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Abstract 

Antimicrobial resistance (AMR) emerged rapidly after the introduction of 

the penicillins, the first generation of β-lactam antibiotics, in 1946. Resistance 

to antibiotics of last resort has highlighted AMR in bacterial pathogens as a 

pressing therapeutic issue. Gram-negative bacteria manifest high-level 

resistance to most classes of antibiotics and are the leading cause of severe 

infectious disease globally. Therefore, reversing their resistant status is of our 

interest. Among many mechanisms discovered, the expression of drug-

inactivating enzymes is the major cause that leads to Gram-negative bacterial 

AMR. 

We aim to probe the chemical biology of two proteins associated with drug 

resistance: Klebsiella pneumoniae carbapenemase (KPC-2) which hydrolyses 

β-lactam antibiotics and a bacterial glutathione transferase, glutathione 

transferase (GST-A) which plays roles in antibiotic conjugation and inactivation. 

Based on the known crystal structures of the proteins (KPC-2: PDB id 3RXX, 

GST-A: PDB id 1A0F), small molecules were designed and synthesised and 

tested as inhibitors of the purified enzymes. 

Promising inhibitors for KPC-2 have been developed with a scaffold 

containing a 1,4-disubstituted 1,2,3-triazole. In vitro tests indicated that the 

compounds have a clear SAR and the best inhibitors have nanomolar Ki values. 

Antibiotic susceptibility tests were used to validate boronic acid KPC-2 

inhibitors as potentiators of β-lactam antibiotic activity in cellulo. The 

compounds showed the successful reversal of resistance to cefotaxime (CTX) 

and meropenem (MEM) in cellulo in KPC-2 producing Escherichia coli (over 

512-fold more sensitive). 

A small library of glutathione (GSH) analogues was synthesised and tested 

against GST-A. Binding assays and enzyme kinetics studies suggested that the 

Gly moiety of GSH is less important than Glu in protein G-site binding, and π-

stacking is a critical factor in GST-A H-site binding. We also used susceptibility 

tests to explore whether GST-A plays a role in antibiotic detoxification and may 

serve as a target to combat AMR. However, target validation work suggested 
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that GST-A is not essential for E. coli survival and inhibiting the protein may not 

be a promising approach for drug discovery. 
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Chapter 1 Background 

A century ago, an outbreak of Spanish flu claimed fifty million lives, a death 

toll which surpassed that of World War I. Thanks to the rapid development of 

modern medicine, no public health emergency has since been seen on the 

same scale. However, infectious diseases which kill around 17 million people  

annually remain amongst the top causes of death, and disease epidemics 

spread further and faster in the 21st century. Since Antony Van Leeuwenhoek 

discovered bacteria using a microscope in the 1670s, the fight against 

pathogenic bacteria, a major cause of many infectious disease, has been a 

global challenge. 

1.1 History of Antibiotics Discovery 

Paul Ehrlich discovered the first antibiotics, based on arsenic compounds, 

in 1909 and sulfonamide antibiotics were synthesised shortly afterwards. 

Another milestone was the discovery of penicillin in 1928 by Alexander Fleming 

as the first natural product antibiotic. Subsequently, the discovery of antibiotics 

has entered ‘the golden age’ and the Nobel Prize in Physiology or Medicine 

credited Fleming, Chain, and Florey (1945) and Selman Waksman (1952) for 

their revolutionary drug discovery work on penicillin and streptomycin, 

respectively (www.nobelprize.org).1 Subsequent identification of molecular 

targets in bacterial cells and rational screening approaches resulted in effective 

antibiotics covering a range of modes of action. Empirical targets and 
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corresponding antibiotics include: 1) cell wall: β-lactam antibiotics & 

vancomycin; 2) cell membrane: daptomycin; 3) DNA/RNA synthesis: 

fluoroquinolones & rifamycins; 4) folate synthesis: trimethoprim (TMP) & 

sulfonamides; 5) protein synthesis: tetracyclines & aminoglycosides.2 

Nevertheless, bacteria have evolved alongside antibiotic discovery and 

developed antimicrobial resistance (AMR), which has become an important 

issue in modern health care. 

1.2 Antimicrobial Resistance (AMR) 

Despite the discovery of new classes of antibiotics in past decades, 

resistance typically develops in a short evolutionary time-frame (Figure 1.1). 

The major mechanisms of antimicrobial resistance (Figure 1.2) include: 1) 

production of enzymes that either destroy the antimicrobial agent or modify the 

drug to abrogate its ability to bind to targets (e.g. β-lactamases); 2) prevention 

of compound entry by modification of membrane permeability (e.g. altered porin 

channels in the outer membrane in Gram-negative bacteria); 3) efflux pumps 

(e.g. P-glycoprotein) which pump the antimicrobial agent out of the cell; 4) 

alteration of the binding site of the molecular target through mutation (e.g. 

mutation of penicillin binding protein); and finally 5) alteration of metabolic 

pathways (e.g. sulfonamide-resistant bacteria can utilise preformed folic acid 

rather than synthesise it from para-aminobenzoic acid).3  
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Figure 1.1 The schematic diagram of selected antibiotic drugs from discovery to development 

of resistance. 

 

Figure 1.2 Schematic diagram of antimicrobial resistance mechanisms: (1) Drug-inactivating 

enzyme. (2) Decreased uptake by modifying membrane permeability. (3) Increased elimination 

via efflux pump. (4) Alternation in binding site of the molecular target. (5) Alteration of metabolic 

pathways. (Channels on the cell membrane represent efflux pumps and altered porins, 
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respectively. Green balls represent antibiotics, red and orange kidney-shaped objects represent 

drug targets, the brown kidney-shaped object represents mutated drug targets, and the yellow 

triangle represents modified antibiotics, respectively.)  

Resistance can be the result of accumulation of both vertical transmission 

of innate resistance through species and horizontal transmission of genetic 

material across species and genera.4 Pathogenic strains can be multidrug-

resistant, extensively-drug resistant or even pan-drug resistant. Multidrug 

resistance (MDR) is defined as a state when a bacterium is resistant to three 

or more antimicrobial classes, and it has been observed in many species of 

bacteria. Extensively drug resistant (XDR) is defined as nonsusceptibility to at 

least one agent in all but two or fewer antimicrobial categories. Pan-drug 

resistant (PDR) bacteria are characterised by the bacterial strain that is 

sensitive to 1–2 potential active drugs or resistant to all current antibacterial 

agents.5-7 The Infectious Disease Society of America has identified 

vancomycin-resistant Enterococcus faecium (VRE), methicillin-resistant 

Staphylococcus aureus (MRSA), multidrug resistant Acinetobacter baumannii 

and Pseudomonas aeruginosa, and extended-spectrum β-lactamase-

producing Enterobacteriaceae as bacterial pathogens that are especially 

challenging to treat (www.idsociety.org).8 The WHO later listed carbapenem-

resistant Acinetobacter baumannii, Enterobacteriaceae and Pseudomonas 

aeruginosa as being of ‘critical’ priority (www.who.int).9  

1.3 Gram-negative Pathogens 
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Amongst the challenging pathogens listed above, A. baumannii, P. 

aeruginosa and Enterobacteriaceae are Gram-negative. They manifest high-

levels of resistance to most classes of antibiotics. Gram-negative bacteria are 

characterised by the presence of an outer lipid membrane in which the cell is 

enveloped, which Gram-positive bacteria do not possess. Additionally, the 

peptidoglycan cell wall of Gram-negative bacteria is thinner than that of Gram-

positive. The outer membrane protects Gram-negative bacteria from many 

antibiotics and as a result makes them more difficult to treat. 

Enterobacteriaceae are a large bacterial family, a list of priority pathogens 

published by WHO has categorized Enterobacteriaceae e.g. Klebsiella 

pneumonia, Escherichia coli, Proteus spp. of ‘critical’ priority.10 They are blamed 

for severe infections such as meningitis, bacteraemia (bacterial blood infection), 

pneumonia, and urinary tract infections (UTI). For example, E. coli was once 

considered avirulent but has been demonstrated to be one of the common 

pathogens responsible for UTIs. Alongside Proteus mirabilis, they have been 

found to account for more than 80% of all published UTI cases.11, 12 

Carbapenem-resistant Gram-negative pathogens are widespread worldwide, 

and plasmid-mediated overexpression of β-lactamases is considered a leading 

cause of drug resistance. The broad hydrolysing activities of β-lactamases 

make their activity difficult to overcome by the use of alternative β-lactam 

antibiotics. Colistin (polymyxin E) is the last resort treatment for carbapenem-

resistant Enterobacteriaceae, however resistance to this drug has already been 
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reported.10, 13  

1.4 Progress and Challenges  

Combination therapies often increase potency and broaden the activity 

spectrum of antibiotics, and therefore were extensively explored to cope with 

AMR. Successful uses of such synergy include the use of trimethoprim & 

sulphamethoxazole and aminoglycoside & penicillin combinations. A lot of effort 

was also devoted to investigating antibiotic adjuvants to combat AMR. For 

example, combination therapy of antibiotics and anti-virulence compounds 

aims at stopping the horizontal gene transfer and hence prolongs the 

effectiveness of antibiotics. The advantages of this approach were: 1) there are 

a large number of potential virulence factor targets; 2) pathogen-specific 

virulence factors are absent in the host; 3) species specificity ensure that 

resistance cannot transfer genetically among them. And the disadvantages 

were: 1) they are pathogen-specific and therefore require rapid and precise 

diagnosis; 2) they require more labour and cost compared with broad-spectrum 

antibiotics; 3) when targeting regulatory networks or biosynthetic enzymes, the 

therapeutic effect might be delayed and bacteria may persist after withdrawal 

of treatment.14, 15  

To date, the most successful and only FDA approved antibiotic adjuvants 

to treat Gram-negative pathogen infection are β-lactamase inhibitors. 

Developing β-lactamase inhibitors is a promising and commonly adopted 
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strategy to combat resistance to β-lactams. Clavulanic acid, sulbactam and 

tazobactam were the ‘first generation’ of β-lactamase inhibitors, inspired by 

mimicking the fused ring system of β-lactam antibiotics. The ‘second generation’ 

β-lactamase inhibitor avibactam is a diazabicyclooctane, which forms an acyl-

enzyme complex with serine β-lactamases, and inhibits several β-lactamases 

of this type. The most recent FDA-approved β-lactamase inhibitor is 

taniborbactam, a cyclic boronate. The boron atom interacts covalently with the 

catalytic serine of suitable β-lactamases.16, 17 Resistance evolved rapidly 

against the structurally similar β-lactamase inhibitors. For instance, resistant 

Klebsiella pneumoniae carbapenemase-2 (KPC-2) mutants have already 

emerged against the combination therapy of avibactam with ceftazidime. 

Although no resistance against the ‘cyclic boronate-antibiotic’ co-formulation 

has been reported to date, continued use is likely to lead to the development of 

resistance.18, 19  

1.5 Aims and Objectives 

The rapid rise of AMR and resistance to antibiotic adjuvants is a pressing 

issue of public health, and the development of novel antibiotic adjuvants or 

antibiotics which act via novel mechanisms of action are urgently needed. 

Herein, we aim to design, synthesise and investigate the structure-activity 

relationship (SAR) between phenylboronic acids and KPC-2 to identify 

promising lead inhibitors for this β-lactamase. An evaluation of the literature 
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reveals a number of reports in the past decade suggesting that boronate β-

lactamase inhibitors have potent activity against β-lactamases. Moreover, 

covalent binding was confirmed by a co-crystal structure between the lead 

compound 3-nitrophenylboronic acid and KPC-2 (PDB id 3RXX).20 Our work 

aimed to carry out the: 1) discover a promising inhibitor scaffold for KPC-2; 2) 

report the synthesis of phenylboronic acid inhibitors and their structure-activity 

relationship against KPC-2; 3) analyse candidate molecules in cellulo for their 

effectiveness. 

An additional aim was to synthesise and examine a small library of 

glutathione (GSH) analogues against GST-A, a glutathione-S-transferase (GST) 

and evaluate the potential of GST-A as a target for antimicrobial drug discovery. 

GSH is a ubiquitous peptide that plays many roles in bacteria including 

functioning as a reducing buffer in cell compartments and acting as a substrate 

for bacterial GSTs. As the substrate for GSTs, it presents a logical starting 

scaffold for the design of inhibitors to investigate the role of GST-A. In addition, 

it has long been established that S-alkylated derivatives especially S-(p-

bromobenzyl)-glutathione are inhibitors of GSTs. These compounds were 

tested alongside an in-house library of glutathione-S-conjugates using 

biophysical as well as biochemical techniques. 
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Chapter 2 KPC-2 

2.1 Introduction 

2.1.1 β-lactam Antibiotics  

In 1945, a Nobel prize was awarded for the ground-breaking discovery of 

penicillin, the first member of a class of β-lactam antimicrobial agents. It has 

saved the lives of more than 80 million people worldwide. Since then, many β-

lactam antibiotics have been discovered and are widely used to treat Gram-

positive and Gram-negative bacterial infections (over 65% of injectable 

antibiotics prescribed in the United States from 2004 to 2014 are β-lactam 

antibiotics).21 They bind to D,D-transpeptidases, also known as penicillin 

binding proteins. As a consequence, they inhibit the biosynthesis of 

peptidoglycan which affects the structural integrity of cell wall.22, 23  

Major classes of β-lactam antibiotics are penicillins, cephalosporins, 

carbapenems and monobactams (Figure 2.1 (a)), among which the 

cephalosporins are the most likely to be prescribed parenterally (47.5% of the 

total).21 Following a similar discovery strategy as that of penicillin, the first 

cephalosporin was isolated from Cephalosporium acremonium by Giuseppe 

Brotzu.24 It was then developed into a broad class of mainstream β-lactam 

antibiotics with 5 generations available on the market. Amongst these, 

cefotaxime (CTX, Figure 2.1(b)), a third-generation cephalosporin, is widely 
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used to treat a number of bacterial infections including joint infections, urinary 

tract infections, meningitis, pneumonia, gonorrhoea, etc.25 The first 

carbapenem, thienamycin, was also isolated from a natural source, the Gram-

positive bacterium Streptomyces cattleya. Thienamycin was chemically 

unstable, but it inspired the discovery of currently available carbapenem drugs 

e.g. meropenem, biapenem, ertapenem, doripenem and imipenem.26 

Carbapenems were the first-line β-lactam antibiotics often used to treat 

infections caused by Enterobacteriaceae that produce extended-spectrum β-

lactamases (ESBL).27 Meropenem (MEM, Figure 2.1(b)) has a unique 

application in killing multidrug resistant Mycobacterium tuberculosis when 

combined with clavulanic acid (a β-lactamase inhibitor that will be further issued 

in the following sections).28, 29 Many novel approaches other than inhibiting β-

lactamases have emerged with the development of AMR. One of the interesting 

strategies is to utilise β-lactamases as activators of an antibiotic prodrug which 

combines a β-lactam with ciprofloxacin (another widely used antimicrobial 

agent against Gram-negative pathogens, Figure 2.1(c)).30  

 

Figure 2.1 (a) Core structures of β-lactam antibiotics: penicillins, cephalosporins, carbapenems 

and monobactams. R1 represents substituents on the penicillins, R2 & R3 represents 
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substituents on the cephalosporins, R4 & R5 represents substituents on the carbapenems and 

R6 represents substituents on the monobactams. 

 

Figure 2.1 (b) Chemical structure of cefotaxime (CTX, left) and meropenem (MEM, right). 

 

Figure 2.1 (c) Chemical structure of ciprofloxacin (left) and its cephalosporin prodrug (right). 
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of penicillin-binding protein 2 by Streptococcus pneumoniae is a typical 

example of this mechanism. Resistance was developed among Streptococcus 

species by horizontal transfer of the pbp2b and pbp2x genes.23, 32 As for the 

Gram-negative pathogens, the main causes of drug resistance are 1) 

overexpression of β-lactamases; 2) decreased uptake (e.g. outer membrane 

porin reductions or losses) or increased efflux of the β-lactams (e.g. drug efflux 

pump systems).33, 34  

Among these mechanisms, the production of β-lactamase enzymes has 

been identified as a key factor in resistance to β-lactam therapy and it became 

one of the focuses of our study.21, 34, 35 Based on their sequence similarity, β-

lactamases are divided into 4 classes (Ambler class A to D), and according to 

the Bush-Jacoby functional classification they were further segregated into 

groups i.e. Group 1 cephalosporinases, Group 2 serine β-lactamases and 

Group 3 metallo-β-lactamases.36 Group 1 cephalosporinases are comprised of 

Ambler class C β-lactamases, and the representatives are AmpC, P99, PDC-3, 

CMY-2 etc. Group 2 serine β-lactamases (classes A and D) hydrolyse β-

lactams via a catalytic serine residue in their active sites, whereas Group 3 

metallo-β-lactamases (class B) require coordinated zinc ions for their activity 

(Scheme 2.1). According to whether they can be inhibited effectively by 

clavulanic acid, Ambler class A β-lactamase are further classified as ESBL 

cephalosporinases (e.g. TEM, SHV, CTX-M) or carbapenemases (e.g. KPC 
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and some GES).27, 36 Worryingly, an expansion of resistance to carbapenems 

has been observed in Klebsiella, Enterobacter species and Escherichia coli due 

to the acquisition of extended spectrum carbapenemases combined with porin 

losses. For instance, Klebsiella pneumoniae isolates that express β-

lactamases such as KPC, OXA-48, NDM-1 etc. have spread rapidly and widely 

in Europe.10, 37 The class D carbapenemase OXA was named as such due to 

its ability to hydrolyse oxacillin. They were designated as Group 2 serine β-

lactamases.38 The metallo-β-lactamases are also able to hydrolyse 

carbapenems. Some metallo-β-lactamases such as NDM-1 have distinct 

mechanisms for hydrolysing carbapenems which are different to that used for 

cephalosporins and penicillins (Scheme 2.2).36, 39-41 
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Scheme 2.1 Proposed reaction mechanism of cephalosporins’ hydrolysis by: a) serine β-

lactamases (e.g. KPC-2), b) metallo-β-lactamases (e.g. NDM-1); E represents serine β-

lactamases and R2 & R3 represents substituents on the cephalosporins.39, 42  

 

Scheme 2.2 Proposed general reaction mechanisms of carbapenems’ hydrolysis by a) serine 

β-lactamases (e.g. KPC-2), b) metallo-β-lactamases (e.g. NDM-1); E represents serine β-

lactamases and R4 & R5 represents substituents on the carbapenems.40, 41 
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lactamases (e.g. 50% CTX-M-1, 39% TEM-1 and 35% SHV-1), which makes 

the elucidation of its structure-activity relationship (SAR) an urgent need.20, 43, 

44 Recent findings suggest a more hydrophobic active site compared to other 

class A β-lactamases (e.g. TEM-1, CTX-M-14, CTX-M-15) might contribute to 

the ability of KPCs to hydrolyse a broader range of β-lactams (Figure 2.2 

(b,c)).45-47 Regarding the variants of KPC, a single- or double-point mutation of 

KPC-3 or KPC-4 was observed versus KPC-2 (KPC-3 H274Y; KPC-4 

P104R/V240G), respectively. The subtle change increased their activities 

toward oxyimino-cephalosporines, e.g. ceftazidime is less susceptible against 

K. pneumoniae in presence of KPC-3 or KPC-4 (MIC 128 µg/mL) than that of 

KPC-2 (MIC 16 µg/mL). On the other hand, the mutations reduced their 

activities toward imipenem comparing to KPC-2.48 Another important feature of 

KPCs is the omega loop (Ω-loop), which includes residue R164-D179. Current 

studies have identified both L169P and D179Y as key mutations in the Ω-loop 

associated with ceftazidime-avibactam resistance.49-51 From alignment of the 

three crystal structures of KPCs 2-4, it is obvious that their backbone was 

identical but the orientation of crucial catalytic residues (e.g. S70) were shifted 

(RMSD between KPC-2 & KPC-3 0.321 Å; KPC-2 & KPC-4 0.303 Å, 

respectively). These findings suggest that there may be subtle differences in 

the specificity of β-lactamase inhibitors for these KPCs and that structure-

activity relationships may be different for each KPC. 
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Figure 2.2 Hydrophobicity surface of: (a) KPC-2 with 3-nitrophenylboronic acid (PDB id 3RXX); 

(b) TEM-1 with a boronic acid inhibitor in the binding site (PDB id 1M40); (c) CTX-M-15 with a 

cyclic boronate inhibitor (PDB id 5T66). ‘A’ in the end of residues represents chain A of the 

homodimer. Green sticks represent the ligands. Red and Blue in hydrophobicity surface 

represent hydrophobic and polar surface respectively (image prepared using UCSF Chimera). 
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Figure 2.3 Alignment of crystal structures between (a) KPC-2 (yellow, PDB id 2OV5) and KPC-

3 (PDB id 6QWD, RMSD for 259 atoms 0.321 Å); (b) KPC-2 (yellow, PDB id 2OV5) and KPC-

4 (PDB id 6QWE, RMSD for 259 atoms 0.303 Å). ‘A’ in the end of residues represent that the 

(a) 

(b) 
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crystal structure is a homodimer and we have only presented one of the monomer. 

2.1.4 β-Lactamase Inhibitors 

Developing β-lactamase inhibitors is a promising and commonly adopted 

strategy to combat resistance to β-lactams.52, 53 ‘First generation’ β-lactamase 

inhibitors, which included clavulanic acid, sulbactam and tazobactam (2.1-2.3), 

mimicked the fused ring system of β-lactams (sulbactam and tazobactam share 

the penicillanic acid sulfone core, whereas the sulfone was replaced by an 

oxygen in clavulanic acid) and were approved by the FDA for use in 

combination with selected β-lactam antibiotics (Figure 2.4 (a)). Their binding 

modes are similar to the β-lactam antibiotics, and they appear to work as 

suicide inhibitors by forming covalent products (trans- or cis-enamine) with the 

catalytic residue i.e. Ser70. Despite much effort directed towards making 

analogues that stabilise the enamine-intermediate or slowing the rate of 

deacylation, resistance evolved rapidly against these structurally similar β-

lactamase inhibitors.52, 54, 55 Furthermore, they are inactive against KPCs.44 As 

a result, non-β-lactam β-lactamase inhibitors are urgently needed. The ‘second 

generation’ β-lactamase inhibitor avibactam is a diazabicyclooctane (Figure 

2.4 (a)). It was approved by the FDA in 2015 for the treatment of complicated 

infections in combination with a cephalosporin, ceftazidime.56 Avibactam (2.4) 

forms an acyl-enzyme complexes with serine β-lactamases, and inhibit several 

β-lactamases of this type. However, resistant KPC-2 and KPC-3 mutants have 
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already emerged against this combination therapy.18, 49, 57 Recently, another 

diazabicyclooctane, relebactam (2.5) combined with imipenem and cilastatin (a 

renal dehydropeptidase inhibitor that reduces hydrolysis of imipenem and 

prolongs its effect) under the commercial name Rcabrio™ by Merck (MSD) was 

approved by the FDA for the treatment of complicated urinary tract infections 

and complicated intra-abdominal bacterial infections in adults 

(http://www.merck.com).10 Although evidence suggests relebactam (2.5) is a 

potent inhibitor against KPC-2 and would be more effective than avibactam 

(2.4), the efficacy of the relebactam-imipenem combination has recently been 

suggested to be similar to the avibactam-ceftazidime combination against KPC-

producing Klebsiella pneumoniae (KPC-2, 3, 4).48, 58 This underlines the need 

for novel and structurally distinct β-lactamase inhibitors.  

Cyclic boronate are among the newest approved β-lactamase inhibitors.10, 

17, 59 They achieve inhibitory effects by mimicking the tetrahedral ‘transition 

state’ intermediate of substrate-enzyme complexes. The development of 

transition state analogues is an important approach for β-lactamase inhibitor 

design and development by mimicking the tetrahedral ‘transition state’ 

intermediates of antibiotic carbonyl carbons.60-62 For example, the boron atom 

in vaborbactam (2.6) offers a vacant p-orbital that covalently interacts with the 

catalytic serine of suitable β-lactamases (Scheme 2.3).59 Nevertheless, it is 

important to note that none of the β-lactamase inhibitors listed above is active 
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against class B metallo-β-lactamases. The most recent FDA-approved β-

lactamase inhibitor is taniborbactam (VNRX-5133, 2.7) co-formulated with 

cefepime for the treatment of infections caused by carbapenem-resistant 

Enterobacterales and carbapenem-resistant Pseudomonas aeruginosa, it 

showed broad-spectrum activities against both serine β-lactamases and 

metallo-β-lactamases.17, 63 Taniborbactam (2.7), like vaborbactam (2.6), is a 

cyclic boronate fused with an aryl ring and hence represents a new class, the 

bicyclic boronate analogues (Figure 2.4 (a)). The crystal structures of 

taniborbactam (2.7) bound to both serine and metallo-β-lactamases 

demonstrate an sp3 bicyclic boronate intermediate and an unusual sp3 tricyclic 

intermediate respectively, showing the ability of boron to interchange between 

different hybridisation states and consequently binding modes (Scheme 2.4).16 

Although no resistance has been reported to date, continued use is likely to 

lead to its development.64  

 

 

Scheme 2.3 Mechanism of vaborbactam (cyclic boronate, 2.6) reacts with a serine residue in 

the active site of Ambler class A & C β-lactamases and the sp3 intermediate formed thereof.59 
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Scheme 2.4 Proposed mechanisms of taniborbactam (bicyclic boronate, 2.7) reacting with β-

lactamases and the resulting sp3 intermediates (bicyclic & tricyclic) observed by crystallography 

studies.16  

Apart from these FDA approved β-lactamase inhibitors, similar strategies 

have also yielded novel diazabicyclooctanes and boronic acid analogues. 

ETX2514 (2.8) is a diazabicyclooctane analogue which serves as a potent 

inhibitor of class D β-lactamases.65 A co-formulation of ETX2514 with 

sulbactam has entered phase III clinical trial for the treatment of Gram-negative 

bacterial infections (www.entasistx.com).10 Nacubactam (RG6080/OP0595, 2.9) 

and zidebactam (WCK5107, 2.10) have also entered clinical trials (Figure 2.4 

(b)). Apart from enhancing the activity of meropenem and cefepime against β-
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lactamase expressing bacteria, they also inhibit penicillin binding protein 2.10, 66 

Meanwhile other classes of compounds that can form covalent bonds with β-

lactamases via nucleophilic attack have been explored. Phosphonates, for 

instance, are among the compounds that can form covalent bonds with class C 

serine β-lactamases (e.g. P99, PDB id 1BLS).67-69 Recent findings also suggest 

phosphonates (e.g. 2.12, Figure 2.4 (c)) can serve as non-covalent inhibitors 

of β-lactamases including KPC-2 (Ambler class A, no co-crystal structure 

reported for 2.12), NDM-1 (Ambler class B, PDB id 6NY7) and VIM-2 (Ambler 

class B, PDB id 6O5T).69 Different strategies to those above are also enhancing 

our toolkits for fighting MDR mediated by various β-lactamases. For example, 

coordinating Zn ions in metallo-β-lactamases has been explore as an approach 

to inhibitors. The inorganic anti-Helicobacter pylori preparation, colloidal 

bismuth Bi(III) subcitrate (CBS) has been recently been re-introduced as a 

metallo-β-lactamase inhibitor.45, 70 Other approaches including developing thiol-

based inhibitors (e.g. 2.11, Figure 2.4 (c)) to coordinate with the two Zn2+ ions 

of metallo-β-lactamases has also been effective.71, 72 On the other hand, non-

covalent inhibitors (e.g. tetrazole and phosphonate derivatives) may provide 

promising routes to combat resistance caused by class A and class C β-

lactamase (Figure 2.4 (c)).69, 73, 74 
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Figure 2.4 (a) FDA approved β-lactamase inhibitors (2.1 to 2.7).17, 52  

 

 

Figure 2.4 Effective β-lactamase inhibitor reported by literatures: (b) Diazabicyclooctanes 

entered clinical trials (2.8 to 2.10). (c) Novel covalent (left, 2.11) and non-covalent (right, 2.12) 

dual-action β-lactamase inhibitors.10, 69, 71 
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2.1.5 Boronic Acid Derivatives as Transition State Inhibitors 

Boronic acid-containing molecules are used in the clinic to inhibit various 

enzymes involved in a range of disease pathologies. They normally act as 

Lewis acids rather than Brønsted acids and as a result the boron atom 

accepting electrons to form covalent bonds with nucleophiles of many catalytic 

amino acids in the active sites of enzymes.75 Analogues of boronic acid have 

been extensively studied in the last century as aspartic-, cysteine-, metallo-, 

threonine-, serine- etc. protease inhibitors by forming covalent bonds with 

catalytic amino acid residues, mimicking the ‘tetrahedral transition state’ of 

these enzymes. One of the most prominent examples is the discovery of 

bortezomib, the first boronic acid anticancer agent approved by the FDA in 2003. 

Indications of boronic acid analogues include uses in cancer (20S proteasome, 

EGFR and VEGER-1 Tyrosine Kinase Inhibitors), as anticoagulants (thrombin 

inhibitors), as antivirals (hepatitis C virus protease, Dengue virus NS3 protease, 

HIV-1 protease etc. inhibitors), as antimicrobials (β-lactamase inhibitors, 

Mycobacterium tuberculosis proteasome inhibitors) and as antimalarial drugs 

(Plasmodium parasites’ 20S protease inhibitor).76 

Our interest is in treating MDR in Gram-negative bacteria using boronic acid 

analogues. Early in 1983, boronic acids were reported as Ambler class C β-

lactamase inhibitors.77 Investigations were focused on developing boronic 

acids as antimicrobial agents as well as diagnostic probes of serine and 
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metallo-β-lactamases in the decades thereafter.78, 79 An evaluation of the 

literature from the past decade suggest that boronate β-lactamase inhibitors 

(2.18-2.20, Figure 2.5 (c)) have potent activity against not only β-lactamases 

but also certain non-essential penicillin-binding proteins (e.g. PBP5, PDB id 

5T66) which also bind to β-lactam antibiotics covalently (e.g. imipenem, PDB 

id 3MZF).80, 81 In addition, some cyclic boronate inhibitors have been reported 

to inhibit β-lactamases across all 4 Ambler classes.16, 46, 81 In 2017, efforts in 

this field were rewarded with the first boronic acid β-lactamase inhibitor 

approved by the FDA, vaborbactam, that is against Ambler class A and class C 

β-lactamases. Crystal structures of class A and C serine β-lactamases bound 

to vaborbactam (2.6, CTX-M-15: PDB id 4XUZ; AmpC: PDB id 4XUX, Figure 

2.4 (a)) showed the crucial roles of the carboxylic acid side chain for hydrophilic 

interactions as well as the hydrophobic contacts maintained by the thiophene 

moiety. However, according to a recent study it is a much weaker binder to OXA 

serine β-lactamases (e.g. OXA-48 IC50 = 25 μM) and metallo-β-lactamases (e.g. 

NDM-1 IC50 = 631 μM).59, 82 Continued studies have further generated aryl 

analogues of vaborbactam and afforded a novel bicyclic boronate inhibitor, 

taniborbactam (2.7, Figure 2.4 (a)), which was approved by FDA in 2019 for 

use against both serine and metallo-β-lactamases. Previous SAR studies 

proposed that the boron atom of this bicyclic boronate is crucial for binding to 

serine β-lactamase, whereas the oxygen atoms of boronic acid and carboxylic 

acid moieties are responsible for the interaction with, and inhibition of, metallo-
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β-lactamases (e.g. KPC-2 IC50 = 0.03 μM, P99 IC50 = 0.03 μM, OXA-48 IC50 = 

0.42 μM, NDM-1 IC50 = 0.19 μM).17  

 

 

Figure 2.5 Selected boronic acid transition state analogue inhibitors and their reported activity 

of β-lactamase inhibition: (a) Fragment and structure based single-side glycylboronic acid 

analogues. (b) Glycylboronic acid derivatives designed based on cephalosporins.  
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as Ambler class C β-lactamase inhibitors (e.g. 2.14: AmpC Ki = 20 nM), and 

fragment-based drug design approaches generated sub-nanomolar inhibitors 

in 2012 (e.g. 2.13: AmpC Ki = 50 pM, Figure 2.5 (a)).45, 73 The boronic acid 

moiety in some glycylboronic acid analogues (e.g. 2.15, 2.16) is located in the 

centre of the molecule with both sides substituted with aryl moieties to mimic 

the cephalosporin antibiotics (Figure 2.5 (b)). This structural optimization has 

generated potent inhibitors for class C β-lactamases e.g. 2.15: AmpC Ki = 1 nM, 

2.16: P99 Ki = 14 nM & PDC-3 Ki = 8 nM.45, 83, 84 Further studies have also 

revealed SARs between glycylboronic acids inhibitors and Ambler class A β-

lactamases: e.g. 2.14: Ki = 15 nM (CTX-M-9), 4 nM (CTX-M-16); 2.15: Ki = 578 

nM (CTX-M-9), 423 nM (CTX-M-16), IC50 = 60 nM (KPC-2), 40 nM (SHV-1); 

2.16: IC50 = 40 nM (KPC-2), 140 nM (SHV-1) (Figure 2.5 (b)).84-86 The aryl 

substituent is proposed to play an important role forming steric interactions (π–

π stacking) with aromatic amino acid sidechains in corresponding β-lactamase 

binding sites i.e. Trp105 of KPC-2 or Tyr105 of CTX-M & SHV-1.86 Some 

phenylboronic acid analogues (e.g. 2.22, Figure 2.6), however, showed a 

different SAR to that of glycylboronic acids. According to the elucidated SAR 

between AmpC and 2.22, apart from the crucial Ser64 residue that binds 

covalently to the boronic acid, Asn152 and Tyr221 were also important for the 

interaction. Asn152 is a key residue of AmpC known to bind to β-lactam 

antibiotics, and Tondi et al. suggested the phenyl ring of 2.22 can form an 

interaction with the side chain amine of this residue. Another key residue is 
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Tyr221 which is conserved among class C β-lactamases. They proposed that 

the sulphonamide moiety of 2.22 could form dipole-quadrupole interaction with 

this residue. The crystal structure of 2.22 bound to AmpC suggests that the 

compound adopts a U-shaped conformation in the binding site, emphasising 

that inhibitors may need to be flexible in order to bind effectively.87 These 

findings inspired us to explore the SARs between phenylboronic acids and 

Ambler class A β-lactamases, especially KPCs. 

 

 

Figure 2.5 (c) Selected bicyclic boronates and their reported activity of β-lactamase inhibition.  
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Benzoxaboroles, are a class of the bicyclic boronate that are receiving 

attention currently. Previous studies have identified this class of compounds as 

potential antiviral, antimicrobial and anti-inflammatory agents.75, 88-90 

Substitutions on the phenyl ring could change the acid dissociation constants 

(pKa) dramatically (6.3-8.3), and it might be a crucial factor for the strength of 

their interaction with proteins.89 In 2015, AstraZeneca tried to develop a class 

of benzoxaboroles which has activity against all Ambler classes of serine β-

lactamases (A, C and D) in vitro (e.g. 2.17: IC50 = 26 nM (KPC-2), 12 nM (P99), 

88 nM (OXA-24), 3.9 μM (OXA-10); Figure 2.5 (c)), but their activities in cellulo 

against Gram-negative pathogens are limited as indicated in MIC tests (e.g. 

2.17 failed to restore the susceptibility of the partner antibiotic ceftazidime in 

Klebsiella pneumoniae, Acinetobacter baumannii or Pseudomonas 

aeruginosa).90 Its six-membered analogues (e.g. 2.7, Figure 2.4 (a); 2.18, 2.19, 

Figure 2.5 (c)), on the other hand, are active against carbapenem-resistant P. 

aeruginosa and carbapenem-resistant Enterobacteriaceae.16, 17 Based on their 

previously reported biochemical activities, a flexible cyclohexyl side chain of 

2.18 (IC50 = 1 nM (TEM-1), 2 μM (NDM-1), 68 nM (AmpC), 330 nM (OXA-10)) 

is preferred by serine β-lactamases, whereas NDM-1, one of the most prevalent 

metallo β-lactamases, prefers aryl side chain with a methylamine at the para-

position i.e. 2.19: IC50 = 3 nM (TEM-1), 29 nM (NDM-1), 270 nM (AmpC), 5.1 

μM (OXA-10). Taniborbactam (2.7: IC50 = 30 nM (KPC-2), 190 nM (NDM-1), 30 

nM (P99), 0.42 μM (OXA-48)) outstands all analogues and was approved 
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shortly after.16, 81 Benzo[b]thiophenyl boronic acids resemble phenylboronic 

acids more than cyclic boronates, and previous investigations implied they also 

have potential to be broad-spectrum β-lactamase inhibitors (e.g. 2.20: Ki = 1.4 

μM (KPC-2), 11 μM (NDM-1), 1.4 μM (AmpC), 64 μM (OXA-24); Figure 2.5 

(c)).91, 92  

Although the physicochemical properties of phenylboronic acids are similar 

to benzo[b]thiophenyl boronic acids, benzoxaboroles and other bicyclic 

boronates (also work as Lewis acids and reported with wide range of pKa), only 

a few phenylboronic acids have been reported with low to moderate efficacy 

against specific β-lactamases (e.g. AmpC and OXAs).77, 87, 93, 94 Some co-

crystal structures of phenylboronic acids bound to β-lactamases have been 

published previously (KPC-2 PDB id 3RXX, AmpC PDB id 4LV0, OXA24/40 

PDB id 5TG4; Figure 2.6).20, 94, 95 The structure-activity relationship (SAR) 

between these compounds and β-lactamases are under evaluation and co-

administration of the molecules with different β-lactam antibiotics may offer 

alternative strategies to combat AMR. 
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Figure 2.6 Phenylboronic acid inhibitor scaffold identified against β-lactamases previously and 

their reported activities of β-lactamase inhibition.19, 94, 96  

2.2 Aims and Objectives 
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2.3 Design and Synthesis of Phenylboronic Acid Analogues 

 Phenylboronic acid analogues were reported as β-lactamase inhibitors as 

early as 1978. 3-Aminophenylboronic acid and 3-nitrophenylboronic acid are 

among the most well-studied phenylboronic acids. 3-Aminophenylboronic acid 

was co-crystallised with AmpC (PDB id 3BLS), analysis of the distance of 3-

aminophenylboronic acid to key residues suggest that it has shorter distance 

from carbonyl oxygen of Ala318 than (p-

iodophenylacetylamino)methylphosphinic acid (PDB id 1BLS). Based on the 

observation, 3-aminophenylboronic acid is presumed as a better inhibitor for 

AmpC β-lactamases than the phosphonate by the authors.68, 96 Afterwards, 

systemic studies regarding SAR of phenylboronic acids against AmpC were 

published in 1998 and 2002. Affinities (Ki) of 3-aminophenylboronic acid and 3-

nitrophenylboronic acid to E. coli AmpC were 7.3 μM and 1.7 μM, respectively.97, 

98 Furthermore, 3-nitrophenylboronic acid was co-crystallised with KPC-2, a 

class A β-lactamase and demonstrate a Km value of 1 μM (PDB id: 3RXX).20 

They provide good starting points for further structural optimisations, but the 

NO2 or NH2 at 3-position of phenylboronic acid inhibitors are far from optimal 

for KPC-2.  



 52 

2.3.1 Phenylboronic Acid Ligands Screening 

To develop novel inhibitors with improved affinity, we initially screened a 

small series of commercially available phenylboronic acids (BAs) (supplier: 

Enamine covalent fragments, https://enamine.net/fragments; or Sigma-Aldrich). 

In order to determine their ability to potentiate the activity of cefotaxime (CTX) 

in a KPC-2, plasmid-mediated KPC-2-conferred cefotaxime resistant E. coli cell 

line BL21 (DE3) was used in the disk diffusion assay. Following the previously 

reported protocol, the compounds (50 µg/disk) were combined with CTX (30 

µg/disk) and exposed to E. coli in disk diffusion assays.19, 20 The combinations 

were defined as susceptible (S), intermediate (I), or resistant (R) based on their 

zone of inhibition according to CLSI guidelines.99 The compounds alone was 

not toxic to the bacterial cells, and the strain was resistant to CTX (Clearance 

Zone = 20 mm). BAs with large meta- or para- hydrophobic groups (BA1, 2) 

performed well potentiating cefotaxime’s activity against the phenotypical strain 

that is CTX-resistant (Δ Clearance Zone = 12 mm and 15 mm, respectively) as 

did compounds with a meta-NO2 substituent (3-nitrophenylboronic acid, BA6, 

10, 11), with the exception of BA3. Bulky ortho-substituents were not well 

tolerated (BA4, 8), whereas the ortho fluorine substituents performed better 

(BA5, 7, 9, 10, 11) (Table 2.1). The data supported the proposal that 3-

nitrophenylboronic acid and its analogues are promising leads for reversing β-

lactam resistance due to KPC-2 overexpression. 
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Next, the compounds were docked covalently in silico adjacent to the 

catalytic Ser70 residue of KPC-2 using an ICM-Pro template. The binding 

pocket of KPC-2 is derived from a co-crystal structure with 3-nitrophenylboronic 

acid (PDB id: 3RXX).20 3-nitrophenylboronic acid was re-docked into the 

binding site, giving a complete overlay with the ligand conformation in the co-

crystal structure (score: -26.95). With the methodology validated, docking of the 

remaining compounds of the library suggested that bulky substituents at the 

meta and para positions could occupy hydrophobic sites within the binding 

pocket (Figure 2.7). However, ortho-substituents are accommodated less well, 

the lowest scoring conformations of BA4 or 8 did not fit the crystal structure 

template. In this respect, the docking data are consistent with the weak 

enhancement of CTX activity observed with BA4 and 8. Moreover, the efficacy 

of the compounds in the disk diffusion assay reflects not only ligand binding but 

also their solubility and bacterial membrane permeability. We, therefore, 

calculated their LogP value (partition coefficient) using ICM-pro. With similar 

docking scores, the most lipophilic compounds BA1 & 2 showed promising 

activity, whereas the least lipophilic compound BA9 was unable to sensitize 

CTX in our test. The results suggested that ligands with a bulky group attached 

to the meta and para position appear to have promising activity and physical 

properties, and this may be associated with the promising physical properties 

of our analogues. Another important finding is the significant activity difference 

among various fluorine substitution patterns, and based on that we propose to 
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synthesise and evaluate a series of fluorine substituted analogues and explore 

the SAR of these compounds in relation to inhibition of KPC-2, enzymatic 

activity and potentiation of antimicrobial activity.  

 

 

Figure 2.7 Docking of BA1 and BA2 with pocket displayed by binding properties (white: 

aromatic lipophilic, green: mostly aliphatic lipophilic surface, red: hydrogen bonding acceptor 

potential, blue: hydrogen bond donor potential). 
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Table 2.1 Screening of selected BA ligands against KPC-2. 

 

Compound R 
Δ Clearance 

Zone (mm)* 
RIS 

Docking 

Score  
cLogP 

3-NPBA 3-nitro 10.4 ± 0.4 S -26.95 0.21 

BA1 3-phenyl 12.4 ± 0.6 S -30.99 2.29 

BA2 4-phenyl 14.8 ± 0.2 S -31.95 2.29 

BA3 3-benzylamino, 5-nitro 3.4 ± 0.5 R -30.66 1.77 

BA4 2-ethylpiperidin-4-one 1.3 ± 0.1 R n.f.** -0.05 

BA5 2-fluoro, 5-methyl 12.2 ± 0.5 S -27.13 1.03 

BA6 3-amino, 5-nitro 9.5 ± 0.4 S -28.93 -0.23 

BA7 2,3-difluoro, 5-amino 8.1 ± 0.5 I -28.16 0.34 

BA8 
2-(1H-pyrazol-1-yl), 4-

methoxy 
5.4 ± 0.1 R n.f.** 0.21 

BA9 2-fluoro, 5-aminomethyl 3.6 ± 0.3 R -32.26 -0.70 

BA10 2,4-difluoro, 5-nitro 13.0 ± 0.1 S -28.45 0.51 

BA11 2-fluoro, 5-nitro 13.2 ± 0.3 S -28.92 0.36 

*Δ Clearance Zone were recorded relative to control (CTX + DMSO); Disk diffusion 

interpretative breakpoints: Cefotaxime (susceptible ≤22 mm; intermediate 23-25 mm; 

resistance ≥26 mm) where R: resistance, I: intermediate, S: susceptible; 3-NPBA: 3-

nitrophenylboronic acid; **n.f. not fit.  

BHO OH

R
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2.3.2 Synthesis of Phenylboronic Acid Inhibitors 

According to previous research, 3-nitrophenylboronic acid and 3-

aminophenylboronic acid are promising lead inhibitors against β-lactamases. 

Meanwhile, azo-containing boronic acid compounds (Figure 2.8) have been 

reported to have better activities (2.25: 0.3 µM, 2.26: 0.45 µM) than 3-

nitrophenylboronic acid and 3-aminophenylboronic acid for inhibiting AmpC β-

lactamase.100 Therefore, we designed a series of azidomethyl and methyl-1,4-

substituted 1,2,3-triazole analogues of phenylboronic acid to elucidate their 

SAR in relation to KPC-2. Towards the synthesis of the selected analogues the 

required azido derivatives 1 and 2 were synthesised by SN2 substitution of the 

bromomethyl compounds (3- or 4-bromomethylboronic acid).101 This furnished 

the azide scaffolds in moderate yield (65% and 49%, respectively). 

 

Figure 2.8 Selected azo-boronic acid compounds (2.25 & 2.26) and their activities towards the 

inhibition of AmpC β-lactamase. 
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analogues. First, we used copper (II) sulfate and ascorbic acid to generate the 

catalytic Cu (I) species in situ, TBTA (tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine) was used to stabilize the Cu (I).102 This proved unsuccessful 

in our hands and a review of the literature revealed that the addition of fluoride, 

in the form of caesium fluoride (CsF), was required to protect the boronic acid 

moiety and prevent/minimise copper insertion into the C-B bond and the 

associated decomposition reactions (copper insertion into the C-B bond 

becomes less favourable, Scheme 2.5).103 As a result, the conditions employed 

for the copper(I)-catalysed alkyne-azide cycloaddition (CuAAC) reaction were 

as follows: TBTA (0.2 eq), CuBr (0.4 eq) and CsF (2 eq) in H2O:DMF:t-BuOH 

(1:3:1). This allowed the synthesis of the desired triazole analogues in 

moderate yield (21–80%, Scheme 2.6). The unconjugated benzyl alkyne 

derivatives (e.g. 2g) proved less reactive and required more forcing conditions, 

TBTA (0.4 eq), CuBr (0.8 eq) and CsF (4 eq) in H2O:DMF:t-BuOH (1:3:1) and 

heating to 35 °C. This difference in reactivity may be attributed to the higher 

pKa of the terminal alkyne c.f. the conjugated alkynes (acetylide formation is a 

rate determining step in CuAAC).104 Despite these changes, the reaction was 

sluggish and afforded the triazole 2g in low yield (10%). For the para analogue 

4g an insufficient quantity of pure material was obtained to proceed with 

characterisation and susceptibility testing. More forcing conditions (such as 

longer times and higher temperatures) or other conditions (e.g. a metal- and 
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azide-free 3-component coupling of α-ketoacetal, tosyl hydrazide, and a 

primary amine) can be explored in the future to synthesise these analogues.105  

 

 

Scheme 2.5 Proposed mechanism and the energy profile for the boronic acid protection by 

fluoride from copper-mediated degradation.103  
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Scheme 2.6 Synthesis of methyl-1,4-substituted 1,2,3-triazole analogues: a) Reagents and 

conditions: (i) 3-Bromomethylphenyl boronic acid (1 eq), NaN3 (5 eq), DMF, RT, 20 h, 65%; (ii) 

1 (1 eq), alkyne (1.1 eq), TBTA (0.2 eq), CuBr (0.4 eq), CsF (2 eq), H2O:DMF:t-BuOH (1:3:1), 

RT, 6 h, (a) 30%, (b) 45%, (c) 21%, (d) 28%, (e) 80%, (f) 67%, (g) 10%, (h) 64%, (i) 51%, (j) 

32%. *For 3-phenyl-1-propyne increased equivalence of TBTA, CuBr and CsF were added and 

the reaction was heated to 35 °C for 4-6 h; (iii) 2j (1 eq), LiOH (3 eq), MeOH:H2O (1:1), RT, 20 

h, 67%; b) Reagents and conditions: (i) 4-Bromomethylphenyl boronic acid (1 eq), NaN3 (5 eq), 

DMF, RT, 20 h, 49%; (ii) 3 (1 eq), alkyne (1.1 eq), TBTA (0.2 eq), CuBr (0.4 eq), CsF (2 eq), 

H2O:DMF:t-BuOH (1:3:1), RT, 6 h, (a) 72%, (b) 54%, (c) 33%, (d) 51%, (e) 23%, (f) 40%. 

 

To explore the optimisation of the linker between the thiophenyl and the 

phenyl ring, we aimed to replace the triazole and determine the SAR of these 

compounds for inhibition of KPC-2. A synthetic route consisting of 1 to 3 steps 
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was designed to furnish the desired compounds. Azidomethyl  derivative 1 

was synthesised as described previously by SN2 substitution of the 

corresponding bromomethyl derivative, and the methyl 1,4-substituted 1,2,3-

triazole analogues (2h-j) were synthesised via CuAAC following the same 

conditions as described previously (Scheme 2.7). Compound 2k was 

synthesised by hydrolysis of the ester 2j under basic conditions. Azido 

derivative 5a was produced from the aniline by diazo transfer and substitution, 

and then the triazole synthesis followed a similar route to the methyl triazole 

analogues (Scheme 2.8). Imidazole-1-sulfonyl azide hydrochloride, equivalent 

to triflyl azide in reactivity but more shelf-stable, has been widely used to 

transfer azido groups, and this reaction has been applied successfully in our 

laboratory previously. However, it did not generate the desirable azido-

phenylboronic acids. By evaluating the mass and NMR spectra of the side 

products, we propose that the Cu(II) catalyst used in the reaction could insert 

into the C-B bond, and resulting in a Chan-Lam coupling reaction product as 

the main isolated species (Scheme 2.8).106-108 Copper catalysts were avoided 

in subsequent reactions, and an alternative diazonium transfer & azide 

substitution one-pot reaction was used. The azido analogues were successfully 

generated using this approach. A small set of amide derivatives 7a-f were also 

synthesised as triazole isosteres through coupling reactions of the aniline with 

carboxylic acids (Scheme 2.7 (b)). Since the compounds can be synthesised 

through an easy one-step reaction, inhibitors with bulkier substituents (e.g. 
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benzo[b]thiophene) were added to the compound library to explore potential 

hydrophobic contacts further. 

 

 

Scheme 2.7 a) Synthesis of 1,2,3-triazole analogues. Reagents and conditions: (iv) 3-

Aminobenzene boronic acid (1 eq), NaNO2 (1.2 eq), NaN3 (1.5 eq), HCl (10% v/v), 0-5 °C, 20 

h, 58%; (ii) 5a (1 eq), alkyne (1.1 eq), TBTA (0.2 eq), CuBr (0.4 eq), CsF (2 eq), H2O:DMF:t-

BuOH (1:3:1), RT, 4 h, (a) 33%, (b) 84%, (c) 43%, (d) 33%, (e) 57%, (f) 40%, (g) 47%; (iii) 6g 

(1 eq), LiOH (3 eq), MeOH:H2O (1:1), RT, 20 h, 76%; b) Synthesis of amide analogues. 

Reagents and conditions: (v) 3-aminophenyl boronic acid (1 eq), carboxylic acids (1.1 eq), 

HBTU (1 eq), DIPEA (3 eq), DMF, RT, 3 h, (a) 78%, (b) 58%, (c) 53%, (d) 35%, (e) 60%, (f) 

83%. 
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Scheme 2.8 Proposed Chan-Lam coupling reaction between phenylboronic acids and azido 

compounds.108 

Following our studies with the BA series of compounds, we also 

synthesised a selection of fluorine substituted derivatives of 2e and 6c from 

commercially available phenylboronic acid precursors. 5-Amino-2,3-

difluorobenzene boronic acid is cheaper than its 2-fluoro or 2,4-difluoro 

analogues and therefore only 5d was synthesised from its amine precursor. 

The other two precursors (5b,c) were available as the nitro derivatives, so they 

were reduced in situ using Zn powder under acidic conditions to provide the 

amines. The copper-free diazo-transfer reaction was adopted as before to 

avoid side reactions, and this afforded moderate yields (48-65%) of 5b-d 

(Scheme 2.9).  

Based on our preliminary findings and previous literature conclusions, the 

3-thiophenyl substituent is the preferred substituent at the 4 position of the 

triazole. Hence, we synthesised compounds 8a-e using this backbone structure 
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(Scheme 2.9). During the purification of 8c, the product had similar polarity as 

TBTA (triazole derivative used to stabilizes Cu(I) in the click reactions). 

Consequently, the use of TBTA was avoided and the yield of the reaction was 

not reduced (59%). We chose 5-bromomethyl-2-fluorobenzene boronic acid 

pinacol ester as a starting point to generate the 2-fluoro substituted methyl-1,4-

substituted 1,2,3-triazole analogue 5e by SN2 substitution with azide following 

by hydrolysis of the ester. The combined yield of the two steps was 42%. To 

hydrolyse the boronic acid pinacol ester, a trifluoroborate salt (-BF3K) was 

formed first, then hydrolysed with LiOH to afford the corresponding boronic 

acid.109 Copper-(I)-catalysed click reaction was then carried out between 5e 

and 3-ethynylthiophene to give compound 8e.  

 

Scheme 2.9 Synthesis of F-substituted 1,2,3-triazole analogues: a) Reagents and conditions: 

(iv) 5-Amino-2,3-difluorophenyl boronic acid (1 eq), NaNO2 (1.2 eq), NaN3 (1.5 eq), HCl (10% 

v/v), 0-5 °C, 20 h, 65%; (vi) 3-Nitrobenzene boronic acids (1 eq), zinc powder (3.3 eq), NaNO2 
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(1.2 eq), NaN3 (1.5 eq), acetic acid, 0-5 °C, 4 h, (b) 48%, (d) 64%; (ii) 5b or 5c (1 eq), 3-

Ethynylthiophene (1.1 eq), TBTA (0.2 eq), CuBr (0.4 eq), CsF (2 eq), H2O:DMF:t-BuOH (1:3:1), 

RT, 3 h, (b) 49%, (c) 47%; 5d (1 eq), 3-Ethynylthiophene (1.1 eq), CuBr (0.4 eq), CsF (2 eq), 

H2O:DMF:t-BuOH (1:3:1), RT, 3 h, 59%; b) Reagents and conditions: (vii) 5-Bromomethyl-2-

fluorobenzeneboronic acid pinacol ester (1 eq), NaN3 (5 eq), DMF, RT, 20 h, (viii) LiOH (3.5 eq), 

KHF2 (3.5 eq), CH3OH:H2O (1:1), RT, 20 h, two steps overall 42%; (ii) 5e (1 eq), 3-

Ethynylthiophene (1.1 eq), CuBr (0.4 eq), CsF (2 eq), H2O:DMF:t-BuOH (1:3:1), RT, 3 h, 43%. 

 

In summary, a small set of phenylboronic acid analogues was screened in 

cellulo and in silico, many showed promising ability to potentiate CTX activity 

against the phenotypical E. coli strain overexpressing KPC-2. A preliminary 

SAR suggested a bulky substituent is preferred at the meta or para position 

compared to the ortho position of the boronic acids and F-substituted 

analogues showed diverse activity profiles that may warrant further 

investigation. These findings guided the synthesis of 1,4-substituted 1,2,3-

triazoles, amide and fluorinated derivatives of phenylboronic acids and the 

successful synthesis allowed us to evaluate their activities against the KPC-2 

protein and a CTX-resistant E. coli phenotypical strain overexpressing KPC-2, 

respectively. 

2.4 Production and Evaluation of KPC-2C  

2.4.1 Protein Purification 

In order to evaluate the compounds in vitro, we need to isolate the 

recombinant KPC-2 protein. Kanamycin-resistant E. coli strain BL21 (DE3) 
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containing an inducible KPC-2C plasmid (KPC-2 with the last 4 amino acids at 

C-terminal truncated, obtained from Prof. Focco Van den Akker, Case Western 

Reserve University, USA) was used to express and purify the KPC-2 protein 

(around 28kDa) according to the previously published protocol.20 Isopropyl β-

D-1-thiogalactopyranoside (IPTG) triggers transcription of the lac operon, and 

it is therefore used to induce protein expression where the gene is under the 

control of the lac operator. We adopted gradient borate elution (0.5-1M borate 

buffers) to obtain the KPC-2C protein from the boronate affinity column. 

However, analysis by the Bradford assay and electrophoresis showed over-

expression of impure proteins and limited target protein expression when using 

BL21(DE3) E. coli cells to express the protein (Figure 2.9, left). We, therefore, 

optimised the expressing conditions by reducing the induction time by IPTG 

from overnight to 4-6 h. The expression of target protein was not impacted but 

the concentration of the impurities was reduced (Figure 2.9). Although the yield 

of KPC-2C is relatively low (2.68 mg/L cell culture), we obtained a sufficient 

quantity of the purified protein for use in enzyme kinetics assays. Further 

MALDI-MS analysis demonstrated the protein has a mass of 28305 ± 4 Da that 

corresponds the reported mass of KPC-2.20, 44  
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Figure 2.9 SDS-PAGE gel of batches after boronate affinity column purification: overnight IPTG 

induction batches (left) and 4-6 h IPTG induction (right). FT: batch collected from flow through, 

Wash: batch collected from wash buffer. 

2.4.2 Kinetics of KPC-2 

The main function of β-lactamase enzymes, including KPC-2, is the 

hydrolysis of β-lactam antibiotics. Functional studies of enzyme activity can be 

carried out using nitrocefin as a β-lactam substrate in colorimetric assays.48, 57, 

59 Nitrocefin changes colour from yellow to red on hydrolysis, the change in 

absorbance can be measured using a UV spectrophotometer.110 With the 

purified protein in hand, we first measured the enzymatic activity of KPC-2C 

(Figure 2.10). V0 and Vi were recorded at 0.5 min without prior incubation as 

the initial velocity to ensure the reaction rate was first-order. The maximal 

velocity of the reaction (Vmax) and the Michaelis-Menton constant (Km) was 

determined using GraphPad Prism software (Equation 2.1). The Vmax values 

were then converted to turnover number (kcat) using Equation 2.2 (27.4 ± 1.6 

28.3 KDa 

Markers FT Wash 

Batches collected from gradient elution 

Markers FT Wash 

Batches collected from gradient elution 
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s-1), and the value corresponded to the previous finding on KPC-2 (kcat = 30 ± 

1 s-1).44 The Km values were 11.9 ± 1.14 μM at a KPC-2C concentration of 9 nM 

and 9.77 ± 1.73 μM using a KPC-2C concentration of 1.4 nM, which 

corresponds to previous findings using a similar assay setup (Km = 9 ± 1 μM, at 

a 10 nM KPC-2 concentration).44, 57 These findings suggested that the 

expressed and purified KPC-2 protein can be applied to structure-activity 

relationship (SAR) studies. 

 
Figure 2.10 Michaelis-Menton kinetics of KPC-2C with the enzymatic activity curve of 1.4 nM 

KPC-2C zoomed in at the upper right corner (1.4 nM in red and 9 nM in blue). All data points 

were measured in triplicates and the error bar represents their standard deviation. 
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optimised and purified batches of the protein were collected. The molecular 

mass and kinetics of isolated batches were characterised and both values are 

consistent with the literature. This enabled us to use the protein for further in 

vitro characterisation of compounds synthesised and explore the SAR for 

inhibition of KPC-2. 

2.5 SAR studies of Boronic Acid Analogues 

2.5.1 Percentage Inhibition (%inhibition) 

Before characterising activities of inhibitors against KPC-2, all derivatives 

were first screened using a fixed-dose (1 μM) percentage inhibition assay 

(%inhibition, Equation 2.3). Since 3-nitrophenylboronic acid has been reported 

to have moderate competitive inhibitory activity against KPC-2, we used it as a 

standard molecule.20, 97 Using this assay, we found that 1 μM 3-

nitrophenylboronic acid exerted less than 10% inhibitory activity (approx. 5%), 

whereas azido analogues 3 & 4 inhibited 30-40% of nitrocefin hydrolysis by 

KPC-2 (Figure 2.11 (a)). This significant difference in activities validated our 

modification strategy towards the scaffold. The %inhibition of 4a-f (para 

analogues) ranged from 50% to 70%, which demonstrated a stronger inhibition 

profile than the azido analogue 3, but the SAR of these analogues is less clear. 

The %inhibition observed for the meta-analogues 2a-k, on the other hand 

ranged from less than 10% to over 90%. The diverse profile of the %inhibition 
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values suggest that substitution at this position had a significant effect on 

binding behaviour. Compounds 2e and 2f with a thiophenyl moiety at the R1 

position were the two most potent candidates with 92% and 85% inhibition of 

KPC-2 activity, respectively. Several compounds failed to achieve 10% 

inhibition at the test concentration (e.g. 2a, 2j, 2k and 3-nitrophenylboronic 

acid), suggesting a steep drop off in activity on altering the R1 moiety. Further 

kinetic studies against KPC-2 and antimicrobial activity testing were required to 

study the compounds in detail. 

!"	$. 6																													%89ℎ8;8<8=9 = >1 −
'A
'B
C × 100% 

We synthesised 6a-h by truncating the methyl group in the linker. 

Furthermore, in order to investigate whether a triazole is the optimal linker, we 

synthesised a series of amide analogues 7a-f as triazole isosteres. The azido 

compound 5a showed similar activity compared to 1 or 3 (approx. 40% 

inhibition), however, a great number of truncated triazoles or amide analogues 

lose their activities against KPC-2. This might imply that a more flexible methyl-

1,2,3-triazole is the best linker of the three tested, and will be further analysed 

in additional assays. Compound 6c remains one of the most potent triazole-

containing candidates with over 70% inhibition of activity, confirming the 

important role of the 3-thiophenyl substituent. Interestingly, the 2-thiophenyl 

moiety with either a triazole or amide linker (6d & 7c) falls below 70% inhibition 

against KPC-2 (6d: 20% inhibition, 7c: no inhibition activity), compared to 2f. 
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The amide is more favourable than a triazole as the linker for the phenyl 

derivatives (6b cf. 7a, Figure 2.11 (a, b)).  

 

 

 

Figure 2.11 %inhibition of 1 μM compounds vs. KPC-2 (9 nM): (a) Statistical significance was 

evaluated by comparing 2e or 2f with other compounds in the graph using a one-way ANOVA; 

**** p < 0.0001. (b) Statistical significance was evaluated by comparing 6c with other 

compounds in the graph using a one-way ANOVA; **** p < 0.0001. 

We also synthesised fluorine-containing derivatives of the compounds (5b-

(a) 

(b) 
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e and 8b-e). The 2,4-di-F azido analogue 5b do not appear to inhibit KPC-2 at 

a concentration of 1 μM, whereas the triazole analogue 8b exerted 21% 

inhibition at this concentration (%inhibition of 1 μM 2,3-di-F analogues 5d and 

8d were not measured due to their low enzymatic activity profile). In addition, 

the 2-F analogues 5c,e and 8c,e) exerted medium activity (ranged from 30% to 

50%) at this concentration. Further structure-activity relationship studies are 

needed to fully explain these results. 

 

Figure 2.11 %inhibition of 1 μM compounds vs. KPC-2 (9 nM): (c) Statistical significance was 

evaluated by comparing 2e or 6c with other compounds in the graph using a one-way ANOVA; 

**** p < 0.0001. 

To conclude, the %inhibition values for compounds at a concentration of 1 

μM indicated that most of the methyl-1,4-substituted triazole analogues (2 & 4 

series) performed better than 3-nitrophenylboronic acid, confirming that this 

scaffold is promising for the discovery of potent inhibitors. Whereas truncated 

analogues (6 series), amide analogues (7 series) and fluorinated analogues (5 

(c) 
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& 8 series) displayed a diverse activity profile, which warrants further SAR 

exploration and refinement of the inhibitors against KPC-2. 

2.5.2 Half Maximal Inhibition Concentration (IC50) & Inhibition Constant (Ki) 

Encouraging results from the fixed concentration experiments lead us to 

further explore the dose-response behaviour of the phenylboronic acid 

inhibitors. The IC50 value was determined experimentally as the inhibitor 

concentration that reduces the enzyme activity by 50%. The IC50 value depends 

on many factors such as concentration of the enzyme and the substrate, 

whereas the Ki value is an equilibrium constant that is independent from these 

factors. The Cheng-Prusoff equation (Equation 2.4) can be used to calculate 

the Ki of inhibitors using Km value of the enzyme-substrate reaction and the 

experimentally determined IC50 value.  

!"	$. E																																																			0A =
ICHB

1 + [S]
0)

 

Analysis of the enzyme kinetics data confirmed that 1, 3 and 5a were 2-3 

folds more potent than 3-nitrophenylboronic acid, and 2e & 6c were the two 

most potent nanomolar inhibitors (Ki = 0.032 μM and 0.038 μM, respectively). 

Among all meta-substituted methyl-1,2,3-triazole derivatives, the 3-thiophenyl 

analogue 2e was the most active inhibitor: 2-fold c.f. 2f; 5-fold c.f. 2b; 15-fold 

c.f. 2c; 28- and 31-fold c.f. 2j and 2k, respectively (Table 2.2). Analogues 2h-k 
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were generally less active than their aromatic counterparts against KPC-2 

(except for 2a), and hence implied a preference for an aromatic R1 moiety. The 

trend among 2a-k also demonstrated a preference for a smaller aryl substituent 

at the 4-position of the triazole (thiophenyl > phenyl > pyridinyl > benzyl). The 

cyclopropyl analogue 2i has a moderate activity among the meta analogues 

(better than pyridinyl and benzyl substituents), supporting the preference of a 

smaller ring at the 4 position of triazole. The SAR between meta- and para- 

substitution can be explored by comparing IC50 values of the 2 and 4 series 

analogues with the same R1 moiety next to the triazole. Compounds 2b, e, f 

were 2 to 7-fold more potent than their 4 series equivalents. By comparing the 

docked structures of, for example, 2e & 4e, we suggest that meta and para 

analogues bind to KPC-2 differently (Figure 2.12 (a)). The meta analogues 

(e.g. 2e) were proposed to fit in the binding pocket and forming a key hydrogen 

bond between the 2-N of the triazole and Thr237, whereas the para substituent 

in compound 4e is positioned in the lower part and forming a π–π interaction 

with Trp105 (Figure 2.12 (a)). Furthermore, the packing of corresponding 

inhibitor against the hydrophobic loop between α10 and α11 helices is also 

important for their activities. Noticeably, methoxyphenyl analogues are an 

exception, the activity dropped 4-fold by comparing 2a with 4a. It is possible 

that the methoxyphenyl substituted meta analogues may be large enough to 

cause steric clashes within the KPC-2 binding pocket. There is a larger space 

in the lower part of the binding pocket that para-substituted compounds occupy, 
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and this may explain the only exception in the SAR. To explain why the SAR of 

2 & 4 series was unclear in relation to KPC-2 and to validate our docking 

hypotheses, crystallographic studies are urgently needed.  

 

Table 2.2 Activities of compounds 2a-k, 4a-f vs. KPC-2. 

 

Compound R 
%inhibition 

(1μM) 
IC50 (μM) Ki (μM) Score 

2a 
 

7.40 ± 1.86 2.66 ± 0.07 0.860 ± 0.031 -32.19 

2b 
 

69.06 ± 0.84 0.513 ± 0.085 0.166 ± 0.004 -31.31 

2c 
 

53.68 ± 2.09 1.49 ± 0.449 0.484 ± 0.019 -32.28 

2d 
 

61.08 ± 2.84 N.D. N.D. -30.40 

2e 
 

92.02 ± 1.36 0.116 ± 0.016* 
0.032 ± 

0.002** 
-31.27 

2f 
 

84.88 ± 2.61 0.240 ± 0.029* 
0.067 ± 

0.002** 
-31.42 

2g 
 

47.52 ± 3.47 N.D. N.D. -26.29 

B
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N N
N

R B
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N N
N

R

2a-k 4a-f



 75 

2h 
 

30.01 ± 3.68 1.590 ± 0.039 0.515 ± 0.017 -19.53 

2i 
 

47.23 ± 12.12 0.864 ± 0.220 0.280 ± 0.009 -30.20 

2j 
 

6.90 ± 2.91 2.785 ± 0.942 0.901 ± 0.041 -21.53 

2k 
 

9.98 ± 3.45 3.144 ± 0.612 1.017 ± 0.027 -19.89 

4a 
 

59.38 ± 5.14 0.703 ± 0.241 0.227 ± 0.010 -28.19 

4b 
 

55.31 ± 1.89 0.999 ± 0.353 0.323 ± 0.015 -29.37 

4c 
 

58.91 ± 2.54 N.D. N.D. -29.30 

4d 
 

46.84 ± 2.13 N.D. N.D. -29.42 

4e 
 

53.14 ± 1.95 0.678 ± 0.263 0.219 ± 0.007 -29.46 

4f 
 

45.12 ± 2.78 0.849 ± 0.204 0.275 ± 0.009 -25.13 

* Δ Clearance Zone were recorded relative to control (CTX + 3-nitrophenylboronic acid) in 

triplicate; 

** Protein concentration 1.4 nM, Km = 9.77 ± 1.73 μM; N.D. not detected; 3-nitrophenylboronic 

acid: IC50 = 4.643 ± 0.410 μM, Ki = 1.50 ± 0.018 μM; 3: IC50 = 1.522 ± 0.317 μM, Ki = 0.493 ± 

0.014 μM. 
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Figure 2.12 Overlay of: (a) 2e (green) & 4e (orange) docked against KPC-2; (b) 2h-k docked 

against KPC-2. Hydrogen bonds between the ligands and the protein were presented as dotted 

lines. (Surface mesh white: aromatic lipophilic, green: mostly aliphatic lipophilic surface, red: 

hydrogen bonding acceptor potential, blue: hydrogen bond donor potential). 

We proposed that Thr237 is an essential residue for the binding of the 2 

series phenylboronic acid inhibitors with KPC-2.19 Docking studies suggested 

that by truncating the methyl in 2 series (6 series) or replacing it by amide (7 
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series), the H-bond acceptor 2-N of the triazole or carbonyl oxygen can locate 

closer to the H-bond donor Thr237 (Figure 2.13). Notably, judging from 

the %inhibition results, rigid structures (series 6 and 7 compounds) show 

different activities over KPC-2 inhibition (6c c.f. 6a, b, d-h; 7b c.f. 7c) and hence 

serve as better tools to investigate the SAR for the inhibition of KPC-2 (Table 

2.3).  

Kinetic studies on the 6 and 7 series compounds revealed a significant 

difference in IC50 values between the 3-thiophenyl and 2-thiophenyl substituted 

compounds: approximately 19-fold 6c c.f. 6d, and 3.3-fold 7b c.f. 7c (Table 

2.3). As indicated in the docking results, both linkers made polar contacts with 

Thr237, respectively. Compounds 6c and 7b were predicted to pack with the 

hydrophobic loop of the KPC-2 binding pocket in a similar way. Nevertheless, 

the S atom of the 2-thiophenyl counterparts 6d & 7c point in different directions 

(approx. 60°) (Figure 2.13). Thus, orientation of the S atom in our viewpoint 

could be relevant to the activity and is worth exploring using crystallographic 

studies in the future. The SAR is less clear regarding t-Bu and cyclopropyl 

analogues (2h c.f. 6e, 2i c.f. 6f), with all candidates showing intermediate 

activities (Ki = 0.28 - 0.66 μM) against KPC-2 in the enzyme kinetics assays 

(Table 2.2, 2.3). In conclusion, KPC-2 showed a preference for the flexible 

methyl-1,4-substituted triazole linker over rigid linkers and 3-thiophenyl 

substituent at the 4 position of triazole is preferred in vitro.  
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Table 2.3 Activities of compounds 6a-h, 7a-f vs. KPC-2. 

 

Compound R 
%inhibition 

(1μM) 
IC50 (μM) Ki (μM) Score 

6a 
 

5.91 ± 1.40 

N.D. 

N.D. 

6b 
 

17.87 ± 3.98 -24.16 

6c 
 

74.81 ± 3.88 0.135 ± 0.036* 
0.038 ± 

0.002** 
-37.03 

6d 
 

20.4 ± 6.15 2.197 ± 0.507 0.711 ± 0.022 -35.74 

6e 
 

46.48 ± 3.56 1.361 ± 0.418 0.440 ± 0.018 -26.05 

6f 
 

14.33 ± 2.86 2.041 ± 0.598 0.660 ± 0.026 -28.10 

6g 
 

25.13 ± 2.64 

N.D. 

-33.07 

6h 
 

0.311 ± 0.19 -22.61 

7a 
 

39.92 ± 3.20 -37.56 

B
HO OH

N
H

O

R

B
HO OH

N
N N

R

6a-h 7a-f
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7b 
 

27.61 ± 4.02 2.702 ± 0.535 0.874 ± 0.023 -37.79 

7c 
 

1.70 ± 7.21 8.862 ± 2.424 2.868 ± 0.106 -39.23 

7d  16.03 ± 0.97 

 

N.D. 

-35.83 

7e 
 

10.15 ± 0.04 -37.47 

7f 

 

8.594 ± 0.70 -29.33 

* Δ Clearance Zone were recorded relative to control (CTX + 3-nitrophenylboronic acid) in 

triplicate; 

** Protein concentration 1.4 nM, Km = 9.77 ± 1.73 μM; N.D. not detected; 
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Figure 2.13 Overlay of: (a) 6c (green) & 6d (orange) docked against KPC-2; (b) 7b (green) & 

7c (orange) docked against KPC-2. Hydrogen bonds between the ligands and the protein were 

presented as dotted lines. 

Guided by the screening results and the SAR above, fluorine-containing 

derivatives of the compounds (5b-e & 8b-e) were designed and synthesised. 

The fixed-dose %inhibition (1 μM) assay showed that 2e (92% inhibition) 

performed better than the 2-F analogue 8e (53%), and 6c (75%) remained the 

best inhibitor among all truncated triazole analogues. The 2,4- and 2,3-di-F 

analogues such as 5b,d and 8d did not appear to inhibit KPC-2 at this 

concentration (2,3-di-F analogues have high IC50 values and therefore their 1 

μM %inhibition values were not measurable, Table 2.4). Further enzymatic 

assays evaluated activity of the analogues against KPC-2, showed that 

compounds 5a, c, e had sub-micromolar Ki values (approximately 0.4-0.5 μM). 

Enzyme kinetic results regarding azido analogues also indicated that 2,3-di-F 

and 2,4-di-F were less preferred than 2-F (48- and 14-fold decrease in IC50 

values, 5d, b c.f. 5c), whereas the 2-F substitution was tolerated with little 
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change in activity (comparing 5c with 5a, 0.57 and 0.45 μM respectively). 

Furthermore, 2-F substitution was preferred among the azidomethyl analogues: 

5e is approximately 2-fold more active than 1 against KPC-2 (Ki values 0.4 μM 

and 0.8 μM respectively), respectively. Compared to the azido analogues, 

triazole derivatives including di-F-substituents have improved activity (4 to 25-

fold) (Table 2.4). This confirmed our finding that by constructing meta 

analogues of phenylboronic acid with a 1,2,3-triazole linker and a 3-thiophenyl 

substituent at the 4 position of triazole, we achieved consistently good activity 

against KPC-2. Only 5c and 8c have similar Ki (approximately 0.6 and 0.8 μM). 

To further explain the SAR among fluorinated derivatives with KPC-2, the 

analogues were docked into the KPC-2 protein (PDB id: 3RXX). The results 

indicated that the fluorine substituents were generally tolerated in the docked 

conformations without apparent steric clashes. Hence, there are factors beyond 

the predicted bound conformations that may account for the significant drop in 

activity for these analogues (Figure 2.14). 
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Figure 2.14 (a) 2e docked against KPC-2 (the van der Waals surface of the ligand is 

represented in purple in the 3D structure, hydrogen bonds were presented as blue dotted lines 

and the hydrophobic interaction was presented as a blue curve in the 2D structure). (b) 8b 

docked against KPC-2. (c) 8d docked against KPC-2. (Surface mesh white: aromatic lipophilic, 

green: mostly aliphatic lipophilic surface, red: hydrogen bonding acceptor potential, blue: 

hydrogen bond donor potential). 
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Table 2.4 Activities of compounds 1, 2e, 5a-e, 6c, 8b-e vs. KPC-2. 

 

Compound n X 
%inhibition 

(1 μM) 
IC50 (μM) Ki (μM) Score 

5a 

0 

H 33.51 ± 1.81 1.392 ± 0.321 0.450 ± 0.014 -31.51 

5b 2,4-F -0.04 ± 2.90 24.1 ± 4.0 7.790 ± 0.349 -31.77 

5c 2-F 37.15 ± 2.26 1.755 ± 0.527 0.568 ± 0.023 -31.42 

5d 2,3-F N.D. 84.1 ± 13.0 27.2 ± 1.44 -30.98 

5e 

1 

2-F 40.39 ± 7.79 1.281 ± 0.289 0.414 ± 0.013 N.D. 

1 H 30.49 ± 7.02 2.569 ± 0.414 0.831 ± 0.033 -28.01 

6c 

0 

H 74.81 ± 3.88 0.135 ± 0.036 0.038 ± 0.002 -37.03 

8b 2,4-F 21.47 ± 4.28 5.70 ± 1.60 1.84 ± 0.07 -36.44 

8c 2-F 35.27 ± 3.18 2.463 ± 0.525 0.797 ± 0.023 -36.52 

8d 2,3-F N.D. 18.2 ± 7.2 5.90 ± 0.31 -36.38 

B
HO OH

X N3
n

B
HO OH

N N
N

n

S

X

1, 5a-e 2e, 6c, 8b-e
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8e 

1 

2-F 52.71 ± 4.38 0.743 ± 0.223 0.240 ± 0.010 N.D. 

2e H 92.02 ± 1.36 0.116 ± 0.016 0.032 ± 0.002 -31.27 

*Δ Clearance Zone were recorded relative to control (CTX + 3-nitrophenylboronic acid) in 

triplicate;  

** Protein concentration 1.4 nM, Km = 9.77 ± 1.73 μM; N.D. not detected; 

In summary, both meta and para-substituted methyl-1,2,3-triazole 

analogues were tolerated in the KPC-2 binding pocket, but the meta substituted 

inhibitors were more active than the para isomers in most cases. Molecular 

docking studies suggested that they form a hydrogen bond with a key residue, 

Thr237 in the binding pocket. To further explore the SAR, different linkers were 

examined. However, as the result showed, the flexible methyl-1,4-substituted 

triazole served as the best linker in our hands. Regarding the substituents at 

the 4-position of triazole, we concluded that smaller aryl rings (5-membered) 

are preferred. Potent nanomolar inhibitors such as 2e, f and 6c share the same 

thiophenyl substituent at the 4-position of the triazole, and a 3-thiophenyl is 

preferable to a 2-thiophenyl with regard to the inhibition activity of KPC-2. 

2.5.3 Acid Dissociation Constant (pKa) of Phenylboronic acids 

As many have suggested previously, boronic acids in most cases serve as 

Lewis acids rather than Brønsted acids and this property plays a role in their 

utility in cross-coupling reactions such as Suzuki couplings in organic synthesis. 

In our case, the Lewis acid behaviour plays a role in the covalent binding with 
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the active site serine residue of KPC-2. However, the predicted pKa of all of the 

boronic acid derivatives was estimated to be 9.2 using ICM-Pro, which was not 

consistent with experimental data, suggesting that the modelling software does 

not account for the Lewis acid behaviour correctly.41, 75 As some of the research 

has illustrated, the dissociation constant (pKa) value of phenylboronic acids 

varies substantially due to substituent effects (ranging from 4-10).87, 111 

Therefore, the relationship between the pKa value of those compounds and 

their activity against KPC-2 was evaluated.  

First, we measured the apparent pKa values of nitro-phenylboronic acid 

compounds in our test set that have been reported previously (3-

nitrophenylboronic acid, BA11).111 The change of UV absorption at 268 nm 

(where the difference of absorbance between acidic and basic forms is the 

greatest, Figure 2.15) was used to determine the hybridisation change from 

acidic trigonal form to basic tetrahedral form of nitro phenylboronic acid 

compounds (Scheme 2.10). The values that we obtained matched with those 

reported in the literature (in parentheses of Table 2.5).111 Afterwards, the pKa 

value of the other analogues (NO2, N3 & triazoles) were determined following a 

similar procedure. Different wavelengths were used corresponding to the 

difference of absorbance between acidic and basic forms of individual 

compound (λ5a, c, d = 295 nm, λ5b = 340 nm, λ5e = 277 nm, λ6c, 8c, 8e = 250 nm, λ8b 

= 269 nm). The in vitro activity of azido derivatives has been illustrated as H > 

2-F > 2,4-di-F > 2,3-di-F (5a-d) and the pKa values decrease in this order from 
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8.2 to 6.0 (Table 2.5). We found pKa values increased in all cases when 

converting a nitro group to an azide (by 0.2 to 1 units), and when we modify 

azides to triazoles the pKa value increased 1 to 2 units further (e.g. 5c c.f. 8c, 

5e c.f. 8e). Although the interaction with residues in the binding pocket and the 

effect of pKa were not additive, this finding provides another consideration for 

the SAR for KPC-2. By derivatising the scaffold and increasing the pKa of 

phenylboronic acid, we expected a stronger covalent binding profile. Moreover, 

an optimised pKa may contribute to solubility and cell permeability in cellulo and 

in vivo. Whereas high pKa value (over 10) can relate to poor solubility in buffer 

solution as well as human body fluids, and therefore posing challenges for 

further drug development. The efficiency of covalent binding is described as 

kinact/Ki and that value should be measured in the future to validate the impact 

of pKa on the formation of covalent bond between those compounds and the 

corresponding residues in β-lactamases.112  

 

 

Scheme 2.10 Equilibrium between phenylboronic acids and their conjugate base in solution. 

BHO OHOH
BHO OH

H+

OH-

RR
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Figure 2.15 The UV absorption of 3-nitrophenylboronic acid in acidic (pH 5.0, red curve) and 

basic (pH 9.0, blue curve) PBS.  

Table 2.5 The pKa values of 3-nitrophenylboronic acid, BA10,11, 5a-e, 6c, 8b,c,e and their Ki 

(μM) values against KPC-2.  

    

  

Compound 3-NPBA BA10 BA11   

pKa 
7.11-7.37 

(7.1*) 
5.96-6.00 6.00-6.06 (6.0*)   

Ki 1.500 N.D. N.D.   

      

Compound 5a 5b 5c 5d 5e 

pKa 8.16-8.38 6.22-6.31 6.81-6.93 5.98-6.10 7.15-7.29 

Ki 0.450 7.790 0.568 27.200 0.414 

250 300 350 400
0.0

0.5

1.0

Wavelength (nm)

Ab
s
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Compound 6c 8b 8c 8d 8e 

pKa 8.16-8.46 6.16-6.38 7.56-7.66 N.D. 9.59-10.40 

Ki 0.038 1.840 0.797 5.900 0.240 

(pKa values were the 95% confidence interval calculated using GraphPad Prism software.) 

* Literature values of pKa.111 

 In summary, electron withdrawing groups such as fluorine reduced the 

pKa of phenylboronic acids by 1-2 units. A similar effect was observed by 

comparing the nitro analogues with the azide or azidomethyl derivatives. 

Generally, lower pKa values correlated with poor enzymatic activities against 

KPC-2 and vice versa. A high pKa is not common with F-substituted 

compounds, but in the case of 8e (pKa ~10) it may correlate with poor 

dissolution in PBS (pH 7.4) due to the predominance of the non-ionized form of 

the molecule. Hence, a pKa around 8.2 (e.g. 6c) was assumed to be preferable 

for both the dissolution of compounds and their binding to KPC-2. The efficiency 

of covalent binding (kinact/Ki) need to be measured in the future and more 

phenylboronic acid compounds with different electron withdrawing groups or 

electron donating groups could be studied in the future to confirm our findings. 
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2.5.4 Disk Diffusion Assay 

To further assess the in cellulo activity of the phenylboronic acid analogues 

we carried out a disk diffusion assay to assess the recovery of the sensitivity of 

β-lactam antibiotics in a KPC-producing E. coli BL21(DE3) strain. All 

compounds were tested at a concentration of 50 μg/disk + 30 μg of cefotaxime 

(CTX). The MH agar contained an optimised concentration of IPTG (200 μM) 

to ensure sufficient expression of KPC-2 during the assay. This resulted in a 

CTX-resistant phenotype where the growth inhibition (clearance) zone of the 

disks were 20 ± 0.8 mm (susceptibility testing categories of CTX: resistant <22 

mm, intermediate 22-26 mm, susceptible >26 mm).99 The size of clearance 

zone reflects the concentration dependence of the activity, because the 

antibiotic concentration is lower further from the disc.113 With a similar rate of 

diffusion of β-lactamase inhibitors on the agar plate (solubility and molecular 

weight dependent), this assay can be used to test the effectiveness of them in 

combination with antibiotics. The MH broth was used to inoculate bacteria 

according to the CLSI guideline and it allows better bacterial growth than 

saline.19, 20, 114  

The diameter of clearance zone of the first generation of compounds, 

azidomethyl as well as methyl-1,4-substituted triazole analogues, increased 

sufficiently to alter the phenotypical strain from resistant to susceptible. This 

suggested that these novel triazole derivatives had promising in cellulo activity 
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(Figure 2.16). In general, the meta analogues (2 series) were preferred to their 

para isomers (4 series). Looking at the data in more detail, it appears that the 

relatively conservative change from a nitro group to an azidomethyl group was 

tolerated (3-nitrophenylboronic acid c.f. 1). The analogues were also tested 

in the absence of CTX and no clearance zone was observed in all cases, 

suggesting that the inhibitors do not have bactericidal activity in their own right 

and that the observed effect is a result of inhibition of KPC-2.19 As expected by 

kinetics study compound 2k (carboxylic acid analogue) failed to increase the 

clearance zone compared to 3-nitrophenylboronic acid in combination with 

CTX, whereas other novel 2 series analogues (2h-j) achieved a significantly 

larger clearance zone compared to 3-nitrophenylboronic acid. In addition, the 

difference of clearance zone (Δ Clearance Zone) of 2k compared to the control 

CTX disk soaked in DMSO (solvent) was significantly smaller than that of 2j 

(Student’s t-test: p=0.0176), and that of 6h (carboxylic acid analogue) was 

significantly smaller than 6g (Student’s t-test: p=0.0227). This revealed that a 

carboxylic acid is less preferred than its ethyl ester at the 4 position of triazole 

for activity in cellulo. The truncated 1,2,3-triazole (6) and amide (7) analogues 

proved to be less active in vitro, however, to our surprise, the 6 analogues all 

managed to increase the clearance zone over 3-nitrophenylboronic acid in 

combination with CTX (Figure 2.16) and this might due to their improved 

permeabilities to E. coli compared to 2 analogues. The clearance zone of 6d 

(2-thiophenyl analogue) is significantly smaller than that of 6c (3-thiophenyl 



 91 

analogue, Student’s t-test: p=0.0375), and the clearance zone of 7b (3-

thiophenyl analogue) was significantly larger than its 2-thiophenyl isomer: 7c 

(Student’s t-test: p=0.0019). This supports our findings in vitro that the 3-

thiophenyl substituent (i.e. 6c, 7b) is preferred to the 2-thiophenyl (i.e. 6d, 7c) 

on the rigid scaffold. The activity of the amide analogues were varied, however, 

none of the compounds was able to create a clearance zone greater than 10 

mm relative to control (Figure 2.16). This supported our finding that the triazole 

linker remains a better choice than the amide for inhibitors of KPC-2.  

The previous conclusions drawn on the inhibitory activities of F-analogues 

was re-confirmed in the disk diffusion assays with CTX. The 2,3-difluoro-

analogues 5d & 8d failed to sensitise the strain against CTX, validated the 

hypothesis that they are less preferred than the 2,4-isomers 5b or 8b, 

respectively. All other fluorine-substituted compounds potentiated CTX against 

the phenotypical strain successfully (Figure 2.16). The correlation between 

these results and in vitro data indicates the disk diffusion assay can be 

employed as a potential cell-based screening method for phenylboronic acid 

inhibitors with appropriate antimicrobial partners. 
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Figure 2.16 Disk diffusion assay: CTX + inhibitors vs. KPC-2 overproducing E. coli strain. Bar 

graph of the change in zone of clearance of a) meta-analogues, b) para-analogues, c) truncated 

meta-analogues, d) meta-amide analogs, e) fluorinated analogues relative to control (CTX + 

DMSO). Statistical significance was evaluated relative to CTX+3-NPBA using a one-way 

ANOVA; **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. 

As we observed a synergistic effect between our compounds and 

cefotaxime (CTX), mechanisms of this synergy require further exploration 
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against different classes of β-lactam antibiotics (e.g. penem antibiotics) as well 

as with optimally lower inhibitor concentrations. A significant difference has 

been identified between the 2 and 4 regioisomers in the behaviour in disk 

diffusion assays combined with CTX. As a result, we have further investigated 

the potential of synergy between inhibitors and meropenem (MEM), a penem 

antibiotic, using the disk diffusion assay under the same condition as described 

previously (susceptibility testing categories of MEM: resistant <14 mm, 

intermediate 14-21 mm, susceptible >21 mm).99 Most compounds managed to 

recover sensitivity of the bacterial strain to MEM except for 5d & 8d (clearance 

zone of MEM with 5d: 19 ± 0.6 mm, 8d: 20 ± 1.4 mm) which correlates with 

their poor in vitro activity. The majority of the compounds did not show a 

significant increase in clearance zone compared to 3-nitrophenylboronic acid, 

apart from 2f, h and 8e (Figure 2.17). As indicated by the CLSI guidelines, 

meropenem perform poorly illustrating synergy with β-lactamase inhibitor in the 

disk diffusion assay.115 Minimum inhibition concentration (MIC) tests were then 

conducted to confirm the observations above. 
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Figure 2.17 Disk diffusion assay MEM vs. KPC-2 overproducing E. coli strain. Bar graph of the 

change in zone of clearance of a) meta-analogues, b) para-analogues, c) truncated meta-

analogues, d) meta-amide analogues, e) fluorinated analogues relative to control (MEM + 

DMSO). Statistical significance was evaluated relative to MEM+3-NPBA using a one-way 

ANOVA; **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. 

 

Δ
 Z

on
e 

of
 d

ia
m

et
er

 (m
m

)

3-
NPBA 1 2a 2b 2c 2d 2e 2f 2h 2i 2j 2k

0

5

10

15

20

*** **

a)

3-
NPBA 5 6a 6b 6c 6d 6e 6f 6g 6h

0

5

10

15

20

Δ
 Z

on
e 

of
 d

ia
m

et
er

 (m
m

)

c)

3-
NPBA 3 4a 4b 4c 4d 4e 4f

0

5

10

15

20

Δ
 Z

on
e 

of
 d

ia
m

et
er

 (m
m

)

b)

3-
NPBA 7a 7b 7c 7d 7e 7f

0

5

10

15

20

Δ
 Z

on
e 

of
 d

ia
m

et
er

 (m
m

)

d)

3-
NPBA 5b 5c 5d 5e 8b 8c 8d 8e

0

5

10

15

20

Δ
 C

le
ar

an
ce

 Z
on

e 
(m

m
) 

*

e)



 95 

To summarise, meta-1,2,3-triazole analogues (2 or 6 series) were 

preferred to their para isomers (4 series) or amide analogues (7 series). Apart 

from the carboxylic acid (2k) and methoxyphenyl analogues (4a), the 

compounds showed promising activity reversing the resistant phenotype 

against either cefotaxime (CTX) or meropenem (MEM). Diverse activities in the 

disk diffusion assay were evident among the F-substituted compounds (5 and 

8 series), as expected from the in vitro assay observations. Most of these 

compounds were able to sensitise either CTX or MEM against the resistance 

phenotype apart from the 2,3-di-F analogues (5d & 8d). 

2.5.5 Minimum Inhibition Concentration (MIC) Test  

 

Scheme 2.11 Compounds used in the susceptibility testing. 
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To further explore the synergistic effects of these compounds with both 

antibiotics, we performed MIC tests by adding 50 μg/ml selected phenylboronic 

acid inhibitors (Scheme 2.11) with serials concentrations of CTX or MEM (0.03-

64 μg/ml). The amount of IPTG used to induce KPC-2 expression and the 

concentration of DMSO in the broth were optimised. We found 1 mM IPTG was 

sufficient to create the resistant phenotype in the E. coli strain in MIC tests and 

the total concentration of DMSO test was less than 1% (v/v), a concentration 

known not to affect bacterial growth (conducted by Dr. Paul Stapleton UCL 

School of Pharmacy).19 The compounds alone do not have an antimicrobial 

effect (MIC >64 μg/ml). However, MIC values of CTX determined by the 

optimised condition showed a decrease from 16 μg/mL to 0.03 μg/mL (512-fold 

increase in susceptibility) in combination with all of the methyl-1,4-substituted 

triazole derivatives with the exception of 2a, 4a and 4f for which the MIC value 

decreased to 0.12, 0.06 and 0.12 μg/mL, respectively (Table 2.6). Compound 

6g was the least active candidate amongst the tested compounds (MIC 1 

μg/mL), yet still managed to sensitise CTX against the strain. The MIC value of 

the F-substituted compounds (5 and 8 series) varied from 0.25 to ≤0.06 μg/mL, 

5e and 8c,e were the best candidates, which is consistent with their in vitro 

activity. On the other hand, MEM seems to be a poorer partner in combination 

with our inhibitors, most compounds have higher MIC values than when they 

were administered with CTX except for 2e, 2f, 5e and 8e. In summary, 

meropenem seemed to be a worse partner than cefotaxime in combination with 
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the phenylboronic acid inhibitors. The MIC tests suggest that both antibiotic 

partners show improved activity when co-formulated with triazole analogues i.e. 

2e, 2f and 8e (Table 2.6). 

Nevertheless, the SAR of other inhibitors is not clear at this concentration. 

Consequently, we reduced the concentration of inhibitor to 5 μg/mL and the MIC 

value of CTX & MEM was re-measured. Most compounds tested were able to 

sensitize the phenotypical strain against both CTX and MEM (except for 2k, 5b 

and the control compound 3-nitrophenylboronic acid failed to sensitise the 

strain against either CTX or MEM). Even though the MIC of most tested 

inhibitors falls in to the susceptible category by CLSI guideline, a differentiated 

profile was observed. Amongst those compounds, 2e, 2f and 8e are among the 

most active in cellulo, decreasing MIC values of CTX as well as MEM from 16 

or >64 μg/ml to ≤0.06 μg/ml (512- to >1000-fold increase in susceptibility), 

respectively. These findings correlate to the in vitro activities of the compounds 

which indicated that 2e (Ki = 32 nM) was the best candidate against KPC-2. 

Most of the azido analogues tested (1, 5a, 5c and 5e) managed to sensitise 

both antibiotics against the strain, 1, 5a and 5e increased both MIC values of 

CTX and MEM by at least 128-fold (Table 2.6). On the other hand, many triazole 

analogues (e.g. 6c, 7b and 8c) showed moderate activity partnered with CTX 

as well as MEM (16- to 128-fold increase in MIC tests). Interestingly, some 

inhibitors showed divergent synergistic effects with CTX or MEM. For instance, 

7b and 8b are potent in combination with CTX (over 128-fold increase in 
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susceptibility), whereas the activity when partnered with MEM was limited (16-

fold increase). The selective synergistic effect could be structure-related and is 

worth exploring in the future.42, 116  

Table 2.6 MIC testing data of phenotypical E. coli strain BL21(DE3) overexpressing KPC-2 & 

E. coli NCTC10118 (MIC of compounds alone). 

Compound 
MIC of 

Compounds 

Alone# 

MIC in the presence of 50 

μg/ml inhibitors 

MIC in the presence of 5 

μg/ml inhibitors 

CTX MEM CTX MEM 

1 >64 ≤0.03 N.D. ≤0.06  0.12  

2a >64 0.12 

 

N.D. 

2b >64 ≤0.03 

2c >64 ≤0.03 

2d >64 ≤0.03 

2e >64 ≤0.03 ≤0.06 ≤0.06  ≤0.06  

2f >64 ≤0.03 ≤0.06 ≤0.06  ≤0.06  

2i >64 0.12  0.5  N.D. N.D. 

2k >64 0.12  2  2 4  

3 >64 ≤0.03 

N.D. 

4a >64 0.06 

4b >64 ≤0.03 

4c >64 ≤0.03 

4d >64 ≤0.03 

4e >64 ≤0.03 
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4f >64 0.12 N.D. 

5a >64 ≤0.06 N.D. ≤0.06  0.25  

5b >64 ≤0.06  8 0.12 16 

5c >64 0.25  0.5  1 1  

5e >64 ≤0.06  ≤0.06  ≤0.06  0.5  

6c >64 0.12  0.25  0.25 1  

6g >64 1  2  N.D. N.D. 

7b >64 0.12  2  0.12 4  

8b >64 ≤0.06 2  ≤0.06  4  

8c >64 ≤0.06  ≤0.06  0.12 1  

8e >64 ≤0.06  ≤0.06  ≤0.06  ≤0.06  

3NPBA >64 ≤0.06  ≤0.06  2 1  

No inhibitor >64 16  ≥64  16  ≥64 

# Cefotaxime: ≤0.06, meropenem: ≤0.06; CLSI MIC interpretative breakpoints: cefotaxime 

(susceptible ≤ 1μg/ml; intermediate 2 μg/ml; resistance ≥4 μg/ml), meropenem (susceptible 

≤ 4μg/ml; intermediate 8 μg/ml; resistance ≥16 μg/ml); N.D. not detected. 

 

With the activities of compounds confirmed against the inducible KPC-2 

expressing E. coli strain, we then moved on to test selected inhibitors in 

combination with β-lactams against clinical isolates of Gram-negative bacteria 

(E. coli, Proteus mirabilis and K. pneumoniae) expressing β-lactamases belong 

to different classes to determine resistance reversing activity (Table 2.7). 

Firstly, the antimicrobial activity of the KPC-2 inhibitors alone was tested against 
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both Gram-positive (Staphylococcus aureus) and Gram-negative (E. coli) 

control strains. The result indicated that they do not possess antimicrobial 

activities on their own. The compounds were then tested against E. coli clinical 

isolates expressing class A and C β-lactamases (TEM-1 and CMY-4). As it 

showed in results, these strains were susceptible to meropenem (MEM) while 

resistant to cefotaxime (CTX). The combination of CTX and inhibitors i.e. 5a 

(MIC 1 μg/ml) and 8b (MIC 0.12 μg/ml) were able to potentiate CTX against the 

resistant strains. That is may be due to the inhibition of CMY-4 (a class C AmpC 

like β-lactamase) by these compounds, and this finding could guide the future 

design of broader spectrum β-lactamase inhibitors. Subsequently, the MIC 

values of CTX and MEM were investigated against P. mirabilis and K. 

pneumoniae strains harbouring β-lactamases from all four classes. The P. 

mirabilis clinical isolate was susceptible to MEM (MIC 0.25 μg/ml) and K. 

pneumoniae clinical isolate harbouring OXA-48 was susceptible to both CTX 

(MIC 2 μg/ml) and MEM (MIC 0.5 μg/ml). On the contrary, K. pneumoniae 

strains harbouring KPC-3 and NDM-1 were resistant to both antibiotics. A 4-fold 

significant difference of MIC was not observed in the presence c.f. absence of 

inhibitor, and that may indicate that the concentration of those compounds in 

cells might be limited or their inactivity against the β-lactamases. Further 

structure modifications are required in the future to improve the permeability of 

those β-lactamase inhibitors and to achieve broad-spectrum potency.  

Several compounds were tested for their ability to inhibit the growth of 
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human cells to give an indication of their potential toxicity (assays performed 

by Dr. Humberto F Xavier-Junior and Prof. Andreas Schatzlein UCL School of 

Pharmacy). The results of the MTT assays using HEK-293 cells (human 

embryotic kidney cell line) at concentrations of 5 and 50 μg/ml suggested that 

the compounds were well tolerated in the presence or absence of 30 μg/ml 

cefotaxime (>80% viability after 24 hours, Appendix I). We also sent two 

compounds, 2e and 8b, to our collaborators from the Case Western Reserve 

University, USA. They found that both compounds were only able to sensitise 

a K. pneumoniae strain overproducing KPC-2 by 2-fold to an intermediate 

category of susceptibility with higher concentration of the inhibitors (8 μg/ml and 

16 μg/ml, respectively) in combinations with meropenem, whereas the FDA 

approved meropenem-vaborbactam combination decreased the MIC value by 

32-fold (from 16 to 0.5 μg/ml). Two possible reasons for the lack of activity of 

compounds 2e and 8b were 1) poor permeability through certain Gram-

negative bacteria e.g. K. pneumoniae; 2) they may be substrate for the porins 

on the cell membrane of K. pneumoniae (as they are able to potentiate CTX 

and MEM in E. coli strains).117 The exact cause requires further investigation in 

the future. 

In conclusion, we have developed a KPC-2-induced resistant phenotypical 

strain and applied it in the disk diffusion assay as well as the MIC test for 

antimicrobial susceptibility testing. Regarding the MIC value, compounds alone 

are not toxic against bacterial cells (MIC >64 μg/ml) or HEK-293 cell 
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(viability >80%) at two test concentrations (5 μg/ml and 50 μg/ml) of different 

inhibitors in combination with CTX (Appendix II). Promising inhibitors such as 

2e, 2f and 8e, on the other hand, were able to potentiate both CTX and MEM 

by >512-fold which is likely result from effective inhibition of KPC-2. The MIC 

data correlated with the SAR in vitro, supporting the hypothesis that the reversal 

of antimicrobial resistance to β-lactams is related to KPC-2 inhibition. 

Nevertheless, as the MICs of clinical isolates illustrated the inhibitors did not 

potentiate either antibiotic against K. pneumoniae strains. This might be due to 

the poor permeability or the rapid efflux of the compound through porins, which 

requires further evaluation. 

 



 103 

 

Table 2.7 MIC testing data of clinical isolates harbouring class A (TEM-1, CTM-X-14, KPC-3), class B (NDM-1), class C (CMY-2, CMY-4) or class D (OXA-48) 

β-lactamase to CTX or MEM alone and in combination with selected inhibitors (5 μg/ml).* 

Compounds 
S. 

aureus 
E. coli 

E. coli 

G69 

CMY-4 

E. coli 

CMY-4, 

TEM-1 

P. mirabilis 

CTX-M-14, 

CMY-2 

K. 

pneumoniae 

KPC-3 

K. 

pneumoniae 

NDM-1 

K. 

pneumoniae 

OXA-48 

1 >64 >64 8* N.D. >64 N.D. >64 N.D. 

2e >64 >64 ≥32* N.D. >64 >64 >64 2 

2k >64 >64 2 32 >64 N.D. >64 N.D. 

5a >64 >64 1 32 >64 >64 >64 2 

5c >64 >64 4 N.D. >64 N.D. >64 N.D. 

5e >64 >64 4 32 >64 >64 >64 2 

6c >64 >64 4 N.D. >64 >64 >64 2 

8b >64 >64 0.12 >64 >64 >64 >64 2 

8c >64 >64 4 >64 >64 >64 >64 2 

8e >64 >64 8 >64 >64 >64 >64 2 

3-NPBA >64 >64 4(8*) 32 >64 >64 >64 2 

CTX 0.5 ≤ 0.06 8(≥32*) >64 >64 >64 >64 2 
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Compounds 
S. 

aureus 
E. coli 

E. coli 

G69 

CMY-4 

E. coli 

CMY-4, 

TEM-1 

P. mirabilis 

CTX-M-14, 

CMY-2 

K. 

pneumoniae 

KPC-3 

K. 

pneumoniae 

NDM-1 

K. 

pneumoniae 

OXA-48 

2k >64 >64 ≤ 0.06 0.12 0.25 N.D. >64 N.D. 

5a >64 >64 ≤ 0.06 ≤ 0.06 0.25 64 >64 0.5 

5e >64 >64 ≤ 0.06 0.12 0.25 >64 >64 0.5 

8b >64 >64 ≤ 0.06 0.12 0.25 >64 >64 0.5 

8c >64 >64 ≤ 0.06 0.12 0.12 64 >64 0.5 

8e >64 >64 ≤ 0.06 0.12 0.25 64 >64 0.5 

3-NPBA >64 >64 ≤ 0.06 0.12 0.25 >64 >64 0.5 

MEM ≤ 0.06 ≤ 0.06 ≤ 0.06 0.12 0.25 >64 >64 0.5 

*CLSI MIC interpretative breakpoints: cefotaxime (susceptible ≤ 1μg/ml; intermediate 2 μg/ml; resistance ≥4 μg/ml), meropenem (susceptible ≤ 4μg/ml; 

intermediate 8 μg/ml; resistance ≥16 μg/ml);99 N.D. not detected. 
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2.6 Design, Synthesis and Evaluation of Broad-spectrum β-lactamase 

Inhibitors 

2.6.1 Background 

We have successfully designed, synthesised and evaluated a set of 

phenylboronic acid analogues with good in vitro activities against KPC-2 and a 

clear SAR both in vitro and in cellulo. However, the compounds share poor 

activity in cellulo against K. pneumoniae clinical isolates. Moreover, their 

activities in vitro against different β-lactamases require further investigation. As 

indicated in the previous docking studies, the binding pocket is relatively large 

and tolerates both meta and para aryl-substituents on the phenylboronic acid 

core. We propose that meta 1,2,3-triazole analogues were able to form a H-

bond with Thr237 and the para analogues twisted to form π–π stacking 

interactions with Trp105 of the KPC-2 protein (Figure 2.12). Previous research 

indicated that 3,5-disubstituted aryl benzoic acids inhibit OXA-48 and halogen 

substituted compounds were active against metallo-β-lactamases including 

NDM-1.72, 118 These findings encouraged us to further develop the compounds, 

aiming to achieve more ‘druggable’ candidates and preferably broader-

spectrum activities. 
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2.6.2 Molecular Docking 

Before synthesising novel analogues, we first designed a set of 

compounds and optimised their conformations in silico to screen them against 

different β-lactamases (class A: KPC-2 PDB id 3RXX; class C: AmpC PDB id 

3BM6; class D: OXA-48 PDB id 5TG4). The selection criteria of the ligands was 

based on the commercial availability of their starting materials which will be 

further discussed in the following synthesis section. The covalent docking was 

not conducted against the class B metallo-β-lactamase due to the limitations of 

software template, although this could be explored in the future.  

We have utilised a colour scale to illustrate the binding preference of 

ligands in silico for different β-lactamases, and a greener colour indicates a 

better docking score. As indicated in Table 2.8, most of the docking scores for 

the ligands were quite low, indicating a better predicted binding affinity and 

improved interactions with the β-lactamase binding pocket (c.f. the BA series in 

Table 2.1). Ligand 2.29 and 2.32 fitted well into all three β-lactamases (2.29 

gave the best score for OXA-48 whereas 2.32 was best fit with KPC-2), and 

were selected for synthesis and evaluation (Figure 2.18). The flexible 

piperidinyl and piperazinyl analogues (2.30 and 31) were less favoured against 

OXA-48 than other β-lactamases. Furanyl analogues (2.33 and 34) also fitted 

less well into the binding site of OXA-48 compared to other β-lactamases. On 

the other hand, most of the pyridinyl analogues (2.28, 29 & 36) were suggested 



 107 

to fit the binding site of OXA-48 well, a finding that correlates with a previous 

study showing that pyridinyl substituents are either able to form H-bond with a 

tyrosine residue or π–π stacking with it (PDB id 5QB0).118 Interestingly, we 

found that with a methyl substitution next to the N atom of a pyridinyl substituent, 

ligand 2.29 is predicted to fit all β-lactamases better than 2.28. This could be 

due to the improved packing with corresponding tryptophan or tyrosine residues 

in the β-lactamases. This hypothesis should be validated in the future by 

measuring activities against the β-lactamases and by performing 

crystallographic studies. 
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Figure 2.18 Docking of 2.29 (orange), 2.32 (8g, green) against: (a) KPC-2 (PDB id 3RXX), The 

key hydrogen bond between compounds and Thr237 of KPC-2 were presented as blue dotted 

lines in 2D structures; (b) AmpC (PDB id 3BM6); (c) OXA-48 (PDB id 5TG4), hydrophobic 

interactions between the compounds and Tyr112 of OXA-48 were presented as blue curves in 

2D structures. Hydrogen bonds between the ligands and the protein were presented as dotted 

lines in 3D structures.  
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Table 2.8 In silico screening of selected ligands (2.27-2.36) against KPC-2, AmpC and OXA-

48 β-lactamases. 

 

Ligand 
Score 

KPC-2 AmpC OXA-48 

2.27 -39.42 -35.12 -38.74 

2.28 -37.48 -34.36 -38.82 

2.29 -39.63 -36.39 -40.19 

2.30 -39.21 -36.39 -34.05 

2.31 -38.34 -34.68 -34.33 

2.32 (8g) -40.49 -35.9 -37.87 

2.33 -38.91 -36.41 -34.58 

2.34 -38.8 -34.58 -33.67 

2.35 -39.86 -35.63 -36.19 

2.36 -39.29 -35.45 -38.98 

 

2.6.3 Synthesis of Novel Boronic Acid β-lactamase Inhibitors 

    As previously discussed, 3-methyl pyridin-4-yl (2.29) and benzyl (2.32) 

were favoured substituents at the para-position of the core structure. 2-Fluoro-

3-nitrophenylboronic acid pinacol ester was commercially available, so we 

proposed to use it as the starting material for the synthesis of 5f and 5’. 

N

B
HO OH

O
R

N N
S

R27-31 = Ph����3\U����&+����3\U��
���������SLSHULGLQ\O��SLSHUD]LQ\O

N

B
HO OH

O N N
S

R

R32-36 = Ph��2-Fur, 3-Fur,���&O���3\U��
����������&O���3\U
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Compound 5f was synthesised following a similar procedure as previously 

described: the nitro group was reduced in situ, a diazo transfer followed by 

substitution with sodium azide was carried out to afford the pinacol ester of 5f. 

A potassium trifluoroborate salt was then formed and subsequently hydrolysed 

to afford the phenylboronic acid product, and the combined yield of the two 

steps was 36%, similar with that of 5e (42%). Compounds 5’ was synthesised 

via an SNAr reaction with benzyl alcohol followed by hydrolysis of pinacol ester 

as described previously in an overall yield of 43%. Compounds 5g and 8g were 

synthesised following the same procedure as for 5d and 8d but with a lower 

yield (36%, Scheme 2.12). A major challenge was the separation of 8f and 8g 

from TBTA during the CuAAC reaction as mentioned before, and different 

approaches without TBTA can be explored in the future to improve the yield of 

these analogues.  
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Scheme 2.12 Synthesis of 3,4-disubstituted-phenylboronic acid analogues. Reagents and 

conditions: (vii5f) 2-Fluoro-3-nitrophenylboronic acid pinacol ester (1 eq), zinc powder (3.3 eq), 

NaNO2 (1.2 eq), NaN3 (1.5 eq), acetic acid, 0-5 °C, 4 h, (viii5f) LiOH (3.5 eq), KHF2 (3.5 eq), 

CH3OH:H2O (1:1), RT, 20 h, two steps overall 36%; (ix) 2-Fluoro-3-nitrophenylboronic acid 

pinacol ester (1 eq), sodium hydride (1.5 eq), benzyl alcohol (2.5 eq), DMF, RT, 24 h, (viii5’) 

LiOH (3.5 eq), KHF2 (3.5 eq), CH3OH:H2O (1:1), RT, 20 h, two steps overall 60%; (vii5g) 5’ (1 

eq), zinc powder (3.3 eq), NaNO2 (1.2 eq), NaN3 (1.5 eq), acetic acid, 0-5 °C, 4 h, 43%; (ii) 5f,g 

(1 eq), alkyne (1.1 eq), TBTA (0.2 eq), CuBr (0.4 eq), CsF (2 eq), H2O:DMF:t-BuOH (1:3:1), RT, 

4 h, (f) 60%, (g) 36%. 

 

2.6.4 Evaluation of Novel Boronic Acid β-lactamase Inhibitors 

After the successful isolation of desirable compounds, we evaluated their 

activity in vitro and in cellulo (Table 2.9). Compound 5g was 10-fold more active 

against KPC-2 compared to 5f (Ki values 0.163 μM c.f. 1.99 μM), whereas 8f is 

B

NO2

O O B
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HO OH

(vii, viii) (ii)
B(OH)2

N
N N

S
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F F
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B(OH)2

N3

(ix, viii)

(ii)

B(OH)2
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N N

SOO

(vii)
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as active as 8g (Ki values 0.087 μM and 0.078 μM respectively). This suggests 

that the inclusion of both substituents on the phenylboronic acid core might 

improve inhibitor activity, but the 3-triazole side chain has a major impact on 

binding. By combining the in vitro results with that of previous azido and 1,2,3-

triazole analogues, we concluded that the preference of F-substituted 

phenylboronic acid azido analogues (5 series) is 2-F (5c) > 4-F (5f) > 2,4-F 

(5b) > 2,3-F (5d), as for 1,2,3-triazole analogues (8 series) the order is 4-F (8f) > 

2-F (8c) > 2,4-F (8b) > 2,3-F (8d) (Table 2.5 & 2.9). Di-F-substitutions are 

clearly not tolerated, the preference of F-substitution at the 2 or 4-position of 

phenylboronic acid ring might result from the impact of dissociation constants 

(e.g. pKa 8c < 8f hence Ki 8c > 8f).  

Nevertheless, our method failed to measure the pKa of 5f. In order to 

complete the SAR study, other acid-base titration methods could be 

investigated in the future. The inhibitors were further tested in cellulo as 

described previously. Results from the disk diffusion assay suggest 8f, 5’ and 

5g are most effective in combination with cefotaxime (CTX) and potentiate its 

activity from the resistant to susceptible category against the phenotypic E. coli 

strain. The disk diffusion assay indicated that compound 5’ outperforms others 

and is worth further investigation in the future. Based on the data that we 

obtained, 5g and 5f are more effective in combination with both antibiotics than 

8f. These inhibitors will be tested against other microorganisms as well as 

clinical isolates expressing various β-lactamases afterwards to check their 
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activities as well as outer membrane permeabilities. Overall, 2e and 6c remain 

the best inhibitors against KPC-2 among these analogues. On the other hand, 

novel analogues provide more options for the investigation of broad-spectrum 

β-lactamase inhibitor in the future. 

 

Table 2.9 Evaluation of novel phenylboronic acids 5’, 5f,g and 8f,g. 

  5f 8f 5' 5g 8g 

pKa N.D.# 7.94-7.99 7.17-7.33 7.1-7.6 7.20-7.37 

%inhibition (1 

μM) 
24.3 ± 9.3% 68.0 ± 3.6% N.D. 60.5 ± 1.7% 86.5 ± 3.2% 

IC50 (μM) 6.15 ± 2.38 0.31 ± 0.13 N.D. 0.58 ± 0.25 0.28 ± 0.12 

Ki (μM) 1.99 ± 0.07 
0.087 ± 

0.007 
N.D. 

0.163 ± 

0.017 

0.078 ± 

0.004 

Δ Clearance 

Zone (mm)* 
12.6 ± 1.4 12.0 ± 0.6 14.3 ± 0.8 14.0 ± 0.3 8.7 ± 2.8 

RIS I S S S I 

MIC** 
 ≤0.06 

(0.5) 
 0.25 (2) N.D. ≤0.06 (0.25) 

≤0.06 

(≤0.06) 

*Δ Clearance Zone were recorded relative to control (CTX + DMSO); Disk diffusion 

interpretative breakpoints: Cefotaxime (susceptible ≤22 mm; intermediate 23-25 mm; 

resistance ≥26 mm); ** MIC values of cefotaxime (meropenem) in combination with 5 μg/ml 

inhibitors except for 8g (conducted at the antibiotic concentration of 50 μg/ml); CLSI MIC 

interpretative breakpoints: cefotaxime (susceptible ≤ 1μg/ml; intermediate 2 μg/ml; resistance 

≥4 μg/ml), meropenem (susceptible ≤ 4μg/ml; intermediate 8 μg/ml; resistance ≥16 μg/ml).99 
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2.7 Summary and Future Work 

 To sum up, inspired by the co-crystal structure of KPC-2 and 3-

nitrophenylboronic acid, we first synthesised a set of methyl 1,4-substituted 

triazole analogues of phenylboronic acid (2 and 4). Activities of these 

compounds were characterised in vitro as well as in cellulo which revealed a 

preference of meta- analogues over their para- isomers. To explore the 

structure-activity relationship (SAR) between phenylboronic acids and KPC-2, 

we have further synthesised phenylboronic acid analogues with a rigid scaffold 

containing triazole or amide. SAR studies proposed a key H-bond between the 

linkers (N of triazole or amide) and Thr237, and in addition, 3-thiophenyl was 

found to be the best substituent at 4 position of the 1,2,3-triazole. This work 

resulted in the discovery of potent KPC-2 inhibitors 2e & 6c (Ki = 0.032 μM and 

0.038 μM, respectively). Inspired by BA ligand screening, a set of fluorine-

substituted azido and triazole analogues were also synthesised to explore both 

the binding pocket filling and the impact of F-substitution on the binding activity 

of the inhibitors. The preferred substitution pattern among 1,2,3-triazole 

analogues were 4-F (8f) > 2-F (8c) > 2,4-F (8b) > 2,3-F (8d), and it appears 

that inhibitors with pKa values ranging from 7.2-8.2 are preferred as inhibitors 

of KPC-2. 

Despite being potent inhibitors in vitro, our best candidate 2e was not 

effective against K. pneumoniae strains. Further work could focus on explaining 
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this behaviour and modifying the compound accordingly. The compounds were 

ineffective against K. pneumoniae clinical isolates expressing other β-

lactamases, the reason, again, requires further exploration including: 1) 

enzyme kinetics of compounds against different β-lactamases; 2) 

crystallographic studies if the compounds are active; 3) in cellulo studies e.g. 

MIC tests against E. coli clinical isolates expressing β-lactamases. We have 

further proposed the potential of 3,4-disubstituted compounds containing the 

thiophenyl triazole scaffold to be broad-spectrum β-lactamase inhibitors by 

molecular docking. A benzyloxy derivative has been successfully synthesised 

and characterised against KPC-2. To validate the hypothesis, more analogues 

need to be synthesised, followed by characterisation of those compounds 

against different β-lactamases. And finally, with the best candidate(s) in hand, 

in vivo animal models should be applied to study the safety and effectiveness 

of the compounds in combination with β-lactams against resistant bacterial 

infections. 
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Chapter 3 Glutathione Transferase 

3.1 Introduction 

3.1.1 Glutathione 

 

Figure 3.1 Chemical structure of glutathione (GSH). 

Glutathione (γ-L-glutamyl-L-cysteinylglycine, Figure 3.1) is a low molecular 

weight thiol, the reduced form of which (GSH) is essential maintaining the 

reduced state of both eukaryotes and prokaryotes (mostly Gram-negative 

bacteria). It can be synthesised in a canonical two-step manner by glutamate-

cysteine ligase (GCL or GshA, EC 6.3.2.2) and glutathione synthetase (GS or 

GshB, EC 6.3.2.3) in E. coli. 119, 120 Alternatively, it can also be generated via a 

bifunctional enzyme (γ-GCS-GS or GshF) in some Gram-positive bacteria such 

as Streptococcus agalactiae and Listeria monocytogenes.121 Other Gram-

positive pathogens do not synthesize GSH, but are able to import exogenous 

GSH. For example, Streptococcus pneumoniae possesses GshT, an ATP-

binding cassette-type transporter substrate binding protein.122  

GSH is the most abundant non-protein thiol which exists ubiquitously in 

mammalian tissues at millimolar levels (7-8 mM), and plays important roles in 

Glutamate Cysteine Glycine 
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cellular signalling metabolism of, xenobiotics, thiol-disulfide exchange and as a 

reservoir of cysteine.123 Similarly, GSH is found in the cytoplasm of Gram-

negative bacteria such as E. coli, and also serves as a thiol-disulfide redox 

buffer at concentrations of up to 20 mM.124 Apart from the actual concentration, 

the ratio between reduced and oxidised form of glutathione (GSH/GSSG) is 

critical for the redox state of cell compartments (Equation 3.1). According to 

previous studies, in E. coli GSH/GSSG ratio is 200-300:1 in cytoplasm, 

whereas this ratio drops to 16.8:1 in the periplasm.125, 126 These findings 

indicate a reducing environment in cytoplasm, and a predominantly oxidative 

one in the periplasm of Gram-negative bacteria.127-129 GSH has also been 

suggested to play an essential role in protein S-glutathionylation by reversibly 

conjugating the cysteine residue of proteins with the thiol group of glutathione 

thereby forming a mixed disulfide bond. This post-translational modification 

usually occurs as a response to conditions of oxidative stress such as under 

ROS and RNS, but also exists under basal physiological conditions preventing 

degradation from thiol overoxidation or proteolysis.130 S-glutathionylation 

creates a functional cycle where the forward reaction can be either 

spontaneous or catalysed by proteins such as the GSTP, and reversal of this 

modification might involve enzymes such as thioredoxin, glutaredoxin and 

sulfiredoxin.131, 132  

Eq 3.1             GSSG + 2e- + 2H+  2GSH 

High intracellular GSH concentration has been observed and it has been 
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argued that the buffering capacity of the GSH system is crucial for redox 

homeostasis against extreme oxidative stresses. It has been proven that high 

exogenous H2O2 concentrations (100 µM) in HeLa cells result in temporary but 

major change in the GSH/GSSG ratio (from 0.9 to 0.3).133 However, the 

presence of alternative routes including glutathione dependent enzymes (e.g. 

glutathione transferase, glutaredoxin and glutathione peroxidase) ensure that 

buffer capacity of the GSH system is hardly ever used. A second hypothesis is 

the involvement of glutathione in detoxification systems such as glyoxalases 

(Glo) and glutathione transferases (GST). Nevertheless, glyoxalases are often 

non-essential and some organisms have alternative enzymes to execute the 

same function. Also, high GSH concentration inhibits glyoxalase II (Glo2).124 

Thus, GST isoforms are the best candidates to examine this hypothesis. 

Previous research proved that depletion of GSH abolished drug resistance 

caused by multidrug-resistance-associated protein, which illustrates the 

protective role of GSH in cancer cells. The third hypothesis is high GSH 

concentrations are crucial for iron metabolism. Investigation of this hypothesis 

may provide a strategy against microbial growth. Early reports of genetic 

studies in yeast support this hypothesis.134 However, little is known about the 

kinetic parameters that relate to the role of GSH in iron metabolism.  
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3.1.2 Glutathione Transferases 

 

Scheme 3.1 Possible pattern of divergence in the GST superfamily.135, 136  

Glutathione S-transferases (GSTs) are a superfamily of enzymes, the 

primary role of which is to catalyse the reaction of GSH with a wide range of 

both xenobiotic and endobiotic toxins thus aiding their detoxification and 

removal from the cell. They are classified as RX: glutathione R-transferase (EC 

2.5.1.18), referring to the transfer of a specific functional group R. Instead of 

transferring the S atom as suggest by the name, the glutathionyl-moiety (GS-) 

is transferred by this enzyme.131 Sharing the same ancestor with thioredoxin 

proteins which have been suggested to act as reductases that protect against 

environmental stresses such as ROS, reactive nitrogen species (RNS) and 

arsenate in cell physiological function, GSTs diverged due to gene amplification 

(Scheme 3.1) and this resulted in new catalytic activities. GSTs are grouped 

into classes on the basis of their sequence and catalytic activity. The major 

families of GST include cytosolic GSTs (Alpha-, Beta-, Mu-, Pi-, Omega-, Theta-, 
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Delta-, Sigma-, and Zeta-classes), mitochondrial GSTs (first identified in rat liver 

mitochondria, and characterised as Kappa-class), microsomal GSTs 

(Membrane-Associated Proteins in Eicosanoid and Glutathione metabolism, 

MAPEG, which have distinct 3D fold comparing to cytosolic and mitochondrial 

GSTs) and bacterial specific fosfomycin-resistance proteins (mostly FosA).136, 

137 Recent research has reported the discovery of a new class of bacterial GST 

in the Gram-negative soil bacterium Agrobacterium tumefaciens which has 26.1% 

sequence identity with cyanobacterial Chi-class GSTs, and it was named the 

Eta-class.138  

Almost 90% of cellular GSTs are cytosolic, 10% are mitochondrial and a 

small percentage are found in the endoplasmic reticulum.139 Altered GST 

expression in mammals has been implicated in many diseases such as cancer, 

asthma, hepatic, cardiac, and neurological disorders. For example, over-

expression of Kappa-class mitochondrial GSTs has been implicated in cancer, 

obesity, diabetes and related metabolic disorders. GSTA4, for example is an 

alpha-class GST present in both the cytosol and the mitochondria which is 

thought to contribute to insulin resistance in type 2 diabetes.140 The role played 

by cytosolic GSTs in phase II detoxification has also been well characterised in 

mammalian cells. Its over-expression has been demonstrated to cause 

metabolic resistance of many electrophilic anti-cancer drugs via synergy with 

phase III efflux transporter multidrug-resistance protein.141, 142 On the other 

hand, many cytosolic GSTs (e.g. Alpha-, Mu- and Pi-classes) also scavenge 
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reactive oxidative species (ROS) in tumour cells, even though the role of ROS 

in neoplasia remains controversial. Cytosolic GSTs have been divided into 

several classes, namely Alpha- (α-), Zeta- (ζ-), Theta- (θ-), Mu- (μ-), Pi- (π-), 

Sigma- (σ-) and Omega- (ω-) class GSTs by sequence comparison and 

chromosomal localisation.135, 143, 144 Over 30 isoforms of human cytosolic GST 

have been found so far, and most of them have revealed a significant role in 

diseases. For instance, the μ and π classes of GSTs have regulatory functions 

in the mitogen-activated protein (MAP) kinase pathway, which participates in 

cellular survival and death signals, and so are of interest as targets for drug 

discovery in the cancer field.145, 146  

3.1.3 Glutathione Transferase in Microorganisms 

Cytosolic GSTs exist in various microorganisms. They have been 

suggested to play important roles in parasites to compensate for their lack of 

CYP450 activity, including catalysing the conjugation of glutathione to 

endobiotics and xenobiotics, detoxification of ROS and act as 

immunomodulatory factors.147-149 Two of the most well studied GSTs in 

parasites are glutathione transferase from Schistosoma japonica (SjGST) and 

Plasmodium falciparum (PfGST). SjGST is most similar to Mu- (µ-) class GST 

structurally, whereas PfGST is a unique GST found in P. falciparum.150, 151 

PfGST has been identified as ligandin for parasitotoxic ferriprotoporphyrin IX, 

and therefore inhibition of it is considered a promising strategy for novel 
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antimalarial drug development.151, 152 GSTs have been found in many fungi as 

well. Previous studies found that most fungal GSTs are distinct from those of 

mammalian ones, and they were designated clusters 1, 2, EFIBγ, Ure2p and 

MAK16. The only GSTs characterized in detail are those in cluster 2 and fungi 

produce divergent classes of GST depending on their species.153, 154  

Research carried out to date has revealed limited information about the 

function of bacterial GSTs. There are four main classes of bacterial GSTs, 

namely Beta- (β-), Chi- (χ-), Theta- (θ-), and Zeta- (ζ-) classes. Despite the 

many shared features between eukaryotic and prokaryotic cytosolic GSTs, 

distinct processes such as protection against oxidative stress (e.g. reduction of 

cumene hydroperoxide and hydrogen peroxide), antimicrobial drug resistance 

(e.g. opening the epoxide ring of fosfomycin), biotransformation of 

dichloromethane (e.g. dechlorination by θ-class GSTs) and degradation of 

hazardous chemicals such as atrazine (widely used herbicide that can form 

ROS and detoxified by bacterial GSTs) and lignin (e.g. cleavage of β-aryl ethers 

by Sphingomonas paucimobilis) are mediated by bacterial GSTs (Table 3.1).136, 

155, 156 β-Class GSTs are specific to bacteria, and have been most extensively 

characterised in the Gram-negative species P. mirabilis and E. coli. Studies 

carried out have indicated that there are at least three GSTs in E. coli (i.e. GST-

B, Salmonella enterica homologue PDB id 4KH7; YfcF, PDB id 3BBY; YfcG, 

PDB id 3GX0) of distinct classes other than β-class GST-A, all of which are 

suggested to be important for defense against toxins in E. coli.136 Genetic 
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deletion has been applied to test the sensitivity of bacteria to hydrogen peroxide 

as well as cumene hydroperoxide, and gstA(gst), yfcF, yfcG knockout strains of 

E. coli were found to be more susceptible to oxidative stress.157 Overexpression 

and knockout of yliJ (gene for GST-B) from E. coli has been used to 

demonstrate the important role of it in protection against bromoacetate, a small-

molecule toxin. A more recent report regarding microbial arsenate resistance 

indicates that GST-B of E. coli also has a function of detoxifying arsenate 

(Figure 3.2).158, 159 Detoxification of arsenate is commonly achieved by its 

reduction to arsenite controlled by a gene arsC, and according to the research, 

overexpressed GST-B complements the lack of arsC. This fact illustrates that 

GST-B might be involved in catalysing this reduction in E. coli.159  

Table 3.1 Reactions catalysed by bacterial GSTs. 

Reactions Schemes 

1. Reduction of cumene 

hydroperoxide 

 

2. Opening of the 

epoxide ring of 

fosfomycin 
 

3. Dehalogenation of 

dichloromethane to 

formaldehyde (Theta-

class specific) 

 

4. Hypothetical 

metabolic route for a 

herbicide: atrazine  
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5. Cleavage of β-aryl 

ether (lignin 

degradation) 

 

6. Step 4 of 

naphthalene catabolic 

pathway  

7. Conjugation of PITC 

(Chi-class specific) 

 

8. Metabolism of 

dichloroacetate  (Zeta-

class specific) 

 

 

 

Figure 3.2 Schematic diagram of arsenate detoxification in arsC knockout and GST-B 

overexpressed E. coli.159 
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3.1.4 β-class GSTs: Structure and Function 

The majority of bacterial GSTs fall into the β-class, which are mainly 

localised in the periplasm.160 The periplasm of Gram-negative bacteria is a 

viscous and oxidising compartment in between of outer and inner membranes 

which represents 10-20% of cell volume. It is physiologically important for 

bacteria due to the various functions performed such as folding of proteins, 

uptake and transport nutrients as well as detoxification of toxic substances.128, 

161 Unlike other substrate-specific bacterial GSTs, β-class GSTs have activities 

toward the canonical eukaryotic GST substrate CDNB (1-chloro-2,4-

dinitrobenzene), and due to that research has been focused on the structural 

investigation of them.136, 157 Four representative crystal structures of β-class 

bacterial GSTs from Proteus mirabilis GST (PmGST, PDB id 2PMT), 

Escherichia coli GST (EcGST, PDB id 1A0F), Burkholderia xenovorans LB400 

GST (BxGST or Bphk GST, PDB id 2DSA) and Ochrobactrum anthropi GST 

(OaGST, PDB id 2NTO) have been solved since 1998.160, 162-164 The most 

crucial catalytic residue for the activity of GST is either tyrosine (in α-, μ-, π- 

and σ- class), serine (in θ-, ζ-, and φ-classes) or cysteine (in β-class and many 

plant GSTs), and all of structures above are characterised by the presence of a 

conserved cysteine residue located close to the GSH sulfhydryl group. An early 

study in this field demonstrated that the sulphur atom of Cys10 in PmGST is 

covalently bound to GSH, and the presence of a mixed disulfide bond is one of 
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the defining characteristics of β-class GSTs.163  

The β-class GSTs are quite different from their eukaryotic counterparts, for 

instance, EcGST only exhibits less than 20% sequence identity to any 

eukaryotic GST. Although sequence identities of β-class GSTs themselves can 

be less than 35-40%, the overall fold is well-conserved in comparison with 

eukaryotic GSTs. The N-terminal domain of β-class bacterial GSTs is similar to 

the fold of thioredoxins (α/β conformation), whereas the C-terminal domain is 

α-helical (Figure 3.3).136, 162 The active site of β-class bacterial GSTs, like GST 

from other classes, is categorised by the catalytic G-site where GSH binds, and 

the H-site where several hydrophobic xenobiotics e.g. CDNB (1-chloro-2,4-

dinitrobenzene), 1-fluoro-2,4-dinitrobenzene, ethacrynic acid and p-nitrobenzyl 

chloride bind (Table 3.2).155, 165 The G-site resides in the thioredoxins-like 

domain, and the H-site contains residues from the α-helical C-terminal domain 

(Figure 3.3).166 Previous research suggests that the major difference between 

β-class bacterial GSTs and eukaryotic GSTs (α-, μ-, π-, σ- and θ-classes) is in 

the interface between the subunits. Mammalian cytosolic GSTs α-, μ- and π-

classes have a V-shaped interface dominated by hydrophobic interactions, 

which has been described as a ‘lock-and-key’ between two subunits. In β-class 

GSTs, on the other hand, a hydrophilic channel is formed at the interface which 

is filled with water molecules and dominated by polar interactions (Figure 3.4). 

The G-sites of two subunits face each other across the channel.163  
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Table 3.2 Reactions catalysed by β-class GSTs. 

Reactions Schemes 

1. SNAr Reaction of 

CDNB 
 

2. SNAr Reaction of 1-

Fluoro-2,4-

dinitrobenzene  

3. SN2 Reaction of p-

Nitrobenzyl Chloride 
 

4. Michael Addition of 

Ethacrynic Acid 

 

5. Reducing Cumene 

Hydroperoxide 
 

 

 

CH2Cl

NO2

GSH
CH2SG

NO2

O
Cl

Cl

O

O OH

GSH
O

Cl

Cl

O

O OH

GS



 128 

 

 

 

Figure 3.3 (a) Structure of PmGST monomer without ligand in ribbons. Red and Blue ribbons 

represent α-helices and β-strands, respectively. Yellow ribbons represent coils; (b) Structure of 

PmGST (PDB id 1PMT) in ribbons with hydrophobicity surface. Green sticks represent the 

ligand, GSH. Red and Blue in hydrophobicity surface represent hydrophobic and polar surface 

respectively (image prepared using UCSF Chimera). 

N terminal 

C terminal 

(a) 

(b) 
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Figure 3.4 Ribbon display of: (a) hGSTM1-1 dimer with ligand: GSH (PDB id 1XW6); (b) EcGST 

dimer with ligand: Glutathione sulfonic acid (PDB id 1A0F). Green sticks represent GSH, and 

red sticks represent glutathione sulfonic acid (image prepared using ICM-Pro). 

 

PmGST B1-1, also known as GST-A (EC: 2.5.1.18) in P. mirabilis, is among 

Hydrophilic 

Channel 

(a) 

(b) 
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one of the most characterised β-class GSTs. The ‘B’ stands for β-class and ‘1-

1’ indicates that it is a homodimer. PmGST is predominantly located in the 

periplasm, and it has been employed as a model for the study of β-class GSTs 

for some time.162, 167 It is suggested to be able to detoxify exogenous and 

endogenous chemicals by catalysing conjugation of a variety of toxins to the 

thiol group of GSH via different reaction mechanisms such as SN2 (with 

haloalkanes, hydroperoxides and disulfide substrates), SNAr (with CDNB and 

other aromatic compounds) and Michael addition (with ethacrynic acid).155 

CDNB has been suggested to cause membrane toxicity and lead to inhibition 

of cell growth in P. mirabilis in a concentration-dependent manner.136, 165, 166 

Increased expression of PmGST has been observed in the presence of CDNB, 

which has been used as a classic aromatic co-substrate for the investigation of 

GST catalysis activity for many years. This observation suggests that GST-A 

has a role of protecting cells from this chemical stress probably via catalysing 

SNAr addition-elimination.131 Previous research also demonstrated that the 

native oxidised form (GST-Aox) and the reduced form (GST-Ared) of PmGST 

adopt different kinetic mechanisms when they bind to glutathione. GST-Aox 

follows a steady-state random sequential mechanism, whilst GST-Ared follows 

a rapid-equilibrium random sequential mechanism.168, 169 A random sequential 

mechanism indicates that the protein possesses distinct binding clefts for each 

of the substrate-product pairs, and substrates must bind to the enzyme before 

product is released. The major difference between the steady-state and rapid-
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equilibrium mechanisms related to the formation of substrate-enzyme complex. 

As illustrated in Scheme 3.2 synthesis and the consumption rate of substrate-

enzyme complex (ES) in the steady state mechanism is the same and therefore 

the concentration of ES is small and almost constant. In the rapid-equilibrium 

case, the concentration of the ES is controlled by the dissociation constant of 

the substrate (Ks).170  

 

 

 

Scheme 3.2 Bimolecular kinetic mechanisms of GST-A in P. mirabilis: (a) Random sequential 

mechanism: A and B represent GSH and CDNB, respectively. (b) Steady-state and rapid-

equilibrium enzyme kinetics. (E: enzyme; S: substrate; ES: enzyme-substrate complex; P: 

product; Ks: substrate dissociation constant; K1, K2, K3: first-order rate constants). 

 

A site-directed mutagenesis study in PmGST where Cys10 was replaced 

by alanine caused decreased thiol-disulfide oxidoreductase activity in the 

reduced state but had no impact on its conjugating activity with the substrate 

CDNB. This fact indicates that the thiol group of Cys10 plays an important role 

Rapid equilibrium kinetics 

Steady state kinetics 

(a) 

(b) 
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in activating the redox ability of the protein probably via forming a covalent 

disulfide bond to S atom in GSH. However, to conjugate with GSH, the covalent 

bond between GSH and Cys10 is not directly involved.168, 169 Residue His106 

is suggested to play a role in stabilising the thiolate of GSH in the conjugating 

reaction, however site-directed mutagenesis indicated that this residue is not 

strictly required for efficient conjugation activity. Therefore, the stabilization of 

the GSH thiolate is likely to be the result of a network of interactions (Figure 

3.5).168 Given the conjugating activity of GST-A it has also been suggested that 

this enzyme may also be involved in the development of resistance by P. 

mirabilis to antibiotics such as β-lactams (e.g. ampicillin), tetracyclines and 

rifamycins.165, 171 Previous research with PmGST also suggested that this 

enzyme can catalyse the ring opening and subsequent inactivation of 

fosfomycin.143 Resistance to ciprofloxacin is also reported to be linked to GSH 

conjugation, which plays a defensive role in P. mirabilis against ROS and NO. 

The precise mechanism remains unclear, however there are two major 

hypotheses: 1). SN2 thiolysis and reduction by GSH; 2). SN2 reaction with active 

site cysteine residue.131, 172  
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Figure 3.5 (a) The important polar contacts (dotted lines) formed between PmGST and GSH 

(image prepared using Ligplot). (b) The important polar contacts (dotted lines) and a 

hydrophobic interaction (green curve) formed between EcGST and the substrate: glutathione 

sulfonic acid (image prepared using Ligplot).162, 163  

(a) 

(b) 
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Figure 3.6 (a) Superimpose of PmGST (blue) and EcGST (red) in ribbons (image prepares 

using UCSF Chimera). (b) Sequence alignment between PmGST (PDB id 2PMT) and EcGST 

(PDB id 1A0F). Blue represents similar or identical amino acid, pink represents amino acids 

with completely different property (image prepares using MOE, important residues in the 

binding pocket were circled in red). 

 

(a) 

(b) 
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The three-dimensional structure of EcGST in complex with the competitive 

inhibitor glutathione sulfonate has also been solved (PDB id 1A0F). GST-A (EC: 

2.5.1.18) in P. mirabilis (PmGST) and E. coli (EcGST) are both homodimers 

with a chain length of 201-203 residues. Similar to other β-class GSTs, EcGST 

has low sequence identity comparing to those of eukaryotic GSTs (less than 

20%).162 Although EcGST only has about 54% sequence identity with PmGST 

in the primary structure, the 3D structures are very similar (RMSD = 0.97Å) and 

the active site residues are well-conserved (Figure 3.6). The dimer interface of 

EcGST is surrounded by hydrophilic residues and is occupied by 9 water 

molecules. More importantly, Cys10 and His106 are distinctive catalytic 

residues in PmGST and EcGST compared to cytosolic GSTs in eukaryotic cells. 

Together with the imidazole ring of His106, Cys10 plays an important role in 

redox catalysis of EcGST.162, 166 Furthermore, like other β-class GSTs, the 

stabilisation of GSH thiolate by EcGST is assumed to be due to the network of 

interactions. Kinetic studies carried out previously indicate that EcGST follows 

a steady-state mechanism.162, 166 Identification of the topology of the binding 

sites and these important residues in EcGST illustrate that it is amenable to 

many different detoxification functions in a similar manner to PmGST. It has 

been shown that EcGST can also catalyse the detoxification of CDNB. Previous 

research carried out comparing EcGST and Cys10 mutants indicates that it is 

able to use GSH to reduce bis-(2-hydroxyethyl) disulfide (HEDS), and Cys10 

plays a crucial role in this function. In this respect, they suggest that EcGST 
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work as thiol:disulfide oxidoreductase.166, 169  

3.2 Aims and Objectives 

Antibiotic drug resistance in bacteria is an especially challenging issue for 

modern health, hence new antimicrobial agents which adopt novel or 

underexploited mechanisms of action or overcome drug resistance are urgently 

needed. Our aim was to further the understanding of the structure-activity 

relationship (SAR) of GST-A from E. coli using a small library of peptide 

inhibitors and evaluate the potential of GST as a target for antimicrobial drug 

discovery. To evaluate the SAR of GST-A from E. coli, we focused on: 1) the 

design and synthesis of S-alkylated GSH derivatives; 2) testing the in-house 

compound library using biophysical and enzyme kinetics assays. To validate 

GST as a target for antimicrobial drug discovery, we investigated the 

susceptibility of GST knock out (KO) strains of E. coli to a range of antibiotics 

as well as oxidative stresses. 

3.3 Towards the Synthesis of A Library of Glutathione Derivatives 

3.3.1 Synthesis of S-alkylated GSH Derivatives (GS-X) 

S-(4-Bromobenzyl)-L-glutathione (18d) is a known inhibitor of human 

alpha-class GSTs (GST hA1-1 and GST hA3-3), which is associated with an 

anticancer effect.173 A range of aromatic and alkane derivatives based on S-(4-
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bromobenzyl)-L-glutathione have been previously reported and their binding 

affinities were evaluated against, for example, equine liver glutathione S-

transferase. The inhibition constant (Ki) of S-(4-bromobenzyl)-L-glutathione 

(18d) against the GST was 0.8 ± 0.11 μM, whereas derivatives had binding 

affinities varying from null to the millimolar range.174 The significant change in 

binding affinity implied a clear structure-activity relationship (SAR), and 

therefore it was instructive to the development of selective inhibitors for different 

GSTs. The SAR of β-class GSTs have not been extensively studied, and hence 

a primary aim of this project was to generate a library of glutathione-S-

conjugates (GS-X) and fragments thereof to explore the SAR of GST-A. 

 

Scheme 3.3 Synthesis towards GSH derivatives. Reagents and conditions: (i) 1 M NaOH (aq), 

EtOH, 3-4 h, ice-bath, 18a,c-e,g-j: 21-54%; (ii) 1 M NaOH (aq), EtOH, 4 h, room temperature, 

18b: 43%; 18f: 25%. 
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It was proposed to synthesise various S-alkylated GSH derivatives (18a-j) 

based on the known inhibitor S-(4-bromobenzyl)-L-glutathione (18d, Scheme 

3.3). Different substitution patterns including meta- and para- substitution, 

electron withdrawing groups, electron donating groups and more flexible sp2 

cyclohexyl derivatives were synthesised to explore the binding landscape of the 

H-site as well as the SAR between compounds and GST-A. The alkylation of 

the cysteine thiol of GSH proceeds via an SN2 reaction mechanism. Di-alkylated 

by-products with various benzyl bromides were observed during the reaction 

by LC-MS, and it is likely these result from SN2 substitution of the unprotected 

Nα under the basic reaction conditions (Scheme 3.4). However, the thiol group 

should be a more reactive nucleophile than the primary amine. Adding 

alkylating agents cautiously and reducing the reaction temperature improves 

the selectivity (yield of the desired product improved from 4% to 21-54%). The 

reactions were optimised accordingly to avoid di-alkylations, they were 

performed at 0 °C with dropwise addition of the alkylating agent. 

 

Scheme 3.4 Proposed side products of GSH S-alkylation. 
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3.3.2 Synthesis of GSH Dipeptide Fragments and S-alkylated Derivatives 

It was proposed to synthesise dipeptide fragments based on the GSH 

scaffold (L-cysteinylglycine, i.e. Cys-Gly; L-γ-glutamyl-L-cysteine, i.e. Cys-Glu), 

and S-conjugates thereof. These analogues would allow the dissection of the 

relative importance of Glu and Gly amino acids to ligand binding. The S-

alkylated analogues would allow us to probe the hydrophobic binding site of 

GST-A and gain more information about the structure-activity relationships 

(SAR). 

The route for the synthesis of Cys-Gly (11) and its 4-bromobenzyl 

derivative (12) is presented in Scheme 3.5. The Cys-Gly dipeptide scaffold was 

synthesized in 46.2% yield over 3 steps using standard solution phase peptide 

chemistry following sequential amide coupling between the Nα protected 

cysteine and glycine tert-butyl ester, cysteinyl Nα deprotection, then thiol and 

carboxyl deprotection. With the desired dipeptide in hand, alkylation using 4-

bromobenzyl bromide under basic conditions was carried out to afford S-(4-

bromobenzyl)-L-cysteinylglycine (12) in 43% yield. The route for the synthesis 

of ɣ-Glu-Cys (16) and its benzyl derivatives (17a,b) is presented in Scheme 3.6. 

The ɣ-Glu-Cys dipeptide scaffold was synthesized in 42% yield over 4 steps 

using standard solution phase peptide chemistry following sequential carboxyl 

esterification, amino group Nα deprotection, amide coupling, thiol and carboxyl 

group deprotection. The synthesis of ɣ-Glu-Cys (16), first required an 
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appropriately protected carboxyl group of the starting material (N-Fmoc-S-trityl-

L-cysteine) followed by deprotection of amino Nα. The tert-butyl ester was 

selected as a suitable protecting group, because it is stable under the basic 

conditions required for Nα deprotection. A two-step protocol was adopted for 

esterification of N-Fmoc-S-trityl-L-cysteine, and an overall 67% yield was 

achieved. Two different Lewis acids, copper (I) iodine and copper (I) chloride 

were used, and the latter catalyst gave a 40% higher yield than the former. 

Other conditions including decarboxylative esterification (esterification using 

Boc anhydride catalysed by MgCl2) have been tested for the protection of the 

carboxyl group (Table 3.3), and the two-step method achieved significantly 

higher yield than that of decarboxylative esterification.175, 176 Thus, this method 

was selected to produce 13 for subsequent derivatisation. With the desired 

dipeptide in hand, it was alkylated with 4-bromobenzyl bromide or tert-butyl 

benzyl bromide under basic conditions to afford (17a & b) by SN2 thiol-alkylation 

in 39% and 27% yield, respectively. 
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Table 3.3 Optimisations of the conditions for tert-butyl esterification.  

 

 

Scheme 3.5 Synthesis of the S-(4-bromobenzyl)-L-cysteinylglycine (12). Reagents and 

conditions: (i) glycine tert-butyl ester hydrochloride, HBTU, anhydrous DMF, DIPEA, 3.5 h, room 

temperature, 78%; (ii) 20% piperidine, 80% anhydrous DMF, 2.5 h, room temperature, 94%; (iii) 

20% TFA, 80% DCM, TES, 2h, room temperature, 63%; (iv) 1 M NaOH, ethanol, 4-bromobenzyl 

bromide, 3 h, ice-bath, 43%. 
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Scheme 3.6 Synthesis of the L-γ-glutamyl-L-cysteine (16) and its benzyl derivatives (17a,b). 

Reagents and conditions: (i) tert-butanol, DCC, Cu(I)Cl, 3 days, room temperature (ii) DCM, 3 

h, room temperature, overall 67%; (iii) 20% piperidine, 80% anhydrous DMF, 2.5 h, room 

temperature, 90%; (iv) HBTU, anhydrous DMF, DIPEA, Boc-Glu-OtBu, 4 h, room temperature, 

81%; (v) 50%TFA, 50% DCM, TES, 2 h, room temperature, 85%; (vi) 1M NaOH, ethanol, 4-

bromobenzyl bromide or 4-tert-butylbenzyl bromide, 3 h, ice-bath, 17a: 39%, 17b: 27%. 

3.4 Evaluation of Glutathione Derivatives 

With a number of GS-X successfully synthesised, the next step was to 

evaluate the binding to GST-A and examine their activities in vitro. This required 

a pure GST-A protein to test against, an appropriate biophysical assay and a 

validated enzyme kinetic assay. 

3.4.1 GST-A Expression and Purification 

An initial attempt to express and purify GST-A (500 mL culture), followed 

by gradient elution with imidazole (25/75/100/300 mM imidazole buffer) was 

carried out. Pure GST-A was successfully isolated (Figure 3.7 (a)), however, 
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the protein was found to aggregate on standing overnight. A literature search 

revealed that the addition of EDTA, a widely used chelating agent, could help 

prevent GST aggregation.157 Therefore, in a subsequent purification attempt 1 

mM EDTA was utilised after affinity column chromatography. However, the 

protein concentration still decreased overnight, as indicated by the Bradford 

assay. Finally, it was found that exchanging the imidazole buffer with phosphate 

buffer solution (PBS) (pH 7.4) after affinity column purification prevented 

significant aggregation. When conducting larger scale purifications, further 

optimisations were carried out to improve yield and purity. To improve the yield 

(approximately 0.89 mg/pellet batch), the time for plasmid induction was 

reduced to 4 hours after adding IPTG to eliminate the overexpression of native 

proteins. Under these conditions the yield of isolated protein increased but not 

significantly (approximately 1.14 mg/pellet batch). The purification protocol was 

optimised by the addition of 75 mM and/or 100 mM imidazole elution buffer and 

reducing the amount of resin to avoid streaking of impurities. The condition No.5 

described in Table 3.4 was chosen for the purification protocol. This helped to 

eliminate some of the native proteins from E. coli.177 Pure fractions were 

obtained (Figure 3.7(b)), and the yield was improved over 10-fold 

(approximately 12.38 mg/pellet batch). 
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Table 3.4 Optimisation of purification conditions for GST-A. 

No. 
Ni-NTA 

Agarose 

Volume of 

Cell Stock 

Wash 

Buffer 

(imidazole) 

Gradient 

Concentration 

(imidazole) 

Gradient 

Volume 

(mL) 

1 0.5 mL 10 mL 20 mM 50/75/100/300 mM 2/2/2/6 

2 1.5 mL 10 mL 10 mM 25/300 mM 15/7 

3 1.5 mL 15 mL 25 mM 75/300 mM 4/8 

4 1 mL 40 mL 25 mM 75/300 mM 4/10 

5 1.5 mL 40 mL 25 mM 75/100/300 mM 10/4/5 
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Figure 3.7 (a) SDS-PAGE gel after first purification with nickel (Ni) column; (b) SDS-PAGE Gel 

after fourth purification with nickel (Ni) column (left) and buffer exchange (right); (where FT: 

Flow Through, W: Wash Buffer). 

3.4.2 Differential Scanning Fluorimetry (DSF) 

Thermal shift assay or differential scanning fluorimetry (DSF) is a 

fluorescence-based biophysical assay, which has been developed as a rapid 

and economical screening method for the identification of ligand binding events 

that is applicable to small ligand fragments.178 Since the Gibbs free energy (ΔG) 

of protein unfolding is temperature-dependent (Gibbs free energy of an isolated 

system: ΔG= ΔH-T·ΔS, ΔH: changes in enthalpy, ΔS: changes in entropy), the 

temperature at which the concentrations of folded and unfolded protein are 

equal is termed the melting or mid temperature (Tm). The stabilising effect of 

ligands on the protein is proportional to the concentration and affinity in most 

23 KDa 

Marker FT W 75mM 100mM                                     fractions collected 
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cases. Thus, an increase in Tm can be observed as a result of ligands binding. 

The change in Tm (ΔTm) in the presence of a ligand relative to the protein alone 

can be used to evaluate binding and ranking of ligands.179  

To establish optimal conditions for DSF, first a range of protein 

concentrations were evaluated as illustrated in Figure 3.8, using protein at  

concentrations of 2 μM, 5 μM or 10 μM (brown, green and blue diamonds) low 

signal was detected. However, with protein at concentration of 15, 20 and 30 

μM (purple, pink and orange diamonds) a sigmoidal plot of change in 

fluorescence vs temperature was observed, and this allowed calculation of the 

Tm via fitting to the GraphPad Boltzmann Basic Graphics. As can be seen in 

Figure 3.8 the calculated Tm was 51.4 ± 0.1 °C and there was no significant 

difference among the protein concentrations evaluated. SYPRO™ Orange dye 

(5000x concentrate in DMSO) concentrations, 5x and 10x respectively, were 

also evaluated, however, no significant difference was observed in the 

fluorescence signal. As a result, 20 μM GST-A with 5x SYPRO® orange was 

used for all subsequent thermal shift assays. As the compounds were dissolved 

in a DMSO stock solution, it was necessary to test what effect might the addition 

of this solvent have on the assay. The results in Figure 3.8 demonstrated that 

adding 1% DMSO did not have significant impact on the calculated Tm of GST-

A. Therefore, the difference of Tm (ΔTm) is calculated as Tm in presence of 

ligands subtracted from the Tm of GST-A with 1% DMSO. 
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Figure 3.8 Optimisations of protein concentration for DSF: (a) Melting curves for different 

concentration of protein and buffer solutions; (b) The melting temperatures (Tm) of GST-A at 15, 

20 and 30 μM with standard deviation (n=3). 

30 40 50 60 70
0

50000

100000

150000

Buffer 5x dye

2 µM 5x dye

5 µM 5x dye

10 µM 5x dye

15 µM 5x dye

20 µM 5x dye

30 µM 5x dye

Temparature [°C]

Fl
uo

re
sc

en
ce

 [A
.U

.]

20 µM +1% DMSO 5x dye

T m
 [°

C
]

15
 µM G

ST-A

20
 µM G

ST-A

30
 µM G

ST-A

20
 µM G

ST-A
 + 

1%
 D

MSO

40

45

50

55

60

(a) 

(b) 



 148 

 

 

Figure 3.9 Difference of melting temperature (ΔTm) with 100 μM glutathione-S-conjugates 

relative to 20 μM protein with 1% DMSO: (a) GSH and GS-X; (b) GSH and its dipeptidic 

analogues. Columns were coloured red to green according to an order of increasing values. 

Significance of changes evaluated by one-way analysis of variance (ANOVA) against ΔTm of 

GSH where * p < 0.05, ** p < 0.01; (n=3). 
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18c,d,g (Figure 3.9 (a)). In comparison to GSH, three compounds (18c,d,g) 

showed significant increases in ΔTm indicating binding, there was no difference 

for compounds 18a,i and a smaller shift than GSH for compounds 18e,f,h. By 

examining the structures of the GS-X analogues a preliminary conclusion can 

be drawn that the H-site of GST-A exhibits a preference for aromatic 

substituents over, for example, more flexible substituents such as the 

cyclohexylmethyl (18f). With respect to the substitution pattern on the benzyl 

group, para-substitution (nitro, bromo and t-butyl: 18c,d,g) is seemingly more 

favourable than ortho- or meta-substitution. When comparing meta- and para-

substituted nitrobenzyl glutathione, meta-nitrobenzyl glutathione 18h is a 

weaker binder to GST-A than GSH (approximately 1.1 °C lower ΔTm than GSH), 

whereas 18c is better than GSH (approximately 1.5 °C higher ΔTm than GSH). 

This might indicate that a large substituent at the meta-position is unfavourable 

and may generate a steric clash with the protein. More diversified substituents 

were examined to support these findings, including several S-alkyl-containing 

compounds (such as methyl: 18b and hexyl: GS-Hex) and fluorine and 

trifluoromethyl aromatic derivatives (18k-o made by Dr. Carrie-Anne 

Molyneaux). We found that alkyl substituents were generally not favoured in 

this assay, whereas several fluorine or trifluoromethyl aromatic derivatives were 

not fully soluble at the concentrations used in the assay. As a result, the Tm of 

18j could not be measured and 18k-o had smaller shifts than GSH. To validate 

their binding with GST-A, we carried out a DSF titration with 18l at different 
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ligand concentrations (from 1 mM to 0.1 mM), and the ΔTm decreased when the 

compound concentration reduced (from 11 to 4.8 °C). The outcome suggests 

18k-o bind to GST-A in a concentration-dependent manner, however, their 

binding affinities require enzyme kinetic assays to determine the inhibitory 

activity of the compounds. 

To dissect the relative contributions of Glu and Gly residues to binding, 

GSH, Cys-Gly (11), ɣ-Glu-Cys (16), S-(4-bromobenzyl)-L-cysteinyl glycine (12), 

S-(4-bromobenzyl)-L-glutamyl cysteine (17a), S-(4-tert-butylbenzyl)-L- 

glutamyl cysteine (17b), S-(4-bromobenzyl)-L-glutathione (18d) and S-(4-tert-

butylbenzyl)-L-glutathione (18g) were tested. As illustrated in Figure 3.9 (b), 

compound 16, 17a,b and 18d,g showed a significant stabilising effect on GST-

A, indicating binding, whilst compounds 11 and 12 did not stabilize the protein, 

indicating that they do not bind to GST-A at a concentration of 0.1 mM. 

Moreover, there was no significant difference between the ΔTm of 16 and GSH. 

This data indicates that the Gly amino acid is not as important for binding to the 

GST-A as the Glu residue. This is corroborated by previous in silico analysis of 

the X-ray crystal structure (Figure 3.5), in which it appears that the Gly 

carboxylate makes only one polar contact with the protein (Lys35), whereas the 

Glu amino acid can form H-bonds with four residues namely Glu65, Gly66, 

Asn99 and Glu104 in the binding pocket. A statistically significant, yet small 

difference (approximately 2.2 °C), was observed in the thermal shift assay 
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between 16 and (17a,b). This led us to further explore their activity via enzyme 

kinetic studies. 

In summary, DSF is a suitable biophysical assay to evaluate binding of 

ligand to GST-A if they are soluble. This study has revealed that the H-site of 

GST-A demonstrates a preference for aromatic substituents more than flexible 

ones. Regarding the substitution pattern, to give a clear answer, more enzyme 

kinetic studies and in silico docking is required. In addition, the relative 

importance of Gly and Glu to binding was examined, this revealed that the Gly 

moiety is less important than the Glu part. To investigate the inhibitory effect of 

the ligands, important next step will be enzyme assays. The correlation 

between binding and enzymatic activity data will provide further insights to the 

development of GST-A inhibitors. 

3.4.3 Enzyme Kinetics 

Enzyme kinetics studies have been conducted to validate that GST-A can 

catalyse SNAr reactions between hydrophobic compounds (e.g. CDNB) and the 

nucleophilic peptide glutathione as reported previously (Figure 3.10).131 First, 

the conditions for the Michaelis-Menton equation for GST-A was screened with 

concentrations of GSH and CDNB held at 2 and 1 mM respectively, while the 

concentration of protein was increased from 1 to 1.5 μM. We observed an 

increase in the velocity of the reaction with increasing protein concentration, 
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which indicates the formation of the GS-DNB conjugate (λ = 340 nm) due to the 

catalytic activity of the purified protein. GST-A at a concentration of 1.25 and 

1.5 μM gave the same specific activity (4.3 ± 0.02 μmol min−1 mg−1) which 

correlated with the previous finding (3.2 μmol min−1 mg−1).180 It was calculated 

using Equation 3.2 where ∆" represents difference of absorbance, # is the 

extinction coefficient for CDNB conjugate at 340 nm (9600 M-1 cm-1), V is 

volume of the test solution (500 μL), and E is the weight of GST-A.161 Addition 

of 100 μM 18d reduced the velocity significantly by 97% and thus this reaction 

is used to characterise the activity of compounds to GST-A (Figure 3.11(a)). 

 

Figure 3.10 Mechanism of SNAr reaction between substrates: GSH and CDNB. 
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The reaction adopts a bi-substrate mechanism (GSH and CDNB), one part 

was held at a fixed concentration and the other increased to determine the 

Michaelis-Menten constant (Km). Fixing the concentration of CDNB at 1 mM 

and increase the concentration of GSH gave a Km (0.202 ± 0.019 mM) to that 

reported previously (Km = 0.3 ± 0.1 mM). Fixing the concentration of GSH at 2 
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mM and increase the concentration of CDNB also gave a Km (2.9 ± 1.0 mM) 

similar to that reported previously (Km = 1.9 ± 0.2 mM, Figure 3.11(b)).166, 180 

The Michaelis-Menton parameters for GST-A after the addition of 10 μM or 100 

μM 4-bromobenzyl Glu-Cys (17a) were also determined to screen conditions 

for estimation of %inhibitions and IC50 values. Results showed that a significant 

change began to emerge using 0.2 mM GSH and 1 mM CDNB which was then 

adopted as the conditions for determine %inhibition and IC50 values: the Km of 

GST-A increased to 0.387 ± 0.086 mM in presence of 100 μM 17a (Figure 

3.11(c)). Meanwhile the reaction rate of GST-A stayed the same (Vmax = 17.02 

± 0.66 μM s-1, kcat = 11.34 ± 0.44 s-1) under the same conditions. The experiment 

also indicated that 17a was a competitive inhibitor (unchanged Vmax and 

decreased Km when added) of GST-A.  

 

 

Minutes

A
bs
or
ba
nc
e

0 2 4 6
0.0

0.5

1.0

1.5

2.0

2.5

1 µM GST-A

1.25 µM GST-A

1.5 µM GST-A

Minutes

A
bs
or
ba
nc
e

0 2 4 6
0.0

0.5

1.0

1.5

2.0

2.5

1.5 µM GST-A + 10 µM 18d

1.5 µM GST-A + 100 µM 18d

1.5 µM GST-A + DMSO

[GSH] mM

V 
(m

M
 m

in
-1

)

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

1.5

[CDNB] mM

V 
(m

M
 m

in
-1

)

(b)  

(a)  



 154 

 

Figure 3.11 Velocity of reaction monitored at 340nm (GS-DNB): (a) Screening of optimal 

protein concentration; (b) Michaelis-Menton kinetics of GST-A enzymatic activity with fixed 

CDNB or GSH concentration (1 mM); (c) Michaelis-Menton kinetics of GST-A enzymatic activity 

in presence of 17a at the concentration of 10 μM & 100 μM. 

The results of the kinetic assays were reported as %inhibition at a ligand 

concentration of 100 μM or 10 μM with 0.2 mM GSH. The data indicate that the 

activity of the protein was not inhibited by most GS-X ligands at a concentration 

of 10 μM. As illustrated in Table 3.5, at a concentration of 100 μM, the 

compounds have a diverse %inhibition profile and hence, together with the 

value of ΔTm, this helps to define the SAR. In general, 17b and 18g,j,n,o at a 

concentration of 100 μM achieved over 50% inhibition, this confirmed the 

preference for aromatic substituents found by DSF and prompted us to 

determine their IC50 and Ki values in the kinetics assay. ΔTm values were 

generally correlated with the %inhibition values. This suggests that DSF serves 

as a promising predictive assay if the compound is soluble in the assay medium. 

Compounds 17b and 18j were the two most potent inhibitors based on 

the %inhibition values. Compound 17b is para-substituted with tert-butyl, and 
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18j is meta-substituted with fluorine. Both F-substitution and CF3-substitution 

showed the same preference in an order of meta > ortho > para. The relative 

contributions of Glu and Gly residues were also indicated by 

comparing %inhibition of 12 with 17a and 18d, where 12 cannot inhibit GST-A 

activity at 100 μM but 17a & 18d inhibit approximately 30% of its activity. This 

demonstrates the importance of the Glu moiety in GSH to the binding activity, 

while the Gly residue could be further optimised.  

Some compounds had intermediate ΔTm values (17a & 18c,d) but 

the %inhibition results suggest they were not as potent inhibiting the GST-A 

enzymatic activity. This emphasised the importance of validating the binding 

assay with enzyme kinetics experiments. The IC50 of some potent compounds 

(17b & 18d,n,o) against GST-A was tested to quantify the concentration-

response activity of the inhibitors, and the result are consistent with 

the %inhibition data. Two of the best inhibitors (17b & 18n) gave IC50 values 

against GST-A of 2.75 ± 0.13 µM and 3.19 ± 0.04 µM respectively. They were 

approximately 2.5-fold more potent than 18o (8.06 ± 3.78 µM) and 7-fold more 

potent than 18d (20.57 ± 7.30 µM). Based on the IC50 values and Km of GST-A, 

the Ki values for the inhibitors were calculated using the Cheng-Prusoff 

equation (Equation 3.3). The Ki values determined for 17b & 18n were 1.38 ± 

0.05 µM and 1.60 ± 0.02 µM, respectively. The possible interactions of those 

inhibitors with GST-A will be further discussed in the molecular modelling 

section.  
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Eq 3.3                						;< =
=>?@
3A [C]

EF

 

In conclusion, conditions were optimised to establish an enzymatic assay 

measuring the SNAr reaction rate between GSH and CDNB. The Michaelis-

Menten constant (Km) using 1.5 µM of GST-A was 0.202 ± 0.019 mM. Addition 

of 17a increased Km whilst the Vmax remained the same, which indicates it 

serves as a competitive inhibitor. The %inhibition of glutathione analogues was 

measured and demonstrated a clear SAR alongside the DSF data. A 

preference for benzyl substituents as well as the importance of the Glu 

compared to the Gly moieties of GSH to the inhibitory effect were confirmed. 

Regarding the substitution pattern on the benzyl group, the order was meta > 

ortho > para for electron withdrawing groups and para > meta > ortho for 

electron donating groups. Compounds 17b and 18n were the best inhibitors of 

GST-A in our series, and their IC50 values were 2.75 ± 0.13 µM and 3.19 ± 0.04 

µM, respectively. Hence, their calculated Ki values were 1.38 ± 0.05 µM and 

1.60 ± 0.02 µM, respectively. Further analysis of the interaction of GST-A with 

the inhibitors, as well as its preference for particular substitution patterns on the 

benzyl group were carried out by molecular modelling. 
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Table 3.5 Activities of glutathione analogues vs GST-A (n=3). 

 

No. R Average ΔTm (°C) %inhibition (100 µM) IC50 (µM) 

11 H -0.65 ± 0.91    

12 

 

-0.14 ± 0.85 -1.30 ± 3.10 n.d. 

16 H 6.21 ± 0.45    

17a 

 

8.30 ± 0.18 32.96 ± 4.78 n.d. 

17b 

 

8.45 ± 0.65 88.20 ± 1.77 2.75 ± 0.13 

GSH H 6.76 ± 0.19    

GSHex Hexyl 0.57 ± 0.50 12.33 ± 1.13 n.d. 

18a 

 

7.05 ± 0.27 29.67 ± 1.36 n.d. 

18b Methyl 2.07 ± 0.38 2.15 ± 0.85 n.d. 
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18c 

 

8.20 ± 0.06 38.45 ± 15.0  n.d. 

18d 

 

8.48 ± 0.34 32.94 ± 5.91 20.57 ± 7.30 

18e 

 

5.35 ± 0.34 19.25 ± 8.90 n.d. 

18f 

 

4.94 ± 0.16 15.30 ± 1.06 n.d. 

18g 

 

7.74 ± 0.62 65.76 ± 2.83 n.d. 

18h 

 

5.62 ± 0.39 15.50 ± 11.22 n.d. 

18i 

 

6.65 ± 0.14 31.20 ± 1.80 n.d. 

18j 

 

n.d. 81.50 ± 2.15 n.d. 

18k 

 

4.72 ± 0.01 25.12 ± 11.83 n.d. 

18l 

 

4.80 ± 0.15 48.36 ± 1.95 n.d. 

NO2

Br

Cl

NO2

OCH3

F

F

F
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18m 

 

4.43 ± 0.15 20.11 ± 2.14 n.d. 

18n 

 

5.59 ± 0.09 72.62 ± 5.15 3.19 ± 0.04 

18o 

 

2.80 ± 0.10 64.70 ± 2.40 8.06 ± 3.78 

(n.d. not detected). 

3.4.4 Molecular Modelling 

 

Figure 3.12 Co-crystal ligand glutathione sulfonic acid (green) re-docked into the GST-A from 

E. coli (PDB id 1A0F). Hydrogen bonds between the ligands and the protein were presented 

as dotted lines. 

Given the results and SAR described above, it was anticipated that docking 

CF3

CF3

F3C
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might provide further insights into the potential binding modes of the 

compounds to the GST-A target. To illustrate the interactions between GST-A 

and the inhibitors, in silico docking and visualisation of the results were 

performed using ICM-Pro (http://www.molsoft.com).  

According to the previously solved crystal structure of EcGST (PDB id 

1A0F), residues Val52, Glu65 and Gly66 play important roles in the formation 

of hydrogen bonds with the substrate (glutathione sulfonic acid) at the G-site.162 

The H-site binding pattern, however, was not illustrated in silico by the crystal 

structure. Therefore, to probe the SAR within the H-site of GST-A, ranking of 

para-, meta-, ortho- bromobenzyl, t-butyl benzyl, nitrobenzyl, fluorobenzyl and 

trifluoromethyl benzyl substituted glutathione were carried out using ICM-Pro. 

The co-crystallised ligand glutathione sulfonic acid was re-docked into GST-A 

to validate the docking template (PDB id 1A0F, Figure 3.12). The low score (-

22.66) and predicted conformation generally fits the crystal structure. In 

addition to the compounds reported above, more ligands including o-NO2 

benzyl glutathione (19a), m-Br benzyl glutathione (19b), o-Br benzyl glutathione 

(19c), m-tBu benzyl glutathione (19d) and o-tBu benzyl glutathione (19e) were 

built in silico to amend the ligand library. The results of the docking experiment 

in which the substitution patterns were explored are summarised in Table 3.6 

(highest and lowest score were labelled in red and green, respectively). 

Compound 18h has the highest score (1.166) among all ligands which 

correlates well with its small thermal shift and weak %inhibition. This substituent 
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clashed with the protein template in the docking calculation. The docking results 

showed a clear pattern for substitution where meta > ortho > para for the 

electron withdrawing groups (bromobenzyl, fluorobenzyl and trifluoromethyl 

benzyl) and para > meta > ortho for electron donating groups (t-butyl benzyl). 

The ranking illustrates that 4-t-butylbenzyl glutathione (18g) and 3-

bromobenzyl glutathione (19b) might be better candidates for fitting into GST-

A binding site compared to para- or meta- nitrobenzyl substituted glutathione 

18c & 18h (ranked 13 & 22 among all candidates). Whereas ortho-nitrobenzyl 

glutathione 19a has the lowest score among all ortho-substituted ligands. The 

t-butyl is an electron donating group, and the Br, Cl and F are weak electron 

withdrawing groups, whereas the NO2, CF3 groups are strong electron 

withdrawing groups, therefore we can infer that a para-substituted electron 

withdrawing group is not preferable at the H-site of GST-A and an electron 

donating group may be preferred instead. Other stronger electron donating 

substituents such as amines may be evaluated in DSF assays with GST-A to 

explore this further, and guide the future design of non-peptide small molecule 

ligands based on SAR. 
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Table 3.6 Rank of GS-X and dipeptide analogues by docking score. 

          

Compound R Score Rank 

12 p-Br -12.46 10 

17a p-Br -12.24 12 

17b p-tBu -18.82 5 

18b GS-methyl -10.01 (n.f.)   

18a H -19.58 3 

18c p-NO2 -11.99 13 

18h m-NO2 1.166 22 

19a o-NO2 -19.39 4 

18d p-Br -2.45 20 

19b m-Br -19.78 1 

19c o-Br -15.52 7 

18g p-tBu -12.82 9 

19d m-tBu -3.61 19 

19e o-tBu -1.221 21 

18k p-F -10.99 14 
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18j m-F -17.34 6 

18l o-F -13.46 8 

18m p-CF3 -8.18 17 

18n m-CF3 -19.78 1 

18o o-CF3 -9.37 16 

18e p-Cl -10.57 15 

18i m-OCH3 -12.44 11 

18f GS-Cyclohexylmethyl -4.85 18 

 

By combining the in vitro and in silico findings, it is clear that S-

cyclohexylmethyl-L-glutathione (18f) is less preferred than the S-benzyl-L-

glutathione (18a), a GS-X with a similar molecular mass. Compound 18f has a 

lower ΔTm value (approximately 4.9 °C) compared to 18a (approximately 7.1 °C) 

and appeared to bind less tightly to the protein than the undecorated peptide 

GSH (ΔTm = 6.8 °C). It appears from the molecular modelling that the 

phenylalanine at the H-site (Phe113) forms a π-stacking with the aromatic ring 

of 18a (3.64 Å). Besides, the indole ring of Trp164 could also form a π-stacking 

(3.63 Å) with the ligand (Figure 3.13 (a)). In contrast, the sp3 hybridised 

cyclohexyl moiety cannot form π-stacking with the key H-site residues such as 

Phe113 and Trp164 (Figure 3.13 (b)). Therefore, 18f does not bind as well as 

the aromatic substituted GSH compounds. The bound conformations of the 
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ligands with GST-A also indicate that the H-site is quite open, which suggests 

that substitution on the benzyl group could improve the binding. Derivatives that 

gave a higher ΔTm relative to GSH in the DSF analysis were also docked into 

GST-A. As indicated by the previous X-ray crystal structure, the aromatic 

substituent was predicted to occupy the H-site. Since ligand 17a and 18d exert 

no significant difference in stabilising GST-A in the DSF assay, 17a was 

selected to explore interactions between 4-bromobenzyl and the H-site of GST-

A. In comparison to 17b, the bound conformation of the highest-scored position 

of ligand 17a was very similar. As demonstrated in Figure 3.14 (a), when ligand 

17a was docked into GST-A, the peptide part of the ligand had a similar 

predicted binding pattern as glutathione sulfonic acid (Figure 3.12). These 

results correlate well with the previous data determined by DSF. However, the 

enzyme kinetics experiments suggested that 17b was more active, which 

indicated a preference for para-substituted electron donating groups (Figure 

3.14 (a,b)). Since these compounds were mostly para-substituted derivatives, 

it is worth investigating whether and how different substitution can impact the 

binding. Compounds 18n and 18o were among the best inhibitors indicated by 

enzyme kinetics but are meta- and ortho-CF3 substituted, respectively. Both of 

ligands appeared to be able to form π-stacking with Phe113 and Trp164. 

However, the docking results predict that the ortho-CF3 (18o) compound has a 

steric clash with the protein pushing the compound away from key residues 

C10 and H106, whereas the meta-CF3 (18n) compound occupies the H-site 
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better (Figure 3.14 (c,d)).  

 

 

 

Figure 3.13 Ball and stick display of: (a) 18a (yellow) binds to GST-A; (b) 18f (sand) binds to 
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GST-A. Hydrogen bonds between the ligands and the protein were presented as dotted lines. 

Hydrophobic interactions between the ligands and the protein were presented as lines with 

corresponding distances labelled on them. 
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Figure 3.14 Ball and stick display of: (a) 17a (yellow) binds to GST-A; (b) 17b (yellow) binds to 

GST-A; (c) 18n (yellow) binds to GST-A; (d) 18o (yellow) binds to GST-A. Hydrogen bonds 

between the ligands and the protein were presented as dotted lines. Hydrophobic interactions 

between the ligands and the protein were presented as lines with corresponding distances 

labelled on them. 
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To summarise, Phe113 and Trp164 are key residues in the H-site of GST-

A that could form π-stacking interactions with ligands, which may be the reason 

why GST-A prefers aromatic substitution over saturated or aliphatic S-

substituents. Electron donating substituents are generally preferred on the 

aromatic ring, and the preferred substitution pattern is para > meta > ortho. 

3.5 Towards the Target Validation 

3.5.1 Background and Hypothesis 

The role of mammalian GST in phase II detoxification and scavenging ROS 

has been extensively studied during the past decades, and meanwhile GSTs 

have been suggested to play a similar role in bacteria. Therefore, it was 

proposed to explore whether GST-A and GST-B from E. coli are good targets 

for antibacterial drug discovery. By comparing the susceptibility of GST 

knockout (KO) strains with the wild type strain to antibiotics or other oxidative 

stresses, the protection role of the protein can be characterised in cellulo. 

3.5.2 Screening of GST-A Knockout (KO) Strains Against Antibiotics 

The agar disk diffusion assay has been applied widely to establish 

antibiotic susceptibility and resistance due to its simplicity and cost-

effectiveness.181 The parent strain of E. coli (BW25113) was grown on LB-Agar 

plate and the KO strains on LBkan-Agar in order to grow the KO strain 
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selectively.182 According to the standards of performance established by the 

Clinical and Laboratory Standards Institute System (CLSI), MH-Agar is 

recommended as the growth medium for non-fastidious organisms in disk 

diffusion assays, as it contains starch which absorbs toxins that might interfere 

with the results.115, 183 Turbidity of the inoculum suspensions was adjusted to 

ensure the concentration of colonies in the suspension is controlled within a 

certain limit (McFarland Standard 0.5).183 Since this method is a preferred tool 

for screening bacteria, it was applied to investigate antimicrobial susceptibility 

of a selection of antibiotics from different classes (Table 3.7) against the three 

different strains (wild type, Δgst and ΔyliJ) of E. coli.  

The results from disk diffusion assay are summarised in Figure 3.15. 

According to the data, the E. coli strains used (BW2511, JW1627 and JW0822) 

have innate resistance against some of the antibiotics tested, e.g. rifampicin 

(≤16 mm) and vancomycin (≤14 mm), whereas for all other antibiotics tested, 

with the exception for sulphamethoxazole which has intermediate susceptibility 

(13-16 mm), the strains were susceptible. In general, for antibiotics such as 

ciprofloxacin, chloramphenicol, rifampicin and Polymyxin B, a significant 

change in susceptibility between KO bacterial strains and the wild type E. coli 

strain was not observed. However, the GST-B KO strain (ΔyliJ) was found to 

be more susceptible to tetracyclin, sulphamethoxazole, trimethoprim and 

sulphamethoxazole-trimethoprim (Figure 3.15 (a)). The reason for the change 

is not clear, but previous research suggested that a PmGST, GSTB1-1 binds to 
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tetracyclines and this could explain the significant change in susceptibility 

between the GST-B KO strain and the parent strain.165 As for the GST-A KO 

strain (Δgst), it is more susceptible to vancomycin, fosfomycin, different 

generations of cephalosporin (Cefixime, Cefotaxime, Cefpirome and 

Ceftaroline), piperacillin and doripenem than wild type E. coli (parent strain) 

judging from the significant increase in the diameter of the observed inhibition 

zone (Figure 3.15 (b)). Moreover, there was little difference between gstB KO 

strain (ΔyliJ) and parent strain on β-lactam antibiotics, which indicates that 

GST-A might have a more prominent role to play in protecting E. coli from β-

lactam antibiotics than GST-B. From the data it appears that cell-wall targeting 

antibiotics tested have a larger inhibition zone for the Δgst strain of E. coli and 

it is assumed that this periplasm-localised enzyme might antagonise the effect 

of these antibiotics. Most Gram-negative bacteria have intrinsic resistance to 

vancomycin, a glycopeptide antibiotic, due to its poor permeability through the 

outer membrane. The reason that vancomycin has this small yet significant 

change of inhibitory effect between parent and Δgst strain is unknown and may 

be worth exploring in the future.  
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Table 3.7 Antibiotics used in the disk diffusion assay. 

Name Target of Inhibition Susceptibility 

1. Ciprofloxacin (10 µg) DNA synthesis S 

2. Rifampicin (5 µg) RNA synthesis R 

3. Tetracyclin (10 µg) 30s subunit S 

4. Chloramphenicol (50 µg) 50s subunit S 

5. SMZ-TMP (25 µg) Folic acid synthesis S 

6. SMZ (25 μg) Folic acid synthesis I 

7. TMP (5 μg) Folic acid synthesis S 

8. Polymyxin B (300 unit) Cell membrane S 

9. Vancomycin (30 µg) Cell wall R 

10. Fosfomycin (50 µg) Cell wall S 

11. Piperacillin (75 µg) Cell wall S 

12. Doripenem (10 µg) Cell wall S 

13. Cefixime (5 µg) Cell wall S 

14. Cefotaxime (30 µg) Cell wall S 

15. Cefpirome (30 µg) Cell wall S 

16. Ceftaroline (30 µg) Cell wall S 

Susceptibility tested by disk diffusion was assigned as S (susceptible), I (intermediate), R 

(resistant) based on diameter of inhibition zone proposed by CLSI. SMZ: sulphamethoxazole; 

TMP: trimethoprim. 
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Figure 3.15 Diameters of clearance zones of different antibiotics on different strains of E. coli: 

(a) Significance of changes between wt and ΔyliJ were evaluated by one-way ANOVA (n=6); 

(b) Significance of changes between wt and Δgst were evaluated by one-way ANOVA (n=3); 

(where ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05). 
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was susceptible to, it is obvious that except for fosfomycin and vancomycin, 

they share a β-lactam ring structure (Figure 3.16 (a)). A proposed mechanism 

of action is that thiol group could act as a nucleophile and attack the β-lactam 

ring. Furthermore, it has also been proposed that the epoxide ring of fosfomycin 

can be opened by a thiol group of GSH or GSTs (Figure 3.16 (b)). β-Class 

GSTs, as discussed before in Section 3.1.4, contains a cysteine in the active 

site, and therefore the exact species that is responsible for the ring opening 

reactions requires further investigation. Despite the significant change of 

clearance zone, knockout of either protein did not sensitise the strain from 

resistant to susceptible against any antibiotics (partly because the wild type E. 

coli are initially susceptible). Subsequent minimum inhibition concentration 

(MIC) assays were conducted to determine quantitative differences between 

the wild type and knock out organisms. 

To investigate the role of GST-A in the mechanism of detoxification, we 

need to track the exact species that is responsible. L-Buthionine-sulfoximine (L-

BSO) is known for its effect on blocking the bio-synthesis of GSH by inhibiting 

glutathione synthetase (GS or GshB, EC 6.3.2.3).139 Therefore, it was used to 

deplete intracellular GSH in our assays. The test also allowed us to explore 

whether the thiol group of cysteine or GSH is required for reaction with the 

antibiotics discussed previously. Fosfomycin, among all antibiotics, shows the 

greatest difference between the parent strain and the Δgst strain of E. coli. In 

addition, both knockout strains appeared to be more sensitive to vancomycin 
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than the wild type strain (Figure 3.15 (b)). Hence, we also added L-BSO to the 

fosfomycin and vancomycin disks and observe the difference of clearance zone. 

From Figure 3.17, it is clear that for both fosfomycin and vancomycin there is 

no difference in the zone of inhibition in the presence of varying concentrations 

of L-BSO or in its absence. Further studies are required to validate the finding 

by knockout of glutamate-cysteine ligase (GCL or GshA, EC 6.3.2.2) and GshB 

to suppress GSH biosynthesis.  

In conclusion, when comparing the three strains of E. coli, β-lactams and 

other cell wall-targeting antibiotics tested are influenced by knocking out GST-

A. We hypothesise that the reactive thiol group can cleave the β-lactam or 

epoxide rings, neutralizing the drug and protecting the cells from their 

bactericidal effects. GSH, as an abundant source of thiols, is assumed not to 

be the major factor in the process. Consequently, GST-A is proposed to react 

directly in this process. Further experiments including MIC test and KO GshA 

and GshB are required to confirm the findings. 
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(b) 

 

  

Figure 3.16 (a) Core structure of selected β-lactam antibiotics: penicillin, cephalosporin and 

carbapenem. (b) Proposed mechanism of the β-lactam ring (e.g. carbapenem) cleavage by 

thiol group (left) and epoxide ring cleavage by thiol group (right). 

 

Figure 3.17 Diameters of clearance zones of fosfomycin and vancomycin against parent strain 

and Δgst strain of E. coli.  
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3.5.3 Susceptibility Test and Growth Kinetics in the Presence of ROS 

Drug-induced oxidative stress/ROS generation is one of the mechanisms 

that has been proposed to lead to antibiotic-mediated cell death. Previous 

research found that all classes of antibiotics promote the generation of hydroxyl 

radicals, regardless of their mechanism of action, potentially establishing a 

vicious cycle of ROS generation.184, 185 Apart from antibiotics, bacteria are 

exposed to a host of toxins and chemical stresses, of which ROS and RNS are 

an important class. Invading bacteria are exposed to innate immune cells such 

as macrophages and microglia. Reactive oxidative species (ROS) and reactive 

nitrogen species (RNS) are employed as part of the host defence, for example, 

NADPH oxidase (NOX) proteins can induce ROS production for phagocytic 

killing and nitric oxide synthase (NOS) can produce NO during immune 

responses.186 Thiols are present in excess in cells to protect the cellular 

components from the oxidative damage.187 Therefore, a small group of ROS 

and RNS-generating species (at concentrations ranging from 3 mM to 10 mM) 

were prepared and applied onto blank disks for use in a disk diffusion assay. A 

concentration of 10 mM was set as the upper concentration limit as a result of 

the solubility constraints associated with cumene hydroperoxide. Disks 

containing 0.9% saline and fosfomycin (50 µg) disks obtained from Oxoid were 

used as the blank and positive control, respectively. 
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Table 3.8 Oxidative stress generating compounds used in the disk diffusion assay. 

Compound Oxidative Stress 
Δgst inhibition at 

10mM (+/-) 

wt inhibition at 

10mM (+/-) 

Cumene 

hydroperoxide 
R-OOH 

+ - 

tert-Butyl 

hydroperoxide 
- - 

Hydrogen peroxide H2O2 - - 

Diethylamine 

NONOate 
NO - - 

(Inhibition observed by inhibition zone and labelled as + or - for apparent or null inhibition zone 

respectively. WT: wild type, R-OOH: organic hydroperoxides, H2O2: hydrogen peroxide, NO: 

nitric oxide) 

As indicated in Table 3.8, only cumene hydroperoxide inhibited the growth 

of the Δgst strain at a concentration above 7.5 mM, whereas no inhibition zone 

was observed for the other compounds up to a concentration of 10 mM. This 

aligns with previously reported data in which GST-A was also demonstrated to 

have activity against cumene hydroperoxide but not with other peroxides 

tested.167 Referring to previous growth assays in LB broth, it has also been 

observed that hydrogen peroxide at a concentration of 3 mM inhibited the 

growth of Δgst strains after 8 hours of treatment.157 These contradicting data 

make the elucidation of the physiological function of GST-A more important and 

pressing. Growth assays in solution were conducted to verify the previous 

findings.167, 188 As illustrated in Figure 3.18, two methods for different ways of 

ROS addition were evaluated. Adding 2 to 2.5 mM hydrogen peroxide (H2O2) 
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directly into broths lead to cell lysis (decreasing OD600 reflected reducing viable 

E. coli cells) to all strains. When lowering the test concentration to 1 mM, the 

lag phase of gstB KO strain (ΔyliJ) was prolonged compared to the other two 

strains (Figure 3.18 (a)). This is suggested to related to the bacterial self-

defense against ROS.189 Similarly, 1.5 to 2 mM cumene hydroperoxide 

(CuOOH) inhibits cell growth of all strains, whereas 1 mM of CuOOH only 

inhibits the growth of the ΔyliJ strain (Figure 3.18 (b)). This demonstrates the 

important role of GST-B in neutralising ROS, however, GST-A did not show the 

same effect in protecting cell from ROS damage. In subsequent experiments 

the ROS-generating species were added after the cell growth entered the 

exponential stage (2 hours incubation at 37 °C). We can judge from the curve 

that adding 1 mM H2O2 to ΔyliJ strain after 2 hours has the similar effects adding 

it directly (a lagging growth, Figure 3.18 (c)). Nevertheless, adding CuOOH 

after 2 hours demonstrated a different profile to when it was added at the start 

of the incubation. Both Δgst and ΔyliJ E. coli underwent cell lysis with either 1 

or 2 mM CuOOH. The parent strain, however, survived with 1 mM CuOOH in 

the broth (OD600 > 0.3 overnight, Figure 3.18 (d)). That might indicate both 

enzymes participate in the detoxification process and the redundancy of GST 

would make it a less promising drug target. GSH depletion by knockout of GshA 

and GshB could also be explored, as an excess of protective thiols in the cell 

might mask the effect of knocking out GST on those peroxides.190  
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Figure 3.18 Growth kinetics of different E. coli strains with: (a) H2O2 added initially; (b) CuOOH 

added initially; (c) H2O2 added after 2 hours; (d) CuOOH added 2 hours. 
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was observed with other oxidative stresses at the same level, and therefore 

further growth kinetic studies were carried out. Introducing hydrogen peroxide 

to produce ROS at two different times gave different outcomes when using 

hydrogen peroxide. However, the fact that E. coli need both GST-A and GST-B 

to protect it from 1 mM cumene hydroperoxide was evident.  

3.5.4 Minimum Inhibition Concentration (MIC)  

To provide further insight into the role of GST-A and GST-B in detoxification 

of antibiotics as well as ROS, MICs were determined with various antibiotics 

and ROS (Table 3.9). Regarding antibiotic susceptibility, all strains were 

susceptible to the antibiotics tested (Fosfomycin ≤ 64 μg/mL; Cefotaxime ≤ 1 

μg/mL; Meropenem ≤ 1 μg/mL; Ampicillin ≤ 8 μg/mL; Norfloxacin ≤ 4 μg/mL; 

Chloramphenicol ≤ 8 μg/mL) according to CLSI guideline.99 Among all 

antibiotics, a 4-fold difference was only observed for fosfomycin and norfloxacin 

by comparing the parent strain with the KO strains. Both Δgst and ΔyliJ E. coli 

strains gave an increase in the MIC for fosfomycin compared to the wt E. coli 

strain (4-fold and 2-fold, respectively), however, only the ΔyliJ E. coli strain 

showed an increase in the MIC for norfloxacin (4-fold). No change of MIC 

among the strains was observed for the cephems that also target cell wall 

synthesis. Previous disk diffusion results suggest KO of GST-A would increase 

the clearance zone of fosfomycin & cephem (epoxide and β-lactam containing 

antibiotics) whereas KO of GST-B has no impact on the clearance zone of 



 182 

ciprofloxacin (fluoroquinolone that has a similar mechanism of action to 

norfloxacin). As for the ROS-inducing compounds, no difference was observed 

under any of the test conditions (Table 3.9). Reason for this might be that high 

intracellular concentrations of GSH mask the effect of knocking out GST or the 

redundancy of GST activities may compensate for loss of either GST-A or GST-

B. To elucidate which one is the major cause, future work could focus on 

knocking out GshA and GshB alongside Δgst or ΔyliJ. 

Table 3.9 MIC data of E. coli strains against antibiotics (μg/mL) and ROS (mM). 

Antibiotics E. coli wt E. coli Δgst E. coli ΔyliJ 

Fosfomycin 2 8 4 

Cefotaxime 0.12 0.12 0.12 

Meropenem <0.06 <0.06 <0.06 

Ampicillin 8 8 8 

Norfloxacin 0.5 0.5 0.12 

Chloramphenicol 4 4 4 

ROS E. coli wt E. coli Δgst E. coli ΔyliJ 

CuOOH 0.312 0.312 0.312 

tBuOOH 0.625 0.625 0.625 

H2O2 0.625 0.625 0.625 

NONOate >5 >5 >5 

 

Strains 

Strains 
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3.6  Summary and Future work 

3.6.1 Design, Synthesis and Evaluation of GS-X Binding to GST-A 

A small compound library based on GSH including dipeptide fragments 

(Gly-Cys and Cys-Glu) and some S-derivatives were synthesised and screened 

against GST-A using DSF. The assay has indicated that the H-site of GST-A 

interacts preferentially with aromatic substituents, and the Gly moiety is less 

important than the Glu at the G-site. The ‘hits’ from this biophysical assay were 

tested against the target protein using enzyme kinetics assays to determine the 

percentage inhibition and IC50 values for the inhibitors. The canonical substrate 

CDNB and GSH were used to explore this activity according to well established 

UV spectrophotometry protocols (measuring formation of GS-DNB at 340 nm). 

Regarding the substitution on the benzyl group, the %inhibition data and 

docking results suggest a preference for electron donating groups with a 

preference for para > meta > ortho substitution. Docking studies indicate that 

π-stacking with Phe113 and Trp164 is a critical factor in the GST-A H-site to 

support the findings in DSF and enzyme kinetics studies. The best inhibitor S-

(4-tert-butylbenzyl)-L-glutamylcysteine (17b) achieved low micromolar IC50 

(2.75 ± 0.13 µM) and Ki (1.38 ± 0.05 µM) values for inhibition of the enzyme.  

To replace the less important Gly moiety, more in silico docking studies are 

required and the best candidate(s) will require synthesis and testing. With such 
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inhibitors in hand, crystallography studies could be carried out to elucidate their 

interactions with GST-A further. The peptide derivatives can then be developed 

into more drug-like molecules e.g. using isosteres to replace the easily 

hydrolysed peptide bond. To further establish the potential protective role of 

GST-A against antibiotics, the inhibitors could be evaluated against MDR 

strains of E. coli and P. mirabilis using disk diffusion assays and MIC tests. 

3.6.2 Towards Target Validation 

The disk diffusion data obtained has indicated that susceptibility of β-

lactams and other cell wall targeting antibiotics are influenced by knocking out 

GST-A, whereas that of tetracyclin, sulphamethoxazole and trimethoprim are 

influenced by knocking out GST-B. We proposed a hypothetical mechanism for 

the former case that the thiol group can cleave the β-lactam and epoxide rings 

to inactive drug molecules. The MIC tests suggest GST-A is more important for 

protecting E. coli from fosfomycin, while GST-B has a role to play protecting E. 

coli from fosfomycin and norfloxacin. Combining all findings, it is clear that 

neither protein has a major role in detoxifying antibiotics targeting the cell wall 

(fosfomycin & cephem) and DNA synthesis (ciprofloxacin & norfloxacin). 

In parallel in cellulo tests of the two proteins against oxidative stress, only 

the KO GST-A strain appeared to be susceptible to cumene hydroperoxide 

(over 7.5 mM). The growth kinetics and MIC tests, however, indicate neither of 

the GST enzymes is indispensable. As the previous research indicated, GST-A 
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can catalyse conjugation of hydrophobic compounds to the nucleophilic peptide 

glutathione as well as reducing xenobiotics via the cysteine in its active binding 

site (Cys10).163, 166 Additionally, GST-B can catalyse conjugation of 

bromoacetate to GSH and reductively detoxify arsenate.158, 159 However, the 

crystal structure of GST-B has not been solved. Therefore, an important aspect 

of future work would be the crystallization of GST-B (yliJ). It would also be 

interesting to explore reducing cellular GSH concentrations by blocking its 

biosynthesis (KO GshA and GshB) to test its role in antibiotic detoxification. 

While proving that GST-A or GST-B might not be desirable drug targets in E. 

coli, there remain questions about the role of GSTs in bacterial cells.  

Recently, work relating to a metallo-GST, FosA was published. Its 

existence in Gram-negative pathogens P. mirabilis, P. aeruginosa, K. 

pneumoniae, E. coli etc. has been related to fosfomycin resistance in laboratory 

strains as well as clinical isolates of these bacteria. Crystal structures were 

solved with bound sulphate or phosphate, and small molecule inhibitors have 

been identified.191-194 Nevertheless, no crystal structure elucidating the binding 

mode of GSH has been described, which would be important for understanding 

the biological activity of the glutathione transferase. Our compound library could 

be used to explore the GSH binding pocket, and guide the future drug design 

of inhibitors based on this scaffold. Glutathione transferases from parasites 

have also been characterised by enzymatic and crystallographic studies 

previously. The uniqueness of the glutathione transferase from Plasmodium 



 186 

falciparum (PfGST) and Schistosoma japonica (SjGST) has made them 

attractive to explore as anti-parasitic drug targets.151, 152, 195 As their GSH co-

crystal structures have been solved, our GS-X compounds could be potential 

lead inhibitors for these proteins. 
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Chapter 4 Conclusions and Future Work 

To meet the increasing need of novel antibiotic adjuvants and to explore 

potential drug targets against antimicrobial resistance (AMR), our research has 

been focused on the investigation of two drug-inactivating proteins: KPC-2 and 

GST-A. 

4.1  KPC-2 

The Klebsiella pneumoniae carbapenemases (KPCs) is one of the most 

widely distributed serine β-lactamase, and KPC-2 is the most common mutant 

among all. Developing β-lactamase inhibitors against these enzymes is 

considered a promising approach combating the rising antibiotic resistance. 

Inspired by the co-crystal structure of KPC-2 and 3-nitrophenylboronic acid, 

we synthesised a set of methyl 1,4-substituted 1,2,3-triazole analogues of 

phenylboronic acid (2 and 4) and the structure-activity relationship (SAR) 

studies revealed a preference of meta- analogues over their para- isomers. We 

have further synthesised phenylboronic acid analogues with a rigid scaffold 

containing triazole or amide (Figure 4.1). SAR studies proposed a key H-bond 

between the linkers (N of triazole or amide) and Thr237, and in addition, 3-

thiophenyl was found to be the best substituent at 4 position of the 1,2,3-triazole 

(Figure 4.2 (a)). This work resulted in the discovery of potent KPC-2 inhibitors 
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2e & 6c (Ki = 0.032 μM and 0.038 μM, respectively). Inspired by the BA ligand 

screening, a set of fluorine-substituted azido and triazole analogues were also 

synthesised to explore both the binding pocket filling and the impact of F-

substitution on the binding activity of the inhibitors. The preferred substitution 

pattern among 1,2,3-triazole analogues were 4-F (8f) > 2-F (8c) > 2,4-F (8b) > 

2,3-F (8d), and it appears that inhibitors with pKa values ranging from 7.2-8.2 

are preferred as inhibitors of KPC-2 (Figure 4.2 (b)).  

 

 

Figure 4.1 Summary of the design and synthesise of KPC-2 inhibitors: modification of the 

phenylboronic acid part (left, blue), the linker part (central, yellow) and the substituents on the 

right (red). 



 189 

 

 

Figure 4.2 Summary of the in vitro and in cellulo activities of promising KPC-2 inhibitors: (a) 

Potent meta-substituted KPC-2 inhibitors 2e and 6c; (b) 3,4-Disubstituted KPC-2 inhibitors 8f 

and 8g.  

We have further proposed the potential of 3,4-disubstituted compounds 

containing the thiophenyl triazole scaffold to be broad-spectrum β-lactamase 

inhibitors by molecular docking. A benzyloxy derivative (8g) has been 

successfully synthesised and characterised against KPC-2 (Figure 4.2 (b)). To 

validate the hypothesis, more analogues need to be synthesised, followed by 
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in vitro and in vivo characterisation of those compounds against β-lactamases 

in the future. Future research should also focus on crystallographic studies of 

those compounds and different β-lactamases, which will provide insights into 

broad spectrum β-lactamase inhibitors. 

4.2  GST-A 

The GSTs are a family of phase II detoxification enzymes and they may be 

involved in the antibiotic inactivation. Herein, we have investigated two GSTs in 

E. coli: GST-A (gst) and GST-B (yliJ). The disk diffusion data obtained has 

indicated that susceptibility of β-lactams and other cell wall targeting antibiotics 

are influenced by knocking out GST-A, whereas that of tetracyclin, 

sulphamethoxazole and trimethoprim are influenced by knocking out GST-B. 

The MIC tests suggest GST-A is more important protecting E. coli from 

fosfomycin, while GST-B has a role to play protecting E. coli from fosfomycin 

and norfloxacin. In parallel in cellulo tests of the ability of the two proteins to 

protect against oxidative stress indicate neither of the GST enzymes was 

indispensable. Future research should focus on crystallographic studies of 

GST-B and other druggable glutathione transferases such as FosA protein from 

bacteria and glutathione transferases from parasites. 

A small compound library based on GSH including dipeptide fragments 

(Gly-Cys and Cys-Glu) and some S-derivatives were synthesised and screened 

against GST-A using a DSF assay. The data indicated that the H-site of GST-A 
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interacts preferentially with aromatic substituents, and the Gly moiety is less 

important than the Glu at the G-site. The %inhibition data and docking results 

suggest a preference for electron donating groups with a preference for para > 

meta > ortho substitution. Docking also indicated that π-stacking with Phe113 

and Trp164 is a critical factor in the GST-A H-site to support the findings in DSF 

and enzyme kinetics studies (Figure 4.3). The best inhibitor S-(4-tert-

butylbenzyl)-L-glutamylcysteine (17b) managed to achieve a desirable IC50 

(2.75 ± 0.13 µM) and Ki (1.38 ± 0.05 µM). The compound library can be used 

for kinetics and crystallographic studies against glutathione transferases in the 

future and support the potential fundamental research in the field. 

 

Figure 4.3 Proposed key interactions and in vitro activities of 17b in relation to GST-A. 

Hydrogen bonds were presented as dotted lines in the G-site of GST-A, hydrophobic 

interactions were presented as curves in the H-site of GST-A. 
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Chapter 5 Experimental 

5.1  Chemistry 

All materials were purchased from Sigma Aldrich, Fisher, VWR and 

Thermo Fisher Scientific unless stated otherwise. All solvents were analytical 

or HPLC grade and used as supplied without further purification. Anhydrous 

solvents were purchased from Sigma Aldrich in a SureSealTM bottle and used 

without prior purification.  

5.1.1 Nuclear Magnetic Resonance (NMR) 

1H, 13C, 1H-1H COSY, HMBC, HMQC, DEPT90 and DEPT135 Spectra 

were measured on Bruker Avance 400 MHz & 500 MHz spectrometers using 

the deuterated solvent stated in parentheses. Chemical shifts are reported in 

parts per million (ppm) and referenced against corresponding deuterated 

solvents. Results are shown as: chemical shift (multiplicity, integration, coupling 

constant, assignment). The following abbreviations were used to indicate the 

signal multiplicity: s (singlet), d (doublet), t (triplet), m (multiplet), dd (doublet of 

doublet), dt (doublet of triplet), ddd (doublet of doublet of doublet), br s (broad 

singlet), br d (doublet), br t (broad triplet), br m (broad multiplet). Coupling 

constants (J) are determined by analysis using Bruker TopSpin 3.2 and quoted 

in Hz.  
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5.1.2 Mass Spectrometry (MS)  

Liquid Chromatography–Mass Spectrometry (LC-MS) spectra were 

measured on Shimadzu LCMS-2020 or Agilent 1260 from solutions of 

acetonitrile, methanol or water with 0.1% (v/v) formic acid, operating in positive 

or negative mode. m/z values are reported in Daltons (Da) and followed by their 

percentage abundance in parentheses.  

High Resolution Mass Spectra (HRMS) were obtained from EPSRC UK 

National Mass Spectrometry facility (FTMS: Fourier Transform Mass 

Spectrometry; p NSI: nano-electrospray ionisation, OrbitrapXL; pAPCI corona: 

atmospheric pressure chemical ionization, OrbitrapXL) or measured by 

Emmanuel Samuel on a Waters Q-ToF Premier from solutions of methanol or 

water, operating in positive or negative mode (ToF: Time-of-Flight Mass 

Spectrometry; ES: electrospray).  

5.1.3 Infrared (IR) Spectrometry  

Infrared Spectra were obtained from neat samples, either as solids or oils, 

using a Bruker Platinum ATR (Attenuated total reflection) Alpha FTIR (Fourier-

transform infrared spectroscopy) or Cary 630 FTIR. The spectra were recorded 

on an Opus lab manager. Absorption maxima (vmax) are reported in 

wavenumbers (cm-1). 

5.1.4 Melting Point  
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Melting points were determined in duplicate using a Stuart SMP10 and are 

uncorrected.  

5.1.5 Column Chromatography  

All normal phase column chromatography was performed manually using 

Merck silica gel 60 (0.040-0.063 mm) in a glass column. Elution was performed 

with the specified analytical or HPLC grade solvents under a positive pressure 

of compressed air. All reversed phase column chromatography (C18-XS, 15 

μm, Interchim or Biotage® Sfär C18 Duo 100 Å 30 μm) was performed on a 

Biotage®. Solvent system: 0.1% (v/v) formic acid in water (eluent A) and 0.1% 

(v/v) formic acid in acetonitrile (eluent B); Flow rate: 5.000 mL/min; Gradient 

conditions: 0-6 min 100% A, 7-42 min 0–100% B in A, total duration of gradient 

run was 42 min. 

5.1.6 Thin Layer Chromatography  

Normal phase TLC was performed on Merck silica gel 60 F254 aluminium-

supported plates and reversed phase TLC was performed on Merck silica gel 

60 RP-18 F254S aluminium-supported plates. Samples were visualised using 

UV light (254 nm), or by thermal development after staining with an ethanolic 

solution of ninhydrin.  

5.1.7 High Performance Liquid Chromatography (HPLC)  

Reversed phase analytical HPLC was performed with an Agilent 1200 

Series HPLC system and percentage purity calculated by peak area. Solvent 
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system: 0.1% (v/v) formic acid in water (eluent A) and 0.1% (v/v) formic acid in 

acetonitrile (eluent B); Flow rate: 1.000 ml/min; Gradient conditions: 1) 0-20 min 

5-50% B in A, 20-22 min 50-95% B in A, total duration of gradient run was 25 

min; 2) 0-20 min 5-95% B in A, 20-22 min 95% B in A, total duration of gradient 

run was 25 min; Volume of injection: 10.0 μL; Column: reversed phase C18 

column (6×50 mm, 2.5 μm, XSELECTTM CSHTM). 

Reversed phase preparative HPLC was also performed with an Agilent 

1200 Series HPLC system. Solvent system: 0.1% (v/v) formic acid in water 

(eluent A) and 0.1% (v/v) formic acid in acetonitrile (eluent B); Flow rate: 5.000 

ml/min; Gradient conditions: 0-49 min 5-40% B in A, 49-50 min 40-70% B in A, 

50-52 min 70-95% B in A, total duration of gradient run was 55 min; Volume of 

injection: 100.0 μL; Column: reversed phase C18 column (10×250 mm, 5 μm, 

XSELECTTM CSHTM). 

5.1.8 Synthesis of Phenylboronic Acid Analogues 

(3-(Azidomethyl)phenyl)boronic acid (1) 

 

Sodium azide (1.06 g, 5 equiv) and 3-bromomethylphenyl boronic acid 

(0.50 g, 1 equiv) were dissolved in anhydrous DMF (15 mL) and stirred at room 

temperature for 20 h after which time DCM was added and the organic layer 

B(OH)2

N3
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was washed with brine and dried over anhydrous magnesium sulfate (MgSO4) 

and concentrated in vacuo. The product appears as a beige oil (270 mg, 65%); 

1H NMR (500 MHz, CD3OD) δ 7.75 (s, 1H, ArCH), 7.60-7.55 (m, 1H, ArCH), 

7.40-7.37 (m, 2H, ArCH), 4.45 (s, 2H,CH2N3); IR vmax (neat)/cm-1 3224, 2935, 

2862, 2030 (N3), 1651, 1608; LC-MS m/z 222.2 (M+FA-H-) (RT = 2.97, 100%). 

The data are in agreement with the reported literature values.101  

(4-(Azidomethyl)phenyl)boronic acid (3) 

 

Sodium azide (0.45 g, 5 equiv) and 4-bromomethylphenyl boronic acid 

(0.27 g, 1 equiv) were dissolved in anhydrous DMF (5 mL) and stirred at room 

temperature for 20 h after which time DCM was added and the organic layer 

was washed with brine and dried over anhydrous magnesium sulfate (MgSO4) 

and concentrated in vacuo. The product appears as a beige oil (107 mg, 49%); 

1H NMR (500 MHz, DMSO-d6) δ 8.10 (s, 2H, B(OH)2), 7.82 (d, J = 7.7 Hz, 2H, 

Ar-2,6-CH), 7.34 (d, J = 7.7 Hz, 2H, Ar-3,5-CH), 4.45 (s, 2H, CH2N3); IR vmax 

(neat)/cm-1 3042, 2926, 2860, 2102 (N3), 1654, 1613; LC-MS m/z 222.4 (M+FA-

H-) (RT = 3.02, 100%). The data are in agreement with the reported literature 

values.101  
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General procedure A for the synthesis of compounds 2/4a-f & 2h-k 

To a solution of compound 1 or 3 (20 mg, 1 equiv) in H2O:DMF:t-BuOH (2.5 

mL, 1:3:1), TBTA (0.2 equiv), CuBr (0.4 equiv) and CsF (2 equiv) were added 

under argon. The required alkyne (1.1 equiv) was added dropwise and the 

reaction stirred for 6 h at room temperature. After which time 3 mL H2O:MeOH 

(1:1) was added and the suspension was filtered under vacuum. The filtrate 

was further purified by RP column chromatography and preparative HPLC as 

necessary. 

(3-((4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl)methyl)phenyl)boronic acid (2a) 

 

Following the general procedure A, the product was isolated as a pale 

yellow oil (8 mg, 30%); 1H NMR (500 MHz, CD3OD) δ 8.21 (s, 1H, triazole-CH), 

7.80-7.63 (m, 2H, B(OH)2-ArCH), 7.74 (d, J = 8.6 Hz, 2H, CH3OAr-2,6-CH), 

7.42-7.36 (m, 2H, B(OH)2-ArCH), 6.99 (d, J = 8.6 Hz, 2H, CH3OAr-3,5-CH), 

5.63 (s, 2H, CH2), 3.83 (s, 3H, OCH3); 13C NMR (125 MHz, CD3OD) δ 161.4 

(Ar-C), 138.3 (Ar-C), 131.2 (Ar-C), 130.5-129.5 (br, C-B(OH)2), 129.1 (ArCH), 

128.1 (ArCH), 124.2 (Ar-C), 121.5 (ArCH), 121.2 (ArCH), 115.4 (ArCH), 115.0 

(ArCH), 114.7 (ArCH), 55.8 (CH2), 55.0 (OCH3); IR vmax (neat)/cm-1 3142, 2947, 

2837, 1616, 1499; LC-MS m/z 310.2 (M+H+) (RT = 3.34, 100%); HRMS (TOF 

B(OH)2

N N
N

2

3

5

6
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ES+) m/z calcd for C16H16BN3O3 [M+H]+ 310.1366, found 310.1377; HPLC RT 

13.14min, >97% content.  

(3-((4-Phenyl-1H-1,2,3-triazol-1-yl)methyl)phenyl)boronic acid (2b) 

 

Following the general procedure A, the product was isolated as a 

colourless oil (15 mg, 45%); 1H NMR (500 MHz, CD3OD) δ 8.34 (s, 1H, triazole-

CH), 7.83 (d, J = 7.4 Hz, 2H, Ar-2,6-CH), 7.81-7.64 (m, 1H, B(OH)2-ArCH), 

7.63-7.60 (m, 1H, Ar-4-CH), 7.43 (d, J = 7.4 Hz, 2H, Ar-3,5-CH), 7.45-7.34 (m, 

3H, B(OH)2-ArCH), 5.67 (s, 2H, CH2); 13C NMR (125 MHz, CD3OD) δ 149.3 (Ar-

C), 142.6 (Ar-C), 137.6 (Ar-C), 136.0 (ArCH), 134.7 (ArCH), 134.2 (ArCH), 

131.6 (ArCH), 131.3-130.3 (br, C-B(OH)2), 130.0 (ArCH), 129.5 (ArCH), 126.7 

(ArCH), 122.3 (ArCH), 55.2 (CH2); IR vmax (neat)/cm-1 3135, 2943, 2832, 1606, 

1430; LC-MS m/z 279.9 (M+H+) (RT = 3.31, 100%); HRMS (TOF ES+) m/z calcd 

for C15H14BN3O2 [M+H]+ 280.1246, found 280.1249; HPLC RT 12.55 min, >98% 

content. 

(3-((4-(Pyridin-3-yl)-1H-1,2,3-triazol-1-yl)methyl)phenyl) boronic acid (2c) 
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Following the general procedure A, the product was isolated as a pale 

yellow oil (5 mg, 21%); 1H NMR (500 MHz, DMSO-d6) δ 9.06 (s, 1H, pyridine-

2-CH), 8.76 (s, 1H, triazole-CH), 8.54 (d, J = 3.6 Hz, 1H, pyridine-4-CH), 8.31 

(s, 2H, B(OH)2), 8.24-8.21 (d, J = 7.9 Hz, 1H, pyridine-6-CH), 7.77-7.76 (m, 2H, 

B(OH)2-ArCH), 7.48 (dd, J = 7.9, 3.6 Hz, 1H, pyridine-5-CH), 7.40-7.37 (m, 2H, 

B(OH)2-ArCH), 5.67 (s, 2H, CH2); 13C NMR (125 MHz, DMSO-d6) δ 148.9 (Ar-

C), 146.3 (Ar-C), 143.8 (Ar-C), 134.7 (ArCH), 133.9 (ArCH), 133.7 (ArCH), 

132.4 (ArCH), 129.6 (ArCH), 127.8 (ArCH), 126.6 (ArCH), 124.0 (ArCH), 122.2 

(ArCH), 53.4 (CH2), (OH)2B-C not observed; IR vmax (neat)/cm-1 3141, 1603, 

1423; LC-MS m/z 281.0 (M+H+) (RT = 2.33, 100%); HRMS (TOF ES+) m/z calcd 

for C14H13BN4O2 [M+H]+ 281.1212, found 281.1230; HPLC RT 4.12 min, >97% 

content. 

(3-((4-(Pyridin-2-yl)-1H-1,2,3-triazol-1-yl)methyl)phenyl) boronic acid (2d) 

 

Following the general procedure A, the product was isolated as a 

colourless oil (9 mg, 28%); 1H NMR (500 MHz, CD3OD) δ 8.47 (s, 1H, ArCH), 

8.36-8.08 (m, 1H, pyridine-3-CH), 7.97 (dd, J = 7.4, 7.3 Hz, 1H, pyridine-6-CH), 

7.87-7.79 (m, 1H, pyridine-5-CH), 7.78-7.71 (m, 1H, B(OH)2-ArCH), 7.67-7.53 

(m, 1H, pyridine-4-CH), 7.45 (d, J = 7.1 Hz, 1H, B(OH)2-ArCH), 7.41-7.38 (m, 

1H, B(OH)2-ArCH), 5.70 (s, 2H, CH2), 4.63 (s, 1H, ArCH); 13C NMR (125 MHz, 

B(OH)2
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N

N
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CD3OD) δ 165.8 (Ar-C), 163.1 (Ar-C), 150.3 (Ar-C), 138.8 (ArCH), 135.8 (ArCH), 

135.6 (ArCH), 135.2 (ArCH), 134.8 (ArCH), 134.4 (ArCH), 132.1-131.0 (br, C-

B(OH)2), 130.5 (ArCH), 129.4 (ArCH), 124.3 (ArCH), 55.4 (CH2); IR vmax 

(neat)/cm-1 3133, 2943, 2832, 1604, 1449; LC-MS m/z 280.85 (M+H+) (RT = 

2.55, 100%); HRMS (TOF ES+) m/z calcd for C14H13BN4O2 [M+H]+ 281.1212, 

found 281.1212; HPLC RT 6.83 min, >98% content. 

(3-((4-(Thiophen-3-yl)-1H-1,2,3-triazol-1-yl)methyl)phenyl) boronic acid (2e) 

 

Following the general procedure A, the product was isolated as a 

colourless oil (64 mg, 80%); 1H NMR (500 MHz, CD3OD) δ 8.23 (s, 1H, triazole-

CH), 7.81-7.64 (m, 2H, B(OH)2-ArCH), 7.64-7.42 (m, 2H, B(OH)2-ArCH), 7.41-

7.09 (m, 3H, thiophene-CH), 5.64 (s, 2H, CH2); 13C NMR (125 MHz, CD3OD) δ 

144.3 (Ar-C), 135.9 (br, C-B(OH)2), 134.7 (Ar-C), 134.3 (Ar-C), 133.6 (ArCH), 

131.0 (ArCH), 130.4 (ArCH), 129.4 (ArCH), 128.7 (ArCH), 126.3 (ArCH), 125.6 

(ArCH), 121.6 (ArCH), 55.2 (CH2); IR vmax (neat)/cm-1 3140, 2932, 1606, 1428; 

LC-MS m/z 285.9 (M+H+) (RT = 3.30, 100%); HRMS (TOF ES+) m/z calcd for 

C13H12BN3O2S [M+H]+ 286.0824, found 286.0829; HPLC RT 12.10 min, >98% 

content. 

(3-((4-(Thiophen-2-yl)-1H-1,2,3-triazol-1-yl)methyl)phenyl) boronic acid (2f) 
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Following the general procedure A, the product was isolated as a 

colourless oil (36 mg, 67%); 1H NMR (500 MHz, CD3OD) δ 8.24 (s, 1H, triazole-

CH), 7.81-7.63 (m, 2H, B(OH)2-ArCH), 7.76 (s, 1H, thiophene-3-CH); 7.51-7.49 

(m, 2H, thiophene-4,5-CH), 7.48-7.42 (m, 2H, B(OH)2-ArCH), 5.64 (s, 2H, CH2); 

13C NMR (125 MHz, CD3OD) δ 145.5 (Ar-C), 136.0 (br, C-B(OH)2), 134.7 (Ar-

C), 134.3 (Ar-C), 132.7 (ArCH), 131.0 (ArCH), 130.3 (ArCH), 129.3 (ArCH), 

127.6 (ArCH), 126.7 (ArCH), 122.3 (ArCH), 122.1 (ArCH), 55.2 (CH2); IR vmax 

(neat)/cm-1 3131, 2951, 1605, 1429; LC-MS m/z 285.9 (M+H+) (RT = 3.26, 

100%); HRMS (TOF ES+) m/z calcd for C13H12BN3O2S [M+H]+ 286.0824, found 

286.0832; HPLC RT 12.55 min, >98% content. 

(3-((4-Benzyl-1H-1,2,3-triazol-1-yl)methyl)phenyl)boronic acid (2g) 

 

To a solution of compound 1 (30 mg, 1 equiv) in H2O:DMF:t-BuOH (2.5 mL, 

1:3:1), TBTA (36 mg, 0.4 equiv), CuBr (20 mg, 0.8 equiv) and CsF (103 mg, 4 

equiv) were added under argon. 3-Phenyl-1-propyne (0.02 mL, 1.1 equiv) was 

added dropwise. The reaction was stirred for 4-6 h at 35 oC, after which time 3 

mL H2O:MeOH (1:1) was added. The suspension was filtered under vacuum 
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and the filtrate further purified by RP column chromatography and preparative 

HPLC to afford a colourless oil (4 mg, 10%); 1H NMR (500 MHz, DMSO-d6) δ 

8.37-8.26 (br d, J = 12.9 Hz, 2H, B(OH)2), 8.22 (d, J = 7.2 Hz, 1H, B(OH)2-

ArCH), 7.87-7.69 (m, 3H, B(OH)2-ArCH & Bn-ArCH), 7.59 (dd, J = 7.2, 7.2 Hz, 

2H, B(OH)2-ArCH), 7.45-7.37 (m, 1H, Bn-ArCH), 7.33-7.19 (m, 3H, Bn-ArCH), 

5.71 (s, 2H, CH2), 5.52 (s, 2H, CH2), 3.98 (s, 1H, triazole-CH); 13C NMR (125 

MHz, DMSO-d6) δ 146.3 (Ar-C), 139.6 (Ar-C), 135.0 (Ar-C), 134.3 (ArCH), 

134.2-133.5 (br, C-B(OH)2), 133.2 (ArCH), 129.9 (ArCH), 128.5 (ArCH), 128.4 

(ArCH), 127.7 (ArCH), 126.1 (ArCH), 122.5 (ArCH), 53.3 (CH2), 52.9 (CH2); IR 

vmax (neat)/cm-1 3152, 2943, 2821, 1591, 1449; LC-MS m/z 294.0 (M+H+) (RT 

= 3.44, 100%); HRMS (TOF ES+) m/z calcd for C16H16BN3O2 [M+H]+ 294.1417, 

found 294.1419; HPLC RT 6.83 min, >98% content. 

(3-((4-Cyclopropyl-1H-1,2,3-triazol-1-yl)methyl)phenyl)boronic acid (2h) 

 

Following the general procedure A, the product was isolated as a white 

solid (27 mg, 64%): m.p. 180-183 °C; 1H NMR (500MHz, CD3OD) δ 7.74 (s, 1H, 

triazole-CH), 7.68-7.56 (m, 2H, B(OH)2-ArCH), 7.56-7.35 (m, 2H, B(OH)2-

ArCH), 5.53 (s, 2H, CH2), 1.97-1.94 (m, 1H, cyclopropyl-CH), 0.97-0.95 (m, 2H, 

cyclopropyl-CHa), 0.77-0.76 (m, 2H, cyclopropyl-CHb); 13C NMR (125 MHz, 

CD3OD) δ 151.9 (Ar-C), 136.2 (Ar-C), 135.8-134.8 (br, C-B(OH)2), 134.6 

B(OH)2

N N
N
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(ArCH), 130.9 (ArCH), 130.3 (ArCH), 129.3 (ArCH), 122.1 (ArCH), 55.1 (CH2), 

8.19 (cyclopropyl-CH), 7.30 (cyclopropyl-CH2); IR vmax (neat)/cm-1 3335, 3106, 

2961, 1432; LC-MS m/z 244.0 (M+H+) (RT=2.65, 100%); HRMS m/z (TOF ES+) 

calcd for C12H14BN3O2 [M+H]+ 244.1263, found 244.1260; HPLC RT 8.90 

min, >97% content. 

(3-((4-(tert-Butyl)-1H-1,2,3-triazol-1-yl)methyl)phenyl)boronic acid (2i) 

 

Following the general procedure A, the product was isolated as a 

colourless oil (22 mg, 51%): 1H NMR (500MHz, CD3OD) δ 8.10-7.50 (m, 2H, 

B(OH)2-ArCH), 7.74 (s, 1H, triazole-CH), 7.39-7.36 (m, 2H, B(OH)2-ArCH), 5.55 

(s, 2H, CH2), 1.34 (s, 9H, tBu-CH3); 13C NMR (125 MHz, CD3OD) δ 158.2 (Ar-

C), 135.1 (triazole-C), 134.2 (ArCH), 133.9 (ArCH), 130.2 (ArCH), 128.4 (ArCH), 

120.4 (ArCH), 54.3 (CH2), 30.89 (tBu-C), 29.9 (CH3), (OH)2B-C not observed; 

IR vmax (neat)/cm-1 3143, 2965, 1674, 1430; LC-MS m/z 260.0 (M+H+) (RT=2.98, 

100%); HRMS m/z (TOF ES+) calcd for C13H18BN3O2 [M+H]+ 260.1573, found 

260.1577; HPLC RT 10.24 min, >98% content. 

(3-((4-(Ethoxycarbonyl)-1H-1,2,3-triazol-1-yl)methyl)phenyl)boronic acid (2j) 
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Following the general procedure A, the product was further purified by 

preparative HPLC and furnished a pale yellow solid (20 mg, 32%): m.p. 184-

186 °C; 1H NMR (500MHz, CD3OD) δ 8.41 (s, 1H, triazole-CH), 7.80-7.51 (m, 

2H, B(OH)2-ArCH), 7.50-7.29 (m, 2H, B(OH)2-ArCH), 5.55 (s, 2H, CH2), 4.27 (q, 

2H, J = 7.1, OCH2), 1.26 (t, 3H, J = 7.1, CH3); 13C NMR (125 MHz, CD3OD) δ 

161.9 (C=O), 141.1 (Ar-C), 135.3 (Ar-C), 134.9 (ArCH), 134.4 (ArCH), 131.1 

(ArCH), 130.5 (ArCH), 129.5 (ArCH), 62.3 (OCH2), 55.3 (CH2), 14.5 (CH3), 

(OH)2B-C not observed; IR vmax (neat)/cm-1 3146, 2996, 1721, 1587; LC-MS 

m/z 276.1 (M+H+) (RT=2.65, 100%); HRMS m/z (TOF ES+) calcd for 

C12H14BN3O4 [M+H]+ 276.1158, found 276.1154; HPLC RT 7.32 min, >99% 

content. 

1-(3-Boronobenzyl)-1H-1,2,3-triazole-4-carboxylic acid (2k) 

 

LiOH (6 mg, 0.2 mmol) was dissolved in H2O (1 mL) and added to a stirred 

solution of 2j in MeOH:H2O (1:1, 2 mL). The resulting mixture was stirred at 

room temperature for 45 min and then concentrated in vacuo. The product was 

isolated as a cream solid (12 mg, 67%): m.p. 180-182 °C; 1H NMR (500MHz, 

DMSO-d6) δ 8.83 (s, 1H, triazole-CH), 7.85-7.60 (m, 2H, B(OH)2-ArCH), 7.40-

7.32 (m, 2H, B(OH)2-ArCH), 5.65 (s, 1H, CH2); 13C NMR (125 MHz, DMSO-d6) 

δ 161.4 (C=O), 139.7 (Ar-C), 134.5 (Ar-C), 134.0 (ArCH), 133.7 (ArCH), 129.8 
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(ArCH), 129.0 (ArCH), 127.8 (ArCH), 53.2 (CH2); IR vmax (neat)/cm-1 3383, 3146, 

1607, 1430; LC-MS m/z 248.05 (M+H+) (RT=1.96, 100%); HRMS m/z (TOF ES+) 

calcd for C11H10BN3O3S [M+H]+ 248.0555, found 248.0558; HPLC RT 2.20 

min, >99% content. 

(4-((4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl)methyl)phenyl)boronic acid (4a) 

 

Following the general procedure A, the product was isolated as a pale 

yellow oil (25 mg, 72%); 1H NMR (500MHz, CD3OD) δ 8.21 (s, 1H, triazole-CH), 

7.80-7.65 (m, 2H, B(OH)2-Ar-7,11-CH), 7.73 (d, J = 8.8 Hz, 2H, CH3OAr-2,6-

CH), 7.38-7.33 (m, 2H, B(OH)2-Ar-8,10-CH), 6.99 (d, J = 8.8 Hz, 2H, CH3OAr-

3,5-CH), 5.65 (s, 2H, CH2), 3.84 (s, 3H, OCH3); 13C NMR (125 MHz, CD3OD) δ 

161.4 (Ar-C), 149.2 (Ar-C), 135.6 (Ar-C), 135.2 (Ar-C), 128.2 (ArCH), 128.0 

(ArCH), 124.2 (ArCH), 121.5 (ArCH), 115.4 (ArCH), 55.7 (CH2), 55.0 (OCH3), 

(OH)2B-C not observed; IR vmax (neat)/cm-1 3147, 1603, 1571, 1411; LC-MS 

310.0 m/z (M+H+) (RT = 3.26, 100%); HRMS (TOF ES+) m/z calcd for 

C16H16BN3O3 [M+H]+ 310.1366, found 310.1365; HPLC RT 12.99 min, >99% 

content. 
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(4-((4-Phenyl-1H-1,2,3-triazol-1-yl)methyl)phenyl)boronic acid (4b) 

 

Following the general procedure A, the product was isolated as a 

colourless solid (18 mg, 54%): m.p. 100-105 °C; 1H NMR (500MHz, CD3OD) δ 

8.34 (s, 1H, triazole-CH), 7.83 (d, J = 7.4 Hz, 2H, Ar-2,6-CH), 7.81-7.65 (m, 2H, 

B(OH)2-Ar-7,11-CH), 7.44 (dd, J = 7.4, 7.4 Hz, 2H, Ar-5,3-CH), 7.40-7.34 (m, 

3H, B(OH)2-Ar-8,10-CH & Ar-4-CH), 5.67 (s, 2H, CH2); 13C NMR (125 MHz, 

CD3OD) δ 149.2 (Ar-C), 135.6 (Ar-C), 135.2 (Ar-C), 131.6 (ArCH), 130.0 (ArCH), 

129.4 (ArCH), 128.2 (ArCH), 126.7 (ArCH), 122.3 (ArCH), 55.0 (CH2), (OH)2B-

C not observed; IR vmax (neat)/cm-1 3160, 1615; LC-MS m/z 279.9 (M+H+) (RT 

= 3.27, 100%); HRMS (TOF ES+) m/z calcd for C15H14BN3O2 [M+H]+ 280.1260, 

found 280.1266; HPLC RT 12.68 min, >99% content. 

(4-((4-(Pyridin-3-yl)-1H-1,2,3-triazol-1-yl)methyl)phenyl) boronic acid (4c) 

 

Following the general procedure A, the product was isolated as a pale 

yellow oil (11 mg, 33%); 1H NMR (500MHz, CD3OD) δ 9.03 (s, 1H, triazole-CH), 
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8.57-8.44 (m, 2H, pyridine-2,4-CH), 8.29 (d, J = 8.2 Hz, 1H, pyridine-6-CH), 

7.67-7.52 (m, 2H, B(OH)2-Ar-7,11-CH), 7.53 (dd, J = 8.2, 4.9 Hz, 1H, pyridine-

5-CH), 7.43-7.26 (m, 2H, B(OH)2-Ar-8,10-CH), 5.70 (s, 2H, CH2); 13C NMR (125 

MHz, CD3OD) δ 149.6 (Ar-C), 147.2 (Ar-C), 145.8 (Ar-C), 136.3-135.3 (br, C-

B(OH)2), 135.0 (ArCH), 128.7 (ArCH), 128.3 (ArCH), 125.7 (ArCH), 123.2 

(ArCH), 122.8 (ArCH), 116.8 (ArCH), 55.1 (CH2); IR vmax (neat)/cm-1 3131, 1612; 

LC-MS m/z 281.0 (M+H+) (RT = 2.04, 100%); HRMS (TOF ES+) m/z calcd for 

C14H13BN4O2 [M+H]+ 281.1212, found 281.1221; HPLC RT 3.69 min, >97% 

content. 

(4-((4-(Pyridin-2-yl)-1H-1,2,3-triazol-1-yl)methyl)phenyl) boronic acid (4d) 

 

Following the general procedure A, the product was isolated as a pale 

yellow oil (16 mg, 51%); 1H NMR (500MHz, CD3OD) δ 8.70-8.50 (m, 1H, 

pyridine-3-CH), 8.43 (s, 1H, triazole-CH), 8.17-8.02 (m, 1H, pyridine-6-CH), 

7.93 (dd, J = 7.5, 7.5 Hz, 1H, pyridine-4-CH), 7.79-7.66 (m, 2H, B(OH)2-Ar-7,11-

CH), 7.44-7.32 (m, 3H, B(OH)2-Ar-8,10-CH & pyridine-5-CH), 5.71 (s, 2H, CH2); 

13C NMR (125 MHz, CD3OD) δ 150.4 (Ar-C), 148.9 (Ar-C), 138.9 (Ar-C), 138.4 

(ArCH), 137.8 (ArCH), 136.6-135.6 (br, C-B(OH)2), 135.3 (ArCH), 128.4 (ArCH), 

124.7 (ArCH), 124.2 (ArCH), 121.7 (ArCH), 55.1 (CH2); IR vmax (neat)/cm-1 3147, 
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1603, 1571; LC-MS m/z 280.9 (M+H+) (RT = 2.47, 100%); HRMS (TOF ES+) 

m/z calcd for C14H13BN4O2 [M+H]+ 281.1212, found 281.1215; HPLC RT 5.51 

min, >97% content. 

(4-((4-(Thiophen-3-yl)-1H-1,2,3-triazol-1-yl)methyl)phenyl) boronic acid (4e) 

 

Following the general procedure A, the product was isolated as a 

colourless oil (11 mg, 23%); 1H NMR (500MHz, CD3OD) δ 8.23 (s, 1H, triazole-

CH), 7.80-7.65 (m, 2H, B(OH)2-Ar-7,11-CH), 7.42-7.40 (m, 2H, thiophene-2,4-

CH), 7.37-7.34 (m, 2H, B(OH)2-Ar-8,10-CH), 7.10-7.09 (m, 1H, thiophene-5-

CH), 5.64 (s, 2H, CH2); 13C NMR (125 MHz, CD3OD) δ 144.3 (Ar-C), 135.6 (br, 

C-B(OH)2), 135.3 (Ar-C), 133.6 (Ar-C), 128.7 (ArCH), 128.3 (ArCH), 128.1 

(ArCH), 126.4 (ArCH), 125.6 (ArCH), 121.7 (ArCH), 55.0 (CH2); IR vmax 

(neat)/cm-1 3124, 3095, 2832, 1613; LC-MS m/z 285.9 (M+H+) (RT = 3.23, 

100%); HRMS (TOF ES+) m/z calcd for C13H12BN3O2S [M+H]+ 286.0824, found 

286.0826; HPLC RT 11.92 min, >99% content. 
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(4-((4-(Thiophen-2-yl)-1H-1,2,3-triazol-1-yl)methyl)phenyl) boronic acid (4f) 

 

Following the general procedure A, the product was isolated as a pale 

yellow oil (19 mg, 40%); 1H NMR (500MHz, CD3OD) δ 8.23 (s, 1H, triazole-CH), 

7.80 (d, J = 7.1 Hz, 1H, B(OH)2-Ar-11-CH), 7.76-7.74 (m, 1H, thiophene-3-CH), 

7.66 (d, J = 7.4 Hz, 1H, B(OH)2-Ar-7-CH), 7.51-7.48 (m, 2H, thiophene-4,5-CH), 

7.37 (d, J = 7.4 Hz, 1H, B(OH)2-Ar-8-CH), 7.32 (d, J = 7.1 Hz, 1H, B(OH)2-Ar-

10-CH), 5.64 (s, 2H, CH2); 13C NMR (125 MHz, CD3OD) δ 144.7 (Ar-C), 134.8 

(br, C-B(OH)2), 134.4 (Ar-C), 131.9 (Ar-C), 127.4 (ArCH), 127.3 (ArCH), 126.8 

(ArCH), 125.9 (ArCH), 121.5 (ArCH), 121.3 (ArCH), 54.2 (CH2); IR vmax 

(neat)/cm-1 3124, 3095, 2832, 1612; LC-MS m/z 286.0 (M+H+) (RT = 3.19, 

100%); HRMS (TOF ES+) m/z calcd for C13H12BN3O2S [M+H]+ 286.0824, found 

286.0828; HPLC RT 11.71 min, >96% content. 

(3-Azidophenyl)boronic acid (5a) 

 

3-Aminobenzene boronic acid (1.00 g, 1 equiv) was suspended in water 

(10 mL) and concentrated HCl was added to a final concentration of 10%(v/v). 

The solution was cooled to 0-5 °C in an ice bath and a solution of NaNO2 (0.53 
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g, 1.2 equiv) in H2O (1 mL) was added dropwise over 20 mins, keeping the 

temperature below 5 °C. A solution of NaN3 (0.63 g, 1.5 equiv) in H2O (1 mL) 

was added dropwise to the mixture and the suspension was stirred for 2 hours. 

The suspension was extracted by ether (30 mL ×3) and then washed with brine 

(30 mL ×2) and dried over Na2SO4. The resulting crude material was purified 

by automated column chromatography (Biotage), to give the product as a pale 

brown solid (0.60 g, 58%): Rf 0.57 (methanol, RP C18); m.p. 115-118 °C; 1H 

NMR (500MHz, CD3OD) δ 7.73-7.28 (3H, m, ArCH), 7.10 (1H, dd, J = 6.7, 0.5 

Hz, ArCH); 13C NMR (125MHz, CD3OD) δ 140.7 (Ar-C), 131.6 (ArCH), 130.3 

(ArCH), 125.0 (ArCH), 121.8 (ArCH), (OH)2B-C not observed; IR vmax (neat)/cm-

1 3224, 2099 (N3), 1507, 1457; MS (FTMS +p EI Full ms) 162.0, 163.0, 164.0 

(10,11,12B, M+), 134.0, 135.0, 136.0 (10,11,12B, M-N2
+); HRMS m/z (FTMS +p EI 

Full ms) calcd for C6H6O2N3B [M]+ 162.0582, found 162.0584; HPLC RT 9.42 

min, >99% content. 

(5-Azido-2,4-difluorophenyl)boronic acid (5b) 

 

(2,4-Difluoro-5-nitrophenyl)boronic acid (0.30 g, 1 equiv) and zinc powder 

(0.32 g, 3.3 equiv) were suspended in a mixture of acetic acid (4 mL) and water 

(5 mL) for 20 mins. A solution of NaNO2 (0.12 g, 1.2 equiv) and NaN3 (0.15 g, 

1.5 equiv) in water (1 mL) was then added dropwise and the mixture was stirred 
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for 4 hours in an ice bath. The reaction mixture was extracted with ethyl acetate 

(30 mL ×3) and then washed with brine (30 mL ×2) and dried over Na2SO4. The 

resulting crude material was purified by automated column chromatography 

(Biotage), to give the product as an orange solid (0.14 g, 48%): Rf 0.71 (Ethyl 

acetate, C18); m.p. 172-176 °C; 1H NMR (500MHz, DMSO-d6) δ 8.48 (s, 2H, 

B(OH)2), 7.96 (dd, 1H, J = 9.2, 6.6 Hz, Ar-6-CH), 7.49 (dd, 1H, J = 9.2, 2.0 Hz, 

Ar-3-CH); 13C NMR (125 MHz, CD3OD) δ 158.0 (d, 1JC-F = 252.7 Hz 3JC-F = 13.6 

Hz, Ar-CF), 158.0 (d, 1JC-F = 252.7 Hz 3JC-F = 13.6 Hz, Ar-CF), 127.2 (ArCH), 

125.5 (Ar-C), 105.6 (dd, 2JCH-aF = 30.9 Hz 2JCH-bF = 22.5 Hz, ArCH), (OH)2B-C 

not observed; IR vmax (neat)/cm-1 3372, 2116 (N3), 1611, 1507; HRMS m/z (TOF 

ES-) calcd for C6H3BF2N3O2 [M-H]- 198.0301, found 198.0296; HPLC RT 8.94 

min, >99% content (5-95% ACN). 

(5-Azido-2-fluorophenyl)boronic acid (5c) 

 

2-Fluoro-5-nitrophenylboronic acid (0.20 g, 1 equiv) and zinc powder (0.23 

g, 3.3 equiv) were suspended in a mixture of acetic acid (4 mL) and water (5 

mL) for 20 mins. A solution of NaNO2 (0.09 g, 1.2 equiv) and NaN3 (0.11 g, 1.5 

equiv) in water (1 mL) was then added dropwise and the mixture was stirred for 

4 hours in an ice bath. The reaction mixture was extracted with ethyl acetate 

(30 mL ×3) and then washed with brine (30 mL ×2) and dried over Na2SO4. The 
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resulting crude material was purified by automated column chromatography 

(Biotage), to give the product as a pale yellow solid (0.08 g, 65%): Rf 0.70 (Ethyl 

acetate, C18); m.p. 148-150 °C; 1H NMR (500MHz, DMSO-d6) δ 8.37 (s, 2H, 

B(OH)2), 7.25 (dd, 1H, J = 4.6, 1.6 Hz, Ar-6-CH), 7.18-7.16 (m, 1H, Ar-3-CH), 

7.15 (d, 1H, J = 1.6 Hz, Ar-4-CH); 13C NMR (125MHz, DMSO-d6) δ 162.5 (d, 

1JC-F = 243 Hz, Ar-CF), 134.5 (d, 4JC-F = 2.4 Hz, Ar-C), 125.1 (d, 3JC-F = 9.9 Hz, 

ArCH), 122.2 (d, 3JC-F = 9.0 Hz, ArCH), 116.5 (d, 2JC-F = 27.1 Hz, ArCH), (OH)2B-

C not observed; IR vmax (neat)/cm-1 3547, 3381, 2115 (N3), 1611, 1487; LC-MS 

m/z 226.2 (M+FA-H-) (RT=2.83, 100%); HRMS m/z (TOF ES-) calcd for 

C6H5BFN3O2 [M-H]- 180.0382, found 180.0377; HPLC RT 4.62 min, >99% 

content (5-95% ACN). 

(5-Azido-2,3-difluorophenyl)boronic acid (5d) 

 

5-Amino-2,3-difluorophenyl boronic acid (0.10 g, 1 equiv) was suspended 

in water (2 mL) and concentrated HCl was added to a final concentration of 

10%(v/v). The solution was cooled to 0-5 °C in an ice bath and a solution of 

NaNO2 (0.05 g, 1.2 equiv) in H2O (0.5 mL) was added dropwise over 20 mins, 

keeping the temperature below 5 °C. A solution of NaN3 (0.04 g, 1.5 equiv) in 

H2O (0.5 mL) was added dropwise to the mixture and the suspension was 

stirred for 2 hours. The suspension was extracted with ether (20 mL ×3) and 
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then washed with brine (20 mL ×2) and dried over Na2SO4. The resulting crude 

material was purified by automated column chromatography (Biotage), to give 

the product as a beige solid (0.07 g, 64%): Rf 0.71 (Ethyl acetate, C18); m.p. 

174-176 °C; 1H NMR (500MHz, CD3OD) δ 7.96 (ddd, 1H, 2JH-F = 11.0 Hz 3JH-F 

=2.8 Hz JH-H = 6.9 Hz, Ar-6-CH), 6.96-6.86 (m, 1H, Ar-4-CH); 13C NMR (125MHz, 

CD3OD) δ 152.8 (dd, 1JC-F = 248.6 Hz 2JC-F = 15.7 Hz, Ar-CF), 152.8 (dd, 1JC-F 

= 248.6 Hz 2JC-F = 15.7 Hz, Ar-CF), 138.2 (Ar-C), 119.7 (ArCH), 110.4 (d, 2JC-F 

= 20.7 Hz, ArCH), (OH)2B-C not observed; IR vmax (neat)/cm-1 3372, 2125 (N3), 

1618, 1507, 1492; LC-MS m/z 243.2 (M+FA-H-) (RT=3.07, 100%); HRMS m/z 

(TOF ES+) calcd for C6H4BF2N3O2CH3CN [M+ACN+H+] 241.0710, found 

241.0699; HPLC RT 9.74 min, >98% content (5-95% ACN). 

(5-(Azidomethyl)-2-fluorophenyl)boronic acid (5e) 

 

Sodium azide (104 mg, 5 equiv) and 5-bromomethyl-2-

fluorobenzeneboronic acid pinacol ester (97 mg, 1 equiv) were dissolved in 

anhydrous DMF (3 mL) and stirred at room temperature for 20 hours after which 

time the reaction mixture was extracted with ethyl acetate (30 mL ×3). The 

combined organic layers were washed with brine (30 mL ×2) and dried over 

Na2SO4. The resulting crude material was concentrated in vacuo and dissolved 

in methanol with KHF2 (87 mg, 3.5 equiv). LiOH (27 mg, 3.5 equiv) was then 
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dissolved in H2O (1 mL) and added to the stirred solution after 20 mins. The 

solution was stirred at room temperature for 20 hours and acidified by HCl (1M, 

2 ml). The resulting mixture was then purified by automated column 

chromatography (Biotage), to give the product as a white solid (25 mg, 42%): 

Rf 0.40 (Ethyl acetate, C18); m.p. 97-99 °C; 1H NMR (500MHz, DMSO-d6) δ 

8.28 (s, 2H, B(OH)2), 7.55 (dd, 1H, J = 5.8, 2.4 Hz, Ar-6-CH), 7.45-7.41 (m, 1H, 

Ar-3-CH), 7.13 (t, 1H, J = 8.7 Hz, Ar-4-CH); 13C NMR (125 MHz, DMSO-d6) δ 

165.0 (d, 1JC-F = 245 Hz, Ar-CF), 135.5 (d, 3JC-F = 9.8 Hz, ArCH), 131.8 (d, 3JC-

F = 9.0 Hz, ArCH), 130.9 (Ar-C), 115.0 (d, 2JC-F = 27 Hz, ArCH), 52.9 (CH2N3), 

(OH)2B-C not observed; IR vmax (neat)/cm-1 3284, 2093 (N3), 1614, 1486; LC-

MS m/z 240.0 (M+FA-H-) (RT=2.80, 100%); HRMS m/z (TOF ES+) calcd for 

C7H7BFN3O2Na [M+Na+] 218.0514, found 218.0522; HPLC RT 6.84 min, >99% 

content (5-95% ACN). 

(3-Azido-4-fluorophenyl)boronic acid (5f) 

 

4-Fluoro-3-nitrophenylboronic acid pinacol ester (0.30 g, 1 equiv) and zinc 

powder (0.27 g, 3.3 equiv) were suspended in a mixture of acetic acid (6 mL) 

and water (4 mL) for 20 mins. A solution of NaNO2 (0.13 g, 1.2 equiv) and NaN3 

(0.10 g, 1.5 equiv) in water (1 mL) was then added dropwise and the mixture 

was stirred for 4 hours in an ice bath. The reaction mixture was extracted with 
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ethyl acetate (30 mL ×3) and then washed with brine (30 mL ×2) and dried over 

Na2SO4. The resulting crude material was concentrated in vacuo and dissolved 

in methanol with KHF2 (0.34 g, 3.5 equiv). LiOH (0.10 g, 3.5 equiv) was then 

dissolved in H2O (1 mL) and added to the stirred solution after 20 mins. The 

solution was stirred at room temperature for 20 hours and acidified by HCl (1M, 

2 mL). The resulting crude material was purified by preparative LC (Biotage), 

furnishing the product as a beige solid (72 mg, 36%): Rf 0.70 (Ethyl acetate, 

C18); m.p. 95-98 °C; 1H NMR (500MHz, CD3OD) δ 7.57-7.40 (2H, m, Ar-2,6-

CH), 7.16-7.12 (1H, m, Ar-5-CH); 13C NMR (125 MHz, CD3OD) δ 157.4 (d, 1J= 

253.9 Hz, Ar-CF), 133.0 (Ar-C), 128.5 (ArCH), 127.6 (ArCH), 116.9 (d, 2J= 18.2 

Hz, ArCH), (OH)2B-C not observed; IR vmax (neat)/cm-1 3250, 2117 (N3), 1595, 

1513; LC-MS m/z 225.9 (M+FA-H-) (RT=5.51, 99%); HRMS m/z (TOF ES-) 

calcd for C6H5BFN3O2 [M-H]- 180.0382, found 180.0379. 

(4-(Benzyloxy)-3-nitrophenyl)boronic acid (5’) 

 

NaH (0.18 g, 1.69 mmol, 1.5 equiv) was suspended in DMF (5mL) and 

benzyl alcohol (3 mL, 2.81 mmol, 2.5 equiv) was added afterwards. 2-Fluoro-

3-nitrophenylboronic acid pinacol ester (0.30 g, 1.12 mmol, 1 equiv) was then 
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suspended in DMF (5mL) and added to the mixture stirring for 24 hours. The 

reaction was quenched with saturated NaHCO3 and washed with water (30 mL 

×3) and brine (30 mL ×2) and dried over sodium sulphate. The resulting crude 

material was purified by preparative LC (Biotage), furnishing the product as a 

pale yellow solid (174 mg, 60%): Rf 0.63 (Ethyl acetate, C18); m.p. 88-90 °C; 

1H NMR (500MHz, CD3OD) δ 8.18-7.95 (2H, m, ArCH), 7.50 (2H, d, J = 7.4 Hz, 

ArCH), 7.39 (2H, dd, J = 7.4, 7.4 Hz, ArCH), 7.35-7.29 (2H, m, ArCH), 5.30 (2H, 

s, OCH2); 13C NMR (125 MHz, CD3OD) δ 154.3 (Ar-C), 141.4 (Ar-C), 140.6 

(ArCH), 137.4 (Ar-C), 131.5 (ArCH), 129.6 (ArCH), 129.2 (ArCH), 128.3 (ArCH), 

115.4 (ArCH), 72.0 (OCH2), (OH)2B-C not observed; IR vmax (neat) /cm-1 3340, 

1618; LC-MS m/z 296.1 (M+Na+) (RT=6.59, 100%); HRMS m/z (TOF ES-) calcd 

for C13H12BNO5 [M-H]- 272.0733, found 272.0741. 

(3-Azido-4-(benzyloxy)phenyl)boronic acid (5g) 

 

5’ (0.100 g, 0.33 mmol, 1 equiv) and zinc powder (0.08 g, 3.3 equiv) were 

suspended in a mixture of acetic acid (1.5 mL) and water (1 mL) for 20 mins. A 

solution of NaNO2 in water (0.5 mL) was added dropwise and the mixture was 

stirred for 20 mins in an ice bath. A solution of NaN3 in water (0.5 mL) was 
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added dropwise to the mixture and the suspension was stirred for 4 hours at 

room temperature. The crude material was extracted by ethyl acetate (20 mL×3) 

and then washed with brine (20 mL ×2) and dried over sodium sulphate. The 

resulting crude material was purified by preparative LC (Biotage), furnishing the 

product as a beige solid (38 mg, 43%): Rf 0.75 (Ethyl acetate, C18); m.p. 91-

95 °C; 1H NMR (500MHz, CD3OD) δ 7.54-7.25 (2H, m, (OH)2B-ArCH), 7.49 (2H, 

d, J = 7.4 Hz, ArCH), 7.39 (2H, dd, J = 7.4, 7.4 Hz, ArCH), 7.35-7.31 (1H, m, 

ArCH), 7.10-7.00 (1H, m, (OH)2B-ArCH), 5.17 (2H, s, OCH2); 13C NMR (125 

MHz, CD3OD) δ 154.4 (Ar-C), 137.9 (Ar-C), 133.1 (ArCH), 129.6 (ArCH), 129.1 

(ArCH), 129.0 (Ar-C), 128.7 (ArCH), 127.4 (ArCH), 114.1 (ArCH), 72.0 (OCH2), 

(OH)2B-C not observed; IR vmax (neat) /cm-1 3392, 2117 (N3), 1599; LC-MS m/z 

292.0 (M+Na+) (RT=6.91, 100%); HRMS m/z (TOF ES-) calcd for C13H12BN3O3 

[M-H]- 268.0896, found 268.0913. 

General procedure B for the synthesis of compounds 6a-g & 8b-g 

To a solution of 5a-g (25 mg, 1 equiv) in H2O:DMF:t-BuOH (2.5 mL, 1:3:1), 

TBTA (0.2 equiv), CuBr (0.4 equiv) and CsF (2 equiv) were added under argon. 

The required alkyne (1.1 equiv) was added dropwise and the reaction stirred 

for 6 hours at room temperature. After which time H2O:MeOH (3 mL, 1:1) was 

added and the resulting suspension was filtered under vacuum. The residue 

was further purified by RP column chromatography and preparative HPLC as 

necessary. 
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(3-(4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (6a) 

 

Following the general procedure B, the mixture was further purified by 

preparative HPLC and furnished the product as a white solid (11 mg, 33%): m.p. 

240 °C (decompose); 1H NMR (500MHz, CD3OD) δ 8.80 (s, 1H, triazole-CH), 

8.12-7.86 (m, 3H, B(OH)2-ArCH), 7.87 (d, 2H, J = 8.7 Hz, Ar-2,6-CH), 7.59 (t, 

1H, J = 7.7 Hz, B(OH)2-ArCH), 7.05 (d, 2H, J = 8.7 Hz, Ar-3,5-CH), 3.87 (s, 3H, 

OCH3); 13C NMR (125 MHz, CD3OD) δ 160.7 (Ar-C), 148.7 (Ar-C), 137.2 (Ar-

C), 134.6 (ArCH), 129.3 (ArCH), 129.0 (ArCH), 128.5 (ArCH), 127.4 (ArCH), 

123.1 (Ar-C), 118.6 (ArCH), 114.6 (ArCH), 55.0 (OCH3), (OH)2B-C not observed; 

IR vmax (neat)/cm-1 3373, 2838, 1616, 1500; LC-MS m/z 296.0 (M+H+) (RT=3.34, 

100%); HRMS m/z (TOF ES+) calcd for C15H14BN3O3 [M+H]+ 296.1209, found 

296.1217; HPLC RT 15.19 min, >99% content. 

(3-(4-Phenyl-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (6b) 

 

Following the general procedure B, the product was isolated as a cream 

solid (34 mg, 84%): m.p. 270 °C (decompose); 1H NMR (400MHz, CD3OD) δ 

8.92 (s, 1H, triazole-CH), 8.17-8.07 (m, 1H, B(OH)2-ArCH), 7.97-7.94 (m, 2H, 

Ar-2,6-CH), 7.92-7.74 (m, 2H, B(OH)2-ArCH), 7.60 (t, 1H, J = 7.6 Hz, B(OH)2-
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ArCH), 7.51-7.48 (m, 2H, Ar-3,5-CH), 7.39 (dd, 1H, J = 7.6, 1.6 Hz, Ar-4-CH); 

13C NMR (125 MHz, CD3OD) δ 149.5 (Ar-C), 137.8 (Ar-C), 136.8 (br, C-B(OH)2), 

135.2 (ArCH), 131.5 (Ar-C), 130.1 (ArCH), 129.9 (ArCH), 129.6 (ArCH), 129.1 

(ArCH), 126.8 (ArCH), 126.3 (ArCH), 120.4 (ArCH); IR vmax (neat)/cm-1 3357, 

3139, 1580; LC-MS m/z 266.1 (M+H+) (RT=3.34, 100%); HRMS m/z (FTMS +p 

NSI Full ms) calcd for C14H13BN3O2 [M+H]+ 266.1095, found 266.1099; HPLC 

RT 12.95 min, >99% content. 

(3-(4-(Thiophen-3-yl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (6c) 

 

Following the general procedure B, the product was isolated as a white 

solid (20 mg, 43%): m.p. 258-260 °C (decompose); 1H NMR (500MHz, CD3OD) 

δ 8.09 (1H, s, triazole-CH), 7.88 (1H, dd, J = 2.9, 1.2 Hz, thiophene-2-CH), 7.78 

(2H, dd, J = 18.9, 7.7 Hz, B(OH)2-ArCH), 7.62 (1H, dd, J = 5.0, 1.2 Hz, 

thiophene-4-CH), 7.57 (1H, dd, J = 5.0, 2.9 Hz, thiophene-5-CH), 7.53 (1H, t, J 

= 7.7 Hz, B(OH)2-ArCH), 7.36-7.30 (1H, m, B(OH)2-ArCH); 13C NMR (125 MHz, 

CD3OD) δ 145.7 (thiophene-C), 137.6 (triazole-C), 136.0-134.7 (br, C-B(OH)2), 

132.7 (Ar-C), 130.0 (ArCH), 129.6 (ArCH), 129.1 (ArCH), 127.7 (ArCH), 126.8 

(ArCH), 126.2 (ArCH), 122.5 (ArCH), 120.1 (ArCH); IR vmax (neat)/cm-1 3347, 

3137, 2828, 1591; LC-MS m/z 271.9 (M+H+) (RT=3.20, 100%); HRMS m/z 

(TOF ES+) calcd for C12H10BN3O2S [M+H]+ 272.0667, found 272.0663; HPLC 
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RT 14.11 min, >99% content. 

(3-(4-(Thiophen-2-yl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (6d) 

 

Following the general procedure B, the product was isolated as a pale 

yellow solid (14 mg, 33%): m.p. 260 °C (decompose); 1H NMR (500MHz, 

CD3OD) δ 8.81 (s, 1H, triazole-CH), 8.33-7.64 (m, 3H, B(OH)2-ArCH), 7.63-

7.56 (m, 1H, B(OH)2-ArCH), 7.55 (dd, 1H, J = 3.5, 1.0 Hz, thiophene-3-CH), 

7.49 (dd, 1H, J = 5.0, 1.0 Hz, thiophene-5-CH), 7.17 (dd, 1H, J = 5.0, 3.5 Hz, 

thiophene-4-CH), 7.36-7.30 (1H, m, B(OH)2-ArCH); 13C NMR (125 MHz, 

CD3OD) δ 145.8 (Ar-C), 137.5 (Ar-C), 137.0-136.0 (br, C-B(OH)2), 135.3 (ArCH), 

133.5 (Ar-C), 130.0 (ArCH), 129.6 (ArCH), 129.1 (ArCH), 128.8 (ArCH), 126.6 

(ArCH), 125.9 (ArCH), 119.7 (ArCH); IR vmax (neat)/cm-1 3375, 2827, 1580; LC-

MS m/z 293.9 (M+Na+) (RT=3.24, 100%); HRMS m/z (FTMS +p NSI Full ms) 

calcd for C12H11BN3O2S [M+H]+ 272.0660, found 272.0663; HPLC RT 14.37 

min, >97% content. 

(3-(4-Cyclopropyl-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (6e) 

 

Following the general procedure B, the product was isolated as a cream 

solid (17 mg, 57%): m.p. 209-210 °C; 1H NMR (500MHz, CD3OD) δ 8.26 (s, 1H, 
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triazole-CH), 8.17-7.95 (m, 1H, B(OH)2-ArCH), 7.90-7.65 (m, 2H, B(OH)2-

ArCH), 7.58 (t, 1H, J = 7.6 Hz, B(OH)2-ArCH), 2.10-2.06 (m, 1H, cyclopropyl-

CH), 1.07-1.03 (m, 2H, cyclopropyl-CHa), 0.91-0.88 (m, 2H, cyclopropyl-CHb); 

13C NMR (125 MHz, CD3OD) δ 138.2 (Ar-C), 137.3 (Ar-C), 134.9 (ArCH), 131.7 

(ArCH), 130.1 (ArCH), 126.2 (ArCH), 120.2 (ArCH), 8.28 (cyclopropyl-CH), 7.51 

(cyclopropyl-CH2), (OH)2B-C not observed; IR vmax (neat)/cm-1 3484, 3086, 

1504; LC-MS m/z 229.9 (M+H+) (RT=2.80, 100%); HRMS m/z (FTMS +p NSI 

Full ms) calcd for C11H13BN3O2 [M+H]+ 230.1096, found 230.1097; HPLC RT 

10.01 min, >99% content. 

(3-(4-(tert-Butyl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (6f) 

 

Following the general procedure B, the product was isolated as a white 

solid (12 mg, 40%): m.p. 270 °C (decompose); 1H NMR (500MHz, CD3OD) δ 

8.30 (s, 1H, triazole-CH), 8.19-8.06 (m, 1H, B(OH)2-ArCH), 7.88 (dd, 1H, J = 

8.0, 1.4 Hz, B(OH)2-ArCH), 7.86-7.57 (m, 1H, B(OH)2-ArCH), 7.39-7.34 (m, 1H, 

B(OH)2-ArCH), 1.44 (s, 9H, tBu-CH3); 13C NMR (125 MHz, CD3OD) δ 159.4 (Ar-

C), 138.1 (triazole-C), 135.2 (ArCH), 130.1 (ArCH), 126.6 (ArCH), 123.2 (ArCH), 

119.5 (ArCH), 31.8 (tBu-C), 30.7 (CH3), (OH)2B-C not observed; IR vmax 

(neat)/cm-1 3138, 2962; LC-MS m/z 246.0 (M+H+) (RT=3.19, 100%); HRMS m/z 

(TOF ES+) calcd for C12H16BN3O2 [M+H]+ 246.1416, found 246.1419; HPLC RT 
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12.77 min, >99% content. 

(3-(4-(Ethoxycarbonyl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (6g) 

 

Following the general procedure B, the product was isolated as a pale 

yellow solid (15 mg, 47%): m.p. 184-185 °C; 1H NMR (500MHz, CD3OD) δ 9.12 

(s, 1H, triazole-CH), 8.34-8.23 (m, 1H, B(OH)2-ArCH), 8.02-7.87 (m, 2H, 

B(OH)2-ArCH), 7.61 (s, 1H, B(OH)2-ArCH), 4.45 (q, 2H, J = 7.1, OCH2), 1.44 (t, 

3H, J = 7.1, CH3); 13C NMR (125 MHz, CD3OD) δ 161.9 (C=O), 141.5 (Ar-C), 

137.4 (Ar-C), 131.9 (ArCH), 130.2 (ArCH), 127.7 (ArCH), 121.5 (ArCH), 120.5 

(ArCH), 62.5 (OCH2), 14.6 (CH3), (OH)2B-C not observed; IR vmax (neat)/cm-1 

3424, 3245, 3171, 1721; LC-MS m/z 262.0 (M+H+) (RT=2.80, 100%); HRMS 

m/z (TOF ES+) calcd for C11H12BN3O4 [M+H]+ 262.1001, found 262.1006; HPLC 

RT 10.21 min, >99% content. 

1-(3-Boronophenyl)-1H-1,2,3-triazole-4-carboxylic acid (6h) 

 

LiOH (7 mg, 0.3 mmol) was dissolved in H2O and added to a stirred solution 

of 6g in MeOH:H2O (1:1, 2 mL). The resulting mixture was stirred at room 

temperature for 45 min and then concentrated in vacuo. The product was 

isolated as a cream solid (16 mg, 76%): m.p. 180-182 °C; 1H NMR (500MHz, 

N
N N

B
HO

HO
O

O

N
N N

B
OH

HO OH

O



 223 

CD3OD) δ 9.06 (s, 1H, triazole-CH), 8.23-8.06 (m, 1H, B(OH)2-ArCH), 7.90-

7.76 (m, 2H, B(OH)2-ArCH), 7.60 (t, 1H, J = 7.6 Hz, B(OH)2-ArCH); 13C NMR 

(125 MHz, CD3OD) δ 163.3 (C=O), 142.1 (Ar-C), 137.5 (Ar-C), 135.8 (ArCH), 

130.3 (ArCH), 127.2 (ArCH), 126.8 (ArCH), 123.5 (ArCH), (OH)2B-C not 

observed; IR vmax (neat)/cm-1 3266, 1604; LC-MS m/z 256.9 (M+Na+) (RT=2.07, 

100%); HRMS m/z (TOF ES+) calcd for C9H8BN3O4 [M+H]+ 234.0688, found 

234.0690; HPLC RT 7.97 min, >99% content. 

(2,4-Difluoro-5-(4-(thiophen-3-yl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (8b) 

 

Following the general procedure B, the product was isolated as a beige 

solid (15 mg, 49%): m.p. 144-148 °C; 1H NMR (500MHz, CD3OD) δ 8.01 (s, 1H, 

triazole-CH), 7.89 (dd, 1H, J = 2.9, 1.3 Hz, thiophene-2-CH), 7.59 (dd, 1H, J = 

5.1, 1.3 Hz, thiophene-4-CH), 7.56 (dd, 1H, J = 5.1, 2.9 Hz, thiophene-5-CH), 

7.38-7.28 (m, 2H, (OH)2B-ArCH); 13 C NMR (125 MHz, CD3OD) δ 158.3 (d, 1JC-

F = 256.0 Hz 3JC-F = 13.2 Hz, Ar-CF), 158.3 (d, 1JC-F = 252.7 Hz 3JC-F = 13.2 Hz, 

Ar-CF), 145.6 (Ar-C), 133.1 (Ar-C), 132.3 (Ar-C), 130.0 (ArCH), 127.8 (ArCH), 

126.8 (ArCH), 123.3 (d, 3JCH-F = 4.4 Hz, ArCH), 123.1-122.9 (br, (OH)2B-C), 

122.8 (ArCH), 106.0 (dd, 2JCH-aF = 31.0 Hz 2JCH-bF = 23.1 Hz, ArCH); IR vmax 

(neat)/cm-1 3368, 3137, 1669, 1515, 1460; LC-MS m/z 308.0 (M+H+) (RT=3.30, 

100%); HRMS m/z (TOF ES+) calcd for C12H8BF2N3O2S [M+H]+ 308.0479, 
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found 308.0473; HPLC RT 8.03 min, >99% content (5-95% ACN). 

(2-Fluoro-5-(4-(thiophen-3-yl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (8c) 

 

Following the general procedure B, the product was isolated as a pale 

yellow solid (15 mg, 47%): m.p. 195-200 °C; 1H NMR (500MHz, CD3OD) δ 8.82 

(s, 1H, triazole-CH), 7.99-7.88 (m, 2H, B(OH)2-Ar-7,10-CH), 7.87 (dd, 1H, J = 

2.8, 1.2 Hz, thiophene-2-CH), 7.60 (dd, 1H, J = 5.0, 1.2 Hz, thiophene-4-CH), 

7.58 (dd, 1H, J = 5.0, 2.8 Hz, thiophene-5-CH), 7.34 (t, 1H, J = 8.5 Hz, B(OH)2-

Ar-9-CH); 13C NMR (125 MHz, CD3OD) δ 145.9 (Ar-C), 134.7 (Ar-C), 132.5 (Ar-

C), 127.8 (ArCH), 127.6-127.3 (br d, B(OH)2-ArCH), 126.8 (ArCH), 125.5-125.0 

(br d, B(OH)2-ArCH), 122.7 (ArCH), 120.3 (ArCH), 117.5 (d, 2JCH-F = 27.3 Hz, 

ArCH), F-C & (OH)2B-C not observed; IR vmax (neat)/cm-1 3426, 3138, 2062, 

1617, 1491; LC-MS m/z 290.0 (M+H+) (RT=3.19, 100%); HRMS m/z (TOF ES+) 

calcd for C12H9BFN3O2S [M+H]+ 290.0573, found 290.0583; HPLC RT 8.52 

min, >97% content (5-95% ACN). 

(2,3-Difluoro-5-(4-(thiophen-3-yl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (8d) 
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To a solution of 5d (20 mg, 1 equiv) in H2O:DMF:t-BuOH (2.5 mL, 1:3:1), 

CuBr (0.4 equiv) and CsF (2 equiv) were added under argon. The required 

alkyne (1.1 equiv) was added dropwise and the reaction stirred for 6 hours at 

room temperature. After which time 3 mL H2O:MeOH (1:1) was added and the 

suspension was filtered under vacuum. The filtrate was further purified by RP 

column chromatography, the product appear as a white solid (18 mg, 59%): m.p. 

165-170 °C; 1H NMR (500MHz, CD3OD) δ 8.76 (s, 1H, triazole-CH), 7.88 (dd, 

1H, J = 2.8, 1.1 Hz, thiophene-2-CH), 7.78 (s, 1H, (OH)2B-Ar-7-CH), 7.67 (ddd, 

1H, 2JH-F = 11.0 Hz 3JH-F =2.8 Hz JH-H = 7.5 Hz, (OH)2B-Ar-9-CH), 7.59 (dd, 1H, 

J = 5.1, 1.1 Hz, thiophene-4-CH), 7.56 (dd, 1H, J = 5.1, 2.8 Hz, thiophene-5-

CH); 13 C NMR (125 MHz, CD3OD) δ 155.3 (dd, 1JC-F = 242.9 Hz 2JC-F = 10.6 

Hz, Ar-CF), 152.6 (dd, 1JC-F = 249.0 Hz 2JC-F = 18.3 Hz, Ar-CF), 145.8 (Ar-C), 

133.4 (d, 3JC-F = 6.9 Hz, Ar-C), 132.5 (Ar-C), 127.8 (ArCH), 126.8 (ArCH), 122.8 

(d, 3JCH-F = 10.8 Hz, ArCH), 122.6 (ArCH), 120.2 (ArCH), 109.2 (d, 2JCH-F = 22.7 

Hz, ArCH), (OH)2B-C not observed; IR vmax (neat)/cm-1 3386, 2825, 1679, 1587, 

1486; LC-MS m/z 308.0 (M+H+) (RT=3.41, 100%); HRMS m/z (TOF ES+) calcd 

for C12H8BF2N3O2S [M+H]+ 308.0479, found 308.0477; HPLC RT 11.43 

min, >98% content. 
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(2-Fluoro-5-((4-(thiophen-3-yl)-1H-1,2,3-triazol-1-yl)methyl)phenyl) boronic 

acid (8e) 

 

To a solution of 5e (20 mg, 1 equiv) in H2O:DMF:t-BuOH (2.5 mL, 1:3:1), 

CuBr (0.4 equiv) and CsF (2 equiv) were added under argon. The required 

alkyne (1.1 equiv) was added dropwise and the reaction stirred for 6 hours at 

room temperature. After which time 3 mL H2O:MeOH (1:1) was added and the 

suspension was filtered under vacuum. The filtrate was further purified by RP 

column chromatography, the product was isolated as an off-white solid (10 mg, 

43%): m.p. 148-149 °C; 1H NMR (500MHz, CD3OD) δ 8.24 (s, 1H, triazole-CH), 

7.76 (dd, 1H, J = 2.8, 1.2 Hz, B(OH)2-Ar-6-CH), 7.52-7.13 (m, 4H, thiophene-

CH & B(OH)2-Ar-3-CH), 7.11 (t, 1H, J = 8.5 Hz, B(OH)2-Ar-4-CH); 13C NMR 

(125 MHz, CD3OD) δ 145.5 (Ar-C), 135.5 (ArCH), 132.7 (Ar-C), 132.6 (ArCH), 

130.6 (Ar-C), 127.6 (ArCH), 126.7 (ArCH), 122.3 (ArCH), 122.0 (ArCH), 116.4 

(d, 2JCH-F = 25.4 Hz, ArCH), (OH)2B-C & F-C not observed; IR vmax (neat)/cm-1 

3392, 3125, 1681, 1615, 1488; LC-MS m/z 303.95 (M+H+) (RT=4.42, 100%); 

HRMS m/z (TOF ES+) calcd for C13H11BFN3O2S [M+H]+ 304.0730, found 

304.0729; HPLC RT 12.09 min, >99% content. 
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(4-Fluoro-3-(4-(thiophen-3-yl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid (8f) 

 

Following the general procedure B, the product was isolated as a yellow 

solid (27 mg, 60%): m.p. 120-121 °C; 1H NMR (500MHz, CD3OD) δ 8.60 (1H, 

s, triazole-CH), 7.93-7.74 (2H, m, B(OH)2-Ar-7,11-CH), 7.88 (1H, dd, J = 2.9, 

1.2 Hz, thiophene-2-CH), 7.62 (1H, dd, J = 5.0, 1.2 Hz, thiophene-4-CH), 7.57 

(1H, dd, J = 5.0, 2.9 Hz, thiophene-5-CH), 7.30-7.26 (1H, m, B(OH)2-Ar-10-CH); 

13C NMR (125 MHz, CD3OD) δ 145.5 (Ar-C), 132.4 (Ar-C), 130.0 (ArCH), 129.8 

(ArCH), 129.3 (ArCH), 127.8 (ArCH), 126.8 (ArCH), 125.8 (Ar-C), 123.2 (d, 2JCH-

F= 5.0 Hz, ArCH), 122.7 (ArCH), (OH)2B-C & F-C not observed; IR vmax 

(neat)/cm-1 3332, 3146, 2363, 1677, 1599, 1457; LC-MS m/z 290.0 (M+H+) 

(RT=8.08, 98%); HRMS m/z (TOF ES-) calcd for C12H9BFN3O2S [M-H]- 

288.0417, found 288.0423. 

(4-(Benzyloxy)-3-(4-(thiophen-3-yl)-1H-1,2,3-triazol-1-yl)phenyl)boronic acid 

(8g) 
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Following the general procedure B, the product was isolated as appear as 

a white solid (10 mg, 36%): m.p. 150-151°C; 1H NMR (400MHz, CD3OD) δ 8.53 

(1H, s, triazole-CH), 7.94-7.78 (2H, m, ArCH), 7.79 (1H, dd, J = 2.9, 1.2 Hz, 

thiophene-2-CH), 7.55 (1H, dd, J = 5.0, 1.2 Hz, thiophene-4-CH), 7.51 (1H, dd, 

J = 5.0, 2.9 Hz, thiophene-5-CH), 7.41-7.31 (6H, m, ArCH), 5.27 (2H, s, OCH2); 

13C NMR (100 MHz, CD3OD) δ 144.7 (Ar-C), 137.9 (Ar-C), 137.7 (Ar-C), 132.7 

(Ar-C), 132.4 (ArCH), 129.6 (ArCH), 129.2 (ArCH), 128.5 (ArCH), 127.7 (ArCH), 

127.3 (Ar-C), 126.7 (ArCH), 124.2 (ArCH), 122.3 (ArCH), 72.0 (OCH2), (OH)2B-

C not observed; IR vmax (neat)/cm-1 3146, 1607, 1457; LC-MS m/z 378.0 (M+H+) 

(RT=7.09, 100%); HRMS m/z (TOF ES-) calcd for C19H16BN3O3S [M-H]- 

376.0931, found 376.0947. 

 

General Procedure C for the Synthesis of Amide Analogues 7a-f. 

3-Aminophenylboronic acid (0.10 g, 0.65 mmol, 1 equiv), the 

corresponding carboxylic acid (0.71 mmol, 1.1 equiv) and HBTU (0.25 g, 0.65 

mmol, 1 equiv) were dissolved in anhydrous N,N-dimethylformamide (2.5 mL). 

To this solution diisopropylethylamine (0.7 mL, 3.87 mmol, 3 equiv) was added 

dropwise. The reaction mixture was stirred vigorously for 3 hours at room 

temperature, after which the loss of starting material was determined by TLC. 

The reaction mixture was diluted with ethyl acetate (50 mL), and then washed 

with water (100 mL) and brine solution (100 mL). The organic layer was dried 



 229 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The filtrate was 

further purified by RP column chromatography and preparative HPLC as 

necessary. 

4-N-(Benzoyl)-3-aminophenylboronic acid (7a) 

 

Following the general procedure C, the product was isolated as a pale 

yellow solid (122 mg, 78%): Rf 0.70 (100% Ethyl acetate C18); m.p. 190-194 °C; 

1H NMR (500MHz, CD3OD) δ 7.87-7.80 (m, 2H, ArCH), 7.68 (s, 1H, B(OH)2-

ArCH), 7.65 (d, 1H, J = 7.5 Hz, B(OH)2-ArCH), 7.49-7.40 (m, 3H, ArCH), 7.29 

(d, 1H, J = 7.5 Hz, B(OH)2-ArCH), 7.23 (t, 1H, J = 7.5 Hz, B(OH)2-ArCH); 13C 

NMR (125 MHz, CD3OD) δ 168.9 (C=O), 138.9 (Ar-C), 136.5 (Ar-C), 132.8 

(ArCH), 130.9 (ArCH), 129.6 (ArCH), 128.8 (ArCH), 128.6 (ArCH), 127.3 

(ArCH), 122.9 (ArCH), (OH)2B-C not observed; IR vmax (neat)/cm-1 3292, 3051, 

1646, 1534; LC-MS m/z 242.1 (M+H+) (RT=2.80, 100%); HPLC RT 9.30 

min, >97% content. The data are in agreement with the reported literature 

values.196   
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(3-(Thiophene-3-carboxamido)phenyl)boronic acid (7b) 

 

Following the general procedure C, the product was isolated as a white 

solid (92 mg, 58%): Rf 0.57 (100% Ethyl acetate C18); m.p. 256-259 °C; 1H 

NMR (500MHz, CD3OD) δ 8.23 (dd, 1H, J = 2.9, 1.3 Hz, thiophene-2-CH), 8.00-

7.86 (m, 1H, B(OH)2-ArCH), 7.74 (d, 1H, J = 7.5 Hz, B(OH)2-ArCH), 7.65 (dd, 

1H, J = 5.3, 1.3 Hz, thiophene-4-CH), 7.60-7.54 (m, 1H, B(OH)2-ArCH), 7.52 

(dd, 1H, J = 5.3, 2.9 Hz, thiophene-5-CH), 7.44-7.31 (m, 1H, B(OH)2-ArCH); 

13C NMR (125 MHz, CD3OD) δ 164.1 (C=O), 139.1 (Ar-C), 138.9 (Ar-C), 131.2 

(ArCH), 130.4 (ArCH), 129.0 (ArCH), 128.0 (ArCH), 127.9 (ArCH), 127.6 

(ArCH), 123.7 (ArCH), (OH)2B-C not observed; IR vmax (neat)/cm-1 3272, 3043, 

1638, 1538; LC-MS m/z 247.9 (M+H+) (RT=2.70, 100%); HRMS m/z (TOF ES+) 

calcd for C11H10BNO3S [M+H]+ 248.0555, found 248.0558; HPLC RT 8.58 

min, >99% content. 

(3-(Thiophene-2-carboxamido)phenyl)boronic acid (7c) 

 

Following the general procedure C, the product was isolated as a cream 

solid (85 mg, 53%): Rf 0.57 (100% Ethyl acetate C18); m.p. 188-190 °C; 1H 
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NMR (500MHz, DMSO-d6) δ 8.09 (s, 2H, B(OH)2), 8.05 (dd, 1H, J = 3.7, 1.0 

Hz, thiophene-3-CH), 8.00-7.97 (m, 1H, B(OH)2-ArCH), 7.84 (dd, 1H, J = 5.0, 

1.0 Hz, thiophene-5-CH), 7.83-7.79 (m, 1H, B(OH)2-ArCH), 7.56-7.52 (m, 1H, 

B(OH)2-ArCH), 7.33 (t, 1H, J = 7.7 Hz, B(OH)2-ArCH), 7.22 (dd, 1H, J = 5.0, 3.7 

Hz, thiophene-4-CH); 13C NMR (125 MHz, CD3OD) δ 162.8 (C=O), 141.0 (Ar-

C), 138.6 (Ar-C), 132.4 (ArCH), 131.1 (ArCH), 130.6 (ArCH), 130.0 (ArCH), 

129.0 (ArCH), 128.9 (ArCH), 127.5 (ArCH), (OH)2B-C not observed; IR vmax 

(neat)/cm-1 3296, 3085, 1632, 1535; LC-MS m/z 248.0 (M+H+) (RT=2.75, 

100%); HRMS m/z (TOF ES+) calcd for C11H10BNO3S [M+H]+ 248.0555, found 

248.0552; HPLC RT 9.05 min, >97% content. 

(3-Propionamidophenyl)boronic acid (7d) 

 

Following the general procedure C, the product was isolated as a white 

solid (85 mg, 35%): Rf 0.48 (100% Ethyl acetate C18); m.p. 248-250 °C; 1H 

NMR (500MHz, CD3OD) δ 7.84-7.78 (m, 1H, B(OH)2-ArCH), 7.63 (dd, 1H, J = 

7.5, 1.9, B(OH)2-ArCH), 7.49-7.29 (m, 2H, B(OH)2-ArCH), 2.40 (2H, q, J = 7.6 

Hz, CH2), 1.23 (3H, t, J = 7.6 Hz, CH3); 13C NMR (125 MHz, CD3OD) δ 175.5 

(C=O), 139.4 (Ar-C), 130.2 (ArCH), 129.1 (ArCH), 126.2 (ArCH), 122.6 (ArCH), 

31.0 (CH2), 10.3 (CH3), (OH)2B-C not observed; IR vmax (neat)/cm-1 3295, 2921, 

1664, 1553; LC-MS m/z 193.9 (M+H+) (RT=2.05, 100%); HPLC RT 3.36 
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min, >98% content. The data are in agreement with the reported literature 

values.196  

(3-(Benzo[b]thiophene-5-carboxamido)phenyl)boronic acid (7e) 

 

Following the general procedure C, the product was isolated as a white 

solid (100 mg, 60%): Rf 0.71 (100% Ethyl acetate C18); m.p. 240-242 °C; 1H 

NMR (500MHz, CD3OD) δ 8.48 (d, 1H, J = 1.5 Hz, benzothiophene-4-CH), 8.07 

(d, 1H, J = 8.4 Hz, benzothiophene-6-CH), 8.01-7.95 (m, 1H, B(OH)2-ArCH), 

7.93 (dd, 1H, J = 8.4, 1.5 Hz, benzothiophene-3-CH), 7.82-7.76 (m, 1H, B(OH)2-

ArCH), 7.73 (d, 1H, J = 5.5 Hz, benzothiophene-9-CH), 7.54 (d, 1H, J = 5.5 Hz, 

benzothiophene-8-CH), 7.46-7.36 (m, 2H, B(OH)2-ArCH); 13C NMR (125 MHz, 

CD3OD) δ 169.2 (C=O), 144.4 (Ar-C), 141.0 (Ar-C), 139.3 (Ar-C), 132.6 (Ar-C), 

130.8 (ArCH), 129.3 (ArCH), 129.1 (ArCH), 127.3 (ArCH), 126.0 (ArCH), 125.4 

(ArCH), 124.6 (ArCH), 124.2 (ArCH), 123.6 (ArCH), (OH)2B-C not observed; IR 

vmax (neat)/cm-1 3328, 2927, 1605, 1538; LC-MS m/z 298.1 (M+H+) (RT=3.26, 

100%); HRMS m/z (FTMS +pAPCI corona Full ms) calcd for C12H11BN3O2S 

[M+CHCH+H+] 324.0860, found 324.0858; HPLC RT 14.30 min, >98% content. 
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(3-(1-Benzothiophene-2-carbonylamino)phenyl)boronic acid (7f) 

 

Following the general procedure C, the product was isolated as a cream 

solid (160 mg, 83%): Rf 0.71 (100% Ethyl acetate C18); m.p. 243-244 °C; 1H 

NMR (500MHz, CD3OD) δ 8.43 (d, 1H, J = 7.4 Hz, B(OH)2-ArCH), 8.35-8.30 

(m, 1H, benzothiophene-CH), 8.05-7.97 (m, 1H, B(OH)2-ArCH), 7.96 (d, 1H, J 

= 7.4 Hz, B(OH)2-ArCH), 7.80 (d, 1H, J = 6.0 Hz, benzothiophene-CH), 7.64-

7.33 (m, 4H, B(OH)2-ArCH, benzothiophene-CH); 13C NMR (125 MHz, CD3OD) 

δ 164.9 (C=O), 141.5 (Ar-C), 139.0 (Ar-C), 138.6 (Ar-C), 137.0-135.0 (br, C-

B(OH)2), 132.8 (Ar-C), 131.2 (ArCH), 129.1 (ArCH), 128.9 (ArCH), 127.8 

(ArCH), 126.3 (ArCH), 126.0 (ArCH), 125.4 (ArCH), 124.4 (ArCH), 123.6 

(ArCH); IR vmax (neat)/cm-1 3301, 1638, 1534; LC-MS m/z 297.9 (M+H+) 

(RT=3.37, 100%); HRMS m/z (TOF ES+) calcd for C15H12BNO3S [M+H]+ 

298.0712, found 298.0715; HPLC RT 14.75 min, >99% content. 
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5.1.9 Synthesis of Glutathione Derivatives  

N-Fmoc-S-trityl-L-cysteinylglycinate t-butyl ester (9)  

 

N-Fmoc-S-trityl-L-cysteine (2.00 g, 3.40 mmol, 1.00 equiv), glycine tert-

butyl ester hydrochloride (0.60 mg, 3.60 mmol, 1.06 equiv) and HBTU (1.36 g, 

3.60 mmol, 1.06 equiv) were dissolved into anhydrous N,N-dimethylformamide 

(20 mL). To this solution diisopropylethylamine (1.78 mL, 10.2 mmol, 3 equiv) 

was added dropwise. The reaction mixture was stirred vigorously for 3.5 hours 

at room temperature, after which time the starting material had been consumed 

by TLC analysis. The reaction mixture was diluted with ethyl acetate (100 mL), 

and then washed by water (200 mL), 10% citric acid solution (200 mL), 

saturated bicarbonate solution (200 mL) and brine solution (200 mL). The 

organic layer was dried over anhydrous magnesium sulphate, filtered and 

concentrated in vacuo. The resulting crude material was purified by silica gel 

column chromatography using gradient elution (100% hexane, 80:20 

hexane:ethyl acetate, 60:40 hexane:ethyl acetate, 40:60 hexane:ethyl acetate, 

20:80 hexane:ethyl acetate and finally 100 % ethyl acetate) to furnish 9 as a 

colourless solid (1.85 g, 78%): Rf 0.64 (ethyl acetate: hexane 3:7 C18); m.p. 

86 °C ; 1H NMR (400MHz, CDCl3) δ 7.51 (t, 2H, J = 7.5 Hz, Fmoc-ArCH), 7.36 
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(d, 2H,J = 7.3 Hz, Fmoc-ArCH), 7.30-7.29 (m, 4H,Fmoc-ArCH), 7.28-7.13 (m, 

15H, Trt-ArCH), 6.33-6.27 (br m, 1H, Cys-NH), 5.00-4.94 (br m, 1H, Gly-NH), 

4.33 (dd, 2H, J = 10.6, 7.0 Hz, Cys-β-CH2), 4.13 (dd, 1H, J = 7.0, 7.0 Hz, Cys-

α-CH), 3.78-3.69 (m, 3H, Fmoc-CH & Fmoc-CH2), 2.65-2.54 (m, 2H, Gly-CH2), 

1.37 (s, 9H, OC(CH3)3); 13C NMR (125 MHz, CDCl3) δ 169.9 (C=O), 168.3 

(C=O), 156.0 (C=O), 144.3, 143.7, 141.3, 129.6, 128.1, 127.7, 127.1, 126.9, 

125.1, 120.0 (Fmoc-ArCH & Trt-ArCH), 82.4 (OC(CH3)3), 67.4 (Trt-C), 67.0 

(Fmoc-CH2), 53.9 (Cys-α-CH), 47.1 (Fmoc-CH), 42.1 (Gly-CH2), 33.8 (Cys-β- 

CH2), 28.0 (OC(CH3)3); LC-MS m/z 721.75 (M+Na+) (RT= 5.42, 100%). The 

data are in agreement with the reported literature values.197  

S-Trityl-L-cysteinylglycinate t-butyl ester (10)  

 

9 (1.30 g, 1.86 mmol, 1 equiv) was dissolved in 20% (v/v) piperidine in 

anhydrous N,N-dimethylformamide (16 mL). The reaction mixture was stirred 

vigorously for 2.5 hours at room temperature after which time the reaction was 

deemed complete by TLC analysis. The reaction was concentrated in vacuo 

and the resulting crude material was purified by silica gel column 

chromatography using gradient elution (100% hexane, 80:20 hexane:ethyl 

acetate, 60:40 hexane:ethyl acetate, 40:60 hexane:ethyl acetate, 20:80 

hexane:ethyl acetate and finally 100 % ethyl acetate) furnishing 10 as a pale 

H
N

O

OH2N

S

O

Trt



 236 

yellow oil (0.83 g, 94 %): Rf 0.15 (ethyl acetate: hexane 3:7 C18); 1H NMR (100 

MHz, CDCl3) δ 8.05-8.02 (br m, 2H, Cys-NH2), 7.52 (br t, 1H, J = 5.9 Hz, Gly-

NH), 7.46 (d, 6H, J = 7.4 Hz, Trt-ArCH), 7.31 (t, 6H, J = 7.4 Hz, Trt-ArCH), 7.23 

(t, 3H, J = 7.4 Hz, Trt-ArCH), 3.91 (dd, 1H, J = 18.4, 5.7 Hz, Gly-CHa), 3.81 (dd, 

1H, J = 18.4, 5.7 Hz, Gly-CHb), 3.04 (dd, 1H, J = 8.8, 3.8 Hz, Cys-α-CH), 2.90-

2.06 (m, 2H, Cys-β-CH2), 1.37 (s, 9H, OC(CH3)3); 13C NMR (500MHz, CDCl3) 

δ 172.0 (C=O), 167.8 (C=O), 143.6 (Trt-ArCH), 128.6 (Trt-ArCH), 127.0 (Trt-

ArCH), 125.8 (Trt-ArCH), 81.1 (OC(CH3)3), 66.0 (Trt-C), 52.9 (Cys-α-CH), 40.7 

(Gly-CH2), 36.3 (Cys-β-CH2), 27.0 (OC(CH3)3); LC-MS m/z 499.9 (M+Na+) 

(RT= 3.21, 100%). The data are in agreement with the reported literature 

values.197 

L-Cysteinylglycine (11) 

 

To 10 (0.50 g, 1.04 mmol, 1 equiv) in 20% (v/v) trifluoroacetic 

acid/dichloromethane (10 mL), triethylsilane (0.34 mL, 2.08 mmol, 2 equiv) was 

added. The reaction mixture was stirred vigorously for 2 hours at room 

temperature, after which time the starting material had been consumed as 

adjudged by TLC analysis. The reaction was concentrated in vacuo and the 

resulting crude material was purified by reversed phase C18 silica gel column 

chromatography (water with 0.1% formic acid). The purity of the product was 
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evaluated by analytical HPLC, furnishing 11 as a colourless oil (0.12 g, 63 %): 

Rf 0.80 (methanol:water 1:1, RP C18); 1H NMR (500 MHz, DMSO-d6) δ 8.12-

8.11 (br m, 1H, Gly-NH), 7.83-7.81 (br m, 2H, Cys-NH2), 4.25-4.20 (t, 1H, J = 

5.6 Hz, Cys-α-CH), 4.02 (d, 1H, J = 18.0 Hz, Gly-CHa), 3.94 (d, 1H, J = 18.0 

Hz, Gly-CHb), 3.05-2.92 (m, 2H, Cys-β-CH2); 13C NMR (125 MHz, D2O) δ 172.8 

(C=O), 168.4 (C=O), 54.2 (Cys-α-CH), 41.0 (Cys-β-CH2), 24.8 (Gly-CH2); LC-

MS m/z 177.7 (M+H+) (RT= 0.67, 100%); HPLC RT 0.96 min, >99% content. 

The data are in agreement with the reported literature values.198  

S-(4-Bromobenzyl)-L-cysteinylglycine (12)  

 

To 11 (0.06 g, 0.34 mmol, 1 equiv) in sodium hydroxide solution (1M, 0.40 

mL) 4-bromobenzylbromide (84.9 mg, 0.34 mmol, 1 equiv) was added portion 

wise in ethanol (1.2 mL). The mixture was stirred vigorously at 0 °C for 3 hours. 

The reaction was concentrated in vacuo and the resulting solid residue 

dissolved in water (10 mL). The aqueous layer was washed with ether (3×20 

mL) and the water fraction was acidified with concentrated HCl (5M). No 

precipitate was observed and so the suspension was concentrated in vacuo to 

isolate the product. The resulting crude material was purified by reversed phase 
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C18 silica gel column chromatography (water with 0.1% formic acid). The 

product was further purified by preparative HPLC, furnishing 12 as a colourless 

oil (51 mg, 43%): Rf 0.56 (methanol:water 7:3, RP C18); 1H NMR (500MHz, 

CD3OD+D2O) δ 8.14-8.12 (br m, 2H, Cys-NH2), 7.50 (d, 2H, J = 8.4 Hz, Ar-3,5-

CH), 7.33 (d, 2H, J = 8.4 Hz, Ar-2,6-CH), 4.10-4.06 (m, 1H, Cys-α-CH), 3.99-

3.91 (m, 2H, CH2-BnBr), 3.72-3.69 (m, 2H, Gly-CH2), 2.96 (dd, 1H, J =14.4, 7.0 

Hz, Cys-β-CHa), 2.84 (dd, 1H, J =14.4, 5.7 Hz, Cys-β-CHb); 13C NMR (125 MHz, 

D2O+CD3OD) δ 172.2 (HOC=O), 168.5 (NHC=O), 136.6 (Ar-4-C), 131.5 (Ar-

3,5-CH), 130.7 (Ar-2,6-CH), 120.7 (Ar-1-C), 52.1 (Cys-α-CH), 40.9 (CH2-BnBr), 

34.8 (Cys-β-CH), 31.4 (Gly-CH2); LC-MS m/z 346.8 (M79+H+), 348.8 (M81+H+) 

(RT= 2.32, 100%); HRMS m/z (FTMS - p NSI) calcd for  C12H15BrN2O3S (M79-

H-)/(M81-H-) 344.9914/346.9893, found 344.9913 /346.9882; HPLC RT 4.06 

min, >99% content. The data are in agreement with the reported literature 

values.199  

N-Fmoc-S-trityl-L-cysteinate t-butyl ester (13)  

 

N,N’-Dicyclohexylcarbodiimide (4.84 g 23.46 mmol 4.6 equiv), tert-butanol 

(3 mL, 32.16 mmol, 6.3 equiv) and copper (I) chloride (28 mg, 0.28 mmol, 0.05 

equiv) were mixed and stirred vigorously for 3 days at room temperature. After 

which time, N-Fmoc-S-trityl-L-cysteine (3.00 g, 5.1 mmol, 1 equiv) was added 

N
H

S

O

O

Trt

Fmoc



 239 

and the green suspension diluted with anhydrous dichloromethane (20 mL). 

The reaction mixture was stirred vigorously for 4.5 hours at room temperature. 

After which time the mixture was diluted with dichloromethane (30 mL) and 

washed with saturated NaHCO3 solution (3×100 mL). The organic layer was 

dried over anhydrous magnesium sulphate, filtered and concentrated in vacuo. 

The resulting crude material was further purified by silica gel column 

chromatography using gradient elution (100% hexane, 80:20 hexane:ethyl 

acetate, 60:40 hexane:ethyl acetate, and finally 40:60 hexane:ethyl acetate), 

furnishing 13 appear as a colourless solid (2.19 g, 67%): Rf 0.77 (ethyl acetate: 

hexane 3:7 C18); m.p. 71 °C; 1H NMR (400 MHz, CDCl3) δ 7.78 (d, 2H, J = 7.8 

Hz, Fmoc-ArCH), 7.64 (d, 2H, J = 7.8 Hz, Fmoc-ArCH), 7.44-7.30 (m, 4H, 

Fmoc-ArCH), 7.42-7.21 (m, 15H, Trt-ArCH), 5.34 (br d, 1H, J = 7.8 Hz, Cys-

NH), 4.37 (d, 2H, J = 7.8 Hz, Fmoc-CH2), 4.28 (m, 2H, Cys-α-CH & Fmoc-CH), 

2.67-2.56 (m, 2H, Cys-β-CH2), 1.47 (s, 9H, OC(CH3)3); 13C NMR (125 MHz, 

CDCl3) δ 168.5 (C=O), 154.5 (C=O), 143.3, 142.9, 142.8, 128.5, 127.0, 126.9, 

126.2, 125.8, 124.2, 118.9 (Fmoc-ArCH & Trt-ArCH), 81.6 (OC(CH3)3), 66.1 

(Trt-C), 65.6 (Fmoc-CH2), 52.3 (Cys-α-CH), 46.1 (Fmoc-CH), 33.4 (Cys-β-CH2), 

26.9 (OC(CH3)3); LC-MS m/z 664.5 (M+Na+) (RT=5.72, 100%). The data are in 

agreement with the reported literature values.200  
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S-Trityl-L-cysteine t-butyl ester (14)  

 

13 (2 g, 3.12 mmol, 1 equiv) was dissolved in 20% (v/v) piperidine (6 mL) 

in anhydrous N,N-dimethylformamide (24 mL). The reaction mixture was stirred 

vigorously for 3.5 hours at room temperature, after which time the starting 

material was consumed. The reaction was concentrated in vacuo and the 

resulting crude material was purified by silica gel column chromatography using 

a gradient elution (100% hexane, 80:20 hexane:ethyl acetate, 60:40 

hexane:ethyl acetate, 40:60 hexane:ethyl acetate, and 20:80 hexane:ethyl 

acetate). 14 was isolated as a pale yellow oil (1.18 g, 90 %): Rf 0.46 (ethyl 

acetate: hexane 1:1 C18); 1H NMR (400 MHz, CDCl3) δ 7.35 (d, 6H, J = 7.5 Hz, 

Trt-ArCH), 7.31-7.21 (m, 9H, Trt-ArCH), 3.15 (dd, 1H, J = 7.5, 5.0 Hz, Cys-α-

CH), 2.48 (dd, 1H, J = 12.8, 5.0 Hz, Cys-β-CHa), 2.54 (dd, 1H, J = 7.5, 5.0 Hz, 

Cys-β-CHb), 1.42 (s, 9H, OC(CH3)3); 13C NMR (125 MHz, CDCl3) δ 173.1 (C=O), 

144.6 (Trt-ArCH), 129.6 (Trt-ArCH), 127.9 (Trt-ArCH), 126.7 (Trt-ArCH), 81.4 

(OC(CH3)3), 66.7 (Trt-C), 54.5 (Cys-α-CH), 37.2 (Cys-β-CH2), 28.0 (OC(CH3)3); 

LC-MS m/z 420.1 (M+H+) (RT= 3.31, 100%). The data are in agreement with 

the reported literature values.201  
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N5-((R)-1-(tert-Butoxy)-1-oxo-3-(tritylthio)propan-2-yl)-N2-Boc-L-glutamate t-

butyl ester (15)  

 

14 (1 g, 2.38 mmol, 1 equiv), Boc-Glu-OtBu (0.76 g, 2.50 mmol, 1.05 equiv) 

and HBTU (0.95 g, 2.50 mmol, 1.05 equiv) were dissolved in anhydrous N,N-

dimethylformamide (24 mL). To this diisopropylethylamine (1.24 mL, 7.14 mmol, 

3 equiv) was added dropwise. The reaction mixture was stirred vigorously for 4 

hours at room temperature, after which time the starting material was 

consumed as adjudged by TLC analysis. The reaction mixture was diluted with 

ethyl acetate (30 mL), and then washed with water (3×50 mL), 10% citric acid 

solution (3×50 mL), saturated NaHCO3 solution (3×50 mL) and brine solution 

(3×50 mL). The organic layer was dried over anhydrous magnesium sulphate 

and concentrated in vacuo. The resulting crude material was purified by silica 

gel column chromatography using a gradient elution (100% hexane, 80:20 

hexane:ethyl acetate, 60:40 hexane:ethyl acetate, 40:60 hexane:ethyl acetate, 

and finally 20:80 hexane:ethyl acetate) furnishing 15 as a colourless solid (1.35 

g, 81%): Rf 0.86 (100% ethyl acetate C18); m.p. 79 °C; 1H NMR (400MHz, 

CDCl3) δ 7.43 (d, 6H, J = 7.4 Hz, Trt-ArCH), 7.41-7.22 (m, 9H, Trt-ArCH), 6.16 

(br d, 1H, J = 7.4 Hz, Cys-NH), 5.21 (br d, 1H, J = 7.4 Hz, Glu-NH), 4.52-4.45 

(m, 1H, Cys-α-CH), 4.25-4.18 (m, 1H, Glu-α-CH), 2.66 (dd, 1H, J = 7.5, 5.8 Hz, 

N
H

S

ONH2

OO

O O

Trt



 242 

Cys-β-CHa), 2.52 (dd, 1H, J = 12.1, 5.8 Hz, Cys-β-CHb), 2.33-2.21 (m, 2H, Glu-

γ-CH2), 2.20-2.09 (m, 2H, Glu-β-CH2), 1.48 (s, 9H, OC(CH3)3), 1.47 (s, 9H, 

OC(CH3)3), 1.45 (s, 9H, OC(CH3)3); 13C NMR (125 MHz, CDCl3) δ 171.2, 169.4, 

155.65 (HOC=O & NHC=O), 144.4 (Trt-ArCH), 129.6 (Trt-ArCH), 127.9 (Trt-

ArCH), 126.7 (Trt-ArCH), 82.5 (OC(CH3)3), 82.2 (OC(CH3)3), 79.8 (OC(CH3)3), 

66.6 (Trt-C), 53.5 (Cys-α-CH), 51.6 (Glu-α-CH), 34.1 (Cys-β-CH2), 32.5 (Glu-β-

CH2), 29.0 (Glu-γ-CH2), 28.3 (OC(CH3)3), 28.0 (OC(CH3)3), 27.9 (OC(CH3)3); 

IR vmax (neat)/cm-1 3326, 2976, 2930, 1714, 1679, 1492; LC-MS m/z 727.85 

(M+Na+) (RT= 5.45, 96%); HRMS m/z (FTMS + p NSI) calcd for C40H53N2O7S 

[M+H]+ 705.3568, found 705.3564.  

L-γ-Glutamyl-L-cysteine (16)  

 

To 15 (1 g, 1.42 mmol, 1 equiv) in 50% (v/v) trifluoroacetic 

acid/dichloromethane (18 mL) triethylsilane (0.91 mL, 5.67 mmol, 4 equiv) was 

added. The reaction mixture was stirred vigorously for 2 hours at room 

temperature, after which time the starting material was consumed as adjudged 

by TLC analysis. The reaction was concentrated in vacuo and the resulting 

crude material was purified by reversed phase C18 silica gel column 

chromatography (water with 0.1% formic acid). The purity of the product was 

evaluated by analytical HPLC, furnishing 16 as a colourless oil (0.30 g, 85%): 
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Rf 0.93 (methanol:water 7:3, RP C18); 1H NMR (500MHz, D2O) δ 4.57 (dd, 1H,  

J = 6.4, 4.9 Hz, Cys-α-CH), 4.04-3.97 (m, 1H, Glu-α-CH), 2.95-2.87 (m, 2H, 

Cys-β-CH2), 2.58-2.48 (m, 2H, Glu-γ-CH2), 2.23-2.10 (m, 2H, Glu-β-CH2); 13C 

NMR (125 MHz, D2O) δ 174.2, 173.4, 171.5 (HOC=O & NHC=O), 54.7 (Cys-α-

CH), 52.2 (Glu-α-CH), 30.8 (Cys-β-CH2), 25.4 (Glu-β-CH2), 24.9 (Glu-γ-CH2); 

LC-MS m/z 251.1 (M+H+) (RT= 0.73, 100%); HPLC RT 1.01 min, >99% content. 

The data are in agreement with the reported literature values.202  

General Procedure D for the Synthesis of Glutathione S-conjugates 17a-

b, 18a-j 

To L-glutathione (100 mg, 1 equiv) in sodium hydroxide solution (1M, 0.45 

mL) required alkylating agents (1 equiv) were added portion wise in ethanol 

(1.0 mL). The mixture was stirred vigorously at 0 °C for 2 hours. The solvent 

was evaporated and the solid was dissolved in water (10 mL). The crude 

material was washed with ether (3×10 mL) and the water fraction was acidified 

using concentrated HCl (5M). The suspension was then filtered in vacuo to yield 

the solid product. 

S-(4-Bromobenzyl)-L-glutamylcysteine (17a)  
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To 16 (0.04 g, 0.16 mmol, 1 equiv) in sodium hydroxide solution (1M, 0.35 

mL) 4-bromobenzyl bromide (0.04 mg, 0.16 mmol, 1 equiv) was added portion 

wise in ethanol (1.0 mL). Following the general procedure D, the resulting crude 

material was purified by reversed phase C18 silica gel column chromatography 

(water, 80:20 water:acetonitrile, 50:50 water:acetonitrile; with 0.1% formic acid). 

The product was further purified by preparative HPLC, furnishing 17a as a pale 

yellow oil (26 mg, 39%): Rf 0.18 (methanol:water 1:1 RP C18); 1H NMR 

(500MHz, D2O+CD3OD) δ 8.24-8.14 (br m, 2H, Glu-NH2), 7.50 (d, 2H, J = 8.3 

Hz, Ar-3,5-CH), 7.27 (d, 2H, J = 8.3 Hz, Ar-2,6-CH), 4.47-4.44 (m, 1H, Cys-α-

CH), 3.79 (t, 1H, J = 6.4 Hz, Glu-α-CH), 3.74 (s, 2H, CH2-BnBr), 2.90 (dd, 1H, 

J = 14.0, 4.7 Hz, Cys-β-CHa), 2.77 (dd, 1H, J = 14.0, 8.4 Hz, Cys-β-CHb), 2.47 

(t, 2H, J = 7.5 Hz, Glu-γ-CH2), 2.16-2.11 (m, 2H, Glu-β-CH2); 13C NMR (125 

MHz, D2O+CD3OD) δ 175.5, 174.4, 167.3 (HOC=O & NHC=O), 138.7 (Ar-C), 

132.9 (Ar-3,5-CH), 132.2 (Ar-2,6-CH), 122.0 (Ar-C), 55.2 (Cys-α-CH), 53.9 

(Glu-α-CH), 36.3 (CH2-BnBr), 33.6 (Cys-β-CH), 32.8 (Glu-β-CH2), 27.74 (Glu-

γ-CH2); IR vmax (neat)/cm-1 3067, 2963, 2363, 1636, 1539, 1454; LC-MS m/z 

418.95 (M79+H+), 420.8 (M81+H+) (RT= 2.64, 100%); HRMS m/z (FTMS + p NSI) 

calcd for C15H19BrN2O5S [M79+H]+/ [M81+H]+ 419.0271/421.0250, found 

419.0270/421.0248; HPLC RT 10.35 min, >99% content.  
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S-(4-tert-Butylbenzyl)-L-glutamylcysteine (17b) 

 

To 16 (0.06 g, 0.25 mmol, 1 equiv) in sodium hydroxide solution (1M, 0.45 

mL) 4-tert-butylbenzyl bromide (0.05 mL, 0.25 mmol, 1 equiv) was added 

portion wise in ethanol (1.0 mL). Following the general procedure D, the 

resulting crude material was purified by preparative HPLC, furnishing 17b as a 

white solid (27 mg, 27%): Rf 0.47 (methanol:water 1:1 RP C18); m.p. 178-

180 °C; 1H NMR (500MHz, CD3OD) δ 7.36 (d, 2H, J = 8.3 Hz, Ar-3,5-CH), 7.27 

(d, 2H, J = 8.3 Hz, Ar-2,6-CH), 4.57-4.54 (m, 1H, Cys-α-CH), 3.75 (s, 2H, CH2-

BntBu), 3.67 (t, 1H, J = 5.8 Hz, Glu-α-CH), 2.96 (dd, 1H, J = 13.8, 4.4 Hz, Cys-

β-CHa), 2.76 (dd, 1H, J = 13.8, 8.5 Hz, Cys-β-CHb), 2.56-2.50 (m, 2H, Glu-γ-

CH2), 2.21-2.12 (m, 2H, Glu-β-CH2), 1.33 (s, 9H, tBu-CH3); 13C NMR (125 MHz, 

CD3OD) δ 174.9, 174.1, 173.2 (HOC=O & NHC=O), 164.7 (Ar-C), 136.3 (Ar-C), 

129.8 (Ar-2,6-CH), 126.4 (Ar-3,5-CH), 55.1 (Cys-α-CH), 53.5 (Glu-α-CH), 36.6 

(CH2-BntBu), 35.3 (Cys-β-CH2), 33.8 (tBu-C), 32.4 (Glu-β-CH2), 31.8 (tBu-CH3), 

27.7 (Glu-γ-CH2); IR vmax (neat)/cm-1 3056, 2922, 1730, 1651, 1528; LC-MS 

397.1 (M+H+) (RT= 2.64, 100%); HRMS m/z (FTMS + p NSI) calcd for 
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C19H28N2O5S [M+H]+ 397.1789, found 397.1792; HPLC RT 13.11 min, >99% 

content. 

S-Benzyl-L-glutathione (18a) 

 

To reduced L-glutathione (0.10 g, 0.33 mmol, 1 equiv) in sodium hydroxide 

solution (1M, 0.7 mL), benzyl bromide (0.04 mg, 0.33 mmol, 1 equiv) was added 

portion wise in ethanol (1.1 mL). Following the general procedure D, the 

resulting crude material was purified by reversed phase C18 silica gel column 

chromatography (mobile phase: water, 75:25 water:acetonitrile, 50:50 

water:acetonitrile, acetonitrile; with 0.1% formic acid). The product was further 

purified by preparative HPLC, furnishing the product as a pale yellow oil (50 mg, 

39%): Rf 0.38 (methanol: water 1:1 RP C18); 1H NMR (500MHz, D2O) δ 7.42-

7.10 (m, 5H, ArCH), 4.52-4.48 (m, 1H, Cys-α-CH), 4.21 (t, 1H, J = 6.7 Hz, Glu-

α-CH), 4.14 (s, 2H, CH2-Bn), 3.97 (s, 2H, Gly-CH2), 2.85-2.56 (m, 2H, Cys-β-

CH2), 2.46 (t, 2H, J = 7.5 Hz, Glu-γ-CH2), 2.17-2.02 (m, 2H, Glu-β-CH2); 13C 

NMR (125 MHz, D2O) δ 173.7, 172.4, 172.3, 171.2 (HOC=O & NHC=O), 137.9 

(Ar-C), 128.8 (Ar-CH), 128.6 (Ar-CH), 127.2 (Ar-CH), 52.6 (Cys-α-CH), 52.1 

(Glu-α-CH), 40.8 (CH2-Bn), 35.4 (Gly-CH2), 32.3 (Cys-β-CH2), 30.8 (Glu-β-CH2), 

25.5 (Glu-γ-CH2); LC-MS m/z 398.1 (M+H+) (RT= 2.20, 100%); HPLC RT 6.25 
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min, >99% content. The data are in agreement with the reported literature 

values.203  

S-Methyl-L-glutathione (18b)  

 

To reduced L-glutathione (0.10 g, 0.33 mmol, 1 equiv) in sodium hydroxide 

solution (1M, 0.7 mL), 4-nitrobenzyl bromide (0.071 g, 0.33 mmol, 1 equiv) was 

added portion wise in ethanol (2.0 mL). Following the general procedure D, 

appear as a white solid (85 mg, 81%): m.p. 189-190 °C [Lit 189-191 °C]; Rf 0.94 

(methanol:water 1:1, RP C18); 1H NMR (500MHz, D2O) δ 4.52-4.48 (m, 1H, 

Cys-α-CH), 4.00-3.96 (m, 1H, Glu-α-CH), 3.95-3.91 (s, 2H, Gly-CH2), 2.94-2.90 

(m, 1H, Cys-β-CHa), 2.78-2.73 (m, 1H, Cys-β-CHb), 2.56-2.45 (m, 2H, Glu-γ-

CH2), 2.20-2.07 (m, 2H, Glu-β-CH2), 2.04 (s, 3H, S-CH3); 13C NMR (125 MHz, 

D2O) δ 173.7, 172.5, 172.3, 171.0 (HOC=O & NHC=O), 52.5 (Cys-α-CH), 52.3 

(Glu-α-CH), 30.6 (Gly-CH2), 29.5 (Cys-β-CH2), 25.5 (Glu-β-CH2), 24.8 (Glu-γ-

CH2), 14.8 (CH3); LC-MS m/z 322.1 (M+H+) (RT= 0.80, 100%). The data are in 

agreement with the reported literature values.204  
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S-(4-Nitrobenzyl)-L-glutathione (18c)  

 

To reduced L-glutathione (0.10 g, 0.33 mmol, 1 equiv) in sodium hydroxide 

solution (1M, 0.7 mL), 4-nitrobenzyl bromide (0.071 g, 0.33 mmol, 1 equiv) was 

added portion wise in ethanol (2.0 mL). Following the general procedure D, the 

resulting product was purified by reversed phase C18 silica gel column 

chromatography (mobile phase: water, 75:25 water:acetonitrile, 50:50 

water:acetonitrile, acetonitrile; with 0.1% formic acid). The purity of the product 

was evaluated by analytical HPLC, furnishing the product as a colourless solid 

(62 mg, 43%): Rf 0.48 (methanol:water 1:1 RP C18); m.p. 205-207 °C [Lit 199-

200 °C]; 1H NMR (500MHz, D2O+CD3OD) δ 8.10 (d, 2H, J = 8.5 Hz, Ar-3,5-CH), 

7.48 (d, 2H, J = 8.5 Hz, Ar-2,6-CH), 4.32-4.29 (m, 1H, Cys-α-CH), 3.94 (t, 1H,  

J = 6.6 Hz, Glu-α-CH), 3.87 (s, 2H, CH2-BnNO2), 3.80 (s, 2H, Gly-CH2), 2.90-

2.86 (m, 1H, Cys-β-CHa), 2.71-2.67 (m, 1H, Cys-β-CHb), 2.44-2.41 (m, 2H, Glu-

γ-CH2), 2.13-2.03 (m, 2H, Glu-β-CH2); 13C NMR (125 MHz, D2O+CD3OD) δ 

173.7, 172.5, 172.3, 171.0 (HOC=O & NHC=O), 146.6 (Ar-1-C), 146.4 (Ar-4-C), 

129.8 (Ar-2,6-CH), 123.7 (Ar-3,5-CH), 52.6 (Cys-α-CH), 51.9 (Glu-α-CH), 40.8 

(Gly-CH2), 34.9 (CH2-BnNO2), 32.4 (Cys-β-CH2), 30.7 (Glu-β-CH2), 25.3 (Glu-
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γ-CH2); LC-MS 443.1 m/z (M+H+) (RT= 2.31, 100%); HPLC RT 7.08 min, >95% 

content. The data are in agreement with the reported literature values.204 

S-(4-Bromobenzyl)-L-glutathione (18d)  

 

To reduced L-glutathione (0.10 g, 0.33 mmol, 1 equiv) in sodium hydroxide 

solution (1M, 0.7 mL), 4-bromobenzyl bromide (0.082 g, 0.33 mmol, 1 equiv) 

was added portion wise in ethanol (1.1 mL). Following the general procedure 

D, the resulting crude material was purified by reversed phase C18 silica gel 

column chromatography (mobile phase: water, 80:20 water:acetonitrile, 60:40 

water:acetonitrile; with 0.1% formic acid). The product was further purified by 

preparative HPLC, furnishing the product as a colourless solid (33 mg, 21%): 

Rf 0.33 (methanol:water 1:1 RP C18); m.p. 193-195 °C [Lit 206-207 °C]; 1H 

NMR (500MHz, D2O+CD3OD) δ 7.50 (d, 2H, J = 8.5 Hz, Ar-3,5-CH), 7.27 (d, 

2H, J = 8.5 Hz, Ar-2,6-CH), 4.51-4.48 (m, 1H, Cys-α-CH), 3.95 (t, 1H, J = 6.7 

Hz, Glu-α-CH), 3.74 (s, 2H, CH2-BnBr), 3.71-3.67 (m, 2H, Gly-CH2), 2.97-2.91 

(m, 1H, Cys-β-CHa), 2.76-2.70 (m, 1H, Cys-β-CHb), 2.53-2.48 (m, 2H, Glu-γ-

CH2), 2.15-2.10 (m, 2H, Glu-β-CH2); 13C NMR (125 MHz, D2O+CD3OD) δ 173.6, 

172.4, 172.2, 171.0 (HOC=O & NHC=O), 137.2 (Ar-1-C), 131.4 (Ar-3,5-CH), 
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130.6 (Ar-2,6-CH), 120.4 (Ar-4-C), 52.3 (Cys-α-CH), 52.0 (Glu-α-CH), 40.8 

(Gly-CH2), 34.8 (CH2-BnBr), 32.3 (Cys-β-CH2), 30.7 (Glu-β-CH2), 25.4 (Glu-γ-

CH2); LC-MS 475.95 (M79+H+), 477.8 (M81+H+) (RT= 2.62, 100%); HPLC RT 

9.45 min, >95% content. The data are in agreement with the reported literature 

values.205  

S-(4-Chlorobenzyl)-L-glutathione (18e)  

 

To reduced L-glutathione (0.10 g, 0.33 mmol, 1 equiv) in sodium hydroxide 

solution (1M, 0.7 mL), 4-chlorobenzyl bromide (0.067g, 0.33 mmol, 1 equiv) 

was added portion wise in ethanol (1.0 mL). Following the general procedure 

D, the resulting crude material was then purified by reversed phase C18 silica 

gel column chromatography (mobile phase: water, 80:20 water: acetonitrile, 

60:40 water:acetonitrile; with 0.1% formic acid), and further purified by 

preparative HPLC. 18e appear as a colourless solid (60 mg, 45%): Rf 0.33 

(methanol:water 1:1 RP C18); m.p. 187-189 °C [Lit 198-199 °C]; 1H NMR 

(500MHz, DMSO-d6) δ 8.55-8.45 (br, 2H, Glu-NH2), 8.37 (br d, 1H, J = 8.5 Hz, 

Cys-NH), 7.27 (dd, 4H, J = 8.5, 6.6 Hz, ArCH), 4.33-4.30 (m, 1H, Cys-α-CH), 

3.95 (t, 1H, J = 6.6 Hz, Glu-α-CH), 3.87 (s, 2H, CH2-BnCl), 3.71-3.66 (m, 2H, 
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Gly-CH2), 2.89-2.85 (dd, 1H, J = 14.2, 5.3 Hz, Cys-β-CHa), 2.70-2.66 (dd, 1H, 

J = 14.2, 8.6 Hz, Cys-β-CHb), 2.43-2.40 (m, 2H, Glu-γ-CH2), 2.13-2.06 (m, 2H, 

Glu-β-CH2); 13C NMR (125 MHz, DMSO-d6) δ 175.0, 173.8, 173.6, 172.4 

(HOC=O & NHC=O), 138.3 (Ar-1-C), 133.9 (Ar-4-C), 131.8 (Ar-3,5-CH), 129.9 

(Ar-2,6-CH), 54.1 (Cys-α-CH), 53.5 (Glu-α-CH), 42.3 (Gly-CH2), 36.3 (CH2-

BnCl), 33.9 (Cys-β-CH2), 32.4 (Glu-β-CH2), 27.0 (Glu-γ-CH2); LC-MS 431.95 

(M35+H+), 433.9 (M37+H+) (RT= 2.56, 100%); HPLC RT 8.66 min, >95% content. 

The data are in agreement with the reported literature values.205  

S-Cyclohexylmethyl-L-glutathione (18f)  

 

To reduced L-glutathione (0.20 g, 0.67 mmol, 1 equiv) in sodium hydroxide 

solution (1M, 1.4 mL), ethanol (2.5 mL) was added till the solution turned cloudy, 

and cyclohexylmethyl bromide (0.09 mL, 0.67 mmol, 1 equiv) was added 

dropwise in 10 min. Following the general procedure D, the resulting product 

was dissolved by water and then acidified by HCl (1M). The resulting colourless 

precipitate was collected furnishing 18f. The filtrate was concentrated in vacuo 

and the resulting crude material was then purified by reversed phase C18 silica 

gel column chromatography (mobile phase: water, 90:10 water:acetonitrile, 
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70:30 water:acetonitrile, 50:50 water:acetonitrile; with 0.1% formic acid) and 

furnishing the product as a colourless solid. The purity of the product was 

evaluated by analytical HPLC (67 mg, 25%): Rf 0.18 (methanol:water 1:1 RP 

C18); m.p. 189-190 °C; 1H NMR (500MHz, D2O+CD3OD) δ 4.51-4.48 (m, 1H, 

Cys-α-CH), 4.10-4.04 (m, 1H, Glu-α-CH), 3.97-3.95 (m, 2H, Gly-CH2), 2.98-

2.94 (m, 1H, Cys-β-CHa), 2.78-2.74 (m, 1H, Cys-β-CHb), 2.59-2.56 (m, 2H, Glu-

γ-CH2), 2.44-2.42 (dd, 2H, J = 6.9, 2.1 Hz, cyclohexylmethyl-CH2), 2.29-2.16 

(m, 2H, Glu-β-CH2), 1.80-1.60 (m, 6H, cyclohexyl-3,4,5-CH2), 1.25-1.17 (m, 5H, 

cyclohexyl-1-CH & cyclohexyl-2,6-CH2); 13C NMR (125 MHz, D2O+CD3OD) δ 

175.2, 173.9, 172.5 (HOC=O & NHC=O), 62.8 (Cys-α-CH), 59.7 (Glu-α-CH), 

54.5 (Gly-CH2), 53.5 (cyclohxylmethyl-CH2), 42.3 (cyclohexyl-CH2), 40.7 

(cyclohexyl-CH2), 38.9 (cyclohexyl-CH2), 35.1, 33.7, 32.5 (cyclohexyl-1-CH & 

cyclohexyl-CH2), 27.9 (Glu-β-CH2), 27.1 (Glu-γ-CH2); IR vmax (neat)/cm-1 3347, 

2922, 2848, 1670, 1644, 1513; LC-MS 404.1 (M+H+) (RT= 2.69, 100%); HRMS 

m/z (FTMS + p NSI) calcd for C17H29N3O6S [M+H]+ 404.1850, found 404.1848; 

HPLC RT 9.19 min, >95% content.  

S-(4-tert-Butylbenzyl)-L-glutathione (18g)  
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Reduced L-glutathione (0.20 g, 0.67 mmol, 1 equiv) was dissolved in 

sodium hydroxide solution (1M, 1.4 mL). Ethanol (2.3 mL) was added till the 

solution turned cloudy and 4-tert-butylbenzyl bromide (0.12 mL, 0.67 mmol, 1 

equiv) was added dropwise over a period of 10 min. Following the general 

procedure D, the solid was then purified by reversed phase C18 silica gel 

column chromatography (mobile phase: water, 90:10 water:acetonitrile, 80:20 

water:acetonitrile, 70:30 water:acetonitrile, 50:50 water: acetonitrile; with 0.1% 

formic acid), and further purified by preparative HPLC furnishing 18g, which 

was isolated as a colourless solid (116 mg, 39%): Rf 0.57 (methanol:water 7:3 

RP C18); m.p. 150-151 °C; 1H NMR (500MHz, D2O+CD3OD) δ 7.41 (d, 2H, J = 

8.3 Hz, Ar-3,5-CH), 7.29 (d, 2H, J = 8.3 Hz, Ar-2,6-CH), 4.56-4.53 (m, 1H, Cys-

α-CH), 4.10 (t, 1H, J = 6.5 Hz, Glu-α-CH), 4.00-3.97 (m, 2H, Gly-CH2), 3.77 (s, 

2H, CH2-BntBu), 2.94-2.92 (m, 1H, Cys-β-CHa), 2.78-2.76 (m, 1H, Cys-β-CHb), 

2.57 (t, 2H, J = 7.6 Hz, Glu-γ-CH2), 2.29-2.17 (m, 2H, Glu-β-CH2), 1.3 (s, 9H, 

tBu-CH3); 13C NMR (125 MHz, D2O+CD3OD) δ 175.1, 173.8, 172.5 (HOC=O & 

NHC=O), 152.1 (Ar-4-C), 136.3 (Ar-1-C), 130.0 (Ar-2,6-C), 127.0 (Ar-3,5-C), 

54.2 (Cys-α-CH), 53.5 (Glu-α-CH), 42.3 (Gly-CH2), 36.6 (CH2-BntBu), 35.4 

(Cys-β-CH2), 33.9 (tert-butyl-C), 32.4 (1C, Glu-β-CH2), 31.9 (tert-butyl-CH3), 

27.0 (Glu-γ-CH2); IR vmax (neat)/cm-1 3056, 2922, 1730, 1651, 1528; LC-MS 

454.1 (M+H+) (RT= 2.99, 100%); HRMS m/z (FTMS + p NSI) calcd for 

C21H31N3O6S [M+H]+ 454.2006, found 454.2004; HPLC RT 12.39 min, >95% 

content.  
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S-(3-Nitrobenzyl)-L-glutathione (18h)  

 

Reduced L-glutathione (0.20 g, 0.67 mmol, 1 equiv) was dissolved in 

sodium hydroxide solution (1M, 1.5 mL). 3-nitrobenzyl bromide (0.141 g, 0.65 

mmol, 1 equiv) was added portion wise in ethanol (2.3 mL), and the latter 

solution was added to the former one dropwise. Following the general 

procedure D, a pale yellow solid crushed out from the yellow solution as 18h, 

and the purity of the product was evaluated by analytical HPLC (152 mg, 53%): 

Rf 0.62 (methanol:water 1:1 RP C18); m.p. 210-215 °C [Lit 202-203 °C]; 1H 

NMR (500MHz, D2O+CD3OD) δ 8.18 (s, 1H, Ar-2-CH), 7.39 (m, 1H, Ar-4-CH), 

8.10 (d, 1H, J = 7.9 Hz, Ar-6-CH), 7.52 (t, 1H, J = 7.9 Hz, Ar-5-CH), 4.38-4.35 

(m, 1H, Cys-α-CH), 3.99 (t, 1H, J = 6.5 Hz, Glu-α-CH), 3.89 (s, 2H, CH2-BnNO2), 

3.85 (s, 2H, Gly-CH2), 2.90-2.86 (m, 1H, Cys-β-CHa), 2.71-2.67 (m, 1H, Cys-β-

CHb), 2.46 (t, 2H, J = 7.6 Hz, Glu-γ-CH2), 2.16-2.10 (m, 2H, Glu-β-CH2); 13C 

NMR (125 MHz, D2O+CD3OD) δ 173.4, 172.4, 172.3, 171.1 (HOC=O & 

NHC=O), 147.9 (Ar-5-C), 140.3 (Ar-1-C), 135.5 (Ar-CH), 129.7 (Ar-CH), 123.5 

(Ar-CH), 122.2 (Ar-CH), 52.6 (Cys-α-CH), 52.0 (Glu-α-CH), 40.8 (CH2), 34.7 

(Gly-CH2-BnNO2), 32.3 (Cys-β-CH2), 30.7 (Glu-β-CH2), 25.4 (Glu-γ-CH2); IR 

H
N

O

OHN
H

S

ONH2

OO

HO

1

2
3

4
5

6

NO2



 255 

vmax (neat)/cm-1 3377, 3347, 3022, 2952, 1677, 1640, 1510; LC-MS 443.1 

(M+H+) (RT= 2.39, 100%); HPLC RT 6.91 min, >99% content. The data are in 

agreement with the reported literature values.205  

S-(3-Methoxybenzyl)-L-glutathione (18i)  

 

To reduced L-glutathione (0.20 g, 0.67 mmol, 1 equiv) in sodium hydroxide 

solution (1M, 1.5 mL), 3-methoxybenzyl bromide (0.09 mL, 0.65 mmol, 1 equiv) 

was added portion wise in ethanol (2.3 mL). Following the general procedure 

D, colourless solid crushed out and discarded. The filtrate was concentrated in 

vacuo to achieve the product. It was then purified by reversed phase C18 silica 

gel column chromatography (mobile phase: water, 90:10 water:acetonitrile, 

80:20 water:acetonitrile; with 0.1% formic acid), and the purity of the product 

was evaluated by analytical HPLC. 18i appear as a colourless solid (149 mg, 

54%): Rf 0.50 (methanol:water 1:1 RP C18); m.p. 205 °C; 1H NMR (500MHz, 

DMSO-d6) δ 8.52 (br t, 2H, J = 5.9 Hz, Glu-NH2), 8.33 (br d, 1H, J = 8.5 Hz, 

Cys-NH), 8.18 (br s, 1H, Gly-NH), 7.22-7.19 (m, 1H, Ar-6-CH), 6.90-6.87 (m, 

2H, Ar-2,5-CH), 6.81-6.77 (m, 1H, Ar-4-CH), 4.57-4.52 (m, 1H, Cys-α-CH), 3.75 

(d, 2H, J = 6.0 Hz, Gly-CH2), 3.73 (s, 3H, OCH3), 3.72-3.70 (s, 2H, OCH2-Bn), 
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3.68-3.65 (t, 1H, J = 5.9 Hz, Glu-α-CH), 2.81-2.76 (m, 1H, Cys-β-CHa), 2.58-

2.53 (m, 1H, Cys-β-CHb), 2.42-2.29 (m, 2H, Glu-γ-CH2), 2.05-1.93 (m, 2H, Glu-

β-CH2); 13C NMR (125 MHz, DMSO-d6) δ 171.5, 171.0, 170.7, 163.3 (HOC=O 

& NHC=O), 159.2 (Ar-1-C), 139.9 (Ar-3-C), 129.4 (Ar-6-CH), 121.1 (Ar-5-CH), 

114.3 (Ar-2-CH), 112.4 (Ar-4-CH), 54.9 (methoxy-CH3), 52.3 (Cys-α-CH), 51.9 

(Glu-α-CH), 40.8 (OCH2-Bn), 35.1 (Gly-CH2), 33.2 (Cys-β-CH2), 31.0 (Glu-β-

CH2), 26.4 (Glu-γ-CH2); IR vmax (neat)/cm-1 3377, 3347, 3004, 2948, 2736, 1674, 

1640, 1510; LC-MS 428.0 (M+H+) (RT= 2.31, 100%); HRMS m/z (FTMS - p 

NSI) calcd for C18H24N3O7S [M-H]- 426.1340, found 426.1334; HPLC RT 6.99 

min, >95% content.  

S-(3-Fluorobenzyl)-L-glutathione (18j)  

 

Reduced L-glutathione (0.20 g, 0.65 mmol, 1 equiv) was dissolved in 

sodium hydroxide solution (1M, 1.4 mL). Ethanol (2.2 mL) was added till the 

solution turned cloudy and 3-fluorobenzyl bromide (0.08 mL, 0.65 mmol, 1 

equiv) was added dropwise over a period of 10 min. Following the general 

procedure D, the resulting crude material was purified by preparative HPLC, 

furnishing 18j as a colourless oil (116 mg, 43%): Rf 0.77 (methanol:water 1:1 
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RP C18); 1H NMR (500MHz, D2O) δ 7.21-7.17 (m, 1H, Ar-5-CH), 7.00-6.96 (m, 

2H, Ar-4,6-CH), 6.87 (dt, 1H, J = 8.7, 1.9 Hz, Ar-2-CH), 4.26 (dd, 1H, J = 8.5, 

5.2 Hz, Cys-α-CH), 4.10 (t, 1H, J = 6.6 Hz, Glu-α-CH), 3.81 (s, 2H, CH2-BntBu), 

3.62 (s, 2H, Gly-CH2), 2.79 (dd, 1H, J = 5.2, 14.2 Hz, Cys-β-CHa), 2.62 (dd, 1H, 

J = 8.5, 14.2 Hz, Cys-β-CHb), 2.41-2.33 (m, 2H, Glu-γ-CH2), 2.11-1.99 (m, 2H, 

Glu-β-CH2); 13C NMR (125 MHz, D2O) δ 174.1, 174.0, 172.7, 172.6 (HOC=O & 

NHC=O), 163.5 (Ar-5-CH), 140.7 (Ar-3-C), 130.3 (Ar-1-C), 124.7 (Ar-6-CH), 

115.5 (Ar-2-CH), 114.0 (Ar-4-CH), 52.8 (Cys-α-CH), 52.0 (Glu-α-CH), 41.1 (Gly-

CH2), 35.1 (CH2-BnF), 32.3 (Cys-β-CH2), 30.8 (1C, Glu-β-CH2), 25.3 (Glu-γ-

CH2); IR vmax (neat)/cm-1 3250, 3049, 2930, 2363, 1737, 1651, 1536; LC-MS 

416.1 (M+H+) (RT= 2.44, 100%); HRMS m/z (FTMS + p NSI) calcd for 

C17H22FN3O6S [M+H]+ 416.1286, found 416.1287; HPLC RT 7.03 min, >97% 

content. 

5.1.10 Determination of The Acid Dissociation Constant (pKa)  

Values for the pKa of reference compounds were determined 

spectrophotometrically using the method described previously.111 UV spectra 

were recorded for the compounds at a concentration of 0.1 mM at pH values 

between 4.3 and 10.9 in 0.1 M phosphate buffer (Table 5.1) and a final DMSO 

concentration of 0.1% (v/v). Full wavelength scanning (200-800 nm) was 

carried out to determine the optimal wavelength where absorption changes 

were greatest for use in the pKa calculation. All measurements were recorded 
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on an Agilent Cary 60 spectrophotometer. Data were then fitted to a nonlinear 

regression model using GraphPad Prism 6 to identify the inflexion point of the 

pH/absorbance profile. 

 

Table 5.1 Recipe of 0.1M phosphate buffered saline (PBS). 

pH 1M KH2PO4 Stock 1M K2HPO4 Stock 1M NaOH 1M HCl H2O 

4.3 

5 mL 0 mL 0 mL 

To pH 4.3 

Dilute to 

50 mL 

4.8 To pH 4.8 

5.0 To pH 5.0 

5.5 To pH 5.5 

5.8 4.6 mL 0.4 mL 

0 mL 0 mL 

6.0 4.5 mL 0.5 mL 

6.2 4.1 mL 0.9 mL 

6.4 3.7 mL 1.3 mL 

6.6 3.2 mL 1.8 mL 

6.8 2.6 mL 2.4 mL 

7.0 1.9 mL 3.1 mL 

7.2 1.4 mL 3.6 mL 
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7.4 1.0 mL 4.0 mL 

0 mL 0 mL 

Dilute to 

50 mL 

7.6 0.7 mL 4.3 mL 

7.8 0.4 mL 4.6 mL 

8.0 0.3 mL 4.7 mL 

8.2 

0 mL 5 mL 

To pH 8.2 

0 mL 

8.4 To pH 8.4 

8.6 To pH 8.6 

8.8 To pH 8.8 

9.0 To pH 9.0 

10.0 To pH 10.0 

10.2 To pH 10.2 

10.9 To pH 10.9 

 

5.2  Protein Expression and Purification  

5.2.1 Expression and Purification of KPC-2 

The KPC-2 β-lactamase was expressed as previously described.20 E. coli 

BL21 (DE3) was transformed with a plasmid (pET30a KPC-2C) and inoculated 

onto an LB-Agar (kanamycin) plate and grown at 37 °C overnight. Small 
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fractions of culture were grown in LB broth (30 μg/mL kanamycin) overnight. 

Aliquots (5 mL) were added to 1L LB broths (30 μg/mL kanamycin) and allowed 

to grow to an optical density at 600 nm of 0.6, at which point 0.4 mM IPTG was 

added and then the cells were grown for 4 h under induction conditions. The 

cells were then pelleted, frozen, and subjected to periplasmic fractionation. The 

β-lactamases were purified by preequilibrated phenylboronate affinity column 

as described previously. Briefly, the column was activated with 0.1 M acetic acid 

and washed with 10 mM Tris buffer (pH 7.0)-0.5 M NaCl before eluting KPC-2 

with 0.5 M borate (pH 7.0)-0.5 M NaCl and 1M borate (pH 7.0)-0.5 M NaCl. 

SDS-PAGE gels and the Bradford assay were used to identify the purity and 

concentration of fractions containing protein. The sample (100 μL) was 

aliquoted into 0.5 mL Eppendorf tubes with 10% glycerol and stored at -80 °C. 

The protein concentrations were determined by the Beer-Lambert law 

measuring the absorbance at 280 nm (Δε = 39545 M-1 cm-1).18 

5.2.2 Expression and Purification of GST-A 

E. coli strain (-) JW1627-AM containing the expression plasmid pCA24N-

gstA (-GFP) was inoculated onto an LB-Agar (chloramphenicol) plate and 

grown at 37 °C overnight. A selection of 3-4 colonies were suspended in 10 mL 

LB broth (chloramphenicol) solution and incubated at 37 °C with shaking 

overnight. An aliquot (5 mL) from the overnight culture was added to LB broth 

(1 L) and grown to an OD600 0.6-0.7, with shaking at 37 °C. At which point 1.0 
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mM IPTG was added and the cells were shaken at 18 °C overnight. The cells 

were harvested by centrifugation at 14000 rpm for 15 minutes at 4 °C. The 

supernatant was discarded and the pellet re-suspended in minimum lysis buffer 

and stored in Falcon tubes at -80 °C.  

Frozen cells (stored at -80 °C) were thawed on ice. Lysis Buffer (80 mL), 1 

mM phenylmethanesulfonylfluoride (PMSF) and 1% Triton-X100 were added 

and the pellet resuspended. The cells were lysed using sonication (4 °C for 25 

sec × 10 times, 60s in between) in ice, followed by centrifugation at 5000 rpm 

for 20 minutes at 4 °C. The resulting supernatant was collected and filtered 

through a Whatman® (0.45 μm) filter, loaded onto Ni-NTA Agarose Gel (1.5 mL) 

in a 10 mL polypropylene column (InvitrogenTM). The flow through was 

collected and the column washed with wash buffer (22.5 mL). To elute the 

protein, the column was treated with 15 mL of 25 mM imidazole elution buffers, 

10 mL of 75 mM, 4mL of 100 mM and 300 mM imidazole elution buffers. 

Fractions (1 mL) were collected from 100 mM and 300 mM imidazole elution 

buffers. SDS-PAGE gel electrophoresis was employed to determine the purity 

of each fraction and Bradford assay was used to calculate the concentration of 

the fractions containing protein. The buffer was exchanged using PD-10 

columns (GE Healthcare) eluting with the exchange buffer and 1 mL fractions 

collected. SDS-PAGE gel and Bradford assay were used to identify the purity 

and concentration of fractions containing the required protein. The sample (100 

μL) was aliquoted into 0.5 mL Eppendorf with 10% glycerol and stored at -80 °C. 
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5.2.3 Growth Media and Stock Solutions 

LB Broth (Chloramphenicol) Solution: 20.0 g LB broth, 1 L distilled water, 1 mL 

30 mg/mL chloramphenicol stock. 

LB Broth (Kanamycin) Solution: 20.0 g LB broth, 1 L distilled water, 1 mL 30 

mg/mL kanamycin stock. 

MH Broth Solution: 10.5 g MH broth, 500 mL distilled water. 

LB-Agar (Chloramphenicol) Stock: 10.0 g LB broth, 7.5 g agar, 500 mL distilled 

water, 0.5 mL 50 mg/mL chloramphenicol stock. 

LB-Agar (Kanamycin) Stock: 10.0 g LB broth, 7.5 g agar, 500 mL distilled water, 

0.5 mL 50 mg/mL kanamycin stock. 

LB-Agar (Blank) Stock: 10.0 g LB broth, 7.5 g agar, 500 mL distilled water. 

MH-Agar (200 μM IPTG) Stock: 36.0 g MH agar, 1 L distilled water, 2 mL 100 

mM IPTG stock. 

Both media and stock solutions above were prepared using distilled water and 

autoclaved to sterilise. 

30 mg/mL Chloramphenicol Stock: 0.30 g chloramphenicol, 10 mL ethanol.  

30 mg/mL Kanamycin Stock: 0.30 g kanamycin, 10 mL distilled water. 
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50 mg/mL Chloramphenicol Stock: 0.50 g chloramphenicol, 10 mL ethanol. 

50 mg/mL Kanamycin Stock: 0.50 g kanamycin, 10 mL distilled water. 

1 M Tris Buffer pH 8.0: 48.46 g Tris, 400 mL distilled water, concentrated HCl 

added until pH 8.0 was reached. 

100 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) Stock: 0.238 g IPTG, 10 

mL distilled water, filter through 0.45 μm Millex filter. 

3 M NaCl Stock: 35 g NaCl, 200 mL distilled water. 

20 mM Tris Lysis Buffer-0.5 M NaCl: 2 mL 1M Tris buffer pH 8, 16.66 mL 3M 

NaCl stock, 82 mL distilled water. 

10 mM Tris buffer (pH 7.0)-0.5 M NaCl: 1 mL 1M Tris buffer pH 8, 16.66 mL 3M 

NaCl stock, 82 mL distilled water, 1M HCl added until pH 7.0 was reached. 

100 mM Phenylmethylsulphonyl fluoride (PMSF) Stock: 0.174 g PMSF, 10 mL 

ethanol. 

0.5 M borate (pH 7.0)-0.5 M NaCl: 3.09 g boric acid in 100 mL distilled water, 

17 mL 3M NaCl stock, 1M NaOH added until pH 7.0 was reached. 

1M borate (pH 7.0)-0.5 M NaCl: 6.18 g boric acid in 100 mL distilled water, 17 

mL 3M NaCl stock, 1M NaOH added until pH 7.0 was reached. 
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1 M Imidazole Stock: 13.6 g imidazole, 200 mL distilled water. 

Wash Buffer: 10 mL 1M Tris buffer pH 8, 83 mL 3M NaCl, 5 mL 1M imidazole, 

402 mL distilled water. 

100 mM Ethylenediaminetetraacetic Acid (EDTA) Stock: 0.372 g EDTA, 10 mL 

ethanol. 

1 M KH2PO4 Stock: 27.2 g KH2PO4, 200 mL distilled water.  

1 M K2HPO4 Stock: 17.4 g K2HPO4, 100 mL distilled water. 

100 mM Phosphate Buffer Solution (PBS) pH 7.5: 8.02 mL 1M K2HPO4 stock, 

1.98 mL 1M KH2PO4 stock, 90 mL distilled water. 

Exchange Buffer: 10 mL 100mM PBS pH 7.5, 1 mL 100mM EDTA, 189 mL 

distilled water. 

25 mM Imidazole Elution Buffer: 2.5mL 1M Tris buffer pH 8, 2mL 3M NaCl stock, 

1.25 mL 1M imidazole stock in 44.25 mL distilled water. 

75 mM Imidazole Elution Buffer: 2.5mL 1M Tris buffer pH 8, 2mL 3M NaCl stock, 

3.75 mL 1M imidazole stock in 41.75 mL distilled water. 

100 mM Imidazole Elution Buffer: 2.5mL 1M Tris buffer pH 8, 2mL 3M NaCl 

stock, 5 mL 1M imidazole stock in 40.5 mL distilled water. 
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300 mM Imidazole Elution Buffer: 2.5mL 1M Tris buffer pH 8, 2mL 3M NaCl 

stock, 15 mL 1M imidazole stock in 30.5 mL distilled water. 

5.3  Protein Characterisations 

5.3.1 UV/Visible Absorbance Spectroscopy  

Absorbance spectroscopy analysis of LB broth samples was carried out 

using an Ultrospec 2000 UV/Vis Spectrophotometer, Pharmacia Biotech using 

a wavelength of 600 nm (OD600). The scans were performed in 1 mL plastic 

cuvettes.  

Protein concentrations were determined by measuring absorbance at a 

wavelength of 280 nm using an Agilent Cary 60 UV/Vis Spectrophotometer and 

using the protein’s extinction coefficient (ΔεKPC-2 = 39545 M-1 cm-1, ΔεGST-A = 

28590 M-1 cm-1). The scans were performed in 1 mL plastic cuvettes. 

5.3.2 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-

PAGE)  

SDS gel electrophoresis was carried out using 10 or 15-well NuPAGE® 

Novex® (4-12 %) Bis-Tris Mini Gel, InvitrogenTM. The sample to be analysed 

(7 μL) was mixed with NuPAGETM LDS Sample Buffer (4X) (5 μL) and 

NuPAGETM MOPS SDS Running Buffer (20X) (2 μL). The sample was heated 

on a heat block at 72 °C for 10 minutes to denature the protein. The chambers 

of the gel tank were filled with running buffer (30 mL NuPAGETM MOPS SDS 
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Running Buffer in 600 mL distilled water). After heating the samples were 

loaded onto the gel along with a protein marker (See Blue® Prestained 

Standard, NOVEX®). The gel was run for 50 minutes at 200 V and 150 mA. 

After the run was completed the gel was opened with a metal spatula and 

placed in a plastic tray, washed with water. The protein was visualised using 

Instant BlueTM and destained with water.  

5.3.3 Bradford Assay  

To determine protein concentration 2 μL samples were added to 1 mL 

Quick StartTM Bradford 1x Dye (Bio-Rad) and the absorbance at 595 nm 

measured using an Ultrospec 2000 UV/Vis Spectrophotometer, Pharmacia 

Biotech. Equation (Equation 5.1) was calculated based on standard curve 

obtained by bovine serum albumin (BSA).  

Equation 5.1  G	 = 	" × 3H
I
	(mg/mL), where  

C = Concentration in mg/mL  

A = Absorbance at 595 nm  

V = Volume of sample in 1 mL of 1x Bradford Dye  

The molar concentration of the protein was calculated using the molecular 

mass of the protein obtained from ExPASy ProtParam 

(http://us.expasy.org/tools).  

5.3.4 MALDI-MS 
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The mass of the protein was measured by MALDI-MS (matrix-assisted 

laser desorption/ionization mass spectrometry). As described before, the 

sample was desalted and concentrated using a C18 ZipTip (Millipore, Bedford, 

MA) according to the manufacturer’s protocol. Eluted protein samples were 

diluted with 50% acetonitrile and 0.1% TFA to a concentration of 10 μM and 

data were collected after 15 min (conducted with Mr. Emmanuel Samuel, UCL 

School of Pharmacy). 

5.4  Bioassays 

5.4.1 Differential Scanning Fluorimetry for GST-A 

All materials were purchased from Sigma Aldrich, Fisher Scientific, VWR 

or Life Sciences unless otherwise stated. All experiments were performed on a 

7500 Real time PCR machine. Life TechnologiesTM software was used to set 

up the run on 7500 Software v.2.0.0 and analysis was performed on Protein 

Thermal ShiftTM solution software.  

Samples (20 μM GST-A in 1% DMSO solution) with 5X SYPRO® orange 

dye were added to the 96-well PCR plates (Thermo Fisher) and then sealed 

with optical seal. The thermal denaturation profile of the protein was measured 

by fluorescence; reporter and quencher were selected as ‘ROX’ and ‘None’ 

respectively in the software. Time and temperature for the assay was set as 

step and hold with a 1°C increase from 25°C to 95°C. The mid temperature (Tm) 

of the denaturation profile was determined using Microsoft Excel calculations 
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and fitted to the Boltzmann equation using GraphPad Prism. The thermal shift 

(ΔTm) was calculated as the difference between the mid-temperatures of 20 μM 

GST-A (1% DMSO) and 20 μM GST-A (1% DMSO) + 1 mM ligand. All 

measurements were taken in triplicate to calculate the mean and standard 

deviation (SD) values.  

5.4.2 Enzyme Kinetic Assay for KPC-2 

Kinetic parameters for KPC-2 were determined spectrophotometrically 

based on the enzymatic hydrolysis of nitrocefin using an Agilent Cary 60 

spectrophotometer. Each assay was performed in 500 μL 10 mM phosphate-

buffered saline (PBS) at pH 7.4 at room temperature at a wavelength of 482 

nm as described previously.57, 59 All measurements were taken in triplicate. To 

determine Vmax and Km values, the β-lactamases were maintained at 9 nM or 

1.4 nM with nitrocefin at an excess molar concentration (25 μM) to establish 

pseudo-first-order kinetics. A nonlinear least square fit of the data (Henri 

Michaelis-Menten equation) using GraphPad Prism 6 was employed to obtain 

the parameters. The concentration of KPC-2 was kept at 9 nM for the 

percentage inhibition (%inhibition) determinations and the IC50 determinations 

(except for compound 2e, 2f, 6c), while the inhibitor concentration (I) was 

increased. Nitrocefin was used as the reporter substrate (S), at a final 

concentration of 25 μM. IC50 values were determined by nonlinear regression 
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using GraphPad Prism 6, and Ki values were calculated from the IC50 

concentrations using the Cheng-Prusoff equation (Equation 5.2).  

Equation 5.2         						;< =
=>?@
3A [C]

EF

 

5.4.3 Enzyme Kinetic Assay for GST-A 

Kinetic parameters for GST-A were determined by measuring its specific 

activity catalysing the SNAr reaction between CDNB and GSH using an Agilent 

Cary 60 spectrophotometer. Each assay was performed in 500 μL 10 mM 

phosphate-buffered saline (PBS) at pH 7.4 at room temperature at a 

wavelength of 340 nm as described previously.169 All measurements were taken 

in triplicate. To determine the Vmax and Km values, protein concentrations were 

maintained at 1.5 μM, while CDNB and GSH were used at an excess molar 

concentration (1 mM and 0.2 mM respectively) to establish pseudo-first-order 

kinetics. A nonlinear least square fit of the data (Henri Michaelis-Menten 

equation) using GraphPad Prism 6 was employed to obtain the parameters. 

The reporter substrate (S) was CDNB at a concentration of 1 mM and GSH at 

a concentration of 0.2 mM, while the inhibitor concentration (I) was increased. 

IC50 values were determined by nonlinear regression using GraphPad Prism 6, 

and Ki values were calculated from the IC50 concentrations using the Cheng-

Prusoff equation (Equation 5.2).  

5.5  Susceptibility Tests 
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5.5.1 Disk Diffusion Assay for KPC-2 

All the antibiotics and reagents used were purchased from Fisher and 

Sigma Aldrich unless otherwise stated. The organism used for the KPC-2 

studies was E. coli BL21 (DE3) transformed with a plasmid (pET30a KPC-2C) 

encoding an inducible KPC-2 (obtained from Dr. Focco Van den Akker, Case 

Western Reserve University, United State). Cefotaxime (30 μg) and 

Meropenem (10 μg) were tested. Other disks were blank antimicrobial 

susceptibility testing disks supplied by Thermo ScientificTM OxoidTM.  

Disk diffusion assays protocol for KPC-2 was based on the Clinical and 

Laboratory Standards Institute System (CLSI) guidelines where S (susceptible), 

I (intermediate) and R (resistant) are defined as zones of inhibition surrounding 

the disk of: 1) Cefotaxime (CTX): <22, 23–25 and >26 mm; 2) Meropenem 

(MEM): <10, 11-14 and >15 mm respectively.183 All measurements were taken 

in triplicate. The assay was performed on MH-agar plates containing 200 mM 

IPTG, and plated with a suspension of cells in MH broth made up to a 0.5 

McFarland standard equivalent. Boronic acid inhibitors (1, 2a-k, 3, 4a-f, 5a-g, 

5’, 6a-h, 7a-f, 8b-g) were dissolved in DMSO (5 mg/mL) and used to apply 50 

μg per disk before transfer to pre-inoculated agar plates and incubation for 16-

18 h at 37 °C.  

Strains were revived from storage at -80 °C by incubating on a LB agar (50 

μg/mL kanamycin) plate overnight at 37 °C. 4-5 colonies from the strain was 
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suspended in 2 mL MH-broth (KPC-2) using a sterile inoculating loop. The 

turbidity of the cell suspension was adjusted to match a 0.5 McFarland 

Standard (RemelTM Thermo Scientific). A sterile swab was dipped into the 

inoculum and excess fluid was removed. The plates were inoculated by 

streaking 3 times over the entire plate (rotate 60° each time to ensure complete 

coverage). The corresponding disks were then applied onto the plates, and the 

resulting plates were incubated at 37 °C overnight for 16-18 hours. After which 

time the diameter of the zone of inhibition for each disk was measured (mm). 

5.5.2 Disk Diffusion Assay for GST-A 

The organism used for the GST-A assays was E. coli K-12. Three strains 

of E. coli K-12 were obtained from the Keio University in Japan or purchased 

from GE healthcare™ (Table 5.2). The following antibacterial agents were 

tested: Ciprofloxacin (1 μg), Chloramphenicol (50 μg), Rifampicin (2 μg), 

Tetracycline (10 μg), Fosfomycin (50 μg), Sulphamethoxazole (25 μg), 

Trimethoprim (5 μg), Sulphamethoxazole-Trimethoprim (25 μg), Cefotaxime 

(30 μg), Doripenem (10 μg), Piperacillin (75 μg), Polymyxin B (300 unit), 

Cefixime (5 μg), Cefpirome (30 μg), Ceftaroline (30 μg) and Vancomycin (30 

μg). Other discs were blank antimicrobial susceptibility testing disks supplied 

by Thermo ScientificTM OxoidTM. 

Disk diffusion assays for GST-A were carried out using three bacterial 

strains from the Keio collection (BW25113, JW1627, JW0822) based on CLSI. 
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The sterile antimicrobial susceptibility testing disks were supplied by Thermo 

ScientificTM OxoidTM and blank disks were prepared with cumene 

hydroperoxide (CuOOH), tert-butyl hydroperoxide ((CH3)3COOH), hydrogen 

peroxide (H2O2) and diethylamine NONOate in 0.9% saline solution. The assay 

was performed on Mueller-Hinton (MH) agar plates prepared according to the 

manufacturer’s instructions.  

Table 5.2 Strains used in GST-A disk diffusion assay. 

Strain Description Source 

BW25113 

E. coli Keio Knockout 

Parent Strain (Cat. 

#OEC5042) 

GE Healthcare™ 

JW1627 

glutathione-S-

transferase A knockout 

strain (Δgst) 

Keio Collection 

JW0822 

glutathione-S-

transferase B knockout 

strain (ΔyliJ) 

Keio Collection 

 

Strains were revived from storage at -80 °C by incubating on LB agar and 

LB agar (50 μg/mL kanamycin) plates respectively overnight at 37 °C. 4-5 

colonies from each strain were suspended in 2 mL saline (GST-A) using a 
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sterile inoculating loop. The turbidity of the cell suspension was adjusted to 

match a 0.5 McFarland Standard (RemelTM Thermo Scientific). A sterile swab 

was dipped into the inoculum and excess fluid was removed. The plates were 

inoculated by streaking 3 times over the entire plate (rotate 60° each time to 

ensure complete coverage). The corresponding disks were then applied onto 

the plates, and the resulting plates were incubated at 37 °C overnight for 16-18 

hours. After which time the diameter of the zone of inhibition for each disk was 

measured (mm).  

5.5.3 Minimum Inhibition Concentration (MIC) for KPC-2 

The MIC of cefotaxime (CTX) as well as meropenem (MEM) in the 

presence and absence of the β-lactamase inhibitors were determined by a 

microdilution technique in 96-well microplates in isosensitest broth (Oxoid, UK). 

CTX and MEM were evaluated over a concentration range of 64-0.06 μg/mL in 

the presence of 1mM IPTG with 50 μg/mL or 5 μg/mL of the inhibitor 

compounds or without inhibitor. An inoculum of 0.5 x 105 colony forming units 

(CFU) of organism per mL and a total volume of 100 μL was used. E. coli BL21 

(DE3) expressing an inducible KPC-2 β-lactamase plasmid was evaluated in 

the presence of 1 mM IPTG to ensure enzyme production. Results were 

determined by visual inspection after incubation at 37 °C for 16 h. The MIC is 

defined as the lowest concentration of the antimicrobial agent that inhibits 

visible growth of the organism. In all cases the concentration ranges were two-
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fold serial dilutions and the concentration of the solvent dimethyl sulfoxide 

(DMSO) present did not exceed 1% (a concentration known not to affect 

bacterial growth; unpublished observation). Microorganisms: Escherichia coli 

NCTC10418 is a susceptibility testing control strain, E. coli BL21 (DE3) was 

transformed with a plasmid (pET30a KPC-2C) encoding an inducible KPC-2 β-

lactamase (class A β-lactamase), E. coli G69 expresses the plasmid-mediated 

class C β-lactamase CMY-4, Klebsiella pneumoniae NCTC13443 produces the 

class B metallo-β-lactamase NDM-1 and K. pneumoniae expresses CMY-4 

(class C β-lactamase) and TEM-1 (class A β-lactamase) Proteus mirabilis 

produces CMY-2 (class C β-lactamase) and CTX-M-14 β-lactamase (class A 

β-lactamase) E. coli NCTC10418 and K. pneumoniae NCTC13443 were 

obtained from the National Collection of Typed Cultures (London, UK). Gram-

positive Staphylococcus aureus, E. coli G69 and K. pneumoniae 342 are 

clinical isolates held in the culture collection of Dr Paul Stapleton (UCL School 

of Pharmacy). 

5.5.4 Minimum Inhibition Concentration (MIC) for GST-A 

Three E. coli strains from the Keio collection (BW25113, JW1627, JW0822) 

were used to test the susceptibility of antibiotics in the presence and absence 

of GST-A (obtained from Keio University, Japan). The MIC of antibiotics as well 

as reactive oxygen species (ROS) were determined by a microdilution 

technique in 96-well microplates in Iso-sensitest Broth (Oxoid, UK). Results 
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were determined by visual inspection after incubation at 37 °C for 16 h. The 

MIC is defined as the lowest concentration of the antimicrobial agent that 

inhibits visible growth of the organism. Antibiotics: fosfomycin, cefotaxime, 

meropenem, chloramphenicol, ampicillin, norfloxacin; ROS: CuOOH, 

(CH3)3COOH, H2O2, diethylamine NONOate. 

5.5.5 Growth Kinetics for GST-A 

To investigate the effect of ROS to the bacterial strains in the presence 

and absence of GST-A, growth kinetics studies were conducted using the 

classic shake flask method. Keio collection strains (Table 5.2) were inoculated 

onto LB-Agar (blank or with 50 μg/mL chloramphenicol) and grown at 37 °C 

overnight. 3-4 colonies of each strain were suspended in 10 mL LB broth 

solution (blank or with 30 μg/mL chloramphenicol) respectively and incubated 

at 37 °C with shaking overnight. Each overnight culture (1 mL) were added to 

LB broth (50 mL), respectively. A 1 mL aliquot was taken from the culture at 

each time point. The number of cells per milliliter of culture was estimated from 

the turbidity of the culture (OD) measured at a wavelength of 600 nm using a 

spectrophotometer. The OD600 was measured every hour in triplicate until the 

growth profile reached a plateau. The cultures were then incubated overnight 

and measured after 20 hours. The data were collected in a Microsoft Excel file, 

and the growth curves were plotted using GraphPad Prism 6. 

5.6  Molecular Modelling 
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The required ligands were drawn using ChemDraw Professional 16.0 and 

subjected to geometry optimization by running MM2 energy minimization using 

Chem3D 16.0, CambridgeSoft.  

5.6.1 KPC-2 

The charges of target protein were computed and assigned using the ICFF 

(Internal Coordinate Force Field). The molecular properties of ligands were 

calculated using ICM-Pro software (www.molsoft.com). Afterwards docking was 

performed using the automated covalent docking module in the ICM-Pro. The 

spatial position of the existing 3-nitrophenylboronic acid ligand in the crystal 

structure (PDB id 3RXX, resolution 1.6 Å) was used to define the binding region 

of ligands. The grid maps were constructed around this region and extended at 

least 7 Å beyond every atom of 3-nitrophenylboronic acid. Ser70 was selected 

as the residue to be modified with a covalent bond on reaction with the ligands. 

The serine β-lactamase covalent mechanism was selected as the reaction and 

docking was run employing a thoroughness of 5.0 and generating six docked 

conformations for each ligand. The final docked conformation was chosen 

based on the strongest binding energy between the docked ligand and the 

KPC-2 receptor. All figures were generated using the ICM-Pro software. 

5.6.2 GST-A 

Docking was performed using ICM-Pro. The crystal structure of GST-A 

from E. coli was retrieved from the protein data bank (PDB id 1A0F, resolution 
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2.1 Å), and water molecules were removed from the binding site. The charges 

of target protein were computed and assigned using the ICFF (Internal 

Coordinate Force Field). The co-crystal ligand glutathione sulfonic acid was 

selected to help locate the binding site. The grid maps were constructed around 

this region and extended at least 7 Å beyond every atom of it. Docking was run 

employing a thoroughness of 5.0 and generating six docked conformations for 

each ligand. The final docked conformation was chosen based on the best fit 

GSH location and strongest binding energy between the docked ligand and 

GST-A. Visualisation of results was carried out using UCSF Chimera 1.10.2 or 

ICM-Pro software.  
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Appendix II 
 
Table A1. MTT Cytotoxicity Test of selected compounds in HEK293 cell line. 

Compound 
Cell Viability (%) 

(50 μg/ml + CTX) 

Cell Viability (%) 

(5 μg/ml + CTX) 

Cell Viability (%) 

(50 μg/ml) 

Cell Viability (%) 

(5 μg/ml) 

1 78.5 ± 10.0 81.3 ± 15.7 99.1 ± 3.0 105.2 ± 9.1 

2a 87.3 ± 10.1 83.4 ± 2.5 108.1 ± 6.9 105.8 ± 7.7 

2b 79.8 ± 9.3 94.8 ± 5.3 101.5 ± 3.1 100.3 ± 6.3 

2c 80.8 ± 3.2 104.6 ± 3.3 98.2 ± 3.3 105 ± 11.0 

2e 79.1 ± 14.4 105.6 ± 3.0 81.2 ± 2.9 107.5 ± 4.2 

2f 81.6 ± 18.3 101.8 ± 14.8 77.6 ± 3.2 98 ± 8.0 

2k 94.6 ± 11.1 100.6 ± 12.0 78.5 ± 4.0 91.1 ± 5.3 

3 88.6 ± 3.1 92.2 ± 6.9 99.4 ± 8.7 103.8 ± 1.5 

4b 85.9 ± 16.2 78.9 ± 8.2 95.3 ± 7.5 103.8 ± 7.4 

4d 90.7 ± 16.6 96.5 ± 6.8 75.8 ± 6.4 101.2 ± 4.1 

4e 101.2 ± 9.3 85.7 ± 15.6 88.1 ± 7.9 100.5 ± 2.2 

5b 79.1 ± 1.8 98 ± 5.0 74.3 ± 3.3 105.6 ± 8.2 

6c 71.6 ± 11.4 94.3 ± 11.1 83.1 ± 2.4 102.5 ± 3.5 

6d 60.5 ± 8.3 72.1 ± 14.2 68.7 ± 6.6 103.6 ± 6.0 

6e 76.4 ± 12.8 77.5 ± 10.0 83.4 ± 4.2 100.6 ± 3.9 

6g 56.7 ± 11.2 92.4 ± 10.4 60.1 ± 4.1 77.3 ± 4.6 

6h 79.5 ± 8.7 103.9 ± 0.6 75 ± 5.0 94.7 ± 7.7 

7a 83.1 ± 5.3 100.5 ± 6.5 74.4 ± 1.8 94.7 ± 4.5 

7b 75.1 ± 15.6 101.4 ± 10.6 79.8 ± 2.0 94.5 ± 1.9 

7c 96.7 ± 7.1 104.8 ± 2.6 78.3 ± 4.5 96.1 ± 2.4 

7d 101.6 ± 3.7 97.4 ± 6.6 77.7 ± 1.2 94.9 ± 2.5 

7f 88.8 ± 10.3 103.7 ± 9.6 68 ± 0.7 90.4 ± 2.6 

8b 90 ± 2.8 98.3 ± 10.4 80.7 ± 5.1 104.1 ± 3.6 

3-NPBA 69.6 ± 1.4 100.6 ± 4.4 69.5 ± 7.8 92.2 ± 6.3 

 

 

 


