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ABSTRACT 
Emerging antibiotic resistance represents a major hazard for public 

health. The necessity for the development of new antibiotics is high, 

especially against Gram-negative bacteria. However, for their 

development many issues must be faced, such as bacterial intrinsic 

protection by a complex outer membrane, deficit of knowledge regarding 

its permeability, low number of identified targets and lack of molecule 

diversity in libraries used for screening campaigns. Unsuccessful 

outcomes of numerous projects focused on the identification of new 

antibiotics led several big pharmaceutical companies to completely 

abolish their antimicrobial research. A promising strategy to fight 

bacterial resistance is to use enhancers of antibiotic therapy. Enhancers 

either block the main bacterial resistance mechanism or potentiate the 

action of a chosen antibiotic. 

Cysteine is a multifunctional amino acid and its auxotrophs are not able 

to grow on minimal medium. It is the organic source of sulfur that is 

donated for biosynthesis of sulfur containing molecules, while cysteine 

itself stabilizes protein tertiary structure by disulfide bonds formation 

and maintains intracellular redox status. It has been shown that deletion 

mutants of cysteine biosynthetic pathway have attenuated virulence, 

elevated levels of intracellular oxidative stress and they have been linked 

to decreased antibiotic resistance. Oxidative stress is one of the common 

mechanisms by which antibiotics affect bacteria, and therefore inhibition 

of bacterial enzymes involved in biosynthesis of cysteine, that are absent 

in mammals, presents a promising strategy for the development of 
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enhancers of antibiotic therapy. The project was focused on the inhibition 

of the last two enzymes in this pathway, serine acetyltransferase (SAT) 

and O-acetylserine sulfhydrilase (OASS) that, in enteric bacteria, exists in 

two isoforms, A and B. The chosen proteins were from Salmonella 

enterica serovar Typhimurium, which presents a major health risk all over 

the world and has been listed as a high priority pathogen by World Health 

Organization for the development of novel inhibiting compounds.  

In the course of the project we optimized the conditions for expression 

and purification of target enzymes as recombinant proteins in E. coli. 

Expression constructs for OASS were prepared during the secondments 

at the University of Cambridge (supervisor Prof. Martin Welch). The 

proteins were later used for in vitro testing of novel reversible and 

irreversible inhibitors. 

For OASS, potent reversible inhibitors had been identified previously. A 

cocrystal between OASS-A and the most potent inhibitor UPAR-415 was 

prepared which allowed us to confirm binding interactions and 

understand the molecular basis of enzyme inhibition. Since existing 

inhibitors presented issues in the permeability through the Gram-

negative membrane, several derivatives were prepared in Prof. 

Costantino’s group (University of Parma) in order to improve their drug-

likeness and penetration in bacteria. We determined their binding affinity 

and mechanism of action via enzyme assays and fluorimetric titrations. 

We identified novel potent inhibitors and the most promising ones were 

later selected for microbiological testing.  

In a collaboration with Prof. Jirgensons’ group (Latvian Institute of 

Organic Synthesis), we investigated covalent modification of OASS by 
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mechanism-based inactivators. Fluoroalanine derivatives were assayed in 

order to determine their inactivation potency, mechanism of action and 

structure-activity relationship. 

Inhibitors of SAT were tested in our laboratory for the first time. For this 

purpose, we optimized and validated an indirect activity assay that can 

be used for inhibitors testing on a small and large scale. We screened 

novel SAT inhibitors, selected by Prof. Costantino’s group (University of 

Parma) based on the in silico screening of an in house compound library 

and high-throughput screening of ChemDiv libraries, evaluated their 

potency and determined the mechanism of action. With this approach we 

identified the most potent SAT inhibitors reported so far. 

Promising protein inhibitors were later tested in microbiological assays to 

evaluate their effect on bacterial viability. This part of the project was 

partially carried out during the secondments in Aptuit Verona (supervisor 

Dr. Antonio Felici). We found out that they have issues in the permeability 

through the bacterial membrane, although in the presence of the 

permeability enhancer they were able to interfere with bacterial growth. 

To investigate their mechanism of action when inside bacteria, we 

developed a method for the measurement of the bacteria intracellular 

reduced thiols as a marker of cysteine availability. 

 

Keywords: 

antibiotic resistance, cysteine biosynthesis, enzyme inhibition, 

intracellular reduced thiols, pyridoxal 5'-phosphate, O-acetylserine 

sulfhydrylase, serine acetyltransferase. 
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1. ANTIBIOTICS AND ANTIBIOTIC RESISTANCE 
 

1.1. THE GLOBAL THREAT OF ANTIBIOTIC RESISTANCE 

Antibiotics are medicines used to treat bacterial infections [1]. The 

modern era of antibiotics started in 1928 with the discovery of penicillin 

by Sir Alexander Fleming and they were first prescribed to treat serious 

infections in 1940s [2]. Besides saving lives of infected patients, 

antibiotics have enabled major medical achievements, such as surgical 

procedures, transplantations, advances in neonatal medicine and 

chemotherapy for cancer treatment [3]. Following the penicillin, several 

classes of antibiotics with different mechanisms of actions were 

discovered fruitfully and rapidly in the middle of the 20th century. 

 

The period between 1940s and 1960s was the golden era of antibiotic 

discovery and these antibiotics or their derivatives are still in use today. 

Soon after the beginning of antibiotics use for treatments of the 

infections, bacteria started to show antibiotic resistance. Acquired 

resistance is a natural process that evolves as an evolutionary response 

of bacteria to the antibiotics, enabling the survival of the species [4,5]. 

However, the overuse and misuse of antibiotics in medicine and 

agriculture led to a rapid occurence of acquired bacterial resistance and 

nowadays resistance emergance is so fast, that it is often observed even 

before the antibiotic is approved by regulatory agencies to be marketed. 

Currently, it is so widespread that it presents a unique challenge to both 

science and medicine [6]. For example, Gram-negative Acinetobacter 

baumannii is already resistant to all currently available antibiotics [7,8] 
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and European Centre for Disease Prevention and Control estimates that 

every year 25.000 Europeans die due to the resistant bacterial infections 

[9]. In 2017, World Healthcare Organization (WHO) published a Global 

priority list of antibiotic-resistant bacteria to guide research, discovery, 

and development of new antibiotics where bacterial strains were divided 

in three groups based on the priority for the development of antibiotics 

against them (Table 1). In this list, Mycobacterium tuberculosis is not 

specified as it is already considered as a top global health priority [10]. 

 

Table 1. WHO priority pathogens list for R&D of new antibiotics [10]. 

priority bacterial strains 

critical 

 Acinetobacter baumannii, carbapenem-resistant 

 Pseudomonas aeruginosa, carbapenem-resistant 

 Enterobacteriaceae*, carbapenem-resistant, 3rd 

generation cephalosporin-resistant 

high 

 Enterococcus faecium, vancomycin-resistant 

 Staphylococcus aureus, methicillin-resistant, 

vancomycin intermediate and resistant 

 Helicobacter pylori, clarithromycin-resistant 

 Campylobacter, fluoroquinolone-resistant 

 Salmonella spp., fluoroquinolone-resistant 

 Neisseria gonorrhoeae, 3rd generation cephalosporin-

resistant, fluoroquinolone-resistant 

medium 

 Streptococcus pneumoniae, penicillin-non-

susceptible 

 Haemophilus influenzae, ampicillin-resistant 

 Shigella spp., fluoroquinolone-resistant 

* Enterobacteriaceae include: Klebsiella pneumonia, Escherichia coli, Enterobacter spp., 
Serratia spp., Proteus spp., and Providencia spp, Morganella spp. 
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Besides the occurence of bacterial antibiotic resistance, the worrying fact 

is that no new major classes of antibiotics have been found and 

introduced to the market for over 50 years [11,12]. Several big 

pharmaceutical companies have carried out large studies that failed in 

the identification of new antibiotics and consequently have completely 

abolished the antimicrobial research. On the other hand, investment in 

the antibiotics research and development is not attractive, since 

antibiotics are low-profitable drugs and is expected that bacteria will 

sooner or later develop resistance mechanisms against them, thus 

rendering drugs inefficient. That said, the fight against resistant microbes 

is extremely challenging. Bacteria are becoming more and more resistant 

to the existing drugs while we do not have an arsenal to fight the resistant 

strains. It is predicted that without a major improvement in the antibiotic 

development accompanied by the increase of microbial resistance and 

antibiotic misuse, by 2050 10 million people will die yearly due to the 

bacterial infections [5]. 

 

1.2. INTRINSIC AND ACQUIRED RESISTANCE OF GRAM-

NEGATIVE BACTERIA 

A careful look at Table 1 shows that most of the resistant bacteria are 

Gram-negative. Development of antibiotics against them is particularly 

difficult due to their two-membrane cell envelopes which are protecting 

the cell and building a barrier for the external compounds, making them 

intrinsically resistant to antimicrobials. 
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The outer membrane (OM) of Gram-negative bacteria is an asymmetric 

and rigid bilayer of lipopolysaccharides (LPS). LPS consists of a saturated 

lipid A, core oligosaccharide and distal polysaccharide, which is also 

referred as O-antigen and is immunogenic. The LPS bilayer is very rigid 

since in it several proteins are inserted, for example: 

 general diffusion porins,  

 specific uptake channels (e. g. LamB), 

 OmpAs (connecting the outer membrane with a peptidoglycan 

layer and are essential for OM integrity and stability) 

 other translocators, enzymes and structural proteins [13].  

Underneath the OM lies a fiber-like periplasmic space, consisting of a 

peptidoglycan that provides rigidity to the overall cell membrane. The 

cytoplasmic space of Gram-negative bacteria is surrounded by an inner 

membrane (IM) which is a symmetrical bilayer of glycerolphospholipids 

and is more fluid comparing to the OM [14,15].  

 

The complexity of Gram-negative membrane presents a unique challenge 

for the permeation of drugs in the cytoplasmic space where the biggest 

issue is the OM. LPS is highly functionalized with anionic charges, 

stabilized by divalent cations and subsequently cross-linked to create a 

large defensive web which can block the entry of molecules as the first 

line of bacterial defence [14,16]. It is more rigid than normal bilayers, 

slowing passive diffusion of hydrophobic compounds, and narrow pores 

limit by size the penetration of hydrophilic drugs [17].   
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However, the intrinsic bacterial resistance due to the efficient OM is not 

the only issue for the inefficiency of antibiotics. A unique challenge 

presents the acquired resistance, which is the ability of bacteria to escape 

the action of antibiotics that were once effective against them. Its origin 

is attributed to the overuse and misuse of these medications. The 

evolutionary drive is leading bacteria to exploit every source of resistance 

genes and every possible way of horizontal gene transfer to develop and 

inherit multiple resistance mechanisms for basically all antibiotics 

introduced into practice [2,8,18]. There are several modes of acquired 

resistance, which are dependent on the antibiotic target. Closely related 

to the permeability are efflux pumps which are overexpressed in the 

resistant strains and therefore extremely efficient in exporting drugs 

from cytoplasm and periplasm in the external medium. Other types of 

acquired resistance are enzymatic inactivation or modification of drug 

(for example acetylation, phosphorylation, hydrolysis etc), target 

modification or its overexpression and introduction of bypass pathways 

[8,17]. 

 

1.3. STRATEGIES TO OVERCOME ANTIBIOTIC 

RESISTANCE 

Taking into account the emergence of resistance crisis and a low number 

of new antibiotic agents in the pipeline, the situation is alarming. Since 

1990s, the pharmaceutical industry has been focusing on the 

development of synthetic antibiotics based on genomics, combinatorial 

chemistry, high-throughput screening and rational drug design without 

any major success. This led several big pharmaceutical companies to 
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completely abandon the antimicrobial research [8,19]. The review by Kim 

Lewis [8] suggests several reasons for the failure of antibiotic discovery in 

recent years: 

 Studies are focused on antibiotic identification rather than the 

knowledge of how antibiotics work. For example, there are 

approximately 200 conserved essential proteins in bacteria, but 

the number of currently targeted proteins is very small 

(ribosomes, cell wall synthesis linked enzymes, DNA gyrase and 

topoisomerase); 

 The research is focused on the identification of synthetic 

antibiotics rather than the ones of natural origins. However, 

having a look at the current antibiotic classes it is evident that only 

fluoroquinolones are a successful example of synthetic antibiotics 

and all the other major classes are derived from natural 

compounds; 

 Nowadays, antibiotics are searched by using in vitro assays, in 

which is easy to miss the prodrugs; 

 There are not many studies focused on species-specific antibiotic 

research. Several species share conserved essential proteins, but 

the sequences of orthologues are not identical. These variable 

parts are attractive targets – for example, recently approved drug 

for M. tuberculosis, bedaquiline, targets highly conserved F1F0-

ATPase, present also in mammals [20]; 

 The big issue presents the lack of knowledge regarding the 

permeability of drugs through the outer membrane.  
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Based on these observations, new platforms for antibiotic discovery are 

suggested: 

 Identification of rules of permeation and design of molecules with 

permeability-like properties, including prodrugs [8]; 

 Screening of drug candidates using models that mimic better 

mammalian in vivo conditions, thus allowing the identification of 

prodrugs (suggested it is the use of C. elegans) [8]; 

 Returning to the source of natural compounds, that could be 

identified by turning on silent operons and by exploitation of 

currently uncultivable organisms [8]; 

 To stimulate research on a primary level in order to identify new 

targets [3]; 

 To invest in the development of antibiotic enhancers [21]. 

 

Antibiotic enhancers or adjuvants have little or no antibiotic activity 

themselves but when they are co-administered with the antibiotic, they 

either block the main bacterial resistance mechanism or enhance the 

antimicrobial action of the drug. In the sense of drug discovery, 

enhancers can compensate for the identification of new targets and 

antibiotics and potentiate the activity of existing drugs. By now, three 

major classes of antibiotic enhancers have been developed [21]. First of 

them are β-lactamase inhibitors that are co-administered with penicillin 

antibiotics and are the only class of antibiotic enhancers that are 

currently used in clinical practice. However, their constant development 

is essential since bacteria are becoming resistant to the existing ones and 

new β-lactamase inhibitors are being tested in clinical trials [6,21]. In the 
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second group are efflux pumps inhibitors that besides the potentiation of 

antibiotic activity can also decrease the virulence in some strains [22,23]. 

However, they have problems entering the market due to their high 

toxicity related to cross-reactivity with efflux pumps present in human 

cells [3,24]. Lastly, outer membrane permeabilizers are mechanistically 

limited for the treatment of Gram-negative infections and are disrupting 

the rigid structure of LPS bilayer, thus facilitating the drug transport. 

Commonly used on laboratory scale are cationic agents such as 

polymyxins [21,25]. 

 

Nowadays, several studies are focused on the identification of new 

antibiotic adjuvants. For example, new peptides have been identified that 

act on the bacterial membrane without having any effect on bacterial 

viability, but when used with penicillin antibiotics they potentiate the 

drug action in methicillin resistant S. aureus [26]. 2-aminoimidazole 

derivatives are inhibitors of response regulator protein BfmR and when 

added to A. baumannii, they inhibit biofilm formation and increase the 

sensitivity to carbapenem antibiotics [27]. CeO2 nanoparticles are non-

specific outer membrane permeabilizers and it has been shown that they 

can synergistically enhance the activity of β-lactam antibiotics in resistant 

K. pneumoniae clinical isolates [16]. 

 

Few recent achievements in antibiotic discovery should also be 

highlighted. Murepavadin is currently the only drug candidate against 

Gram-negative bacteria with novel mechanism of action that is in clinical 

trials, it recently entered in phase 3 [6,28]. It is a peptidomimetic agent 
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that binds to the lipopolysaccharide transport protein D (LptD), present 

in the OM and involved in the lipopolysaccharide biogenesis. By binding 

to LptD, murepavadin inhibits its transport function thus causing such 

alternations in the OM structure, that are resulting in cell death. It is being 

tested for the treatment of hospital-acquired and ventilator-associated 

bacterial pneumonia caused by Pseudomonas aeruginosa [29]. By 

investigation of secondary metabolites of not-commonly used bacteria, a 

new class of antibiotics, odilorhabdins, has been identified. These non-

ribosomal peptides have been found in Gram-negative genus 

Xenorhabdus and they bind to a new ribosome site, leading to a 

miscoding of proteins. They are active against Gram-positive and Gram-

negative bacteria in in vitro assays as well as in animal models [30]. 

Recent advances in the cultivation of 'uncultivable' bacteria have also 

been achieved – the iChip enables the growth of bacteria on an artificial 

plate, covered with soil from which they are obtaining all needed 

nutrients [31]. Using this method, scientists have been able to grow 

Eleftheria terrae, from which they have isolated teixobactin, a new 

peptidoglycan synthesis inhibitor effective against Gram-positive 

bacteria [32]. An encouraging new class of new antibiotics, active against 

Gram-positive and Gram-negative bacteria has been discovered recently. 

Arylomycins covalently inhibit membrane-bound signal peptidase LepB. 

They exhibit low resistance frequency and are effective against ESKAPE 

pathogens in pre-clinical models [12]. 
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1.4. Salmonella enterica serovar Typhimurium 

The PhD project is focused on the development of antibiotic adjuvants 

targeting metabolic enzymes, present in Salmonella enterica serovar 

Typhimurium (S. Typhimurium) due to its clinical relevance. Salmonellae 

is a genus belonging to the family Enterobacteriaceae. It is a rod-shaped 

Gram-negative facultative anaerobe, that spreads predominantly by 

contaminated food and water and presents a major health threat in both 

developed and developing countries. In the United States it causes 1.2 

million illnesses, 23.000 hospitalizations and 450 deaths each year [33]. 

Based on the major clinical symptoms, Salmonella species can be divided 

into typhoidal and non-typhoidal. S. Typhimurium is non-typhoidal, 

enteric pathogen species, triggering an innate immune response after the 

colonization of M cells and enterocytes [34]. Consequently, patients 

suffer for gastrointestinal disease with symptoms as fever, abdominal 

pain, cramping, large bowel inflammation and diarrhea. Infections are 

normally treated with fluoroquinolones and wide-spectrum 

cephalosporins [35,36].  

 

The Salmonellae resistance to existing drugs has been emerging since 

1990 and based on data from 2006 presented by the National 

Antimicrobial Resistance Monitoring System, 84 % of clinical isolates of 

non-typhoidal Salmonellae displayed multidrug resistant phenotype and 

4.1 % of the isolates had reduced susceptibility to cephalosporins in the 

USA [36]. Specifically for S. Typhimurium, a recent study of clinical 

isolates from Brazil population foud that majority of strains were 

resistant to different antibiotic classes and the study also identified genes 
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that were responsible for the emergence of resistance [37]. The 

mentioned studies are originating from developed countries, where the 

management of infections with antibiotics is better monitored comparing 

to the third world countries. Therefore, in high-income countries S. 

Typhimurium is mostly causing self-limiting diarrhoeal illness in healthy 

individuals; bloodstream or focal infection are only observed in 

immunocompromised patients. By contrast, in sub-Saharan Africa 

antibiotic misuse already caused the emergence of extremely resistant 

genotype ST313, that predominantly causes bacteremia associated with 

fatal outcome in 20-25 % [38].  

 

Taking into account a high number of infections caused by Salmonellae 

and its high resistance to existing antibiotics, the WHO listed it in a high 

priority pathogen list [10], stating the urgent necessity for the 

development of novel treatments for this bacterium. 
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2. TARGETING SULFUR ASSIMILATION FOR THE 

DEVELOPMENT OF ANTIBIOTIC THERAPY 

ENHANCERS 
 
A new approach for the development of antibiotic therapy enhancers is 

inhibition of bacterial cysteine biosynthesis. While mammals are 

obtaining cysteine from methionine via trans-sulfuration pathway, 

bacteria and plants have developed a cysteine biosynthetic pathway in 

which they are able to incorporate inorganic sulfur into an amino acid. 

Since enzymes of this pathway are absent in humans, they are attractive 

targets for antibiotic development. 

 

Cysteine is an amino acid of many functions and is required for viability 

of bacteria. It has been shown that cysteine auxotrophs are not able to 

grow in the minimal medium if cysteine is not supplied [39]. One of its 

most important functions is being organic source of sulfur, that is in free 

inorganic form toxic for bacteria [40]. Cysteine is able to donate sulfur for 

biosynthesis of Fe-S clusters, modified tRNAs, thiamine, biotin, 

glutathione and mycothiol when needed [41–44]. Besides that, cysteine 

stabilizes protein tertiary structure by forming disulfide bonds. Cysteine 

also has an important role in regulation of intracellular redox state. While 

it has the ability to scavenge reactive oxygen species itself, it is also a 

precursor of major intracellular nonenzymatic antioxidants glutathione 

and mycothiol [45,46]. Taking into account that some pathogens need to 

survive under extremely challenging conditions during colonization in 

humans (macrophages, gastric mucosa), any disruption of intracellular 

redox balance leads to a decrease of bacterial fitness and reduction of 
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infectivity. For example, ΔcysI and ΔcysK Brucella melitensis and ΔcysH M. 

tuberculosis exhibit attenuated virulence, and ΔcysI Brucella melitensis 

exhibits increased sensitivity to oxidative stress [47,48]. In S. 

Typhimurium, deletion mutants of cysteine biosynthetic pathway have 

been shown to have higher degree of intracellular oxidative stress and in 

swarm populations decreased resistance to antibiotics [49,50]. 

Antibiotic-induced oxidative stress is one of the many identified 

antimicrobial mechanisms and thus the inhibition of cysteine synthesis 

could enhance their efficacy [51]. Therefore, several research groups 

have focused their attention on the inhibition of the enzymes involved in 

the cysteine biosynthesis in γ-proteobacteria and actinomycetales due to 

their clinical relevance [52].  

The cysteine biosynthetic pathway in enteric bacteria is shown on Figure 

1. 
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Figure 1. Schematic presentation of cysteine biosynthetic pathway in enteric bacteria. 

Abbreviations used: ATPS – ATP sulfurylase; APSK – 5-phosphosulfate kinase; PAPS R - 

3-phosphoadenosine 5-phosphosulfate reductase; NADPH-SR -  NADPH-dependent 

sulfite reductase; OAS – O-acetylserine; AcCoA – acetyl coenzyme A; CoA – coenzyme A. 

Adjusted from [44]. 

Cysteine biosynthesis is considered a two-phase process. The first phase 

is the so called Reductive Sulfate Assimilation Pathway (RSAP) that starts 

when a sulfate molecule is transported into the cell. Sulfate itself is not 

reactive and it needs to be converted to the active  bisulfide form before 

the incorporation into the cysteine. The reduction of sulfate into bisulfide 

is a four-step process, that is highly energetically consuming since it 

requires one mole of GTP, two moles of ATP and three moles of NADPH 

for each mole of cysteine produced. Once the sulfur source is activated, 

the second phase of the biosynthesis can proceed [40,44,53]. The 

backbone of cysteine originates from the activated form of L-serine, that 

can be either O-acetylserine (OAS) or O-phosphoserine (OPS). OAS is 

commonly present in enteric bacteria, while OPS is found in organisms 
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that live under more extreme conditions, where OAS would be unstable 

[54–57]. In enteric bacteria, L-Ser is activated to OAS by serine 

acetyltransferase (SAT). The last step in the cysteine biosyntheis is 

catalized by O-acetlyserine sulfhydrylase (OASS), that in enteric bacteria 

exists in two isoforms, A and B. This enzyme substitutes the acetoxy 

moiety of OAS with bisulfide, producing L-cysteine [40]. The B isoform of 

OASS is also able to use  thiosulfate as a sulfur source and catalyses the 

production of L-sulfocysteine, that is later converted to L-cysteine by 

glutaredoxins [58–60]. 

 

Since Mycobacterium tuberculosis is one of the most investigated 

organisms for the sulfur metabolism, it is worthwhile mentioning that this 

organism possesses three enzymes for the final step of cysteine synthesis. 

CysK1 catalyses cysteine formation from OAS and bisulfide [61], while 

CysK2 synthesizes S-sulfocysteine from OPS and thiosulfate [54]. On the 

other hand, CysM uses OPS as a first substrate, while the sulfur source is 

delivered to it via thiocarboxylated sulfur carrier protein CysO [62]. 

 

Inhibition of enzymes involved in the biosynthesis of cysteine and other 

sulfur containing molecules has been extensively reviewed [52]. Research 

groups have been focusing their attention on the inhibition of APS 

reductase (CysH), SAT and OASS, as well as on an inhibition of 

sulfotransferases and mycothiol biosynthesis. Recently, novel APS 

reductase [63] and CysM [64] inhibitors have been identified that 

displayed bactericidal activity in a nutrient-starvation model of dormancy 

in Mycobacterium tuberculosis.  
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3. O-ACETYLSERINE SULFHYDRILASE 
Our group has been focusing on the inhibition of the last two enzymes in 

the biosynthetic pathway of cysteine in S. Typhimurium, that are StOASS-

A, StOASS-B and StSAT. StOASS is a PLP-dependent enzyme, with the 

cofactor bound to the active site lysine 41 via a Schiff base. The enzyme 

catalises a β-replacement reaction, following the ping-pong catalytic 

mechanism shown in Figure 2.  

 

 

Figure 2. Catalytic cycle of OASS. Adjusted from [65]. 

 
The reaction starts with a nucleophilic attack of α-amine of OAS to C4' of 

PLP, forming an external aldimine and the simultaneous closure of the 

active site. Then, the active site lysine deprotonates the Cα, causing the 
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β-elimination of acetate group and formation of α-aminoacrylate 

intermediate. The nucleophilic attack of sulfide to the Cβ of 

aminoacrylate forms the cysteine, that is released from the active site 

and the initial Schiff's base between lysine and cofactor is reformed [66–

68]. Structurally, OASS is a homodimer. Each subunit consists of a large 

and small domain and the active site is placed between them (40). The A 

and B isozymes catalyze the same reaction, they share 43 % sequence 

identity and have almost superimposable three-dimensional structure, 

while the active site of the B isoform is a bit bigger and more polar, but 

apparently less accessible compared to the A isozyme [67]. Several crystal 

structures, such as native form [67,69], K41A mutant for mimicking the 

closed conformation of external aldimine intermediate [70] and inhibited 

form with chloride bound to an allosteric anion binding site [71], 

accompanied by fluorescence studies [72–74], revealed high flexibility 

and conformational dynamics of both isozymes of OASS, that are 

important for catalytic cycle as well as for understanding of enzyme 

behaviour during inhibition. 

 

Besides the synthesis of cysteine, OASS-A (encoded by cysK) has several 

other functions related to bacterial physiology. For example, in Gram-

positive bacteria it binds the CymR, that is a transcription factor involved 

in cysteine metabolism. When OASS-A is bound to CymR, its affinity for 

DNA binding increases up to seven-fold, thus repressing the transcription 

of the operon [75]. In contact-dependent growth inhibition (CDI), CDI+ 

bacteria deliver CdiA-CT toxin into neighboring bacteria and produce 

specific immunity proteins that protect against self-intoxication. In 
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uropathogenic E. coli the CdiA-CT toxin is active only when in the complex 

with OASS-A [76]. Finally, importantly for the antibiotic development, 

ΔcysK mutants of Vibrio fischeri exhibit defects in biofilm formation, that 

cannot be complemented by cysteine [77]. 

 

Despite good knowledge and thorough characterization of OASS-A, the 

function of OASS-B (encoded by cysM) remains controversial. It has been 

reported that OASS-B in Salmonella typhimurium LT contributes only up 

to 20 % of total cysteine biosynthesis [58], leaving the question about its 

necessity unanswered. On the other hand, OASS-B is indispensable when 

bacteria are growing on thiosulfate as a sole sulfur source since OASS-A 

is not able to take it as a substrate [58,60]. Early studies suggested that 

OASS-B is differentially expressed under anaerobic conditions [78,79], 

but recent findings did not confirm these observations [80]. 
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4. SERINE ACETYLTRANSFERASE 
SAT (encoded by cysE) is responsible for the first step in biosynthesis of 

cysteine in higher plants and bacteria. It catalyses acetylation of β-

hydroxyl group of L-serine by acetyl coenzyme A (AcCoA), giving the OAS 

and coenzyme A as products, shown on Figure 3 [81,82]. Reaction 

mechanism follows the rule of random-order ternary complex [83,84]. 

 

 

Figure 3. Reaction catalysed by SAT. 

SAT is a member of bacterial O-acetyltransferases subfamily of O-

acyltransferases. These enzymes contain repeating hexapeptide motifs 

that are responsible for the folding of the protein, forming a left-handed 

β-helix [83,85,86]. Even though the majority of members of this family 

exists as trimers, biochemical [84,86] and structural studies [87] have 

revealed that SAT exists in a hexameric form as a dimer of trimers. Left-

handed β-helix is positioned on the C-terminal part, while N-terminal part 

forms an α-helix. Subunits are organized in a trimer, forming a three-

sided pyramid shape that interact with each other predominantly by 

hydrophobic interactions and hydrogen bonds. Two trimers form a 

hexamer by interactions on their N-terminal sides, and the oligomer 

interactions are of a similar nature as those between monomers. The 
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active site is positioned in a small cleft at the junction of two adjacent 

subunits of the trimer. 

 

StSAT has not been crystallized yet, however the structures of its 

Haemophilus influenzae and E. coli orthologues are available. Besides the 

native structure [88], the complexes of SAT with cysteine [85] or AcCoA 

bound [86] have been obtained, allowing insight in its conformational 

dynamics that is also related to its inhibition. 

 

SAT controls the cysteine biosynthesis in three ways – by L-cysteine 

feedback inhibition, OAS/NAS production and cysteine synthase complex 

formation. 

 Feedback inhibition by L-cysteine: SAT is feedback inhibited by L-

cysteine, that is competitive versus L-serine. Therefore, elevated 

levels of cysteine prevent unnecessary OAS production [84,89]. 

Crystallization studies have revealed that upon cysteine binding 

to L-serine site, SAT undergoes a large conformational change, in 

which its C-terminal part occupies acetyl-CoA binding site and 

consequently the affinity for both substrates is decreased [86]. 

 OAS/NAS production: The product of SAT reaction, OAS, is a 

substrate of OASS, the last enzyme involved in the biosynthesis of 

cysteine. This way, cysteine biosynthesis is directly limited by the 

amount of OAS [66]. On the other hand, OAS is unstable at 

physiological pH and if it is not being consumed by OASS, it is non-

enzymatically converted to N-acetylserine (NAS). NAS binds CysB, 

a promoter of cysteine regulon, and functions as an inducer of the 
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cysteine regulon after being activated by NAS. Derepression of 

cysteine regulon leads to upregulated transcription of cys genes 

and consequently to higher cysteine production [90].  

 CS complex formation: SAT is able to interact with OASS-A, 

forming a widely studied assembly called cysteine synthase 

complex (CS complex). Even though there is no structural data 

about this complex, biochemical and spectroscopic approaches 

have revealed that in CS complex the C-terminal part of SAT is 

inserted in the active site of OASS-A [91,92]. Precisely, the C-

terminal isoleucine of SAT is essential for binding and it is highly 

conserved between the species that form CS complex [93,94]. The 

stoichiometry of the complex was determined to be 3:2, that is, 

one hexamer of SAT binds 2 dimers of OASS-A [92]. The complex 

can be disrupted by OAS and stabilized by bisulfide, likely by 

binding to the allosteric site on OASS-A [95]. Kinetic studies have 

revealed that in the complex the activity of OASS-A is partially 

inhibited, suggesting that only one active site of this enzyme is 

occupied by SAT, while the other is partially closed. When OASS-

A is partially inhibited, the bisulfide cannot be consumed and the 

CS complex is therefore stabilized by it [95]. This leads to 

(apparently) elevated activity of SAT in the complex and 

maximized OAS production, leading to the dissociation of the 

complex and recovered activity of OASS-A. Besides that, 

maximized OAS production will also result in higher concentration 

of NAS and therefore induced cysteine operon. It also should be 

mentioned that SAT undergoes substrate inhibition by L-serine, 
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that is decreased in the complex (Km of L-ser 3.7 mM for free SAT 

and 16 mM for SAT within the complex) and consequently its 

activity in CS complex is apparently elevated. Its kinetic 

parameters in the CS complex are not affected [84]. Importantly, 

SAT is not able to form the complex with OASS-B [94]. 
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5. OASS AND SAT INHIBITORS 
 

5.1. OASS REVERSIBLE INHIBITORS 
The fact that SAT inhibits OASS inspired our group for development of 

low-molecular weight OASS inhibitors by mimicking the C-terminal part 

of SAT. Firstly, SAT peptidomimetics were designed with a purpose to 

identify the important residues for binding [96]. Taking into account the 

interacting residues and orientation of peptides in the active site of OASS-

A, a design of low-molecular weight inhibitors was performed. These 

molecules are substituted cyclopropanes with a carboxylic group at Cα 

that is mimicking the C-terminal isoleucine of SAT, and a tolyl group on 

the same carbon that is mimicking the SAT backbone. On the Cβ a phenyl 

group is attached that is mimicking the side chain of SAT's isoleucine. A 

cyclopropane scaffold was chosen to keep the molecule in trans 

configuration, that was essential for maintaining the affinity. Rational 

design of these molecules produced OASS inhibitors, that exhibit Kd in 

nanomolar range not only towards the A isoform but also against the B 

isoform that naturally does not form a complex with SAT. UPAR-415 

(Figure 4) is the most potent inhibitor of StOASS identified so far, 

exhibiting Kd StOASS-A = 0.028 ± 0.005 µM and Kd StOASS-B = 0.49 ± 0.05 

µM [97]. 
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Figure 4. The structure of UPAR-415, the most potent reversible inhibitor identified so 

far. Kd StOASS-A = 0.028 ± 0.005 µM; Kd StOASS-B = 0.49 ± 0.05 µM [97]. 

Unfortunately, microbiological assays have revealed that these inhibitors 

are lacking in vivo efficacy, in particular they do not have any effect on 

bacterial viability when tested against wild type E. coli. However, 

inhibition of bacterial growth was observed when assays were carried out 

in the presence of polymyxin B nonapeptide, an enhancer of membrane 

permeability. These observations suggested that compounds have issues 

in the permeability through the Gram-negative membrane, that is a 

common obstacle in the antibiotics development. Therefore, our project 

was focused on design and identification of UPAR-415 derivatives that 

would retain the affinity towards the target while possessing the physico-

chemical properties favoring the permeability through the Gram-

negative bacteria. 

 

Designing permeable molecules is problematic due to the lack of 

knowledge regarding the permeability. Nowadays, there are no clear 

rules that would connect the molecular structure with the permeation 

and this gap is likely one of the biggest issues in the antibiotic discovery 

[8]. However, few studies extracted the useful properties from sets of 

permeable molecules – such as logP, polarity, geometry, charges and 
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importance of side groups [98–100]. These rules were applied in the 

synthesis of UPAR-415 derivatives. The newly designed molecules were 

tested with biochemical assays for the evaluation of their potency and 

structure-activity relationship. The most potent ones were selected as 

potential candidates for microbiological evaluation.  

 

5.2. OASS IRRVERSIBLE INHIBITORS 
Compounds that form covalent bonds with their targets have been raising 

large concerns regarding their use as medicines considering the 

possibility of their off-target effects. Indeed, random covalent binding to 

cellular macromolecules can cause side effects, acute tissue injury and 

reactive immune response against modified structures. On the other 

hand, highly specific and selective molecules have been recognized as 

safe and profitable drugs, for example aspirin, penicillin and omeprazole 

have made a major positive impact on human health [101]. In comparison 

with reversible inhibitors, irreversible molecules exhibit a number of 

benefits, such as high potency, low therapeutic dose and correlated high 

therapeutic index, accompanied by the extended duration of action. 

Unlike the reversible inhibitors, covalent drugs can target proteins with 

shallow binding sites [102]. 

 

Two types of covalent inhibitors have been developed: affinity labels and 

mechanism based inactivators. Affinity labels are per se reactive 

molecules that covalently modify an amino acid residue in a single binding 

step. They are considered as non-specific, since they can bind to several 

residues. Mechanism based inactivators are intrinsically not reactive 
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molecules. However, when they are modified by the catalytic action of 

the target enzyme, they are converted into reactive molecule that 

covalently modifies the active side of the protein. Thus, they are also 

called suicide substrates and are more specific [103,104]. 

 

While reversible inhibition of OASS has been widely exploited, there are 

no current data about its irreversible inhibition.  On the other hand, 

several other PLP dependent enzymes have been studied for the 

inactivation by mono-, di- or trihalogenated alanines [105–113], making 

these molecules promising candidates for inactivation of OASS. In the 

present study, we investigated the reactivity of mono- and 

trifluoroalanine derivatives with StOASS-A and StOASS-B in order to 

identify suitable mechanism-based irreversible inhibitors [65].  
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5.3. SAT INHIBITORS 
Taking into account the importance of SAT in cysteine biosynthesis, we 

were encouraged to identify its novel inhibitors.  Despite its key role in 

cysteine biosynthetic pathway, only three inhibitors of SAT have been 

reported so far. Agarwal et al [114] performed virtual screening of 

National Cancer Institute chemical database against E. coli and identified 

three hits (Table 2). The most potent compound (C3) exhibited IC50 = 72 

µM for EcSAT. The same study also evaluated the effect of compounds on 

the growth of Entamoeba histolytica whose SAT shares 49 % identity in 

amino acid level with EcSAT. Compound C3 showed IC50 = 0.61 µM for E. 

histolytica trophozoites, suggesting target unspecificity. 

 

Table 2. Known inhibitors of serine acetyltransferase [114]. 

Compound Structure 

EcSAT 

inhibition at 

0.05 µg/µL 

(%) 

IC50 for E. 

histoytica 

proliferation 

(µM) 

C1 
 

24 1.07 

C2 
 

38 1.52 

C3 
 

50  

(IC50 = 72 µM) 
0.61 
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AIM OF THE THESIS 
 
The aim of the thesis was to inhibit StOASS and StSAT with a purpose of 

development of enhancers of antibiotic therapy. Therefore, the following 

activities were carried out: 

 Preparation of expression constructs and optimization of 

purification conditions for StOASS-A, StOASS-B and StSAT; 

 Crystallization of StOASS-A in the complex with potent reversible 

inhibitor in order to gain deeper insight into the protein-ligand 

complex and guide further medicinal chemistry efforts;  

 Determination of binding/inhibitory potency of StOASS reversible 

inhibitors designed for improved permeability and identification 

of candidates for microbiological evaluation; 

 Investigation of reactivity between StOASS and fluoroalanine 

derivatives as mechanism based inactivators, determination of 

their mechanism of action and structure-activity relationship;  

 Development of an indirect activity assay of StSAT, suitable for the 

identification and characterization of inhibitors on a large and 

small scale; 

 Determination of the potency of StSAT inhibitors, their 

mechanism of action and structure-activity relationship; 

 Evaluation of intracellular thiol concentration as a marker of 

cysteine biosynthesis inhibition. 
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1. INTRODUCTION 
The project required the use of StOASS (EC 2.5.1.47) and StSAT (EC 

2.3.1.30). Expression systems and purification conditions for StOASS-A 

and StOASS-B isozymes were already available in the laboratory. 

However, these were constructs for expression of His10-OASS from 

pET16b, where the histidine tags were removed by Factor Xa. During the 

secondment at University of Cambridge (supervisor Prof. Martin Welch), 

expression systems were changed to pET19m in order to replace the 

restriction site with the one for TEV protease that is more efficient and 

economical. On the other hand, the expression system for StSAT was not 

available, so it was newly prepared and expression and purification 

conditions were identified and optimized. Additionally, a new, indirect 

continuous activity assay for StSAT was developed for the identification 

of inhibitors in a cuvette based assays as well as in high-throughput 

screening. 

This chapter describes preparation of expression constructs, 

identification and optimization of purification conditions for all required 

proteins and activity assay development for StSAT. 
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2. MATERIALS AND METHODS 

2.1. MATERIALS 
All reagents, if not otherwise specified, were obtained from Sigma Aldrich 

(St. Louis, MO, USA) at the best commercial quality available. Tris (2-

carboxyethyl) phosphine (TCEP) was purchased from Apollo Scientific 

(Stockport, UK). Acetyl coenzyme A (AcCoA) and ninhydrin were 

purchased from AppliChem GmbH.  

 

2.2. EXPRESSION AND PURIFICATION OF TEV 

PROTEASE 
For the removal of histidine tags from StOASS and StSAT fusion proteins, 

His6-TEV protease was expressed and purified. MBP-His6-TEV protease 

was expressed from plasmid pRK793 (Addgene plasmid # 8827) in E. coli 

BL21 (DE3). This protease is expressed as a fusion protein with MBP 

(maltose binding protein), that was added to the construct to increase its 

stability, although the fusion protein cleaves itself in vivo to yield His6-TEV 

protease [115]. Histidine tag remains attached to the protease, resulting 

in its simple separation from the cleaved substrate enzyme (OASS or SAT). 

For the expression of TEV protease, cells were grown O/N in 2XYT broth 

with 150 µg/mL ampicillin, 34 µg/mL chloramphenicol and 1 % glucose. 

Overnight culture was diluted 1:100 in 2XYT broth + 150 µg/mL ampicillin 

+ 34 µg/mL chloramphenicol + 1 % glucose and grown until OD600 = 0.5 – 

0.6 at 30 oC, when the protein expression was induced by the addition of 

1 mM IPTG. Expression of TEV protease was performed for 4 h at 30 oC. 

Cells were pelleted by 10 min centrifugation at 5000 RPM at 4 oC and 

washed once with PBS before storage at -80 oC. 
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Cells were suspended in lysis buffer (50 mM NaP, 200 mM NaCl, 10 % 

glycerol, 5 mM TCEP pH=8.0) in the presence of 1 mg/mL lysozyme. Cell 

lysis was performed by pulsed sonication until about 80 % of cells were 

lysed. Cell lysis was monitored using turbidimetric method. 10 µL of cell 

suspension was diluted in 990 µL of lysis buffer and the optical density at 

590 nm was measured. Measurements were performed before the 

sonication and after every sonication cycle, allowing to calculate the % of 

cell lysis using equation (1). 

 

 
% 𝑙𝑦𝑠𝑖𝑠 = ( 1 −

𝑂𝐷590
𝑠𝑜𝑛𝑖𝑐𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑂𝐷590
𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

) ∙ 100 (1) 

 

The suspension was centrifuged for 45 min at 13000 g at 4 oC and crude 

extract was loaded on pre-equilibrated IMAC with Co2+ bound to the 

resins (Talon™, Clontech Laboratories, Inc., Mountain View, CA,  USA). 

Unspecifically bound proteins were eluted with 25 mM imidazole, 50 mM 

NaP, 200 mM NaCl, 10 % glycerol, 5 mM TCEP pH=8.0. His6-TEV protease 

was eluted with 500 mM imidazole, 50 mM NaP, 200 mM NaCl, 10 % 

glycerol, 5 mM TCEP pH=8.0 and dialysed O/N in a storage buffer 50 mM 

NaP, 200 mM NaCl, 10 % glycerol, 5 mM TCEP, 2 mM EDTA pH=8.0. His6-

TEV protease concentration was calculated by using extinction coefficient 

Ɛ280 = 32290  M-1 cm-1 and MW = 28600 g/mol. 

Protein purity was estimated from the SDS-PAGE gel using software 

ImageLab 5.2.1, Bio-Rad  Laboratories. 
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When His6-TEV protease was eluted from Co2+ resins, the first fractions of 

the peak were contaminated with DNA (based on the strong absorbance 

of fractions at 260 nm). Consequently, these protein fractions were not 

used for proteolytic cleavage of fusion proteins. Later fractions were not 

contaminated with DNA and based on the SDS PAGE analysis, they were 

90 % pure (Figure 5). The yield of purification was 5 mg of His6-TEV 

protease from 1 L of bacterial culture. 

 

 

Figure 5. Expression and purification of His6-TEV protease. A-molecular weight marker; 

B-Crude extract before the induction; C-Crude extract after completed expression of His6-

TEV protease; D-pure His6-TEV protease. 
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2.3. O-ACETYLSERINE SULFHYDRILASE 
 

2.3.1. PREPARATION OF EXPRESSION CONSTRUCTS AND 

PROTEINS 
 

EXPRESSION AND PURIFICATION OF OASS FROM pET16b 

Expression and purification of both isoforms of OASS from pET16b were 

performed as previously described [97]. pET16b plasmids containing 

genes for both isoforms as fusion proteins His10-OASS were transformed 

in E. coli BL21(DE3) TUNER. For the expression, cells were grown in LB 

broth with 150 µg/mL ampicillin at 37 oC. Overnight culture was diluted 

1:100 in LB + 150 µg/mL ampicillin and grown until OD600 = 0.5 – 0.6, when 

the protein expression was induced by the addition of 1 mM IPTG. 

Expression of OASS-A and OASS-B was performed for 5 and 4 h, 

respectively. Cells were pelleted by 10 min centrifugation at 5000 RPM at 

4 oC and washed once with PBS before storage at -80 oC. 

Cells were suspended in lysis buffer (50 mM NaP, 300 mM NaCl, pH=7.0) 

in the presence of intracellular protease inhibitors (0.2 mM PMSF, 0.2 

mM benzamidine, 1.5 µM pepstatin A), 0.2 mM PLP and 1 mg/mL 

lysozyme. Cell lysis was performed by pulsed sonication until about 80 % 

of cells were lysed, which was determined by the turbidimetric method 

described in chapter 2.2. Suspension was centrifuged for 45 min at 13000 

g at 4 oC and crude extract was loaded on pre-equilibrated IMAC with Co2+ 

bound to the resins (Talon™, Clontech Laboratories, Inc., Mountain View, 

CA,  USA). Unspecifically bound proteins were eluted with 20 mM 

imidazole, 50 mM NaP, 300 mM NaCl, pH = 7.0. OASS-A was eluted with 

250 mM imidazole and OASS-B was eluted with 600 mM imidazole. His10-
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tagged proteins were digested by factor Xa in 20 mM Hepes, 100 mM 

NaCl, 4 mM CaCl2, pH = 7.5 at 37 oC. Cleavage was completed in 5 h for 

OASS-A and in 72 h for OASS-B. His tags were removed by bench Co2+ 

affinity chromatography. OASS-A was stored in 10 mM Hepes pH=8 and 

OASS-B in 5 mM Hepes pH=8. 

Protein purity was estimated from the SDS-PAGE gel using software 

ImageLab 5.2.1, Bio-Rad  Laboratories. 

 

PREPARATION OF EXPRESSION CONSTRUCTS IN pET19m 

pET16b-cysK and pET16b-cysM were extracted and purified from E. coli 

XL1blue cells by miniprep (Gene EluteTM Plasmid Miniprep kit, Sigma 

Aldrich). PCR was carried out with the primers listed in Table 3  in order 

to attach them to the inserts for OASS cut from the pET16b and amplify 

them. DNA was purified from PCR reaction mixture (GeneJET PCR 

Purification Kit, Thermo Scientific). New inserts were separated from the 

vectors using agarose electrophoresis followed by gel extraction. 

Amplicons were digested with NdeI and BamHI. Inserts were ligated with 

digested pET19m using T4 ligase in molar ratio insert:vector = 7:1 and in 

vivo amplified in E. coli DH5α. Extracted plasmids were sequenced to 

confirm the correctness of the new constructs. pET19m-STcysK and 

pET19m-STcysM were transformed in E. coli RosettaTM (DE3) competent 

cells for the expression. 

pET19m is a modified version of a commercially available vector pET19b 

(Novagen) and it was a kind gift from Prof. Martin Welch [116,117]. 
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Table 3. Sequence of oligonucleotide primers for PCR of cysK and cysM genes and 
insertion of restriction sites. The nucleotide sequence for NdeI is shown in bold brown 
and the one for BamHI is shown in bold green. 

primer Sequence 

cysKf 5'-AAAAAACATATGAGTAAGATTTATGAAGATAACTCG-3' 

cysKr 5'-ACGCGGATCCTCACTGTTGCAGTTCTTTCTCA-3' 

cysMf 5'-AAAAAACATATGAATACATTAGAACAAACCATCG-3' 

cysMr 5'-ACGCGGATCCTTAAATCCCTGCCCCCTGG-3' 

 

EXPRESSION AND PURIFICATION OF OASS FROM pET19m 

Recombinant proteins from pET19m were purified following the 

purification protocol for proteins expressed from pET16b with few 

modifications. After the elution of His6-OASS-A, in house produced TEV 

protease was added to the protein in the ratio 1 OD280 TEV protease : 100 

OD280 His6-OASS-A (this results in mass ratio ~ 1 mg TEV protease : 150 

mg His6OASS-A). Cleavage of the fusion protein was performed O/N 

during the dialysis in 10 mM HEPES, 1 mM EDTA, pH = 8.0 at room 

temperature. Then, EDTA was removed by ultrafiltration. Protein was 

loaded on pre-equilibrated Co2+ resins, where it was incubated for 1 h in 

rotations. Pure OASS-A remained unbound to the resins, allowing its 

removal from TEV protease and histidine tag. StOASS-A concentration 

was calculated by using extinction coefficient Ɛ412 = 9040  M-1 cm-1 and 

MW = 34670 g/mol. 

 

After the elution from IMAC, His6-OASS-B was dialized in 20 mM HEPES, 

100 mM NaCl, 1 mM EDTA, pH=7.5 O/N on 5 oC and concentrated by 
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ultrafiltration to about 5 mg/mL. Initially, cleavage of fusion protein with 

TEV protease was observed to be problematic and unefficient, and 

therefore several digestion conditions were tested: 

 Digestion at different temperatures from 5 oC to 37 oC 

 Digestion for different incubation times from 4 h to 24 h 

 Digestion in the presence of chaotropic agent - 1 M UREA  

 Digestion in different ratios of fusion protein and TEV protease 

Most efficient digestion conditions were found to be ratio 1 OD280 TEV 

protease : 4 OD280 His6StOASS-B (this results in mass ratio ~ 1 mg TEV 

protease : 5 mg His6OASS-B) at 5 oC for 24 h in static incubation. Protein 

was then dialyzed O/N in 20 mM HEPES, 100 mM NaCl pH = 7.5 to remove 

EDTA. TEV protease and His6 were removed by bench Co2+ affinity 

chromatography. StOASS-B concentration was calculated by using 

extinction coefficient Ɛ414 = 6800  M-1 cm-1 and MW = 32780 g/mol. 

Protein purity was estimated from the SDS-PAGE gel using software 

ImageLab 5.2.1, Bio-Rad  Laboratories. 

 

PROTEIN CHARACTERIZATION WITH ACTIVITY ASSAYS 

Activity of proteins expressed in different constructs was compared by 

their specific activities, measured by a previously described 

discontinuous method for the measurement of cysteine production by 

ninhydrin, adjusted to 96-well plate format [84,97,118]. Assays were 

performed in 100 mM HEPES pH=7.0 at room temperature in the final 

volume of 500 µL. Briefly, 6 nM OASS in the presence of 10-times 

concentration excess of BSA (to prevent unspecific protein binding on the 

tube) was incubated with 1 mM OAS for about 3 min in order to allow 
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temperature stabilization and reaching the steady state. The reaction was 

started by the addition of 600 µM Na2S. 60 µL aliquots were withdrawn 

from the reaction mixture at regular time intervals and the reaction was 

stopped in 60 µL of acetic acid. At least 7 time-points were measured for 

each kinetics. 60 µL of ninhydrin reagent was added to the strips by 

multichannel pipette and the reaction between cysteine and ninhydrin 

was completed during 10 min incubation at 100 oC. 46 µL of the reaction 

mixture was diluted in 156 µL of ice cold EtOH and the absorbance was 

measured at 550 nm. Absorbance values were corrected for the blank 

contribution and converted to cysteine concentration by a calibration 

curve. Cysteine concentration was plotted against time and kinetics of 

enzyme activity was fitted to the linear equation, giving the enzyme 

activity in µM/min. The specific activity was calculated by the equation 

(2). 

 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
(
µ𝑀 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑖𝑛 )

𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 (2) 

 

The result is given in U/mg, where 1 U = 1 µmol product / min. 

 

PROTEIN CHARACTERIZATION BY FLUORESCENCE EMISSION 

SPECTROSCOPY 

Fluorescence emission spectroscopy was performed in 100 mM HEPES, 

pH=7.0 at 20 oC using 10 µM protein. Emission spectra were collected 

upon excitations at 298 (slitex/em = 3/3), 330 (slitex/em = 5/5) and 412 nm 

(slitex/em = 4/4). Fluorescence measurements were performed by 

Fluoromax (HORIBA). 
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2.4. SERINE ACETYLTRANSFERASE 
 

2.4.1. PREPARATION OF EXPRESSION CONSTRUCT AND 

PROTEIN 
 

GENE CLONING 

The approach for preparation of a new StSAT expression system was 

gene-synthesis and subcloning in vector pSH21p-His6-trxA (a kind gift 

from Professor Christopher  S. Hayes, MCDB, University of California, 

Santa Barbara), replacing the insert for E. coli SAT. Nucleotide sequence 

of SAT from S. Typhimurium, obtained from Uniprot (entry A0A0U1JK50), 

was optimized for expression in E. coli  by GeneArt and restriction sites 

KpnI (5’ end) and AvaI (3’ end) were added to the sequence. Gene was 

synthesized at Thermo Fisher Scientific, where it was cloned in vector 

pMK-T. This plasmid was transformed by electroporation in E. coli XL1 

blue competent cells, where it was in vivo amplified and consequently 

extracted and purified (Gene EluteTM Plasmid Miniprep kit, Sigma 

Aldrich). In the following stage, plasmids pMK-T-StSAT and pSH-21p-His6-

trxA-EcSAT were digested with restriction enzymes KpnI and AvaI in NEB 

buffer 2 (New England Biolabs) and after the digestion enzymes were 

inactivated by incubation at 80 oC for 20 minutes. Inserts and vectors 

were separated on 1 % agarose gel, from where StSAT insert and pSH21p-

His6-trxA vector were extracted using QIAquick Gel Extraction Kit 

(Qiagen). For the ligation, vector and insert were mixed in the molar ratio 

1:7 and ligated by T4 ligase (New England Biolabs) during incubation at 

16 oC overnight. New plasmids were electroporated in E. coli XL1blue 

cells, where they were in vivo amplified and consequently extracted for 
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further analysis. Restriction analysis of pSH-21p-StSAT was performed by 

PstI and buffer H (Promega Corporation). The sequence of the new 

construct was confirmed by sequencing reaction. New expression vector 

was transformed into competent E. coli TunerTM BL21(DE3) cells 

(Novagen, Merck Biosciences, Billerica, MA, USA) by electroporation. 

 

PROTEIN EXPRESSION AND PURIFICATION 

E. coli TunerTM BL21(DE3) cells transformed with pSH21p-His6-trxA-STcysE 

were plated on LB agar with 150 g/ml ampicillin and 1 % glucose and 

grown overnight at 37 oC. A single colony was inoculated in 50 mL of LB 

broth with 150 g/mL ampicillin and 2 % glucose and grown overnight at 

37 oC and 250 RPM. Overnight culture was diluted 1:100 in LB with 150 

g/mL ampicillin and 1 % glucose. Cells were grown at 37 oC and 250 RPM 

until the midlog phase (OD600 = 0.5 – 0.6) and induced with 1 mM IPTG. 

Induction was performed for 4 hours. Cells were removed from the broth 

by centrifugation (5000 RPM, 10 minutes), washed once with PBS and 

frozen at -80 oC. 

Protein purification was started by resuspension of cell pellet in lysis 

buffer (100 mM Tris, 500 mM NaCl, 50 mM imidazole, 50 µM L-cysteine, 

1 mM TCEP, pH = 7.5) in presence of 1 mg/mL lysozyme, 0.2 mM PMSF, 

0.2 mM benzamidine and 1.5 µM pepstatin A. Cells were lysed by pulsed 

sonication to about 80 % of lysis. Cell lysis was monitored by a 

turbidimetric method described in chapter 2.2. Cell debris was removed 

by centrifugation (13000 g, 45 min). The supernatant was loaded on 

preequilibrated immobilized metal affinity column (IMAC) with Co2+ 

bound to the resins (Talon™, Clontech Laboratories, Inc., Mountain View, 
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CA,  USA). Since over-expressed SAT can form a complex with OASS-A that 

is naturally present in E. coli cells, potentially present complexes were 

dissociated by adding OAS during a wash step (100 mM Tris, 500 mM 

NaCl, 50 mM imidazole, 1 mM TCEP, 10 mM OAS, pH = 7.0). Protein was 

eluted with 50 mM Tris, 500 mM NaCl, 800 mM imidazole, 1 mM TCEP, 

pH = 7.0. Eluted protein was collected in 1 mL fractions. The most 

concentrated fractions were combined and in house produced TEV 

protease was added to it in the ratio 1 OD280nm TEV protease : 100 OD280nm 

His6-trxA-StSAT (this results in mass ratio ~ 1 mg TEV protease : 110 mg 

His6-trxA-StSAT). The digestion was completed overnight at 4 oC while 

dialyzing into StSAT storage buffer (20 mM NaP, 85 mM NaCl, 2 mM EDTA, 

10 mM β-mercaptoethanol, pH = 7.5). TEV protease and trxA-His6 were 

removed by size exclusion chromatography using HiLoad 16/600 

Superdex 75 prep grade column (separation range 3 – 70 kDa), on which 

was loaded 5 mL of enzyme solution, containing about 25 mg StSAT. 

Under these conditions,  native StSAT eluted in the void volume and the 

low-molecular weight contaminants were removed. The final enzyme 

preparation was over 95 % pure. StSAT concentration was calculated by 

using extinction coefficient Ɛ280=26930 M-1 cm-1 and MW = 29320 g/mol. 
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2.4.2. ACTIVITY ASSAY DEVELOPMENT 
 

DIRECT ACTIVITY ASSAY 

Direct activity assay was performed as previously described [84]. Briefly, 

7 nM STSAT and 1 mM L-Ser were incubated in experimental buffer (20 

mM NaP, 85 mM NaCl, 1 mM EDTA, pH = 7.0) at 20 oC for about 3 min in 

order to equilibrate the reaction mixture at the assay temperature and 

reach the steady state. Reaction was initiated with 0.25 mM AcCoA and 

monitored at 232 nm, allowing to observe the consumption of AcCoA. 

OD232nm was converted to AcCoA concentration by using extinction 

coefficient 4440 M-1 cm-1.  

 

INDIRECT ACTIVITY ASSAY 

Indirect activity assay was adapted from a published method [83,89]. 7 

nM STSAT, 1 mM DTNB and 1 mM L-Ser were incubated in the assay 

buffer (20 mM NaP, 85 mM NaCl, 1 mM EDTA, pH = 7.0) at 20 oC for about 

3 min in order to equilibrate the reaction mixture at the assay 

temperature and reach the steady state. Reaction was initiated with 0.25 

mM AcCoA and monitored at 412 nm, allowing to observe the production 

of TNB. OD412nm was converted to TNB concentration by using extinction 

coefficient 14000 M-1 cm-1 [119]. 
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DETERMINATION OF Km FOR L-Ser AND AcCoA 

Km of AcCoA was determined by both direct and indirect assay. All assays 

were performed at 20 oC. For AcCoA dependance the following conditions 

were used: 

 7 nM StSAT 

 1 mM L-Ser 

 0.03 - 3 mM AcCoA 

 1 mM DTNB in case of indirect assay. 

When Km of AcCoA was obtained, it was used to determine the Km of L-

Ser by indirect assay. For L-Ser dependence the following conditions were 

used: 

 7 nM StSAT 

 0.25 mM AcCoA 

 0.1 - 15 mM L-Ser 

 1 mM DTNB 

From the dependences, apparent Km and Vmax were calculated using the 

equation (3). 

 
𝑣0 =  

𝑉𝑚𝑎𝑥 ∙ [𝑆]

𝐾𝑀 + [𝑆]
 (3) 

 

From the obtained data the kcat was determined using the equation (4). 

 
𝑘𝑐𝑎𝑡 =  

𝑉𝑚𝑎𝑥

[𝑒𝑛𝑧𝑦𝑚𝑒]
 (4) 
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3. RESULTS AND DISCUSSION 
 

3.1. OASS-A AND OASS-B 
 

3.1.1. SEQUENCES OF StOASS-A AND StOASS-B FROM pET19m 

Sequencing reaction of pET19m-StcysK and pET19m-StcysM were carried 

out to confirm the correctness of the new construct. Nucleotide 

sequence as the result of sequencing was aligned to the reference 

sequence of inserts from pET16b vectors, indicating the absence of 

mutations. Since the sequence was optimized for the expression of 

recombinant S. Typhimurium protein in E. coli, nucleotide sequences 

were translated to amino acid sequences and aligned to Uniprot 

reference sequences (for StOASS-A entry P0A1E3 and for StOASS-B entry 

A0A0T9W3Z0), confirming also the correctness of the amino acid 

sequence. 

 

3.1.2. OPTIMIZATION OF PURIFICATION CONDITIONS 

Purification of StOASS-A from both constructs was smooth and 

unproblematic. New expression construct allowed to complete the 

purification faster and resulted in higher yield of OASS-A, that is up to 70 

mg of protein form 1 L of bacterial culture. 

 

A similar yield was observed for the B isoform, where the new expression 

construct resulted in a good purification yield, up to about 50 mg of 

protein from 1 L culture. When StOASS-B was expressed both from 

pET16b and pET19m, it has been observed that the removal of histidine 
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tag is problematic, suggesting that the restriction site is in the position 

that is difficult to be accessed by the protease. In a pET16b construct, 

cleavage with factor Xa required 72 h at 37 oC. For the pET19m construct, 

several digestion conditions were tested (Figure 6). Incubation at 37 oC 

resulted in the precipitation of protein(s). Urea as chaotropic agent did 

not allow the digestion of a protein, likely causing denaturation of TEV 

protease. Panel B shows that increasing ratio between TEV protease and 

His6-OASS-B results in more efficient cleavage (assay performed O/N at 5 

oC). Based on these observations, it was chosen to digest the His6-OASS-

B on large scale in the ratio 1 ODTEV protease : 4 ODHis6OASS-B (in mass ratio 

TEV : His6OASS-B = 1 : 5) at 5 oC for 24 h in static incubation (panel C). This 

resulted in about 70 % digestion of tagged protein (panel C, column (a)).
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Final purity of proteins was judged by the SDS PAGE gel analysis (Figure 

7). Purity of the proteins was evaluated to more than 95 %. 

 

 

Figure 7. SDS PAGE analysis of purified proteins. (a)  StOASS-A from pET16b; (b) 

StOASS-B from pET16b; (c) StOASS-A from pET-19m; (d) StOASS-B from pET19m. 

 

3.1.3. CHARACTERIZATION OF PROTEINS PURIFIED FROM 

DIFFERENT CONSTRUCTS 

Comparison of the proteins purified from different constructs was 

performed by activity assays and fluorescence emission spectroscopy. 

Comparison of proteins' activities was evaluated by calculation of their 

specific activities measured under conditions, that are normally used as a 

control experiment when performing activity assays. In this case, 6 nM 

StOASS is preincubated with 1 mM OAS, that corresponds to Km, and the 

reaction is started with 600 µM Na2S, i.e. saturating conditions. StOASS-
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A expressed in pET16b has a specific activity of 164 ± 2 U/mg and StOASS-

A expressed in pET19m has the specific activity of 155 ± 3 U/mg, thus 

resulting in comparable specific activities. The same was observed for the 

B isoform, where StOASS-B expressed from pET16b has the specific 

activity of 129 ± 3 U/mg and StOASS-B expressed in pET19m 134 ± 2 

U/mg. 

 

Fluorescence emission spectrum of OASS-A upon excitation at 298 nm is 

characterized by a band positioned at 340 nm due to the emission of 

tryptophans, and a band at 500 nm that originates from an energy 

transfer between tryptophan emission and the excited ketoenamine 

tautomer of the internal Schiff's base between active site lysine and PLP 

(Figure 8, panel A) [120]. The overlap of the spectra from both purification 

procedures confirms the correctness of the distance between 

tryptophans and PLP, and therefore of enzyme folding. Excitation of 

protein at 330 nm showed differences in the tautomeric distribution of 

the bound PLP (panel B) [44,120]. While in the protein from pET16b, PLP 

is bound predominantly in the ketoenamine form, ketoenamine and 

enolimine tautomers are both present in the protein from pET19m. After 

the excitation of internal aldimine at 412 nm, both proteins exhibit 

emission spectrum with a peak positioned at 505 nm (panel C). Slight 

differences in the intensities are likely arising from differences in the 

abundance of tautomeric forms. 
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Figure 8. Characterization of StOASS-A by emission fluorescence spectroscopy. 

Measurements were performed in 100 mM HEPES pH=7.0 at 20 oC. Lines in black present 

StOASS-A expressed in pET19m and lines in red present StOASS-A expressed in pET16b. 

Panel A: 10.8 µM StOASS-A, excitation at 298 nm, slit ex/em = 3/3. Panel B: 10.8 µM 

StOASS-A, excitation at 330 nm, slit ex/em = 5/5. Panel C: 10.8 µM StOASS-A, excitation 

at 412 nm, slit ex/em = 4/4. 
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The fluorescence emission spectra of the B isoform exhibit similar 

behavior (Figure 9). Excitation of tryptophans shows a characteristic peak 

at 340 nm, although the energy transfer to PLP is lower comparing to the 

OASS-A (panel A) [44]. PLP is bound to active site lysine via both 

tautomeric forms in proteins from both constructs (panel B). The peak of 

PLP emission spectrum upon excitation at 412 nm is centered at 507 nm 

(panel C). 
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Figure 9. Characterization of StOASS-B by emission fluorescence spectroscopy. 

Measurements were performed in 100 mM HEPES pH=7.0 at 20 oC. Lines in black present 

StOASS-B expressed in pET19m and lines in red present StOASS-B expressed in pET16b. 

Panel A: 10 µM StOASS-B, excitation at 298 nm, slit ex/em = 3/3. Panel B: 10 µM StOASS-

B, excitation at 330 nm, slit ex/em = 5/5. Panel C: 10 µM StOASS-B, excitation at 412 nm, 

slit ex/em = 4/4. 
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3.2. SERINE ACETYLTRANSFERASE 
 

3.2.1. EXPRESSION CONSTRUCT FOR StSAT 

The approach for the preparation of StSAT expression construct was gene 

design and its subcloning in pSH21p-His6-trxA, replacing the insert for E. 

coli SAT. Therefore, EcSAT insert was cut from pSH21p-His6-trxA-EcSAT 

and later replaced with insert for StSAT. When the ligation was 

completed, it was necessary to confirm that the insert inside the plasmid 

was coding the StSAT protein and that it was not the contamination with 

the plasmid coding EcSAT. For the preliminary analysis of ligation, 

allowing the separation between pSH-21p-His6-trxA-EcSAT and pSH-21p-

His6-trxA-StSAT, restriction analysis with PstI was performed. This 

restriction enzyme was chosen based on its ability to cleave the 

constructs on the fragments of different sizes: 

  

 pSH-21p-trxA-His6-EcSAT: 

o 6575 bp 

 

 pSH-21p-trxA-His6-StSAT: 

o 5219 bp 

o 1008 bp 

o 150 bp 

o 135 bp 

o 63 bp 
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Digestion with PstI linearizes the vector for EcSAT while it cleaves the 

vector for StSAT into 5 fragments, allowing to see the two biggest 

fragments on 1 % agarose gel.  

 

From transformed E. coli XL1blue, new plasmids were extracted and 

digested with PstI. pSH-21p-trxA-His6-EcSAT served as a control. Figure 10 

is showing the results of restriction analysis, confirming the presence of 

correct StSAT (columns A and B) insert in the extracted plasmids. 

Fragments at 150, 135 and 63 bp are not visible in the gel. 

 

 

Figure 10. Digestion of pSH-21p-His6-trxA-StSAT extracted from two transformed E. coli 

XL1blue colonies (A, B) and pSH-21p-His6-trxA-EcSAT with PstI. 
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The total sequence was confirmed by sequencing reaction and 

comparison with a reference nucleotide sequence. The sequence also 

confirmed the presence of thioredoxin A (trxA), which was fused to the 

construct in order to increase its solubility, histidine tag and the 

recognition site for TEV protease. 

 

3.2.2. EXPRESSION AND PURIFICATION OF STSAT 

For the expression of His6-trxA-StSAT, various E. coli strains, expression 

times and IPTG concentrations were tested and the optimized protocol is 

reported in Materials and Methods section. It was observed that addition 

of glucose in the growth medium is beneficial since it hinders cysteine 

operon induction by OAS production. This way we were able to prevent 

the SAT-OASS-A complex formation during protein expression.  

 

Purification was started by cell lysis using sonication. Initially, we 

observed that about 50 % of the protein remains in the unsoluble 

fraction, suggesting a limited solubility. Fusion protein in the soluble 

fraction also showed signs of instability during steps of dialysis and 

concentration. Low stability of fusion protein likely arises from the fact 

that the N-terminal part of SAT contains trxA, that prevents the formation 

of native hexameric state. The stability issues were later overcomed by 

purification in the presence of 50 μM L-cysteine, indicating that this 

physiological inhibitor increases the protein stability. L-cysteine is 

competitive against L-serine and upon its binding SAT undergoes big 

conformational changes, in which normally very exposed C-terminal part 

of the protein moves inside the protein's active site [86]. This way, 
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protein is stabilized and C-terminal is protected. Cleavage with TEV 

protease for the removal of His6-trxA was unproblematic and completed 

O/N. The most efficient way of removing the tag and low-molecular-

weight contaminants was the use of size-exclusion chromatography, that 

produced protein of about 95% purity (Figure 11). The purification yield 

was up to 15 mg StSAT from 1 L of bacterial culture. 

 

 

Figure 11. SDS PAGE analysis of StSAT expression and purification. Panel A: 1- not 

induced cells; 2-induced cells; 3-un soluble fraction; 4-soluble fraction; 5-flowthrough; 

6-StSAT-trxA-His6; 7-sample after digestion with TEV protease; 8-StSAT after SEC. 

 
The purification in the presence of L-cysteine might inhibit enzyme's 

activity. However, activity of proteins purified in the absence and 

presence of L-cysteine were comparable, suggesting that L-cysteine 

dissociates during the further steps of purification (Figure 12). 
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Figure 12. Comparison of StSAT activity after different purification protocols. Both 

samples were tested as 7 nM StSAT, 1 mM L-serine and 0.25 mM AcCoA. Enzyme 

activity was measured using indirect assay. 

 

3.2.3. DEVELOPMENT AND VALIDATION OF THE INDIRECT 

ACTIVITY ASSAY AND  COMPARISON WITH DIRECT ASSAY 

Direct activity assay for SAT had already been used in our laboratory, 

predominantly to monitor the activity of EcSAT. However, this type of the 

assay is based on the measurement of AcCoA consumption at 232 nm, 

which is in the UV-range. For the needs of the StSAT project, we designed 

an indirect assay, in which we were able to follow the kinetics in the 

visible range. This feature allows performance of the assay on a bigger 

format, such as 96-well plates, that are normally not suitable for 

measurement in the UV-range. In a collaboration with Prof. Costantino's 

group (University of Parma) and Prof. Tammela's group (University of 
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Helsinki), the method was applied for high-throughput screening of a 

commercially available compound library in the search for novel StSAT 

inhibitors. 

 

The indirect assay had been described previously [83] and is based on the 

reaction between DTNB and CoA, that is forming during the SAT reaction. 

CoA reacts with DTNB, releasing the chromophoric TNB that absorbs at 

412 nm. The reaction is schematically shown in Figure 13. 

 

Figure 13. Schematic representation of SAT indirect activity assay. 

The buffer for StSAT activity assay was the same as previously used for 

direct activity assay. All assays were performed at 20 oC. DTNB 

concentration was fixed at 1 mM, allowing to be in excess and therefore 

available for reaction with all CoA molecules. The time course was 

measured in quartz cuvettes with pathlength 1 cm, which gave the signal 

of TNB absorbance in the linear range of spectrophotometer. Enzyme 

concentration was kept constant at 7 nM.  

 

In order to exclude any interferences of DTNB on StSAT activity, the Km of 

AcCoA for the enzyme was determined by both direct and indirect assay. 

Dependences were determined at 1 mM L-Ser, being the apparent Km of 

EcSAT at 0.25 mM AcCoA. Dependences are shown in Figure 14. 
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Figure 14. Panel A: StSAT activities as AcCoA dependence at 1 mM L-Ser collected with 

direct and indirect activity assays. Panel B: StSAT activities as L-Ser dependence at 0.25 

mM AcCoA determined with indirect activity assay. 

 
The apparent Km of AcCoA with the direct and indirect assay was 

determined to be 0.17 ± 0.04 mM and 0.23 ± 0.10 mM, respectively. For 

the following assays we fixed AcCoA concentration at 0.25 mM. The same 

approach was used to calculate the Km of L-Ser with both direct and 

indirect assay. Dependences are shown on Figure 14, panel B. The 

apparent Km at 0.25 mM AcCoA determined with the direct and assay was 

0.65 ± 0.18 mM and 1.07 ± 0.15 mM, respectively. All determined 

catalytic parameters are summed up in Table 4. Despite the good 

agreement in catalytic parameters, it should be pointed out that DTNB 

prevents substrate inhibition of L-serine, suggesting that DTNB is 

interfering with SAT reaction (Figure 14, panel B). Stabilization of EcSAT 

by DTNB was previously reported [83,121], although the exact 

mechanism of inhibition/interference is still unknown. 
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Table 4. Kinetic parameters of StSAT determined by direct and indirect activity assays. 

 kcat (min-1) Km (mM) kcat/Km (min-1mM-1) 

L-Ser 

dependence, 

direct assay 

2820 ± 341 0.65 ± 0.18 4338 

L-Ser 

dependence, 

indirect assay 

3813 ± 196 1.07 ± 0.15 3563 

AcCoA 

dependence, 

direct assay 

4093 ± 483 0.23 ± 0.10 17795 

AcCoA 

dependence, 

indirect assay 

3128 ± 186 0.17 ± 0.04 18400 

 

The suitability of the indirect assay for the evaluation of StSAT inhibitors 

was confirmed by testing glycine as a reference inhibitor. Literature 

reports a KI for glycine of 13.4 mM [121] and the IC50 determined with the 

new assay was 15.1 mM. Based on the good match between our and 

literature values it was concluded that the assay is appropriate for 

identification of novel StSAT inhibitors. 
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BIOCHEMICAL EVALUATION OF  

OASS AND SAT INHIBITORS 
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1. INTRODUCTION 

Inhibition of StOASS and StSAT are promising strategies in the 

development of enhancers of antibiotic therapy. Several potent StOASS 

inhibitors had already been identified in our laboratory [96,97,122–124] 

and the most potent one was crystallized in the complex with StOASS-A 

during the course of this project. Since identified molecules exhibited 

difficulties in the permeability through the complex membrane of Gram-

negative bacteria, the project was focused on the design of new 

molecules with more beneficial characteristics for drug-likeness. 

Therefore, derivatives of known molecules were prepared and their 

structure-activity relationship was studied. Additionally, structurally 

different inhibitors were obtained by scaffold hopping method and 

biochemically evaluated. For the first time, inhibition of OASS by 

mechanism based inactivators was exploited. Several fluoroalanine 

derivatives were assayed and the chapter reports their mechanism of 

action and structure-activity relationship. 

Despite the key role of SAT in cysteine biosynthesis, only three inhibitors 

of SAT have been reported in literature [114]. We focused our attention 

in the development of novel inhibitors by in silico screening of in house 

compound library and high-throughput screening of ChemDiv libraries 

which led to the identification of the most potent SAT inhibitor reported 

so far.  

The aim of this project was to identify potent StOASS and StSAT inhibitors, 

that exhibit physico-chemical characteristics favorable for the 

permeability of Gram-negative membrane and should be promising 

candidates for microbiological evaluation. 
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2. MATERIALS AND METHODS 

2.1. MATERIALS 

All reagents, if not otherwise specified, were purchased from Sigma-

Aldrich (St. Louis, MO, USA) at the highest available quality. Ninhydrin 

was purchased from Apollo Scientific (Stockport, UK). 

For the crystallization of StOASS with automatic setup, the following 

screens, pre-dispensed in 96-well plates, were used: 

 Classic Suite (Quiagen) 

 Classic Lite Suite (Quiagen) 

 JCSG+ (Molecular Dimensions) 

 PH Clear I Suite (Quiagen) 

 PH Clear II Suite (Quiagen) 

 PEGS I Suite (Quiagen) 

 PEGS II Suite (Quiagen) 

 Cryo 96 Suite (Quiagen) 

 AmSO4 Suite (Quiagen) 

 MPD Suite (Quiagen) 

 Wizard I and II (Molecular Dimensions) 

 Wizard III and IV (Molecular Dimensions) 

2.2. StOASS CRYSTALLIZATION 

2.2.1. CRYSTALLIZATION BY SITTING DROP METHOD 

StOASS crystallization was initially approached during the secondment at 

University of Cambridge. The chosen method was sitting drop, where 

drops were prepared by an automatic liquid dispenser (Mosquito Crystal, 



76 
 

TTPLabtech Ltd). In this type of setup, 0.2 µL of protein was mixed with 

0.2 µL of precipitant solution, positioned on a drop holder next to the 

precipitant solution container, and incubated at 19 oC. Crystallization 

trials were carried out using proteins in concentration 10 - 20 mg/mL in 

the absence and in the presence of 1 mM UPAR-415. 

StOASS crystallization trials were carried out using pre-dispensed 

commercially available screens, stated in the chapter 2.1., as well as by 

customized conditions, that were chosen based on the literature reports 

where StOASS crystalizes [67,69–71,125] and protein behavior in the 

screens. In the case of customized conditions, the precipitants in a 

concentration gradient were dispensed in 96-well plates used for sitting 

drop crystallization by an automatic liquid dispenser (Dragonfly 

TTPLabtech).  

 

The following customized conditions were tested for StOASS-A: 

 

Condition 1, based on literature data [69,125]: 

 PEG4000 (concentration gradient 26 – 40 w/v %) 

 Li2SO4  (concentration gradient 0 - 0.9 M) 

 Tris pH = 7.0 

 

Condition 2, based on the behavior in the commercially available screens: 

 PEG4000 (concentration gradient 22 – 26 w/v %) 

 MgCl2  (concentration gradient 0.14 - 0.18 M) 

 Glycerol (concentration gradient 20 – 30 v/v %) 

 Tris pH = 7.0 
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Condition 3, based on the behaviour in the commercially available 

screens: 

 PEG4000 (concentration gradient 18 – 22 w/v %) 

 Na3-citrate  (concentration gradient 0.08 - 0.2 M) 

 Propan-2-ol (concentration gradient 18.5 – 23 v/v %) 

 

The following customized conditions were tested for StOASS-B: 

Condition 1, based on the literature data [67]: 

 NaK-tartrate (concentration gradient 0.8 – 1.2 M) 

 MES pH = 6 (concentration gradient 80 – 200 mM) 

Condition 2, based on the behavior in the commercially available screens: 

 PEG1000 (concentration gradient 18 – 22 w/v %) 

 Glycerol (concentration gradient 0 – 10 v/v %) 

 Tris pH = 7.0 

Since basic sitting drop method did not give high-quality crystals, 

microseeding was used to obtain crystals of a higher quality. For this 

approach, low-quality crystals were crushed into seedstock by using Seed 

Bead kit (Hampton research). 10-fold dilutions of initial seedstock were 

prepared and following crystallization trials were carried out with 

different concentrations of seedstock. Seedstocks were seeded in diverse 

crystallization conditions, where the drops consisted of 0.2 µL of protein 

in the presence of 1 mM UPAR-415, 0.2 µL of chosen precipitant solution 

and 0.1 µL of seedstock. 

For the stabilization before cryo data collection, crystals were passed in 

precipitant solution containing 20 % ethylene glycol as a cryoprotectant. 
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Crystals were then flash frozen in liquid nitrogen and data were collected 

at synchrotron Diamond Light Source beamline I04. 

Photographs of crystals were taken by automated imaging system (Rock 

Imager 1000, Formulatrix Ltd). 

 

2.2.2. CRYSTALLIZATION BY HANGING DROP METHOD 

When StOASS-A crystallization was performed by a hanging drop method, 

1 µL of 20 mg/mL StOASS-A expressed from pET16b was mixed with 1 µL 

of a precipitant solution containing 30 % PEG4000, 130 – 180 mM Li2SO4 

(Fluka), 100 mM Tris base pH = 7.0. Crystals grew within 5 days at 25 oC. 

For the stabilization before cryo data collection and diffusion of an 

inhibitor in the active site, crystals were soaked in a stabilizing solution 

containing 5 % glycerol, 32% PEG4000, 150 mM Li2SO4, 100 mM Tris pH=7 

with 1 mM UPAR-415 for 2 h and then flash-frozen in liquid nitrogen. Data 

were collected at synchrotron Elettra Trieste. The structure reported in 

the thesis is preliminary. It was solved by molecular replacement using 

StOASS-A native structure as a model (PDB code 1OAS), while the 

minimization with refinement has not been performed yet. 

Alignments and structure analysis were performed using PyMOL(TM) 2.0.6, 

Schrodinger, LLC. 
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2.3. StOASS ACTIVITY ASSAYS 

2.3.1. ACTIVITY ASSAYS FOR REVERSIBLE INHIBITORS 

OASS activity assays were performed by a previously described 

discontinuous method for the measurement of cysteine production 

based on ninhydrin, adjusted to 96-well plate format [84,97,118]. Assays 

were performed in 100 mM HEPES pH 7.0 with 1 % DMSO at room 

temperature. Briefly, 6 nM OASS in the presence of 10-times 

concentration excess of BSA (to prevent unspecific protein binding on the 

tube well) was incubated with 1 mM OAS for about 3 min in order allow 

temperature stabilization and reaching the steady state. The reaction was 

started by the addition of 600 µM Na2S. 60 µL aliquotes were withdrawn 

from the reaction mixture at regular time intervals and reaction was 

stopped in 60 µL of acetic acid, dispensed in PCR strips. At least 7 time-

points were measured for each kinetics. 60 µL of ninhydrin reagent was 

added to the strips by multichannel pipette and the reaction between 

cysteine and ninhydrin was completed during 10 min incubation at 100 

oC. 46 µL of the reaction mixture was diluted in 156 µL of ice cold EtOH 

and the absorbance was measured at 550 nm. Absorbance values were 

corrected for the blank contribution and converted to cysteine 

concentration by a calibration curve. Cysteine concentration was plotted 

against time and kinetics of enzyme activity was fitted to the linear 

equation (5). 

 

 
𝑣0 =

[𝑃]𝑡 − [𝑃]0

𝛥𝑡
 (5) 

v0 = initial reaction rate; [P]t = cysteine concentration at time t; [P]0 = cysteine 

concentration at t=0h; Δt = time interval between t=0h and time= t. 
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IC50s were calculated by the equation (6). 

 vi

v0
=

1

(1+
[I]

IC50
)

 (6) 

 

v0 = initial rate in the absence of inhibitor; vi = initial rate in the presence of inhibitor at 

concentration [I]. 

 

Activity assays of compounds bio-2347_1F1 – bio-2412_1F1 were carried 

out in the presence of 5 % DMSO. 

 

2.3.2. ACTIVITY ASSAYS FOR IRREVERSIBLE INHIBITORS 

For evaluation of enzyme inactivation by irreversible inhibitors, 45 µM 

enzyme was incubated with inactivator and diluted 5000-times in HEPES 

with BSA before the assay. 

Inactivation kinetics were collected at different concentrations of 

inactivator and kobs values were determined by fitting of the data to the 

equation of a single exponential decay: 

 

 𝑣𝑖

𝑣0
= 𝐴 + 𝐵 ∙ 𝑒−𝑘𝑜𝑏𝑠 ∙ 𝑡 (7) 

 

v0 = initial rate in the absence of inhibitor; vi = initial rate after incubation (for time = t) with 

inhibitor  at concentration [I]; A = off-set; B = the amplitude; kobs = the rate constant. 

 

Potency of inhibitor was determined as the ratio kinact/KI that for OASS-A 

was determined from equation (8) [103]. 
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𝑘𝑜𝑏𝑠 =

𝑘𝑖𝑛𝑎𝑐𝑡 × [𝐼]

𝐾𝐼 + [𝐼]
 (8) 

 

kobs = observed rate constant of inactivation at inhibitor concentration [I]; kinact is inactivation rate 

constant; KI = concentration of inhibitor that yields kobs =  ½ kinact. 

 

For the OASS-B, equation (9) was used. It is derived from equation (8), 

when the highest [I] is << KI and simplified to: 

 

 𝑘𝑜𝑏𝑠

[𝐼]
=

𝑘𝑖𝑛𝑎𝑐𝑡

𝐾𝐼
 (9) 

 

2.4. AFFINITY OF INHIBITORS TO StOASS DETERMINED 

BY DIRECT FLUORIMETRIC TITRATIONS 
The affinity of compounds for OASS was measured by direct fluorimetric 

titrations using FluoroMax-3 fluorimeter (HORIBA). Assays were 

performed in 100 mM HEPES with 1 % DMSO at 20 oC. A solution 

containing 0.1 – 1 µM OASS (concentration depending on the Kd) was 

titrated with increasing concentrations of the compound. The 

fluorescence emission of the PLP cofactor at 500 nm upon excitation at 

412 nm was collected after each compound addition, subtracted by the 

blank and normalized for the protein dilution. Collected fluorescence 

intensities were plotted against compound concentration and Kd was 

determined by the hyperbolic regression described by equation (10), 

using SigmaPlot 11.0, Systat Software, Inc. 
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𝐼 = 𝐼0 +  

∆𝐼 ∙ [𝐿]

𝐾𝑑 + [𝐿]
 (10) 

 

I = measured fluorescence intensity; I0 = flourescence intensity of OASS in the absence of inhibitor; 

ΔI = difference between the fluorescene intensity of the OASS-inhibitor complex and free OASS; [L] 

= inhibitor concentration. 

 

In cases where Kd was similar to the enzyme concentration in the assay 

or lower, tight binding equation was used (11): 

 

 
𝐼 = 𝐼0 + ∆𝐼 ∙

[𝑃] + [𝐿] + 𝐾𝑑 − √( [𝑃] + [𝐿] + 𝐾𝑑)2 − 4 ∙ [𝑃] ∙ [𝐿]

2
 (11) 

 

I = measured fluorescence intensity; I0 = flourescence intensity of OASS in the absence of inhibitor; 

ΔI = the amplitude between the fluorescene intensity of the OASS-inhibitor complex and free OASS; 

[L] = inhibitor concentration; [P] = OASS concentration. 

 

As described elsewhere [97], the fluorimetric method allows the 

calculation of the intrinsic dissociation constant of a competitive inhibitor 

and the calculated Kd is in a very good agreement with the IC50 measured 

by the activity assays. 
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2.5. StOASS SPECTRAL CHANGES 

Absorbance spectra were recorded with a Cary4000 spectrophotometer 

(Agilent Technologies) on solutions containing 5-10 µM enzyme, 1 mM 

inactivator, 100 mM HEPES, pH 7.0,  1 % DMSO at room temperature. 

Spectra were corrected for the buffer and compound contribution. The 

time course of band disappearance at a fixed wavelength was fitted to a 

single exponential decay equation (12). 

 

 𝐴𝑡 = 𝐴0 + 𝐴𝑖
−𝑘𝑜𝑏𝑠 ∙ 𝑡 (12) 

   

At = absorbance at time t; A0 = absorbance at infinite time; Ai = initial absorbance; kobs = rate 

constant. 

 

Absorbance spectra of StOASS in the presence of compounds bio-

2347_1F1 – bio-2412_1F1 were monitored using TECAN SPARK 10M on 

384-well plates. The final DMSO concentration in the reaction mixture 

was 5 %. 

 

Fluorescence emission spectra were recorded with a FluoroMax-3 

fluorimeter (HORIBA) on solutions containing 1 µM enzyme, 1 mM 

inactivator, 100 mM HEPES, pH 7.0, at room temperature, upon 

excitation at 412 nm, with slitex = slitem = 6 nm. Spectra were corrected 

for buffer and compound contribution. 
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2.6. StSAT ACTIVITY ASSAY 

A solution containing 7 nM STSAT, 1 mM DTNB, 1 mM L-Ser, inhibitor at 

a chosen concentration in experimental buffer 20 mM NaP, 85 mM NaCl, 

1 mM EDTA, pH = 7.0 with 5 % DMSO was incubated for about 3 min at 

20 oC in order to allow temperature equilibration and reaching the steady 

state. Reaction was initiated with 0.25 mM AcCoA and monitored at 412 

nm, allowing to observe the production of TNB. Time courses were 

monitored using Cary4000 (Agilent Technologies). OD412 was converted 

to TNB concentration by using extinction coefficient of 14000 M-1 cm-1. 

IC50s were calculated using equation (6). 

 

For the determination of inhibition mechanism of potent StSAT inhibitors, 

Lineweaver-Burk double reciprocal plot was used. Four inhibitor 

concentrations were tested at specific substrate concentration while 

keeping the concentration of the second substrate fixed. The mechanism 

of action was deduced from the double reciprocal plot. Kinetic 

parameters were determined by global fitting to the equation (13) for 

competitive inhibition. 

 

 
𝑣0 =

𝑉𝑚𝑎𝑥 ∙ [𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]

[𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒] + (𝐾𝑚 ∙ (1 +
[𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟]

𝐾𝐼
))

 (13) 

 

v0 = initial rate in the absence of inhibitor, vmax = enzyme's maximal rate; KI = inhibition constant; 

Km = apparent Michaelis constant for AcCoA at 1 mM L-Ser. 
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2.7. MEASURING COMPOUND SOLUBILITY 
Solubility of compounds in experimental buffer was monitored by 

measuring scattering at 620 nm. Compounds in different concentrations 

were put in 200 µL of the experimental buffer while keeping DMSO 

concentration the same as in the assay. Samples were prepared on 96-

well plate and the scattering intensity at 620 nm was measured. From the 

raw data, the contribution of experimental buffer was subtracted and 

compound concentrations yielding OD620  ≤ 0.05 were considered as 

soluble.  
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3. RESULTS AND DISCUSSION 

3.1. StOASS INHIBITORS 

3.1.1. CRYSTALLIZATION OF StOASS BY SITTING DROP METHOD 

Crystallization of both isoforms of StOASS by sitting drop method 

appeared to be difficult and it was unfruitful. The A isoform did not 

crystallize under any tested conditions, which is surprising since its 

structure has been published several times [69–71]. However, all of the 

published structures originate from hanging drop method. Even though 

both methods are based on the vapor diffusion principle, sitting drops are 

subjected to a more complex geometrical constrains, based on the 

crystallization chamber, microbridges and droplet holders, that can 

significantly alter the crystallization process [126]. 

  

In the case of StOASS-B, by using commercially available screens we 

identified a condition where the protein crystalizes as needles (Figure 15).  

 

Figure 15. StOASS-B (20 mg/mL) forms crystalline structure when grown in 20 w/v % 

PEG1000 and 0.1 M Tris pH = 7.0 
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As we did not succeed in the optimization of the crystallization conditions 

by changing the concentration of precipitants in the mother liquid, we 

applied the microseeding method. The needles were crushed by seed 

beads to form a seedstock, that was later diluted 1000-times and used 

for seeding in different conditions. When microseeding was performed, 

12 mg/mL StOASS-B was pre-mixed with 1 mM UPAR-415, allowing the 

cocrystallization of protein with inhibitor. By this approach, we obtained 

the crystals shown in Figure 16. Crystals were prepared for X-ray data 

collection, but they did not exhibit a diffraction pattern.  

 

 

Figure 16. Cocrystals of StOASS-B and UPAR-415, obtained by microseeding technique. 

Panel A: 15 %v/v EtOH, 0.2 M Zn-acetate, 0.1 M MES pH = 6. Panel B: 10 %v/v 

isopropanol, 0.2 M Ca-acetate, 0.1 M MES pH = 6. Panel C: 1 M Na3-citrate, 0.1 M sodium 

cacodylate pH=6.5. 

3.1.2. CRYSTALLIZATION OF StOASS-A WITH UPAR-415 BY 

HANGING DROP METHOD 

When crystallization was carried out by hanging drop method, StOASS-A 

crystallized in a rhomboid shape (Figure 17, panel A). Crystals examined 

with polarized absorbance spectroscopy showed a broad peak centered 

at 420 nm, confirming the presence of a Schiff's base linkage between 
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cofactor PLP and active site lysine (panel B). The crystals were 

birefringent when observed in cross-polarizers.  

 

Figure 17. Panel A: StOASS-A crystal. Panel B: polarized absorption spectrum of StOASS-

A crystal. 

In order to observe the interactions between StOASS-A and its reversible 

inhibitor, we soaked crystals in 1 mM UPAR-415. UPAR-415 is the most 

potent inhibitor of StOASS identified so far and was designed to be a 

mimetic of a C-terminal part of SAT, the natural inhibitor of OASS. Its 

structure is shown in Figure 18. 

 

Figure 18. Structure of UPAR-415. Kd StOASS-A = 0.028 ± 0.005 µM  

and Kd for StOASS-B = 0.49 ± 0.05 µM [97]. 
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Cyclopropane scaffold of UPAR-415 holds a trans configuration of the 

molecule, that is pivotal for the affinity. The carboxylic group is present 

in its structure to mimic the C-terminal Ile of SAT, which is essential for 

the binding, and the phenyl group is mimicking the side chain of Ile. To 

mimick the SAT backbone, a tolyl group was attached to the α-carbon. 

The molecule exhibits high affinity towards both isozymes of StOASS, 

giving Kds of 0.029 µM and 0.49 µM towards A and B isoform, 

respectively. Computational and STD NMR techniques predicted its 

orientation in the active site of StOASS-A, that is almost superimposable 

with a C-terminal part of SAT with its carboxylic moiety interacting with 

corresponding amino acid residues in the active site [97].  

 

In order to confirm the position of UPAR-415 in the active site of StOASS-

A, we prepared their cocrystal. The inhibitor was added to the crystal by 

soaking. For this purpose, the crystals were transferred in a stabilizing 

solution with 1 mM UPAR-415. Besides inhibitor, the stabilizing solution 

contained also 5 % glycerol and increased concentration of PEG4000 that 

acted as cryoprotectants during data collection. Different soaking times 

were tried and the inhibitor was found in the crystals that for soaked for 

at least 2 h. 

 

Protein crystallized in a space group P 21 21 21 with dimensions a=53.239, 

b=96.256, c=140.756 where α=β=γ=90.00, that is in agreement with a 

previously published structure (PDB code 1OAS) [69]. Crystal diffracted at 

1.20 Å resolution. The structure was solved by molecular replacement 
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using 1OAS as a template. The structure is preliminary, as it has not been 

minimized yet. 

 

Table 5. Summary of data collection. 

resolution range 48.17 – 1.20 

completeness (%) 92.92 

number of reflections 199296 

space group 21 21 21 

a (Å) 53.239 

b (Å) 96.256 

c (Å) 140.756 

α=β=γ 90.00 

 

UPAR-415 was found in the active site close to the cofactor PLP. The 

structure was overlaid with Haemophilus influenzae OASS-A in the 

complex with a peptide YDI mimicking SAT (PDB code 3iqh) (Figure 19). 

The peptide and small reversible inhibitor are overlaying well. Their 

carboxylic groups, proven pivotal for the binding, are oriented in the 

same direction. The carboxylic group of UPAR-415 forms strong hydrogen 

network with StOASS-A residues Thr68, Asn71, Thr72 and Gln142, just as 

previously predicted by STD NMR [97]. The phenyl group of UPAR-415 is 

overlying the Ile side chain and the tolyl group is efficiently mimicking the 

SAT backbone. 
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Figure 19. Close-up to the active site of the StOASS-A (pale green chain) with UPAR-415 

(raspberry), overlaid with 3iqh. StOASS-A is shown as cartoon, only the interacting 

residues are shown as sticks for clearer presentation. From 3iqh, the HiOASS-A chain was 

removed, while PLP (cyan) and YDI (blue) were kept. HiOASS-A PLP is overlaying well with 

PLP of StOASS-A (yellow). In yellow are shown hydrogen bonds between the carboxylate 

of UPAR-415 and residues of StOASS-A. 

Then we aligned the structure of StOASS-A in the complex with UPAR-415 

with the native crystal structure of StOASS-A (PDB code 1OAS) in order to 

observe if ligand binding causes any conformational change of the 

protein. The changes in conformation of inhibited StOASS are of interest 

based on the existing biochemical observations: 

 In direct fluorimetric titrations, where is monitored fluorescence 

emission of PLP upon excitation at 412 nm, ligand binding causes 
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an increase of fluorescence intensity. It has been proposed that 

this behavior originates from the differences in 

microenvironment around PLP, such as polarity and closure of the 

active site. 

 When OASS-A is inhibited by SAT, it is proposed that one of two 

active sites is occupied by C-terminal peptide of SAT, while the 

other one is only partly active because of the conformational 

change [84,92]. Since our reversible inhibitors are mimicking SAT, 

the inhibited crystal structure might give insight into the behavior 

of OASS-A in the complex. 

 When chloride is bound to StOASS-A allosteric anion binding site, 

the protein undergoes a large conformational change in which 

residues 87 – 131 are moved, resulting in the inhibition of the 

enzyme [71]. 

 Large conformational changes are also observed during a catalytic 

cycle of OASS. In a crystal structure of StOASS-A K41A mutant, 

where the enzyme is isolated as an external aldimine between PLP 

and free methionine, it is observed that the active site of a protein 

is closed. The most pronounced difference comparing to the 

native form originates from Asn69 that moves for about 7 Å 

towards the carboxylate of methionine bound. This movement 

induces the cascade reaction, dragging with it the residues 67-70. 

Following these rearrangements, also residues 82 -140 move as a 

rigid body and close up the entrance to the active site [70]. 

The alignment is shown in Figure 20. In the overall topology of the 

protein, no major structural difference is observed (panel A). The close-
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up to the active site reveals few small changes. Asn69 moves from the 

native position for about 2 Å towards the inhibitor, suggesting the 

occurrence of the similar behavior observed in the formation of external 

aldimine. However, the movement is not pronounced enough to induce 

a cascade movement of neighboring residues. Few changes are observed, 

residues 93-98, 114-117, 309 and 312-315 shift slightly towards the core 

of the protein, but they do not move for more than 1.5 Å (panel B). 

 

 

Figure 20. Alignment of StOASS-A in native (orange) and inhibited form (green) in the 

complex with UPAR-415 (raspberry). Panel A: general alignment of two StOASS-A crystal 

structures. Panel B: close-up in the active site of StOASS-A. Protein is shown as a cartoon, 

only residues of interest are shown as sticks for clearer presentation. Residues that were 

covering the active site and the residues of interest were removed.  

The observed conformational changes are minor. Therefore, with the 

current structure we cannot justify that the binding of reversible inhibitor 

closes the active site of the protein. Increase in the fluorescence emission 

intensity of PLP during direct titrations likely originates only from 

differences in polarity, caused by displacement of water from the active 
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site by the ligand. It also should be taken into account that the obtained 

crystal structure is preliminary, since it has not yet been minimized and it 

is possible that the final structure will reveal some additional changes. 

Besides that, it should be considered that the ligand was added to the 

protein crystal by soaking. Crystals are solid forms and do not always 

represent the behavior of a soluble protein. Therefore, it is possible that 

crystals were too rigid to move upon ligand binding. 

  

This high-resolution crystal structure confirmed the orientation of UPAR-

415 in the active site of StOASS-A and demonstrated how efficiently it is 

mimicking the physiological inhibitor. Besides that, this structure gives an 

additional value to the research of OASS. The crystal structure of StOASS-

A has been published before, but never in such high resolution. It is firstly 

reported that StOASS-A forms high quality crystals with a simple hanging 

drop method without microseeding. Also, it is the first structure of 

StOASS-A in the presence of a low-molecular weight inhibitor, which will 

in the future serve as an excellent model for virtual screening. 

 

3.1.3. REVERSIBLE INHIBITORS 
 

UPAR-415 DERIVATIVES 

Results from microbiological testing of UPAR-415 (see section Effects of 

OASS and SAT inhibitors on bacterial growth, chapter 2.3) demonstrated 

that the compound is inactive towards Gram-negative bacteria. However, 

when assayed in the presence of a membrane permeability enhancer, 

UPAR-415 was able to interfere with bacterial growth, suggesting that it 

has difficulties in penetrating inside the bacterial cell. Permeability 
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through the complex Gram-negative membrane is a common problem in 

the development of new antibiotics and there are no clear rules that 

would connect the structure of the molecule with the permeability. 

However, literature reports favorable characteristics of antibiotic agents 

that have been identified by analyzing sets of permeable molecules. 

Generally, it has been reported that molecules with negative clogP and 

polar character tend to permeate more easily. Similarly it was observed 

for positively charged molecules, which can react with negatively charged 

surface of bacteria. Besides that, non sterically encumbered amines are 

beneficial for the permeation. Important is also the geometry of the 

molecule that permeates better when it is rigid and has low globularity 

[98–100,127]. 

 

Taking into account the structure of UPAR-415 and the guidelines, it 

becomes evident that the molecule does not possess many permeability-

like properties. Besides its relatively high clogP it has a carboxylic group, 

that is negatively charged at physiological pH and is therefore likely to 

interfere with anionic groups present in the glucosamine backbone of 

lipid A [13]. In a study where a set of 100 molecules was evaluated for a 

permeability, it was observed that the carboxylic group prevents the 

permeation of all molecules which otherwise satisfy all requirements for 

a penetration [127].  

 

Therefore, collaborators from Prof. Costantino's group focused their 

attention on a design of a permeable molecule. The phenyl and tolyl rings 

of UPAR-415 have been substituted with more polar groups. Carboxylic 
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group has been replaced with bioisosters to avoid the negative charge, or 

the molecule was designed to be zwitterionic. 

  

Main results are reported in the paper Refining the structure-activity 

relationships of 2-phenylcyclopropane carboxylic acids as inhibitors of O-

acetylserine sulfhydrylase isoforms, that was published in Journal of 

Enzyme Inhibition and Medicinal Chemistry [128].  

 

 

 

Substitution of tolyl group. 

For derivatization of UPAR-415 tolyl group, small heterocycles were 

chosen since they possess more polar character, that should be beneficial 

for crossing the bacterial membrane [100]. Good binding affinity towards 

StOASS-A was retained (Table 6), resulting in Kds in low-  or even sub-

micromolar range (UPAR-740/758/759/760). A correlation between 

polarity of the heterocycle and binding affinity can be observed, in which 

higher polarity of compound correlates with the decrease in binding 
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affinity. That said, pyrrole derivative (UPAR-759, KdOASS-A = 0.53 μM) is 

the most active compound of the series, while the triazole (UPAR-760, 

KdOASS-A = 18.4 μM) exhibits the highest Kd. On the other hand, these 

compounds show high selectivity index that leads up-to 65-times lower 

affinity towards StOASS-B. The R1 substituent is positioned in the small 

lipophilic pocket of the enzyme active site, which in the case of the B 

isoform cannot accept these heterocycles [128]. 

Interestingly, UPAR-761 has the bulkiest side group on a position R1 and 

exhibits the highest affinity towards both isozymes with significantly 

lower selectivity index, suggesting more favorable orientation of the 

molecule in the active site. 
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Table 6. Derivatives of UPAR415 with substituents of tolyl group. Adjusted by [128]. 

 

name 
stereo- 

chemistry 
R1 

Kd 

StOASS-A 

(µM) 

Kd 

StOASS-B 

(µM) 

S.I.a 

UPAR-

740 
trans 

 
7.58 ± 0.6 397 ± 42 50.1 

UPAR-

758 
trans 

 
1.48 ± 0.20 96 ± 7 65.1 

UPAR-

759 
trans 

 

0.53 ± 0.10 22 ± 3 40.8 

UPAR-

760 
trans 

 
18.40 ± 4.70 250 ± 14 13.6 

UPAR-

761 
trans NA 0.21 ± 0.05 1.37 ± 0.10 6.5 

aselectivity index calculated as Kd StOASS-B / Kd StOASS-A. NA – not applicable – the 

structure is not disclosed in order to protect the intellectual property. 

 

Substitution of carboxylic group. 

The carboxylic group of substituted cyclopropanes has been proven to be 

essential for the ligand binding to OASS, since it is mimicking the C-

terminal isoleucine of SAT [96,97]. However, its negative charge at 

physiological pH might be responsible for poor compound permeability 
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into Gram-negative bacteria [17,100,127]. To investigate whether the 

compound affinity towards OASS can be retained by replacing the 

carboxylic group with a non-charged functional group, a series of 

bioisosteres was assayed. Tetrazole was used as a planar bioisoster and 

sulfonamides as non-planar isosteres. Substituted amides were prepared 

due to their favorable properties towards different bacterial strains, both 

Gram-negative and Gram-positive [129,130]. Results are shown in Table 

7.
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UPAR-426 has the carboxylic group replaced with a tetrazole, which is 

planar and it presents similar acidity, but it resulted in a decrease of 

binding affinity. When sulfonamide derivatives (UPAR-613 and UPAR-

614) were assayed with direct fluorimetric titrations, they exhibited high 

affinity towards both isozymes of OASS. However, when peptides or 

other low-molecular-weight reversible inhibitors are assayed by 

fluorimetric titrations, ligand binding in the active site of OASS normally 

causes 2-5 times increase in the fluorescence emission of PLP due to the 

changes in the microenvironment of PLP. With sulfonamides, we 

observed only up to 1.6-times increase. This unusual phenomenom 

encouraged us to investigate their potency also with activity assays – 

example of reactivity between UPAR-614 and StOASS-B is shown on 

Figure 21, panel A. At saturation (20 µM), only up to around 35 % of 

inhibition was observed. By measuring the scattering of compounds 

solubilized in the experimental buffer, we verified that they are soluble 

up to 250 µM. The lack of inhibition therefore cannot originate from 

limited compound solubility, but it is likely a consequence of different 

mechanism of action, resulting in partial enzyme inhibition. Partial 

enzyme inhibition cannot originate from a reversible competitive 

inhibitor that binds in the active site of OASS, because such type of an 

inhibitor should reach a complete inhibition at saturation. To investigate 

if the observed fluorescence increase originates from sulfonaminde 

binding in the active site of OASS, a displacement titration was carried 

out. 1-ethylcyclopropane-1,2-dicarboxylic acid (1-ECP-1,2-DCA) is a weak 

OASS inhibitor that causes a high fluorescence increase upon binding 

[122]. A potent reversible inhibitor, such as UPAR-614, should displace it 
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from the active site and consequently decrease the fluorescence 

intensity. As can be seen from Figure 21, panel B, addition of 190 µM 

UPAR-614 does not change the emission spectrum, which is an indication 

that it is not able to compete for binding in the active site with 1-ECP-1,2-

DCA. Therefore, it can be concluded that either the dissociation constant 

of UPAR-614 for OASS-B is much higher than 170 M (the Kd of 1-ECP-1,2-

DCA for OASS-B) or it does not bind to the active site of the enzyme. It is 

proposed that sulfonamide derivatives of UPAR-415 are allosteric 

inhibitors. Their binding to StOASS causes small conformational change 

of protein, resulting in minimal changes in the environment around PLP 

that are responsible for the observed fluorescence increase [128]. 

 

Figure 21. Panel A: Dependence of the percent inhibition of OASS-B catalytic activity on 

UPAR-614 concentration. Line through data points is the fitting to a hyperbolic function 

and was drawn to guide the eye.  Panel B: competitive binding assay between 1-ECP-1,2-

DCA and UPAR-614 suggests that the latter inhibitor does not bind in the active site of 

the StOASS-B. Adapted by [128]. 

When amide derivatives (UPAR-645 – UPAR-656) were assayed by 

fluorimetric titrations, it was observed that they are not able to cause any 

increase in the fluorescence emission spectrum of PLP, suggesting that 

they do not enter the active site. Consequently, they were assayed with 
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activity assays. UPAR-645 was the most potent inhibitor of the series, 

showing IC50 = 17 M for OASS-A and 137 M for OASS-B. Other 

compounds were screened at 100 µM concentration, where they showed 

modest inhibition of both isozymes.  

Analysis of UPAR-415 derivatives with substituted carboxylic group 

showed that inhibition of StOASS-A is still possible, while these molecules 

exhibit different mechanism of action. Our observations confirm the 

importance of carboxylic group for the competitive mode of inhibition of 

OASS [92,96]. 

 

Substitution of phenyl group. 

UPAR-610 and UPAR-611 were designed to make the molecules 

zwitterionic at physiological pH, which could compensate towards 

negatively charged carboxylic group. Small electron donor groups on a 

para position of a benzyl group, such as the amino moiety, allowed to 

maintain good binding properties (UPAR-611). On the other hand, bulkier 

groups such as the nitro and a substituted alkylamine (UPAR-610 and 612) 

weakened the interaction of the molecule with the active pocket, thus 

decreasing the affinity. It is possible to conclude that substitution on the 

para position of the phenyl ring, unless carried out with small groups, is 

detrimental for the activity of the compounds. To increase the polarity of 

the molecule, substitution of the β carbon of cyclopropane with a 

pyridine resulted to be a more fruitful strategy, with high affinity towards 

both the isoforms (UPAR-609) [128]. 

When a bulkier sidegroups were attached to the β carbon of 

cyclopropane (UPAR-791-795), compounds exhibited high affinity 
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towards both isozymes. These moieties likely fit in a newly identified 

pocket in the OASS active site and therefore change the orientation of 

the whole molecule [124]. These inhibitors are showing an excellent 

selectivity index towards both isozymes and are exhibiting polar 

character, making them very interesting candidates for the 

microbiological testing. 

 

Table 8. Derivatives of UPAR415 with substituents of phenyl group. Adjusted by [128]. 

 

name 
stereo-

chemistry 
R1 

Kd StOASS-A 

(µM) 

Kd StOASS-B 

(µM) 

S.I.a 

UPAR

-609 
trans 

 
0.41 ± 0.02 6.1 ± 0.5 14.9 

UPAR

-610 
trans 

 

61.3 ± 6.5 145.2 ± 2.3 2.4 

UPAR

-611 
trans 

 
1.4 ± 0.26 5.7 ± 0.7 4.1 

UPAR

-612 
trans 

 
155.6 ± 5.1 7.1 ± 2.2 0.05 

UPAR

-791 
trans NA 0.57 ± 0.2 1.29 ± 0.1 2.3 

UPAR

-792 
trans NA 1.86 ± 0.8 2.63 ± 0.0 1.4 
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UPAR

-793 
trans NA 2.51 ± 0.6 6.8 ± 1 2.7 

UPAR

-794 
trans NA 1.01 ± 0.4 3.05 ± 0.2 3.0 

UPAR

-795 
trans NA 0.163 ± 0.10 3.86 ± 0.3 23.7 

aselectivity index calculated as Kd StOASS-B / Kd StOASS-A. NA – not applicable – the 

structure is not disclosed in order to protect the intellectual property. 

 

Biochemical evaluation of novel reversible StOASS inhibitors does not 

only identify suitable molecules for microbiological testing of potential 

antibiotic adjuvants, but it also contributes to the biochemical knowledge 

of the enzyme. Substituted cyclopropanes were designed based on our 

knowledge of interaction between OASS-A and SAT. Even though the 

structure of this protein complex is unknown, it has been extensively 

biochemically assayed [84,92,131]. The crystal structure between a 

peptide, mimicking the C-terminal part of SAT, as well as modifications of 

these peptides, give an important insight to an inhibition of OASS-A, 

identifying reactive residues essential for binding [96]. Taking into 

account these findings, development of inhibitors for the A isoform of 

OASS is much easier than for the B isoform, for which no physiological 

inhibitors are known. Since SAT and its mimicking peptides are 

competitive against OAS, that is a substrate for both OASS isozymes, it 

was proposed that the peptides could also inhibit OASS-B. However, 

assays have shown that they bind to the B isoform weakly, leading to a 

high selectivity index in favour of the A isoform [131]. The selectivity 

index was lowered to some extent with a design of low-molecular-weight 

inhibitors [97,122]. In this study, we saw that the majority of new 
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molecules still preferentially bind to the StOASS-A, while we also 

identified several molecules with the best selectivity index so far (UPAR-

761, UPAR-610/611, UPAR-791 – UPAR-794). It seems that addition of 

bulky polar group on Cβ results in good affinity towards both isozymes of 

StOASS, giving a great predisposition for a further development and 

added value to the OASS-B characterization. For antibiotic development 

this finding is also of a great importance. Even though the role of OASS-B 

in vivo remains uncharacterized and controversial, it is possible that in 

the absence or complete inhibition of OASS-A, OASS-B can contribute to 

a sufficient cysteine biosynthesis for bacterial viability and resistance to 

oxidative stress. This hypothesis is further supported by the fact that 

bacteria, living in harsh oxidizing conditions, have at least two enzymes 

that catalyze the last step in cysteine biosynthesis (S. Typhimurium and 

E. coli have 2, and M. tuberculosis has 3). Therefore, inhibition of all OASS 

isozymes is pivotal and it can only be reached with molecules with high 

affinity towards all of them. 
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PYRAZOLES 

Taking into account the discrepancy between the characteristics of 

substituted cyclopropanes and generally favorable characteristics of 

permeable molecules, Prof. Costantino's group focused its attention 

towards the design and synthesis of new, structurally different molecules 

that would retain the affinity against OASS while being of a smaller size 

and having lower clogP. The chosen approach for design of these 

structurally different molecules was scaffold hopping and results of the 

study are published in paper Discovery of novel fragments inhibiting O-

acetylserine sulphhydrylase by combining scaffold hopping and ligand–

based drug design in Journal of Enzyme Inhibition and Medicinal 

Chemistry [132]. 

 

During the inhibitors design, carboxylic group, mimicking the C-terminal 

part of SAT, was decided to be kept in the molecule since it has been 

shown in our previous research that is pivotal for molecular binding 

[96,131]. For a scaffold hopping process (performed by Prof. Costantino's 
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group), UPAR-415 was docked in the structure of StOASS-A (PDB code 

1OAS) using LeadIt software, where Asn70, Gln143 and Thr73 were 

chosen as pharmacophores. Scaffold hopping of UPAR-415 was 

performed by ReCore tool of LeadIt, resulting in the identification of 

several hit compounds. Between them, now named UPAR-693 was 

considered as an appropriate molecule for further investigation. 

Comparing to the UPAR-415, it exhibited similar interactions with protein 

backbone, while it had higher total polar surface area (TPSA) and 

comparable clogP, making it an interesting candidate for further 

optimization. In the initial screening of its inhibitory potency, UPAR-693 

showed around 50% inhibition of OASS activity at 1 mM concentration. 

[132]. 

 

In order to improve the fragment's potency, a series of 1-arylpyrazole-3-

carboxylic acid and 1-arylpyrazole-5-carboxylic acid molecules was 

prepared, where the phenyl ring was either unsubstituted or adorned. 

Their inhibitory potency of StOASS was screened with activity assays in 1 

µM and 1 mM concentration. Results are reported in Table 9.
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In the case of electron donating group (EDG) attached to the phenyl ring, 

it has been observed that a bulky group such as tert-butyl results in 2-fold 

higher inhibition in the case of 1,3-isomer over 1,5 isomer (UPAR-695 vs 

UPAR-698). The same trend is observed in the case of cyclohexane 

substituent. Attachment of the phenyl group on 1,5-position managed to 

retain the inhibitory potency of the scaffold hopping hit. Substitution of 

phenyl ring with small electron withdrawing group (EWD), such as 

fluorine, chlorine and bromine improved inhibitory potency for StOASS-A 

comparing to scaffold hopping hit UPAR-693, while no significant 

differences between 1,3 and 1,5-isomers were observed. On the other 

hand, attachment of EWD on 1,5-isomer does not contribute to the 

inhibition of the B isoform, and 1,3-isomer can even hider its potency 

(UPAR-691 and and UPAR-688) [132]. 

  

Interestingly, UPAR-689, which is the least decorated molecule, exhibited 

the highest inhibitory potency of the series, showing more than 90 % 

inhibition for StOASS-A and more than 80 % for the B isoform at 1 mM 

concentration. Based on these observations, other heterocycles 

functionalized with a carboxylic group were examined. Their affinities 

towards StOASS are reported in Table 10.
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These compounds (UPAR-733/734/735) exhibited Kds against OASS in the 

same range as UPAR-689, while their affinity towards the enzyme is 

significantly lower comparing to the UPAR-415. However, it must be 

considered that the new molecules have a similar value of Ligand 

Efficiency (LE) as UPAR-415 [132]. This is a calculated parameter of a 

binding energy per non-hydrogen atom to a target and it is used in 

medicinal chemistry to assess the viability of a fragment as a starting 

point for optimization [133,134]. 

The project of designing new inhibitors of StOASS with enhanced 

permeability-like properties followed by scaffold hopping approach 

resulted in the identification of weakly binding molecules. However, 

UPAR-733 and UPAR-735 were identified as the most potent molecules 

and comparing to UPAR-415 they have improved physicochemical 

properties (ligand efficiency, clogP and TPSA), favouring in vivo efficacy. 

Based on their drug-like properties, they present an attractive starting 

point for identification of novel StOASS inhibitors and microbiological 

testing [132]. 
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3.1.4. IRREVERSIBLE INHIBITORS 
In a collaboration with Latvian institute of organic synthesis (Prof. 

Jirgensons group), inactivation of StOASS by fluoroalanine derivatives as 

mechanism based inactivators was assessed for the first time. The 

majority of results are reported in research paper Inhibition of O-

acetylserine sulfhydrylase by fluoroalanine derivatives published in 

Journal of Enzyme Inhibition and Medicinal Chemistry [65]. 

 

Several PLP-dependent enzymes have already been studied for their 

inactivation by mono-, di- and trihalogenated alanines that can be either 

chloro- or fluoro-based. Examples of these enzymes are alanine racemase 

[105], aspartate aminotransferase [106], γ-cystathionase [107,108],  

tryptophan synthase and tryptophanase [109,110], ornithine 

decarboxylase [111], 8-amino 7-oxonononatote synthase [135] and 

kynurenine transaminase [136]. These studies revealed that the 

mechanism of inactivation is dependent on the number of halogen 

substituents on the inactivator [112,113] as well as the enzyme and its 

natural catalytic cycle [135].  
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Two major inactivation mechanisms of PLP dependent enzymes can be 

observed (Scheme 1). The inactivation starts by the binding of 

halogenated alanine to the cofactor PLP and formation of external 

aldimine (transaldimination), after which the α-proton is abstracted and 

HF of HCl is eliminated. This mechanism results in the formation of an 

unsaturated Schiff’s base, the α-aminoacrylate-PLP complex (Scheme 1, 

path B). Another way of inactivation is the fluorodecarboxylation 

mechanism, in which HF elimination is accompanied by the elimination of 

the carboxylic group (Scheme 1, path A) [135,137]. Also this mechanism 

results in the production of unsaturated Schiff’s base. In both paths, the 

unsaturated Schiff’s base is a reactive intermediate that undergoes the 

Michael attack by the enzyme nucleophile, likely the active site lysine. 

The efficiency of the nucleophilic attack is strongly dependent on the 

active site environment and electronegativity of the halogenated alanine. 

After the Michael attack, further chemical rearrangements take place, 

causing further halogen ions elimination and formation of stable covalent 

adduct. 
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Scheme 1. Possible inactivation pathways of PLP-dependent enzymes by β,β,β-

trifluoroalanine. Adapted by [65]. 

In order to identify StOASS inactivators, we firstly investigated its 

reactivity with β-monofluoroalanine and β,β,β-trifluoroalanine to get an 

insight into their mechanism of action. Then, we investigated their 

derivatives in order to determine SAR and identify more potent 

inactivators [65]. 

 

REACTIVITY BETWEEN StOASS AND MONO- AND TRIFLUOROALANINE 

 

Reactivity of monofluoro- and trifluoroalanine with OASS-A and OASS-

B monitored by absorbance and fluorescence spectroscopy.   

The cofactor PLP is bound to the catalytic lysine of OASS-A and OASS-B 

via ketoenamine tautomer of the internal aldimine, which exhibits a band 

in the absorption spectrum centred at 412 nm (Figure 22). Addition of 1 

mM monofluoroalanine (F-Ala) to OASS-A shifted the band to 470 nm, 
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indicating the formation of α-aminoacrylate Schiff’s base (Figure 22, 

panel A) [66,138,139]. This species was stable for at least 21 hours and is 

formed by the β-elimination reaction of HF. The behaviour resembles the 

β-elimination reaction observed for the acetoxy moiety of the natural 

substrate OAS. When the reaction was monitored on the B isoform, 

similar spectral changes were observed. However, after a rapid formation 

of the α-aminoacrylate, the band at 412 nm slowly reappeared (Figure 

22, panel B) concomitantly with the appearance of a broad absorbance 

between 300 and 350 nm, attributed to the pyruvate elimination. These 

observations indicate that the α-aminoacrylate Schiff’s base of OASS-B 

decomposes to pyruvate and ammonia faster than comparing to the one 

of OASS-A [65]. The same behaviour had been previously observed in the 

formation of aminoacrylate with O-acetylserine [67].  

 

 

Figure 22. Spectral changes of OASS in the presence of F-Ala. Panel A: OASS-A in the 

absence of reagent (black line), 1 min (red line), 1 h (green line), 5 h (yellow line), and 21 

h (blue line) after addition of 1 mM F-Ala. Panel B: OASS-B in the absence of reagent 

(black line), 1 min (red line), 1 h (green line), 3 h (yellow line), and 7 h (blue line) after 

addition of 1 mM F-Ala. Adapted from [65]. 
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Reactivity between F-Ala and OASS was also monitored by fluorescence 

spectroscopy. Excitation of internal aldimine of OASS-A upon 412 nm 

gives a characteristic peak centred at 505 nm [73,120]. When F-Ala was 

added to the protein, the emission peak disappeared (Figure 23, panel A). 

This observation is in agreement with previous studies indicating that the 

α-aminoacrylate has lower fluorescence quantum yield than the internal 

aldimine [73]. Monitoring the reaction of F-Ala with OASS-B  (Figure 23, 

panel B) revealed a shift of emission peak to 550 nm, that is in agreement 

with our previous work [74]. It is proposed that different emission spectra 

for OASS-A and OASS-B isozymes are arising from different conformations 

and microenvironments of the active site [65].  

 

Figure 23. Fluorescence emission spectra of OASS upon excitation at 412 nm in the 

absence and presence of F-Ala. Panel A: OASS-A in the absence of reagent (black line), 1 

min (red line), and 4 h (green line) after addition of 1 mM F-Ala. Panel B: OASS-B in the 

absence of reagent (black line), 1 min (red line), and 3 h (green line) after addition of 1 

mM F-Ala. Adapted from [65]. 
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Based on the observed spectral changes, it can be concluded that F-Ala is 

a substrate analog of OASS, just as previously observed for β-

chloroalanine [113], and that it forms the α-aminoacrylate intermediate. 

This species is oriented within the active site in such mode that it 

disfavors any reaction with active site residues. Since α-aminoacrylate 

intermediate is normally formed during the catalytic cycle, it is not 

surprising that it has been evolved as a stable species, ready to react with 

the incoming nucleophilic sulfide [65]. When the same type of reaction 

was monitored on alanine racemase, partition ratio between α-

aminoacrylate hydrolysis and Michael addition on the adduct formed by 

the F-Ala was found to be 820:1, confirming the poor reactivity of this 

species [112,140]. 

  

Then we investigated the reactivity of OASS-A and OASS-B with 1 mM 

β,β,β-trifluoroalanine (triF-Ala), which is a well-known suicide substrate 

of other PLP-dependent enzymes [107,109–113,135]. When the 

reactivity between OASS-A and triF-Ala was monitored by absorbance 

spectroscopy as a function of time, a complex behavior was observed 

(Figure 24, panel A). Addition of the reagent to OASS-A immediately 

resulted in the appearance of two major peaks, positioned at 440 and 466 

nm, in a parallel with two minor peaks at 360 and 380 nm. This type of 

behavior indicates a presence of a species with extended conjugation and 

it has been already observed between triF-Ala and alanine racemase 

[113]. When the triF-Ala concentration was increased to 10 mM, no 

significant change in the absorbance intensity was observed (data not 

shown). The fact that the behavior is independent of the reagent 
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concentration, indicates that all enzyme sites are saturated and have 

reacted with it by forming a metastable species. The absorbance intensity 

at 466 nm slowly decreased (kobs = 0.43 h-1) with a reappearance of a band 

centered at 412 nm (Figure 24, panel C). Reaction between OASS-B and 

triF-Ala resulted in similar, but less intense spectral changes in the range 

400-500 nm (Figure 24, panel B). Also for this isoform the behavior was 

independent of reagent concentration (data not shown). The time course 

of peak decay positioned at 470 nm was similar to OASS-A (kobs=0.48 h-1), 

while it was accompanied by the increase in the absorbance in the range 

300 – 350 nm. This indicates the elimination of a keto-acid, possibly 

difluoropyruvate [65]. 
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Figure 24. Absorbance spectra of OASS in the absence and presence of 1mM triF-Ala. 

Panel A: absorbance spectrum of OASS-A in the absence of reagent (black line), 1 min 

(red line), 1 h (green line), 3 h (yellow line), and 7 h (blue line) after addition of the 

reagent. Panel B: absorbance spectrum of OASS-B in the absence of reagent (black line), 

1 min (red line), 1 h (green line), 3 h (yellow line), and 7 h (blue line) after addition of the 

reagent. Panel C: time course of spectral changes of OASS-A, monitored at 466 nm. Panel 

D: time course of spectral changes of OASS-B, monitored at 470nm starting 1 min after 

the addition of triF-Ala. Data were fitted to a monoexponential decay. Adapted from 

[65]. 
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The reactivity of triF-Ala with OASS was also monitored by fluorescence 

emission spectroscopy by excitation of cofactor at 412 nm (Figure 25).  

Addition of triF-Ala to OASS-A immediately resulted in a small blue shift 

of the peak to 495 nm, accompanied by only a small decrease in emission 

intensity (panel A). This observation confirms that the reaction between 

PLP and triF-Ala does not form an α-aminoacrylate and is in agreement 

with absorbance spectra. The intensity of emission band was slowly 

decreasing in parallel with the disappearance of the absorption bands at 

440 and 466 nm. However, with fluorescence emission assay we did not 

observe the reappearance of the original spectrum. This finding suggests 

that the species, that forms and absorbs at 412 nm, is not the internal 

aldimine [65]. 

 

Monitoring the reaction between triF-Ala and OASS-B by fluorescence 

emission spectroscopy (Figure 25, panel B) reveals a different behavior 

comparing to the A isoform. When triF-Ala is added to the protein, 

intensity of emission band immediately increases, then slowly decreases. 

Concomitantly a small blue shift to 501 nm takes place, which that re-

centers to 505 nm after 7 h. The intense increase in emission intensity is 

a characteristic of the external aldimine [73,74], while a blue shift 

indicates the presence of a transient species [65].  
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Figure 25. Fluorescence emission spectrum of OASS in the absence and presence of 1 mM 

triF-Ala. Emission spectra were recorded upon excitation at 412 nm. Panel A: OASS-A in 

the absence of reagent (black line), 1 min (red line), 4 h (green line), and 6 h (yellow line) 

after addition of the reagent. Panel B: OASS-B in the absence of reagent (black line), 1 

min (red line), 3 h (green line), and 7 h (yellow line) after addition of the reagent. Adapted 

from [65]. 

 
Reaction of F-Ala and triF-Ala with OASS-A and OASS-B monitored by 

activity assays.   

To evaluate the inhibitory and inactivation potency of F-Ala and triF-Ala 

on OASS-A and OASS-B, two distinct types of activity assays were carried 

out. Firstly, inhibitory potency of both F-Ala and triF-Ala was evaluated by 

IC50 measurement, where enzymes were exposed to increasing 

concentrations of reagent for a short amount of time. F-Ala exhibits IC50  

values of  480 ± 50 µM for A and 1290 ± 230 µM for B isoform (Figure 26, 

panels A and B). For triF-Ala, determined IC50 values were 130 ±10 µM for 

A and 940 ± 60 µM for B isoform (Figure 26, panels C and D) [65]. 
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Figure 26. Dependence of OASS fractional activity on the concentration of fluoroalanine 

derivatives. (A) OASS-A and F-Ala; (B) OASS-B and F-Ala; (C) OASS-A and triF-Ala; (D) 

OASS-B and triF-Ala. The IC50 was obtained by fitting data points to Equation (2). The 

calculated IC50 values for F-Ala were 480 ± 50 mM and 1290 ± 230mM for OASS-A and 

OASS-B, respectively, and for triF-Ala 130 ± 10 mM and 940 ± 60 mM, for OASS-A and 

OASS-B, respectively. Adapted from [65]. 

 
Whereas F-Ala was found to be a substrate analogue of OASS, triF-Ala 

might inhibit it by irreversible inactivation. To detect if irreversible 

inactivation takes place, we exposed OASS-A to 1, 2.5, 10, 30, 50 mM triF-

Ala and monitored its inactivation kinetics (Figure 27). At each time point, 
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the enzyme activity was measured upon a 5000-fold dilution of the 

reaction mixture in order to separate reversible inhibition from the 

inactivation.  

 

Inactivation kinetics revealed a biphasic behavior. Immediately upon the 

addition of triF-Ala to the OASS-A, a very fast phase takes place of which 

rate constant cannot be measured. The result of this first phase is partial 

inactivation of the enzyme, that is proportional to the reagent 

concentration and is approaching a saturation (Figure 27, panel B). After 

that, the slow phase takes place where enzyme gets further inactivated 

with a kobs proportional to the reagent concentration, just as expected for 

mechanism based inactivators. 

 

By determination of a second-order rate constant kinact/KI, that is 3.95 × 

10-5 min-1 mM-1, it can be concluded that triF-Ala is a poor and inefficient 

inactivator of OASS-A [65].  

 



128 
 

 
Figure 27. Panel A: Inactivation kinetics of OASS-A upon prolonged incubation time with 

1 (black), 2.5 (red), 10 (green), 30 (yellow) and 50 mM (blue) triF-Ala. Panel B: Extent of 

OASS-A inactivation determined upon completion of the fast phase. Panel C: dependence 

of kobs on the concentration of triF-Ala [65]. 
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By comparing absorbance spectra as a function of time (Figure 24, panels 

A and C) with a kinetic data of enzyme inactivation (Figure 27), three 

phases of reaction between triF-Ala and the enzyme are identified:   

 

 Phase I takes place immediately upon addition of triF-Ala to 

OASS. It results in a formation of species absorbing at 440-470 

nm and decrease of enzyme activity, that is proportional to 

the reagent concentration;  

 Phase II is completed in about 10 hours of incubation. In this 

time, species absorbing at 440-470 disappears with the 

concomitant appearance of a species at 412. In enzyme 

activity only minor progress in inhibition is observed.  

 Phase III is a very slow phase where most of enzyme 

inactivation takes place without any changes in the absorption 

spectrum of OASS-A (Figure 24, panel A).  

 

Since 1 mM triF-Ala does not cause any significant inactivation in first 8 h 

of incubation (Figure 27, panel A), it can be concluded that any decrease 

in the enzyme activity up to 1 mM concentration is completely dependent 

on reversible inhibition during short term exposure. Therefore, the IC50s 

(Figure 26) are a good estimate of relative affinity of F-Ala and triF-Ala for 

the enzyme.  

 

Emerging is the observation that absorbance spectra and inactivation 

kinetics are exhibiting different phases of reactivity. These discrepancies 

are likely arising from the different ratio between enzyme concentration 
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(10 µM in the absorbance spectra and 45 µM in the activity assays) and 

inactivator concentration.   

 

Verification of enzyme inactivation after 85-hour incubation with 10 mM 

triF-Ala was carried out using activity assays. After the incubation, 

enzyme retained about 25 % of activity comparing to the non-treated 

control. The ligand was completely removed by extensive ultrafiltration, 

after which the enzyme was incubated with PLP in saturating 

concentration and assayed. Ligand removal and incubation with cofactor 

did not restore the enzyme activity, indicating that triF-Ala does not 

displace PLP from the active site, but it causes irreversible covalent 

modification of active site residue(s). 

 

When kinetics of enzyme inactivation by triF-Ala were measured on 

OASS-B (Figure 28), a biphasic enzyme inactivation was observed again. 

In the fast phase decrease in the enzyme activity is proportional to the 

inactivator concentration, although the amplitude is smaller comparing 

to the A isoform. On the other hand, the fast phase is about 10 fold faster 

on the B isoform, being again proportional to the concentration of triF-

Ala (Figure 28, panel B). The relationship between kobs and [I] appears to 

be linear, which is not expected for suicide substrates. However, it is likely 

that this behaviour is observed because the saturation conditions were 

not reached. kinact/KI was therefore estimated by the equation (9) that 

describes single step inactivation, and is 10.3 × 10-5 min-1 mM-1 [65].  
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Figure 28. Panel A: Inactivation kinetics of OASS-B upon prolonged incubation time with 

2 (black), 10 (red) and 30mM (green) triF-Ala. Panel B: dependence of kobs to the 

concentration of triF-Ala. Adapted from [65]. 

 
By comparing the reactivity between OASS-B and triF-Ala using 

absorbance spectroscopy and inactivation kinetics, two phases of 

reaction observed:  

 Phase I takes place immediately upon addition of triF-Ala to OASS-

B and results in  absorbance changes at 470 nm, accompanied by 

a fast decrease in enzyme activity; 

 In Phase II a shoulder at 470 nm is disappearing in parallel with a 

slow phase of enzyme inactivation. 

These findings suggest different mechanisms of enzyme inactivation for 

OASS-A and OASS-B [65].  
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Proposed mechanism of StOASS inactivation by triF-Ala.   

Based on our experimental data and reaction schemes previously 

proposed in the reaction of triF-Ala with other PLP-dependent enzymes 

[105,107,110,112,113,135,140], we propose the following inactivation 

mechanism for OASS-A. The behavior is similar to the mechanism 

proposed for alanine racemase [113] reported in Scheme 1, path B. As 

the decarboxylation does not occur in the catalytic cycle of OASS, it is 

unlikely that the inactivation follows path A. 

  

The reaction starts by binding of triF-Ala to the cofactor PLP, forming the 

external aldimine. This is followed by the elimination of HF, resulting in a 

reactive species β,β-difluoro-α,β-unsaturated imine (intermediate I B, 

Scheme 1). This intermediate contains delocalized electrons and is 

responsible for the spectrum with bands at 440 and 466 nm. The stability 

of this species is questionable, since it can be hydrolyzed, leading to the 

recovery of an internal aldimine before undergoing the Michael attack by 

enzyme nucleophile. Hydrolysis and Michael attack will both lead to the 

decrease in intensity of peaks in 450-470 nm and cannot be distinguished 

by the absorbance spectroscopy. Wheather hydrolysis or nucleophilic 

attack will take place, is dictated by the concentration of inhibitor, 

geometry of active site residues and water accessibility. If the covalent 

modification takes place, the species I B undergoes the Michael attack by 

the enzyme nucleophile, likely the active site lysine, leading to 

intermediate II B. This is a species which absorbs at a similar wavelength 

as an internal aldimine, but it exhibits different behavior in fluorescence 

emission spectroscopy (Figure 25, panel A). Based on the literature data 
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[135], we propose that this species is unstable and it undergoes the 

addition of water on β-carbon, followed by the elimination of two 

fluoride ions, resulting in the intermediate III B. As this step has been 

observed on alanine racemase only after a partial denaturation with 

sodium borohydrate, it is proposed that at this point the active site of 

OASS is open and accessible to the water. Conformational changes in the 

active site and associated water accessibility also control the slow 

fluoride elimination. Literature data suggest that the final step might be 

the loss of the carboxylic moiety with formation of intermediate IV B.  

 

Inactivation of OASS-B by triF-Ala follows the reaction scheme of the A 

isozyme, although the distribution of intermediates and their 

interconversion rates are different. In the case of OASS-B, external 

aldimine is the predominant species. HF elimination leads to the 

formation of β,β-difluoro-α,β-unsaturated imine (I B), but unlike on the A 

isoform, this reactive species does not accumulate to a significant extent 

and consequently the fraction of inactivated enzyme is small. When 

Michael attack by the catalytic lysine takes place, ammonia and 

difluoropyruvate are released and the latter is responsible for the broad 

absorption around 320 nm. This reaction is more efficient for the OASS-B 

isozyme with respect to the OASS-A isozyme and consequently the 

accumulation of the I B intermediate is prevented. Inactivation follows 

the mechanism proposed for OASS-A, that is by an attack of an active site 

nucleophile, likely the catalytic lysine, on the β-carbon [65]. 
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REACTIVITY BETWEEN StOASS AND FLUOROALANINE DERIVATIVES 

Several fluoroalanine derivatives were tested in the search of more 

potent inactivators. Firstly, we exploited the effect of chain extension, 

branching and fluorine substitution (Table 11). None of these 

modifications resulted in an improvement in inactivation for both 

isozymes [65].  

 

Table 11. Reactivity between StOASS and alanine derivatives. Adapted from [65]. 

  reactivity against 

StOASS-A 

reactivity against 

StOASS-B 

name structure 
% 

inactivation* 

spectral 

changes 

%  

inactivation* 

spectral 

changes 

INT-3 

NH2

O

OH

F

F
F

 

ns no 18 ± 2 no 

INT-4 
NH2

O

OH

F

F

F CH3

 

ns no ns no 

INT-5 

NH3

+

O

O
-

F

F  

12 ± 1 no 16 ± 5 no 

KG-

008** 
NH2

O

OH

CH2

 

14 ± 1 no ns no 

* %  inhibition was evaluated after 6 h incubation of the enzyme with 1 mM inhibitor, 
following 5000-times dilution for the assay (0.2 μM inhibitor in the assay) in 2 
replicates. **In a form of TFA salt. ns – inhibition ≤ 10 % was considered as not 
significant. nd - not determined. 
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In a further effort, series of trifluoroalanine derivatives where the 

carboxylic moiety was substituted with bioisosters was tested (Table 12). 

These analogs were aimed to identify a scaffold with options to tune 

activity and selectivity of the inhibitor which is not possible for 

trifluoroalanine. A set of amides and sulfonamides with different N- and 

S- substitution patterns was prepared and assayed. Compounds were 

initially screened for reactivity with PLP using absorbance spectroscopy.
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We identified few reactive compounds and those that caused the most 

pronounced spectral changes were selected for further testing with 

activity assays to evaluate binding and inactivation potency 

(bio2348_1F1, bio2389_1F1, bio2394_1F3, bio2403_1F1, and 

bio2412_2F1).  

 

As it can be seen in Figure 29, all compounds that react with StOASS-A 

exhibit the same spectral behaviour as triF-Ala, suggesting the formation 

of identical intermediates, that disappear with different velocities. 

Bio2348_1F1 and bio2412_2F1 (N-substituted) do not react with StOASS-

B, while bio2389_1F1, bio2394_1F3 and bio2403_1F1 (S-substituted) are 

reactive with both isozymes. Also for the B isoform the reaction 

mechanism seems to be similar to triF-Ala. Bio2394_1F3 is the most 

reactive towards the B isoform, causing the most pronounced spectral 

changes and is likely the most promising inhibitor.  
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 Figure 29. Absorbance spectra of OASS in the presence of 1mM triF-Ala derivatives. 

Absorbance spectra were measured 5 min (black line), 1 h (red line), 6 h (green line) 

and 24 h (yellow line) after the addition of the reagent. Panel A: OASS-A + 

bio2348_1F1; Panel B: OASS-B + bio2348_1F1; Panel C: OASS-A + bio2389_1F1; Panel 

D: OASS-B + bio2389_1F1; Panel E: OASS-A + bio2394_1F3; Panel F: OASS-B + 

bio2394_1F3; Panel G: OASS-A + bio2403_1F1; Panel H: OASS-B + bio2403_1F1; Panel I: 

OASS-A + bio2412_2F1; Panel J: OASS-B + bio2412_2F1. 
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Then we measured their IC50s to have an insight which substituents have 

more favourable affinity (Table 12). N- and S-substituted derivatives both 

react with OASS-A, where bio2389_1F1, bio2403_1F1, and bio2412_2F1 

have comparable inhibitory efficiency as triF-Ala. These three molecules 

also cause the slowest disappearing spectral changes in the absorption 

spectrum of the A isoform, with observed kinetics that are comparable to 

the triF-Ala. Even though the number of selected compounds is small, it 

can be proposed that S- substituted derivatives with more hydrophobic 

groups react better with OASS-A, while N- substitution favours 

hydrophilic groups. 

 

For the B-isoform, S-substituted derivatives (bio2389_1F1, bio2394_1F3, 

bio2403_1F1) exhibit IC50s comparable or better than triF-Ala, as well as 

reactivity with cofactor PLP. On the other hand, N-substituted derivatives 

do not react with StOASS-B. 

 

Inactivation assays at 1 mM concentration of inhibitors (Figure 30) did not 

reveal any significant enzyme inactivation within 48 h incubation. On 

StOASS-A it was observed that compounds with better IC50s (reported in 

Table 12) cause about 20 % of inhibition at 5 min incubation, that does 

not proceed to further inactivation. This phenomenon is attributed to the 

formation of reactive intermediate that hydrolyses before the 

nucleophilic attack takes place. At 1 mM concentration, the molecule is 

consumed before it could cause any inactivation. Also for the B isoform 

no significant inactivation was observed. At 48 h, bio2348_1F1 and 

bio23403_1F1 show a decrease in the enzyme activity. However, since at 
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previous time points no inactivation was observed, these phenomena 

cannot be attributed to the inactivation mechanism, but it is rather 

caused by enzyme spontaneous denaturation due to the prolonged 

incubation times. 

 

Figure 30. Inactivation of OASS in the presence of 1 mM triF-Ala derivatives. The colour 

marks identifies an inhibitor: bio2348_1F1 (black), bio2389_1F1 (red), bio2394_1F3 

(green), bio2403_1F1 (yellow), bio2412_2F1 (blue). Panel A: inactivation of StOASS-A. 

Panel B: inactivation of StOASS-B. 

Even though in biochemical and medicinal chemistry research 1 mM 

inhibitor concentration is normally considered as high, in the case of 

StOASS inactivation by fluoroalanine derivatives is not enough to observe 

any measurable inactivation. This finding is not surprising since literature 

reports inactivation of other PLP dependent enzymes with fluoroalanines 

at even higher concentrations, up to 80 mM [110,112,113]. However, 

their low potency is raising concerns regarding their use as drugs. High 

drug concentration required for target inhibition in vivo could lead to off-

target effects, presumably with other abundant PLP-dependent enzymes 

in human body and nucleophilic residues. Additionally, it is proposed that 

fluoroalanines will have difficulties in the permeation through the Gram-

negative membrane. The pKa of the triF-Ala α-amino group is 5.8, thus 
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not making it zwitterionic at physiological pH and consequently difficult 

to internalize [140]. 

 

From the biochemical point of view, it is interesting to notice how 

inhibition of StOASS by reversible inhibitors can be efficient while it is 

unsuccessful when mechanism-based inactivators are used. Poor 

inactivation likely arises from the fact that the reactive intermediate is in 

a position that only with difficulty can be reached by the enzyme 

nucleophilic residues. In this way, OASS is somehow protected by 

unspecific reactions that could take place during the catalytic cycle, 

leading to inactivation or undesired reactivity with substrate analogues. 

This study failed to identify potent mechanism based inactivators of 

StOASS. We found that monofluoroalanine is a weak substrate analog for 

both isozymes, whereas trifluoroalanine acts as irreversible, although 

inefficient, inhibitor. In an effort to improve enzyme inactivation, we 

identified triF-Ala derivatives with substituted carboxylic group that react 

with StOASS in a similar manner, making them interesting candidates for 

further enzyme inactivation assays. 
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3.2. StSAT INHIBITORS 

3.2.1. INHIBITORS DESIGNED BASED ON IN SILICO SCREENING 

OF IN HOUSE COMPOUND LIBRARY 

 

1st  series. 

The first series of StSAT inhibitors was a collection of structurally 

heterogeneous molecules that were chosen based on the in silico 

screening of in house library by Prof. Costantino’s group. In order to 

separate between efficient and non-efficient molecules, they were 

screened at 1 mM concentration and percentage of inhibition is shown in 

Table 13.  

 

Table 13. 1st series of StSAT inhibitors, derived from in silico screening of in house 

compound library. 

INHIBITOR NAME STRUCTURE 

% 

INHIBITION 

AT 1 mM 

IC50 

[mM] 

UPAR-101 

 

19 ± 1  

UPAR-238 

 

35 ± 6  

UPAR-191 
 

31 ± 5  

UPAR-328 

 

 
99 ± 1 0.12 ± 0.02 
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UPAR-136 
 

42 ± 5 > 2 

UPAR-167 
 

24 ± 1  

 

UPAR-328 was identified as far the most potent inhibitor of the series and 

was further assayed. We determined that its IC50 was 116 ± 16 µM. For 

the evaluation of its mechanism of action, kinetics at constant L-Ser and 

variable AcCoA and inhibitor concentrations were carried out. Double 

reciprocal plot showed KI = 64 ± 12 µM and competitive mode of 

inhibition against AcCoA (Figure 31). 
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Figure 31. Double-reciprocal plot of StSAT at constant L-Ser and variable AcCoA and 

UPAR-328 concentrations is showing that the inhibitor is competitive against AcCoA. 
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2nd series. 

The second series of StSAT inhibitors was a collection of molecules, 

structurally similar to UPAR-328. They were designed in order to 

investigate their structure-activity relationship (SAR) and identification of 

potent molecules. Structures and IC50s are presented in Table 14. 

 

Table 14. 2nd series of StSAT inhibitors, based on the structure of UPAR-328. 

INHIBITOR NAME STRUCTURE IC50 (µM) 

UPAR-325 
 

>400 

UPAR-337 
 

337 ± 88 

UPAR-456 

 

~13 

UPAR-330 

 

9.3 ± 2.6 

UPAR-451 
 

26 ± 4 

UPAR-465 
 

~ 60 

UPAR-452 
 

~16 

UPAR-326 

 

~ 10 

UPAR-329 
 

11 ± 1 
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UPAR-327 
 

18 ± 4 

UPAR-460 
 

184 ± 13 

UPAR-463 
 

21 ± 5 

UPAR-750 
 

1.0 ± 0.2 

UPAR-751 

 

7.3 ± 1.8 

UPAR-768 
 

204 ± 21 

UPAR-701 
 

336 ± 87 

 

The majority of molecules had a common general structure, based on two 

substituted heterocycles. Molecules with an isoxazole-thiazole (UPAR-

456/330/451/456/452/326/329/327) show a very flat structure-activity 

relationship with IC50 in micromolar range. This finding suggests that the 

binding interactions are arising from the heterocycles and the side groups 

do not significantly contribute to the inhibition. UPAR-329, with IC50 = 11 

µM, was later tested in microbiological assays. 

 

Potency of compounds was improved when the core of the molecule was 

substituted with isoxazole-oxazole heterocycles. UPAR-750 and UPAR-

751 exhibit IC50s in low micromolar range. Even though only two 

molecules with this type of core were tested, the effect of side groups in 
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this type of molecules seems to be more pronounced. Surprisingly, 

esterification of the carboxylic group leads to 7-fold decrease in affinity, 

suggesting the imporance of the carboxylic moiety for the binding. UPAR-

750 has IC50 of 1.0 ± 0.2 µM and is the most potent SAT inhibitor identified 

so far [114]. 

 

3.2.2. INHIBITORS DESIGNED BASED ON HIGH-THROUGHPUT 

SCREENING 

In the search of StSAT inhibitors, a high-throughput screening (HTS) of a 

commercially available library (collaboration between Prof. Costantino's 

group (University of Parma) and Prof. Tammela group (University of 

Helsinki) was also carried out in order to identify structurally different 

inhibitors with hopefully bacterial membrane-permeable characteristics. 

For HTS, antibacterial, antiinfective and antimicrobial compound libraries 

were chosen from ChemDiv (ChemDiv Inc). ~ 92000 compounds were 

initially screened in silico and the most potent hits were chosen for in 

vitro screening with indirect SAT activity assay, adjusted for 96-well-plate 

format. 

 

UPAR-803 was recognized as the most potent SAT inhibitor from the 

library. Later it was synthesized in house and its derivatives were  

prepared  in order improve the potency and investigate preliminary SAR. 

In house produced molecules were assayed in our laboratory (Table 15). 

 

 

  



150 
 

Table 15. Inhibitory potency of StSAT inhibitors, derived from hits of high-throughput 

screening. 

   % activity 

Compound structure IC50 (M) 
 

1 M 

 

10 M 50 M 

UPAR-799 
 

22.0 ± 2.0    

UPAR-800 
 

> 50 80 ± 2 76 ± 4 68 ± 5 

UPAR-801 
 

> 50 88 ± 7 81 ± 4 81 ± 2 

UPAR-802 
 

> 50 95 ± 2 90 ± 8 77 ± 1 

UPAR-803 

(commercial) 

 

31.0 ± 2.3    

UPAR-804 

(in house) 
10.8 ± 1.5    
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Structurally, the molecules are 5-nitrothiazoles, substituted with a side 

group at position 2 via amide linkage. The hit from HTS, UPAR-803 and its 

in house synthesized analog UPAR-804 exhibit IC50 in low micromolar 

range. Similar potency was reached with UPAR-799, having an alkylether 

as a side group. UPAR-800/801/802  are substituted with heterocycles 

and are less potent. Although the library of assayed compounds is small, 

the observed trend suggests that the increased polarity of the 

substituents improves inhibitor binding.  
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EFFECTS OF OASS AND SAT 

INHIBITORS ON BACTERIAL 

GROWTH  
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1. INTRODUCTION 

High affinity of reversible inhibitors against OASS and SAT is a promising 

step towards inhibition of cysteine biosynthesis in Gram-negative 

bacteria. However, the question remains if these molecules will also be 

active in vivo. Penetration through the complex membrane of Gram-

negative bacteria is one of the most challenging problems in the 

development of new antibiotics and there is no clear relationship 

between the structure of a molecule and its permeability properties 

[13,17,98–100,127]. Therefore, microbiological assays were carried out 

to evaluate the in vivo efficacy of selected OASS and SAT inhibitors. 

Additionally, a method for measurement of intracellular amount of 

reduced thiols was developed in order to detect changes in the cysteine 

biosynthesis upon exposure to inhibitors [49,63,141]. 

 

ABBREVIATIONS USED: 
LB – Luria Bertani broth; PMBN – polymyxin nonapeptide; RSH – 

intracellular reduced thiols; MIC – minimal inhibitory concentration 
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2. MATERIALS AND METHODS 

2.1. MATERIALS 

All reagents, if not otherwise specified, were obtained from Sigma Aldrich 

(St. Louis, MO, USA) at the best commercial quality available. 

M9 minimal broth contained: 

 1x M9 salts (12.8 g/L Na2HPO4x7H2O, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L 

NH4Cl) 

 11 mg/L CaCl2 

 240 mg/L MgSO4 

 For addition of carbon source, M9 was supplemented with 0.4% glucose 

LB broth contained: 

 10 g/L tryptone 

 10 g/L NaCl 

 5 g/L yeast extract 

LB agar plates were prepared from LB with the addition of 15 g/L agar. 

20 % LB was prepared by LB dilution in sterile H2O directly before use. 

 

2.2. STANDARD MICROBIOLOGICAL METHODS 

2.2.1. GROWING E. coli BACTERIAL CULTURE 

E. coli cultures were grown at 37oC and 150 RPM. Overnight cultures were 

grown in LB and diluted 1:100 in experimental broth for initiation of 

bacterial growth curve. 
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2.2.2. COUNTING COLONY FORMING UNITS 

Aliquots of bacterial cultures were serially diluted in PBS. For each 

dilution, 40 µL were plated on LB agar and incubated O/N at 37oC. The 

following day colonies were counted and CFU/mL in the original sample 

was calculated. 

2.3. MINIMAL INHIBITORY CONCENTRATION 

Compounds for testing were serially diluted in DMSO, where they were 

100-times more concentrated than in the assay. 1 µL of each dilution was 

transferred in a 96-well plate with U-bottom. Bacteria were grown O/N 

on LB agar at 37 oC. Colonies were scraped from the plate and diluted to 

0.5 McFarland (corresponding to ~ 3x108 CFU/mL) in saline solution. This 

solution was diluted 1:200 in an experimental broth (containing PMBN if 

assayed). 100 µL of bacteria in experimental broth were added to 96-well 

plate containing 1 µL of compound. Covered plates were incubated for 24 

h at 37 oC. Bacterial growth and MIC were judged by unaided eyes. Each 

experimental plate contained a negative control with 1 % DMSO and 

sterility control of broth with compound without bacteria. Compounds 

were tested in concentrations up to their limit of solubility. 

 

2.4. COLONY FORMING UNITS COUNT IN MIC ASSAY 

Bacteria were exposed to the testing compounds following the protocol 

described in chapter 2.3. UPAR415 was serially diluted in DMSO from 51.2 

mg/mL to 0.4 mg/mL and 1 µL of each dilution was placed on 96-well 

plate. E. coli ATCC 35218 was suspended in saline solution to 0.5 

McFarland and then diluted 1:200 in M9 + 0.4 % glucose with 3 µg/mL 
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PMNB. 100 µL of bacteria were added to the compound on the plate. 

Covered plates were incubated at 37 oC. 

For each time point, one 96-well-plate was prepared. The plate was taken 

out of the incubator at a time point and bacteria from each assay 

condition were serially diluted and plated for CFU counting. 

 

2.5. MEASUREMENT OF INTRACELLULAR REDUCED 

THIOLS 

RSH measurement was based on a previously published method [141]. 

Overnight culture was diluted 1:100 in a chosen experimental broth and 

grown further for the time of the assay at 37 oC at 150 RPM. At each 

experimental point, about 1 x 109 CFU were taken from the culture and 

cells were pelleted by centrifugation at 7000 RPM for 20 min at 5 oC. 

Supernatant was removed and the pellet was stored at -20 oC until 

analysis. If the bacterial culture was grown in 20 % LB, cells were washed 

once with PBS before storage. 

 

The pellet was suspended in 500 µL of lysis buffer (50mM Tris, 5mM 

EDTA, 0.1% SDS, 0.1 mM DTNB, pH = 8) and incubated at 37 oC for 30 min. 

Suspension was centrifuged at 13000 RPM for 20 min at 5 oC and 

supernatant was removed from the pellet. 200 µL of supernatant were 

transferred on a 96-well plate and the absorbance was measured at 405 

nm. Molar concentration of RSH was calculated from the calibration 

curve, obtained using cysteine solubilized in deoxygenated buffer. 

Protein concentration in the supernatant was determined by BCA 
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method. The amount of thiols was given as nM of RSH per µg of cellular 

proteins. 

 

2.6. STATISTICAL ANALYSIS 

Statistical significance was determined by 2way Anova using GraphPad 

Prism 6.  
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3. RESULTS AND DISCUSSION 

3.1. EVALUATION OF UPAR INHIBITORS ON BACTERIAL 

GROWTH WITH MIC  

To evaluate the in vivo efficacy of compounds, three inhibitors were 

selected for microbiological testing (Figure 32): 

 UPAR-415: the compound was chosen because is the most potent 

inhibitor of both OASS isozymes. However, its carboxylic group is 

likely to interfere with the permeability through the bacterial 

membrane, since it is negatively charged at physiological pH. 

 UPAR-613: the compound is an analog of UPAR-415 and it has a 

good affinity against both isozymes of OASS. Since it does not 

have a carboxylic group it might show different behaviour in 

bacterial cell penetration. 

 UPAR-329: the compound was chosen for microbiological testing 

because is one of the most potent SAT inhibitors. 

 

 

Figure 32. Compounds for microbiological testing. 
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Selected compounds were designed to inhibit enzymes of S. 

Typhimurium. However, it was decided to perform initial microbiological 

assays on E. coli ATCC 35218. Both S. Typhimurium and E. coli are enteric 

bacteria that possess identical pathway for biosynthesis of cysteine. 

Sequence identity between E. coli and S. Typhimurium isozymes is 97 % 

for OASS-A, 94 % for OASS-B and  96 % for SAT. Therefore, E. coli is a good 

model for microbiological testing of the inhibitors. 

 

Initially, the effect of the compounds was tested by determination of 

minimal inhibitory concentration in minimal (M9 + 0.4 % glucose) and rich 

broth (CAMHB). Since it was expected, based on preliminary 

observations, that compounds might have issues in the penetration 

through bacterial cell wall, assays were carried out also in the presence 

of 3 µg/mL PMBN (PMBN3). This low, sub-MIC concentration of antibiotic 

makes bacterial membranes more permeable, while it does not affect 

bacterial viability. MICs are reported in Table 16. 

 

Table 16. MICs of UPAR compounds. All units in µg/mL. 

 E. coli ATCC 35218  
E. coli ATCC 35218 + 

PMBN3 

 
UPAR 

-415 

UPAR

-613 

UPAR

-329 
 

UPAR 

-415 

UPAR

-613 

UPAR

-329 

CAMHB > 256* > 128 > 64  nd** nd** nd** 

M9 + 0.4 

% glucose 
> 512 > 128 > 64  512-256 > 128 32 

*512 µg/mL not assayed; **nd – not determined. 
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None of the compounds showed any effect on the growth of E. coli when 

tested in rich medium. This result is expected because bacteria can obtain 

sufficient amount of cysteine for their viability from the environment, 

even if their in vivo cysteine biosynthesis is inhibited. However, also no 

effect was observed in the minimal medium, suggesting that the 

compounds might not enter bacterial cell. 

 

When the assay was performed in minimal medium in the presence of 

PMBN, an interesting behaviour was observed. UPAR415 showed MIC 

between 512 – 256 µg/mL, depending on the replicate. UPAR613 

changed the visual aspect of bacterial growth. Instead of classical, round-

shaped colony on the bottom of the well, bacteria grew in several small 

colonies dispersed on the wells (pinpoint growth). Judged by the eye, the 

number of bacteria was decreased above 64 µg/mL, although their 

growth was never completely inhibited. UPAR329 showed MIC of 32 

µg/mL. 

 

These results indicate that compounds have issues in the permeability in 

Gram-negative bacteria, but can interfere with bacterial growth once 

they enter. However, MIC assay does not allow to observe bacterial 

behaviour during 24 h incubation with the compound and cannot 

distinguish between bacteriostatic and bactericidal effects. To obtain a 

deeper insight in the mechanism of action of UPAR415, we performed an 

assay where bacteria were exposed to the same conditions as for MIC 

determination, while the number of CFU was counted as a function of 

time. Results are shown in Figure 33.  
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Figure 33. UPAR415 effect on E. coli ATCC 35218 growth in minimal medium in the 

presence of 3 µg/mL PMBN as a function of time. Results of the same experiment are 

shown with two different scales. Panel A: CFU/mL vs time (h). Panel B: log (CFU/mL) vs 

time (h). 

Panel A shows that increasing concentrations of UPAR-415 from 64 to 256 

µg/mL are causing small dose-response in bacterial growth. However, the 

difference between 256 µg/mL and untreated control is not high and 

after 24 h UPAR415 at this concentration inhibits the growth of bacteria 

for only about ½ log value. Up to 256 µg/mL, UPAR415 acts as a 

bacteriostatic compound. 

When its concentration was doubled (512 µg/mL), UPAR415 

unexpectedly acted as a bactericidal compound (panel B). Interestingly, it 

did not show any effect on bacterial viability in the first 4 h when bacteria 

were in the lag phase and started to show the effect only when bacteria 

entered in the exponential phase. It has to be noted that concentration 

512 µg/mL is higher than those routinely used in microbiological assays. 

Therefore, unspecific effects under these conditions are likely to take 

place.  
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Based on these results, it was concluded that UPAR inhibitors exhibit 

issues in the permeability through the Gram-negative bacteria, but are 

able to interfere with bacterial growth once they enter the cell. However, 

it is not yet known whether they bind to OASS and SAT inside the cells or 

do they target any other macromolecules. To evaluate if compounds are 

reaching the theoretical target, we measured the amount of intracellular 

reduced thiols (RSH) as a marker of cysteine biosynthesis. 

 

3.2. PRODUCTION OF INTRACELLULAR REDUCED 

THIOLS IN E. coli AND ASSAY VALIDATION 

 
First, to understand the basal behaviour of RSH, we measured the kinetics 

of thiols production in E. coli ATCC 35218 when grown in two types of 

minimal medium – M9 supplemented with 0.4 % glucose and 20 % LB. 

The latter broth contains significantly less amino acids than rich medium 

and it represents the infection environment better than M9, although it 

has to be noted that it contains some cysteine which could be consumed 

by bacteria. To evaluate if the method is suitable to monitor changes in 

cysteine production, we used 1,2,4-triazole as a control. Triazole is a 

known substrate analog for OASS that replaces H2S. In its presence OASS, 

instead of cysteine, catalyses the production of 1,2,4-triazole-alanine, 

that does not contain a thiol group. OASS reaction with triazole is shown 

in figure Figure 34. Since in the presence of triazole bacteria are not 

producing cysteine, the culture cannot grow in the minimal medium [39]. 
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Figure 34. Reaction between O-acetlyserine and 1,2,4-triazole catalysed by OASS 

forming 1,2,4-triazole-alanine. 

When E. coli behaviour was monitored in M9 (Figure 35), we observed 

that triazole inhibits its growth (panel A). When all triazole is consumed, 

bacteria start to grow and catch the untreated control 24 h after the 

culture preparation. The dependence of thiols with time (panel B) shows 

that at time 0 h, when O/N culture grown in LB is diluted in M9, the 

amount of thiols is the lowest in the course of the whole assay. However, 

when bacteria are growing, the concentration of thiols increases, 

reaching its peak in the early stationary phase. This observation suggests 

that the expression of the enzymes involved in the biosynthesis is 

changing at different stages of bacterial growth. It is proposed that the 

number of thiols in O/N culture, grown in LB, is higher and suddenly 

decreases upon dilution in M9 due to the overall stress. When triazole is 

present in M9, it acts as a preferential substrate for OASS over bisulfide. 

Since bacteria are not producing cysteine under these conditions, the 

number of thiols is constant until all the triazole is consumed. Therefore, 

we proved that the amount of RSH correlates with cysteine biosynthesis 

and bacterial growth in M9 broth. 
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Figure 35. Legend: blue – cells in M9; red – cells in M9 + 5 mM triazole. Panel A: E. coli 

ATCC 35218 growth curve in M9 + 0.4 % glucose in the absence and presence of triazole. 

Panel B: RSH production in E. coli ATCC 35218, grown in M9 + 0.4 % glucose in the 

absence and presence of triazole. Assays were performed in 2 biological replicates. 

Different behaviour was observed in 20 % LB (Figure 36). In bacterial 

growth (panel A), the effect of triazole is lost, likely due to cysteine 

present in the broth that can compensate for inhibition of cysteine 

biosynthesis. At time 0 h, the amount of RSH is higher than in M9, 

suggesting lower intracellular stress because of the dilution in the broth 

that still contains nutrients (panel B). A constant concentration of RSH is 

observed at all stages of bacterial growth, suggesting that the 

upregulation of expression of cysteine producing enzymes is not 

necessary, since bacteria can obtain enough cysteine from the 

environmental broth. Cysteine uptake is energetically favourable 

comparing to its biosynthesis, where for each mole of cysteine 

synthesized 1 mole of GTP, 2 moles of ATP and 1 mole of NADH are 

required [40,142]. The hypothesis of cysteine uptake from the broth is 

further confirmed by literature data stating that addition of cysteine in 

M9 prevents defects in the growth of ΔcysJIH mutant and ΔcysE 

auxotroph strains of S. Typhimurium [49,143]. Because the effect of 
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triazole in 20 % LB medium cannot be observed, it was concluded that 

this broth is not appropriate for evaluation of reactivity between UPAR 

inhibitors and target enzymes. 

 

 

Figure 36. Legend: blue – cells in 20 % LB; red – cells in 20 % LB + 5 mM triazole. Panel A: 

E. coli ATCC 35218 growth in 20 % LB in the absence and presence of triazole. Panel B: 

RSH production in E. coli ATCC 35218, grown in 20 % LB in the absence and presence of 

triazole. Assays were performed in 2 biological replicates. 

By comparing the RSH behaviour in M9 and 20 % LB it can be 

hypothesized that E. coli tends to maintain RSH concentrations around 

200 nM / µg cellular proteins, likely being an optimal concentration for 

maintenance of intracellular redox balance. When concentrations of RSH 

are lower, bacteria are more vulnerable to reactive oxygen species, as 

they possess fewer molecules with antioxidant properties. Higher 

concentrations are potentially toxic for the cell [144,145]. Maintenance 

of physiological RSH pool is a complex interplay between regulation of 

cysteine biosynthesis, such as induction of cysteine regulon by CysB and 

N-acetylserine, its repression by interaction between CysB, H2S and 

cysteine [90,143,144,146,147], SAT and OASS feedback inhibition by 

cysteine [86,89,114] and cysteine synthase complex [84]. 
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Cysteine itself possesses antioxidant activity and is a precursor of other 

important antioxidants, such as glutathione and mycothiol [40,148]. 

Inhibition of its biosynthesis has been linked to increased intracellular 

oxidative stress [49]. To validate that the RSH method is also appropriate 

to observe changes in the intracellular redox state, E. coli was grown until 

the mid-exponential phase in M9 and exposed to H2O2, a known inducer 

of oxidative stress. Cells were exposed to increasing concentrations of 

H2O2 for 10 minutes and RSH were measured in samples, where cell 

viability was not affected (Figure 37). Low concentration of H2O2 slightly 

increase levels of RSH. This is likely due to the induction of oxyR and soxR 

operons, leading to the expression of defence mechanisms, such as 

catalase, that effectively scavenge toxic oxygen species [49,149,150]. 

Concentrations above 5 mM decrease the number of thiols to the levels 

that are measured in cells when they are diluted from O/N culture in M9 

(Figure 35). 

  

 

Figure 37. Effect of H2O2 on E. coli ATCC 35218. Legend: blue – cells before exposure to 

H2O2; red – cells after exposure to H2O2. Panel A: CFU before and after 10 min exposure 

to H2O2. Panel B: RSH after 10 min exposure to H2O2. Data are the average of two 

replicates. 
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3.3. EFFECT OF UPAR INHIBITORS ON INTRACELLULAR 

THIOLS  

UPAR415 and UPAR329 were chosen to evaluate the effect of inhibitors 

on cysteine biosynthesis by RSH measurement. E. coli ATCC 35218 was 

grown in M9 + 0.4 % glucose in the presence of 3 µg/mL PMBN until the 

mid-exponential phase and then exposed to UPAR inhibitor at MIC 

concentration. For UPAR415, 256 µg/mL was chosen in order to exclude 

any unspecific effects originating from higher concentrations.  

 

Cells were grown until the mid-exponential phase before the exposure to 

the compounds because of the sensitivity limitations of RSH 

measurements. In order to have a TNB signal strong enough to be in the 

linear range of the spectrophotometer, measurements need to be 

performed with at least 5 x 108 CFU. To have this number of CFU when 

cells are in the lag phase, roughly 15 mL of the culture has to be 

withdrawn and pelleted. Consequently, for measurement of RSH at 

several time points, the volume of the culture should be high enough. 

Large culture volume also requires an increased amount of inhibitors 

used in order to maintain the same concentration. The estimated 

quantity of compounds, needed for RSH measurement throughout the 

complete growth curve, was not feasible to produce. For this reason, 

bacteria were grown until the mid-exponential phase and inhibitor was 

added to the 10 mL of the culture. Under these conditions we were able 

to withdraw culture aliquots of volumes between 1 and 2 mL. Figure 38, 

panel A shows that compounds do not cause any inhibition of bacterial 

growth under assay conditions. Also triazole is not able to significantly 
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interfere with bacterial growth. This is expected since in the exponential 

phase the internal pool of cysteine is high enough to support the bacterial 

growth even if its biosynthesis is inhibited [39]. In terms of RSH (panel B), 

UPAR inhibitors are causing a small, not significant decrease in the RSH 

concentrations comparing to the untreated control. Triazole is able to 

prevent the synthesis of thiols, but it cannot lower their concentration 

enough to prevent the bacterial growth.  

 

 

Figure 38. Effect of UPAR compounds on E. coli ATCC35218. Legend of broth conditions 

– all M9 + 0.4 % glucose with the addition of: blue – 1 % DMSO; red – 32 µg/mL UPAR-

329; green – 256 µg/mL UPAR-415; purple – 5 mM triazole, 1 % DMSO. Panel A: effect 

of compounds on bacterial growth. Panel B: effect of compounds on RSH concentration. 

Data are showing the average of 2 biological replicates. Statistical significance was 

performed by 2way Anova and values are shown in a comparison with a DMSO control 

at a specific time point. * - p< 0.05; **** - p<0.0001. 

These observations are raising questions of data discrepancy between 

different experiments. In MIC assays compounds clearly inhibited 

bacterial growth, while they did not cause any significant effect in thiols 

concentration. The important difference arises from the assay structure 

– in MIC assay, bacteria are exposed to the inhibitor in the lag phase and 
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in the RSH assay in the exponential phase. We have demonstrated that 

the amount of thiols (and likely, the internal pool of cysteine) is higher in 

the exponential than in the lag phase (Figure 35). Presumably, the 

amount of RSH correlates with the amount of OASS and SAT present in 

the cell. Therefore, the effect of cysteine biosynthesis inhibition on cell 

viability/thiol content is more evident in the lag phase than in the 

exponential phase. It is proposed that for the inhibition of cysteine 

biosynthesis in exponential phase a higher concentration of the 

compound is needed. This theory is further supported by the literature 

stating that in the case of the natural antimicrobial compound, allicin, 

inhibition of bacterial growth in the exponential phase can be reached by 

compound in concentration 6-times higher than the MIC. Under these 

conditions, allicin also causes a significant decrease in the amount of RSH 

[151]. Taking into account the high MIC of UPAR inhibitors, increasing 

their concentrations in microbiological assays is not feasible and 

meaningful. Another possibility for the loss of the effect of inhibitors on 

RSH and bacterial growth in the exponential phase is the bacterial 

adaptation that is more efficient in the exponential phase when cells are 

more active. Inhibition of OASS leads to the accumulation of OAS, that is 

converted to NAS which induces transcription of whole cysteine operon 

(see section General introduction, Figure 1) [90]. In this way, more OASS 

is produced and the amount of compound inside bacteria is not sufficient 

anymore. The mechanism of bacterial adaptation after inhibition of SAT 

is unknown. For confirmation of OASS and SAT inhibition inside the 

bacteria, ideally RSH would be measured in the lag phase. With the 

existing method, this approach is not feasible due to its limited sensitivity. 
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A new, more sensitive method, that requires less chemical material and 

cells should be applied to address this issue, such as labelling thiol groups 

with N-ethylmaleimide or fluorescence probes and chromatographic 

analysis [152].  
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CONCLUSIONS 
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The project started with the preparation of proteins and the 

development of activity assays necessary for testing of OASS and SAT 

inhibitors. We optimized the expression constructs and purification 

conditions for both isozymes of StOASS and StSAT and we were able to 

obtain pure proteins in high yields. We designed and validated an indirect 

continuous activity assay for StSAT, which was later used for 

identification and characterization of inhibitors. This assay was applied in 

a cuvette based assays in our laboratory as well as for high-throughput 

screening on 96-well-plates in partner laboratories. 

 

The design of StOASS reversible inhibitors is a good example of a 

successful medicinal chemistry approach by mimicking nature. The 

crystal structure of StOASS-A in the complex with UPAR-415 revealed 

how efficiently the low-molecular-weight (LMW) inhibitor is mimicking 

the C-terminal part of SAT, leading to inhibition of StOASS. Additionally, 

the high-resolution crystal structure allowed to observe small changes in 

the conformation of StOASS-A in the presence of inhibitor and it will in 

future serve as an excellent model for in silico screening of new inhibitors. 

 

The permeability of LMW molecules through the complex outer 

membrane of Gram-negative bacteria is one of the main pitfalls in the 

development of new antibiotics. Relatively high logP and negatively 

charged carboxylic group of the existing StOASS reversible inhibitors are 

unfavourable characteristics regarding the membrane permeability. In 

order to increase the drug-likeness and penetration, several derivatives 

of UPAR-415 were prepared for increasing the compound polarity and 
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diminishing the negative charge. When the carboxylic group was 

substituted by the biosiosters, partial inhibition was observed, suggesting 

a different mechanism of action with respect to carboxylic compounds. 

Substitution of the tolyl group on Cα by polar heterocycles managed to 

retain good affinity towards the StOASS-A, while they were less potent 

inhibitors of the B isoform. The issue of the selectivity towards one of the 

isozymes was overcomed when the substitution was performed on Cβ. 

Derivatives with bulky polar side groups exhibited good Kds for the both 

isozymes and are promising candidates for microbiological testing, 

promising complete inhibition of cysteine biosynthesis in vivo. 

 

Considering the discrepancy between the characteristics of existing 

reversible inhibitors, that are substituted cyclopropanes, and generally 

favourable characteristics of antibiotics, identification of novel fragments 

for structurally different inhibitors was carried out by a scaffold hopping 

approach. The identified fragment was a carboxylated pyrazole. This 

fragment and its derivatives are weak StOASS inhibitors, while they 

possess similar ligand efficiency as UPAR-415. Even though their affinities 

against the target are not high, their physicochemical characteristics are 

favourable in terms of antibiotic design and permeability and therefore 

are attractive candidates for microbiological screening. 

 

We also approached the inactivation of StOASS by fluoroalanine 

derivatives. Monofluoroalanine was found to behave as substrate analog 

and trifluoroalanine as weak mechanism based inactivator. Covalent 

modification of StOASS by fluoroalanines seem to be inefficient, likely due 
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to the formation of reactive intermediate that is in geometrically 

unfavourable position to undergo the Michael attack by enzyme 

nucleophile. Therefore, covalent modification is a slow process and the 

intermediate hydrolyzes before it could cause inactivation. Consequently, 

high concentrations of inactivator are needed to observe any measurable 

effects. In order to expand the knowledge of enzyme inactivation and 

improve the potency of fluoroalanines, several N- and S-substituted 

derivatives with replaced carboxylic group were tested and inhibitors 

with a similar mechanism of action as trifluoroalanine were identified. 

These are the first reported derivatives of modified amino acid that can 

react with a PLP dependent enzyme and since they exhibit similar affinity 

towards StOASS as trifluoroalanine, they present a promising path 

towards a more efficient enzyme inactivation.  

 

In this project, the first medicinal chemistry campaign for the 

identification of StSAT inhibitors was carried out. First, in silico screening 

of in house compound library was carried out to identify an active 

fragment that was later optimized in terms of higher affinity. We found 

that substituted heterocycles are able to inhibit StSAT in micromolar 

range and that they are competitive against AcCoA. By high-throughput 

screening of commercially available library, structurally different SAT 

inhibitors were identified. Their physicochemical properties make them 

favourable for the bacterial membrane permeability. While some of 

StSAT inhibitors are very potent (IC50 ~ 1 µM), during the following steps 

of drug design, special attention should be carried out to identify any 

possible cross-reactivity with other AcCoA-dependent enzymes. 
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Microbiological evaluation of potent protein inhibitors failed to identify a 

molecule that is able to penetrate in Gram-negative bacteria. In the 

presence of membrane permeability enhancer, assayed compounds 

showed in vivo activity only at high concentrations and consequently 

their use in further steps of antibiotics development does not seem very 

promising. A strategy might be to carry out growth inhibition assays with 

other inhibitors, even if they are less potent in vitro, to identify whether 

they possess any structural characteristics that are more favourable for 

the permeation through the complex Gram-negative bacteria and higher 

potency in vivo. 
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