71). So, lots of the 

pharmaceutical companies are developing and testing the compounds for the inhibition of the 

target enzymes of the pathogenic organisms. For this process we need to know every possible 

information of the enzyme like its substrate specificity, whether it is single or multi-substrate 

enzyme, Km and kcat values of substrates, catalytic residues in the active side of the enzyme. 

What assay should be used, is it a cell based or an in-vitro assay (72-74).  

 

1.7.1 Enzyme inhibition  

The rate of an enzymatic reaction can be altered by the presence of any kind of compounds 

(moderators). There can be three scenarios in such case: the rate of reaction can be either 

increased or decreased or no change. If the rate reaction is increased, it is called enzyme 

activation and if it is decreased it is known as enzyme inhibition and those compounds are 

termed as inhibitors. The inhibitors are widely used in the field of human and veterinary 

medicine as well as in the production of pesticides and pharmaceutical agents (75).  

The inhibitor can bind both reversible and irreversible to the active site of an enzyme. In ideal 

conditions, the irreversible reaction is usually slow and reversible reaction is fast when we 

compare with the turn- over rate of enzymes (Figure 7). But there are also reversible inhibitors 

that have a slow binding to the enzyme. The relationship between the dissociation constant of 

the enzyme inhibitor complex (Ki) and total concentration of the enzyme (Et) determines 

whether the reversible inhibitor binds tightly to the enzyme or not. If the ratio of (Et /Ki )  is 0.01 

or less then the analysis of the inhibition activity is done on the basis of Michaelis-Menten 

equation or if the ratio is more than 0.01 the Michaelis-Menten is not valid as the concentration 

of the free inhibitor in the solution is not the same as total concentration of the inhibitor (76, 

77).In the case of reversible inhibition, reversible inhibitors are used for the detection of enzyme 

reaction mechanism, i.e. if there is a binding order of substrates to an enzyme with two or more 

substrates and if so, which is the binding order. Figure 7 shows a two substrate reaction (S1 and 

S2) binding to the active side of the enzyme and the forming a ternary enzyme-substrate 

(ES1S2) complex and after the catalysis they form a ternary enzyme product complex(EP1P2) 

and finally from which the product P1and P2 leave the enzyme (78).  
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Figure 7: Representation of time dependent inhibition reaction:(1) Turn-over of the enzyme without the 

inhibitor. (2) Maintenance of equilibrium in simple reversible inhibition. K3 and K4 are low in a fast reaction and 

high in the case of slow reaction. (3) Irreversible inhibition of enzyme due to formation of covalent bond between 

enzyme and a reactive group of the inhibitor, which inactivates the enzyme and form a covalent adduct E-I. (4) 

tertiary complex mechanism in which two substrates S1 and S2 bind on active site and form enzyme substrate 

complex (ES1S2) and enzyme product complex (EP1P2) by catalysis and finally alt products P1 and P2 leaving 

the enzyme.    

 

1.7.2 IC50 value and Km value 

The half minimal inhibitory concentration (IC50) is the minimum amount of inhibitor required 

to decrease the reaction velocity of the enzyme by its half (50%). It is usually expressed in the 

form of dose response curve (79). A dose response curve is a curve which represents the change 

in function of any exogenous substance  with the change of concentration of the substance(80). 

The relation between the concentration of inhibitor on reaction velocity (v) in relation with IC50 

value is shown in equation (1); where vi and v0 are the reaction velocity with and without 

inhibitor, respectively. 

                  vi/v0 = 1 / (1+([I])/IC50))                     (1) 
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The IC50 value is not an actual dissociation constant because it strongly depends on the 

concentration of the substrate for both single and multi-substrate reactions. The higher the IC50 

value, the weaker the inhibitor binds to the enzyme (78, 81). 

To determine a dose response curve, it is crucial to use a concentration of substrate which is 

equal or below the Km value if the inhibitor competes with the substrate to bind at the active 

site of the enzyme. For competitive inhibition, the relation between IC50 value and Ki value can 

be expressed as in the equation 2; where Km is the Michael-Menten constant and Ki is the 

dissociation constant of the enzyme-inhibitor complex and [S] is the substrate concentration 

(74, 82). 

IC50 = Ki (1+[S]/ Km))  (2)  

The Km value (Michael-Menten constant) is the substrate concentration in which the reaction 

rate (v) is half of the maximum of the rate of the reaction (Vmax). Km value is the measurement 

of the apparent affinity of the enzyme for the substrate; low Km value indicates that the enzyme 

is functioning more efficiently at lower substrate concentration and vice-versa. The Michael-

Menten equation is expressed in the equation (3); where [S] is the substrate concentration, Km 

is the Michael-Menten constant, Vmax is the maximum rate of reaction and v is the reaction 

velocity(83, 84). 

v = Vmax[S]/ (Km+[S])                   (3)  
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1.8 Aims of the study 

The main aim of the thesis is to test different compounds which could possibly be inhibitors of 

the zinc metalloproteases (PLN, TLN, ALN) which are the virulence factors of P. aeruginosa. 

In addition, the compounds were tested for their inhibition of MMP-14 to check whether they 

would inhibit human proteases or not. If the compounds were found to inhibit the 

metalloproteases by more than 50%, they should be further studied to determine IC50 and Ki 

values. In this thesis 26 compounds (table 1) were selected from VLS and tested against PLN, 

TLN, ALN and MMP-14. The main objective is to discover compounds which can strongly 

bind to the bacterial metalloproteases without any or limited effect on the human 

metalloproteases.  Another objective was to learn methods that are applicable in preclinical 

drug discovery. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 List of the chemicals and equipment used in the experiment: 

1. DMSO 

2. ES001 

3. ES005 

4. PLN 

5. TLN 

6. ALN 

7. MMP-14 

8. ES001 and ES005 

9. Hepes 

10. CaCl2•2H2o 

11. Brij-35 

12. Milli-Q water 

13. Laboratory weight balance 

14. Cuvettes  

15. pH-Meter 

16. 96-well plates 

17. Aluminum foils 

18. Micropipettes(0-1000µl), multichannel pipettes(0-200µl) 

19. Volumetric flasks  

20. Eppendorf tubes 

21. Perkin Elmer LS50 Spectrofluorimeter 

22. Clariostar microplate reader 

23. Computer with software (Schrodinger, Graph pad prism-6, Microsoft office)   

 
 

2.1.2 General information about the chemicals and compounds 

DMSO (Dimethylsulfoxide) was ordered from Merck(Darmstsdt, Germany). Hepes was from 

Sigma (St Louis,USA). MMP-14, Thermolysin and Pseudolysin was purchased from 

Calbiochem (San Diego, USA). Aureolysin was supplied by Bio-Centrum limited (Krakow, 

Poland). Similarly, McaPLGL(Dpa)AR-NH2 (ES001) and McaRPPGFSAFK(Dnp)-OH 

(ES005) were imported R&D Systems (Minneapolis, MN, USA).  All the assays were 

performed by using a CLARIOstar microplate reader exported from CLARIOstar® BMG 

LABTECH, Germany. 
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All 26 compounds (table 1) used for testing as inhibitors of PLN, TLN, ALN and MMP-14 

were first selected from molecular modelling (VLS) study and ordered from Molport, Riga, 

Latvia.{sales@molport.com} 

In addition, the compound “Galardin” (figure 8) was used as a control in the molecular 

modelling studies. Galardin is a known inhibitor of zinc metalloproteases (35). 

 

Table 1. The 26 compounds tested in the present study. Their Molport ID, compound ID in 

the present work and two-dimensional structure are indicated in the table. 

Molport ID Compound ID Structure 

   

027-694-799 Compound 1  

009-222-606 Compound 2  

mailto:%7bsales@molport.com%7d
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004-254-412 Compound 3  

009-242-175 Compound 4 

 

009-226-420 Compound 5 

 

009-242-151 Compound 6 
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004-254-706 Compound 7 

 

030-017-687 Compound 8 

 

004-259-596 Compound 9  

 

009-073-866 Compound 10 
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027-942-684 Compound 11 

 

028-759-255 Compound 12 

 

004-254-409 Compound 13 

 

019-665-318 Compound 14 
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004-254-754 Compound 15 

 

009-346-000 Compound 16 

 

010-176-168 Compound 17 

 

004-276-484 Compound 18 
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004-270-223 Compound 19  

 

042-117-341 Compound 20 

 

027-675-266 Compound 21 

 

029-939-652 Compound 22 
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004-254-606 Compound 23 

 

009-337-761 Compound 24 

 

020-103-247 Compound 25 

 

002-462-292 Compound 26 
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Figure 8: 2D Structure of galardin exported from ChEMBL. 

 

2.2 Methods 

2.2.1 Preparation of assay buffer (0.1 M Hepes, 10 mM CaCl2, 0.005% Brij-35, pH 7.5) 

One hundred ml of assay buffer was prepared as follows: 50 ml of Milli-Q water was added to 

2.38 g Hepes (MW=238.3 g / mole) and 0.147 g CaCl2x2H2O (MW=147.02 g / mole). To this 

solution, 16.7 μl of 30% Brij-35 was added and the pH was adjusted to 7.5 by titration with 10 

M NaOH in Milli-Q water. Thereafter, Milli-Q water was added to give a final volume of 100 

ml, the pH checked and if necessary further adjusted with 10 M NaOH to give a pH of 7.5. The 

buffer is stored at 4 °C. 

 

2.2.2 Preparation of compounds 

All the compounds from Molport were in powder form. These compounds were dissolved in 

100% DMSO to give a stock solutions with a concentration of either 10 mM or 20 mM as 

described in table 2. The volume of DMSO added were based on the following formula: 
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Volume of DMSO to be added = (quantity of substance available*purity)/ molecular weight                                                                                                                                                                                                                                                                                                                                                                                                                                       

of compound 

In most of the cases a stock solution of 10 mM was prepared but in some of the cases a stock 

solution of 20 mM was prepared because the volume of the glass bottle with a compound 

received from Molport was too small for the DMSO volume to give a concentration of 10mM. 

 

Table 2. Volume of 100% DMSO added to the powder compounds to give the desired 

concentration of the compounds. All the information about the purity, molecular weight and 

quantity was taken from the molport. 

Compound 

name  
Quantity(mg) 

Molecular 

Weight(g/mole) 

Purity Volume of 

DMSO (ml) 

to give 

10mM 

Volume of 

DMSO (ml) 

to give 

20mM 

027-694-799 20 329.37 ≥90 5.465 2.732 

009-222-606 20 346.4 ≥90 5.196 2.599 

004-254-412 20 294.75 ≥90 6.106 3.053 

009-242-175 20 357.45 ≥90 5.035 2.517 

009-226-420 20 314.341 ≥90 5.726 2.863 

009-242-151 20 319.34 ≥90 5.636 2.818 

004-254-706 20 330.32 ≥90 5.449 2.724 

030-017-687 20 244.254 ≥90 7.369 3.684 

004-259-596 20 310.37 ≥90 5.780 2.900 
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009-073-866 20 332.37 ≥90 5.415 2.707 

027-942-684 20 339.351 ≥90 5.3042 2.652 

028-759-255 4.7 333.36 ≥90 1.268 0.634 

004-254-409 20 294.75 ≥90 6.106 3.053 

019-665-318 18.1 358.401 ≥90 4.545 2.272 

004-254-754 20 302.39 ≥90 5.952 2.97 

009-346-000 20 367.79 ≥90 4.894 2.447 

010-176-168 20 275.264 ≥90 6.539 3.269 

004-276-484 20 291.33 ≥90 6.178 3.089 

004-270-223 20 316.34 ≥90 5.690 2.845 

042-117-341 10 345.443 ≥90 2.605 1.302 

027-675-266 20 314.4 ≥90 5.725 2.862 

029-939-652 20 297.358 ≥90 6.053 3.026 

004-254-606 20 288.37 ≥90 6.241 3.120 

009-337-761 20 310.39 ≥90 5.800 2.900 

020-103-247 20 340.383 ≥90 5.288 2.644 

002-462-292 100 359.425  ≥95 26.431 13.215 
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2.2.3 Assay method 

In the reaction velocity assays, we tested the inhibitory activity of compounds using a 

concentration of 100 µM and 1.0% DMSO. The compounds were first diluted to 1 mM in assay 

buffer, which results in a DMSO concentration of 10%. A brief description of how this new 

stock solution was prepared is that compounds was dissolved at a concentration of 20 mM in 

100% DMSO (first stock). So, to make our desired concentration of the compound, 50 µl of the 

solution was taken from the stock and it was mixed with 50 µl of 100% DMSO (second stock). 

And in the second step, 900 µl of HEPES buffer was added to the second stock. This resulted 

in a 10 times dilution of both compound and DMSO (third stock). This third stock was stored 

safe at 4°C and used in the assay in 96 well plates. 

Each day it was necessary to determine how much the stock solution of the proteases should be 

diluted in order to obtain an optimal concentration for the inhibitory assays and its controls. 

These assays were performed with a Perkin Elmer LS50 Spectrofluorimeter (λex=320 nm, 

λem=405 nm, slit width=10 nm) and the reactions were followed for 1 min (10 data points per 

second) at 37 °C. The assay (total volume of 100 μl) consisted of assay buffer, 4 μM substrate 

(ES001 for MMP-14 and ES005 for TLN, PLN and ALN) and various concentrations of 

enzyme.  

After many variable concentrations of enzymes, one fixed concentration was selected which 

was used in the Clariostar plate reader where the reaction velocity was followed for 30 minutes 

at 37 °C. 

We don’t know if some of these compounds are inhibitors of the proteases and if so, are they 

fast or slow binders, weak or strong binders. Therefore, the proteases were preincubated with 

and without the compounds for various time points (0, 15 and 30 min) at room temperature 

before the reaction velocity was determined. In the experiments with no preincubation (0 min), 

the enzymatic reaction was started by adding the enzyme to the mixture of either buffer, 

substrate and inhibitor or to buffer and substrate (control). In the experiments with 15 and 30 

min preincubation, the enzymatic reaction was started by adding the substrate.  

For each assay, four parallels were performed. Table 3 shows the amount of buffer, substrate, 

compound and enzyme used in each assay.  
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Table 3: Reaction mixtures for control and inhibitory assays. Shown is the amount of assay 

buffer, DMSO, compound/inhibitor (I), substrate (ES001/ES005) and enzyme in each well of 

a 96 well plate. Following approximate concentrations of the proteases was used per assay: 

TLN (0.1 nM), PLN (0.5 nM), ALN (1.4 nM) and MMP-14 (1.0 nM) Each experiment were 

performed with four parallels.  

  Control 

 

 With Inhibitor (100 µM) 

Assay Buffer (µl) 70 70 70 70 70 70 70 70 

10% DMSO (µl) 

In assay buffer 

10 10 10 10 0 0 0 0 

1 mM [I] containing 10% 

DMSO in assay buffer (µl) 

0 0 0 0 10 10 10 10 

Enzyme (µl) 10 10 10 10 10 10 10 10 

40 µM of either ES005 or 

ES001 (µl) 

10 10 10 10 10 10 10 10 

Total assay volume (µl) 100 100 100 100 100 100 100 100 
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2.2.3.1 Settings of the Perkin Elmer LS50 spectrophotometer: 

The assay was performed using a time driven application. 

The excitation wavelength was fixed to 320 nm and emission wavelength was fixed to 405 nm.  

The excitation and emission slit was adjusted to 10 nm. The temperature was set to 37°C using 

a water-bath and a thermostatic cuvette holder. 

 

2.2.3.2 Settings of the clariostar: 

The fluorescence intensity was measured with a plate mode of slow kinetics. The excitation and 

emission wavelength was fixed to 320 and 405 nm, with slit widths of 10 nm. The focal height 

was 5 mm and one monochromator was used for the measurement. In the general settings menu, 

flying mode was selected with only one kinetic window, the number of cycles was 225 for 30 

minutes of the reading and cycle time was 8 sec. The temperature was fixed to 37°C. The gain 

was adjusted to 2000. The reading direction was bidirectional, horizontal left-right from top to 

bottom. The concentration and substrate for each enzyme is described in table 4. 

 

Table 4: Assay concentration of substrate and total assay volume in the Clariostar microplate 

reader using 96 well plates. 

 

Enzyme  Assay volume Inhibitor 

concentration 

Substrate Substrate 

concentration 

TLN 100 µl 100 µM ES005 4 µM 

PLN 100 µl 100 µM ES005 4 µM 

ALN 100 µl 100 µM ES005 4 µM 

MMP-14 100 µl 100 µM ES001 4 µM 
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2.3 Molecular modeling 

For all molecular modeling, the Schrödinger software was used. The Glide program was used 

for docking of the compounds (Glide Schrödinger Release 2020-2; Schrödinger, LLC: New 

York, NY, USA, 2020) 

 

2.3.1 Docking and MMGBSA calculation 

For the docking and MMGBSA calculation compound 5, 10, 17 and galardin were selected. 

After generation of different enantiomers, altogether 14 molecules were docked.  Galardin was 

taken as a control as a known high affinity inhibitor of zinc metalloproteases. The 

computational experiment was performed by using maestro 2020 software. 

 

2.3.2 Ligand preparation 

The structure of the selected compounds was drawn by using a 2D sketcher as implemented in 

Maestro Schrodinger software. The lig-prep program was used to convert the drawn 2D 

structure into 3D structure which can be further used for computational studies. For this process 

the pH was set to 7 with a putative deviation of ±1. The carboxylic acids were deproteinated, 

the tertiary amino acids were made positively charged, and phosphonates were partially 

deproteinated in the process and all other default setting of maestro was used. 

 

2.3.3 Protein preparation and grid map generation 

The protein was prepared using the protein preparation wizard from Maestro. Altogether four 

proteins (TLN, PLN, ALN, MMP-14) were prepared. At first, the enzymes were exported in 

the working space from PDB with their respective PDB codes as shown in table 5. Then missing 

hydrogen bonds were added, polar hydrogen bonds were optimized and crystallographic water 

molecules beyond 5Å from hetero group were deleted. Then, minimization process was 

performed to avoid unwanted contacts. To generate the grid map for docking, the zinc atom of 
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the catalytic site was selected as centroid, and a grid map was generated including residues 

within 20 Å3 of the zinc atom.  

 

Table 5: The PDB codes of the structures used for docking. 

Enzymes  PDB code 

TLN 5dpe 

PLN 1u4g 

ALN 1bqb 

MMP-14 1bqq 

 

2.3.4 Docking 

For all ligands, ligand docking with a SP (standard precision) was performed. The ligand 

sampling was made flexible. The number of poses per ligand was set to 5 for performing post 

docking minimization. Docking was performed one ligand at a time. 

 

2.3.5 MMGBSA calculation 

Prime MMGBSA was performed. All amino acids within 5Å of the ligand was included in a 

conformational sampling by using an energy minimization sampling approach. All other default 

settings were followed to perform the MMGBSA calculation. 

 

  



 

43 

 

3 Results  

3.1 Calculating inhibition activity of the compounds for zinc metalloproteases 

In this study molecular modeling and enzyme kinetics were used to calculate the inhibition 

activity of the enzymes (PLA, TLN, ALN and MMP-14) with respect to the 26 compounds 

shown in table 1. Figures 8-15 show that none of the compounds reduced the activity by more 

than 50%, and the inhibition did not increase with the increase in preincubation time (0-30 min) 

of enzyme and compound. This was the case for all enzymes (PLN, TLN, ALN, MMP-14). 

Therefore, none of the compounds could be considered as slow binders. The calculations are 

shown in appendix 1-4 for TLN, PLN, ALN and MMP-14, respectively. 

For TLN compound 5, 10 and 17 were found to inhibit the activity with approximately 40%, 

and compounds 4, 9, 15, 20, 21 and 22 showed only a negligible inhibition, so they are 

considered as weak binders of TLN (figures 8 and 9). In the case of PLN some compounds (3, 

15, 20 and 23) did not show any inhibition at all or a negligible inhibition (<5%). Compound 

17 gave the strongest inhibition (approximately 20%). So, compound 17 was selected for 

MMGBSA calculation with PLN (figures 10 and 11). Compounds 5, 10 and 17 inhibited the 

activity of ALN with approximately 30% which was the highest inhibition of ALN, so they 

were selected for MMGBSA calculation (figures 12 and 13). The highest inhibition activity of 

MMP-14 was with the compounds 5, 10 and 17, that all reduced the activity by approximately 

30%, and they were selected for the MMGBSA calculations. The compounds 4, 13, 14, 25 and 

26 showed very low inhibit the MMP-14 activity (figures14 and 15).  
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Figure 8: Inhibitory effects of TLN activity of compounds 1-14 from Table1 using a fixed concentration of 100 

µM  at different preincubation time intervals (0, 15 and 30 minutes). The inhibition experiments were performed 

by using a fixed concentration of substrate ES005 (4µM) and Hepes buffer pH 7.5 as described in Materials and 

Methods. None of the compounds were found to inhibit the TLN activity by more than 50%. Compounds 5 and 

10 were selected for docking and MMGBSA calculation as these compounds were found to inhibit the TLN 

activity approximately 40%. The yellow horizontal line represents the 50% inhibition and black horizontal line 

represents no inhibition at all.  
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Figure 9: Inhibitory effects of TLN activity of compounds 15-26 from Table1 using a fixed concentration of 100 

µM at different preincubation time intervals (0, 15 and 30 minutes). The inhibition experiments were performed 

by using a fixed concentration of substrate ES005 (4µM) and Hepes buffer pH 7.5 as described in Materials and 

Methods. None of the compounds were found to inhibit the TLN activity by more than 50%. Compound 17 was 

selected for docking and MMGBSA calculation as this compound was found to inhibit the TLN activity 

approximately 40%. The yellow horizontal line represents the 50% inhibition and black horizontal line represents 

no inhibition at all.  

 

  

 

 

 

 



 

46 

 

P L N

c
o

m
p

o
u

n
d

 1

c
o

m
p

o
u

n
d

 2

c
o

m
p

o
u

n
d

 3

c
o

m
p

p
o

u
n

d
 4

c
o

m
p

o
u

n
d

 5

c
o

m
p

o
u

n
d

 6

c
o

m
p

o
u

n
d

 7

c
o

m
p

o
u

n
d

 8

c
o

m
p

o
u

n
d

 9

c
o

m
p

o
u

n
d

 1
0

c
o

m
p

o
u

n
d

 1
1

c
o

m
p

o
u

n
d

 1
2

c
o

m
p

o
u

n
d

 1
3

c
o

m
p

o
u

n
d

 1
4

0 .0

0 .5

1 .0

0  m in

1 5  m in

3 0  m in

v
i/

v
0

 

 

Figure 10: Inhibitory effects of PLN activity of compounds 1-14 from Table1 using a fixed concentration of 100 

µM at different preincubation time intervals (0, 15 and 30 minutes). The inhibition experiments were performed 

by using a fixed concentration of substrate ES005 (4µM) and Hepes buffer pH 7.5 as described in Materials and 

Methods. None of the compounds were found to inhibit the PLN activity by more than 50%.  Non compounds 

were selected for docking and MMGBSA calculation as none of the compounds were found t significantly inhibit 

the PLN activity. The yellow horizontal line represents the 50% inhibition and black horizontal line represents no 

inhibition at all.  
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Figure 11: Inhibitory effects of PLN activity of compounds 15-26 from Table1 using a fixed concentration of 100 

µM at different preincubation time intervals (0, 15 and 30 minutes). The inhibition experiments were performed 

by using a fixed concentration of substrate ES005 (4µM) and Hepes buffer pH 7.5 as described in Materials and 

Methods. None of the compounds were found to inhibit the PLN activity by more than 50%. Compound 17 was 

selected for docking and MMGBSA calculation as this compound was found to inhibit the PLN activity 

approximately 25%. The yellow horizontal line represents the 50% inhibition and black horizontal line represents 

no inhibition at all.  
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Figure 12: Inhibitory effects of ALN activity of compounds 1-14 from Table1 using a fixed concentration of 100 

µM at different preincubation time intervals (0, 15 and 30 minutes). The inhibition experiments were performed 

by using a fixed concentration of substrate ES005 (4µM) and Hepes buffer pH 7.5 as described in Materials and 

Methods. None of the compounds were found to inhibit the ALN activity by more than 50%. Compounds 5 and 

10 were selected for docking and MMGBSA calculation as this compound was found to inhibit the ALN activity 

approximately 40%. The yellow horizontal line represents the 50% inhibition and black horizontal line represents 

no inhibition at all.  
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Figure 13: Inhibitory effects of ALN activity of compounds 15-26 from Table1 using a fixed concentration of 100 

µM at different time intervals (0, 15 and 30 minutes). The inhibition experiments were performed by using a fixed 

concentration of substrate ES005 (4µM) and Hepes buffer pH 7.5 as described in Materials and Methods. None of 

the compounds were found to inhibit the ALN activity by more than 50%. Compound 17 was selected for docking 

and MMGBSA calculation as this compound was found to inhibit the ALN activity approximately 40%. The 

yellow horizontal line represents the 50% inhibition and black horizontal line represents no inhibition at all.  
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Figure 14: Inhibitory effects of MMP-14 activity of compounds 1-14 from Table1 using a fixed concentration of 

100 µM at different preincubation time intervals (0, 15 and 30 minutes). The inhibition experiments were 

performed by using a fixed concentration of substrate ES001 (4µM) and Hepes buffer pH 7.5 as described in 

Materials and Methods. None of the compounds were found to inhibit the MMP-14 activity by more than 50%. 

Compound 5 and 10 was selected for docking and MMGBSA calculation as this compound was found to inhibit 

the MMP-14 activity approximately 30%. The yellow horizontal line represents the 50% inhibition and black 

horizontal line represents no inhibition at all.  
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Figure 15: Inhibitory effects of MMP-14 activity of compounds 15-26 from Table1 using a fixed concentration 

of 100 µM at different preincubation time intervals (0, 15 and 30 minutes). The inhibition experiments were 

performed by using a fixed concentration of substrate ES005 (4µM) and Hepes buffer pH 7.5 as described in 

Materials and Methods. None of the compounds were found to inhibit the MMP-14 activity by more than 50%. 

Compound 17 was selected for docking and MMGBSA calculation as this compound was found to inhibit the 

MMP-14 activity approximately 30%. The yellow horizontal line represents the 50% inhibition and black 

horizontal line represents no inhibition at all.  
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3.2 Molecular Modeling 

After the selection of compounds based on the wet lab experiments, compounds were taken for 

the MMGBSA calculation. The selected compounds were compound 5, 10 and 17 for the 

enzymes TLN, ALN and MMP-14, while only compound 17 was selected for the PLN. In 

addition to this, one compound (galardin) was taken as a control. Galardin is a known high 

affinity inhibitor of the zinc metalloproteases (85). Then these compounds were docked with 

their respective enzymes and MMGBSA calculation was performed which is shown from figure 

17-25 and table 10. 

After the MMGBSA calculation the 3D interactions of the enzymes with ligands were observed 

in the workspace. This was done to compare the molecular interactions of different enzymes 

with the ligands. Tables 6-9 show that the ligands interacted differently with the enzymes. 

Different amino acids were involved in ligand binding in the enzymes.  

 

3.2.1 Molecular interactions between TLN and ligands 

For docking and MMGBSA calculation of TLN, compounds 5, 10, and 17 were selected and 

their binding mode compared with that of the known inhibitor galardin. Amino acids of TLN 

directly involved in ligand binding to the docked compounds are shown in table 6.  When TLN 

was docked with galardin, Glu-166 was forming a hydrogen bond with the oxygen atom of 

galardin, and His-231 was forming a hydrogen bond with same oxygen atom of galardin. The 

catalytic zinc atom was forming a metal coordination with an oxygen atom of galardin separated 

by a distance of 2.10Å (table 6) making strong interactions. In addition, Asn-112 formed 

hydrogen bonds with two NH groups of galardin, Ala-113 formed a hydrogen bond with one 

NH group. Asp-226 was forming Pi-cation interactions with the 5-membered ring structure of 

galardin (figure 16). The MMGBSA score for TLN with galardin was -15.87 kcal/mol (table 

10).  

When TLN was docked with compound 17, the zinc atom was forming a coordination with two 

different oxygen atoms (a distance of 2.38Å to the closest oxygen atom, table 6) of the 
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compound, while His-231 was forming a hydrogen bond with one of the oxygen atoms and Pi 

cationic interactions with the six membered ring structure of the compound. Arg-203, Asn-112, 

Ala-113 were also forming hydrogen bonds with oxygens and NH groups of the compound 

(figure 17). The obtained MMGBSA score was -6.4 kcal/mol (table 10).  

Similarly, a MMGBSA score of -8.4 kcal/mol was obtained when compound 10 was docked 

with TLN (table 10). The zinc atom was forming a coordination with an oxygen atom of the 

compound at a distance of 2.13Å (table 6). His-231 and Glu-166 were both forming hydrogen 

bonds with the zinc coordinating oxygen atom. Arg-203 interacted directly with two oxygen 

atoms of compound 10. Glu-166 and His-146 were both forming stacking interactions with a 

six membered ring structure of the compound. Ala-113 was also forming a hydrogen bond with 

the NH group of the compound (table 10 and figure 18).  

Likewise, docking of compound 5 with TLN gave a MMGBSA score of -6.11 kcal/mol (table 

10). The zinc atom (separated by nearest oxygen atom by 2.16Å) and Glu-166 both interacted 

with the same oxygen atom of the compound (figure 19). Asn-112 and Ala-113 were forming 

a hydrogen bond with the same NH group of the compound. Glu-143 was also forming a salt 

bridge with a negatively charged oxygen atom of the compound (figure 19).  

 

 



 

54 

 

 

Figure 16: The TLN-galardin complex after MMGBSA calculations. Figure (A): ligand interaction diagram of 

TLN with galardin. All the interactions of galardin with the TLN are indicated by different colors of the arrows at 

the bottom of the diagram. Figure (B): 3D representation of the interaction of TLN with galardin.  Zinc is displayed 

in dark grey color. The side chains of the most important amino acids for ligand binding are displayed with the 

following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, carbon: white and color coding of 

the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Figure 17: The TLN-compound 17 complex after MMGBSA calculation. Figure (A): ligand interaction diagram 

of TLN with compound 17. All interactions of the compound with the PLN are indicated by different colors of the 

arrows at the bottom of the diagram. Figure (B): 3D representation of the interaction of TLN with compound 17.  

Zinc is displayed in dark grey color. The side chains of the most important amino acids for the binding of the 

ligand are displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, carbon: 

white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Figure 18: The TLN-compound 10 complex after MMGBSA calculations. Figure (A): ligand interaction diagram 

of TLN with compound 10.  All interactions of the compound with the PLN are indicated by different colors of 

the arrows at the bottom of the diagram. Figure (B): 3D representation of the interaction of TLN with compound 

10.  Zinc is displayed in dark grey color. The side chains of the most important amino acids for the binding of the 

ligand are displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, carbon: 

white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 

 

 

 

 



 

57 

 

 

Figure 19: The TLN-compound 5 complex after MMGBSA calculations. Figure (A): 2D ligand interaction 

diagram of TLN with compound 5. All interactions of the compound with the PLN are indicated by different colors 

of the arrows at the bottom of the diagram. Figure (B): 3D representation of the interaction of TLN with compound 

5.  Zinc is displayed in dark grey color. The side chains of the most important amino acids for the binding of the 

ligand are displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, carbon: 

white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Table 6: Amino acids of TLN directly involved in ligand interactions. 

Ligands Amino acids in TLN Atomic distance between 

catalytic zinc and closest 

oxygen atom (Å) 

Galardin Glu-166, His-231, Ala-113, 

Asn-112, Arg-203, Asp-226 

2.10 

Compound 17 Glu-166, Asn-112, His-231, 

Arg-203, Ala-113 

2.14 

Compound 10 Glu-116, Ala-113, Arg-203, 

His-231, His-146 

2.15 

Compound 5 Glu-166, Asn-112, Ala-113, 

Glu-143 

2.14 

 

3.2.2 Molecular interactions between PLN and ligands 

For docking and MMGBSA calculation of PLN, only compound 17 was selected, and the 

binding modes was compared with the binding mode of the known inhibitor galardin. When 

PLN was docked with galardin, Glu-141 was forming a hydrogen bond with the OH group of 

galardin, and Arg-198 was forming a hydrogen bond with an oxygen atom of galardin. The 

catalytic zinc atom was forming a metal coordination with an oxygen of galardin. In addition, 

Asn-112 formed hydrogen bonds with two oxygen atoms in galardin, while Ala-111 formed a 

hydrogen bond with an NH group of galardin (figure 20). When PLN is docked with compound 

17, Arg-198 was forming a hydrogen bond with an oxygen in compound 17, Glu-141 and Ala-

113 were forming hydrogen bonds with NH groups, and the catalytic zinc was coordinated with 

two oxygen atoms of compound 17.  Hid-140 was forming pi-pi stacking with the five 

membered ring system of the compound (figure 21). 

The detail description is shown in the table 7 and figure 20-21. 
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Figure 20: The PLN-galardin complex after MMGBSA calculations. Figure (A): 2D ligand interaction diagram 

of the interaction of PLN with galardin. All interactions of galardin with the PLN are indicated by different colors 

of the arrows at the bottom of the diagram. Figure (B): 3D representation of the interaction of PLN with galardin.  

Zinc is displayed in dark grey color. The side chains of the most important amino acids for the binding of the 

ligand are displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, carbon: 

white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white.  
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Figure 21: The PLN-compound 17 complex after MMGBSA calculations. Figure (A): 2D ligand interaction 

diagram of PLN with compound 17. All interactions of compound 17 with the PLN are indicated by different 

colors of the arrows at the bottom of the diagram. Figure (B): 3D representation of the interaction of PLN with 

compound 17.  Zinc is displayed in dark grey color. The side chain of the important amino acids for the binding 

of the ligand are displayed with the following color coding of the atoms: oxygen: red, nitrogen: blue, hydrogen: 

grey, carbon: white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white.  

 

Table 7: Amino acids of PLN directly involved in ligand binding. 

Ligands Amino acids in PLN Atomic distance between 

catalytic zinc and closest 

oxygen atom (Å) 

Galardin  Glu-141, Arg-198, Asn-112, 

Ala-113 

2.09 

Compound 17  Ala-113, Glu-141, Hid-140, 

Arg-198 

2.16 

 

 



 

61 

 

 3.2.3 Molecular interactions between ALN and ligands 

For docking and MMGBSA calculations of ALN, compounds 5, 10, 17 were selected, and 

compared with the binding mode of the known inhibitor galardin. When ALN was docked with 

galardin, the amino acids Ala-115 and Trp-117 were forming hydrogen bonds with NH-groups 

of galardin, while Asn-114 was forming a hydrogen bond with an oxygen of the compound 

(figure 22). The zinc atom was forming a metal coordination with an oxygen of the galardin at 

an atomic distance of 2.15Å.  The MMGBSA score was -24 kcal/mol (table 10). 

When ALN was docked with compound 17, the amino acid Ala-115, was forming a hydrogen 

bond with a NH group of the compound (figure 23). Hid-144, Hid-148 and Tyr-159 were 

forming a Pi-Pi stacking interactions with the two ring systems of the compound. The catalytic 

zinc atom was forming a strong metal coordination with an oxygen atom of the compound 

separated by a distance of 2.18Å (Table 8, figure 23). The MMGBSA score of the ALN-

compound 17 complex was -9.19 kcal/mol (table 10). 

The docking mode of compound 10 with ALN is shown in figure 24. The amino acids Glu-145 

and Glu-168 were forming salt bridges with the N+ of the compound, and Hid-148 and Tyr-159 

were forming Pi-Pi stacking within the benzene ring of the compound. The catalytic zinc atom 

was forming a strong metal coordination with two oxygen atoms of the compound separated by 

a distance of 2.24Å (table 8). The MMGBSA score was -2.83 kcal/mol (table 10). 

The binding mode of compound 5 after MMGBSA calculations is shown in figure 25. The 

amino acids Arg-200 was forming a hydrogen bond with an oxygen atom of the compound. 

Tyr-159 and Hid-148 were forming the Pi-Pi stacking with the benzene ring of the compound. 

The catalytic zinc atom was forming coordination with two oxygen atoms at a distance of 2.18 

Å to the closest oxygen atom (table 8). The MMGBSA score was 0.98 kcal/mol (table 10). The 

detail description is shown in the table 8 and figure 22-25. 
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Figure 22: The ALN-galardin complex after MMGBSA calculations. Figure (A): 2D ligand interaction diagram 

of the interaction of ALN with galardin. All types of interactions of galardin with ALN are indicated by different 

colors of the arrows shown at the bottom of the diagram. Figure (B): 3D representation of the interaction of ALN 

with galardin.  Zinc is displayed in dark grey color. The side chains of the most important amino acids for ligand 

binding are displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, 

carbon: white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Figure 23: The ALN-compound 17 complex after MMGBSA calculations. Figure (A): 2D ligand interaction 

diagram of ALN with compound 17. All interactions of compound 17 with the PLN are indicated by different 

colors of the arrows shown at the bottom of the diagram. Figure (B): 3D representation of the interaction of ALN 

with compound 17.  Zinc is displayed in dark grey color. Side chains of the important amino acids for ligand 

binding are displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, 

carbon: white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Figure 24: The ALN-compound 10 complex after MMGBSA calculations. Figure (A): 2D ligand interaction 

diagram of the interaction of ALN with compound 10. All interactions of compound 10 with ALN are indicated 

by the arrows as shown at the bottom of the diagram. Figure (B): 3D representation of the interaction of ALN with 

compound 10.  Zinc is displayed in dark grey color. The side chains of the most important amino acids for the 

binding compound 10 are displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, 

hydrogen: grey, carbon: white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Figure 25: The ALN-compound 5 complex after MMGBSA calculations. Figure (A): 2D ligand interaction 

diagram of ALN with compound 5. All the interactions of compound 5 with ALN are indicated by different colors 

of the arrows as shown at the bottom of the diagram. Figure (B): 3D representation of the interaction of ALN with 

compound 5.  Zinc is displayed in dark grey color. The side chain of the most important amino acids for the binding 

of compound 5 are displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: 

grey, carbon: white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Table 8: Amino acids in ALN directly involved in ligand binding. 

Ligands Amino acids in ALN Atomic distance between 

catalytic zinc and closest 

oxygen atom (Å) 

Galardin  Asn-114, Ala-115, Trp-117 2.15 

Compound 17  Hid-144, Hid-148, Ala-115, 

Tyr-159 

2.18 

Compound 10  Hid-148, Glu-145, Glu-145, 

Tyr-159 

2.24 

Compound 5  Hid-148, Tyr-159, Arg-200 2.18 

 

3.2.4 Molecular interactions between MMP-14 and ligands 

For the docking and MMGBSA calculations of MMP-14, compounds 5, 10, 17 were selected 

and compared with the binding mode of galardin. The most important amino acids for ligand 

binding to MMP-14 are indicated in table 9. When MMP-14 was docked with galardin (figure 

26) the amino acids, Tyr-261 and Leu-199 were forming hydrogen bonds with the two different 

oxygen atoms of the compound. Gly-197, Ala-200 and Pro-259 were forming a hydrogen bond 

with different NH groups the compound. Similarly, Glu-240 was also forming a hydrogen bond 

with OH group the compound. The zinc atom was forming coordination with an oxygen atom 

of galardin. The MMGBSA score was -31.3 kcal/mol indicating a very strong binding (table 

10). 

The binding mode of compound 17 after MGBSA calculation is shown in figure 27. The amino 

acids Ala-200 was forming hydrogen bond with a NH group of the compound. Hid-239 was 

forming a Pi-cationic interaction with NH group of the compound. Hid-249, Phe-204 and Hid-

243 were forming a Pi-Pi stacking within the five membered ring structure of the compound. 

The zinc atom was forming a coordination with an oxygen atom at a distance of 2.14 Å. The 

MMGBSA score was -1.4 kcal/mol (table 10). The binding mode of compound 10 after 

MMGBSA calculations is shown in figure 28. The amino acids Glu-240 formed a salt bridge 

with nitrogen atom of the six membered ring structure of the compound. Tyr-267 was forming 

a Pi-Pi stacking with the six membered ring structure of the compound. The zinc atom was 
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coordinating with an oxygen atom, at a distance of 2.14Å (table 9). The MMGBSA score was 

-9.12 kcal/mol (table 10). The binding mode of compound 5 after MMGBSA calculations is 

shown in figure 29. The amino acids Leu-199 was forming a hydrogen bond with an oxygen 

atom within the compound. Hid-243 was forming a Pi-Pi stacking with the six membered ring 

structure of the compound.  Zinc atom was forming metal coordination with two different 

oxygen atoms of the compound separated by a distanced of 2.16 Å. The MMGBSA score was 

-2.5 kcal/mol. The detail description is shown in the table 9 and figure 26-29. 

Figure 26: The MMP-14-galardin complex after MMGBSA calculation. Figure (A): 2D ligand interaction diagram 

of MMP-14 with galardin. All interactions of galardin with MMP-14 are indicated by the arrows shown at the 

bottom of the diagram. Figure (B): 3D representation of the interaction of MMP-14 with galardin.  Zinc is 

displayed in dark grey color. The side chain of the most important amino acids for the binding of galardin are 

displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, carbon: white 

and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Figure 27: The MMP-14 compound 17 complex after MMGBSA calculation. Figure (A): 2D ligand interaction 

diagram of MMP-14 with compound 17. All interactions of the compound with MMP-14 are indicated by arrows 

shown at the bottom of the diagram. Figure (B): 3D representation of the interactions of MMP-14 with compound 

17.  Zinc is displayed in dark grey color. The side chains of the most important amino acids for ligand binding are 

displayed with the following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, carbon: white 

and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Figure 28: The complex of MMP-14 with compound 14 after MMGBSA calculation. Figure (A): 2D ligand 

interaction diagram of MMP-14 with compound 10. All interactions of the compound with the MMP-14 are 

indicated the arrows shown at the bottom of the diagram. Figure (B): 3D representation of the interactions of 

MMP-14 with compound 10.  Zinc is displayed in dark grey color. The most important side chains for binding of 

the ligand are displayed with the following color coding of the atoms: oxygen: red, nitrogen: blue, hydrogen: grey, 

carbon: white and color coding of the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Figure 29: The MMP-14 - compound 5 complex after MMGBSA calculation. Figure (A): 2D ligand interaction 

diagram of MMP-14 with compound 5. All interactions of the compound with MMP-14 are indicated by the arrows 

shown at the bottom of the diagram. Figure (B): 3D representation of the interactions of MMP-14 with compound 

5.  Zinc is displayed in dark grey color. The most important side chains for ligand binding are displayed with the 

following color coding of atoms: oxygen: red, nitrogen: blue, hydrogen: grey, carbon: white and color coding of 

the ligand atoms: oxygen: red, nitrogen: blue, carbon: white. 
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Table 9: Amino acids directly involved in ligand binding to MMP-14. 

Ligands Amino acids in MMP-14 Atomic distance between 

catalytic zinc and closest 

oxygen atom (Å) 

Galardin Tyr-261, Pro-259, Gly-197, 

Leu-199, Ala-200, Glu-240 

2.13 

Compound 17 Hid-249, Phe-204, Hid-243 

Hid-239, Ala-200 

2..14 

Compound 10   Glu-240, Tyr-261 2.14 

Compound 5 Hid-243, Leu-199 2.15 

 

 

3.3 MMGBSA calculation 

After the 3D analysis of the docking and MMGBSA, MMGBSA score was also our point of 

interest. A large negative value indicates that the compound has strong affinity for the enzyme. 

The values were obtained from the Schrodinger software after the analysis on the basis of the 

settings and conditions for docking and MMGBSA, as described in the methods section. After 

the analysis, galardin which is a known high affinity inhibitor of zinc metalloproteases was 

found to have the most negative value of all selected compounds. Galardin had a MMGBSA 

score of -16.12 kcal/mol for PLN, -15.87 kcal/mol for TLN, -24.00 kcal/mol for ALN and -

31.38 kcal/mol for MMP-14. For PLN, the MMGBSA value of compound 17 was -3.45 

kcal/mol. For the enzyme ALN, an MMGBSA value of 0.98 kcal/mol was obtained for 

compound 5, -2.83 kcal/mol for compound 10 and -9.19 kcal/mol for compound 17. For  MMP-

14, an MMGBSA value of -1.4 kcal/mol was obtained for compound 5, -9.42 kcal/mol for 

compound 10 and -2.5 kcal/mol for compound 17. The obtained result is shown in table 10. 
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Table 10: Obtained MMGBSA values (kcal/mol) of selected compounds from figure 7-14 

(compound 5, 10, 17 and galardin) with PLN, ALN, TLN and MMP-14. 

Compound PLN  TLN  ALN  MMP-14 

Galardin -16.12 -15.87 -24 -31.38 

Compound 5 NC* -6.11 0.98 -1.4 

Compound 10 NC* -6.4 -2.83 -9.42 

Compound 17 -3.45 -8.4 -9.19 -2.5 

*NC- not calculated. 
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4 Discussion  

4.1 Structural differences in active site of zinc metalloproteases 

In the case of bacterial zinc metalloproteases, the active site cleft of different enzymes has 

structural similarities with human zinc metalloproteases. Therefore, a major challenge for 

developing drugs targeting bacterial zinc metalloproteases is to identify compounds that only 

inhibit bacterial zinc metalloproteases without inhibiting human metalloproteases. Binding to 

human zinc metalloproteases may give off-target effects and putative drug side effects. If we 

look at the S1’ sub-pocket of the human and bacterial zinc metalloproteases studied in the 

present project, it can be seen they favor both small and large hydrophobic substrate side chains 

at P1’ position of the substrate (figure 1). One of the differences identified between the M4 

family and the MMPs is a conserved arginine residue (corresponding to Arg-198 in PLN, Arg-

203 in PLN and Arg-200 in ALN) situated at the edge of S1’ sub-pocket in the M4 enzymes, 

which is absent in MMPs. Many enzyme kinetic and molecular modeling studies indicate that 

arginine may be an essential amino acid for high affinity binding to of inhibitors for M4 

enzymes (86). In the present study docking and MMGBSA calculations indicated that this 

arginine is important for binding of galardine to PLN and TLN, but not for ALN. This is in 

agreement with previous studies indicating that galardine is a stronger inhibitor of PLN and 

TLN than of ALN (85). However, some of the low affinity compounds in the present study 

interacted with the arginine as well. 

 

4.2 Dual role of MMPs 

The role of the MMPs in different pathological conditions as well as in the physiological 

functions of our body is also one of the important elements that may hinder in the development 

of drugs against the bacterial virulence factors studied in the present thesis. MMPs are involved 

in different physiological processes (reproduction, immune response) in our body, and are 

expressed in different pathological conditions (viral infections, cancer) (87). Since the role of 

the MMPs in the pathological conditions were discovered before their role in the physiological 

process, around half a century ago different pharmacological companies started to develop the 

specific inhibitors by inhibiting the activity of MMPs by focusing on specific diseases. But the 
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majority of the inhibitors were not approved as drugs because of side effects. There may be 

many reasons for their disapproval including lack of selectivity. Another reason may be the 

dual role of the MMPs in different pathological conditions, where one or many MMPs can 

increase a disease or protect against a disease. This dual role is mainly due to availability of 

many substrate attachment sites on the enzyme, in which one substrate can help in progression 

and other substrate leading to the protection of the disease in different stages of disease (33, 88, 

89).  

 

4.3 Interactions of ligands with zinc metalloproteases 

In the present study we have tested 26 compounds obtained by a previous VLS campaign in the 

research group, using PLN as the target (unpublished).  In the VLS campaign, the compounds 

were selected according to a relatively high docking score compared with known PLN 

inhibitors, and that they had a binding mode resembling known PLN inhibitors. In the present 

thesis, the compounds were tested for their inhibition of PLN, TLN, ALN and MMP-14 using 

enzyme inhibition studies and molecular modeling. The results of the inhibition kinetics 

experiments showed that none of the compounds inhibited the enzyme activity of the zine 

metalloproteases with more than 50%. Compounds 5, 10 and 17 (table 1) were found to inhibit 

the activity of TLN, ALN and MMP-14 by only 30% while only compound 5 was able to reduce 

activity of PLN by 40%. The VLS approach was based on a combined ligand based and 

structure-based approach. In the ligand-based approach pharmacophore models were generated 

based on 97 known PLN inhibitors from the literature. The dataset of known inhibitors 

contained structurally quite divergent molecules with a large range of affinities, ranging from 

41 nM of phosphoramidone (PDB id: 3DBK) into the mM range. A better approach might have 

been to focus on the known compounds with highest affinity. However, such an approach would 

most probably result in hits with large structural similarities with well-known strong affinity 

inhbitors, but any new structural scaffolds for binding would not be obtained (90). 

Compounds 5,10,17 in addition to high affinity binder galardin ( were docked into TLN, PLN, 

ALN and MMP-14 and MMGBSA calculations were performed in order to study the 

differences in binding modes between the high affinity compounds and the low affinity 

inhibitors (compound 5,10 and 17). To become a strong reversible inhibitor and PLN and TLN 
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amino acids corresponding to Arg198, Glu141 and Asn112 in PLN are presumed to interact 

with the ligand (90). The molecular docking studies and MMGBSA calculations suggested that 

galardin binds stronger to PLN and TLN than to ALN which is confirmed by previous 

experimental studies(85). 

The docking of TLN with galardin showed that galardin fits nicely into the binding pocket 

(figure 16). The important amino acids involved in the interaction with the ligand were Glu-

166, His-231, Ala-113, Asn-112, Arg-203 and Asp-226 in addition to zinc, and this interaction 

gave a MMGBSA score of -15.87 kcal/mol (figure 16 and table 10). When these interactions 

were compared with those of compound 17, the interaction of His-231, which forms a strong 

hydrogen bond with galardin and Asp-226 which stabilize a ring system of galardin (figure 16) 

are lacking for compound 17, which may explain the lower MMGBSA score (-8.4 kcal/mol) 

and affinity of compound 17 than of galardin (figure 17 and table 10). Similarly, if we look at 

the interaction of compound 10 with TLN the important amino acid Asn-112 for high affinity 

binding was lacking as compared to galardin which was forming a double hydrogen bond with 

two NH group of the ligand. So, the lack of this interaction of compound 10 may explain the 

lower MMGBSA score (figure 18 and table 10) and the lower affinity relative to galardin. 

Likewise, compound 5 lacks interactions with Arg-203 and His-231 in TLN, which were 

forming strong interactions with galardin.   

Docking and MMGBSA calculation of PLN with galardin indicated that galardin fits into the 

binding pocket of PLN. The amino acids Arg-198, Glu-141, Ala-113 and Asn-112 were found 

to be the important amino acids involved in different molecular interactions contributing to a 

strong binding (figure 20). The molecular binding of PLN with compound 17 indicated several 

interactions, but only the interaction with Glu-141 was common with that of galardin, and all 

other interactions were different, which may explain the lower affinity and MMGBSA score  (-

3.45 kcal/mol) of compound 17 (figure 21 and tables 7, 10). 

The binding mode of galardin against ALN was found to be similar to that of PLN but the 

interaction was found to be weaker than for PLN (table 10). Amino acids directly involved in 

the hydrogen bonding with galardin were Asn-114, Trp-117 and Ala-115 contributing to strong 

interactions. But due to the absence of the interactions of amino acids corresponding Glu-141 

and Arg-198 in PLN (table 8) the interactions are somehow weaker than in PLN (figure 22). If 
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we look at the binding modes of compound 5, 10 and 17 also only one hydrogen bond with a 

single amino acid (Ala-115) while other main interactions were by Pi-Pi stacking with Tyr-159 

and Hid-148, which might contribute to the much lower affinity than for galardin (figure 23). 

However, the docking also indicated that compound 10 formed salt bridges with Glu-145 and 

Glu-268 that should contribute to strong binding. It is therefore hard to explain the low affinity 

of compound 10 based on the docking mode (figure 24). In the case of compound 5 there was 

only one amino acid (Arg-200) involved in the formation of hydrogen bond with the compound, 

while other amino acids (Hid-148 and Tyr-159) were connected by Pi-Pi stacking that may 

altogether give quite low binding affinity for ALN (figure 25 and table 8). 

When galardin was docked with MMP-14 it was found to fit properly into the binding pocket 

with a high MMGBSA score of -31.38 kcal/mol. The important amino acids involved in the 

interaction (hydrogen bonds) were Tyr-261, Pro-259, Gly-197, Leu-199, Ala-200 and Glu-240 

(figure 26 and table 9). In the case of docking of compound 17 with MMP-14 only Ala-200 of 

those amino acids was found to be involved with galardin was interacting directly with 

compound 17, which may explain the weak inhibition  and the low MMGBSA score of -2.5 

kcal/mol (figure 27 and tables 9, 10). Similarly, in the case of docking of compound 10 with 

MMP-14 only amino acid Glu-240 was involved in Pi-cationic interaction with the ligand, and 

Tyr-261 was forming a Pi-Pi interactions with the ligand giving a MMGBSA score of -9.42 

kcal/mol, which is quite weak compared with galardin (figure 28, tables 9, 10). For compound 

5 only Leu-199 of those involved in galardin binding was interacting directly with compound 

5, while other interactions seen for galardin were absent, which may explain the low MMGBSA 

score of -1.4 kcal/mol and the low inhibition compared to galardin (figure 29, tables 9, 10). 

 

4.4 Challenges in developing inhibitors for zinc metalloproteases 

The results from MMGBSA showed that there was a variation of results in the score for 

different enzymes. In-spite of having the highest inhibition in the wet lab, some compounds 

showed a low MMGBSA score. There might be many reasons for this. The most probable 

reasons could be that the inhibitors (compounds) could not fit on the active site of the enzyme. 

Some of the compounds which were chosen from VLS were not available from Molport exactly 

in the same structure/enantiomer as suggested by VLS as proper inhibitors. Some of the 
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compounds that were chosen for experimental testing therefore had small structural deviations 

from the molecule suggested by the VLS study as proper inhibitor. Another reason that may 

influence the result of the inhibition kinetics experiment was putative human errors. In almost 

every step like dilution, pipetting and mixing the manual process is done by using pipettes by 

hand which may vary the result. There is also a  chance of cross contamination between the 

reagents which also may give wrong results (91). The use of multi- channel pipette, uncalibrated 

pipette and variable volume pipette may also vary the result (92, 93).  

There might be several other reasons for finding the specific inhibitors for human and bacterial 

metalloproteases because of unique features in each of the proteases. So, to find the specific 

inhibitors we have to overcome the different challenges in the design of the inhibitors. The 

reasons for the variance of the result might be due to difference in the specificity of the substrate 

between the metalloproteases in which some are found to be overlapping and some to be totally 

different. If we look at the history of the nomenclature of the MMPs, they were first named 

according to their main substrate (collagenase, gelatinase) but later they were named matrix 

metalloproteases after the discovery of cleaving of extracellular matrix proteins by them. The 

number tag is given following the timeline of discovery (94). In the broad sense it can be viewed 

that MMPs have overlapping substrate specificity but if we view the detail structure of cleft of 

the active site, it can be seen similar but not exactly the same (95). 

 

4.5 Possible solutions to overcome the challenges 

To overcome these challenges and reduce the possibility for human errors, there should be novel 

strategies with the advancement in the working techniques by minimizing the use of primitive 

methods and increasing the use of automation techniques (96). Another approach may be to 

target the exosites (site outside the cleft of active site which helps in substrate binding and  

orientation), which would help to control the in-vivo selectivity of MMPs (97, 98). It has been 

found that each MMPs have their own inhibitory sites (hotspots) which can also be a site for 

selective inhibition. Designing the inhibitors targeting such hotspots help in rigidification of 

flexibility of the cavities (protein surface) lead to the development of selective inhibitors for 

MMPs (99, 100).  Similarly, formation of antibody based inhibitors which target the catalytic 

zinc complex is also a technique that may help to increase the therapeutic potential and to 
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minimize the risk factors in the designing of new inhibitors for MMPs (101). Likewise, 

macromolecular inhibition of the MMPs by utilizing the pro-domain also help in development 

of selective and potent inhibitors of MMPs (102).  

Although the above techniques for the designing of the inhibitors are selective but those 

selected inhibitors might have other disadvantages like newly designed inhibitors might not be 

tissue specific and they might affect in pathological pathways during homeostasis. So, for the 

further improvement the technique can be combined with protein engineering and directed 

evolution technique. This technique is proved to be widely used in study of enzyme substrate 

specificity, protein evolution and protein-protein interaction because of its reliability and 

specificity (103-105). For enhancing the specificity and ability of the inhibitors,  engineering 

and targeting the Tissue Inhibitors of Metalloproteases (TIMPs) is also one of the techniques 

used in designing various inhibitors with unique specificity and reducing the side effects in 

different members of MMPs (106, 107). Since the most commonly used strategy for 

development of potent inhibitors for zinc metalloproteases depends on the core zinc atom and 

peptide and nonpeptidic scaffold for additional interactions for the increasement of selectivity 

and potency, this technique mostly fails in the development of potent inhibitors for zinc 

metalloproteases as zinc metalloproteases consists of highly conserved domains. Another 

strategy to enhance the selectivity and potency of the zinc metalloproteases can be variation of 

zinc binding groups which decrease the chance of missing the target due to interplay between 

enthalpy and entropy for same scaffold. So, variation of zinc binding sites is also one of the 

preferable techniques for development of effective inhibitors(108). 
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5. Conclusion 

The present project is focused on the identification of compounds that can be developed into 

putative drugs by the use of molecular modeling and enzyme kinetics studies. None of the 

compounds were identified as putative drug candidates for the MMPs and the M4 family. We 

found at most only 40% of inhibition by compound 17 against PLN. The inhibition activities 

of the compounds 5, 10 and17 for TLN, ALN and MMP-14 were around 30%. Most of the 

tested compounds did not inhibit the enzymes at all. So, compounds 5, 10, and 17 were 

considered as weak inhibitors, not good enough for being taken for the further steps to calculate 

IC50 value and Ki values. There are many challenges in designing of compounds as possible 

drugs that do not hamper any other physiological function. The dual role of MMPs in 

pathological and physiological conditions is one of the major obstacles as they can act as drug 

and anti-drug targets. In the case of developing an inhibitor for a bacterial zinc metalloprotease 

a major challenge is to design a compound that should only strongly bind to the bacterial 

enzymes and not interfere in any physiological function of the human (should not bind on the 

active site of the human zinc metalloproteases).    

 

6. Future prospective 

In the coming future this project can be continued with different prospects. Since the 

compounds identified as weak inhibitors in this project are not structurally similar to known 

inhibitors in the literature, we can search for different structural analogs of the most promising 

low affinity inhibitors (for example compound 17, 10 or 5) in order to obtain compounds with 

stronger inhibition of the zinc metalloproteases. This can be done by using different databases 

(like Molport, ChEMBL and zinc databases of known drugs) which may provide putative 

structural analogs of the compounds, which then can be tested in lab, and by using molecular 

modeling. Likewise, another possibility can be use of structure- based drug design for structural 

modification of the most promising compounds in the binding site after docking, and then 

obtain the new molecule by synthesis before testing in assays. Another prospective can be 

testing of present compounds and compounds obtained from searching analogs and structural 

based drug design with additional human and bacterial metalloproteases.    
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Appendix 

1.Calculation of inhibition activity of the compounds (table 1) against TLN 
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2.Calculation of inhibition activity of the compounds (table 1) against PLN 
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3. Calculation of inhibition activity of the compounds (table 1) against ALN 
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4. Calculation of inhibition activity of the compounds (table 1) against MMP-14 
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