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Abstract 
 

Pantothenate (Vitamin B5) is a key precursor to coenzyme A, an essential cofactor for 

fatty acid biosynthesis and other metabolic processes. The pathway for pantothenate 

biosynthesis is only present in microorganisms and plants, suggesting it may be a target 

for developing novel antimicrobial agents. Ketopantoate reductase (KPR), a 34 kDa 

protein, is a key enzyme on this pathway, catalysing the NADPH-dependent reduction of 

ketopantoate to pantoate. 

 

In this study, a fragment-based lead design (FBLD) approach was used to identify small 

molecule inhibitors of KPR. The expression and purification of labelled and unlabelled 

KPR was optimised to give high yields suitable for screening and kinetic studies. NMR 

based screening of 500 fragments using STD-NMR identified 47 hits that were validated 

by 1H/15N-HSQC NMR, resulting in 14 confirmed fragment hits, correlating to a hit rate 

of 3%. These hits were assessed for inhibitory activity, with 4 compounds showing an 

IC50 < 500 µM.  

 

The fragment hits were prioritised based on ligand efficiency (the quality of binding 

interactions between the fragment and target protein) and tractability for synthetic 

elaboration and derivatisation. Preliminary SAR was established for three series by 

testing simple analogues of the initial hit. Further analogues based on the scaffolds - 

sulfonamide, thienopyrrole and phenylthiophene were designed and synthesised to 

optimise binding to the active site and improve the potency. Binding locations of the 

fragment hits were identified using 1H/15N-HSQC NMR based on the assigned backbone 

resonances of E. coli KPR. 
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This thesis also describes the risks of false positives in fragment-based identification of 

KPR inhibitors. The lead series were identified to be inhibiting through a non-specific 

mechanism, which was confirmed to be aggregation based, by comparison with 

literature studies of aggregating compounds. As a result, an NMR-based fragment 

screening approach and enzyme assay was developed to overcome many of the 

challenges posed by false positives. Post elimination of false positives, a number of 

fragment hits has been confirmed to inhibit KPR activity in an in vitro assay. 
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1 Introduction 

1.1 The need for new antimicrobial agents 

1.1.1 Bacterial resistance to antibiotics 

Identified as one of the greatest threats to human health, the problem with antibiotic-

resistant pathogenic bacteria continues to worsen.1-2 The prevalence of resistant 

pathogens has virtually extended to all currently available drugs. Global examples of 

drug-resistant bacteria include multidrug-resistant Mycobacterium tuberculosis, 

methicillin-resistant and multidrug-resistant Staphylococcus aureus, penicillin- and 

macrolide-resistant Pneumococci, vancomycin-resistant Enterococci, as well as 

multidrug-resistant Gram-negative bacteria such as Pseudomonas aeruginosa.3-5 

 

One of the factors responsible for most resistance problems is patient-to-patient spread 

in hospitals.6 A study has shown 1.7 million Americans in the year 2002 acquired 

infections in hospitals after being hospitalised for another reason.7 Of these, 6% of 

patients died of their infections. Most of these infections were caused by antibiotic 

resistant bacteria. Hospital acquired infections are the consequence of concentrating sick 

patients, transmission of pathogens from patient to patient via the hands of health care 

workers8 and the use of invasive procedures and devices becoming more frequent. For 

example, sticking a catheter through the skin and into the veins to allow drainage, 

administration of fluids or gases or access by surgical instruments are common 

techniques used in hospitals. Having the skin open increases the chance of bacterial 

infections as it enables them to bypass the most protective layer of our body. 
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1.1.2 The decline of antimicrobial research and development in the pipeline 

New classes of antimicrobial agents approved by the Food and Drug Administration 

(FDA) have decreased alarmingly over the past 30 years. In fact, only two completely 

new classes of antimicrobials (shown in Figure 1-1) have been introduced: the 

oxazolidinone linezolid (Zyvox (1); Pfizer) in 2000 and the cyclic lipopeptide 

daptomycin (Cubicin (2); Cubist) in 2003.9 One of the principal reasons for the decline 

of antibacterial research and development in pharmaceutical companies is the lack of 

financial incentives.10 Drug discovery efforts are focused on agents that treat chronic 

medical conditions (where a better return on investment can be made) such as 

hypertension, depression, dementia, and rheumatoid arthritis. These agents act only to 

suppress symptoms which are non-curable. In contrast, antibiotics are used for short 

periods of time that cure their target disease and are subject to the emergence of 

resistance. 

 

 

 

Figure 1-1. Chemical structures of new antimicrobial chemical classes 

Zyvox (1)

Cubicin (2)
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Regulatory authorities have also played a part in the decline of antibacterial 

development. Concerns have been raised about the FDA’s decision making and 

‘changing the rules’ after providing advice on the development and approval of new 

antimicrobials.3,11-12 The FDA were criticised for uncertainty or unclear regulatory 

guidance particularly in defining safety requirements of novel agents, acceptable sample 

sizes for statistical significance in clinical trial and acceptable outcome measures. The 

demand by the FDA for appropriate labelling to prevent ‘unnecessary use’ of 

antibacterial agents was a positive move for the community however, had negatively 

impacted sales for pharmaceutical companies. In 2002 the use of antibacterial agents 

was estimated to be 100,000 – 200,000 tonnes per annum worldwide.11-13 Since the label 

was introduced, the consumption rate of antibiotics has decreased. France and Japan 

have shown the strongest decline of antibiotic usage between 2000 and 2009 by 21% 

and 15%, respectively.14  

 

The decline in antibacterial research and development at a time of increasing emergence 

and spread of resistant pathogens raises a major concern for the availability of effective 

therapy options in the future.  

 

1.1.3 The targets of current antimicrobial agents 

Existing antimicrobial agents predominately target a few cellular functions. The 

antimicrobial agents act either to induce cell death (bactericidal drugs) or inhibit cell 

growth (bacteriostatic drugs) by targeting cell-wall biosynthesis (3 – 5), protein 

biosynthesis (6 – 9), folate metabolism (10 – 11), DNA or RNA synthesis (12 – 15).15 

Table 1-1 and Table 1-2 briefly describe the mechanisms of action for antibiotics 

targeting biosynthetic pathways and the resistance mechanisms developed, respectively. 
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Table 1-1. The mechanisms of action of antimicrobial agents (structures are shown in Figure 1-2) 

 

Antimicrobial  Mechanisms of action 

  

β‐Lactams  ‐ Interfere with cell‐wall biosynthesis 

‐ Compromise cell shape and size, causing cell stress responses 

and ultimately lead to cell lysis16‐17 

‐ E.g. Penicillins (3), Carbapenems (4) and Cephalosporins (5) 

Macrolides 

 
‐ Inhibit protein biosynthesis 

‐ Act on the large ribosomal subunit and interferes with the 

catalysis of peptide bond formation and/or the progression of 

the nascent peptide toward the exit tunnel 

‐ E.g. Erythromycin (6) 

Aminoglycosides   ‐ Inhibit protein biosynthesis 

‐ Facilitate mRNA miscoding,18 inhibit mRNA and tRNA 

translocation19‐20 and inhibit ribosome recycling21  

‐ E.g. Gentamicin (7), Neomycin (8) and  Paromomycin (9) 

Trimethoprim ‐ 

Sulfonamides 
‐ The synergism with Sulfamethoxazole (10) and Trimethoprim 

(11) targets the folic acid pathway 

‐ The sulfonamides operate as structural analogues of 

p‐aminobenzoic acid (PABA) and inhibit dihydropteroate 

synthase (DHPS), while trimethoprim forms tight binding to 

dihydrofolate reductase (DHFR)22‐23 

Quinolones  ‐ Interfere with DNA synthesis 

‐ Bind to DNA gyrase and/or topoisomerase IV and disrupt the 

integrity of the supercoiled DNA helix during replication and 

transcription24 

‐ E.g. Sparfloxacin (12) and Moxifloxacin (13) 

Rifampicin  ‐ Interfere with RNA synthesis  

‐ Binds tightly to non‐conserved part of the RNA polymerase 

(more than 12 Å away from the active site) which inhibits the 

extension of the nascent RNA chain after the first or second 

condensation step25‐26 

‐ E.g Rifamycin SV (14) and Rifampicin (15) 
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Figure 1-2. Structures of antimicrobial agents 
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1.1.4 Mechanisms of bacterial resistance 

The emergence of resistance to antimicrobial agents occurs through a variety of 

mechanisms. Depending on the genetic event for acquiring an antimicrobial resistance 

phenotype, they are termed vertical or horizontal evolution.27-28 Vertical evolution is 

when the bacteria are inherently resistant to one or more classes of antimicrobial agents 

or acquire resistance following chromosomal mutation and selection. Horizontal 

evolution occurs when bacteria acquire new genetic material from other resistant 

organisms. The genetic exchange mechanism for the latter event can occur via 

conjugation, transformation or transduction.28-29 The biochemical antimicrobial 

resistance mechanisms are similar and can be divided into five categories: (1) drug 

inactivation, (2) decreased accessibility, (3) altered target, (4) metabolic bypass, and (5) 

tolerance.28,30 Since the introduction of the sulfa drugs, penicillins and subsequent novel 

antimicrobial agents, various forms of resistance also followed in as little as a few years 

(as illustrated in Figure 1-3). The mechanisms of resistance to antimicrobial agents are 

summarised in Table 1-2. 

 
 

Figure 1-3. Timeline of antimicrobials available in the clinic (above indicated year) and the first 
report of antimicrobial resistance (below indicated year)31 
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Table 1-2. Mechanisms of bacterial resistance to antimicrobial agents 

Antimicrobial  Resistance Mechanisms 

  

β‐Lactams32-36  ‐ Inactivation by β‐lactamases as it cleaves the amide bond 

‐ Decreased accessibility by lowering membrane 

permeability 

‐ Efflux pumps 

‐ Alteration of active site (penicillin binding proteins) 

Aminoglycosides37-38  ‐ Inactivation by acetylases, adenylases, phosphorylases 

‐ Reduced uptake or decreased membrane permeability 

‐ Modification of active site (30S ribosomal subunit) 

Macrolides39  ‐ Efflux pump 

‐ Modification of active site (23S ribosomal subunit) 

‐ Modification of macrolide antibiotic 

Trimethoprim ‐ 

Sulfamethoxazole28,30 

‐ Decreased membrane permeability 

‐ Bypassing of drug action by new DHFR and DHPS 

Quinolones40  ‐ Efflux pump 

‐ Modification of active site (DNA gyrase and 

topoisomerase IV) 

Rifampicin25  ‐ Alteration of target (RNA polymerase, rpoB) 

 

Clearly, there is a need for novel antibacterial targets to prevent and control resistant 

bacterial infection. Undeniably, overcoming antibiotic resistance is an enormous 

challenge. However, a novel antibacterial target increases the potential to identify new 

ways to prevent bacterial infection and minimise the induction of bacterial resistance 

mechanisms.   
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1.2 Pantothenate 

It has been suggested in the literature41-42 that the biosynthesis of pantothenate (16), vital 

to coenzyme A (CoA, 17) and acyl carrier proteins such as phosphopantetheine (18) 

(Figure 1-4), as an attractive target for the development of a potential broad spectrum 

antimicrobial agent and herbicides due to its absence in humans. 

 

Pantothenate (16) is the key precursor to CoA (17) that is a ubiquitous and essential 

cofactor in all organisms and is involved in numerous reactions central to cellular 

metabolism. CoA (17) functions as an acyl group carrier and carbonyl-activating group 

in many biochemical transformations. CoA (17) is the source of the 

4'-phosphopantotheine moiety incorporated into the prosthetic group of the acyl carrier 

proteins in fatty acid synthases, polyketide synthases and non-ribosomal peptide 

synthetases.43  

 

 

Figure 1-4. Chemical structures of pantothenate (16), CoA (17) and phosphopantetheine (18) 
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Pantothenate (16) was initially identified in 1933 by Williams et al.44 while investigating 

the nutritional requirements of yeast. They discovered this acidic substance which 

promoted the growth to a strain of S. cerevisiae. Further probing of this stimulant in 

samples from many different sources led to the name ‘pantothenate’.45 The term comes 

from the Greek word pantothen, meaning ‘from everywhere’ as pantothenate (16) was 

very widespread, present in tissues of bacteria, plants to animals. With the limited 

characterisation techniques of the time, the structure of pantothenate (16) was not 

elucidated for some years. After many studies, β-alanine (19) was recognised as one of 

the cleavage products and a collaboration between Williams et al. and Merck Research 

Laboratories discovered α-hydroxy-β,β-dimethyl-γ-butyrolactone (20) condensed with β-

alanine (19) to form pantothenate (16).46 

 

Scheme 1-1. First elucidated step to pantothenate 

 

 

 

Since the discovery of pantothenate (16), much attention was focussed on elucidating its 

biosynthetic pathway as the enzymes make attractive targets for non-toxic 

antimicrobials, fungicides and herbicides. Furthermore, there is major industrial use of 

pantothenate (16) as a food supplement and its derivatives are used in cosmetic hair and 

beauty products.47  
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1.2.1 The biosynthesis of pantothenate 

The pantothenate biosynthesis pathway was determined gradually over a number of 

years. For plant pantothenate biosynthesis, advances in plant molecular biology have 

facilitated the understanding of how plants make pantothenate (16). Pantothenate 

synthesis in plants has been reviewed by a number of groups and will not be discussed 

here.48-52 The current production of pantothenate (16) is via chemical synthesis, however 

biotransformation where plants are engineered with elevated vitamin B5 is being 

developed as a means to eliminate the need for costly procedures such as separating 

racemic intermediates.50  

 

The pantothenate biosynthetic pathway in bacteria has been completely elucidated and is 

best studied in E. coli41,53-54 where it consists of two branches. In E. coli four enzymes 

are involved in the pantothenate biosynthetic pathway (Scheme 1-2). The first step 

involves the enzyme ketopantoate hydroxymethyltransferase (KPHMT) that converts 

α-ketoisovalerate (21) into ketopantoate (22) using 5,10-methylene-tetrahydrofolate.55 

Then ketopantoate (22) is reduced to pantoate (23) by ketopantoate reductase (KPR) 

using NADPH (24) as the hydride donor which forms NADP+ (25).56 In a separate 

branch, L-aspartate (26) is decarboxylated to produce β-alanine (19) using aspartate 

decarboxylase (ADC).57 Finally, adenosine triphosphate (27) is consumed to give 

adenosine monophosphate (28) when pantothenate synthetase (PtS) catalyses the 

condensation of pantoate (23) and β-alanine (19) to form the product pantothenate 

(16).53 All four genes for the enzymes involved in the pathway (panB, panE, panD and 

panC) have been cloned, the recombinant proteins overexpressed and purified, and their 

3D structures determined.58-61  
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Scheme 1-2. Pantothenate biosynthesis pathway in bacteria: Enzyme names are given in blue with the 
corresponding genes in italics. The structures of NADPH (24) and its analogues are shown below. 
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1.2.2 Inhibition of pantothenate biosynthesis 

Supporting the theory that pantothenate (16) is a necessity to most, if not all organisms, 

bioinformatics analysis has identified this pathway as a potential target for antimicrobial 

agents.62-64 The de novo pantothenate biosynthetic pathway is only present in bacteria, 

fungi and plants and its absence in mammals suggests that inhibitors could be selective 

with a reduced risk of side effects. Additionally, the enzymes in the pathway have been 

thoroughly studied biochemically and genetically. 

 

A potential drawback of inhibiting the pantothenate biosynthesis pathway is the ability 

of certain species, such as P. falciparum65 and E. coli66 to acquire exogenous 

pantothenate (16) through pantothenate permease (panF). However, the validity of 

targeting this pathway is highlighted by genetic studies, where Sambandamurthy et al.67 

have shown that a panCD null strain of M. tuberculosis, with deletions to the genes for 

both PtS and ADC greatly attenuated virulence. Indeed, the panCD mutant helped 

protect immunocompromised mice against virulent M. tuberculosis more effectively 

than bacille Calmette-Guérin (BCG) vaccination. The immunocompromised mice 

injected with the panCD mutant lived seven times longer than those injected with the 

wildtype M. tuberculosis. Sambandamurthy et al.68 have since developed an attenuated 

strain of M. tuberculosis that deletes both panCD and the primary attenuating mutations 

of the BCG strain which is being considered as a human vaccine candidate for protection 

against M. tuberculosis.68-69 Since small molecule inhibitors of PtS and ADC have been 

reported they will be discussed in greater detail. 
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1.2.2.1 Inhibition of pantothenate synthetase 

A range of approaches have been adopted in the search for PtS inhibitors. Early efforts 

in designing inhibitors for PtS focussed on analogues of either pantoate (23) or β-alanine 

(19).70-73 White and co-workers74 developed the first small molecule inhibitor targeting 

PtS of M. tuberculosis. A high-throughput screen was set up to monitor the oxidation of 

NADH (29) to NAD+ (30) spectrophotometrically at 340 nm, through an enzymatic 

cascade involving PtS, myokinase, pyruvate kinase and lactate dehydrogenase (Scheme 

1-3) and a range of nucleosides (27 – 31). A screen of 4080 compounds led to the lead 

compound, nafronyl oxalate (32), a competitive inhibitor with Ki of 75 ± 13 µM.74 

Nafronyl oxalate is also a vasodilator utilised in the treatment of vascular and cerebral 

disorders. 

 

Scheme 1-3. Structure of nafronyl oxalate (32) and the coupled enzyme assay for PtS activity 
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The Abell group employed modern approaches of rational drug design to discover 

inhibitors for PtS of both E. coli and M. tuberculosis.75-76 As illustrated in Scheme 1-4A, 

the inhibitors were designed as analogues of the reaction intermediate pantoyl adenylate 

(33), where the phosphodiester is substituted for either a sulfamoyl or an ester group 

(Scheme 1-4B). To examine the kinetics and inhibition, a combination of biophysical 

techniques such as isothermal titration calorimetry (ITC), thermal denaturation assays 

and kinetic assays were employed. X-ray crystallography was used to assess binding 

modes and interactions. The sulfamoyl derivatives (34 and 35) were found to be 

approximately 100-fold more potent than the ester analogues (e.g. 36). The sulfamoyl 

analogue (34) that most closely resembles the pantoyl adenylate reaction intermediate 

was the most potent inhibitor with a Ki of 0.3 ± 0.05 µM (E. coli) and 0.22 ± 0.03 µM 

(M. tuberculosis). 

 

Scheme 1-4. (A) The reaction between β-alanine and the pantoyl adenylate intermediate catalysed by 
PtS. (B) Structures of sulfamoyl and ester analogues with their respective Ki for M. tuberculosis PtS. 

 (A)  (B) 
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The Abell and Ciulli groups77-79 have since reported new series of inhibitors for 

M. tuberculosis PtS while advancing strategies in rational drug design especially using 

fragment-based methods. The fragment-based approach will be discussed in greater 

detail in section 1.4. 

 

1.2.2.2 Inhibition of aspartate decarboxylase 

Efforts towards the design of ADC inhibitors have been slow presumably due to the 

small active site and narrow selectivity that allow only close structural analogues of 

aspartate to bind.41,80-81 The earliest studies of ADC inhibition show L-aspartic acid 

analogues (Scheme 1-5) β-hydroxyaspartic acid (37), meso-diaminosuccinic acid (38) 

and L-cysteic acid (39) all inhibit the growth of E. coli in vivo.82-83 This inhibition was 

reversed by the addition of aspartic acid indicating that the inhibitors were competing 

directly with L-aspartate. β-Alanine (19) and pantothenate (16) can also reverse the 

inhibition at lower concentrations of inhibitor (37 – 39). Similarly, Maas et al.84 showed 

that D-serine (40) also inhibited this step, while the mechanism of inhibition was 

unknown. Expanding on these findings, Williamson et al.85 determined a Ki of 0.08 mM 

for L-cysteic acid (39), making it the most potent competitive inhibitor of ADC in E. coli 

followed by β-hydroxyaspartic acid (37) and D-serine (40) with Ki values of 0.13 mM 

and 0.16 mM, respectively. 
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Scheme 1-5. Reaction scheme for aspartate decarboxylase is shown in the box and the structures of 
ADC inhibitors on the right 

 

 

 

Using a different strategy to those described above, Webb et al.86 employed matrix-

assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectroscopy to 

screen for compounds that covalently bind to E. coli ADC. Including previously 

identified inhibitors, a library of 55 compounds, selected on the basis of their size and 

structural similarity to the natural substrate L-aspartate (26) and possessing the primary 

amine functionality were tested for binding. At 2 mM only a small handful of 

compounds bound to ADC; these were L-aspartate, β-alanine, L-cysteine, methyl 

L-aspartate, D-serine, β-glutamate, β-leucine, β-hydroxyaspartate and glycine. These 

results help validate earlier findings and additionally provide a useful pharmacophore 

model for future ADC inhibitor design. 
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Most recently, Strauss and co-workers87 synthesised substrate analogues L-erythro and 

L-threo isomers of 3-fluoroaspartate to probe the reactivity and binding to ADC of 

E. coli and M. tuberculosis ADC. The preliminary study found little difference in the 

activity of E. coli ADC treated with either 3-fluoroaspartate isomer. In M. tuberculosis 

ADC, the L-erythro-isomer also had no effect. However, the treatment with L-threo 

isomer showed an approximate 25% reduction in activity. Strauss and co-workers87 

suggested the L-threo 3-fluoroaspartate closely resembled the bound conformation of the 

native substrate. 

 

1.3 Ketopantoate reductase 

The target selected in this project is the second enzyme of the biosynthetic pathway, 

KPR. KPR has been purified and extensively characterised both biochemically and 

structurally, particularly in E. coli.59,88-92 However, no inhibitors of KPR have been 

reported in the literature to date. In the SCOP database, KPR belongs to the 

6-phosphogluconate dehydrogenase superfamily and has properties of both class A and 

B secondary alcohol dehydrogenases.93  

 

1.3.1 Proposed catalytic mechanism of KPR  

A catalytic mechanism of E. coli KPR has been proposed using a combination of 

biochemical and structural studies (Scheme 1-6).59,88-92,94 The forward and reverse KPR 

activity can be monitored by the disappearance/appearance in absorbance for NADPH at 

340 nm. A sequential ordered bi:bi kinetic mechanism is reported for E. coli KPR as 

NADPH (24) is demonstrated to bind first, followed by ketopantoate (22) and once the 
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product pantoate (23) is released, the release of NADP+ (25) ensues.88-90 The observed 

pH dependence of catalysis suggested a general acid-base chemical mechanism. 

 

Scheme 1-6. Proposed catalytic mechanism of E. coli KPR 

 

 

 

It is proposed that upon NADPH binding, the phosphate groups of NADPH are 

recognised by the side chains of Arg31 and the conserved Lys72, which induce subtle 

conformational changes favouring ketopantoate (22) binding. An extended hydrogen 

bonding network involving the conserved residues Glu256 and Asn98 orientates the 

cofactor in the conformation required for optimal hydride transfer (Scheme 1-6). 

Reprotonation of Lys176 and the loss of hydrogen bonds facilitate the release of 

pantoate (23). The subsequent release of NADP+ (25) ends the catalytic cycle. Site 

directed mutagenesis has revealed two conserved residues, Lys176 and Glu256 to be 

important in the catalytic cycle.88 

 

1.3.2 The structure of E. coli KPR 

Matak-Vinkovic et al.59 solved the first crystal structure of (unliganded) KPR to 1.7 Å 

resolution. The crystal structure revealed a 34 kDa monomeric enzyme composed of a 

coenzyme binding domain and a substrate binding domain separated by a large cleft. It 
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has 12 α-helices, three 310-helices, and 11 β-strands. The N-terminal domain has the 

αβ Rossmann fold characteristic to many nucleotide-binding proteins (Figure 1-5), with 

a glycine-rich region (7GCGALG12) for nucleotide recognition, whilst the C-terminus is 

an α-helical domain. The crystal structure validated the importance of residues Lys176 

and Glu256, found in mutagenesis studies, as they were located in the active site. It was 

proposed that Lys176 stabilised substrate binding and Glu256 was the required general 

acid/base. 

 

The crystal structure of KPR with NADP+ (25) bound at the active site (2.1 Å resolution) 

was solved by Lobley et al.91 Surprisingly, NADP+-KPR shared the same open 

conformation as apo-KPR (unliganded). NADP+ (25) bound closely to the N-terminal 

Rossmann fold domain forming hydrogen bonds with the pyrophosphate in NADP+ (25). 

Hydrophobic interactions were observed as the adenine portion of NADP+ (25) sits in the 

hydrophobic pocket containing Arg31, Leu71 and Gln75. Glu256 was indeed making 

hydrogen bond interactions with the nicotinamide ribose 2′- and 3′-hydroxyls (Figure 

1-5). Conserved residues (Lys72, Lys176, Glu210, Asp248 and Glu256) close to the 

active site were mutated to probe their function. Results were consistent with previous 

studies in which K176A and E256A mutant proteins resulted in approximately 78,000- 

and 2,600-fold decrease in kcat/Km for ketopantoate (22), respectively. The other three 

mutants displayed wildtype activity. Asn98 mutated to N98A also showed a decrease of 

about 4,000-fold in kcat/Km.  
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Figure 1-5. (A) Classic Rossmann fold topology. Blue arrows designate β-strands and purple 
rectangles denote α-helices. Circles represent conserved glycine residues. (B) Schematic 2D plot of 
the intermolecular interactions between NADP+, KPR and water molecules. Non-polar interactions: 
vdW displayed as spokes; hydrogen bonds displayed as dashed lines [the length of each bond (Å) is 
printed in the middle]. This image is generated by LIGPLOT.95 

(A) 

(B) 
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In an attempt to crystallise the ternary complex of KPR with NADP+ (25) and pantoate 

(23), Ciulli et al.94 unexpectedly crystallised and solved KPR in complex with 

2'P-ADP-ribose (41), a fragment of NADP+ (25) without the nicotinamide ring (1.95 Å 

resolution). NADPH was hydrolysed to 2′P-ADP-ribose (41) under the acidic conditions 

(pH 4.0 – 5.0) used in the co-crystallisation experiments. Interestingly, under these 

acidic conditions, 2'P-ADP-ribose (41) actually bound in a ‘reversed binding mode’ 

compared to NADP+ (Figure 1-6). 
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Figure 1-6. Superimposed crystal structures of NADP+ (shown as grey carbons) and 2'P-ADP-ribose 
(green structure) in the enzyme active site (PDB ID: 1YJQ and 1YON, respectively) 
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The ternary complex of KPR with NADP+ (25) and pantoate (23) bound (2.3 Å 

resolution)92 was recently determined (Figure 1-7). Two monomers were found captured 

in a pre-catalytic ternary complex, one in an open conformation (monomer A) and the 

other in a closed conformation (monomer B). The extent of conformational changes of 

the protein backbone was measured between KPR structures and summarised in Table 

1-3. The comparison reveals that the C-terminal domain of the hinge region (Ile169 – 

Lys176) is where the movement occurs. The main interactions of NADP+ (25) in 

monomer A and B are similar to NADP+-KPR. This structure is also the first insight into 

substrate binding, showing a hydrogen bond between Lys176 and the oxygen of pantoate 

(23) confirming that Lys176 functions to stabilise the substrate. Lys176 makes further 

hydrogen bonds with Asn98 and Thr118. In monomer B, pantoate (23) is fully enclosed 

between the two domains preventing solvent entry. In this conformation, pantoate (23) 

makes hydrogen bonds with Ser244 and Asn98 while the dimethyl group of pantoate 

(23) sits in a hydrophobic pocket (Thr119, Val179, Ile183, Val234 and Thr238). 
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Figure 1-7. The crystal structure of KPR-NADP+-pantoate ternary complex (PDB ID: 2OFP)  

 

Table 1-3. Root mean square deviations from superposition of KPR structures92 

 

Superposition on main chain atoms 
RMSD (main chain atoms, Å) 

NADP+‐KPR Monomer A  Monomer B 

N‐terminal domain only (residues 1 – 169)       

apo‐KPR  0.58  0.61  0.61 

NADP+‐KPR    0.47  0.48 

Monomer A      0.23 

C‐terminal domain only (residues 170 – 292)       

apo‐KPR  1.56  2.63  5.54 

NADP+‐KPR    1.85  5.01 

Monomer A      3.45 

  

N‐terminal
domain 

C‐terminal
domain 

Pantoate 

NADPH 

S244

R31 

K72

N98

E256

K176
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1.3.3 KPR catalytic activity 

On studying the alternative pyrimidine biosynthetic (APB) pathway, precursor to 

thiamine in Salmonella typhimurium, Downs and Peterson96 identified an apbA gene that 

led to thiamine auxotrophy. Interestingly, the growth of the apbA− mutant was affected 

by pantothenate (16) and thiamine, suggesting that pantothenate (16) is required for the 

APB pathway. However, it was later concluded that ApbB is KPR when the 

overexpressed protein ApbB had KPR activity and that apbA and panE both mapped to 

10 minutes on both the E. coli and S. typhimurium chromosomes.97  

 

The biosynthesis of isoleucine (involving substrates 42 – 45), valine and leucine (with 

substrates 46 – 48, 21) is catalysed by three common enzymes (Scheme 1-7). However, 

the acetohydroxyacid isomeroreductase (AHAIR) encoded by ilvC can also catalyse the 

same reaction as KPR. The ability of AHAIR to use ketopantoate (22) as a substrate can 

be appreciated and best explained by the close resemblance of ketopantoate (22) to the 

isomerisation intermediates (acetohydroxybutyrate (43) and acetolactate (47), Scheme 

1-7) in the normal reaction of AHAIR. The occurrence of, and extent to which AHAIR 

displays KPR activity varies in different species and is summarised in Table 1-4. 
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Scheme 1-7. Biosynthetic pathways of branched chain amino acids 
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Table 1-4. Summary of ilvC ability to catalyse KPR activity in different organisms 

 

Group and species   Summary 

Primerano et al.98 (1983) 

S. typhimurium 

panE–  and  ilvC–  double mutants  of  S.  typhimurium were 

only  able  to  grow  in minimal media  supplemented with 

either  pantoate  (23)  or  pantothenate  (16)  in  addition  to 

isoleucine  and  valine.  Introducing  a  wildtype  ilvC  gene 

restored  the  amino  acid  auxotrophy,  however were  still 

unable  to grow  in  the absence of either pantoate  (23) or 

pantothenate (16) unless provided with ketopantoate (22).

Normal AHAIR activity  is  insufficient  to provide adequate 

levels of pantothenate (16). 

Shimizu et al.99 (1988) 

P. maltophilia 

panE– mutants  of  P. maltophilia were  only  able  to  grow 

when  the media was  supplemented with either pantoate 

(23) or pantothenate (16) in the media.  

No  alternative  enzyme  was  observed  to  catalyse  the 

conversion of ketopantoate (22) to pantoate (23).  

Baigori et al.100 (1991) 

B. subtilis 

panE– mutants  of  B.  subtilis were  unable  to  grow  in  the 

absence  of  pantothenate  (16)  even  with  2  mM  of 

ketopantoate (22) in the culture. 

Normal  AHAIR  activity  is  insufficient  to  provide 

pantothenate (16) in this bacterium. 

Elischewski et al.101 (1999) 

E. coli 

The E.  coli  ilvC− mutant  showed  the  same KPR activity as 

the E. coli wildtype suggesting  ilvC gene had  little,  if any, 

role in pantothenate (16) production in this bacterium. 

Merkamm et al.102 (2003) 

C. glutamicum 

ilvC  is  the  only  KPR  ‐  encoding  gene  in  C.  glutamicum 

responsible for reduction of ketopantoate (22). 
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AHAIR’s ability to catalyse KPR activity does not preclude KPR from being a potential 

antimicrobial target because as indicated in Table 3, most species studied suggest that 

normal levels of AHAIR activity are unable to provide adequate levels of pantothenate 

(16) for bacteria to grow. Perhaps this is due to the competition between the three 

substrates of AHAIR (Scheme 1-7), as it catalyses the reduction of 

acetohydroxybutyrate (43) to dihydroxymethylvalerate (44) in the isoleucine pathway, 

the reduction of acetolactate (47) to dihydroxyisovalerate (48) in the valine and leucine 

biosynthetic pathway, and the reduction of ketopantoate (22) to pantoate (23) in the 

pantothenate pathway. The ilvC panE double mutants in E. coli and S. typhimurium have 

no detectable KPR activity, indicating that there are no other genes encoding for the 

enzymes able to convert ketopantoate (22) to pantoate (23).98,101 For species where low 

KPR activity is catalysed by AHAIR, it is more important to determine whether the 

surviving bacterial organism is no longer virulent, similarly to studies demonstrated by 

Sambandamurthy et al.67 in the panCD mutant of M. tuberculosis. 

 

Notably, KPR activity has been shown to represent a bottleneck in pantothenate 

biosynthesis, where Elischewski et al.101 found that a 3-fold overexpression of panE in 

E.coli led to a corresponding 3.5-fold increase in pantothenate (16) excretion. The value 

of finding small molecule inhibitors for the pantothenate pathway includes using these 

compounds to investigate the role of KPR in the development of antimicrobials. 

Currently, no inhibitors of KPR have been reported in the literature. 
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1.4 Fragment-based lead discovery 

Despite significant investments over the years in improving the quality and efficiency of 

the drug discovery process, there is a rise in attrition rate of drugs in development. 

Success in drug discovery requires the lead compound to be novel, possess good 

potency, be selective and have desirable physicochemical (solubility, permeability and 

chemical stability) and pharmacokinetic properties including toxicity. There have been 

many approaches in obtaining lead compounds that may satisfy the drug-like profile. For 

example, identifying a compound from an existing lead or drug,103 natural product with 

known biological activity,104 combinatorial chemistry105 and high-throughput screening 

(HTS).106 HTS is currently one of the main approaches in lead identification. However, 

challenges in HTS have been associated with low hit rates and identifying drug-sized 

compounds that are difficult to optimise due to high molecular weight and/or 

unfavourable physical properties.107 In addition, these larger compounds have 

complicated structures that often restrict the presented functional groups from binding 

optimally. The fragment-based lead discovery (FBLD) is an alternative to HTS.108 In 

FBLD, optimisation begins with a low molecular weight fragment (150 – 300 Da) that is 

engaged in efficient binding in which the complexity and physical property are easier to 

control and optimise.108-109 

 

The theoretical framework for this fragment-based approach was first suggested by 

Jencks110 three decades ago. Jencks pointed out that the binding of a fragment molecule 

to a protein target results in considerable translational and rotational entropy penalty in 

solution. However, this entropy barrier is similar for larger molecules; hence in linking 

two smaller molecules, this penalty is only paid once (Figure 1-8).  
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Figure 1-8. Schematic representation of fragment hits 1 (red) and 2 (green) in a binding pocket: The 
last box (on the right) corresponds to an optimised fragment linking. 

 

In 1996, the publication by Shuker, Hajduk, Meadows, and Fesik from Abbott 

Laboratories demonstrated the first practical fragment-based approach, called SAR by 

NMR (structure-activity relationships by nuclear magnetic resonance), capturing serious 

interest.111 An NMR screen of 1,000 fragments against the FK506-binding protein 

(FKBP) identified a number of weak fragment binders. The fragments were assessed by 

1H/15N-amide chemical shift perturbations (CSP) in two-dimensional 15N-heteronuclear 

single quantum correlation (2D 1H/15N-HSQC) NMR. Upon analysis, the pipecolinic 

acid (49, Kd = 2 µM) and diphenylamide (50, Kd = 100 µM) were found binding in 

proximal binding pockets. After a few iterations of linker designs, a potent 49 nM FKBP 

inhibitor (51) was developed (Figure 1-9). 
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Figure 1-9. Potent inhibitors of FKBP discovered through the SAR by NMR method  



Chapter 1 Introduction 

 

31 
 

1.4.1 Chemical space  

Accessing chemical space is important to identify novel molecules for new protein 

targets and ensure efficient discovery of high-quality drug leads. Given that there are 

approximately 1063 possible small drug-like molecules, a HTS screen of 106 does not 

come close to the available chemical space.112 On the other hand, the total number of 

‘drug-like’ molecules with 11 heavy atoms or fewer have been estimated to be 109.113-114 

Therefore, screening a fragment library of 10,000 compounds allows considerably more 

access to chemical space than a HTS screen. 

 

1.4.2 Ligand complexity  

Molecules with lower complexity (fragments) in a ligand-protein receptor interaction 

would give rise to higher hit rates than molecules that are more complex (drug-sized 

molecules). The reason for this is because the complex molecules are more likely to 

have interfering functionality that would prevent them from binding to a target protein or 

unfavourable interactions or clashes with the receptor. Larger and more lipophilic 

molecules exploiting hydrophobic interactions to increase potency can also compromise 

pharmacokinetics and pharmcodynamics.115-116 Therefore, screening small molecules 

(typically 150 – 300 Da, with reduced complexity) reduces the search space wherein the 

activity and other properties of the initial lead can then be optimised by increasing the 

complexity.117 However, a degree of complexity is needed to provide enough potency to 

be able to measure the binding. 

  



Chapter 1 Introduction 

 

32 
 

1.4.3 Ligand efficiency 

Fragments are small and less complex, therefore are less likely to engage in 

unfavourable steric or electrostatic interactions and the use of unnecessary chemical 

moieties during binding. ‘Ligand efficiency’ (LE) is a useful measure to assess whether 

the ligand derives its potency from efficient binding with the protein target or making 

many contacts through electrostatic interactions. Introduced by Hopkins et al.,118 LE is a 

ratio of the binding energy to the number of non-hydrogen atoms or heavy atom count 

(HAC) in a ligand (Equation 1-1). LE values greater than 0.3 kcal/mol per non-hydrogen 

atom are desirable (based on a 500 Da compound with a binding constant of 10 nM).118  

 

Equation 1-1. LE is used to guide the optimisation of fragments into lead compounds 

 

   – /       50 / non‐hydrogen atoms 

 

A study by Hadjuk119 compared the potency and molecular weight of 18 highly 

optimised inhibitors which were systematically deconstructed. Notably, along the path 

of an ideal optimisation, the binding efficiency was maintained and a linear relationship 

between the potency and molecular size was observed.119 Therefore, to avoid pursuing 

potency gains through unnecessary chemical groups that add excess mass, Hadjuk 

suggested that for every 64 mass units added a 10-fold increase in binding is expected. 

Moreover, as the fragment size is increased during synthetic elaboration, a drop in the 

binding efficiency of more than 10% suggests that the modification is not ideal even 

when modest gains in activity are observed.  
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The next section addresses the fragment-based approach described in three phases, (a) 

design of fragment libraries; (b) fragment screening and validation of the hits; (c) 

elaboration of fragments into more potent inhibitors. 

 

1.4.4 Fragment library design 

The first step in FBLD is to develop a library of fragments. There are many approaches 

that have been used, for example, Vertex Pharmaceuticals computationally 

deconstructed commercially available therapeutics and took common chemical features 

to build a library of 200 fragments specifically for NMR (SHAPES).120 Another group 

identified recurring fragments from known drugs and described the procedure as 

‘retrosynthetic combinatorial analysis procedure’ (RECAP).121 The fragment libraries 

designed by Hajduk and co-workers122 were enriched with ‘privileged molecules,’ such 

as biphenyls, that have been shown to bind to proteins frequently.  

 

A number of factors are considered in the design of a fragment library,123-125 for 

example: 

1. Physical properties: ‘Lipinski’s rule of five’ has become a common filter in 

assessing whether compounds are likely to be ‘drug-like’.126 In a similar 

approach, Congreve et al.127 proposed the ‘rule of three’ for fragments. 

Congreve et al.127 examined the properties of 40 fragment hits identified against 

a range of targets using high-throughput X-ray crystallographic screening 

technology. The hits seem to obey, on average, a ‘rule of three’, in which 

molecular weight is < 300 Da, the number of hydrogen bond donors is ≤ 3, the 

number of hydrogen bond acceptors is ≤ 3 and ClogP is ≤ 3. In addition, the 
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results suggested the number of rotatable bonds (NROT) ≤ 3 and polar surface 

area (PSA) ≤ 60 might also be useful criteria for fragment selection.127  

2. Chemical group: Compounds with unwanted functionalities that are reactive or 

known to interfere with the screening technique are removed, for example, nitro, 

acyl halides or acrylates. 

3. Chemical diversity: Having a set of fragments which are able to cover a large 

chemical space using a small number of compounds. Maximising the chemical 

diversity increases the chance of identifying novel scaffolds. 

4. Synthetic feasibility: Plausible synthetic routes allowing elaboration of a hit 

compound with substituents. Affordable starting materials. 

 

1.4.5 Fragment screening and confirming hits 

As fragments are small and bind to their target with relatively low affinity between 

0.1 mM and 10 mM, a reliable detection method is essential. Several different screening 

techniques have been carried out, all of which allow high concentrations of fragments to 

detect their weak binding. These methods include biochemical assays,128-129 NMR 

spectroscopy,130 mass spectrometry (MS),131 X-ray crystallography132 and surface 

plasmon resonance (SPR)133 or a combination of all these methods. The range of 

detection methods and their effective affinity ranges have been surveyed by Hubbard 

and Murray,134 who highlighted that the most commonly employed techniques recently 

are NMR and X-ray crystallography which will be discussed in more detail. 
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1.4.5.1 Nuclear magnetic resonance 

Solution-state NMR is a versatile tool for the study of binding interactions between 

small molecules and macromolecular targets,135-136 whereby numerous research groups 

use NMR as part of their primary screen and/or secondary method.137-139 NMR screening 

can be divided into two general methods: ligand- and target-based methods.140-141 

Ligand-based methods measure changes in NMR signals of the ligand upon binding to a 

protein target. Target-based methods measure the changes of the receptor resonances in 

the presence and absence of ligands.  

 

For ligand-based methods, WaterLOGSY and saturation transfer difference (STD) are 

most commonly used. Ligand-based methods require less target protein, which can be of 

almost any molecular size and the target needs no isotopic labelling. On the downside, 

this method is limited to weak and medium binders as tight binders may not be 

distinguished from the target and consequently its signal is suppressed resulting in false 

negatives. Additionally, non-specific binding can result in the appearance of false 

positives. 

 

In 2D 1H/15N-HSQC NMR, ligand binding to 15N-labelled protein is detected from the 

change in 15N chemical shifts indicating which amide protons are perturbed.141-143 

1H/15N-HSQC NMR of the target allows reliable and robust detection of even weakly 

bound ligands (KD > ~10 µM).144 When full chemical shift assignments are available, the 

binding location of the ligand to the target can be determined and used to guide fragment 

optimisation and elaboration.145 The disadvantage of 1H/15N-HSQC NMR is that it is 

generally resource intensive, requiring large amounts of protein and the targets usually 

have to be labelled with 15N.   
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1.4.5.1.1 Saturation transfer difference  

STD-NMR is a very useful screening technique described by Mayer et al.146 It takes the 

difference of two experiments, (1) ‘on-resonance’ in which the irradiation frequency is 

set to a value where only the protein nuclei are located (-2 to 0 ppm) and hence 

selectively excited and (2) ‘off-resonance’ is a reference experiment where irradiation 

frequency is set to a value far from any signal, ligand or protein (40 ppm).143 The 

selective magnetisation of the high field 1H resonance results in the saturation of the 

protein and eventually to any bound ligands via spin diffusion (Figure 1-10). When the 

bound ligand dissociates from the target protein into solution, the magnetisation change 

transferred in the bound state is retained in the free ligand. The resulting difference 

spectrum provides signals for only perturbed ligands.  

 

 

 

Figure 1-10. Illustration of the effect of on-resonant irradiation of protein signals: Due to spin 
diffusion, the resulting magnetisation spreads out across the target molecule and is transferred to the 
bound ligand. On dissociation into solution, the ligand retains the acquired magnetization. 

 

STD-NMR is widely applied in FBLD screening due to its fast detection and screening 

of fragment cocktails without the need for subsequent deconvolution. For a primary 

screen, the STD-NMR approach is useful for rapid cost-effective acquisition of data.  

 



Chapter 1 Introduction 

 

37 
 

1.4.5.1.2 2D Heteronuclear single quantum correlation 

Target-based methods are lower throughput and typically used as a follow-up for 

primary screen. A binding event between protein and ligand can be monitored by the 

CSP in an overlayed apo-protein (unbound) and holo-protein (ligand bound) 

1H/15N-HSQC spectra. The nuclei of the atoms directly involved in the interactions 

usually show the greatest change in CSP. An advantage of this approach is that detection 

of binding and even binding affinity is possible without any backbone assignments. 

However to identify which amino acids are involved in the interactions, the protein 

backbone needs full chemical shift assignments. To identify the residues of the target 

involved in the protein-ligand interactions, the method requires relatively large amounts 

of isotopically labelled protein (50 – 300 µM). The advantages and disadvantages are 

summarised in Table 1-5. 

 

Table 1-5. Advantages and disadvantages of 1H/15N-HSQC NMR 

Advantages  Disadvantages 

‐ Detect high‐ and low‐affinity ligands 

(KD > ~10 µM) 

‐ Limited to smaller protein targets             

(< 30 – 40 kDa) 

‐ Obtain binding affinity of ligands  ‐ Target protein require isotope‐labelling 

‐ Yield ligand binding site information 
‐ High protein concentration (50 – 300 µM) 

is required 

‐ Very reliable  ‐ Knowledge of 3D structure of target 

protein and NMR assignments (or map) of 

at least active site residues required 
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Target-based NMR methods used in fragment-based approach have extended to 

academia, for example; Monash Institute of Pharmaceutical Sciences (MIPS, 

Monash University) have reported fragment based screening on the integrase enzyme of 

human immunodeficiency virus 1 (HIV)147 and Leiden University screened against 

FKBP.148 

 

An example of a successful use of the target-based NMR method was reported by 

Schering-Plough on hepatitis C virus.149 On designing non-peptidic inhibitors for 

hepatitis C virus protease, Schering-Plough screened a fragment library containing 3639 

compounds using 2D NMR methods.149 From over 50 hits, 16 compounds were 

confirmed binding in the active site by 1H/15N-HSQC NMR CSP. To improve potency, 5 

different scaffolds (e.g. diiodophenol 52 and benzophenone 53) found binding in 

adjacent pockets (S1 – S3 and S2') were selected and optimised. In the S1 – S3 region, 

64 analogues of the diiodophenol hit indicated removal of the phenyl group 54 gave the 

highest affinity and the acidic phenol and iodide atoms appeared to be essential for 

affinity. Analogues of the benzophenone hit 53 binding in the S2' region were evaluated. 

Most variations decreased activity except converting the para-hydroxyl substituent to a 

methoxy as in methoxybenzophenone 55, which improved activity slightly. Since the 

CSP demonstrated the simultaneous binding of diiodophenol 54 and benzophenone 55 to 

proximal substrate binding sites, a linking strategy was employed (Figure 1-11). The 

linked compound 56 was 175-fold to 2000-fold more potent than the individual 

fragments. Although the linked compound 56 represents a significant increase in 

potency, the binding energies were not additive. This example highlights the difficulty in 

achieving efficient linking however, demonstrates that through fragment linking, the 

potency can be improved starting from weak affinity fragments. 
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Figure 1-11. (Top) Fragments 52 and 53 that bind in proximal subsites were optimised before linking 
with further improvements in potency.149 (Bottom) The graphs represent per residue weighted average 
CSP of 15N-labelled protein in the presence of 1 mM each of diiodophenol ‘*’ (left), diiodophenol and 
benzophenone (middle), and benzophenone ‘*’ (right). The middle graph illustrates that both 
diiodophenol and benzophenone can bind simultaneously. Adapted with permission from J. Med. 
Chem. 2004, 47 (10), 2486-2498. Copyright (2012) American Chemical Society 

* ***

* *
* *

(A)  (B) (C) 

* *
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1.4.5.2 X-ray crystallography 

X-ray crystallography is a valuable tool in providing detailed structural ligand-binding 

information. Such information has been exploited in lead optimisation to enable hit 

validation and optimisation of ligand potency and selectivity.150 The use of X-ray 

crystallography to identify hits by co-crystallising target-protein with fragments was first 

demonstrated in 2000 by researchers at Abbott.151 The process involved soaking crystals 

of apo-target protein with mixtures of fragments with high shape diversity (up to 100 

fragments per cocktail) for 1 – 24 h.  

 

Advances in technology, software and molecular biology have significantly increased 

the speed and power of protein crystallography.152 However, there are considerable 

challenges in X-ray crystallography including many false negatives results presumably 

due to the thermodynamically controlled process; the binding site must be accessible in 

the crystal packing form; crystals of the apo-target protein are suitable quality for high 

concentrations of ligands and X-ray diffraction.134,153 Therefore, as a primary screening 

tool, X-ray crystallography is not widely used because it is low throughput and resource 

intensive. Instead X-ray crystallography is utilised in validating hits in which the 

three-dimensional (3D) structure of the fragment hit interacting with the protein target 

can be used to compare binding modes of various fragments to develop valuable SAR 

information.134 
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1.4.6 Converting fragment hits into leads 

Validation of fragment hits after a primary screen can be critical for hit-to-lead 

optimisation. Therefore, alternative complementary techniques such as SPR, 

biochemical assay, target-based NMR or X-ray crystallography may be used. A 

validation step is especially important when STD-NMR is used as the screening method, 

since it is more susceptible to false positives. Once a fragment hit is confirmed, the next 

step involves testing structurally similar analogues, where SAR may be established 

around the initial fragment hit. Structural information from X-ray crystallography or 

1H/15N-HSQC NMR can identify the fragments binding mode or location on the target 

protein which may become critical for hit progression. Notably, the preferred binding 

mode within a chemical series may be affected as substituents are changed, thus 

confusing SAR development. In the absence of structural information, the binding site 

can be located by competition experiments with a known ligand or site directed 

mutagenesis.42 SAR can then be used to direct synthesis of larger molecules to optimise 

binding to adjacent regions of the active site and improve the potency. During this early 

phase, an iterative approach is adopted, where syntheses of molecules, potency and 

binding location may be tracked at each stage. LE may be used as a quantitative measure 

to ensure that effective interactions are being made as a fragment is evolved.  

 

Three main strategies used to elaborate the initial fragment hit into lead compounds 

include fragment growing, merging or linking.108,154 The more common approach is 

fragment growing. Starting at a single point, structural information such as fragment 

binding orientation and/or SAR is used to guide the direction to grow the fragment and 

hence pick up additional interactions, and gradually increase potency. Fragment merging 

takes optimal features of two individual fragments binding in adjacent or overlapping 
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positions in the active site to create a larger, higher affinity compound. Fragment 

linking, requires that two (or more) fragments bind to proximal parts of the active site. A 

suitable linker is used to join the individual fragments forming a larger, higher affinity 

molecule.155 For this approach, structural information is imperative to avoid large 

combinatorial and random search to find an effective linking scheme.  

 

An example where the two strategies, fragment linking and growing have been 

compared was reported by Hung and co-workers77 for the M. tuberculosis enzyme PtS. 

A range of biophysical techniques were used in this study including thermal shift assay, 

ligand-based NMR, ITC and X-ray crystallography. Hung et al.77 identified 5-

methoxyindole 57, a weak binder, in a preliminary screen using WaterLOGSY. A screen 

of structurally related fragments indicated a narrow SAR as the replacement of the 

methoxy group with either a hydroxy group or a methyl group, or the replacement of the 

indole core with a benzopyridine or benzimidazole heterocycle led to an approximate 

10-fold decrease in the binding affinity. The initial fragment hit was taken into the next 

phase: the fragment growing approach. X-ray crystallography revealed that the 

5-methoxyindole 57 binds in the ATP adenine motif binding site. As a result, synthetic 

modifications by introducing negatively charged moieties (58 – 60) were made in an 

attempt to capture electrostatic interactions in the triphosphate binding site for ATP, 

which indeed led to modest improvements in potency (Figure 1-12). The crystal 

structure of the complex of compound 60, which incorporated an acyl sulfonamide, was 

found in the same binding mode as the initial fragment hit at the P2 pocket, making 

further hydrogen-bonding interactions. To their advantage, there was also room for 

further growing from the methyl substituent of the sulfonamide. Converting the methyl 

group to a 4-methylpyridine ring 61 (on the sulfonamide) and introducing an alkyl 
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carboxyl group at the N1 position of the indole, led to compound 62, and improved the 

affinity by approximately two orders of magnitude while maintaining LE. 

 

At the same time, a benzofuran 63 was identified by a thermal shift screen. Confirmed as 

a hit through WaterLOGSY, NMR spectroscopy and ITC, the benzofuran was 

discovered to bind in the P1 pocket in close proximity to the indole 59, suggesting that 

the two fragments can be linked. Flexible linkers such as alkyl ester 64 and sulfonamide 

65 were introduced (Figure 1-12). The indole and benzofuran fragments were linked 

with the sulfonamide 66 which closely resembles the 4-methylpyridine (62) final 

compound from fragment growing. The final compound from fragment growing (62) 

was marginally more potent and ligand efficient than the fragment linking (66).  

 

Hung et al.77 concluded that despite both strategies resulting in similar compounds and 

similar potency, ‘...the linking strategy appears more elegant...’ but the small collection 

of linkers available could compromise how the original fragments bind. On the other 

hand, the fragment growing strategy allowed ‘...more freedom for development... more 

room for further optimisation.’ There is still further development needed for the linking 

strategy. It is challenged by many factors, such as maintaining the binding orientation 

and position of the fragments,156 energy lost as a result of linker strain,157-158 or the 

chemical nature of the linker influencing binding.148   
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Figure 1-12. A fragment growing strategy is compared to a fragment linking strategy for 
M. tuberculosis PtS77 

  

(A) Grow  (B) Link 
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1.4.7 Fragments in the clinic 

FBLD has significantly developed over the past fifteen years and is now taken up at 

universities, large pharma and biotech companies.159 There have been a number of 

reviews recently documenting successes and summarising programs that have generated 

clinical candidates from fragments and also the challenges that need to be addressed.160-

163 Lead compounds derived from fragments currently in clinical development are 

summarised in Table 1-6. 

 

Table 1-6. Lead compounds derived from fragments currently in clinical development162 

 

Compound  Company  Target  Progress  Detection Method 

ABT‐263  Abbott  Bcl‐XL  Phase 2  NMR 

AT9283  Astex  Aurora  Phase 2  X‐ray 

LY‐517717  Lilly/Protherics  FXa  Phase 2  Computational/X‐ray 

NVP‐AUY‐922  Novartis/Vernalis  Hsp90  Phase 2  NMR 

Indeglitazar  Plexxikon  PPAR agonist  Phase 2  HCS/X‐ray 

ABT‐518  Abbott  MMP‐2 & 9  Phase 1  NMR 

AT7519  Astex  CDK2  Phase 1  X‐ray 

AT13387  Astex  Hsp90  Phase 1  NMR/X‐ray 

IC‐776  Lilly/ICOS  LFA‐1  Phase 1  NMR 

PLX‐5568  Plexxikon 
Kinase 

Inhibitor 
Phase 1  HCS/X‐ray 

SGX‐523 
SGX 

Pharmaceauticals 
Met  Phase 1  X‐ray/HCS 

SNS‐314  Sunesis  Aurora  Phase 1  MS 

(HCS = high content screening) 
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In August 2011, the FDA approved the first drug candidate to come out of fragment-

based screening.164 The discovery started with a biochemical screen against a panel of 

kinases using the Plexxikon library containing 20,000 compounds (molecular weight 

approximately 150 – 350 Da).165 Fragment hits were judged based on their ability to 

inhibit the activity of three kinases, Pim-1, p38 and CSK by at least 30% at 200 µM. The 

selection resulted in 238 hits that were then co-crystallised with one of the three kinases. 

In complex with Pim-1 was 7-azaindole 67, however, interestingly a few binding modes 

were identified for this fragment (Figure 1-13). A subsequent analogue screen yielded 

the 3-aminophenyl analogue 68 with improved affinity and only one binding mode 

observed, although the 3-aminophenyl analogue 68 showed non-selective kinase 

binding. Therefore, a series of analogues with varying substituents were synthesised and 

screened against a panel of kinases, including the B-RafV600E mutant. After iterations of 

crystallography and optimisation chemistry, a highly selective lead compound 69 with 

nanomolar affinity for B-RafV600E was discovered. In fact, 69 displayed remarkable 

selectivity against a diverse panel of 70 other kinases. Despite being less potent and 

ligand efficient, Zelboraf (70) performed more favourably in terms of pharmacokinetics 

in animal models and therefore was selected over 69.166 The discovery program started 

in February 2005 highlighting that discovery to approved drug candidate can happen in 

just 6 years!   
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Figure 1-13. From fragment to lead compound and approved drug Zelboraf (70) using fragment 
growing method 

 

The contribution of FBLD to modern drug discovery is largely due to strong 

collaborative efforts between biologists, medicinal chemists, biophysicists and 

modellers. The significant advancements in technology across all major screening 

platforms with improvements such as enhanced sensitivity, higher throughput and 

applicability to broader biological targets have enabled considerable progress in FBLD. 
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Since FBLD is design-intensive, it is an ideal technique for application in academic 

medicinal chemistry groups. In this study, a FBLD approach is used to identify small 

molecule inhibitors of KPR. KPR is the second enzyme in the pantothenate pathway and 

has been shown to be a critical step of the pantothenate biosynthesis.101 Despite the 

extensive structural and mechanistic information being available,59,88-92 no inhibitors of 

KPR have been reported in the literature to date. The benefits of finding a small 

molecule inhibitor for the pantothenate pathway include using these compounds to 

investigate the role of KPR in the development of antimicrobials. 
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2 Protein expression, screening and  

hit validation 

2.1 Introduction 

In this study, a FBLD program was carried out to identify small molecule inhibitors of 

KPR. The approach involved an STD-NMR screen for fast detection of fragments 

binding to KPR followed by 1H/15N-HSQC NMR to confirm the fragment hits. The 

activity of the confirmed fragment hits was assessed using in vitro assays. This requires 

pure protein and the ability to incorporate isotope labels. This chapter describes the 

optimisation of the expression system for unlabelled and labelled KPR. The initial 

expression construct was a pRSETA plasmid containing the panE gene and was 

provided as a kind gift from Prof. Chris Abell (Cambridge University). 

 

2.2 Protein expression 

Binding and kinetic studies of a receptor target require relatively pure, correctly folded 

protein; often in large amounts to enable the downstream screens and structural work. 

For primary screen follow-up, an efficient expression system is important when 

incorporating isotopes for NMR to minimise production cost. The yield is often lower 

when the protein is expressed in E. coli grown in minimal media with defined nutrients, 

as required for isotopic labelling. In this study, an E. coli expression system was used 

due to the ease of handling, rapid growth and high-yield protein production. A tag for 

affinity purification (His6-tag) was incorporated into the recombinantly expressed KPR. 

The His6-tag enables efficient purification of the protein by exploiting its high affinity 

for Ni-NTA (nickel-nitrilotriacetic acid).  
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2.2.1 His6-KPR 

Initial attempts to express the His6-KPR construct in a number of cell lines were 

challenged by the limited level of expression. To establish the best expression conditions 

for the KPR construct, the construct was analysed by Dr Noelene Quinesy (Department 

of Biochemistry and Molecular Biology, Monash University) in 12 different strains of 

E. coli. The best expression was observed in E. coli C41(DE3) cells when grown at 

28 °C (Figure 2-1). Many cell lines were not suitable for KPR expression, possibly 

suggesting that the expression of large amounts of KPR is toxic to the cells, as 

C41(DE3) are typically used for expressing toxic recombinant proteins.167 

 

 

Figure 2-1. SDS gel (15%) of His6-KPR construct expressed in a variety of E. coli cell lines including 
BL21 Gold, C43, C41, BL21 codon plus RP and BL21 codon plus RIL 

  

His6‐KPR 

(approx. 35 kDa) 
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To express unlabelled KPR, competent cells of E. coli strain C41(DE3) are transformed 

with the pRSETA plasmid using the heat shock method.168 An isolated colony of freshly 

transformed E. coli competent cells were grown overnight in a starter culture (5 – 10 mL 

of Luria Broth (LB) broth containing ampicillin (Amp, 100 µg/mL)) and then used to 

inoculate the main culture in 1 L LB/Amp. The cells were grown at 28 °C to mid-log 

phase (optical density at 600 nm (OD600) of 0.6) when expression was induced with 

1 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG). The cells were incubated for an 

additional 4 h at 28 °C before harvesting. 

 

Alternatively, KPR expression was performed by transferring the starter culture into 

auto-induction media using a method described by Studier.169 Auto-induction is a more 

convenient method than IPTG induction. Briefly, the T7 expression system is widely 

used in E. coli for recombinant protein expression. In the absence of an inducer, the lac 

repressor is bound to the lac operator preventing transcription of the T7 RNA 

polymerase gene and consequently target protein expression. So when an inducer (e.g. 

IPTG) is added, the lac repressor is relieved and the cells can express T7 RNA 

polymerase.  Alternatively, lactose has been used to induce protein expression. Studier169 

has shown that with the appropriate balance of glucose and glycerol as carbon source, 

the cells will grow to reach high cell density until their depletion which then allows the 

α-lactose present in the medium to finally induce expression.169 Therefore, in an 

auto-inducing medium, the cells are grown to saturation without the need to monitor the 

cell density to catch the cells at log phase to induce protein expression. 

 

A comparative study of KPR expression yields between an IPTG induction and 

auto-induction revealed intriguing results (Figure 2-2). The expression level when using 
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IPTG started to plateau 4 h post induction and therefore the cells were harvested with 

cell density OD600 of 2.5. The auto-induction method showed continual cell growth for 

more than 20 h reaching an OD600 of 8.5, after which it was harvested. The purified yield 

from IPTG method was 30 – 40 mg/L, while auto-induction yielded 122 mg/L (both 

yields are after purification). The lower yield from the IPTG method may be due to basal 

expression of small amounts of T7 RNA polymerase leading to expression of KPR. 

Since KPR is suspected to be toxic towards the host, the cells may lyse KPR resulting in 

a lower yield. However, in the auto-inducing media the basal expression of target protein 

is minimised due to the presence of glucose.169 

 

A fresh transformation of KPR construct into C41(DE3) cells of E. coli provided more 

consistent expression levels of KPR compared to using frozen glycerol stocks of pre-

transformed KPR cells, thus the optimised method employs a fresh transformation for 

each protein expression. Auto-induction expression was the method of choice due to its 

ease, convenience and superior expression level. 

 

Figure 2-2. The effect of auto-induction and IPTG induction on cell density 
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2.2.2 His6-
15N KPR 

For nitrogen labelling, the initial growth phase was in LB before transferring to a 

defined minimal media and initiating protein expression. The theory behind the 

approach is that E. coli grown rapidly in unlabelled rich media (LB) contain more 

ribosomes.170 The native E. coli proteins, including the ribosomes, do not need to be 

isotopically labelled in order to produce labelled recombinant protein. Therefore, the 

high cell density is optimised to produce maximal labelled recombinant protein 

expression once in defined minimal media.170 

 

The method for high-level expression and efficient isotopic labelling of His6-
15N KPR 

involved selecting a single colony of freshly transformed cells to inoculate an unlabelled 

starter culture (LB/Amp), which was grown overnight at 37 °C. After centrifuging, the 

pelleted cells were transferred into a larger fresh media (LB/Amp) and incubated until 

the cell density reached log phase with OD600 of 0.6 prior to pelleting and resuspension 

in one quarter of the volume of defined, labelled minimal media (Chapter 7, section 

7.1.2). The E. coli cells were incubated at 28 °C until growth recovery (OD600 ~2.4) was 

observed when expression was then induced by the addition of 1 mM IPTG (Figure 2-3). 

Once the cell density had plateaued, typically 5 – 6 h post-induction, the cells were 

harvested. 

 

Initial attempts to obtain high-yielding expression of His6-
15N KPR utilised the M9 

minimal media recipe according to Sambrook et al.,171 however, the expression levels 

were insufficient for economical isotopic labelling for NMR studies. When the cells 

were grown in minimal media prepared according to the recipe described by Marley and 

co-workers,170 the yields were much higher. The improved minimal media recipe 
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contained five times the stock solution of M9 salts (KH2PO4, Na2HPO4, NaCl, NH4Cl) 

and 4 g/L glucose compared to the initial recipe of one times the stock solution of M9 

salts and 2 g/L glucose. The E. coli cells grew at a high rate upon transferring to minimal 

media and reached an OD600 > 8.0 (Figure 2-3). Protein yields were as high as 53 mg/L 

post purification. 

 

Figure 2-3. Growth curve of cells in minimal media 

 

2.2.3 Purification (unlabelled and 15N-KPR) 

Purification of His6-KPR was a three-step process; after lysing the cells and removing 

the cell debris by centrifugation, the supernatant containing KPR was first applied to a  

HisTrap HP nickel affinity column then a HiPrep 26/10 desalting column and a HiLoad 

Superdex 75 HR 16/60 size exclusion column. The nickel affinity column allows 

separation of proteins based on the affinity of the His6-tag for the Ni-NTA resin. His6-

KPR was applied to the Ni-NTA column in buffer A (10 mM potassium phosphate pH 

8.0), containing low imidazole concentration (10 mM). After a wash step in buffer A, 

His6-KPR was eluted at a gradient of 0 – 100% buffer B (500 mM imidazole). Fractions 
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containing purified KPR, as assessed by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE), were pooled and exchanged into 100 mM HEPES (buffer 

C or D, chapter 7 section 7.1.2) using a desalting column. The final step in the 

purification was a size exclusion column (in buffer C or D) to separate lower molecular 

weight protein impurities from His6-KPR. Fractions containing His6-KPR were 

identified by SDS-PAGE and concentrated. The mass of the protein calculated from the 

predicted amino acid sequence with His6-tag (35791.9 Da), compared well to the 

electrospray mass spectrometry (ES-MS, 35790.21 Da). 

 

In summary, a 1 L culture was sufficient to obtain 50 – 120 mg/L of purified 

(unlabelled/labelled) KPR over three chromatographic purification steps. The protein 

behaved as a monomer on a size exclusion column, and its identity was confirmed by 

SDS-PAGE and MS (Chapter 7, section 7.1.2.6).  

 

2.3 Fragment library 

With the target protein in hand, a fragment screen using STD-NMR was undertaken. The 

fragment library used in the preliminary screen contained 500 structurally diverse 

compounds purchased from Maybridge. The fragments had an average molecular weight 

of 200 Da and were ‘rule of three’ compliant, as introduced in Chapter 1. The library 

included chemical cores with 1 – 3 substituents attached with at least one polar 

substituent such as an amine, acid or hydroxyl. 

 

The fragments were prepared in neat 2H6-dimethyl sulfoxide (DMSO) to generate a 

concentrated stock solution and stored at 4 °C. Initially, the fragments were assessed 
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individually for purity and solubility by one-dimensional (1D) 1H NMR. Those that 

were less than 90% pure, had questionable identity or were not soluble (based on the 

chemical shifts, coupling and intensity of peaks in the 1D 1H NMR spectra) were noted 

and removed from analysis.   

 

A 1D 1H NMR reference spectrum for each of the 500 fragments in the library was 

acquired individually by Zhao.172 The samples were prepared in phosphate buffer (20 

mM KH2PO4, 80 mM NaCl pH 7.4) to avoid changes in chemical shifts in the reference 

spectra due to changes in the pH of the sample. The reference spectra also served as a 

quality check to ensure correct fragment identity, purity and solubility. For primary 

screening, a previous STD-NMR study performed by Zhao172 suggested fragments 

screened in groups of 10 (50 cocktails) sometimes complicated identifying hits due to 

overlapping signals. Therefore, each cocktail contained a group of 5 fragments. 

 

2.4 STD-NMR fragment screening 

The samples were prepared using 25 µM unlabelled KPR with mixtures of 5 fragments 

(1 mM each) added from 100 mM stocks in DMSO.  

 

2.4.1 STD-NMR analysis 

The strategy used to filter the 100 acquired STD spectra involved overlaying 10 STD 

spectra at a time and comparing the relative intensities of signals. Those that displayed 

stronger STD signals were selected for a more in depth analysis, resulting in 32 spectra. 

An example of an individual analysis is shown in Figure 2-4. The 1D 1H NMR spectrum 

of the individual fragments in solution (A – E) is shown for reference. The 1D 1H NMR 

spectrum of the fragment mixture (containing 5 fragments) in the presence of KPR (blue 
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spectrum) is compared with the STD (red spectrum). The resonance signals observed in 

the STD spectrum are indicative of a fragment binding. In this case fragment (C) is a 

KPR fragment binder.  

 

 

Figure 2-4. Detection of ligand binding to KPR using STD-NMR: The arrows highlight fragment C 
proton signals matching those observed in the STD spectrum indicating fragment C is binding to 
KPR. 

 

2.4.2 STD NMR screening hits 

In this study a primary screen using STD-NMR spectroscopy was carried out and 

approximately 10% of the compounds in the library gave a positive STD result (Figure 

2-5). From the 47 STD hits (71 – 117), 36% shared a similar chemical framework; a 

phenyl ring substituted with a five-membered heteroaromatic ring. Some examples 

include the phenylthiophene, phenylpyrrole, phenylthiazole and phenylpyrazole cores.  

[ppm]
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Figure 2-5. Chemical structures of fragments designated as positive STD-NMR hits: Fragments are 
grouped according to common structural features.  
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2.5 1H/15N-HSQC NMR 

As discussed in Chapter 1, 1H/15N-HSQC NMR is a reliable and robust technique and an 

ideal method for validating the fragment hits identified in the preliminary screens. 

However, given that KPR is a relatively large protein (35 kDa) by NMR standards, it 

was important to determine whether the 1H/15N-HSQC NMR spectrum of KPR was of 

sufficiently high quality for this purpose. An investigation involving KPR and its natural 

cofactor NADPH (24) was carried out to ensure that high quality 2D spectra were 

achievable and chemical shift perturbations (CSPs) were clear and observable. 

 

2.5.1 NADPH test study 

Upon addition of NADPH (300 µM, Kd(NADPH) = 0.26 µM) to 15N-labelled KPR 

(100 µM), the NMR protein spectrum displayed significant perturbations (Figure 2-6). 

The amino acids affected by NADPH (24) binding were identified since the assignments 

of the backbone resonances of apo-KPR expressed in E. coli were completed by 

Dr Stephen J. Headey (MIPS, Monash University).173 Binding was analysed using the 

weighted combined 1H and 15N amide shifts (Δδ) using Equation 2-1, where 

δHboundKPR, δHunboundKPR, δNboundKPR and δNunboundKPR are the CSPs in the bound and 

unbound states for the amide proton (δH) and the amide nitrogen (δN); The factor of 

0.154 is used to account for the differences in the spectral width for 1H and 15N amide 

shifts which is in the ratio of ~ 1:0.154. 

 

Equation 2-1: 

∆   bound  free  2 0.154    bound    free  2    
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The CSPs mapped on the KPR structure (Figure 2-6) were localised around the catalytic 

site consistent with the crystal structure of NADPH (24) bound to KPR 

(PDB ID: 1YJQ).91 Signals belonging to residues Leu6 – Gly7, Leu30, Leu68 – Gln75 

and His97 (Figure 2-6) in the NADPH (24) binding site of the apo protein disappeared 

upon addition of NADPH (24), indicating that these residues are in intermediate 

exchange on the NMR time scale. Most of these residues are directly involved in the 

binding interactions suggested in biochemical studies (described in Chapter 1). For 

example, the residues Leu6 and Gly7 are part of the glycine-rich region (7GCGALG12) 

for nucleotide recognition and Leu30, Leu68 – Gln75 form hydrophobic interactions 

with the adenine ring of NADP+ (25). 

  



Chapter 2 Protein expression, screening and hit validation 

 

62 
 

 

 

 

 

 

 

 

 

 

 

  

  

L30 

V69 

I3 

L68 

T137 

L6 

L94  L95 

 Figure 2-6. (Top) HSQC spectrum of KPR in the absence
(green) and presence (purple) of NADPH. A portion of the
spectrum is enlarged and boxed to emphasise perturbed
residues. The perturbed residues (box) were then mapped
onto the crystal structure to highlight the hydrophobic
pocket. (Middle) Ribbon (left) and transparent surface
(right) representation of KPR. NADP+ shown as green
carbons. Only perturbed residues from the box are shown as
red spheres. Unassigned residues are coloured black.
(Bottom right) Solid surface to demonstrate that perturbed
residues were not all on the surface of binding cavity. 

[ppm] 
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2.5.2 Fragment hit confirmation 

The clear CSPs observed upon the binding of NADPH (24) to KPR confirmed that 

1H/15N-HSQC NMR could be used as a complementary technique to STD-NMR. As 

such we proceeded to investigate the effect on CSPs on addition of the fragment hits 

identified in the STD-NMR screen and validate their binding. 1H/15N-HSQC spectra 

were acquired individually for each hit compound. Compounds were tested at 1 mM 

(0.2% DMSO) with 100 µM of uniformly 15N-labelled KPR in buffer C and 10% D2O.  

 

Addition of fragments to 15N-labelled KPR resulted in detectable changes in chemical 

shifts for 14 out of 47 fragments, signifying fragment binding to KPR. An example of a 

spectrum resulting from fragment binding is shown in Figure 2-7. The 14 fragments 

(Figure 2-8) were retained for further characterisation. For these fragments, the CSPs 

were categorised as strong (Δδ > 0.04 ppm), medium (0.04 > Δδ > 0.01 ppm) or weak 

(Δδ > 0.01 ppm).  
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Figure 2-7. Portion of a 1H/15N-HSQC spectrum of KPR in the absence (red contours) and presence 
(green contours) of 2-(thiophen-2-yl)aniline (73) 

 

 

 

Figure 2-8. Structures of confirmed fragments from 1H/15N-HSQC NMR 
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The CSPs were subsequently mapped onto the KPR crystal structure (PDB ID: 1YJQ). 

The 2-(thiophen-2-yl)aniline (73), (3-(thiophen-2-yl)phenyl)methanol (71), methyl 1H-

indole-7-carboxylate (96), coumarin 107 and aminothiazole 80 displayed interactions 

with residues at the hydrophobic pocket where the adenine portion of the NADPH (24) 

binds (Figure 2-9). Of these fragments, (3-(thiophen-2-yl)phenyl)methanol (71) and 

2-(thiophen-2-yl)aniline (73) displayed an additional cluster of perturbations suggesting 

either another binding site or the effects of conformational change. The thienopyrrole 

108 and sulfonamide 113 were found to perturb residues close to the nicotinamide 

portion of the NADPH (24) binding site (Figure 2-9). Thienopyrrole 108 also showed 

CSPs in regions of the protein distant from the active site. When the CSP map displays 

good clustering on the protein, the binding site can be inferred with confidence.174 

However, in some circumstances, resonances at remote locations or even the majority of 

the resonances may be affected.175 1H/15N-HSQC NMR is very sensitive to 

environmental changes and the CSPs are often caused by direct local interactions as well 

as indirect interactions such as conformational changes within the protein. Therefore it is 

not always possible to extract precise binding location information. As a result, the data 

can only be used as an approximate guide to binding location. 
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(A) 

 

113 

(B) 

 

 

 
73 

(C) 

 

 

107 

 

Figure 2-9. Residues perturbed on addition of fragments (113, 73, and 107) were mapped onto the 
crystal structure (PDB ID: 1YJQ): Ribbon (left) and surface (right) representation of KPR. 
Perturbations are shown as red spheres. Unassigned residues are coloured black. NADP+ (25) shown 
as green carbons.  

Note: NADP+ (25) was not included in the actual experiment but is included here to help visualise the 
binding pocket.   
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2.6 Functional assay 

STD-NMR and 1H/15N-HSQC NMR identify fragments that bind to KPR. However it is 

critical to evaluate the hits in terms of their biological activity. A UV-based enzymatic 

assay was used to assess the ability of the fragments to inhibit KPR activity. The 14 

fragments with confirmed binding to KPR (by 1H/15N-HSQC NMR) were assayed for 

KPR inhibition at 1 mM. The enzymatic assay was carried out as described in Ciulli et 

al.,42 wherein inhibition activity was determined by monitoring the decrease in 

absorbance at 340 nm over time due to the enzyme-catalysed oxidation of NADPH to 

NADP+ (ε340 for NADPH = 6220 M-1
 cm-1).  

 

2.6.1 Assay development and optimisation  

2.6.1.1 NADPH preparation 

If an inhibitor competes with the substrate for the same active site of the enzyme, it is 

deemed to be a competitive inhibitor and its effectiveness is based on its relative 

concentration to the substrate and the affinity with which it binds to the enzyme. 

Therefore an accurate substrate concentration is crucial in replicating true inhibition 

measurements. Since NADPH (24) is particularly susceptible to hydrolysis and 

degradation, the preparation of solutions of known concentrations of NADPH (24) was 

investigated. The NADPH (24) concentration was measured using UV absorbance at 

340 nm based on the literature extinction coefficient. To confirm the activity of the 

enzyme and this concentration measurement, the Km for NADPH (24) was compared to 

the literature value (Km = 36 µM).90 NADPH (24) concentrations 10, 25, 50, 80, 100, 

150, 200 and 300 µM were used in the kinetic assay.  
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The Km measurement for NADPH (24) using the UV-based method was 28 µM (Figure 

2-10), comparable to the literature value.90 In contrast, when NADPH (24) was prepared 

based on the weighed mass, a 2-fold greater Km value was obtained (Km = 54 µM), 

suggesting that the actual concentration of NADPH (24) used was lower than 

anticipated, due to hydrolysis or the presence of impurities. Therefore by using the 

UV-based method, the NADPH (24) concentration can be measured accurately and 

consistently for every inhibition measurement. 

 

 

 

Figure 2-10. Km determination of NADPH (24): (A) Michaelis-Menten plot and (B) Lineweaver-Burk 
plot.  

(A) 

(B) 
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2.6.1.2 KPR concentration 

Next, the enzyme concentration was investigated to ensure that the observed activity was 

proportional to the amount of enzyme present and to select an appropriate enzyme 

concentration that allowed consistent collection of data in the linear portion of the 

enzyme reaction. To study the effect of KPR concentrations (1.5, 3 and 6 nM) upon the 

rate of reaction, the rate was examined in the presence of saturating concentrations of 

NADPH (300 µM) and ketopantoate (1 mM). The results show that the rate is dependent 

on the enzyme concentration (Figure 2-11). When NADPH (25 µM) became the limiting 

factor in the reaction, KPR concentrations 1.5 nM and 3 nM had longer linearity range in 

the initial velocity region of the enzymatic reaction (Figure 2-11). However, 3 nM KPR 

was found most appropriate to allow more reproducible measured rates. 

 

 

Figure 2-11. Effect of KPR concentrations (● 1.5, ■ 3 and ▲ 6 nM): (Left) at saturating NADPH 
concentration (300 µM); (Right) at non-saturating NADPH concentration (25 µM). 
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2.6.1.3 Effect of DMSO 

All the fragments in the Maybridge library were obtained as solids or oils which were 

dissolved in neat DMSO to generate concentrated stock solutions. Therefore, it was 

crucial to determine the tolerance of KPR to DMSO levels and the potential side effects 

of DMSO in the functional assay. The assay was conducted with increasing 

concentrations of DMSO (0 – 5%) against KPR (Figure 2-12).  

 

The KPR activity or the turnover rate remained relatively constant and unaffected 

through the DMSO concentration range tested. Given the flexibility in DMSO 

concentrations, 2% DMSO was sufficient to solubilise the fragments hence all assays 

were carried out with a final concentration of 2% DMSO vol/vol. 

 

 

Figure 2-12. Effect of increasing DMSO concentration (0 – 5%) on KPR activity 
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2.6.2 KPR inhibition by fragment hits  

The 14 fragments identified as hits by perturbations in 1H/15N-HSQC were assayed using 

the UV-based kinetics assay to determine the fragments’ ability to inhibit KPR activity. 

The fragments were first tested at a final concentration of 1 mM for inhibition activity. 

The assays were reported as percentage inhibition (%). For fragments that exhibited 

greater than 50% inhibition, their IC50 was determined. 

 

The % inhibition at 1 mM suggested that less than half of the 14 fragments were 

inhibiting at greater than 50% (Table 2-1). Interestingly, thienopyrrole 108, sulfonamide 

113 and phenylthiophene 71 all inhibited at approximately 82%, yet their IC50 varied 

quite remarkably (40 – 226 µM). The inconsistency between the % inhibition and IC50 

value could be the result of solubility, given that the single point was measured at a high 

concentration. Nevertheless, an IC50 value from a dose response is a more reliable 

measurement of inhibition activity. 

 

The assay revealed some exciting results, for example 4 of the 5 fragments selected for 

further analysis gave an IC50 value less than 0.5 mM corresponding to high LE (Table 

2-1). The thienopyrrole 108 showed significantly greater inhibition with an IC50 of 40 

µM and remarkably high LE of 0.50 kcal/mol per HAC suggesting a large proportion of 

this molecule is contributing to the overall binding. Despite the difference in IC50 

between the sulfonamide 113, phenylthiophene 71 and aminothiazole 80, (65 µM, 226 

µM and 416 µM, respectively) their corresponding LE were very similar (0.36 – 0.38 

kcal/mol per HAC). This emphasises the usefulness and importance of the LE metric to 

ensure that the most ligand efficient compounds are selected for progression. 
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Table 2-1. % Inhibition of fragments at 1 mM with corresponding IC50 and LE values1 

 

  Structure 
Inhibition 

(%) 

IC50 

(μM) 

LE                    

(kcal/mol per HAC) 

107 

 

100*  ‐  ‐ 

108 

 

83  40  0.50 

113  

 

82  65  0.36 

71 

 

82  226   0.38 

80 

 

56  416  0.36 

* A curve could not be fitted due to limited solubility above 250 µM preventing a reliable 

IC50 determination.   

                                                   
1 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 
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2.7 Computational modelling 

Knowledge of the fragment’s binding mode may be critical for compound elaboration 

and optimisation; in the absence of experimental structural information, computational 

methods may be used. Docking is a computational technique that predicts a ligand’s 

binding mode and estimates affinity relative to the receptor target. However, in silico 

selection of compounds that bind to a protein active site is difficult.176 Commonly, the 

docking accuracy in predicting a ligand pose is based by comparison to an available 

experimental structure. A predicted ligand pose with a root-mean-square distance 

(RMSD) of < 2Å to the experimental structure is considered reasonable.177 Efforts are 

constantly being made to increase the accuracy of docking; for example, Gonzalez-Ruiz 

and Gohlke178 have applied CSPs from NMR studies to score ligand poses with respect 

to their agreement with experimental CSP data.  

 

Herein, the ability of docking to reproduce the experimentally determined binding mode 

for the target KPR is described. The effects of conserved water molecules on docking 

accuracy were examined. Validation of the predicted binding modes would provide 

confidence in the docking accuracy and later provide a basis for inhibitor design using 

the predicted binding modes. This could greatly enhance productivity and potentially 

reduce developmental costs. 
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2.7.1 Analysis of water molecules in the binding site 

A visual inspection of 4 crystal structures of KPR (Table 2-2) was performed to identify 

water molecules that participate in water-mediated hydrogen bonds between the protein 

and the ligand. LIGPLOT95 was used for 2D analysis to identify these waters and then 

all the crystal structures were superimposed to determine whether these water molecules 

were also in the same position in the binding site across all the structures including 

apo-KPR (Table 2-2).  

 

Only H2O-1 appeared to be consistent both structurally and functionally among all the 

KPR crystal structures (refer to Chapter 1, Figure 1-5). In the holo- and ternary complex 

of KPR, H2O-1 was found bridging NADP+ (25) with the well-known glycine-rich 

phosphate-binding loop. It formed hydrogen bonds to the dinucleotide pyrophosphate, 

two of the three conserved glycine residues of the phosphate-binding loop, and Thr70. 

This water molecule is also present in the high-resolution structure of apo-KPR. This is 

important since water molecules can sometimes be artefacts of the crystallographic 

refinement process.179-180 
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Table 2-2. Water molecules involved in hydrogen bond bridging between the protein and NADP+ 
(25) or 2'P-ADP-ribose (41) 

 

PDB codes  H2O‐1  H2O‐2   H2O‐3   H2O‐4 

1YON ‐ KPR‐2'P‐ADP‐ribose complex (1.7 Å)  ‐  ‐   

2OFP ‐ KPR‐NADP+ ‐Pantoate complex (2.3 Å)      * 

1YJQ ‐ holo‐KPR (2.1 Å)        * 

1KS9 ‐ apo‐KPR (1.7 Å)    ‐     ‐ 

 

Refer to Chapter 1 (Figure 1‐5), for the 2D representation of the water‐mediated hydrogen 
bonds between the protein and the  ligand.  ‘–’  indicates that the water molecule was not 
observed.  ‘*’  indicates that the water was not  in the exact  location,  it was approximately 
1 Å away. 

 

2.7.2 Docking NADP+ and analogues 

Ciulli et al.42 used a fragment-based approach to probe hot spots at the cofactor-binding 

site of KPR. NADPH (24) and smaller fragments and analogues (Figure 2-13) were used 

in their experiment. For our purpose, the same ligands were used and compared to the 

experimental findings of Ciulli et al.42 NADP+ (25) and analogues were docked into the 

cofactor binding site of KPR using Glide.181 Both Glide standard-precision (SP) and 

extra-precision (XP) mode were examined (refer to section 7.1.6.4 Glide docking for a 

description of SP and XP). The effect of the presence and absence of the identified 

conserved water molecule was investigated. The binding modes of docked structures 

were evaluated by superimposing them on to crystal structures of KPR with NADP+ (25) 

and/or 2'P-ADP-ribose (41) (PDB ID: 1YJQ and 1YON, respectively). 
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Figure 2-13. Chemical structures of NADP+ (25) and analogues. Figure adapted from Ciulli et al.42 

 

 

Docking in XP mode generally provided a lower RMSD between the docking solution 

and the experimental binding mode. In the XP mode, the cofactor NADP+ (25) docked in 

the presence of the conserved water (H2O-1) superimposed with the crystal structure 

(holo-KPR, PDB ID: 1YJQ) giving an RMSD of 1.7 Å compared to 2.6 Å (for SP 

mode). This was also observed for the cofactor docked in the absence of the water, 
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where the XP mode gave a better RMSD value than SP mode (3.6 Å and 5.8 Å, 

respectively).  

 

The conformation (apo, holo and modelled structure) of 10 different enzymes were 

studied in docking screens involving a library of 95,000 small molecules.182 Since the 

library contained at least 35 ligands (known actives) for each of the 10 enzymes, they 

were used to assess the ability of each enzyme structure to enrich the known active 

ligands over random selection. The docking screens revealed that the holo-form gave the 

best results (70% enrichment), followed by apo (20%) and finally the modelled form 

(10%).182-183 For this reason, the crystal structure of the holo-form (PDB ID: 1YJQ) was 

used in the docking experiments.  

 

For most of the NADP+ (25) analogues, the conserved water (H2O-1) helped maintain 

the ligands in an extended conformation in the binding site. The interactions observed 

for the docked NADP+ (25) were consistent with the crystal structure (Figure 2-14A). In 

the presence of the conserved water, docked NADPH (24), NADP+ (25), NADH (29), 

2'P-ADP-ribose (41), 2'P-AMP (118), ADP-ribose (119), and β-NMN (120) hydrogen 

bonded to the water molecule (Figure 2-14B – C), giving conformations relatively 

consistent with the crystal structure of NADP+ (25). The docked ligands ATP (27), AMP 

(28), GDP (121) and GTP (122) which all lack the nicotinamide-ribose moiety of 

NADP+ (25) were found to be bound at the enzyme active site in the opposite orientation 

to that observed for NADP+ (25). Their purine ring was occupying the lipophilic 

nicotinamide pocket (Chapter 1). This reversed binding mode has been reported for the 

crystal structure complex KPR-2'P-ADP-ribose, however under acidic conditions 
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(pH 4.0 – 5.0).94 The nicotinamide (123) on its own showed no specificity for the 

binding site as several different orientations were observed. 

 

 

 
Figure 2-14. (A) Hydrogen bonding interaction between the cofactor, conserved water and KPR in 
docked solution. (B). Overlay of the docked ligands (XP mode) NADPH (24), NADP+ (25), 2'P-ADP-
ribose (41), NADH (29), 2'P-AMP (118), ADP-ribose (119) and β-NMN (120). The conserved water 
molecule is rendered in CPK, coloured in red. (C). Same as (B) however, docking was carried out in 
the absence of the conserved water.  

(A) 

(B) 

(C) 
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The study by Ciulli et al.42 identified the 2'-phosphate and 1,4-dihydronicotinamide ring 

as the most ligand efficient groups, as their incorporation (e.g. AMP to  2'P-AMP) led to 

large increases in affinity and consequently LE. The 2'-phosphate group of NADP+ (25) 

is involved in two hydrogen-bond interactions with Arg31. To identify the binding mode 

of fragments containing the 2'-phosphate group, 2'P-AMP (118) and 2'P-ADP-ribose 

(41) were studied in KPR where Arg31 was mutated to Ala. The binding affinity 

decreased by 30 – 60 fold suggesting that these fragments adopt the same binding mode 

as NADP+ (25).  

 

In our study, the docking of analogues containing the 2'-phosphate group in the presence 

of the conserved water in either SP or XP mode showed the 2'-phosphate group of 

2'P-AMP (118) and 2'P-ADP-ribose (41) forming a hydrogen-bond interaction with 

Arg31 and also adopting the same binding mode as NADP+ (25) (Table 2-3). 

Verdonk et al.184 have demonstrated that compounds with high LE (> 0.4 kcal/mol per 

HAC) were docked with greater success than those with lower LE. They proposed that 

compounds with high LE form high-quality interactions with the target, which may be 

easier to detect in docking through scoring functions. The correct binding mode 

predicted by docking may be related to molecules containing the 2'-phosphate group 

being ligand efficient. The reasonable docking results of the NADP+-like analogues 

warranted an attempt at fragment docking. 
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Table 2-3. The conformation and/or orientation of the docked NADP+-like analogues: Visual analysis 
was performed with the crystal structure of NADP+ (25) superimposed.  

 

Fragments  *H2O (SP)  *H2O (XP)  w/o‐H2O (SP)  w/o‐H2O (XP) 

NADPH (24)          D 

NADP+ (25)        D    D 

NADH (29)        C 

2'P‐ADP‐ribose (41)         

2'P‐AMP (118)      A  A 

ADP‐ribose (119)      B, D    D 

AMP (28)  B  B, C  B  B 

ADP (31)  A  B  B  B 

ATP (27)  B  B  B  B 

β‐NMN (120)         

GDP (121)  B  B, C  B, C  B, C 

GTP (122)  B  C  B  B 

Nicotinamide (123)  A  A  A  A 

 

‘*’ denotes with H2O and ‘w/o’ denotes without H2O. 

 
 Ligand in the cofactor binding site and adopting the same orientation  

as the crystal structure NADP+ (25) in the binding site 
A. Non‐specific orientation  
B. Purine group in the nicotinamide pocket 
C. Folded conformation 
D. Substituent has slightly different orientation to NADP+ (25) 
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2.7.3 Fragment docking  

The 1H/15N-HSQC validated fragment hits were docked against KPR using the XP 

docking mode with the inclusion of the conserved water molecule. The importance of 

this study was to analyse whether the docked poses were consistent with the NMR 

perturbations. Docking of thienopyrrole 108 and sulfonamide 113 suggested that both 

fragments bound in the same pocket as the nicotinamide substituent of NADP+ (25). 

However, the NMR CSP maps and the docking solutions for both the thienopyrrole 108 

and sulfonamide 113 were not in agreement. Similarly, the docked binding locations of 

phenylthiophene 71 and thiophenylaniline 73 were not in agreement with the NMR CSP 

map (Figure 2-15A). The coumarin 107 and aminothiazole 80 docked in the cavity that 

the adenine portion of the cofactor occupies (Figure 2-15B – C). The docking solutions 

of 107 and 80 were in agreement with the NMR CSPs. Superposition shows the benzene 

portion of 107 and 80 overlapping with the pyrimidine of NADP+ (25). The two 

fragments also shared a common hydrogen bond interaction to Cys8 in the glycine-rich 

region. The NMR mapping data for coumarin 107 illustrated perturbation occurring 

across the binding cavity of KPR. This suggests either coumarin 107 can bind in two 

different sites or a single binding event has caused adjacent residues to be affected. 

Interestingly, the docking result fits with the former idea suggesting coumarin 107 may 

bind in two different sites. Additionally, the predicted binding sites from docking 

overlayed well to the NMR perturbation map. However, given that the docking data was 

consistent with the experimental information in only 2 out of 6 cases, sufficiently 

reliable docking results for a range of fragments and analogues seemed unlikely. As 

such, the predictive value of docking was too limited and so not used in further analyses.
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Figure 2-15. Superposition of docking solution to 1H/15N-HSQC NMR mapped CSPs: (Left) Overlay 
of the fragment docking solution to NADP+ (25). Fragments shown as yellow carbons and  NADP+ 

(25) shown as green carbons. (Right) The perturbed residues were mapped onto the holo-KPR crystal 
structure (PDB ID: 1YJQ). Ribbon representation of KPR with perturbations (> 0.03 ppm) shown as 
red spheres. Unassigned residues are coloured black. Docked fragments shown as yellow carbons.  
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2.8 Conclusions 

A protocol has been developed to express high levels of KPR and 15N KPR which is 

important for many steps involved in the fragment-based approach. A primary screen of 

500 fragments by STD-NMR found 47 hits and their binding was validated in the 

subsequent step involving 1H/15N-HSQC. The resultant 14 fragment binders of KPR 

were subsequently evaluated by UV-Vis based assay to inhibit KPR activity. The 

thienopyrrole 108 was the most active fragment found with an IC50 of 40 µM and was 

shown to bind in the active site of KPR by NMR methods. A total of 4 fragments were 

found to have IC50 < 500 µM. These ligands represent novel starting points for 

fragment-based design of KPR inhibitors. 

 

Glide docking with the XP mode was better than the SP mode in providing smaller 

RMSDs between the docked solutions to the crystal structure. Docking with the 

conserved water and docking of larger ligands also gave more accurate results. In this 

study, the NMR and docking data did not agree well, i.e. the predicted fragment binding 

site from docking often did not correlate with the 1H/15N-HSQC suggested binding 

location. Therefore, docking for KPR may not be reliable in predicting the binding mode 

for fragments. 

 

A combination of experimental data was used to guide the fragment selection for further 

development. From the top 5 fragments, which not only bind to but also inhibit KPR, the 

sulfonamide 113, thienopyrrole 108 and phenylthiophene 71 fragment hits were selected 

for further investigation, which is detailed in Chapter 3. 
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3 SAR development of fragment hits 

3.1 Introduction 

There are three important factors to consider when selecting hits for follow-up. Firstly, 

LE measures the quality of binding interactions between the fragment and target protein. 

LE values above 0.3 kcal/mol per HAC are desirable through the process of optimisation 

(1 kcal ≈ 4.184 kJ).162 Secondly, the tractability for synthetic elaboration and 

derivatisation of the fragment hits to characterise and/or enhance binding is considered. 

Finally, the novelty of the chemical scaffold is also important, particularly if the target 

has been extensively studied by other groups. 

 

Once the fragment hits have been identified and prioritised, preliminary SAR may be 

quickly progressed by testing simple analogues of the initial hit from readily available 

commercial suppliers or internal fragment collections. This SAR is then used to direct 

synthesis of larger molecules to optimise binding to adjacent regions of the active site 

and improve the potency. Ideally, the design and elaboration of hits is also guided by the 

binding modes from X-ray crystallography and/or 1H/15N-HSQC NMR. Careful 

consideration in selecting hits for follow-up, SAR interpretation and binding site or 

binding mode evaluation is critical for successful fragment optimisation. 

 

In Chapter 2, the use of NMR methods identified 14 fragments bound to KPR from a 

library of 500 fragments correlating to a hit rate of 3%. Of those 14 hits, a total of 4 

fragments have IC50 < 500 µM and LE values > 0.35 kcal/mol per HAC. This chapter 

describes the hit development for selected fragments sulfonamide 113, thienopyrrole 108 

and phenylthiophene 71 shown in Figure 3-1. Initial SAR was obtained by testing 
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analogues from readily available external and/or internal sources. An iterative process 

was adopted, compounds were synthesised, their potency and LE tracked and 

elaboration was done incrementally. The binding location of these fragments on KPR 

was evaluated by 1H/15N-HSQC NMR.  

 

Figure 3-1. Selected fragment hits taken for further development. 

 

3.2 Sulfonamides 

The first fragment investigated in hit development was 4-(piperidin-1-ylsulfonyl)aniline 

(113). With reasonable inhibitory activity (IC50 65 µM) and LE (0.36 kcal/mol per 

HAC), the sulfonamide was a good starting point to develop more potent inhibitors 

against KPR. Compared to other fragment hits, the sulfonamide was not the most potent 

or ligand efficient, however, the internal fragment collection and availability of close 

structural analogues from commercial suppliers allowed quick access to preliminary 

SAR. Additionally, the ease of synthesis afforded further analogues to investigate the 

binding of the sulfonamides to KPR. 
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3.2.1 Mode of inhibition 

The mode of inhibition by the sulfonamide 113 against KPR activity was examined. The 

assay was carried out on a 96-well plate in which the sulfonamide 113 was tested at final 

concentrations of 5, 25, 50 and 100 µM in the reaction containing NADPH (24, 5 – 100 

µM), ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) 

with 2% DMSO (vol/vol). The data were fitted to a one site competition model from 

GraphPad Prism. The Lineweaver-Burk plot (Figure 3-2) shows data points at different 

inhibitor concentrations converge at the Y-axis, indicating that the sulfonamide 113 is 

competitive against NADPH (24) with Ki value of 33 µM. 

 

 

Figure 3-2. Inhibition analysis (plotted in double reciprocal form): NADPH (24) titration of steady 
state velocity for KPR in the presence of sulfonamide 113 at varying concentrations. Ki of 33 μM was 
obtained. 

  

[113] 
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3.2.2 Preliminary SAR 

Among the 14 fragment hits, the sulfonamide scaffold is distinctive as all the other 

scaffolds were made up of either two aryl rings connected by one rotatable bond or fused 

bicyclic structures. Notably, the sulfonamides were the first truly effective antimicrobial 

agent that targeted the folate pathway and inhibited the formation of specific DNA bases 

(discussed in Chapter 1).22-23 

 

Given that the sulfonamide 113 showed good potency and competitive inhibition, close 

structural analogues were investigated. To begin with, 17 sulfonamide analogues (124 – 

140) from commercial suppliers were selected by employing a similarity search with a 

threshold of 0.7 (where 0 is completely dissimilar and 1 is identical).185 Four compounds 

(124, 125, 135 and 138 shown in Figure 3-3) were selected from the internal fragment 

collection while thirteen were purchased. There were 6 analogues which had variations 

at the piperidine portion while the rest of the molecule was kept constant, 8 analogues 

had variations at the aniline portion while the rest of the molecule was kept constant and 

3 analogues had variations at both ends of the sulfonamide (Figure 3-3). The 

sulfonamide analogues were tested at a final concentration of either 300 or 500 µM 

(depending on solubility) for KPR inhibition and the assays were reported as percentage 

inhibition (%). Compounds that exhibited greater than 30% inhibition against KPR were 

tested for IC50.  
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Variation at the piperidine portion 

 
124 

(IC50 306 µM) 

 
125 

 
126* 

 
127 

(IC50 338 µM) 
128 

 
129 

Variation at the aniline portion 

 
130 

 
131 

 
132 

 
133 

 
134 

 
135 

 
136 

 
137* 

 

 

Variation of both substituents 

 
138 

 
139 

 
140 

Figure 3-3. Sulfonamide analogues obtained from internal library or purchased: ‘*’ Indicates 
inhibitory activity could not be measured due to low compound solubility.  

113
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One of the greatest challenges associated with the sulfonamide analogues were their 

limited solubilities. To begin with, we attempted to test the analogues at 500 µM in the 

% inhibition assay. However, more than half of the compounds showed limited 

solubility and as a result, were tested at a lower concentration (300 µM). Particularly, for 

the adamantyl derivative 126 and the naphthyl derivative 137 the limited solubility at 

300 µM prevented their inhibitory activity from being measured. 

 

Surprisingly, only two sulfonamide analogues displayed KPR inhibition greater than 

30% at either 300 µM or 500 µM (Appendix I). These were the morpholino derivative 

124 with 85% inhibition at 500 µM and (trifluoromethyl)phenyl derivative 127 with 

43% inhibition at 300 µM. Interestingly, the analogues containing the acetamide moiety 

(136 and 140) appeared to increase the rate of turnover. The catalytic turnover rate of 

KPR was enhanced by approximately 45% in the presence of these acetamides at 

300 µM. Small molecule activators of enzymes are well reported. For example, recent 

studies include discovering a glucokinase activator as a clinical candidate for the 

treatment of type 2 diabetes mellitus and another on histone deacetylase activators.186-187 

Both studies have suggested small molecule activators bind to an allosteric site on the 

enzyme and alter the enzyme’s kinetic profile. In addition to increasing the catalytic 

turnover rate of the enzyme, another feature of activators includes an observed decrease 

in the Km value of the enzymes substrate.186-187 However, in the interest of focussing on 

KPR inhibitors no further studies were carried out. 

 

For the morpholino derivative 124 and (trifluoromethyl)phenyl derivative 127 with KPR 

inhibition > 30%, the IC50 was determined to be 306 µM and 338 µM, respectively. 

Although these sulfonamide analogues are less potent than the initial sulfonamide hit 
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(113, IC50 65 µM), they suggest that the piperidine portion is amenable to changes while 

the aniline substituent is critical for activity. Small changes such as replacing the aniline 

with a toluene derivative abolished inhibitory activity suggesting the presence of 

important hydrogen-bond interactions. Moreover, changing the position of the aniline 

from para to meta also eliminated inhibitory activity suggesting the amino group is 

positioned for optimal hydrogen-bond interaction.  

 

3.2.3 Chemical shift mapping  

The series of sulfonamide analogues studied in the preliminary SAR were analysed 

using 1H/15N-HSQC NMR to characterise their binding, in the same manner as described 

in chapter 2 section 2.5. Residues that experience the greatest changes in chemical shift 

were mapped onto the crystal structure of KPR (PDB ID: 1YJQ).91 

 

Binding analysis is straightforward when the CSP map is consistent across a compound 

series. This allows the effects of structural modifications of the ligand on binding be 

monitored and used to guide the design for subsequent analogues. The lead fragment 

113 showed modest perturbations at the nicotinamide portion of the NADPH binding 

site, but did not share common perturbation patterns with its analogues (124 and 138 

shown as an example in Figure 3-4). A simple replacement of the piperidine for 

morpholine ring 124 or the aniline substitution from para to meta (135, Figure 3-5) 

presented such different CSP maps. In fact, the affected residues from analogues 124 

and 138 did not form clear clusters on the surface making it difficult to assign a likely 

binding location (Figure 3-4).   
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Figure 3-4. The residues that were perturbed on addition of (A) 113, (B) 124 and (C) 138 were 
mapped onto the crystal structure (PDB ID: 1YJQ): Ribbon (left) and surface (right) representation of 
KPR. Perturbations (Δδ > 0.03 ppm) are shown as red spheres. Unassigned residues are coloured 
black. NADP+ shown as green carbons.  

Note: NADP+ was not included in the actual experiment but is included here to help visualise the 
binding pocket. 
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138 
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3.2.4 3-(Piperidin-1-ylsulfonyl)aniline 

The most striking perturbation map was observed for 3-(piperidin-1-ylsulfonyl)aniline 

(135). Changing the aniline substitution from para to meta not only revealed that the two 

compounds (113 and 135) bind at different sites on KPR, but the measured amide shifts 

were significantly stronger for the meta substituted analogue. Compared to other 

analogues in the sulfonamide series, the magnitude of the largest chemical shifts on 

addition of the m-aniline analogue 135 were up to 10-fold more intense. Typically a 

strong weighted amide shift is approximately Δδ 0.04 ppm. However, the m-aniline 

analogue 135 was demonstrating amide shifts of almost Δδ 0.2 ppm. The CSPs were 

localised in or close to the pantoate-binding pocket, which is approximately 6.5 Å from 

NADP+ (Figure 3-5).92 A close inspection of the affected residues revealed that the 

perturbed residues do not correspond to the pantoate-binding pocket. The binding 

characteristics of pantoate have not been studied by 2D NMR, however, based on 

biochemical studies92 discussed in chapter 1 section 1.3, important residues in this 

pocket (Thr119, Val179, Ile183, Val234 and Thr238, while Ile96 – Gly99, and Ser244 

have not been assigned) were largely unaffected. Instead the perturbed residues on the 

addition of the m-aniline analogue 135 clustered along the hinge region (residues 169 – 

176) and above the pantoate pocket with considerable perturbations observed for 

residues 203 – 233 (Figure 3-5, see graph of weighted amide shifts vs. residue number 

for KPR). To date, there are only two known binding sites on KPR which belong to the 

substrate and cofactor.42,92 Therefore, the information from 1H/15N-HSQC NMR 

suggests 135 may be bound at a previously unreported binding site on KPR. Kinetic 

studies were employed to understand the interactions between the m-aniline analogue 

135 and KPR.   
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Front face  Back face 

  

 

Figure 3-5. Induced CSPs on the addition of 135 mapped onto the crystal structure (PDB ID: 2OFP): 
(A) Ribbon and (B) surface representation of KPR. Strongly perturbed residues (Δδ > 0.05 ppm) are 
shown as red spheres. Unassigned residues are coloured black. NADP+ and pantoate are shown as 
green carbons. (C) Plot of weighted average chemical shift change vs. residue number for KPR. 

Note: NADP+ and pantoate were not included in the actual experiment but is included here to help 
visualise their binding pockets.  

pantoate‐ 
binding site 

(A) 

(C) 

(B) 
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In the preliminary SAR study, the m-aniline analogue 135 was tested in an inhibition 

assay at a final concentration of 500 µM. The final concentrations in the reaction were 

20 µM NADPH (24), 1 mM ketopantoate (22), and 3 nM KPR in 100 mM HEPES 

buffer (pH 7.6), 2% DMSO (vol/vol). Under these conditions, the m-aniline analogue 

135 inhibited KPR activity by 28%. The effect of 135 on KPR activity was further 

examined by measuring the enzyme velocity at varying ketopantoate (22) 

concentrations. The final concentrations in the reaction were 500 µM of 135, 100 µM 

NADPH (24), 3 nM enzyme and concentration range 15 – 1000 µM ketopantoate (22) in 

100 mM HEPES buffer (pH 7.6). In the presence of the m-aniline analogue 135, 

inhibition was not overcome even at high concentrations of ketopantoate (22) (Figure 

3-6A). Notably, when the data was converted to a Michaelis-Menten plot (Figure 3-6B), 

the apparent Vmax was lower in the presence of 135 than in the absence (Vmax 0.008 and 

0.012 µmol/sec/mg, respectively), while the Km was unchanged. The fact that increasing 

the substrate concentration could not overcome inhibition and the observed lower Vmax 

and unchanged Km in the presence of 135 implies non-competitive inhibition. 

 

Non-competitive inhibitors may bind at a site away from the catalytic active site and 

cause a reduction in the catalytic rate.188 Thus, the kinetic analysis of the m-aniline 

analogue 135 is in agreement with the 1H/15N-HSQC NMR CSP map, suggesting that 

the m-aniline analogue 135 does indeed bind to an allosteric site. Furthermore, binding 

of the m-aniline analogue 135 caused large perturbations on KPR along the hinge region 

indicative of a conformational change. A conformational change can affect the 

formation of the usual enzyme-substrate complex since the catalytic binding site and 

allosteric binding site are conformationally linked.189 The potential advantage of 
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targeting an allosteric site is that they can achieve high selectivity against other enzymes 

that utilise the same substrate.190 

 

 

 

Figure 3-6. Kinetic study of 135: (A) At ketopantoate (22) concentrations 15 and 1000 µM, the effect 
of KPR activity is measured (–) in the absence of 135 and (+) in the presence of 135. (B) Michaelis-
Menten plot in the presence (▲) and absence (●) of 135. 

 

The design of allosteric inhibitors of KPR using SAR around the m-aniline analogue 135 

was rather challenging. For example, the initial lead sulfonamide 113 showed modest 

perturbations at the nicotinamide portion of the NADPH binding site and inhibition was 

competitive. While a simple modification of the aniline from para to meta changed 

binding in the catalytic site to an allosteric site and inhibition became non-competitive 

(A) 

(B) 

[Ketopantoate (22)]

Control 

135 
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(Figure 3-7). Then the change from piperidine derivative 135 to the corresponding 

pyrrolidine 138 affected the binding such that the pyrrolidinesulfonamide exhibited 

much weaker perturbations (138 Δδmax 0.03 ppm compared to 135 Δδmax 0.18) and no 

clear clustering of CSPs were observed to identify its binding location. Therefore, 

further studies of allosteric inhibitors based on the 135 template were set aside. 

 

 

Figure 3-7. Structures of 135 analogues for structure-activity studies: Structural differences on 113 
and 138 to 135 are highlighted in blue. 

 

3.2.5 Synthesis of sulfonylaniline derivatives 

From the preliminary SAR study, the aniline substituent was suggested to be critical for 

KPR activity while the piperidine portion was more tolerant to changes. As a result, 

synthesis was focused on optimisation of the amine substitution while maintaining the 

sulfonylaniline. Scheme 3-1 outlines the synthesis of sulfonylaniline derivatives. The 

two-step process involved the addition of amine (141a – m, 5−10 mol equivalent) to a 

solution of 4-acetamidobenzene-1-sulfonyl chloride (142, 2.14 mmol) in THF, and the 

solution refluxed. The reaction was worked-up with aqueous acid (1 M HCl) and 

purified by recrystallisation. The acetylsulfonamide intermediates (143a – m) were 

hydrolysed in aqueous HCl (2 M) at 100 °C and then neutralised. Purification by 

recrystallisation afforded the desired sulfonylanilines (144a – m).   
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Scheme 3-1. Synthetic pathway to sulfonamide analogues (144a – m): Refer to Table 3-1 for 
structures. 

 

 

The 1H and 13C NMR spectra showed resonances consistent for all the target compounds 

(144a – m). The 1H NMR spectroscopy showed representative peaks for the 

sulfonylaniline and also supported the incorporation of the functionalised amines. 

Resonances in the regions δ 6.71 and 7.42 ppm, each integrating to two protons, are 

indicative of the aromatic proton sets H2/H6 and H3/H5, respectively. In the 1H NMR 

spectra of compounds containing a monosubstituted piperidine, a characteristic spectral 

pattern resulting from a chair conformation is observed. The spectra consist of five well 

separated signals: two for equatorial and three for axial piperidine protons. As an 

example, the assigned proton resonances of a benzylpiperidine derivative 144k are 

summarised and shown in Figure 3-8. The 13C NMR spectrum showed six methine, three 

methylene and three different quarternary carbon resonances supporting the 1H NMR 

spectral analysis. Compounds were analysed by reverse phase HPLC using gradient 

elution conditions and an additional isocratic elution conditions for novel compounds. 

The chromatogram of 144k shows a single peak for the analyte and suggests purity of 

more than 99%, within the limits of detection by absorbance at 254 nm. Table 3-1 shows 

a summary of yields of the target compounds.  

143a – m 

144a – m 

142 141a – m 
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Proton 
Assignment 

1H 

δ (ppm)  Integration  Multiplicity  J (Hz) 

CH2  2.48  2  d  7 

2, 6  6.69  2  d  9 

3, 5  7.39  2  d  9 

2', 6'  2.12  2  ddd  14, 12, 2 

  3.61  2  br d  12 

3', 5'  1.24  2  br ddd  16, 13, 4 

  1.63  2  br d  13 

4'  1.34 – 1.50  1  m  ‐ 

2'', 4'', 6''  7.08 – 7.15  3  m  ‐ 

3'', 5''  7.22  2  t  7 

Figure 3-8. Partial 1H NMR spectrum (400 MHz) of 144k in CD3OD and tabulated 1H NMR signals 

  

4' 

3a', 5a'

3e', 5e' 

2a', 6a' 

CH2 
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2e', 6e' 

2, 6 
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2'', 4'', 6'' 
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Table 3-1. Summary of the yields for the synthesis of sulfonamides 

 

 

  R =   Yield (%) 

    143  144 

a 
 

72  63 

b 
 

85  59 

c 
 

63  42 

d 
 

90  48 

e 
 

85  69 

f 
 

54  47 

g 
 

43  41 

h 
 

79  43 

i 
 

34  ‐ 

j 
 

92  71 

k 

 

55  49 

l 

 

58  12 

m 

 

48  56 

143a – m 144a – m 
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3.2.6 Inhibition analysis of sulfonamide analogues 

Compounds 144a – m were designed and synthesised to further investigate the binding 

of sulfonamides to KPR. The effect of secondary and tertiary amine derivatives were 

investigated, while the primary amine derivative, 125 has been shown to be ineffective 

(from the preliminary SAR study). Substitutions of the amine included aliphatic groups 

such as cycloalkanes of ring sizes 5 and 6 or aryl rings. Since the sulfonylaniline 

derivatives (144a – m) are synthesised via the acetamide intermediate (143a – m), the 

acetamides were also included in the testing. The sulfonamide derivatives were tested at 

a final concentration of 500 µM for KPR inhibition and the assays were reported as 

percentage inhibition (%).  

 

Approximately half of the synthesised sulfonamides displayed limited solubility at 

500 µM. The insoluble compounds were subsequently prepared at a range of lower 

concentrations and tested. Generally the derivatives containing the phenyl substituted 

piperidine/piperazine experienced solubility problems and the sulfonamide containing 

the cinnamyl moiety was insoluble for testing. 

 

As shown in Table 3-2, the potency is maintained when the sulfonamide derivative is 

substituted with a phenyl piperidine while the smaller counterparts (with aliphatic 

substituted amines) lose much of their activity. In the preliminary SAR study, the two 

acetamide containing compounds (136 and 140) displayed enhanced KPR activity. 

Interestingly, the testing of more acetamides (143a – m) did not show such KPR 

activity, instead very weak KPR inhibition was observed. Generally, the sulfonylaniline 

derivatives were slightly more potent than the corresponding acetamide analogues (for 

example 143b, 143d, 143e, 143f, and 143g). The SAR is also quite sensitive as 
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evidenced by the difference in activity between the piperidine 144k (IC50 53 µM) and 

the corresponding piperazine 144l (no inhibition). Potentially, the ionisable distal 

nitrogen of the piperazine is responsible for unfavourable interactions. 

 

In total, 43 sulfonamide analogues (including the original sulfonamide hit and 

acetamides) were tested against KPR. It is clear that the para substituted sulfonylaniline 

is critical for inhibitory activity. Only 5 analogues demonstrated inhibitory activity with 

IC50 < 500 µM and only the benzylpiperidine derivative 144k showed a modest 

improvement in potency compared to the lead sulfonamide. However, the improvements 

are not sufficient for the added heavy atoms to maintain the LE in the desirable range. 

The benzylpiperidine derivative 144k showed a value lower than the original 

sulfonamide hit (113, LE 0.36 kcal/mol per HAC) suggesting that the core was not being 

evolved optimally. 
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Table 3-2. Summary of inhibitory data for the sulfonamides synthesised2 

 

  R =  % Inhibition (500 µM)  IC50 (µM)  LE  

    143  144  144   

a 
 

9  3  ‐  ‐ 

b 
 

1  14  ‐  ‐ 

c 
 

Insoluble  Insoluble  65  0.36 

d 
 

2  6  ‐  ‐ 

e 
 

8  23  ‐  ‐ 

f 
 

11  28  ‐  ‐ 

g 
 

7  17  ‐  ‐ 

h 
 

18  18  ‐  ‐ 

i 
 

Insoluble  ‐  ‐  ‐ 

j 
 

Insoluble  Insoluble  86  0.25 

k 

 

Insoluble  Insoluble  53  0.25 

l 

 

Insoluble  Insoluble 
No 

inhibition 
‐ 

                                                   
2 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 

143a – m 144a – m 
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m 

 

Insoluble  Insoluble  Insoluble  ‐ 

3.2.7 Summary  

The fragments’ binding location was investigated using 1H/15N-HSQC NMR wherein 

most of the sulfonamide analogues exhibited weak and/or scattered CSP. Since the 

binding location was inconclusive, the information could not be used to determine 

whether the mode of inhibition is the same between the analogues. Therefore, it is 

difficult to draw any conclusions. Nevertheless, from investigating the binding of these 

sulfonamide analogues, a novel binding pocket was suggested. Further kinetic studies 

confirmed the allosteric site and identified 135 as a non-competitive inhibitor. Non-

competitive inhibition can be advantageous since allosteric sites are not subjected to the 

same evolutionary pressure to accommodate an endogenous ligand therefore greater 

selectivity may be achieved.190 

 

Based on the initial fragment hit 113, 42 sulfonamide analogues were tested against 

KPR and 5 compounds demonstrated inhibitory activity with IC50 < 500 µM. The 

resulting SAR study illustrated the importance of the sulfonylaniline, and that aromatic 

substituents on the sulfonylpiperidine were tolerated. However, the LE of these 

analogues suggests the improvements were not sufficient for the added heavy atoms to 

maintain the LE in the desirable range. 
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3.3 Thienopyrroles 

The thienopyrrole 108 was the top ranked fragment in our preliminary screen, and 

progress in enhancing this fragment is outlined. Compared to other fragment hits, the 

thienopyrrole 108 showed significantly greater inhibition and higher LE. Prior to 

chemical elaboration, 108 was first further characterised for its mode of inhibition and 

binding location, in order to guide decisions in developing more potent compounds. 

 

3.3.1 Mode of inhibition 

To establish whether 4-methyl-4H-thieno[3,2-b]pyrrole-5-carboxylic acid (108) was 

inhibiting competitively, a determination of Ki was required. The thienopyrrole 108 was 

tested at final concentrations of 20, 40, 60 and 80 µM in the reaction containing NADPH 

(24, 10 – 160 µM), ketopantoate (22, 1 mM), and KPR (3 nM) in buffer D (Table 7-5) 

with 2% DMSO (vol/vol). A full binding curve was measured and the data were fitted to 

a one-site competition model. Thienopyrrole 108 was found competitive against 

NADPH (24) with Ki of 21 µM (Figure 3-9). 

 

 

Figure 3-9 Inhibition analysis: NADPH (24) titration of steady state velocity for KPR in the presence 
of thienopyrrole 108 at varying concentrations. A Ki of 21 μM was obtained. 
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3.3.2 Preliminary SAR  

Although the activity profile of the thienopyrrole 108 is attractive, this interesting 

scaffold is not well described in the literature. A literature search using the term 

‘thieno[3,2-b]pyrrole’ only returned 38 references, which was filtered to 9 articles that 

were appropriate (SciFinder Scholar 2011). Potentially, this may be the result of the 

thieno[3,2-b]pyrrole being challenging to synthesise or that the scaffold is surrounded by 

patents.191-193 Similarly, there were only a few analogues from commercial suppliers that 

would be useful in SAR development. Fortunately there were 3 analogues found in the 

internal library, as well as one that could be rapidly synthesised and 3 isosteres that 

could be purchased from a commercial source. 

 

In the case of the synthesised derivative, a small scale (10 mg) reaction was carried out 

using 4-methyl-4H-thieno[3,2-b]pyrrole-5-carboxylic acid (108). The methyl ester 145 

was formed by treating the carboxylic acid 108 with three equivalents of potassium 

carbonate and methyl iodide in N,N-dimethylformamide (DMF) at ambient temperature 

(Scheme 3-2). The reaction mixture was diluted with ethyl acetate and washed with 

water. The methyl ester 145 was isolated in good yield (79%) after a column purification 

(ethyl acetate:hexane; 1:4). The esterification was confirmed by two methyl group 

resonances (δ 3.86 ppm and 4.06 ppm) in the 1H NMR spectrum and the ESI mass 

spectrum showing molecular ion at m/z 196 corresponding to (M + H)+. 

Scheme 3-2. Synthesis of methyl 4-methyl-4H-thieno[3,2-b]pyrrole-5-carboxylate (145) 
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The thienopyrrole analogues (145 – 152) were tested in a single concentration assay. 

Initial efforts were directed at determining the importance of the carboxylic acid moiety 

for binding, and whether the heterocyclic core was optimal. To evaluate the carboxylic 

acid moiety, the corresponding methyl ester 145, alcohol 147 and methylamine 146 

derivatives were tested. The methyl ester 145 showed very poor affinity, while the 

alcohol 147 and methylamine 146 retained some of the activity (Figure 3-10). 

Preliminary investigations on the core showed that removing the methyl substituent 150 

reduced activity by approximately six-fold and the corresponding indole 152 showed no 

activity. Details regarding the furo[3,2-b]pyrrole analogue 151 were inconclusive due to 

limited solubility. Thienothiophenes, such as regioisomers 148 and 149 were 

investigated, and showed improved affinity. 

 

 

Figure 3-10. Chemical structures of thienopyrrole analogues obtained from internal library, 
synthesised or purchased 
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3.3.3 Chemical shift mapping 

The series of thienopyrrole analogues studied in the preliminary SAR were analysed 

using 1H/15N-HSQC NMR to investigate their binding as described in chapter 2 section 

2.5. 

 

The addition of the thienopyrrole 108 to KPR revealed CSPs to residues extending along 

the NADPH binding site (Figure 3-11). CSPs were also observed for isolated residues 

away from the catalytic binding cavity. The pattern of perturbations from the 

thienopyrrole 108 is similar to that observed for the des-methyl thienopyrrole 150 and 

the methylamine derivative 146 indicating a similar mode of interaction (Figure 3-11). 

Interestingly, the affected residues Met100 – Glu105 were perturbed for all the 

thienopyrrole analogues except the methyl ester derivative 145. However, it is unclear 

whether the perturbation of the residues (Met100 – Glu105) is due to direct interactions 

or transferred from nearby interactions since adjacent residues Ile96 – Gly99 of the 

pantoate-binding pocket could not be unassigned.92,173 Particularly, for the thienopyrrole 

108, des-methyl thienopyrrole  150  and thieno[3,2-b]thiophene analogue 148 the 

perturbed residues Met100 – Glu105 appeared to be an isolated cluster. Overall, the 

binding site was difficult to identify since perturbations appeared along the NADPH 

binding cavity. For the methyl ester derivative 145, which did not inhibit KPR activity, a 

different clustering pattern was observed with perturbations localised away from the 

catalytic binding cavity. 
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108 

 

150 

 

145 

 

     

146 

 

148 

 

149 

 

 

Figure 3-11. The residues that were perturbed on addition of fragments 108, 150, 145, 146, 148 and 
149 were mapped onto the crystal structure (PDB ID: 1YJQ): Ribbon representation of KPR and 
perturbations (Δδ > 0.03 ppm) are shown as red spheres. Unassigned residues are coloured black. 
NADP+ shown as green carbons.  

Note: NADP+ was not included in the actual experiment but is included here to help visualise the 
binding pocket. 

  

Residues
Met100 ‐ Glu105 
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3.3.4 Thieno[3,2-b]thiophene-2-carboxylic acid 

Core optimisation led to the discovery of thieno[3,2-b]thiophene-2-carboxylic acid (148) 

with a four-fold improvement in affinity. The 1H/15N-HSQC studies suggested there 

were similarities in binding position between the thieno[3,2-b]thiophene 148 and 

thienopyrrole 108 derivative with some common residues perturbed. To investigate the 

inhibition and binding of thieno[3,2-b]thiophene 148, analogues based on the thieno[3,2-

b]thiophene template were purchased from commercial sources. 

 

The potency of the thieno[3,2-b]thiophene analogues (153 – 157) are summarised in 

Table 3-3. Evaluation of the 5-position with substituents such as chlorine and fluorine 

(154 and 155, respectively) demonstrated that electronegative halogens were able to 

retain some activity. Compound 156 with a methyl substituent at the same position 

showed loss of activity. On the other side of the scaffold, substituting the carboxylic acid 

for an amide (compound 153) retained some of the activity. 
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Table 3-3. IC50 for thieno[3,2-b]thiophene-2-carboxylic acid analogues3 

 

  Structure  IC50 (µM)  LE  

148 
 

10  0.62 

153 
 

307  0.44 

154 
 

33  0.51 

155 
 

107  0.45 

156 
 

> 500  < 0.38 

157 

 

251  0.38 

  

                                                   
3 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 
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3.3.5  Synthesis of thieno[3,2-b]thiophenes  

3.3.5.1 Thieno[3,2-b]thiophene-2-carboxylic acid 

Given the preliminary SAR of the thieno[3,2-b]thiophenes (although not clear), they 

were considered worth investigating through synthesis. The synthetic route was 

investigated to access a range of analogues and identify suitable positions for further 

elaboration. Effects of functionalisation were examined at the 2-position by amide 

formation, the 3-position by introduction of methyl and phenyl substituents and the 

5-position using Suzuki couplings to bromides to rapidly introduce a range of different 

substituents. Earlier work describing the preparation of thieno[3,2-b]thiophene was 

reviewed by Litvinov and co-workers (1975).194-195 However, as attention to the 

preparation of thieno[3,2-b]thiophenes for biological or medicinal purposes has 

improved, more convenient and reproducible methods have since been reported.196-199 

The synthetic strategy derived from Fuller and co-workers199 (Scheme 3-3) was 

employed to investigate the synthesis of 148 derivatives.  

 

Scheme 3-3. Synthetic pathway to thieno[3,2-b]thiophene-2-carboxylic acid (148) 
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In the first step, formylation of 2,3-dibromothiophene (158) was achieved through 

lithium-halogen metal exchange wherein a solution at -20 °C of 2,3-dibromothiophene 

(158) in tetrahydrofuran (THF) was treated with 1.1 equivalents of n-butyllithium (n-

BuLi). The mixture was stirred for 30 mins before re-cooling to -78 °C and 2 equivalents 

of anhydrous DMF were added dropwise. The solution was warmed to room temperature 

and stirred for a further 2 h prior to quenching with ammonium chloride. The reaction 

mixture was worked up and purified by flash chromatography (ethyl acetate:petroleum 

spirit; 5:95) to afford 159a in 41% yield as a light yellow oil. The 1H NMR spectrum of 

159a showed incorporation of the aldehyde substituent by the presence of the resonance 

at  9.94 ppm (Table 3-4). However, during lithium-halogen metal exchange of 

2,3-dibromothiophene, the reaction at -78 °C was complicated with deprotonation 

occurring at both the α-positions of the thiophene ring affording a mixture of 159a and a 

minor by-product 2,5-bis-substituted compound 159b. The 1H NMR spectrum of the by-

product showed only two resonances (Table 3-4). The same by-product has been 

reported in the literature.199-200 

 

Table 3-4. Tabulated 1H NMR signals (300 MHz) of 159a and 159b in CDCl3 

 

 

Proton  159a  159b 

4', (3')  7.12 ppm, d, J = 5.1 Hz  7.14 ppm, s 

5'  7.69 ppm, dd, J = 5.1, 1.3 Hz  ‐ 

1  9.94 ppm, d, J = 1.3 Hz  9.82 ppm, s 
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The second sulfur-containing ring was constructed by reacting 3-bromothiophene-2-

carbaldehyde (159a) with ethyl 2-sulfanylacetate (1 mmol) in the presence of potassium 

carbonate (1.4 mmol) and DMF at room temperature for a lengthy reaction time of 72 

hours. Following work up and purification using flash chromatography, ethyl 

thieno[3,2-b]thiophene-2-carboxylate (160) was obtained in 53% yield as a yellow oil. 

Using the method reported by He and Zhang,201 the addition of a catalytic amount of 

18-crown-6 ether to help solubilise potassium carbonate and heating the reaction to 

60 °C reduced the reaction time from 72 h to 12 h and improved the yield from 53% to 

72%. The 1H NMR spectrum showed resonances of the ethyl ester moiety with a triplet 

at  1.39 ppm (CH3) and quartet at  4.38 ppm (CH2). Three aromatic protons of the 

thieno[3,2-b]thiophene were assigned as H6' (δ 7.27 ppm), H5' (δ 7.57 ppm) and H3' (δ 

7.98 ppm). The ESI mass spectrum confirmed the molecular weight of the 

thieno[3,2-b]thiophene-carboxylate 160 (m/z 213, (M – H)+). 

 

Finally, the hydrolysis of 160 was carried out with aqueous lithium hydroxide (LiOH) in 

THF. The reaction mixture was heated at reflux for 4 h then cooled to room temperature 

and concentrated under reduced pressure. Hydrochloric acid (HCl, 1 M) was slowly 

added resulting in a precipitate which was filtered off to afford the corresponding acid 

148 in 59% yield. Hydrolysis was confirmed as the 1H NMR spectrum showed a broad 

singlet at  13.18 ppm indicative of the OH group from the carboxylic acid and the ESI 

mass spectrum showed a molecular ion at m/z 183 corresponding to M – H+. 
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3.3.5.2 Modifications at the 3-position of thienothiophene  

The preliminary SAR study on thieno[3,2-b]thiophene suggested that introducing a 

methyl group at the 3-position may improve affinity. Therefore, starting with 2-acetyl-3-

bromothiophene (161), the same method as thieno[3,2-b]thiophene-2-carboxylate (160) 

was employed to synthesise ethyl 3-methylthieno[3,2-b]thiophene-2-carboxylate (162a) 

as outlined in Scheme 3-4. After heating the reaction at 60 °C for 2 days, work up and 

purification (ethyl acetate:petroleum spirit; 5:95) afforded 162a in reasonable yield 

(60%). Thin layer chromatography (TLC) analysis revealed an additional component 

with a low retention factor (Rf) which was eluted with ethyl acetate. The component was 

isolated as a yellow oil and confirmed by 1H NMR as the reaction intermediate, ethyl 

2-[(2-acetylthiophen-3-yl)sulfanyl]acetate (162b) suggesting the reaction had not gone 

to completion (Scheme 3-4). Based on the 1H NMR spectra, the key distinguishing 

feature between the intermediate and the product 162a was the additional deshielded 

resonance at  3.70 ppm, appearing as a singlet and integrating to 2 protons, thus 

corresponding to the CH2 between the thiol and ester group. The slower reaction is 

possibly due to the less reactive ketone compared to the aldehyde during cyclisation. 

Subsequent conversion of the ester 162a to the corresponding acid derivative 163 with 

aqueous LiOH in THF occurred in good yield (76%). The synthesis of the 3-methyl 

derivative 162a was not optimised as sufficient acid 163 was obtained for biochemical 

testing. The 1H NMR spectrum supported the formation of 3-methylthieno[3,2-

b]thiophene-2-carboxylic acid (163) with resonances at  2.63 ppm (3H, s, CH3), 7.49 

ppm (1H, d, J = 5.1 Hz, H6') and 7.92 ppm (1H, d, J = 5.1 Hz, H5').  
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Scheme 3-4. Synthetic pathway to 3-methylthieno[3,2-b]thiophene-2-carboxylic acid (163) 

 

 

 

3.3.5.3 Modifications at the 2-position of thienothiophene 

Reduction of the ester 160 to alcohol 164 was achieved with 1.5 equivalents of lithium 

aluminium hydride (LiAlH4) in THF/ether (1:1) as outlined in Scheme 3-5. The resulting 

mixture was stirred at reflux for 3.5 h then cooled to room temperature and carefully 

quenched with cold water and enough concentrated HCl to dissolve the inorganic salts. 

The aqueous layer was extracted with ethyl acetate and the combined organic layers 

were then washed with sodium hydrogen carbonate and dried to give the desired 

compound (164, 23 mg, 71%) as off-white foam. The 1H NMR spectrum was in 

agreement with reported literature with resonances at  1.83, 4.89, 7.20, 7.24 and 

7.36 ppm corresponding to OH, CH2, H3', H6' and H5', respectively.196 

 

Scheme 3-5. Reduction of ethyl thieno[3,2-b]thiophene-2-carboxylate (160) 
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The conversion of the acid substituent at position 2 for an amide group was investigated. 

Many coupling reagents for amide bond formation via activated esters have been 

described.202 However, PyBOP ((benzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate) was considered since the reagent was readily available and 

commonly used within the group. As shown in Scheme 3-6, the first attempt involved 

activation of the acid 148 in the presence of triethylamine (1.1 equivalents) with 

1.1 equivalents of PyBOP in dichloromethane (DCM). Then 1.1 equivalents 4-

fluoroaniline 165 and another 1.1 equivalents of triethylamine were added. The mixture 

was left stirring at ambient temperature for 12 h, worked up with an acid/base wash and 

the residue was purified by flash chromatography. In this manner, the 4-fluorophenyl 

derivative 166 and linked thienothiophene-sulfonamide derivative 167 were synthesised, 

however in low yields of 14% and 7%, respectively.  

 

Alternatively, thionyl chloride was employed for the conversion of the acid 148 to the 

acid chloride 168 in the presence of a catalytic amount of DMF (Scheme 3-6). After 

stirring for 4 h at ambient temperature the volatiles were removed to provide the product 

as a yellow crystalline solid. The acid chloride 168 was then reacted with 4-(piperidine-

1-sulfonyl)aniline (113) to give N-[4-(piperidine-1-sulfonyl)phenyl]thieno[3,2-

b]thiophene-2-carboxamide (167) in 70% yield as off-white crystals after 

recrystallisation from ethyl acetate:hexane (mp 264 – 266 ºC). The 1H NMR 

spectroscopy showed the characteristic spectral pattern for the piperidine and also 

supported the incorporation of the thieno[3,2-b]thiophene moiety. The assigned proton 

resonances of the linked thienothiophene-sulfonamide derivative 167 are summarised in 

Table 3-5. The 13C NMR spectrum showed five methine, three methylene and six 

different quarternary carbon resonances supporting the 1H NMR spectral analysis. 
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Forming amide bonds via the acid chloride intermediate was higher yielding for the 

thienothiophenes therefore, via benzoyl chloride 169, the N-[4-(piperidine-1-

sulfonyl)phenyl]benzamide (170) was prepared (Scheme 3-6). The yellow precipitate 

was purified by recrystallisation from ethanol, affording the desired product (71 mg, 

98%) as light orange/yellow crystals (mp 120 – 122 ºC), confirmed by 1H NMR 

spectrum and ESI mass spectrum showing a molecular ion at m/z 345 corresponding to 

M + H+. 

 

Scheme 3-6. Forming amide bonds 
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Table 3-5. 1H NMR signals of 167 in d6-DMSO 

 

 

 
Proton 
Assignment 

1H 

δ (ppm)  Integration  Multiplicity  J (Hz) 

NH  10.71  1  bs  ‐ 

3'  8.42  1  d  1 

5'  7.94  1  d  5 

6'  7.55  1  dd  5, 1 

2'', 6''  7.73  2  d  9 

3'', 5''  8.01  2  d  9 

2''', 6'''  2.84 – 2.93  4  m  ‐ 

3''', 5'''  1.50 – 1.59  4  m  ‐ 

4'''  1.34 – 1.37  2  m  ‐ 

 

 

3.3.5.4 Modifications at the 5-position of thienothiophene 

The Suzuki-Miyaura reaction was employed as it is well documented for the 

cross-coupling of arylboronic acids with aryl and heteroaryl halides.203-204 To introduce 

substituents in the 5-position of thieno[3,2-b]thiophene, bromination, followed by 

Suzuki coupling was investigated (Scheme 3-7). Bromination of methyl 

thieno[3,2-b]thiophene-2-carboxylate (171) with one equivalent of Br2 in acetic acid 

(AcOH) at room temperature for 12 h produced a mixture of mono- and di-substituted 

derivatives with the ratio 1:3, respectively. Presumably the Br2 was not delivered slowly 

167
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enough thus, allowing incorporation of an additional bromine. When the stoichiometry 

of the starting materials was modified to half an equivalent of Br2, the mono-substituted 

derivative 172 was formed as the major product (in 74% yield). The 1H NMR spectrum 

confirmed the mono-substituted bromo derivative with three proton signals 

corresponding to  3.92 ppm (3H, s, CH3), 7.30 ppm (1H, s, H6') and 7.88 ppm (1H, s, 

H3'). The ESI mass spectrum confirmed the presence of the bromine atom by showing 

isotopic ions at m/z 276 (100%) and 278 (98%) corresponding to M[79Br]H+ and 

M[81Br]H+, respectively. 

 

Suzuki coupling was used to install a phenyl moiety in the 5-position of thienothiophene 

(Scheme 3-7). The coupling involved reacting methyl 5-bromothieno[3,2-b]thiophene-2-

carboxylate (172) with 1 equivalent of phenylboronic acid 173 in DMF and aqueous 

Na2CO3 (1 M) in the presence of dichloro-bis(triphenylphosphine)palladium(II) (0.1% 

mol) as catalyst. The desired product, methyl 5-phenylthieno[3,2-b]thiophene-2-

carboxylate (174) was obtained in low yield (24%). Hydrolysis of 174 with aqueous 

LiOH in THF provided 5-phenylthieno[3,2-b]thiophene-2-carboxylic acid (175) in good 

yield (71%). The 1H NMR spectrum of 175 showed incorporation of the phenyl 

substituent by the presence of additional aromatic resonances at  7.28 – 7.34 ppm (1H, 

m, H4''), 7.37 – 7.45 ppm (2H, m, H3'', H5'') and 7.69 (2H, dd, J = 8.4, 1.2 Hz, H2'', 

H6''), while proton signals at 7.61 and 7.74 ppm corresponded to H6' and H3' of the 

thieno[3,2-b]thiophene core. The 13C NMR spectrum showed five methine, and six 

different quarternary carbon resonances supporting the 1H NMR spectral analysis. 
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Scheme 3-7. Synthesis of 5-phenylthieno[3,2-b]thiophene-2-carboxylic acid (175) 
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3.3.6 Inhibition analysis of thienothiophene analogues 

The preliminary SAR of the thienothiophene demonstrated that substitutions at the 2- 

and 5-position were tolerated without abolishing activity. To evaluate the importance of 

the carboxylic acid moiety, the corresponding ethyl ester 160, alcohol 164 and amide 

derivatives 166 and 167 were tested. The ethyl ester 160 showed very poor affinity, 

while the alcohol 164 displayed a significant 10-fold increase in activity (Table 3-6). 

Furthermore, the amide derivatives 166 and 167 also maintained inhibitory activity. This 

suggests a negative charge at the 2-position may not be critical for activity, however, 

maintaining a hydrogen donor/acceptor at that position is important. An unexpected 

result was observed for compound 163 with the methyl substitution at the 3-position as 

potency was eliminated. From earlier investigations of the purchased thienothiophene 

derivatives, compound 156 (with methyl substitution at the 5-position) showed little 

activity while compound 157 (with methyl substitutions at 3- and 5-positions) provided 

an IC50 of 251 µM. Thus, it was reasoned that eliminating the methyl substituent at the 

5-position may improve affinity (unless these compounds were binding in different 
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locations). Thieno[3,2-b]thiophene 175 with the bulky phenyl moiety at the 5-position 

was reasonably tolerated with some activity retained. The activities of the 

thienothiophene derivatives are summarised in Table 3-6. 

 

Table 3-6. IC50 for synthesised 148 analogues4 

 

 

  Structure  IC50 (µM)  LE  

160 

 
> 500  < 0.35 

164 
 

1  0.82 

166 

 

17  0.36 

163 

 

> 500  < 0.35 

175 
 

47  0.35 

167 

 

0.36  0.34 

 

  

                                                   
4 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 
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Though the scaffold is based on the thieno[2,3-b]thiophene regioisomer, 5-ethyl-N-(4-

fluorophenyl)thieno[2,3-b]thiophene-2-carboxamide (176) was purchased from a 

commercial source and the IC50 at 6 µM was 3-fold higher than the starting 

thieno[2,3-b]thiophene (149, IC50 20 µM). To determine whether the potency would be 

transferred to the thieno[3,2-b]thiophene regioisomer, the compound N-(4-

fluorophenyl)thieno[3,2-b]thiophene-2-carboxamide (166) was synthesised and tested. 

The fluorophenyl analogue 166 displayed good potency with an IC50 of 17 µM, despite 

missing the ethyl moiety at the 5-position. In fact, the LE of 176 and 166 were the same, 

suggesting the ethyl moiety may not necessarily improve binding for 166. The progress 

of 166 prompted the design of further analogues around the template shown in Scheme 

3-8.  

 

Scheme 3-8. Design of further thieno[3,2-b]thiophene analogues: The template is shown in the box. 

 

 

Compound 167 was the product of linking the original sulfonamide hit 113 to 

thieno[3,2-b]thiophene 148. The KPR inhibition by 167 showed a 30-fold improvement 

compared to 148 but a remarkable 180-fold to 113 (Scheme 3-9). However, in terms of 

LE, the linked compound is slightly worse off compared to 148, yet when compared to 

113 the LE values were comparable. To examine the importance of the 

thieno[3,2-b]thiophene in 167, compound N-(4-(piperidin-1-
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ylsulfonyl)phenyl)benzamide (170) was synthesised and tested. The outcome supported 

that the thienothiophene scaffold was indeed critical for activity demonstrating almost 

100-fold improvement in activity. 

 

Scheme 3-9. Thieno[3,2-b]thiophene design progression through linking strategy and elaboration 
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On preparing more analogues of the designed thieno[3,2-b]thiophene-2-carboxamide 

template, a larger amount of thieno[3,2-b]thiophene 148 was feasible to purchase from a 

commercial source at an economical price. Once purchased, 148 was tested in an assay 

and strangely, no activity was observed for 148 from the new supplier (Peakdale). The 

recently purchased thieno[3,2-b]thiophene was tested again and its activity was 

compared to 148 from the initial supplier that provided the library collection 

(Maybridge) and one we had synthesised. Using the same conditions, 148 from 

Maybridge and the one we synthesised showed inhibitory activity, while the compound 

from Peakdale resulted in no KPR inhibition (Figure 3-12).  

 

 

 

Figure 3-12. Thieno[3,2-b]thiophene 148 effect on KPR inhibition activity from supplier (A) 
Peakdale and (B) Maybridge 

 

(A) 

(B) 
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As a measure of quality control, the thienothiophene from all the different sources were 

(re-)examined by 1H NMR, MS and analytical HPLC. The 1H NMR spectra of the 

different samples (in CD3OD) showed aromatic hydrogen resonances consistent with 

thieno[3,2-b]thiophene-2-carboxylic acid. Similarly, the ESI mass spectrum (negative 

mode) showed the presence of an ion (M – H) at m/z 183 supporting the NMR data. 

Thieno[3,2-b]thiophene-2-carboxylic acid from the three different sources were then 

analysed by reverse phase HPLC using gradient elution conditions by absorbance at 214 

and 254 nm (Figure 3-13). The chromatogram showed a single peak (tR 10.89 min) for 

the compound from Peakdale with purity greater than 99%. The chromatogram 

belonging to the compound from Maybridge showed a main peak (tR 11.09 min) with 

purity at 98% and two tiny peaks at 1% and 0.6%. Likewise, the chromatogram of the 

synthesised 148 showed a main peak (tR 10.88 min) with purity greater than 98% and a 

tiny peak at 0.8%. Notably, a close inspection of the chromatograms between samples 

from Maybridge and one synthesised show a common small peak in the region tR 12.04 

min. Visually, the compound from Peakdale was crystalline and bright yellow in colour 

while the synthesised and Maybridge samples were a yellow and brown powder, 

respectively. 
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Figure 3-13. HPLC chromatogram at absorbance 254 nm from (A) Peakdale, (B) Maybridge and (C) 
synthesised 

  

(C) 

(A) 

(B) 

**

Same impurity? 
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The HPLC chromatograms show the samples analysed had purity greater than 98%. 

Nonetheless, the samples from Maybridge and in-house product indicated the presence 

of minor peak(s). Therefore, it was important to rule out any possibility of contaminants 

influencing the biochemical activity. As a result, these samples were purified by 

preparative HPLC and all fractions collected were tested on KPR. The assay results were 

reported as percentage inhibition (%). The stock concentration for each fraction was 

prepared based on the known mass of the main component thieno[3,2-b]thiophene 148 

isolated after preparative HPLC. Therefore, the determined percentage inhibition values 

are relative to the isolated thieno[3,2-b]thiophene 148. 

 

From the Maybridge sample, fractions corresponding to the main peak (containing 

thienothiophene) and the small peak at tR 7.15 min showed no KPR inhibition. However, 

the small peak at tR 12.15 min resulted in 70% inhibition of KPR activity. Consistent 

with the Maybridge sample, the fraction corresponding to the small peak at tR 12.15 min 

from the synthesised sample was the only fraction displaying KPR inhibition. 

 

In an attempt to characterise the small component responsible for inhibiting KPR 

activity, spectroscopic techniques were used. High-resolution mass spectrometry 

(HRMS) showed a single peak at m/z 282.3044, (M + H)+. Detectable proton signals 

were observed in the 1H NMR (Figure 3-14) and COSY (correlation spectroscopy) 

spectrum on a 600 MHz NMR. The 1H NMR spectrum suggests there are in fact 2 – 3 

components in the sample. The resonances at  0.90, 1.29 and 1.34 ppm are 

characteristic of a terminal methyl group and a long chain of methylene units. The signal 

at  5.34 ppm appearing as a triplet may correspond to an alkene proton. Due to the 

small quantity isolated (< 1 mg), little satisfactory data was obtained by 13C NMR, 
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HMBC (heteronuclear multiple bond correlation) and HSQC (heteronuclear single 

quantum correlation). NMR data of samples from Maybridge and one we had 

synthesised suggests the identity of the minor component is the same. Given the lack of 

material, and the difficulty in isolating much larger quantities, further investigation into 

the identity of this component was not considered worthwhile, especially as this 

component is clearly unrelated to the fragment series under investigation. 

 

 

Figure 3-14. 1H NMR spectrum (600 MHz) of the impurity in CD3OD: The resonances highlighted 
by ‘*’ were shown to be correlated based on the COSY spectrum. 

 

Regardless of the identity of the active minor impurity, these experiments demonstrate 

that the thienothiophene is inactive, casting doubt on the activity of the whole series.  

  

* 

*
*

* 

* * 

* 
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3.3.7 Summary 

The binding site for thienopyrrole 108 was difficult to pinpoint as 1H/15N-HSQC NMR 

analysis show perturbations along the NADPH binding cavity. The pattern of 

perturbations of the thienopyrrole 108 was analogous to the des-methyl thienopyrrole 

150 and methylamine derivative 146 indicating a similar mode of interaction.  

 

During preliminary SAR analysis of thienopyrrole analogues, most derivatives retained 

some of the activity while the thienothiophenes, 149 and 148 showed improved affinity. 

1H/15N-HSQC NMR studies showed thieno[3,2-b]thiophene 148 binding to KPR, 

however, the binding location was not clear. Subsequent thieno[3,2-b]thiophene 

analogues purchased and synthesised were investigated for inhibition. Synthesised 

amide derivatives 167 and 166 showed promising results (IC50 0.36 µM and 17 µM, 

respectively) as the potency was either improved or maintained, leading to the design of 

elaborated thienothiophene-amide derivatives. However, the synthesis and development 

was halted as thieno[3,2-b]thiophene 148 was shown as not the main active component.  
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3.4 Phenylthiophenes 

The fragment hit, (3-(thiophen-2-yl)phenyl)methanol (71) has a low affinity (IC50 226 

µM) compared to the sulfonamide 113 or thienopyrrole 108 with an IC50 of 65 µM and 

40 µM, respectively. However, when the fragment’s molecular size (non-hydrogen 

atoms) was taken into consideration, (3-(thiophen-2-yl)phenyl)methanol (71, LE 0.38 

kcal/mol per HAC) was actually more ligand efficient than the sulfonamide (113, LE 

0.36 kcal/mol per HAC). 

 

Among the list of confirmed fragment hits were analogues 2-(thiophen-2-yl)aniline (73) 

and (2-(thiophen-2-yl)phenyl)methanol (72) (Figure 3-15). The 2-amino substituted 

analogue 73 showed high LE (0.39 kcal/mol per HAC), however was missed in the 

ranking of the top fragment hits (discussed in Chapter 2) because the initial single 

concentration assay tested the fragments at 1 mM. At 1 mM 2-(thiophen-2-yl)aniline 

(73) showed only 20% inhibition. During follow-up testing of analogues of 

phenylthiophene 71, 2-(thiophen-2-yl)aniline (73) showed a surprising 81% inhibition at 

0.5 mM, while the (2-(thiophen-2-yl)phenyl)methanol (72) maintained an inhibition of 

less than 20% at both 0.5 and 1 mM. The difference in inhibition values of the 

2-(thiophen-2-yl)aniline (73) is likely due to limited solubility at higher concentration. 

 

 

Figure 3-15. Identified 2-phenylthiophene KPR binders by 1H/15N-HSQC NMR experiments 
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In Chapter 2, the binding of (3-(thiophen-2-yl)phenyl)methanol (71) to 15N-labelled 

KPR was examined using 1H/15N-HSQC NMR. The (3-(thiophen-2-yl)phenyl)methanol 

(71) showed perturbations with residues Ser77, Ala79, Lys81 adjacent to the 

hydrophobic pocket (Arg31, Leu6, Leu71, and Gln75) where the adenine portion of 

NADPH (24) binds (Figure 3-16A). An additional cluster of perturbations were also 

observed above the pantoate-binding pocket suggesting either another binding site or the 

effect of conformational change. Although the perturbation patterns observed for 

2-(thiophen-2-yl)aniline (73) and (2-(thiophen-2-yl)phenyl)methanol (72) (Figure 3-16B 

and Figure 3-16C) were different to (3-(thiophen-2-yl)phenyl)methanol (71), the 

clustering of perturbed residues were in and around the same hydrophobic pocket that 

accommodates the adenine portion of NADPH (24). Similarly, an additional cluster of 

perturbations above the pantoate-binding pocket were also observed, however, the 

affected residues were different between the analogues. 
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 (A) 

 

 
71 

 

(B) 
 

 

 
72 

 

(C) 
 

 

 
73 

 

Figure 3-16. The residues that were perturbed on addition of (A) 71, (B) 72 and (C) 73 were mapped 
onto the crystal structure (PDB ID: 1YJQ): Ribbon representation of KPR is shown and perturbations 
(Δδ > 0.04 ppm) are shown as red spheres. Unassigned residues are coloured black. NADP+ shown as 
green carbons.  

Note: NADP+ was not included in the actual experiment but is included here to help visualise the 
binding pocket.  
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The meta-hydroxymethyl analogue 71 showed perturbed residues along the side of the 

hydrophobic pocket and towards the hinge region. The ortho-amino and 

ortho-hydroxymethyl analogue (73 and 72, respectively) showed perturbations in the 

hydrophobic pocket and localised around the binding cavity affecting residues Val5, 

Gly7 and Leu30 as highlighted in Figure 3-17. Presumably the difference in perturbation 

patterns observed suggests that the meta-hydroxymethyl derivative 71 may be binding in 

a slightly different orientation to the ortho-amino 73 and ortho-hydroxymethyl 

derivative 72.  

 

  

  

 

Figure 3-17. Portions of the HSQC spectrum of KPR in the absence (blue) and presence (red) of 
2-(thiophen-2-yl)aniline (73): Ribbon representation of KPR (bottom right) with residues Val5, Gly7 
and Leu30 shown as sticks with cyan coloured carbons and NADP+ shown as green carbons.  

Note: NADP+ was not included in the actual experiment but is included here to help visualise the 
binding pocket. 

  

Leu30 
Val5

Gly7
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3.4.1 SAR for phenylthiophenes 

To investigate the importance of the substitution position (ortho or para) of the amino or 

hydroxymethyl moiety, its relevance to affinity and binding orientation, more substituted 

2-phenylthiophene analogues were tested (177 – 188). Most analogues were sourced 

from commercial sources although the synthesis of 4-(thiophen-2-yl)aniline (182) was 

attempted as below.  

 

The reaction involved coupling 4-iodoaniline in THF with one equivalent of thiophen-2-

ylboronic acid and aqueous Na2CO3 (1 M) in the presence of 0.1% mol Pd(PPh3)2Cl2 as 

catalyst. The reaction mixture was heated at 120 °C for 1 h after which it was allowed to 

cool to room temperature and water was added to it. The aqueous layer was extracted 

with ethyl acetate and then concentrated. The crude oil was put through flash 

chromatography (ethyl acetate:hexane; 4:1), however the  4-iodoaniline and the desired 

product had a very similar Rf, and could not be separated. The crude and partially 

purified 4-(thiophen-2-yl)aniline (182) readily degraded to a dark brown residue, and as 

a result 182 was not included in the initial round of testing. 

 

To assess the biological activity of the 2-phenylthiophene derivatives, they were tested 

as outlined earlier (section 3.2.2). Across the series of 2-phenylthiophene derivatives, the 

substituted carboxylic acid and methylmethanamine derivatives generally had little to no 

effect on KPR activity (Table 3-7). On the contrary, the hydroxymethyl and 

methylamine substituted derivatives showed a consistent trend in increasing affinity 

from ortho > meta > para. The LE of the hydroxymethyl (71 and 177) and methylamine 

(179 and 180) substituted at the meta or para position also showed a consistent pattern 
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(Table 3-7). The amino derivatives (without the para-amino) showed a similar trend 

whereby affinity improved from ortho to meta.  

 

Table 3-7. The % inhibition at 500 µM, IC50 and LE of the 2-phenylthiophene analogues are 
summarised5 

 

 

  R position 

R =  ortho  meta  para 

 

72 

 

 

7% 

‐ 

 

71 

 

 

82% 

IC50 226 µM

LE 0.38 

177 

 

 

88% 

IC50 101 µM

LE 0.42 

 

178 

 

 

45% 

‐ 

 

179 

 

 

77% 

IC50 260 µM

LE 0.38 

180 

 

 

93% 

IC50 108 µM

LE 0.42 

 

73 

 

 

81% 

IC50 413 µM

LE 0.39 

181 

 

 

71% 

IC50 367 µM

LE 0.39 

182 

 

 

‐ 

 

 

 

183 

 

 

1% 

‐ 

 

184 

 

 

44% 

‐ 

 

185 

 

 

41% 

‐ 

 

 

186 

 

 

61% 

IC50 252 µM

LE 0.35 

187 

 

 

14% 

‐ 

 

188 

 

 

7% 

‐ 

 

 

Another approach used to develop the SAR was to investigate around the 

3-phenylthiophene scaffold wherein the hydroxymethyl, methylamine, amino, 

                                                   
5 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 
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carboxylic acid and methylmethanamine substituents at the meta and para position were 

examined. Due to the weak KPR activity observed from the ortho substituted 

2-phenylthiophene analogues, they were not included. The 3-phenylthiophene analogues 

(189 – 198) studied were all sourced from commercial suppliers, except 4-(thiophen-3-

yl)aniline (194) was synthesised. The same synthetic conditions as 4-(thiophen-2-

yl)aniline (182) were used, in which one equivalent of 4-iodoaniline and thiophen-3-

ylboronic acid were reacted. After work up, the crude oil was purified by flash 

chromatography (ethyl acetate:hexane; 1:2) and the desired product was isolated in high 

purity (> 99% by RP-HPLC). The 1H NMR spectrum showed resonances of the amino 

moiety as a broad singlet at  3.71 ppm (NH2), the thiophene protons were assigned as 

H2', H4', H5' (δ 7.27 – 7.37 ppm) and p-subtituted phenyl protons were assigned as H2, 

H6 (δ 6.72 ppm) and H3, H5 (δ 7.41 ppm) The ESI mass spectrum confirmed the 

molecular weight of 194 (m/z 176, (M – H)+). 

 

The resulting activity of the 3-phenylthiophene derivatives showed a trend comparable 

to the 2-phenylthiophene. For example, substitutions with the hydroxymethyl (189 and 

190) and methylamine (191 and 192) moiety showed affinity increasing from meta to 

para (Table 3-8). The substituted carboxylic acids (195 and 196) showed no KPR 

activity, while the substituted methylmethanamine (197 and 198) and the amino (193 

and 194) derivatives also showed affinity increasing from meta to para (Table 3-8). 

Interestingly, the LE remained constant (0.42 kcal/mol per HAC) for the para 

substituted hydroxymethyl and methylamine of either 2- or 3-phenylthiophene. 

However, the para-amino (194) was the most ligand efficient with LE 0.46 kcal/mol per 

HAC.  
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Table 3-8. The % inhibition, IC50 and LE of the 3-phenylthiophene analogues are summarised6  

 

 

  R position 

R =  meta  para 

 

189 

 

 

24% 

‐ 

 

190 

 

 

96% 

IC50 103 µM 

LE 0.42 

 

191 

 

 

44% 

‐ 

 

192 

 

 

93% 

IC50 107 µM 

LE 0.42 

 

193 

 

 

69% 

IC50 > 500 µM 

LE ~0.35 

194 

 

 

96% 

IC50 82 µM 

LE 0.46 

 

195 

 

 

2% 

‐ 

 

196 

 

 

3% 

‐ 

 

 

197 

 

 

40% 

‐ 

 

198 

 

 

95% 

IC50 192 µM 

LE 0.36 

 

 

  

                                                   
6 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 
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Up to this point, only changes to the substitution pattern of the six-membered ring have 

been investigated whilst little has been done to optimise the five-membered 

heteroaromatic ring. Therefore, keeping the benzylalcohol the same, the thiophene ring 

was replaced with either furan or thiazole. All the analogues (71, 189, 198 – 200) were 

purchased from commercial sources except the 3-furan analogue 200 which was 

synthesised using synthetic conditions as described for 4-(thiophen-2-yl)aniline (182). 

The reaction involved coupling (3-iodophenyl)methanol and 1.1 equivalents of furan-3-

ylboronic acid. After work up, the crude oil was purified by flash chromatography (ethyl 

acetate:hexane; 1:2) and the desired product was isolated in high purity (> 97% by RP-

HPLC). The 1H NMR spectrum of 200 showed incorporation of the 3-furan ring by the 

presence of the resonance at  6.72 ppm (1H, s, H4''), 7.48 ppm (1H, s, H5'') and 7.75 

ppm (1H, s, H2''). The ESI mass spectrum confirmed the molecular weight of 200 

(m/z 157, (M – OH)+). 

 

The compounds were tested at 500 µM in a % inhibition assay. The thiazole analogue 

201 and 3-thiophene analogue 189 were excluded from more studies as it showed weak 

KPR inhibition (Table 3-9). Subsequent IC50 determination for 2-furan 199 and 3-furan 

200 derivatives yielded markedly improved affinity by 4- and 11-fold, respectively 

(Table 3-9).   
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Table 3-9. The % inhibition, IC50 and LE of the meta-benzylalcohol analogues are summarised7  

 

 

  R =  %  IC50  LE 

71 
 

82%  226 µM  0.38 

189 
 

24%  ‐  ‐ 

199 
 

82%  20 µM  0.49 

200 
 

81%  53 µM  0.45 

201  3%  ‐  ‐ 

 

  

                                                   
7 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 
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3.4.2 Chemical shift mapping 

A number of 2- and 3-phenylthiophene analogues that showed KPR inhibition were 

further characterised by 1H/15N-HSQC NMR to investigate their binding. Of interest was 

to determine whether there are any correlations between the substitution position on the 

phenylthiophene, binding location and affinity. Particularly, for the para substituted 

hydroxymethyl and methylamine substituted 2- and 3-phenylthiophenes which have 

resulted in higher LE.  

 

The perturbations of (3-(thiophen-2-yl)phenyl)methanol (71) and (2-(thiophen-2-

yl)phenyl)methanol (72) were shown earlier to be in and around the hydrophobic pocket. 

The subsequent phenylthiophenes studied by 1H/15N-HSQC NMR also shared 

perturbation patterns generally localised in the hydrophobic pocket (Figure 3-18). With 

the exception of (2-(thiophen-2-yl)phenyl)methanol (72), all the phenylthiophenes in 

Figure 3-18 showed perturbations of residues (Ser77, Ala79, Lys81) adjacent to the 

hydrophobic pocket (Arg31, Leu6, Leu71, and Gln75) where the adenine portion of 

NADPH (24) binds. An additional cluster of perturbations were observed above the 

pantoate-binding pocket only for the ortho and meta substituted 2-phenylthiophene (72, 

71, 179) in which these clustering were different from each other.  
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72 IC50 > 500 µM 

 

71 IC50 226 µM  177 IC50 101 µM 

 

 

 

     

190 IC50 103 µM 

 

 

179 IC50 260 µM  180 IC50 108 µM 

 

 

 

Figure 3-18. The residues that were perturbed on addition of fragment are mapped onto the crystal 
structure (PDB ID: 1YJQ): Ribbon representation of KPR. Perturbations (Δδ > 0.04 ppm) are shown 
as red spheres. The blue circle highlights perturbed residues in the hydrophobic region. Unassigned 
residues are coloured black. NADP+ shown as green carbons.  

Note: NADP+ was not included in the actual experiment but is included here to help visualise the 
binding pocket.  

hydrophobic pocket 
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The SAR study of the five-membered heteroaromatic ring, identified the 2-furan 

derivative 199 as 11-fold more potent than the initial fragment hit (3-(thiophen-2-

yl)phenyl)methanol, 71). Therefore, the CSPs for the (3-(furan-2-yl)phenyl)methanol 

(199) were determined and its binding location investigated. Analysis of the residues 

affected in the presence of the 2-phenylfuran 199 showed a large cluster of perturbed 

residues (Leu71, Gln75, Ala79 – Lys81) localised in the hydrophobic pocket (Figure 

3-19). Away from the large clustering were also perturbed distal residues presumably 

affected by local conformational changes. 

 

199 IC50 20 µM 

O

HO

 

    

Figure 3-19. The residues that were perturbed on addition of 199 are mapped onto the crystal 
structure (PDB ID: 1YJQ): Ribbon (left) and surface (right) representation of KPR. Perturbations 
(Δδ > 0.04 ppm) are shown as red spheres. The blue circle highlights perturbed residues in the 
hydrophobic region. Unassigned residues are coloured black. NADP+ shown as green carbons.  

Note: NADP+ was not included in the actual experiment but is included here to help visualise the 
binding pocket.  
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3.4.3 SAR for phenylfurans 

The 2-phenylfuran 199 showed CSPs in the same hydrophobic pocket as the 

phenylthiophene, yet there was a significant improvement in KPR activity by the 2- and 

3-phenylfuran derivatives (199 and 200), which prompted investigations into the 

scaffold. A similar approach to the phenylthiophene SAR study was used. To begin 

with, the optimal substitution position of the hydroxymethyl moiety on the phenylfuran 

(reflected in high LE) was investigated. The study was undertaken for both 2- and 3-

phenylfuran derivatives (Figure 3-20). The 2-phenylfuran derivatives (199, 202 – 203) 

were sourced from commercial suppliers and the 3-phenylfuran derivatives (200 and 

204) were synthesised using the Suzuki reaction as described for the synthesis of 

4-(thiophen-2-yl)aniline (182). The coupling reaction for 204 was analysed by 1H NMR. 

Resonances of the hydroxyl methyl group at δ 1.67 ppm (1H, br s, OH) and 4.70 ppm 

(2H, s, CH2). Aromatic protons of the 3-phenylfuran were assigned with resonances at 

δ 6.70 ppm (1H, dd, J = 0.9, 1.8 Hz, H4''), 7.38 ppm (2H, app d, J = 8.5 Hz, H2', H6'), 

7.47 – 7.51 ppm (3H, m, H5'', H3', H5'), 7.74 ppm (1H, dd, J = 1.0, 1.4 Hz, H2'') in the 

1H NMR spectrum. The ESI mass spectrum confirmed the molecular weight of 204 (m/z 

157, (M – OH)+). 

 

 

 

 

 

Figure 3-20. Hydroxymethyl substitutions on 2- and 3-phenylfuran 

  

o = 202     m = 200 

m = 199     p = 204 

p = 203 

R position: 



Chapter 3 SAR development of fragment hits 

 

145 
 

To assess the biological activity of the 2- and 3-phenylfuran derivatives, they were 

tested as outlined earlier (section 3.2.2). In Table 3-10, the meta-hydroxymethyl 

analogue 199 of the 2-phenylfuran derivatives was by far the most active with an IC50 

20 µM. For the 3-phenylfuran derivatives, both the meta (200) and para (204) 

substituted hydroxymethyls achieved high affinity with an IC50 of 53 µM and 65 µM, 

respectively. However, the (3-(furan-2-yl)phenyl)methanol (199) was still the most 

potent and ligand efficient. 

 

Table 3-10. The effects of hydroxymethyl substituted 2- and 3-phenylfuran analogues on KPR 
activity: The % inhibition, IC50 and LE are summarised.8 

 
 

  ortho  meta  para 

 

202 

 

 

2% 

‐ 

 

199 

 

 

82% 

IC50 20 µM 

LE 0.49 

203 

 

 

26% 

‐ 

 

 

NA 

 

 

200 

 

 

81% 

IC50 53 µM 

LE 0.45  

204 

 

 

89% 

IC50 65 µM 

LE 0.44 

 

  

                                                   
8 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 
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A broader SAR around the 2-phenylfuran template was analysed by substituting the 

hydroxymethyl with the corresponding methylamino, amino, carboxylic acid and 

methylmethanamine at the meta and para position (205 – 212). Noticeably in Table 

3-11, only the para substituted methylamine 206 and amino 208 analogues showed 

significant KPR activity with an IC50 of 14 µM and 29 µM, respectively. Both 

compounds (206 and 208) were slightly more ligand efficient than the initial meta-

hydroxymethyl analogue 199. The carboxylic acid (184 and 185) and the 

methylmethanamine (187 and 188) substituted analogues showed weak KPR activity, 

following a similar trend to that observed in the phenylthiophene derivatives.  

 

The SAR of the 2-phenylfuran shows that across the substituted hydroxymethyl 

derivatives, the meta position was clearly preferred, however substitutions with either 

methylamino or amino derivatives show the para position was preferred. At this stage, 

the reasons for this different substitution preference are not clear, however potentially 

the hydroxymethyl substituted derivatives are binding in a different orientation with 

different interactions.   
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Table 3-11. Effects on KPR activity from varying substituents on the 2-phenylfuran scaffold: 
The % inhibition, IC50 and LE are summarised.9 

 

 

  R position 

R =  meta  para 

 

205 
 

 

30% 

 

 

206 
 

 

99% 
IC50 14 µM 
LE 0.51 

 

207 
 

 

6% 

 

 

208 
 

 

89% 
IC50 29 µM 
LE 0.52 

 

209 
 

 

32% 

 

 

210 
 

 

10% 

 

 

 

211 
 

 

5% 

 

 

212 
 

 

4% 

 

 

 

 

To examine substitutions at the para position on the 2- and 3-phenylfuran, substituents 

such as dimethylamine, acetamide and amide were prepared (213 – 218). The 

phenylfurans were synthesised using a Suzuki-Miyaura reaction as described for the 

synthesis of 4-(thiophen-2-yl)aniline (182). A range of arylhalides were coupled to the 

furanyl boronic acid using a single set of reaction conditions. The yields from the 

Pd-catalysed couplings ranged from 27 to 75%, obtaining adequate amounts of the 

desired products for biochemical evaluation (Table 3-12).  

                                                   
9 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 
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The synthesised 2- and 3-phenylfuran analogues were evaluated in the biochemical 

assay and their potency measured. The resulting activity of the para substituted 

2-phenylfuran analogues suggested the acetamide 218 and dimethylamine 217 retained 

some of the activity (IC50 350 µM and 367 µM, respectively) while the amide 216 

showed weak KPR inhibition (Table 3-12). The amide substituted on the 3-phenylfuran 

215 also showed relatively weak KPR inhibition. The meta and para substituted amino 

group on the 3-phenylfuran (214 and 213) showed weak KPR inhibition with 21% and 

45%, respectively. The weak activity of the para substituted amino 213 was unexpected 

as previous testing suggested the corresponding 2-phenylfuran (i.e. 4-(furan-2-yl)aniline 

208) was approximately 35-fold more active.  

 

To begin to examine substitution on the furan, (3-(furan-2-yl)phenyl)methanol (199) 

with a pyrrolidine carboxamide 219 was purchased and tested. The compound showed 

low solubility at 500 µM; however once tested at lower concentrations, the activity 

looked promising with an IC50 of 44 µM. Although, the pyrrolidine carboxamide 219 

showed a modest decrease in LE compared to the starting (3-(furan-2-

yl)phenyl)methanol (199), it remains above the desirable limit of 0.3. 

 

Overall, the activities for the furan derivatives were unexpected, particularly for the para 

substituted 2-phenylfuran analogues. The synthesised derivatives were far less active (by 

up to 35-fold) compared to the para-methyl amine 206 or para-amino 208 analogues. 
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Table 3-12. The % inhibition and IC50 of synthesised 2- and 3-phenylfuran analogues are 
summarised10 

 

  Structure  Inhibition (%)  IC50 (µM) 

213 

 

45  ‐ 

214 

 

21  ‐ 

215 

 

37  ‐ 

216 

 

17  ‐ 

217 

 

‐  367 

218 

 

‐  350 

219 

 

‐  44 

  

                                                   
10 The data shown were analysed by standard KPR assay conditions: NADPH (24, 20 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 2% DMSO 
(vol/vol). 
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3.4.4 Summary 

Clear SAR trends are emerging for the 2- and 3-phenylthiophenes strongly suggesting 

substitutions of the hydroxymethyl and methylamine at the para-position was preferred, 

resulting in higher LE. Higher affinities for substitutions at the para position were more 

pronounced among the 3-phenylthiophene derivatives investigated. Undoubtedly, the 

negative charge of the carboxylic acid derivatives was detrimental for KPR inhibition, 

while a neutral or positive charge were equally favourable for KPR activity. The 

methylmethanamine derivatives generally showed weak KPR activity.  

 

All the phenylthiophenes studied by 1H/15N-HSQC NMR shared perturbation patterns 

generally localised around the hydrophobic pocket. With exceptions to the ortho 

substituted analogues (73 and 72), the phenylthiophenes showed perturbations of 

residues (Ser77, Ala79, Lys81) adjacent to the hydrophobic pocket (Arg31, Leu6, 

Leu71, and Gln75). Similarly, the residues affected in the presence of the 2-phenylfuran 

199 were localised in the hydrophobic pocket (Leu71, Gln75, Ala79 – Lys81). 

 

The significant improvement in KPR activity by the 2- and 3-phenylfuran derivatives 

(199 and 200) led to further investigations into the scaffold. The SAR around (3-(furan-

2-yl)phenyl)methanol (199) summarised in Figure 3-21 suggested the scaffold was 

optimal as a starting point and identifying the pyrrolidine carboxamide 219 highlighted 

the potential for elaboration at the 5-position on the furan to increase potency. At this 

point in time, a decision to pursue either the phenylfuran or phenylthiophene series was 

required; however, given the similar levels of activity between the two series, it was not 

obvious which was preferable. As will become apparent in Chapter 4, this decision 

became less important.  
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Figure 3-21. SAR study of the phenylfuran 
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3.5 Conclusions 

Efforts at initial hit development for selected fragments sulfonamide 113, thienopyrrole 

108 and phenylthiophene 71 have been described. An iterative approach was adopted, in 

which preliminary SAR was quickly obtained by testing obvious analogues from readily 

available commercial suppliers or otherwise synthesised. The binding location of the 

compounds on KPR was evaluated by 1H/15N-HSQC NMR, and their potency and LE 

tracked. The preliminary SAR was subsequently used to judge whether the scaffold was 

worth pursuing and direct further synthesis of analogues or larger molecules to optimise 

binding and improve the potency.  

 

After two iterations of testing involving 43 sulfonamide analogues, only 5 compounds 

demonstrated inhibitory activity with IC50 < 500 µM and just one showing a modest 

improvement in potency compared to the lead sulfonamide 113. In this case, the 

chemical modifications of the compounds caused only small changes in the biological 

activity suggestive of a ‘flat SAR’.205 Furthermore, the relationship was unclear between 

the compounds that showed KPR activity and those that did not. 

 

The preliminary SAR analysis of the thienopyrrole analogues showed most derivatives 

retained some of the activity; however the isostere thienothiophene 148 showed a 4-fold 

improvement in affinity. During the synthesis and SAR development of 

thieno[3,2-b]thiophene analogues, it was discovered that the main component was 

actually inactive and in fact an unidentified tiny impurity was responsible for all the 

KPR inhibition.  
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For the phenylthiophenes, an apparent SAR was observed and the testing of phenylfuran 

derivatives showed some improvement in KPR activity. However, the decision to pursue 

elaboration based on the phenylfuran scaffold or go back to the phenylthiophene 

scaffold was pending until further analysis. 

 

The flat SAR of the sulfonamide and identifying the lead thienothiophene as false 

positive raised concerns about the fragment hits. The next chapter describes efforts to 

assess the fragment hits in relation to the possibility that they may be false positives.  
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4 Screening evaluation and optimisation 

4.1 Introduction 

Efforts to improve fragment hits raised the prospect that some or all of these hits may be 

false positives. False positives arise from compounds that are for example reactive, 

aggregators or interfere with the screen/assay signal and consequently affect the target 

protein or the detection method. Screening of compound libraries at 0.1 to 1 mM has 

been reported to increase the number false-positives due to aggregation.206-207 

 

4.1.1 What is aggregation? 

At micromolar concentrations, many organic small molecules form aggregates of ~30 – 

1000 nm in diameter in aqueous solution.208 It is estimated that each aggregate contains 

approximately 108 small-molecule monomers which are densely packed.207 When 

aggregates are formed, they can bind to many sites on proteins and non-specifically 

inhibit their activity. These molecular aggregates have steep dose-response curves, show 

little relationship between structure and activity, and non-specifically inhibit enzyme 

targets.209 Such compounds have been known for some time among pharmaceutical 

companies but the mechanism and properties of these aggregation-based inhibitions 

were obscure.208 

 

When high-throughput methods slowly became more tractable in academic 

laboratories,210 McGovern and co-worker’s209 published a controversial report 

suggesting many compounds in HTS collections actually form aggregates at screening 

concentrations in buffer and that these aggregates can interact with enzyme targets to 

produce false-positive hits. Shoichet208 described their frustration and confusion at trying 
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to understand these aggregates, initially speculating the compounds to be covalent 

inhibitors or denaturants. To this day, exactly how the aggregates cause inhibition 

remains poorly understood.211 

 

4.1.2 Proposed mechanism of aggregation-based inhibition 

Although the exact mechanism of aggregation-based inhibition remains unknown, the 

general understanding of the characteristics of aggregates have improved since 

McGovern and co-worker’s first report in 2002.209 The mechanism of aggregation-based 

inhibition was initially thought to proceed via complete denaturation of the target 

enzyme however, several studies have suggested otherwise.209,212 Firstly, an enzyme 

could rapidly refold into its active state upon addition of detergent, which seems 

unlikely if it has been denatured. Secondly, a test study using green fluorescent protein 

showed its ability to retain fluorescence while bound to an aggregate.212 Finally, the 

addition of denaturants such as guanidinium or urea did not correspond to an increase of 

inhibition by aggregates.209  

 

To understand the mechanism of action of aggregation-based inhibition, Coan et al.211 

used hydrogen-deuterium exchange mass spectroscopy (HDX MS). This technique is 

commonly employed to measure changes in solvent accessibility, particularly for protein 

folding/unfolding or protein−protein interactions. HDX MS relies on the different 

exchange rates of backbone amide protons in a deuterated solvent. A change in mass is 

observed when deuterium replaces hydrogen. Coan et al.211 found an increase of 

deuterium exchange affecting 41% of the backbone amide protons in the presence of all 

the aggregators. The increase in proton accessibility upon aggregate binding is 

consistent with partial protein unfolding. Additionally, as partially unfolded protein is 
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more susceptible to protease degradation, they observed significant digestion for the 

β-lactamase-aggregate complexes in the presence of trypsin, compared to non-aggregate 

enzyme complexes. 

 

4.1.3 Characteristics of aggregation-based inhibition 

False positive aggregation-based inhibition generally shows sensitivity to changes in 

enzyme concentrations. For example increasing an enzyme concentration 10-fold, 

increases the IC50 values or eliminates the observed inhibition.209 This is an unusual 

phenomenon considering the inhibitor is present at concentrations 1,000- to 1,000,000-

fold higher than that of the enzyme. However, a study has shown that the aggregates 

themselves are present only in the mid-femtomolar (10-15) range. Since the stoichiometry 

of binding is about 10,000 enzyme molecules per aggregate particle (Figure 4-1), the 

low concentration of the aggregates explains their sensitivity to changes in enzyme 

concentration.207 

 

 

Figure 4-1. Model of aggregate structure and enzyme binding:207 Structure shown in blue, 
thienopyrrole 108 is an example that can form aggregates in aqueous media. The aggregate particles 
then inhibit enzyme with approximately 104 enzyme molecules per aggregate.  
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Steep dose-response curves are another common characteristic of aggregation-based 

inhibition suggesting multisite binding. For such compounds, the dose-response curves 

show inhibition occurs in a narrow concentration range.206,213-214 For example, in Figure 

4-2, aggregation-based inhibition is apparent for the black slope when a rapid decline in 

the % activity was observed as the inhibitor concentration was approaching 1 µM. For 

this inhibitor, aggregates form at approximately 1 µM and subsequently bind to multiple 

enzymes preventing any catalytic turn-over. Classical, single-site inhibition generally 

increases from 10% to 90% inhibition over approximately a 2 log unit concentration 

range, as shown in the red curve in Figure 2.213-214 

 

 

Figure 4-2. Dose-response curves of a classical inhibitor (■) and aggregation-based inhibitor (●) 
Reprinted with permission from (J. Med. Chem. 2006, 49 (25), 7274-7277).213 Copyright (2012) 
American Chemical Society 

 

Another way to identify aggregation-based inhibition is to add BSA to the enzyme 

assay. BSA has the unique ability to bind to many different classes of compounds but 

has also been found to attenuate non-specific inhibition of aggregates.209,215-218 The 

addition of milligram per millilitre concentrations of BSA prior to the addition of the 

target enzyme have shown to prevent aggregation based inhibition of the enzyme 

turnover.216,218 The action of BSA can be explained through two possible mechanisms, 

either (a) the addition of BSA binds to and saturates the aggregate preventing the 

Inhibitor (µM)

 

% Activity 
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aggregates binding to target enzyme or (b) BSA disrupts the formation of aggregates. A 

study using dynamic light scattering (DLS) has shown a relatively unchanged number of 

aggregates in the presence of BSA suggesting inhibition is prevented by saturating the 

aggregates.217 

 

However to establish the existence of aggregates in solutions, DLS measurements have 

been used.207,212 Aggregates are ~30 – 1000 nm in diameter in aqueous solution which is 

within the DLS detectable range (0.3 nm - 10 microns). DLS measures the Brownian 

motion (the random movement of particles suspended in a fluid) and relates this to the 

size of the particle. Therefore, as a beam of light passes through a colloidal dispersion, 

the particles scatter light and the fluctuation in scattering intensity based on the speed of 

movement is measured and used to calculate the particle size (Figure 4-3). Large 

amounts of movement where the particle positions are quite different correspond to 

smaller particles and higher frequency in scattering intensity; however when there has 

been only small movements and the particle positions are very similar, then the particles 

in the sample will be large corresponding to lower frequency in scattering intensity.
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Figure 4-3. Top: A schematic diagram of scattered light falling on the detector; Bottom: the 
fluctuation in the intensity of scattered light as a function of time. 

(http://www.malvern.com/common/downloads/campaign/MRK656-01.pdf) 

 

In this chapter, common characteristics of aggregation-based inhibition such as steep 

dose-response curves, binding to unrelated proteins and sensitivity to the presence of 

detergent were used to assess whether the fragment hits thienopyrrole 108, sulfonamide 

113 and phenylfuran 199 are false positives acting through aggregation. Also described 

is the optimisation of the STD-NMR screen and enzyme assay to allow for better 

identification of specific binders to reduce false-positives. 
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4.2 Characterisation of aggregation-based false positives 

4.2.1 Steep dose-response curves: Sulfonamide series 

The fragment hit 4-(piperidin-1-ylsulfonyl)aniline (113) was confirmed by 

1H/15N-HSQC NMR to bind to KPR and also showed reasonable inhibitory activity. 

Therefore, more sulfonamide analogues were tested and interestingly a large proportion 

of these analogues were less potent. A closer inspection of their dose-response curves 

(113 and 124 shown as an example in Figure 4-4) for the sulfonamide series showed 

close resemblance to those reported by Shoichet indicating inhibition may be through 

non-classical binding.213  

 

113 (IC50 60 µM, LE 0.36) 

 

124 (IC50 306 µM, LE 0.30) 

 

 

Figure 4-4. Dose-response curves of sulfonamide analogues 
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4.2.2 Non-specific interactions: bovine serum albumin 

The fragments thienopyrrole 108, sulfonamide 113 and phenylfuran 199 were tested for 

their ability to inhibit KPR in the presence of BSA and examine whether introducing 

BSA would interfere with the enzyme assay. Therefore control experiments were 

initially performed with three concentrations of BSA, 0.1, 0.5 and 1 mg/mL. No change 

in KPR activity was observed, therefore, the thienopyrrole 108, sulfonamide 113 and 

phenylfuran 199 were tested at 100 µM using standard UV-based enzyme assay 

conditions in the presence and absence of BSA.  

 

The testing revealed a similar pattern for all three hit compounds in the presence and 

absence of BSA (Figure 4-5). When BSA is present at 0.1, 0.5 or 1 mg/mL, no inhibition 

of KPR activity was observed. On the other hand, the fragments show complete KPR 

inhibition in the absence of BSA.  

 

The results are suggestive that the thienopyrrole 108, sulfonamide 113 and phenylfuran 

199 are binding to KPR non-specifically. Even when the stoichiometry of binding is 

about 10,000 enzyme molecules per aggregate particle, BSA’s relatively non-specific 

binding site is taken into consideration, or that the fragments may coincidently bind 

more strongly to BSA than KPR, the concentration of fragments is several fold higher 

than that of both proteins present in the assay. Therefore, if any of these fragments were 

genuine inhibitors then some inhibition should have been observed in the presence of 

BSA. 
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(A) 

 
108 

 

(B) 

 
113 

 

(C) 

 
199 

  

Figure 4-5. Measure of KPR activity in the presence of BSA for (A) thienopyrrole 108 (B) 
sulfonamide 113, and (C) phenylfuran 199  
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4.2.3 Dynamic light scattering 

DLS was employed to determine the presence of aggregates and measure their particle 

size. Using the same buffer conditions as the enzyme assay, the three fragments 108, 113 

and 199 were examined at 500 µM. Fragment concentrations of 50 and 100 µM were 

also investigated to determine whether at concentrations close to their IC50 values, they 

were inhibiting via aggregation in the enzyme assay. 

 

DLS experiments for each of these fragments yielded scattering intensities consistent 

with the presence of particles (Table 4-1A). The diameter of the particles varied 

depending on the nature and concentration of the fragments. Of the three fragments, the 

thienopyrrole 108 formed the largest aggregates with particle diameters ranging from 

640 – 1440 nm. Second was the sulfonamide 113 with particle diameters 370 – 760 nm 

and the smallest, was the phenylfuran 199, with diameters 140 – 150 nm. The addition 

of non-ionic detergent 0.01% Triton X-100 eliminated detectable aggregates in solution 

(Table 4-1B).  

 

Interestingly, the thienopyrrole 108 formed the largest particles across all concentrations 

and a plot comparing particle sizes and concentrations revealed aggregates of the 

thienopyrrole 108 grew with increasing concentration (Figure 4-6). On the other hand, 

the particle size for the phenylfuran 199 was smaller (~150 nm) and was maintained 

with increasing concentrations.  
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Table 4-1. The observed particle sizes for 108, 113 and 199 in aqueous buffer determined by DLS 
(A) in the absence of Triton X-100 and (B) in the presence of 0.01% Triton X-100 

 

Sample  Conc. (µM)  Diameter (nm) 

 
(A)  (B) 

Buffer + DMSO (2%)  0.8  12.6 

 
108 

500  1435.8  1001.5 

100  940.1  13.0 

50  636.8  13.3 

 
113 

500  764.5  14.4 

100  341.0  nd 

50  366.3  nd 

 
199 

500  137.9  12.4 

100  150.8  nd 

50  146.3  nd 

nd = not determined 

 

 

Figure 4-6. A graph of particle size versus fragment concentration  

108 

113 

199 
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Although DLS is a more direct method to identify the presence of aggregates, there are 

several challenges associated with this technique. The aggregate form is a phase between 

soluble, free small molecule and precipitate. One of the challenges is that the precipitate 

can also lead to light scattering, however does not typically inhibit enzymes. Therefore, 

DLS cannot be the only method used to determine the presence of aggregates. DLS can 

also be time-consuming as it is necessary to equilibrate samples for a sufficient period to 

allow the aggregates in solution to be homogenous; otherwise the varying particle sizes 

can lead to results that are hard to interpret.  

 

Using known characteristics of aggregation-based inhibition such as steep dose-response 

curves, BSA to identify non-specific binding and DLS to detect the presence of particles 

all suggest that the fragment hits thienopyrrole 108, sulfonamide 113 and phenylfuran 

199 are false positives. Therefore, the optimisation of the enzyme assay is crucial to 

allow for better identification of specific binders leading to reduced false-positives. 

 

4.3 UV-Vis assay 

The inclusion of detergent in enzyme assays has been shown to be a reliable method to 

remove promiscuous aggregation.218-221 The protocol for the detergent-based enzyme 

assay was adapted from Feng et al.218 with slight modifications. Firstly, the detergent 

properties were compared and their potential effects on KPR activity were investigated.  
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4.3.1 Detergent selection 

Three detergents (Triton X-100, Tween-20 and CHAPS at concentrations 0.001, 0.01 

and 0.1%) were included in the assay and the catalytic activity was measured (Figure 

4-7). The inclusion of 0.001% Tween-20 and CHAPS increased the enzyme catalytic 

activity possibly by reducing non-specific protein binding onto the plastic plates. The 

enzyme activity profiles of the three detergents demonstrate that, at 0.01% 

concentration, there were no observed affect on the native function of KPR.  

 

 
Figure 4-7. Measured activity of KPR in the presence of detergents 

 

4.3.1.1 Critical micelle concentration 

Another important factor to consider when selecting detergents is the critical micelle 

concentration (CMC). CMC is defined by the lowest concentration at which detergent 

monomers cluster to form micelles or the highest concentration of the detergent 

monomer (Figure 4-8). The CMC for the selected detergents and the concentrations used 

in the assay are summarised in Table 4-2. None of the three detergents tested had a 

negative impact on KPR activity. Tween-20 was preferred due to its lower CMC profile 

requiring only a small amount to reach CMC. 
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Figure 4-8.  (A) Detergent monomer at low concentrations, (B) at CMC detergent monomers form a 
micelle in which the hydrophobic portions are oriented within the cluster and the hydrophilic portions 
are exposed to the water 

 

Table 4-2. Detergent CMC and concentrations used in the assay: Detergent structures shown below 

 

Values of CMC are from the Sigma‐Aldrich website 

(http://www.sigmaaldrich.com/img/assets/15402/Detergent_Selection_Table.pdf) 

 

  

 

 

  

 
Tween‐20 

CMC 0.06 mM 

Triton X‐100 

CMC 0.2 – 0.9 mM 

CHAPS 

CMC 6 mM 

Amount (%)  (mM)  (mM)  (mM) 

0.001  0.009   0.017  0.016 

0.01  0.089  0.171  0.163 

0.1  0.893  1.712  1.626 

(B)(A) 

Tween‐20  Triton X‐100 

CHAPS 
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According to a study by Ryan et al.220 it is important to be working close to or at the 

detergent’s CMC. Ryan et al.220 demonstrated that aggregation-based inhibition was 

observed below the CMC while exploring the inhibition profile of a known aggregation-

based inhibitor with increasing concentrations of CHAPS (Figure 4-9). However, 

consideration of potential negative effects of micelles on compounds is also important. 

Ouellet et al.221 reported that above the CMC they observed IC50 values for certain 

inhibitors increase (less potent) linearly with detergent concentration. Ouellet et al.221 

suggested that certain compounds diffuse into micelles and are prevented from binding 

to the target protein. In their study, 3 of 10 inhibitors displayed this type of profile. 

Therefore, alternative complementary techniques are imperative to validate fragment 

hits. 

 

Figure 4-9. The effect of detergent (CHAPS) concentration on the inhibition profile of three known 
aggregation-based inhibitors of β-lactamase 

Reprinted with permission from (J. Med. Chem. 2003, 46 (16), 3448-3451).220 Copyright (2012) 
American Chemical Society 
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4.3.2 NADPH and NADH 

Using the assay conditions (described in Chapter 2 and 3) adapted from Ciulli et al.42 the 

VersaMax Microplate reader was used to monitor the enzymatic reactions. However, 

though the concentration of NADPH (24) (20 µM) used allowed reasonable absorbance 

readings at 340 nm, an improved sensitivity was desirable. Low NADPH (24) 

concentrations may increase the risk of interfering noise levels in the absorbance reading 

and compromise analysis of results. An alternative was to use the structurally similar 

dinucleotide NADH (29), which lacks the 2′-phosphate. A significantly poorer substrate 

with literature Km(NADH) = 750 µM,42 allowed higher substrate concentrations in the assay 

to improve the signal to noise levels without saturating the enzyme. 

  

Initially, a dose-response curve for NADH (29) was tested to confirm that it is a suitable 

substrate replacement of NADPH (24). However, the experimentally determined 

Km(NADH) (200 µM) was more than 3-fold lower compared to the literature value 

(Km(NADH) = 750 µM).42 A study carried out by Mr Geqing Wang (MIPS, Monash 

University) determined that high concentrations of NADH (> 500 µM) had reached 

detection limits of the instrument and the absorbance was no longer within the linearity 

range. Mr Geqing Wang found that the absorbance of NADH at high concentrations 

(4 mM) can be accurately measured at 395 nm (340 nm for NADH = 175 M-1
 cm-1) to 

give good signal-to-noise ratio. Therefore, after measuring KPR activity with varying 

concentrations of NADH at 395 nm, the Km(NADH) was determined to be 637 ± 100 µM, 

which is consistent with the literature value 750 μM. At low concentrations of NADH 

(~25 µM, typically used in inhibition assays) the absorbance is measured at 340 nm. The 

dose-response of NADH (29) was also monitored in the presence and absence of 0.01 – 

0.1% Tween-20 vol/vol. KPR activity was enhanced in the presence of Tween-20 
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presumably due to the detergent causing a reduction in nonspecific protein binding to the 

walls of the plastic well plates.  

 

4.3.3 Test case  

The original 14 fragment hits that had been confirmed as binding to KPR by 

1H/15N-HSQC NMR studies from Chapter 2 (Figure 4-10) were selected to investigate 

the detergent-based enzyme assay. Fragments in the test set were prepared in neat 

DMSO and tested at a final concentration of 1 mM. Inhibition of KPR catalysis was 

measured in the presence and absence of 0.01% Tween-20 (Figure 4-11) 

 

 

Figure 4-10. Structure of fragments in the test set, confirmed binders against KPR by 1H/15N-HSQC 
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Figure 4-11. Summary of the % inhibition assay results using test set fragments (A) in the absence of 
Tween-20, (B) in the presence of Tween-20 
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Not surprisingly, the thienopyrrole 108 and sulfonamide 113 displayed strong inhibition 

(> 80%) in the absence of Tween-20, while inhibition was abolished in the presence of 

detergent. This demonstrates that the detergent-based enzyme assay is effective in 

removing aggregate false positives. The (3-(thiophen-2-yl)phenyl)methanol (71), 

coumarin 107 and 2-(thiophen-2-yl)aniline (73) were the only fragments that maintained 

inhibition of KPR activity upon addition of detergent. An interesting inhibition profile 

was observed for the indole carboxylate 96. Contrary to what has been observed with 

aggregation-based inhibitors, the indole carboxylate 96 did not inhibit KPR activity in 

the absence of Tween-20 but instead in the presence of detergent. The mechanism of this 

unusual inhibition is unknown. 

 

Fragments which showed KPR inhibitory activity in the % inhibition assay were 

followed-up with an IC50 determination revealing some unexpected results. Only the 

(3-(thiophen-2-yl)phenyl)methanol (71) displayed a classical dose-response curve 

characteristic of single-site inhibition with an IC50 of 292 µM (Figure 4-12). On the 

other hand, the coumarin 107 displayed a fairly steep dose-response curve and points in 

the lower concentration were not consistent with single site binding. At low 

concentrations (30 – 100 µM) of the coumarin 107, the points were above 100% 

suggesting that the rate was enhanced. The dose-response curve for 2-(thiophen-2-

yl)aniline (73) could not be fitted to the line of best fit as the points were scattered.  
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Figure 4-12. IC50 binding curve for fragments 71, 107 and 73 
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4.4 STD-NMR optimisation 

The prevalence of false positives in STD-NMR is common, although the mechanism by 

which they occur is less understood. The question is: can we reduce the number of false 

positives at an earlier stage in our experimental approach (described in Chapter 2) such 

as in an STD screen? If the inclusion of detergent in enzyme assays is a reliable control 

for aggregation-based false positives,218 is it the same for STD-NMR? It would be 

advantageous to be able to reduce the number of false positives as early in the process as 

possible saving time and cost. To investigate these questions, detergent was incorporated 

into the STD-NMR. The initial process, prior to screening progression, involved finding 

a suitable detergent and examining its potential side effects using a small test set of 

fragments. 

 

4.4.1 Detergent selection 

The non-ionic detergents Tween-20 and Triton X-100 were investigated for their 

suitability and potential interference with the NMR experiment. Firstly, a 1H-spectrum 

of both Tween-20 and Triton X-100 were acquired and their proton signals compared. 

Two important factors considered were: (1) that the detergent proton signals were not 

close to  0 ppm where STD-NMR ‘on-resonance’ irradiation frequency is set ( -2 to 

0 ppm) and (2) that no interfering proton signals were present which may overlap with 

fragment proton signals complicating the analysis/deconvolution for STD-NMR 

fragment hits. Tween-20 proton signals were all localised in the aliphatic region,  1.0 – 

2.5, 4.23 ppm. Triton X-100 proton signals were found in both aliphatic and aromatic 

regions ( 0.5 – 2, 3.5 – 4 and 6.5 – 7.5 ppm). Based on these considerations, Tween-20 

was more appropriate for the STD-NMR screen as it has no aromatic protons, whereas 

most fragments in the library have at least one aromatic proton signal. 
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4.4.2 Test case 

A small set of fragments were used to investigate potential detergent interference effects 

and also evaluate the detergents effectiveness in reducing the number of false positives 

in an STD-NMR screen. The original 14 fragment hits from 1H/15N-HSQC NMR were 

selected (Figure 4-10). High (1 mM) and low (0.3 mM) fragment concentrations were 

also examined to determine whether lower fragment concentrations would aid in 

reducing the number of false positives in an STD-NMR screen. 

 

The 14 fragments were prepared from stock solutions in DMSO of 100 mM and diluted 

to final concentrations of 1 mM and 0.3 mM. The test set were screened for binding 

against KPR in the presence and absence of 0.01% Tween-20 vol/vol making a total of 

56 samples. 

 

A comparison of the resulting STD spectra (off-resonance) in the presence and absence 

of 0.01% Tween-20 vol/vol revealed for some fragments, that their proton signals have 

shifted between the two conditions (Figure 4-13). The chemical shifts appear to be 

affected by the addition of detergent, which may result from encapsulation (and the 

corresponding different environment) within detergent micelles.  
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Figure 4-13. The 1D 1H NMR spectrum (aromatic region) of a fragment cocktail in D2O (A) absence 
of Tween-20 and (B) in the presence of 0.01% Tween-20 vol/vol 

 

Interestingly, for some fragments positive STD signals were observed in the absence of 

KPR. For the fragments involved, they will increase the hit-rate and consequently the 

number of false positives in an STD-NMR screen. The exact mechanism of this STD 

false positive is not clear. 

 

To separate genuine fragment hits from ones affected by Tween-20, a comparison of the 

test set fragments screened in the presence and absence of KPR was performed. 

Fragments that gave a positive STD signal in the initial screen (Tween-20 + KPR) and 

negative signal in the latter screen (Tween-20 only) were taken to be genuine KPR 

binders. However, a positive signal may also be observed for both screens, in these 

(A)  

(B)  
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cases, the intensity of the STD signal was compared. If the signal intensity was at least 

two-fold higher for the screen in the presence of KPR, then the fragment was considered 

to be a hit. 

 

4.4.3 Analysis of ligand binding 

A similar approach described in Chapter 2 was employed to analyse the STD-NMR data 

to determine fragment hits. From Figure 4-14, spectrum B (STD + KPR) shows STD 

signals indicating a few fragments binding. However, spectrum C (STD − KPR) also has 

similar resonances present in the STD experiment. To determine whether a fragment is 

binding to KPR and not the detergent, a comparison of the signal intensities are made 

between spectrum B and C. The signals highlighted by the dotted lines correspond to a 

single fragment (spectrum A). In spectrum B, this fragment has a two-fold greater 

intensity over spectrum C, thus demonstrating that it is binding to KPR. On the other 

hand, the signals highlighted by the asterisks show similar signal intensities between 

spectrum B and C, and therefore these fragments were removed from further analysis. In 

this manner the test set was analysed and the STD results are summarised in Table 4-3. 
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Figure 4-14. Detection of ligand binding to KPR using STD-NMR: The dotted lines indicate the 
resonances from the fragment with a positive STD signal and binds to KPR. The asterisks indicate the 
resonances from fragments that do not bind to KPR. 

 

To reduce aggregation and the number of false positives, two factors were explored in 

this STD-NMR study: non-ionic detergent and lower fragment concentration. Given that 

the detergent-based enzyme assay of the test set suggested (3-(thiophen-2-

yl)phenyl)methanol (71), coumarin 107 and 2-(thiophen-2-yl)aniline (73) were the only 

genuine fragments inhibiting KPR activity, the optimised STD-NMR showed a similar 

trend in the reduced number of fragment hits. The 14 fragments re-examined were 

reduced to 4 fragments. Positive STD signals were observed for the (3-(thiophen-2-

yl)phenyl)methanol (71) and the coumarin 107, however, a positive STD signal for the 

2-(thiophen-2-yl)aniline (73) was only observed in the absence of Tween-20. 

 

Interestingly, the difference in the number of false positives was reduced by 30 - 43% 

when each factor (presence of detergent and fragment concentration) was considered 

individually. However, the combination of having 0.01% Tween-20 vol/vol present and 

(B) 

(A) 

 (D) 

(C) 

** * 

** * 

** 
* 
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lowering the fragment concentration from 1 mM to 0.3 mM showed significant 

reduction in the number of false positives (> 70%).  

 

Table 4-3. A summary of the STD results using fragments in test set: (+) represents a positive STD 
hit, (–) is not a STD hit. Highlighted fragments were taken for follow-up studies. 

 

Fragment 
(−) Tween‐20  (+) Tween‐20 

[1 mM]  [0.3 mM]  [1 mM]  [0.3 mM] 

71  +  +  +  + 

72  +  +  +  ‐ 

73  +  +  ‐  ‐ 

78  +  ‐  ‐  ‐ 

80  +  +  +  + 

85  +  ‐  ‐  ‐ 

86  +  ‐  +  ‐ 

89  +  +  +  ‐ 

94  +  ‐  +  ‐ 

96  +  +  +  ‐ 

107  +  +  +  + 

108  +  ‐  ‐  ‐ 

113  +  +  +  + 

117  +  ‐  +  ‐ 
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4.4.4 Rescreen 

The positive outcome from the test set warranted the library of 500 fragments to be 

rescreened in the optimised STD-NMR conditions. The 500 fragments were screened in 

groups of 5 (100 mixtures) at a final concentration of 300 µM each. Fragment mixtures 

were added to KPR (15 µM) in buffer with Tween-20 (0.01%) and D2O (10%) in a final 

volume of 560 µL for screening. Two sets of samples were prepared that is in the 

presence and absence of KPR giving a total of 200 samples. 

 

Using the analysis method described in section 4.4.3 the 500 fragments rescreened were 

analysed in this manner. In Chapter 2 (section 2.4), fragments were prioritised based on 

their STD signal strength (strong, medium or weak) and only fragments with stronger 

STD signals were followed-up with further analysis. Unlike Chapter 2, the rescreened 

fragment STD-NMR hits were all followed-up by an enzyme assay and 1H/15N-HSQC-

NMR. The rescreen using optimised STD-NMR conditions resulted in 71 out of 500 

(14%) fragment hits (Appendix II), compared to the initial screen in the absence of 

Tween-20, which resulted in 196 out of 500 (39%) fragments (all STD-NMR hits: 

strong, medium and weak).  

 

The new STD results demonstrate that we can reduce the number of false positives at an 

earlier stage in our experimental approach (described in Chapter 2). A simple and 

effective method to reduce post-STD hit follow-up burden is the inclusion of a suitable 

detergent and the use of an appropriate fragment concentration. 
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4.5 Detergent-based enzyme assay 

The resulting 71 fragment hits (Appendix II) from the 500 fragments rescreened using 

the optimised STD-NMR condition (section 4.4.4) were followed-up by the new 

detergent-based enzyme assay. The fragment hits were initially tested at a final 

concentration of 1 mM in a % inhibition assay. Based on the 40% inhibition cut-off, the 

number of fragment hits were reduced to 11 fragments (71, 220 – 229) and their IC50 

values determined (Table 4-4). The assay revealed some exciting results, for example, 

the three most potent fragment inhibitors were structurally closely related. Fragments 

phenylnicotinic acid 220, thiophenylnicotinic acid 221 and (3-(thiophen-2-

yl)phenyl)methanol (71) had IC50 of 13 µM, 6 µM and 292 µM, respectively. Both the 

phenylnicotinic acid 220 and thiophenylnicotinic acid 221 have a nicotinic acid core 

substituted at the meta-position with an aryl group. On the other hand, (3-(thiophen-2-

yl)phenyl)methanol (71) has a phenyl-methanol core but also substituted at the meta-

position with an aryl group. The coumarin 222 with an IC50 of 664 µM is an analogue of 

107 in the test set, and also showed a steep dose-response curve, so was not further 

investigated. The rest of the fragments tested had IC50 values greater than 1 mM. 
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Table 4-4. Summary of fragment hits with greater than 40% inhibition at 1 mM and their IC50 values11 

  Structure  Inhibition (%)  IC50 (µM) 

220 

 

69  13 

221 

 

76  6 

71 

 

89  292 

222 

 

63  664 

150 

 

45  > 1000 

90  44  > 1000 

223  66  > 1000 

224 

 

42  > 1000 

110 
 

44  > 1000 

225 

 

73  > 1000 

                                                   
11 The data shown were analysed by optimised detergent-based conditions: NADH (29, 25 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 0.01% Tween-20 
and 2% DMSO (vol/vol). 
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226 
 

51  > 1000 

4.6 Fragment binding evaluation and mapping 

Emphasised throughout the chapter is the importance of using independent and 

complementary biophysical techniques to validate screening hits. 1H/15N-HSQC is 

superior to STD-NMR due to its lower incidence of false positives. The 1H/15N-HSQC 

technique and analysis used in this section is the same as that described in Chapter 2. 

The resulting 71 fragment hits from the 500 fragments rescreened using the optimised 

STD-NMR condition were followed-up by 1H/15N-HSQC (Appendix II). 

 

The 1H/15N-HSQC spectrum for each fragment (1 mM) was compared to the apo-KPR 

spectrum. From the 71 fragments, 24 did not show any change in the overlayed spectra 

of fragment-KPR and apo-KPR. These were excluded from further analyses. For the 47 

fragments that had detectable changes in the amide chemical shifts the 1H/15N-HSQC 

spectra were mapped onto the structure of KPR and the location of the fragment binding 

site identified. Details of the binding location for phenylnicotinic acid 220, 

thiophenylnicotinic acid 221 and (3-(thiophen-2-yl)phenyl)methanol (71) will be 

discussed in greater detail in the following chapter. 
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4.7 Conclusions 

While fragment-based approaches are now fast establishing in academia,161 we were one 

of the first academic laboratories in Australia to do so. In this chapter, the dangers of 

aggregation in fragment-based identification of KPR inhibitors are described. The 

fragments thienopyrrole 108, sulfonamide 113 and phenylfuran 199 were shown to be 

aggregation-based inhibitors. Firstly, any sulfonamide analogue that did exhibit 

reasonable inhibitory KPR activity also showed steep dose-response curves similar to 

ones described for aggregation-based inhibition. Secondly, the inhibition of these 

compounds was abolished in the presence of BSA or detergent and finally, DLS 

experiments found detectable particle formation indicating that these fragments are 

inhibiting via aggregation. 

 

We have developed an NMR-based fragment screening approach together with an 

optimised detergent-based enzyme assay. A number of observations suggest that the 

fragment hits of the rescreen are directly binding to KPR and are also not aggregates. 

First, a comparison of STD screen in the presence and absence of KPR was performed to 

remove fragments which were affected by Tween-20; second, there is a range of 

potencies observed in the enzyme inhibition studies; and thirdly, inhibition is saturable 

and a Hill slope of 1 is observed, as expected for a competitive single site inhibitor, 

strongly suggesting a stoichiometric interaction. Fourth, addition of the fragment STD-

NMR hits resulted in chemical shift perturbations in 1H/15N-HSQC. In Chapter 5 the 

newly identified and structurally related fragment hits phenylnicotinic acid 220 and 

thiophenylnicotinic acid 221 are investigated by examining their binding location and 

KPR activity.  
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5 Fragment hit development 

5.1 Introduction 

Three of the most potent fragment hits resulting from the optimised screen shared the 

same meta substituted heterobiaryl scaffold (Figure 5-1). The substituted nicotinic acids 

(220 and 221) had greater affinity and LE than the (3-(thiophen-2-yl)phenyl)methanol 

(71) (Figure 5-1). The (3-(thiophen-2-yl)phenyl)methanol (71) was a fragment hit 

identified from the original screen described earlier (Chapter 3, section 3.4). Notably, 

the IC50 of (3-(thiophen-2-yl)phenyl)methanol (71) was previously determined as 

226 µM and in the presence of Tween-20 had increased marginally to 292 µM. 

However, the analogues in Chapter 3 that were used to develop the SAR for 

(3-(thiophen-2-yl)phenyl)methanol (71) have not been tested in the optimised assay 

conditions. Therefore, this chapter will only cover SAR development around the 

nicotinic acids (220 and 221).  

 

 

 

Figure 5-1. Identified fragment KPR binders by 1H/15N-HSQC studies 

71 

220 

221 
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5.1.1 Mode of inhibition of the nicotinic acid derivatives 

The mode of inhibition by the nicotinic acid derivatives (220 and 221) against KPR 

activity was examined by Mr Tony Wang (Monash University). The enzyme assay was 

carried using the optimised conditions determined in Chapter 4. The mode of inhibition 

suggested these compounds were competitive inhibitors and the determined Ki for 

5-phenylnicotinic acid (220) and 5-(thiophen-2-yl)nicotinic acid (221) were 14 μM and 

6 μM, respectively. 

 

5.1.2 Chemical shift mapping 

The CSP mapping of fragments binding to KPR revealed very exciting results. The well-

defined clustering observed for the rescreened fragment hits was indicative that the 

optimised STD-NMR is finding fragment hits with genuine binding. The CSP of 

(3-(thiophen-2-yl)phenyl)methanol (71) were shown earlier (Chapter 3, section 3.4) to 

be clustered around the hydrophobic pocket where the adenine portion of the NADPH 

binds.  

 

Mapping of chemical shift changes induced by 5-phenylnicotinic acid (220) and 

5-(thiophen-2-yl)nicotinic acid (221) confirmed that they both bind in a similar location 

on KPR (Figure 5-2). Distinct clusters of perturbations were observed along the 

nicotinamide portion of NADP+. Additionally, the same cluster of perturbations was 

observed above the pantoate binding pocket, presumably due to local conformational 

change. The nicotinic acids (220 and 221) were binding in KPR’s active site distinct 

from the (3-(thiophen-2-yl)phenyl)methanol (71) (Figure 5-2).  
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(A) 

 

 
220 

 

 

(B) 

 

 

221 

 

 

(C) 

 

71 

 

 

 

Figure 5-2. 1H/15N-HSQC NMR analysis of fragment binding to KPR: Left: structures for (A) 220, 
(B) 221 and (C) 71. Right: Ribbon representation of their binding locations against KPR. NADP+ and 
pantoate shown as green carbons (not included in actual experiment). Perturbations are shown as red 
spheres. Unassigned residues are coloured black ribbons.  

Pantoate 

NADP+ 
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5.1.3 Preliminary SAR for nicotinic acids 

The resemblance of the nicotinic acid to the nicotinamide of NADPH generated interest 

in the importance of the nicotinic acids of 220 and 221 for KPR activity. Therefore, 2 

nicotinamides (227 – 228) and the nicotinic acid (229) and its analogues (230 – 236) 

were tested in a percentage inhibition assay (1 mM). The results are summarised in 

Table 5-1. 

 

The weak activity (less than 20%) demonstrated by these compounds may suggest that 

the nicotinic acid core in 220 and 221 is not critical for activity. However these nicotinic 

acids and nicotinamides may not have been complex enough to bind with sufficient 

potency to permit detection.222 Similar observations were described by Ciulli and 

co-workers42 on deconstructing NADPH in which no binding or inhibition was detected 

for the nicotinamide fragment (227) based on NMR, isothermal titration calorimetry 

(ITC) and UV-based kinetic analysis even when tested at higher concentrations (0% at 

5 – 10 mM concentration). 
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Table 5-1. Summary of inhibitory data for the nicotinic acid analogues12 

 

  Structure  Inhibition (%) at 1 mM 

227 

 

18 

228 

 

4 

229 

 

6 

230 

 

10 

231 

 

8 

232 

 

3 

233 

 

2 

234 

 

6 

235 

 

6 

236 

 

16 

  

                                                   
12 The data shown were analysed by optimised detergent-based conditions: NADH (29, 25 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 0.01% Tween-20 
and 2% DMSO (vol/vol). 
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Subsequently, a series of biaryl analogues selected by a similarity search on the 

substituted nicotinic acid (237 – 248) with a threshold of 0.7 (where 0 is completely 

dissimilar and 1 is identical) were purchased from commercial suppliers. The 

compounds were initially tested at a single concentration of 0.5 mM. Of the 12 

compounds purchased, two compounds (6-morpholinonicotinic acid (247) and 

N-methyl-1-(3-(pyridin-3-yl)phenyl)methanamine) (248) showed very weak KPR 

activity (19% and 10%, respectively) and were not investigated further. The 

5-phenylpicolinic acid 237 and 2-(pyridin-3-yl)benzoic acid 238, were selected to 

examine the importance of the position of the acid group, however showed poor 

solubility and were not able to be assayed. The remaining compounds (239 – 246) had 

their IC50 determined as shown in Table 5-2.  

 

The resulting IC50 values suggest that the 6-phenyl substituent (241, IC50 4 µM, LE 0.49) 

was more favourable and ligand efficient than the 5-phenyl substituent (220, 

IC50 13 µM, LE 0.44). Moreover, the fluorine and methoxy substitution on the phenyl 

ring (243 – 246) decreased potency, particularly at the meta position as the activity trend 

meta < para < ortho was observed. Though given that substitution is tolerated, there 

might be the possibility of elaborating at these positions. The 4-(pyridin-3-yl)benzoic 

acid (239) and 3-(pyridin-4-yl)benzoic acid (242) with the same LE as the initial 

fragment hit (5-phenylnicotinic acid (220)) suggest that the position of the pyridine ring 

may not be critical for activity. 

  



Chapter 5 Fragment hit development 

 

193 
 

Table 5-2. Summary of inhibitory data for the nicotinic acid analogues13 

  Structure  IC50 (µM)  LE 

237  ‐  ‐ 

238  ‐  ‐ 

239  20  0.43 

240 

 

222  0.33 

241  4  0.49 

242  15  0.44 

243 

N

OH

O

O 40  0.35 

244  14  0.41 

245 

 

137  0.33 

                                                   
13 The data shown were analysed by optimised detergent-based conditions: NADH (29, 25 μM), 
ketopantoate (22, 1 mM), and KPR (3 nM) in 100 mM HEPES buffer (pH 7.6) with 0.01% Tween-20 
and 2% DMSO (vol/vol). 
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246 

 

86  0.35 

5.1.4 Conclusions 

The optimised detergent-based STD-NMR screen has identified fragment hits which 

have shown well-defined clustering through 1H/15N-HSQC NMR CSP mapping and the 

ability to inhibit KPR in the new detergent-based assay. The structurally related 

fragment hits 5-phenylnicotinic acid (220) and 5-(thiophen-2-yl)nicotinic acid (221) 

were identified to bind in a similar location on KPR.  

 

The observation of some SAR around the nicotinic acids is reassuring for this series, as 

it suggests further development is possible. However, assessing these compounds using 

1H/15N-HSQC NMR or crystallography to determine the binding position would be a key 

step forward to progress this series in the future.  
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6 Conclusions and future directions 
 

Since the biosynthetic pathway for pantothenate is present only in bacteria and plants 

and inhibitors of enzymes of this pathway have been proposed as potential antibiotics, 

we have chosen to target KPR, the second enzyme of the biosynthetic pathway. A FBLD 

approach was used to identify small molecule inhibitors of KPR. Despite extensive 

structural and mechanistic information being available, no inhibitors of KPR have been 

reported in the literature to date. The benefits of finding a small molecule inhibitor for 

the pantothenate pathway include using these compounds to investigate the role of KPR 

in the development of antimicrobials. 

  

The work presented in chapter 2 investigated the high-level expression of unlabelled and 

15N-labelled KPR and optimised yields of 122 mg/L and 53 mg/L, respectively were 

obtained. The fragment-based approach involved using a broad range of techniques such 

as STD-NMR, 1H/15N-HSQC, UV-based enzyme assay and initially computational 

modelling to assess binding and inhibition. The primary screen of 500 fragments by 

STD-NMR identified 47 hits and the validation step by 1H/15N-HSQC narrowed down 

the hits to 14 fragments correlating to a 2.8% hit rate, which were subsequently 

evaluated by UV-based assay for KPR activity. Glide docking for KPR was investigated 

and docking was able to predict binding modes for larger ligands, however performed 

less well for small fragments. 

 

The process of hit development for the sulfonamide 113, thienopyrrole 108 and 

phenylthiophene 71 were described in chapter 3. In developing the sulfonamide 113, 43 
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sulfonamide analogues were tested against KPR and only 5 compounds showed 

IC50 < 500 µM. The activity of the sulfonamides was unusual since small structural 

modifications seem to abolish or reduce activity. The investigation also revealed a novel 

binding pocket where further kinetic studies suggested an allosteric site and identified 3-

(piperidin-1-ylsulfonyl)aniline (135) as a non-competitive inhibitor. Core hopping from 

the thienopyrrole 108 to the isostere thienothiophene 148 initially appeared to show a 

4-fold improvement in affinity; however the KPR inhibitory activity was discovered to 

be due to an unidentified tiny impurity responsible. For the phenylthiophene 71, an 

apparent SAR was observed that was complemented by consistent binding location 

among the analogues. Identifying the lead thienothiophene as false positive and the flat 

SAR of the sulfonamides raised concerns about the fragment hits. 

 

In chapter 4, the risks of false positives in fragment-based identification of KPR 

inhibitors are described. The chapter highlights that although the purity of the fragments 

can be controlled; it is difficult to account for residual impurities (1 – 2%). Furthermore, 

predicting fragments that may form aggregates in aqueous solution is currently 

impossible. Thus, the importance of follow-up strategies or the use of orthogonal 

methods to screen and confirm the hits is emphasised. An optimised STD-NMR 

fragment screen together with an optimised assay incorporating detergent was developed 

to overcome many of the challenges posed by false positives. With the methods fine-

tuned, the fragment-based screen with KPR is able to considerably filter the total 

number of hits into potentially productive binders. Using the optimised screen and assay 

a total of 47 validated inhibitors were identified from the library of 500 fragments. The 

number of fragment hits was reduced to 11 fragments (based on 40% inhibition cut-off 

at 1 mM) and the three most potent fragment inhibitors were phenylnicotinic acid 220, 
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thiophenenicotinic acid 221 and phenylthiophene 71 with IC50 of 13 µM, 6 µM and 

292 µM, respectively. Additionally, the well-defined clustering of chemical shift 

perturbations in the 15N-1H HSQC spectra for the rescreened fragment hits suggests that 

the optimised methods are finding fragment hits with genuine binding. 

 

In chapter 5, the structurally related fragment hits 5-phenylnicotinic acid (220) and 

5-(thiophen-2-yl)nicotinic acid (221) were identified to bind in a similar location on 

KPR in a highly ligand efficient manner with LE of 0.51 and 0.44, respectively. 

Preliminary testing of some nicotinic acid analogues is promising; however, information 

on the binding location is required for interpreting the SAR, and further developing 

these compounds.  

 

Some of the major challenges we have experienced in fragment-based lead discovery of 

KPR inhibitors have been prioritising novel fragment hits without knowledge of the 

binding mode amongst a very large number of possible design ideas. It is apparent that 

the majority of advanced applications in the fragment-based approach have used 

extensive structural biology.154,223 The ability to crystallise complexes of KPR with 

fragments would be valuable, and attempts to do this are currently in progress, in 

collaboration with Professor James Whisstock and co-workers (Monash University). 

Another challenge is that fragments are weak binders. Therefore, high concentrations of 

fragments were used which at times caused limited solubility in the enzyme assay and in 

particular NMR experiments leading to potential false negatives. However, testing the 

fragments in high concentrations has also resulted in false positives due to aggregators 

thus emphasising the value of following up hits with multiple complementary 

biophysical and biochemical techniques. 
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For future investigations, there is scope for chemistry to develop the nicotinic acid series 

into more potent inhibitors of KPR as well as screening further fragments to identify 

other series of inhibitors since having multiple series of active compounds is important 

in progressing leads.224 Potent KPR inhibitors could be tested for their effects on E. coli 

for example, in disc diffusion assays to provide cell-based activity.225 Importantly, this 

study allows us to determine whether these compounds are specific for KPR. Therefore, 

the effect of the E. coli ilvC mutant, the panE mutant, ilvC and panE double mutant, and 

wild type E. coli to KPR inhibitors are compared. 

 

Additionally, it would be interesting to retest the thienothiophene series with the 

optimised detergent-based enzyme assay. Particularly for compounds 166, 167 and 176, 

which were shown to be quite active (based on the initial enzyme assay). To determine 

whether the thienothiophene series are worth pursuing, there are two important issues 

that need to be addressed. The first is to establish that inhibition is not aggregation based 

and second is to determine that the inhibition is not due to the presence of the minor 

active impurity. 
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7 Experimental 

7.1 Biochemistry 

7.1.1 Materials 

7.1.1.1 Chemicals 

The following chemicals were purchased from Sigma-Aldrich (Castle Hill, NSW, 

Australia): tetramethylethylenediamine (TEMED), sodium dodecyl sulfate (SDS), 

imidazole, tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), sodium phosphate dibasic 

(Na2HPO4), potassium phosphate monobasic (KH2PO4), ammonium chloride (NH4Cl), 

potassium chloride (KCl), magnesium sulfate (MgSO4), sodium sulfate (Na2SO4), 

glucose, α-lactose, ferric chloride (FeCl3), calcium chloride (CaCl2), zinc chloride 

(ZnCl2), thiamine, sodium azide (NaN3), isopropyl β-D-1-thiogalactopyranoside (IPTG), 

dithiothreitol (DTT), ampicillin (Amp), polyoxyethylene (20) sorbitan monolaurate 

(Tween-20), polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether 

(Triton-X-100) and dihydro-4,4-dimethyl-2,3-furandione. The following chemicals were 

purchased from Merck Chemicals (Kilsyth, VIC, Australia): glycerol, 

ethylenediaminetetraacetic acid (EDTA) and 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). The following 

chemicals were purchased from Proscience (Blackburn, VIC, Australia): acetic acid, 

ammonium persulfate, sodium chloride (NaCl), and bacteriological agar. Acrylamide 

solution and Bradford reagents were purchased from Bio-Rad (Regents Park, NSW, 

Australia). Deuterated solvents, 15NH4Cl and deuterium oxide (D2O) were purchased 

from Cambridge Isotopes Laboratories (Novachem Pty Ltd, Collingwood, VIC, 

Australia). Tryptone and yeast extract were purchased from Oxoid (Adelaide, SA, 
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Australia). The expression plasmid pRSETA containing panE (gene for KPR) was 

provided by Prof. Chris Abell (University of Cambridge, Cambridge, UK). Chemically 

competent E. coli strain C41(DE3) cells were purchased from Lucigen (Astral Scientific 

Pty. Ltd. Caringbah, NSW, Australia). 

 

7.1.1.1.1 Fragment library 

The fragment library used in the screen was composed of 500 structurally diverse 

compounds and was purchased from Maybridge (Trevillett, Cornwall, UK). The 

fragments have an average molecular weight of 208 Da and are ‘Rule of three’ 

physicochemical parameters compliant.127 The library has also been filtered removing 

inappropriate functionality such as acid chloride, sulfonyl chlorides, aldehydes, 

cyclopropanes substituted with either oxygen, nitrogen or sulfur, carbonates, nitriles, 

pyridine thiols and others not listed.123,125 Chemical cores included benzene, thiophene, 

furan, pyrimidine, pyridine, pyrazole, isoxazole, oxazole, thiazole, indole, 

benzimidazole, indazole, benzofuran, benzothiophene, pteridine, quinoline, napthalene, 

quinazoline, isoquinoline, piperidine, and cyclohexane. The library included chemical 

cores with 1 – 3 substituents attached with at least one polar substituent such as an 

amine, acid or hydroxyl. 

 

The compounds were provided as solids or oils in 25 mg quantities which were 

dissolved in neat DMSO to generate a concentrated stock solution and stored at 4 °C. All 

compounds were assessed individually for purity and solubility by 1D 1H NMR. Those 

that were < 90% pure, of questionable identity or not soluble (based on the chemical 

shifts, coupling and intensity of peaks in the 1D 1H NMR spectra) were noted and 

removed from analysis. Purity of compound hits for follow up was analysed on an 
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Agilent 1200 Series LCMS system, incorporating a photodiode array detector (214/254 

nm) coupled directly to an electrospray ionisation source and a single quadrupole mass 

analyser (Agilent 6120 Quadrupole MS). A Phenomenex column (Luna 5μm C8 (2), 50 

× 4.60 mm ID) was employed. Each sample was analysed in a total run time of 10 min 

with a flow rate of 0.5 mL/min and 0 – 80% acetonitrile gradient in the presence of 0.1% 

formic acid. RP-HPLC was carried out at 30 °C and also employing a Phenomenex 

column (Luna 5μm C8 (2), 50 × 4.60 mm ID). The following buffers were used; buffer 

A (99.9% H2O, 0.1% formic acid) and buffer B (99.9% CH3CN, 0.1% formic acid). The 

following gradient was used with a flow rate of 0.5 mL/min and total run time of 12 

min; from 95% buffer A and 5% buffer B over 0 – 4 min to 0% buffer A and 100% 

buffer B over 4 – 7 min, and then to 95% buffer A and 5% buffer B over 7 – 12 min. 

Mass spectra were acquired in positive and negative ion mode with a scan range of 0 – 

1000 m/z at 5V. All compounds were of ≥ 95% purity. 

 

Fragments selected as positive hits from the screen and used in follow-up experiments 

were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia), Maybridge 

(Trevillett, Cornwall, UK), Specs (HT Delft, Netherlands), Apollo Scientific (Bredbury, 

Stockport, UK), Peakdale Molecular (Chapel-en-le-Frith, High Peak, UK) and AMRI 

Albany (Albany, New York, USA). 

 

7.1.1.2 Proteins 

BSA used in the Bradford protein assay was purchased from Sigma-Aldrich (Castle Hill, 

NSW, Australia). BSA used in the enzyme assay was purchased from Promega 

(Hawthorn, VIC, Australia). 
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7.1.1.3 Columns 

Columns used for protein purification included a 5 mL HisTrap (nickel affinity column), 

a desalting column (HiPrep 26/10) and a gel filtration column (Superdex 75 HR 10/30), 

which were purchased from GE Healthcare (Rydalmere, NSW, Australia). Protein 

purifications were undertaken on ÄKTA basic and ÄKTA purifier systems (GE 

Healthcare). Molecular weight cut-off concentrators (5 kDa) were purchased from 

Millipore (North Ryde, NSW, Australia).  

 

7.1.2 Molecular methods 

7.1.2.1 Buffer and media preparation 

All nutrient media used in protein expression were autoclaved at 121 °C for 20 min and 

stored at 4 °C prior to use. Heat labile additives were sterile-filtered prior to inoculation. 

The compositions of different nutrient media are shown in Table 7-1 – Table 7-3. All 

buffers were filtered using 0.22 µm nitrocellulose membrane filters (Millipore, North 

Ryde, NSW, Australia) and degassed prior to use. Buffers and solutions used are as 

stated in Table 7-4 and Table 7-5. 

 

7.1.2.2 Transformation of E. coli 

The panE gene encoding KPR, cloned into the pRSETA plasmid was used to transform 

competent cells of E. coli strain C41(DE3). The initial transformation step involved the 

addition of the cloned plasmid (1 μL) to competent cells (100 μL) which were then 

incubated on ice for 30 min. The cells were heat shocked for 45 sec at 42 °C and allowed 

to recover on ice for at least 2 min. Super optimal broth with catabolite repression (SOC 

medium, 900 μL) was added to the cells and incubated for 1h at 37 °C. The cell culture 

suspension (70 μL) was then plated on LB agar containing Amp (100 µg/mL) and 
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incubated for 16 hr at 37 °C. The composition of nutrients used in the transformation is 

given in Table 7-1. 

 

Table 7-1. Composition of media used in transformation  

LB agar was prepared with all the components (except for Amp) in MilliQ water and then autoclaved. 

Amp was added once the mixture had cooled to approximately 50 °C. Shortly after adding the Amp, 

the warm mixture was poured into sterile culture plates. After setting, the plates were incubated 

overnight at 37 °C to test for contamination. Plates which showed no bacterial and/or fungal growth 

were stored at 4 °C until use. All nutrients except MgCl2, D-glucose, and Amp in SOC media were 

autoclaved. MgCl2, D-glucose, and Amp were 0.22 µm filter sterilised.  

Component  LB agar  SOC media 

Tryptone  2 g  3 g 

NaCl  1 g  0.075 g 

Yeast extract  1 g  0.75 g 

Agar  2 g   

KCl    0.028 g 

MgCl4    1.5 mL 

D‐glucose (1 M)    3 mL 

Amp (100 mg/mL)  0.2 mL  1 mL 

MilliQ H2O  made up to 200 mL  made up to 150 mL 
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7.1.2.3 Plasmid purification 

Plasmid DNA was purified from E. coli cultures using a Qiagen Plasmid Maxikit from 

Qiagen Pty Ltd (Doncaster, VIC, Australia) according to the manufacturer’s instructions.  

 

7.1.2.4 Protein expression 

7.1.2.4.1 Expression of unlabeled E. coli KPR 

Single colonies of freshly transformed E. coli strain C41(DE3) cells were selected to 

inoculate starter cultures in LB broth containing Amp (100 µg/mL) and incubated 

overnight with shaking (260 rpm) at 37 °C. Overnight cultures from a single colony 

were pelleted by centrifugation at 3,500 rpm for 15 min (4 °C), resuspended in fresh 

media (~2 mL) and subsequently transferred into 2 × 500 mL LB/Amp. The cells were 

grown at 28 °C to an OD600 of 0.6 when they were induced with 1 mM IPTG. Growth 

continued for an additional 9 hr at 28 °C before harvesting (10,000 rpm, 15 min, and 

4 °C). The supernatant was discarded and the cell pellet was frozen at -20 °C until 

further purification. 

 

Alternatively, KPR expression was performed by transferring the overnight culture to 

auto-induction media (2 × 500 mL) using a method described by Studier.169 The 

composition of nutrients used in the auto-induction media is given in Table 7-2. Auto-

induction media was prepared using ZY which is LB in the absence of NaCl, 1 M 

MgSO4, 20 × NPS and 50 × 5052 mixtures with antibiotic Amp (100 µg/mL). The cells 

were incubated for 24 hr with shaking (260 rpm) at 28 °C and harvested (10,000 rpm, 

15 min, and 4 °C). The supernatant was discarded and the cell pellet was frozen at 

-20 °C until further purification. 
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Table 7-2. Composition of the nutrients used in the auto-induction media 

The composition of the different nutrient mixtures is listed in (A). The salts (20 × NPS) and ZY broth 
were autoclaved at 121 °C for 20 min, while the carbon source (50 × 5052), Amp and MgSO4 were 
filter sterilised. When the autoclaved ZY and 20 × NPS salts had cooled to approximately 50 °C, all 
the ingredients were added together in the order listed in (B). 

 

 (A)  ZY      (B) Auto‐induction media 

  Tryptone  10 g      1.  ZY     925 mL 

  Yeast extract  5 g      2.  20 × NPS     50 mL 

  MilliQ H2O  925 mL     3.  50 × 5052     20 mL 

          4.  MgSO4     1 mL 

  20 × NPS        5.  Amp     1 mL 

  (NH4)2SO4   5.4 g         

  KH2PO4   13.6 g         

  Na2HPO4   14.2 g         

  MilliQ H2O  90 mL         

             

  50 × 5052 (0.22 µm filtered)         

  Glycerol   25 g         

  α‐Lactose  10 g         

  D‐Glucose  2.5 g         

  MilliQ H2O  73 mL         

             

  MgSO4 (1 M) (250 mg/mL)  1 mL         

  Amp (100 mg/mL)  1 mL         

 

  



Chapter 7 Experimental 

 

208 
 

7.1.2.4.2 Expression of labelled E. coli KPR 

Expression of 15N isotope-labelled KPR was carried out according to the method 

described by Marley et al.170 Single colonies of freshly transformed E. coli strain 

C41(DE3) competent cells were selected to inoculate starter cultures in LB broth 

containing Amp (100 µg/mL) and incubated overnight with shaking (260 rpm) at 37 °C. 

The overnight cultures were pelleted at 3,500 rpm for 15 min (4 °C) and subsequently 

transferred to 8 × 500 mL LB/Amp. The large cultures were incubated at 37 °C with 

shaking (260 rpm) until the cell density reached log phase with OD600 of 0.6. The culture 

was centrifuged (3,500 rpm, 4 °C, 15 min) and the cell pellets were resuspended in one 

quarter of the volume of defined, labelled minimal media (2 × 500 mL) where 15NH4Cl 

was employed for nitrogen labelling (Table 7-3). The E. coli cells were incubated at 

28 °C, 260 rpm until growth recovery and unlabeled metabolite clearance (OD600 ~2.4, 

approximately 1.5 hr) prior to induction with 1 mM IPTG. Once the cell density 

plateaued, typically 5 – 6 h post-induction, the cells were collected by centrifugation at 

10,000 rpm, 4 °C for 10 min. The supernatant was discarded and the cell pellet was 

frozen at -20 °C until further purification. 
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Table 7-3. Composition of the nutrients used in minimal media 

The combination of nutrients for 5 × M9 salts is listed in (A). The salts and LB broth were autoclaved 

at 121 °C for 20 min, while heat labile additives such as D-glucose, thiamine and Amp were filter 

sterilised. Once the autoclaved 5 × M9 salts mixture cooled to approximately 50 °C, the ingredients 

listed in (B) were added and made up to 1 L. 

 

(A)  5 × M9 salts (autoclaved)    (B)  Minimal growth medium (1 L) 

  KH2PO4·2H2O  3.8 g      5 × M9 salts  200 mL

 
Na2HPO4·2H2O  6.8 g      D‐Glucose (20 g/100 mL)  20 mL 

  NaCl  0.5 g      Thiamine (2 mg/mL)  5 mL 

  15NH4Cl (pH adjusted to 7.2)  1 g      MgSO4 (1 M)  2 mL 

  MilliQ H2O  200 mL      CaCl2 (1 M)  2 mL 

          FeCl3 (10 mg/mL)  0.2 mL 

          ZnCl2 (34 mg/mL)  0.2 mL 

          Amp (100 mg/mL)  1 mL 

          MilliQ H2O  770 mL

 

7.1.2.5 Purification of KPR 

Frozen cell pellets (from a 1 L cell culture) were thawed and resuspended in 2 × 30 mL 

buffer A (10 mM KH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0) containing 1 

tablet of EDTA-free protease inhibitor cocktail (Roche, NSW, Australia). The cells were 

disrupted by sonication for 10 × 30 seconds on ice (with a cooling period of 30 secs 

between each cycle). The resulting cell debris was removed by centrifugation (25,000 

rpm, 4 °C, 15 min). The supernatant was carefully separated from the pellet avoiding 

any disturbance and retained to be purified.  
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An ÄKTA basic and ÄKTA purifier  (GE Healthcare) were used for the purification of 

KPR. Purification for His6-KPR was typically a three-step process, in which it was first 

applied to a nickel affinity column then a desalting column and a size exclusion column. 

The different column conditions are described below: 

 

7.1.2.5.1 Nickel affinity column  

The purification process involved binding of His6-KPR proteins to Ni-NTA silica in 

100% buffer A (Table 7-4). The majority of cellular proteins are unable to bind to this 

support and are contained in the column flow-through. After a wash step over 1 column 

volume in buffer A, purified His6-KPR was eluted by gradually increasing the 

concentration of imidazole in the running buffer. Purified His6-KPR was eluted at a 

gradient of 0 – 100% buffer B (Table 7-4) over 1 column volume (Figure 7-1).  
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Table 7-4. Buffer eluent for purification using nickel affinity column 

 
Buffer  Component 

A  10 mM KH2PO4, 300 mM NaCl, 10 mM Imidazole, pH 8.0 

B  10 mM KH2PO4, 300 mM NaCl, 500 mM Imidazole, pH 8.0 

 

 

  

 

 

Figure 7-1. (A) A chromatogram of KPR purification using nickel affinity column: The blue line 
represents the A280 and the numbers shown in red correspond to fractions collected. (B) Fractions were 
run on the SDS gel (15%) stained with Coomassie blue. Lane denoted ‘std’ has the molecular weight 
marker and the weights are indicated on the left (kDa). Fraction A1 was flow-through, fractions A9 – 
B1 contain purified KPR as indicated by the band at 35 kDa and the fraction denoted ‘P’ represents 
the cell pellet.  
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7.1.2.5.2 Desalting and size exclusion column 

Fractions containing His6-KPR from HisTrap affinity column, as assessed by 

SDS-PAGE were pooled, and imidazole was removed using the desalting column. A 

size exclusion column was then used to separate protein impurities from His6-KPR 

(Figure 7-2). An isocratic elution in buffer C or D was used (for both columns) 

depending on the requirements of subsequent experiments (NMR, assays).  

 

Table 7-5. Buffer eluent for purification using size exclusion or desalt column 

 
Buffer  Component 

C  100 mM HEPES, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, pH 8.0 

D  100 mM HEPES, 100 mM NaCl, 1 mM DTT, 1 mM EDTA, pH 7.6 

 

 

 

Figure 7-2. A chromatogram of KPR purification using size exclusion column and SDS gel (15%) of 
selected fractions: Fractions were run on the SDS gel (15%) stained with Coomassie blue. Lane 
denoted ‘std’ has the molecular weight marker and the weights are indicated on the left (kDa). 
Fractions B4 – B6 contain purified KPR as indicated by the band at 35 kDa.  
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7.1.2.5.3 Summary 

Stage  Ni‐NTA  Desalting  Size Exclusion 

Column  HisTrap HP 5 ml  HiPrep 26/10  HiLoad Superdex 75 HR 16/60 

Buffer/s  A and B  C or D  C or D 

Equilibrate 
(Column Volume) 

5 CV  2 CV  5 CV 

Flow Rate  2 mL/min  10 mL/min  1 mL/min 

Injection Size  10 – 30 mL  10 mL  1 – 4.8 mL 

Gradient  0 – 100% B in 1 CV     

 

7.1.2.6 Analysis of KPR expression 

7.1.2.6.1 SDSPAGE 

Polyacrylamide gels were made using the Biorad mini-PROTEAN 3 gel casting set 

(Biorad Laboratories Inc., NSW, Australia). The 5% stacking gel was prepared with 1.0 

M Tris/HCl buffer pH 6.8 and a 15% polyacrylamide resolving gel was prepared with 

1.5 M Tris/HCl buffer pH 8.8. Sample wells in the gels were produced by the well 

dividers, which were placed into the stacking gel prior to polymerisation. The gel was 

positioned upright with separate reservoirs filled with running buffer (25 mM Tris/HCl, 

0.19 M glycine and 1% SDS, pH 8.3).  

 

Equal volume (1:1) of sample and Laemmli buffer (50 mM Tris/HCl pH 6.8, 10% 

glycerol, 2.0% SDS and 0.01% w/v bromophenol blue) were heated at 100 °C for 

10 min and loaded onto a 15% polyacrylamide gel. The sample loading volume was 

typically between 5 – 10 µL. Molecular weights were estimated by comparison to a set 
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of known molecular weight standards (Biorad Laboratories Inc., NSW, Australia). The 

gel was run at 100 V until the dye reached the bottom of the stacking gel. Then the 

voltage was increased to 250 V and continued to run until the dye band reached the 

bottom of the gel. The gel was stained by incubating in Coomassie blue staining solution 

(Coomassie blue 1 g/L, acetic acid 100 mL/L, and ethanol 300 mL/L in MilliQ water) 

for 20 min then destained with destaining solution (30% methanol and 10% acetic acid 

in MilliQ water) to visualise the protein bands.  

 

Alternatively, the gels were silver stained by soaking the gel in fixing solution (40% 

methanol, 13.5% formalin in MilliQ water) for 10 min followed by two successive water 

washes of 5 min each. The gel was soaked in Na2S2O3 for 1 min and then two water 

washes for 20 sec each. Next, the gel was soaked in 0.1% AgNO3 in MilliQ water for 

10 min and rinsed with water. A small volume of developing solution (3% sodium 

carbonate, 0.05% formalin, 0.000016% Na2S2O3 in MilliQ water) was added and the gel 

was soaked until the band intensities were determined to be adequate as judged visually 

(1 – 3 min) before the reaction was quenched with 2.3 M citric acid with shaking for a 

further 10 min. Finally, the gel was washed in water and soaked in water for 30 min 

before drying.  
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7.1.2.6.2 Estimation of protein concentration  

Total protein concentration was quantified using a Cary 50 UV-Vis spectrophotometer 

(Agilent Technologies, Forest Hill, VIC, Australia) operated by version 4.1 Cary 

WinUV software or a NanoVue spectrophotometer (GE Healthcare, NSW, Australia). 

Absorption at 280 nm and an extinction coefficient of 62650 M-1 cm-1 were used.91 

Bradford assays were performed using BioRad kit according to the manufacturer’s 

instructions.  

 

7.1.2.6.3 Mass spectrometry  

Samples of purified protein were analysed using Agilent Technologies 6510 Q-TOF 

LC/MS. MS data were analysed and deconvoluted using Mass Hunter (Agilent 

Technologies, Forest Hill, VIC, Australia). Purified soluble protein samples were 

injected directly onto the MS. Samples containing high salt concentration were applied 

to a C8 guard column, which was then washed for 2 min in 0.1% formic acid before 

being eluted onto the MS with a 10 min 0 – 80% acetonitrile gradient in the presence of 

0.1% formic acid, all at 0.25 mL/min. The mass spectrum of purified KPR gave an 

ES-MS value of 35790.21 Da (Figure 7-3), which was consistent to the calculated amino 

acid sequence of His6-KPR (35791.90 Da) using the ExPASy site 

(http://web.expasy.org/protparam/).  
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35790.21 Da

(A) 

(B) 

Figure 7-3. (A) Electrospray mass spectrum of purified KPR, (B) Deconvoluted mass spectrum 

Calculated MW = 35791.90  

Observed MW = 35790.21 

Errors = 1.69  
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7.1.3 Functional assay 

7.1.3.1 Kinetics and inhibition assay 

The standard KPR assay was adapted from the procedure reported by Ciulli et al.42 KPR 

activity was assayed by following the decrease in absorbance resulting from converting 

NADPH to NADP+ (340 nm for NADPH = 6220 M-1
 cm-1) at 340 nm with temperature 

regulated at 30 ºC. The assays were carried out on a VERSAmax micro plate reader 

(Molecular Devices Corporation, Sunnyvale, California, USA) operated by version 4.7 

SoftMax Pro software. For measurement of inhibition, fragment compounds in 4 µL 

volumes were added to each well of a 96-well plate (Greiner Bio-One, Frickenhausen, 

Germany), followed by 176 µL of master mix (NADPH and KPR in buffer). The 

reaction was initiated with the addition of 20 µL ketopantoate. The final concentrations 

and volumes used in a typical inhibition assay are given in Table 7-6. The reactions were 

carried out in 100 mM HEPES buffer (pH 7.6) in a final volume of 200 µL. No more 

than 2% DMSO was present in any assay. A 2% DMSO control containing no fragment 

was run on each plate. Measurements were obtained in at least duplicates. Data were 

fitted to the appropriate rate equation using GraphPad Prism (version 5.00 for Windows, 

GraphPad Software, San Diego, California USA, www.graphpad.com).226  

 

Table 7-6. Reagent concentrations and volumes used in a typical inhibition assay 

 

  

  [Stock], µM  [Final], µM  Volume, µL 

KPR  0.15  0.003  4 

NADPH  200  20  20 

Ketopantoate  10,000  1,000  20 

DMSO      4 

Buffer      152 
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7.1.3.1.1 Inhibition determination 

The UV-based kinetics assay was used to assess KPR inhibition by the fragments. 

Initially their inhibitory activity was evaluated and the results were presented as percent 

inhibition at 0.5 or 1 mM concentration. Based on a given cut-off (30 – 50%), the half 

maximal inhibitory concentration (IC50), that was calculated using non-linear regression 

of log(antagonist) vs response model. Further characterisation involved obtaining the 

inhibition constant of the inhibitor (Ki). The data were analysed using non-linear 

regression with a competitive inhibition model based on the Cheng-Prusoff equation: 

Equation 7-1 

i
50

1
m

 

where:  Ki = inhibition constant 

  IC50 = inhibitor concentration at 50% inhibition 

[S] = substrate concentration 

Km = Michaelis‐Menten constant (for Substrate S) 

 

 

7.1.3.2 Non-specific interaction, bovine serine albumin test 

A control experiment was performed with three concentrations of BSA, 0.1, 0.5 and 

1 mg/mL in the absence of any test compound to establish whether BSA may interfere 

with the enzyme assay. The standard KPR assay protocol was adapted and was carried 

out on a VERSAmax micro plate reader. BSA (0.1 – 1 mg/mL) was added to the buffer 

before the addition of KPR.  

  



Chapter 7 Experimental 

 

219 
 

7.1.3.3 Optimised detergent-based enzyme assay 

In the optimised assay, NADH was used instead of NADPH and detergent was added to 

the reaction mixture. The assays were carried out on a VERSAmax micro plate reader. 

To each well of a 96-well plate, compounds were added in 4 µL volumes. Tween-20 was 

mixed with the buffer (100 mM HEPES buffer (pH 7.6)) first and then NADH and KPR 

were added to form the master mix. The master mix (176 µL) was then added to each 

well and the reaction was initiated by the addition of 20 µL ketopantoate. The final 

concentrations and volumes used in the reaction for % inhibition or IC50 are summarised 

in Table 7-7. 

 

Table 7-7. Reagent concentrations and volumes used in a typical inhibition assay 

 

 

 

 

 

 

 

 

7.1.3.4 IC50 and ligand efficiency  

The quality of fragment hits was assessed through LE to ensure the best fragment hits 

were selected for optimisation. Given that we did not have any Kd values, IC50 values 

were used as an approximation. LE was calculated using two equations, first by 

converting the IC50 into the free energy of binding (Equation 7-2) where R is the gas 

constant (1.9872 kcal/mol; 1 kcal ≈ 4.184 kJ) and T is the temperature (303 K) of the 

experiment and IC50 is the half maximal inhibition concentration for the compound. 

  [Stock], µM  [Final], µM  Volume, µL 

KPR  0.15  0.003  4 

NADH  250  25  20 

Ketopantoate  10,000  1,000  20 

DMSO      4 

Buffer      152 

Tween‐20      0.02 
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Subsequently, the ΔG free energy of binding (kcal/mol) from Equation 7-2 is divided by 

N the number of heavy atoms (non-hydrogen atoms) in the compound (Equation 7-3). 

 

Equation 7-2. 

∆ . ln  50  

 

Equation 7-3. 

∆ / non‐hydrogen atoms 

 

7.1.4 Dynamic light scattering 

The buffer (100 mM HEPES, 100 mM NaCl, pH 7.6) used in compound dilutions was 

filtered first using 0.22 µm nitrocellulose membrane filters to remove dust prior to DLS 

measurements. The polystyrene cuvettes were washed with milliQ water and dried prior 

to use. Compounds were tested at final concentrations of 50, 100 and 500 µM, with (and 

without) 0.01% Triton X-100 (vol/vol) and 2% DMSO (vol/vol) in a final volume of 1 

mL. Each sample was prepared in at least duplicate to check reproducibility. For 

negative controls, 2% DMSO was added to the buffer in the presence (and absence) of 

0.01% Triton X-100 (vol/vol). Samples were assessed using a Malvern Zetasizer Nano 

S, (Malvern Instruments, Worcestershire, U.K.) with a 4 mW He-Ne laser (λ) 632.8 nm 

with detection at 173° and a thermostated sample chamber set to 25 °C was used. Size 

information was obtained from the correlation function by two mean values on the 

Zetasizer Nano DS using the software package DTS Nano version 5.10.  
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7.1.5 NMR methods 

7.1.5.1 STD-NMR  

Unless otherwise indicated, the NMR buffer for all KPR samples consisted of HEPES 

100 mM, NaCl 150 mM, DTT 1 mM and EDTA 1 mM in H2O with 10% D2O (vol/vol), 

adjusted to pH 8.0. All 1D 1H NMR reference spectra for individual library fragments 

were acquired on a Brüker AvanceII 800 Spectrometer (Brüker BioSpin, Billerica, MA, 

USA) at 800.13 MHz equipped with a cryo-cooled probe in 10% D2O and buffer 

(20 mM KH2PO4, 80 mM NaCl pH 7.4), using the WATERGATE227 sequence for water 

suppression. 1H NMR reference spectra also served as a quality check for purity and 

correct fragment identity. 

 

7.1.5.1.1 Standard STDNMR 

For primary screening, samples were prepared using 25 µM unlabelled KPR in buffer 

(535 µL) with mixtures of 5 fragments (5 µL) at a final concentration of 1 mM each and 

10% D2O (60 µL). Each sample was immediately transferred into a 5 mm NMR tube 

with a final volume of 600 µL. The STD measurements were acquired on an 800 MHz 

Brüker AvanceII spectrometer, employing a triple-resonance 5 mm TXI cryoprobe 

equipped with single-axis gradients and an autosampler. Standard pulse sequences were 

used for 1D and STD data acquisition and water suppression was achieved using the 

WATERGATE scheme. STD-NMR experiments were carried out at 10 °C. The 3s 

irradiation period consisted of a train of 50 ms Gaussian pulses separated by a 1 ms 

delay. A 35 ms T2 filter was used to suppress residual protein signals. STD data sets 

were obtained in 128 scans. NMR data were processed in TOPSPIN version 3.1 (Bruker 

Biospin).  
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To begin with, the STD analysis involved comparing 10 STD spectra at a time and those 

that displayed stronger signals were selected for further investigation. For an individual 

analysis of the STD an example is shown in Figure 7-4. The 1D 1H NMR spectra of five 

different fragments in solution (A – E) are shown for reference. The 1D 1H NMR 

spectrum of a mix of the five fragments in the presence of KPR (red spectrum) is 

compared with the STD (blue spectrum). The resonance signals observed in the STD 

spectrum are indicative of a fragment binding. In the example shown, fragment (C) is a 

KPR fragment binder. 

 

Figure 7-4. Detection of ligand binding to KPR using STD-NMR: The box highlights fragment C 
proton signals matching those observed in the STD spectrum indicating fragment C is binding to 
KPR. 
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7.1.5.1.2 Optimised detergentbased STDNMR  

The samples were prepared as cocktails of 5 fragments at a final concentration of 300 

µM each. Tween-20 (0.01%) was mixed with buffer (495 µL) prior to the addition of 

5 µL of KPR (at final concentration of 15 µM) and 10% D2O (55 µL). The KPR mixture 

was added to the fragment cocktail (5 µL) to give a final volume of 560 µL. Mixed 

gently in a microcentrifuge tube, the sample was then transferred to a standard NMR 

tube. Control samples without KPR were also prepared and analysed. The method used 

to process the NMR data was the same as that described for standard STD-NMR. 

 

Since some fragments display a positive STD signal in the absence of KPR a 

comparison of the signal intensities was made between STD in the presence of KPR 

(Tween-20 + KPR) and absence of KPR (Tween-20 only). A fragment was designated 

binding to KPR and not the detergent when it showed at least a two-fold greater intensity 

of STD signal in the presence of KPR.  

 

7.1.5.2 1H/15N-HSQC NMR  

1H/15N-HSQC spectra were acquired on a Varian Unity Inova 600 spectrometer at 

599.76 MHz equipped with a single axis gradient triple resonance cryogenic probe with 

32 scans and 64 t1 increments or on a Brüker Avance 800 spectrometer with 8 scans and 

160 t1 increments. Typical acquisition time was 30 min for each 1H/15N-HSQC 

experiment and the standard pulse sequence was used for data acquisition. 

 

Samples were prepared with 100 µM uniformly 15N-labelled KPR in 100 mM HEPES 

buffer (pH 8.0), containing 150 mM NaCl and 10% D2O in the presence and absence of 

added compound. Compounds were tested at 1 mM (0.2% DMSO) using Shigemi tubes 
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(Hachioji-City, Tokyo, Japan) in a final volume of 300 µL. The 1H/15N-HSQC spectra 

were processed with TOPSPIN version 3.1 (Bruker Biospin) and analysed using 

Sparky.228 Binding was analysed by monitoring the weighted average of the 1H and 15N 

chemical shift changes. 

 

7.1.5.3 Chemical shift mapping  

Ligand binding to a target protein affects the chemical shifts of both the ligand and the 

protein nuclei resonance signals. 1H/15N-HSQC spectra were acquired in the presence 

and absence of the fragments. Binding was analysed using the weighted combined 1H 

and 15N amide shifts (Δδ) using Equation 7-4. 

 

Equation 7-4 

∆     bound    free  2 0.154    bound    free  2   

 

Residues that experience the greatest changes in chemical shift were mapped onto the 

crystal structure of KPR (PDB ID: 1YJQ).91 The CSP were categorised as strong (Δδ > 

0.04 ppm), medium (0.04 > Δδ > 0.01 ppm) or weak (Δδ > 0.01 ppm). PyMOL 

molecular viewer (DeLano Scientific LLC, USA) was used for visualisation of the CSP 

mapped onto the KPR structure.229  
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7.1.6 Computational docking 

7.1.6.1 Analysis of water molecules in the binding site 

KPR crystal structures were retrieved from the Protein Data Bank (PDB ID: 1YON, 

2OFP, 1YJQ, 1KS9) and converted into 2D plots using the program LIGPLOT.95 Water 

molecules involved in hydrogen bonds between the protein and the ligand are listed 

(Table 7-8). The crystal structures were then superimposed to identify any waters that 

were structurally conserved (Chapter 1, Figure 1-5). 

 

Table 7-8. The hydrogen bond interactions for the different water molecules 

 

H2O‐#  Hydrogen bond Interactions 

1  Gly7 or Gly9, Gly12  (conserved  7GCGALG12 glycine‐rich  loop), Thr70 and 

cofactor pyrophosphate group 

2  Cys8 and the cofactor adenine nitrogen 

3  Gln75 and cofactor 2'‐phosphate group (all except PDB ID: 1YON) 

For 1YON: Gln75 and cofactor pyrophosphate group 

4  Arg124 and cofactor pyrophosphate group 
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7.1.6.2 Ligand preparation 

The library of 500 fragments from Maybridge used in the docking experiment was 

converted from 2D to 3D structures using the program SYBYL (Tripos, St. Louis, MO, 

USA, 1999) with the aid of scripting written by Dr David Chalmers (MIPS, Monash 

University). Other ligands such as NADPH and its analogues were constructed in 

SYBYL. The ligands were assigned Gasteiger-Marsili charges and energy minimised 

prior to docking. 

 

7.1.6.3 Protein preparation 

The protein was prepared with the standard options of the Protein Preparation Wizard 

protocol in Maestro (version 8.0; Schrödinger). Hydrogen additions and the adjustment 

of protonation and tautomerization states of binding site residues were carried out at pH 

7.4. Only water molecules involved in protein-cofactor interactions were retained during 

the preparation of the system. Some residues containing structural errors were fixed 

manually. 

 

7.1.6.4 Glide docking 

In Glide (version 5.0; Schrödinger) the protein was assigned Macromodel/OPLS charges 

and atom types. The co-crystallised NADP+ was used to define a centroid for the 

docking grid and the enclosing box length was set to 10 Å in X, Y and Z directions. 

Default parameters were used for van der Waals (vdW) radii scaling factor (0.8), per-

atom vdW radius and charge scaling values (cut-off of 0.25). Distance-dependent 

dielectric constant was defined as 2.0 and maximum number of steps was set to 500 

during the conjugate gradient minimization cycles for the energy minimization stages for 

selected poses. 
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Two modes of Glide processing were examined. The standard-precision (SP) allows 

docking with high speed, though relatively moderate accuracy and restricted 

conformational sampling. The extra-precision (XP) mode requires more CPU time as it 

combines the sampling protocol with the use of a custom scoring function designed to 

identify ligand poses that would be expected to have favourable energies. The 

GlideScore scoring function (Equation 7-5) was used to select up to 20 poses for each 

ligand.  

Equation 7-5: 

 

A vdW B Coul Lipo Hbond Metal BuryP RotB Site 

Where: 

vdW = van der Waals energy 

Coul = Coulomb energy 

Lipo = Lipophilic contact term 

HBond = Hydrogen‐bonding term 

Metal = Metal‐binding term 

BuryP = Penalty for buried polar groups 

RotB = Penalty for freezing rotatable bonds 

Site = Polar interactions in the active site 
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7.2 Chemistry 

7.2.1 General experimental 

1H NMR spectra were recorded on a Brüker Avance DPX 300 or 400 spectrometer at 

300.13 or 400.13 MHz respectively or on a Varian Unity Inova 600 spectrometer at 

599.76 MHz. Data was acquired using TOPSPIN/ICONNMR (Brüker) and plotting was 

managed using MestReNova 6.0.2 software. Chemical shifts (δ) for all 1H are reported 

in parts per million (ppm) and were referenced to residual proteo-solvent residual peaks, 

such as δ 7.26 for deuterated chloroform (CDCl3), δ 2.50 for d6-dimethyl sulfoxide 

(d6-DMSO), or δ 3.31 for d4-methanol (CD3OD).230 Each proton resonance was assigned 

according to the following convention: chemical shift (δ), number of protons, 

multiplicity, coupling constant(s) (J Hz) and proton assignment. Multiplicities are 

denoted as: s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, multiplet; br, broad 

and app, apparent. Proton-fluorine 19F coupling constants are reported as 3JHF and 

recorded to the nearest 0.5 Hz. 

 

13C NMR spectra were recorded on a Brüker Avance DPX 400 spectrometer at 100.61 

MHz, or on a Varian Unity Inova 600 spectrometer at 150.83 MHz. Data was acquired 

using TOPSPIN/ICONNMR (Brüker) and plotting was managed using MestReNova 

6.0.2 software. Chemical shifts (δ) for all 13C NMR spectra are reported in parts per 

million (ppm), referenced to the relevant solvent signals: δ 77.16 for CDCl3; δ 39.52 for 

d6-DMSO; and δ 49.00 for CD3OD.230 Carbon signals are assigned as: Cq, quaternary; 

CH, methine carbon; CH2, methylene carbon; and CH3, methyl carbon. Coupling to 

fluorine 19F is reported as JCF coupling and recorded to the nearest Hz. Homonuclear 

(1H-1H) correlation spectroscopy (gradient COSY), and HSQC spectra were obtained 

using the standard Brüker pulse sequence for structural assignment of some compounds.  
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High Resolution Mass Spectra (HRMS) were collected on a Waters Micromass LCT 

Premier XE time-of-flight (TOF) mass spectrometer fitted with an electrospray ion 

source and controlled with MassLynx software version 4.5. Low resolution mass spectra 

(LRMS) were recorded using electrospray ionisation (ESI) on a Micromass Platform II 

Single Quadropole Mass Spectrometer. The principle ion peaks (m/z) are reported. 

Sample management was facilitated by an Agilent 1100 series HPLC system and the 

instrument was controlled using MassLynx software version 3.5.  

 

Target compounds were analysed using analytical reverse-phase High Performance 

Liquid Chromatography (HPLC) conducted on a Waters 2690 Separation Module with a 

Waters 996 Photodiode Array detector on a Phenomenex Luna C8 (2) 100Å (150 × 4.60 

mm, 5 µm) column. The following buffers were used; buffer A: 99.9% H2O, 0.1% TFA 

and buffer B: 80% CH3CN (or CH3OH), 19.9% H2O, 0.1% TFA. The following eluent 

systems were used with a flow rate of 1 mL/min and total run time of 20 min; eluent A 

(gradient) 0-11 mins, 20% buffer A and 80% buffer B, 11-20 mins 80% buffer A and 

20% buffer B. Novel compounds were further analysed using specified conditions 

(Appendix III) of isocratic buffer A and B over 20 min. All compounds were of ≥ 95% 

purity. Analytical Thin Layer Chromatography (TLC) was carried out on silica gel 60 

F254 pre-coated plates (0.25 mm, Merck) and visualised by the use of UV light and 

iodine or vanillin. Flash column chromatography was carried out according to the 

method described by Still et al.,231 using Davisil® LC60A 40 − 63 µm silica gel. Melting 

points were determined with a Mettler Toledo MP50 melting point apparatus and are 

uncorrected. 
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Hexane refers to the hydrocarbon fraction boiling at 60 – 80 °C and petroleum spirit 

refers to the hydrocarbon fraction boiling at 40 – 60 °C. Hexane, petroleum spirit and 

ethyl acetate were distilled before use. HPLC-grade DCM, THF and DMF were dried 

using MBraun solvent purification system (SPS-800) according to manufacturer’s 

instructions. All other solvents were reagent grade and used as received. All 

commercially available chemicals were purchased from Aldrich/Fluka, Merck or Matrix 

and used without purification, unless otherwise indicated.  
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7.2.2 Synthesis of sulfonamides 

7.2.2.1 Preparation of N-(4-sulfonylphenyl)acetamide  

General procedure A: 

To a stirred solution of 4-acetamidobenzene-1-sulfonyl chloride (142) (500 mg, 2.14 

mmol) in THF (10 mL) was added amine (141a – m, 5 − 10 mol equivalent) at ambient 

temperature. The reaction mixture was heated at reflux for 1 h after which it was 

concentrated under reduced pressure. The resulting residue was dissolved in aqueous 

HCl (1 M, 30 mL) to which ethyl acetate (30 mL) was added. The layers were separated, 

the aqueous phase was extracted with ethyl acetate (3  30 mL) and the combined 

organic fractions were washed with water, brine, dried over anhydrous magnesium 

sulfate and dried in vacuo to give the required crude product (143a – m).  

 

7.2.2.2 Preparation of 4-aminobenzenesulfonamide  

General procedure B: 

The subsequent N-(4-sulfamoylphenyl)acetamide product (143a – m, 50 − 200 mg) of 

general procedure B was mixed in aqueous HCl (2 M) and stirred at 100 °C for 1 h. The 

reaction mixture was then neutralised at 0 °C with sodium hydroxide (2 M). The crude 

solid thus obtained was filtered, washed with cold water and dried. Purification of the 

title compound (144a – m) was achieved by recrystallisation using the solvent(s) 

specified. 
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N-[4-(Diethylsulfamoyl)phenyl]acetamide (143a) 

 

Diethylamine 141a (783 mg, 10.70 mmol) was added to 4-acetamidobenzene-1-sulfonyl 

chloride (142) (500 mg, 2.14 mmol) in THF (10 mL) as described in general procedure 

A. Recrystallisation from ethyl acetate-hexane afforded the desired product 143a 

(415 mg, 72%) as white crystals, mp 72 – 74 ºC (lit. 71 – 73 ºC) with spectroscopic data 

in agreement with literature data.232 

1H NMR (300 MHz, d6-DMSO) : 1.02 (6H, t, J = 7.2 Hz, H3''), 2.08 (3H, s, H2), 3.13 

(4H, q, J = 7.2 Hz, H2''), 7.71 – 7.80 (4H, m, H2', H3', H5', H6'), 10.32 (1H, s, NH). 

LRMS (ESI) m/z 271 (M + H)+.  

RP-HPLC: tR 8.85 min, 99% (gradient). 

 

N-[4-(Pyrrolidine-1-sulfonyl)phenyl]acetamide (143b) 

 

Pyrrolidine 141b (760 mg, 10.7 mmol) was added to 4-acetamidobenzene-1-sulfonyl 

chloride (142) (500 mg, 2.14 mmol) in THF (10 mL) as described in generalprocedure 

A. Recrystallisation from ethyl acetate-hexane afforded N-[4-pyrrolidine-1-

sulfonyl)phenyl]acetamide 143b (489 mg, 85%) as white long needles, mp 180 – 182 ºC 

(lit. 183 – 185 ºC) with spectroscopic data in agreement with reported literature data.233  

1H NMR (300 MHz, CD3OD) : 1.71 – 1.76 (4H, m, H3'', H4''), 2.16 (3H, s, H2), 3.19 – 

3.24 (4H, m, H2'', H5''), 7.74 – 7.81 (4H, m, H2', H3', H5', H6').  
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LRMS (ESI): m/z 269 (85%, (M + H)+), 537 (100%, (2M + H)+).  

RP-HPLC: tR 8.18 min, >99% (gradient). 

 

N-[4-(Piperidine-1-sulfonyl)phenyl]acetamide (143c) 

 

Piperidine 141c (360 mg, 4.23 mmol) was added to 4-acetamidobenzene-1-sulfonyl 

chloride (142) (100 mg, 0.42 mmol) in THF (10 mL) as described in general procedure 

A. Recrystallisation from ethyl acetate-hexane afforded the desired product 143c 

(75 mg, 63%) as white micro-crystals, mp 160 – 161 ºC (lit. 137 – 139 ºC) with 

spectroscopic data in agreement with literature data.233  

1H NMR (300 MHz, CD3OD) : 1.41 – 1.47 (2H, m, H4''), 1.62 (4H, app p, J = 5.7 Hz, 

H3'', H5''), 2.17 (3H, s, H2), 2.95 (4H, dd, J = 5.4, 5.4 Hz, H2'', H6''), 6.69 (2H, app d, J 

= 9.0 Hz, H2', H6'), 7.81 (2H, app d, J = 8.7 Hz, H3', H5').  

LRMS (ESI) m/z 283 (M + H)+.  

RP-HPLC: tR 9.13 min, >99% (gradient). 

 

N-[4-(4-Methylpiperidine-1-sulfonyl)phenyl]acetamide (143d) 

 

4-Methylpiperidine 141d (1.06 g, 10.70 mmol) was added to 4-acetamidobenzene-1-

sulfonyl chloride (142) (500 mg, 2.14 mmol) in THF (10 mL) as described in general 

procedure A. Recrystallisation from ethyl acetate-hexane afforded the desired product 
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143d (571 mg, 90%) as light orange-yellow crystals, mp 152 – 154 ºC (lit. 140 – 142 ºC) 

with spectroscopic data in agreement with literature data.234 

1H NMR (400 MHz, CD3OD) : 0.90 (3H, d, J = 6.2 Hz, 4''-CH3), 1.16 – 1.35 (3H, m, 

H3a'', H5a'', H4''), 1.69 (2H, br dd, J = 12.4, 2.4 Hz, H3e'', H5e''), 2.16 (3H, s, H2), 

2.25 (2H, ddd, J = 14.2, 11.8, 2.4 Hz, H2a'', H6a''), 3.69 (2H, br d, J = 12.0 Hz, H2e'', 

H6e''), 7.69 (2H, app d, J = 8.9 Hz, H2', H6'), 7.79 (2H, app d, J = 8.9 Hz, H3', H5'). 

LRMS (ESI) m/z 297 (M + H)+.  

RP-HPLC: tR 9.91 min, >99% (gradient). 

 

N-{4-[4-(Hydroxymethyl)piperidine-1-sulfonyl]phenylacetamide (143e) 

 

Piperidin-4-ylmethanol 141e (1.23 g, 10.70 mmol) was added to 4-acetamidobenzene-1-

sulfonyl chloride (142) (0.50 g, 2.14 mmol) in THF (10 mL) as described in general 

procedure A. Recrystallisation from ethyl acetate-hexane afforded the desired product 

143e as white micro-crystals (0.57 g, 85%), mp 207 – 208 ºC.  

1H NMR (400 MHz, d6-DMSO) : 1.13 (2H, br ddd, J = 16.1, 12.3, 3.7 Hz, H3a'', H5a''), 

1.20 – 1.35 (1H, m, H4''), 1.68 (2H, dd, J = 12.8, 2.1 Hz, H3e'', H5e''), 2.09 (3H, s, H2), 

2.15 (2H, ddd, J = 14.0, 11.8, 2.2 Hz, H2a'', H6a''), 3.19 (2H, t, J = 5.7 Hz, CH2OH), 3.60 

(2H, br d, J = 11.6 Hz, H2e'', H6e''), 4.48 (1H, t, J = 5.3 Hz, OH), 7.65 (2H, app d, J = 

8.8 Hz, H2', H6'), 7.80 (2H, app d, J = 8.9 Hz, H3', H5'), 10.36 (1H, s, NH). 

13C NMR (101 MHz, d6-DMSO) δ: 24.2 (CH3), 27.8 (CH2), 37.3 (CH), 45.9 (CH2), 65.2 

(CH2), 118.7 (CH), 128.7 (CH), 129.1 (Cq), 143.3 (Cq), 169.0 (Cq).  

LRMS (ESI) m/z 313 (M + H)+.  
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HRMS (ESI) calcd for C14H20N2O4S (M + H)+ 313.1217, found: (M + H)+ 313.1227. 

RP-HPLC: tR 4.01 min, >99% (isocratic), tR 7.51 min, >99% (gradient).  

 

N-[4-(Cyclohexylsulfamoyl)phenyl]acetamide (143f) 

 

Cyclohexylamine 141f (419 mg, 4.23 mmol) was added to 4-acetamidobenzene-1-

sulfonyl chloride (142) (100 mg, 0.42 mmol) in THF (10 mL) as described in general 

procedure A. Recrystallisation from ethyl acetate-hexane afforded the desired product 

143f (68 mg, 54%) as white prism-like crystals, mp 221 – 222 ºC (lit. 197 – 200 ºC) with 

spectroscopic data in agreement with literature data.233  

1H NMR (400 MHz, d6-DMSO) : 0.99 – 1.15 (5H, m, H2a'', H3a'', H4a'', H5a'', H6a''), 

1.42 – 1.56 (5H, m, H2e'', H3e'', H4e'', H5e'', H6e''), 2.08 (3H, s, H2), 2.83 – 2.93 (1H, m, 

H1''), 7.48 (1H, d, J = 7.4 Hz, NHSO2), 7.70 – 7.75 (4H, m, H2', H3', H5', H6'), 10.28 

(1H, s, NHCO).  

LRMS (ESI) m/z 297 (M + H)+.  

RP-HPLC: tR 9.49 min, >99% (gradient). 
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N-[4-(Phenylsulfamoyl)phenyl]acetamide (143g) 

 

Aniline 141g (498 mg, 5.35 mmol) was added to a stirred solution of 4-

acetamidobenzene-1-sulfonyl chloride (142) (250 mg, 1.07 mmol) in THF (10 mL) as 

described in general procedure A. Recrystallisation from ethyl acetate-hexane afforded 

the desired product 143g as a white solid (135 mg, 43%), mp 210 – 211 ºC.  

1H NMR (400 MHz, d6-DMSO) : 2.05 (3H, s, H2), 6.97 – 7.03 (1H, m, H4''), 7.04 – 

7.09 (2H, m, H2'', H6''), 7.17 – 7.24 (2H, m, H3'', H5''), 7.64 – 7.72 (4H, m, H2', H3', 

H5', H6'), 10.15 (1H, s, NHSO2), 10.29 (1H, s, NHCO).  

13C NMR (101 MHz, d6-DMSO) : 24.1 (CH3), 118.6 (CH), 120.1 (CH), 124.0 (CH), 

128.0 (CH), 129.2 (CH), 133.1 (Cq), 137.9 (Cq), 143.1 (Cq), 169.1 (Cq).  

LRMS (ESI) m/z 291 (M + H)+), 581 (2M + H)+).  

HRMS (ESI) calcd for C14H14N2O3S (M + H)+ 291.0798, found: (M + H)+ 291.0808.  

RP-HPLC: tR 6.03 min, >99% (isocratic), tR 8.54 min, >99% (gradient).  

 

N-[4-(Benzylsulfamoyl)phenyl]acetamide (143h) 

 

Benzylamine 141h (1.15 g, 10.70 mmol) was added to 4-acetamidobenzene-1-sulfonyl 

chloride (142) (0.50 g, 2.14 mmol) in THF (10 mL) as described in general procedure A. 

Recrystallisation from ethyl acetate-hexane afforded the desired product 143h (0.52 g, 
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79%) as off-white crystals, mp 160 – 161 ºC (lit. 171 – 172 ºC) with spectroscopic data 

in agreement with literature data.233 

1H NMR (300 MHz, CD3OD) : 2.15 (3H, s, H2), 4.04 (2H, s, CH2), 7.17 – 7.26 (5H, 

m, H2'', H3'', H4'', H5'', H6''), 7.69 – 7.77 (4H, m, H2', H3', H5', H6').  

LRMS (ESI) m/z 305 (M + H)+.  

RP-HPLC: tR 9.19 min, >99% (gradient). 

 

N-{4-[4-(4-Chlorophenyl)-4-hydroxypiperidine-1-sulfonyl]phenyl}acetamide (143i) 

 

4-(4-Chlorophenyl)piperidin-4-ol 141i (452 mg, 2.14 mmol) was added to 

4-acetamidobenzene-1-sulfonyl chloride (142) (250 mg, 1.07 mmol) in THF (10 mL) as 

described in general procedure A. Recrystallisation from ethyl acetate-hexane afforded 

the desired product 143i as white micro-crystals (147 mg, 34%), mp 216 – 218 ºC.  

1H NMR (400 MHz, d6-DMSO) : 1.62 (2H, br d, J = 12.7 Hz, H3e'', H5e''), 1.95 (2H, 

ddd, J = 17.2, 13.1, 4.4 Hz, H3a'', H5a''), 2.10 (3H, s, H2), 2.57 (2H, app t, J = 10.9 Hz, 

H2a'', H6a''), 3.47 – 3.57 (2H, m, H2e'', H6e''), 5.05 (1H, s, OH), 7.35 (2H, app d, J = 8.7 

Hz, H3''', H5'''), 7.45 (2H, app d, J = 8.7 Hz, H2''', H6'''), 7.71 (2H, app d, J = 8.9 Hz, 

H2', H6'), 7.84 (2H, app d, J = 8.9 Hz, H3', H5'), 10.40 (1H, s, NH).  

13C NMR (101 MHz, d6-DMSO) : 24.2 (CH3), 36.7 (CH2), 42.2 (CH2), 68.7 (Cq), 118.7 

(CH), 126.8 (CH), 127.9 (CH), 128.7 (Cq), 128.8 (CH), 131.2 (Cq), 143.5 (Cq), 148.0 

(Cq), 169.2 (Cq).  

LRMS (ESI) m/z 409 (M[35Cl]+H)+.  
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HRMS (ESI) calcd for C19H21ClN2O4S (M + H)+ 409.0983, found: (M + H)+ 409.0991.  

RP-HPLC: tR 4.85 min, >99% (isocratic), tR 10.38 min, >99% (gradient).  

 

N-[4-(4-Phenylpiperidine-1-sulfonyl)phenyl]acetamide (143j) 

 

4-Phenylpiperidine 141j (987 mg, 6.12 mmol) was added to 4-acetamidobenzene-1-

sulfonyl chloride (142) (500 mg, 2.14 mmol) in THF (10 mL) as described in general 

procedure A. Recrystallisation from ethyl acetate-hexane afforded the desired product 

143j as light orange small needle-like crystals (703 mg, 92%), mp 191 – 192 ºC.  

1H NMR (400 MHz, d6-DMSO) : 1.64 (2H, br ddd, J = 16.2, 12.5, 3.7 Hz, H3a'', H5a''), 

1.75 – 1.82 (2H, m, H3e'', H5e''), 2.10 (3H, s, H2), 2.21 – 2.31 (2H, m, H2a'', H6a''), 2.44 

(1H, tt, J = 12.0, 3.3 Hz, H4''), 3.73 (2H, br d, J = 11.6 Hz, H2e'', H6e''), 7.13 – 7.21 (3H, 

m, H2''', H4''', H6'''), 7.22 – 7.30 (2H, m, H3''', H5'''), 7.70 (2H, app d, J = 8.8 Hz, H2', 

H6'), 7.84 (2H, app d, J = 8.9 Hz, H3', H5'), 10.39 (1H, s, NH).  

13C NMR (101 MHz, d6-DMSO) : 24.2 (CH3), 32.0 (CH2), 40.6 (CH), 46.6 (CH2), 

118.7 (CH), 126.3 (CH), 126.7 (CH), 128.4 (CH), 128.8 (CH), 128.8 (Cq), 143.4 (Cq), 

145.2 (Cq), 169.2 (Cq).  

LRMS (ESI) m/z 359 (M + H)+.  

HRMS (ESI) calcd for C19H22N2O3S (M + H)+ 359.1424, found: (M + H)+ 359.1438.  

RP-HPLC: tR 3.95 min, >99% (isocratic), tR 11.19 min, >99% (gradient).  
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N-[4-(4-Benzylpiperidine-1-sulfonyl)phenyl]acetamide (143k) 

 

4-Benzylpiperidine 141k (1.88 g, 10.70 mmol) was added to 4-acetamidobenzene-1-

sulfonyl chloride (142) (0.50 g, 2.14 mmol) in THF (10 mL) as described in general 

procedure A. Recrystallisation from ethyl acetate-hexane afforded the desired product 

143k as off-white solid (0.45 g, 55%), mp 149 − 150 ºC. 

1H NMR (400 MHz, CD3OD) : 1.22 (2H, br ddd, J = 15.9, 12.4, 3.9 Hz, H3a'', H5a''), 

1.33 – 1.45 (1H, m, H4''), 1.62 (2H, br d, J = 12.4 Hz, H3e'', H5e''), 2.06 – 2.22 (5H, m, 

H2a'', H6a'', H2), 2.46 (2H, d, J = 6.8 Hz, CH2), 3.66 (2H, br d, J = 12.0 Hz, H2e'', H6e''), 

7.06 (2H, d, J = 7.2 Hz, H2''', H6'''), 7.12 (1H, t, J = 7.3 Hz, H4'''), 7.21 (2H, t, J = 7.3 

Hz, H3''', H5'''), 7.64 (2H, d, J = 8.8 Hz, H2', H6'), 7.77 (2H, d, J = 8.7 Hz, H3', H5').  

13C NMR (101 MHz, CD3OD) : 24.1 (CH3), 32.4 (CH2), 38.5 (CH), 43.5 (CH2), 47.7 

(CH2), 120.4 (CH), 127.0 (CH), 129.3 (CH), 129.8 (CH), 130.1 (CH), 131.6 (Cq), 141.1 

(Cq), 144.3 (Cq), 172.0 (Cq).  

LRMS (ESI) m/z 373 (M + H)+.  

HRMS (ESI) calcd for C20H24N2O3S (M + H)+ 373.1580, found: (M + H)+ 373.1599.  

RP-HPLC: tR 4.61 min, >99% (isocratic), tR 11.37 min, >99% (gradient).  
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N-[4-(4-Benzylpiperazine-1-sulfonyl)phenyl]acetamide (143l) 

 

1-Benzylpiperazine 143l (1.89 g, 10.70 mmol) was added to 4-acetamidobenzene-1-

sulfonyl chloride (142) (0.50 g, 2.14 mmol) in THF (10 mL) as described in general 

procedure A. Recrystallisation from ethyl acetate-hexane afforded the desired product 

143l (0.46 g, 58%) as light yellow micro-crystals, mp 179 – 180 ºC with spectroscopic 

data in agreement with literature data.235  

1H NMR (300 MHz, CD3OD) : 2.16 (3H, s, H2), 2.47 – 2.51 (4H, m, H3'', H5''), 2.98 – 

3.01 (4H, m, H2'', H6''), 3.49 (2H, s, CH2), 7.19 – 7.31 (5H, m, H2''', H3''', H4''', H5''', 

H6'''), 7.69 (2H, app d, J = 9.0 Hz, H2', H6'), 7.80 (2H, app d, J = 9.0 Hz, H3', H5').  

LRMS (ESI) m/z 374 (M + H)+.  

RP-HPLC: tR 7.32 min, >99% (gradient).  
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N-[4-(4-Cinnamylpiperazine-1-sulfonyl)phenyl]acetamide (143m) 

 

1-Cinnamylpiperazine 141m (432 mg, 2.14 mmol) was added to a stirred solution of 

4-acetamidobenzene-1-sulfonyl chloride (142) (250 mg, 1.07 mmol) in THF (10 mL) as 

described in general procedure A. Recrystallisation from ethyl acetate-hexane afforded 

the desired product 143m as orange crystals (209 mg, 48%), mp 115 – 118 ºC.  

1H NMR (400 MHz, d6-DMSO) : 2.10 (3H, s, H2), 2.40 – 2.48 (4H, m, H3'', H5''), 2.80 

– 2.94 (4H, m, H2'', H6''), 3.07 (2H, d, J = 6.3 Hz, H1'''), 6.18 (1H, dt, J = 15.9, 6.5 Hz, 

H2'''), 6.49 (1H, d, J = 16.0 Hz, H3'''), 7.17 – 7.25 (1H, m, H4''''), 7.25 – 7.34 (2H, m, 

H3'''', H5''''), 7.36 – 7.41 (2H, m, H2'''', H6''''), 7.65 (2H, app d, J = 8.9 Hz, H2', H6'), 

7.82 (2H, app d, J = 8.9 Hz, H3', H5'), 10.40 (1H, s, NH).  

13C NMR (101 MHz, d6-DMSO) : 24.2 (CH3), 46.0 (CH2), 51.5 (CH2), 59.5 (CH2), 

118.7 (CH), 126.2 (CH), 126.5 (CH), 127.5 (CH), 128.2 (Cq), 128.6 (CH), 128.9 (CH), 

132.3 (CH), 136.6 (Cq), 143.5 (Cq), 169.2 (Cq).  

LRMS (ESI) m/z 400 (M + H)+.  

HRMS (ESI) calcd for C21H25N3O3S (M + H)+ 400.1689, found: (M + H)+ 400.1695.  

RP-HPLC: tR 6.93 min, >99% (isocratic), tR 8.39 min, 99% (gradient).   
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4-Amino-N,N-diethylbenzene-1-sulfonamide (144a) 

 

Acetamide 143a (100 mg, 370 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. Recrystallisation from methanol-ether afforded the 

desired product 144a (53 mg, 63%) as white solid, mp 104 – 106 ºC (lit. 105 – 106 ºC) 

with spectroscopic data in agreement with literature data.236  

1H NMR (300 MHz, d6-DMSO) : 1.01 (6H, t, J = 7.1 Hz, H3'), 3.06 (4H, q, J = 7.1 Hz, 

H2'), 5.93 (2H, br s, NH2), 6.61 (2H, app d, J = 8.7 Hz, H2, H6), 7.38 (2H, app d, J = 8.7 

Hz, H3, H5).  

LRMS (ESI) m/z 229 (M + H)+.  

RP-HPLC: tR 10.82 min, >99% (gradient). 

 

4-(Pyrrolidine-1-sulfonyl)aniline (144b) 

 

Acetamide 143b (100 mg, 372 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. Recrystallisation from methanol-ether afforded the 

desired product 144b (50 mg, 59%) as white crystals, mp 168 – 169 ºC (lit.237 167 – 

168 ºC and lit.233 172 – 173 ºC) with spectroscopic data in agreement with literature 

data.237 

1H NMR (400 MHz, CD3OD) : 1.71 – 1.74 (4H, m, H3', H4'), 3.14 – 3.18 (4H, m, H2', 

H5'), 6.72 (2H, app d, J = 8.9 Hz, H2, H6), 7.50 (2H, app d, J = 8.9 Hz, H3, H5).  
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LRMS (ESI) m/z 227 (M + H)+.  

RP-HPLC: tR 8.78 min, >99% (gradient). 

 

4-(Piperidine-1-sulfonyl)aniline (113) 

 

Acetamide 143c (50 mg, 177 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. Recrystallisation from methanol-ether afforded the 

desired product 113 (18 mg, 42%) as white prism-like crystals, mp 167 – 169 ºC 

(lit. 190 – 192 ºC) with spectroscopic data in agreement with literature data.233  

1H NMR (300 MHz, CD3OD) : 1.40 – 1.46 (2H, m, H4'), 1.61 (4H, app p, J = 5.7 Hz, 

H3', H5'), 2.91 (4H, dd, J = 5.4, 5.4 Hz, H2', H6'), 6.71 (2H, app d, J = 8.7 Hz, H2, H6), 

7.42 (2H, app d, J = 8.7 Hz, H3, H5).  

LRMS (ESI) m/z 241 (M + H)+.  

RP-HPLC: tR 8.61 min, >99% (gradient). 

 

4-(4-Methylpiperidine-1-sulfonyl)aniline (144d) 

 

Acetamide 143d (200 mg, 647 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. Recrystallisation from methanol-ether afforded the 

desired product 144d (78 mg, 48%) as off-white crystals, mp 104 – 106 ºC (lit. 140 – 

142 ºC) with spectroscopic data in agreement with literature data.234  
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1H NMR (400 MHz, CD3OD) : 0.91 (3H, d, J = 6.2 Hz, piperidine-CH3), 1.19 – 1.35 

(3H, m, H3a', H5a', H4'), 1.68 (2H, dd, J = 12.4, 2.3 Hz, H3e', H5e'), 2.23 (2H, ddd, J = 

14.0, 11.7, 2.4 Hz, H2a', H6a'), 3.64 (2H, br d, J = 12.0 Hz, H2e', H6e'), 6.81 (2H, app d, J 

= 8.9 Hz, H2, H6), 7.48 (2H, app d, J = 8.9 Hz, H3, H5).  

LRMS (ESI) m/z 255 (M + H)+.  

RP-HPLC: tR 9.60 min, >99% (gradient). 

 

{1-[(4-Aminobenzene)sulfonyl]piperidin-4-yl}methanol (144e) 

 

Acetamide 143e (100 mg, 320 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. The product 144e was recrystallised from methanol-

ether affording white crystals (60 mg, 69%), mp 211 – 212 ºC. 

1H NMR (400 MHz, d6-DMSO) : 1.12 (2H, ddd, J = 15.8, 12.3, 4.0 Hz, H3a', H5a'), 

1.19 – 1.37 (1H, m, H4'), 1.68 (2H, dd, J = 12.7, 2.4 Hz, H3e', H5e'), 2.09 (2H, ddd, J = 

11.8, 11.7, 2.3 Hz, H2a', H6a'), 3.20 (2H, d, J = 6.2 Hz, CH2), 3.53 (2H, br d, J = 11.6 

Hz, H2e', H6e'), 6.30 (2H, br s, NH2), 6.65 (2H, app d, J = 8.7 Hz, H2, H6), 7.34 (2H, 

app d, J = 8.8 Hz, H3, H5). 

13C NMR (101 MHz, d6-DMSO) δ: 27.9 (CH2), 37.4 (CH), 45.9(CH2), 65.3 (CH2), 

113.0 (CH), 120.5 (Cq), 129.4 (CH), 152.7 (Cq).  

LRMS (ESI) m/z 271 (M + H)+.  

HRMS (ESI) calcd for C12H18N2O3S (M + H)+ 271.1111, found: (M + H)+ 271.1118.  

RP-HPLC: tR 2.47 min, >99% (isocratic), tR 6.13 min, >99% (gradient).  
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4-Amino-N-cyclohexylbenzenesulfonamide (144f) 

 

Acetamide 143f (50 mg, 168 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. Recrystallisation from methanol-ether afforded the 

desired product 144f as off-white precipitate (20 mg, 47%), with spectroscopic data in 

agreement with literature data.233  

1H NMR (400 MHz, CDCl3) : 1.04 – 1.29 (5H, m, H2a', H3a', H4a', H5a', H6a'), 1.45 – 

1.80 (5H, m, H2e', H3e', H4e', H5e', H6e'), 3.07 (1H, tdt, J = 11.3, 7.7, 3.9 Hz, H1'), 4.10 

(2H, br s, NH2), 4.34 (1H, d, J = 7.4 Hz, NHSO2), 6.67 (2H, app d, J = 8.7 Hz, H2, H6), 

7.65 (2H, app d, J = 8.7 Hz, H3, H5).  

LRMS (ESI) m/z 255 (M + H)+.  

RP-HPLC: tR 8.16 min, >99% (gradient). 

 

4-Amino-N-phenylbenzene-1-sulfonamide (144g) 

 

Acetamide 143g (100 mg, 344 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. The product 144g was recrystallised from 

methanol-ether affording white micro-crystals (35 mg, 41%), mp 194 – 196 ºC.  
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1H NMR (400 MHz, d6-DMSO) : 5.96 (2H, br s, NH2), 6.52 (2H, d, J = 8.6 Hz, H2, 

H6), 6.96 (1H, t, J = 7.3 Hz, H4'), 7.06 (2H, d, J = 7.8 Hz, H2', H6'), 7.19 (2H, t, J = 7.8 

Hz, H3', H5'), 7.19 (2H, d, J = 8.6 Hz, H3, H5), 9.86 (1H, br s, NH).  

13C NMR (101 MHz, d6-DMSO) : 112.6 (CH), 119.5 (CH), 123.4 (CH), 124.5 (Cq), 

128.7 (CH), 129.0 (CH), 138.6 (Cq), 152.9 (Cq).  

LRMS (ESI) m/z 249 (M + H)+.  

HRMS (ESI) calcd for C12H12N2O2S (M + H)+ 249.0692, found: (M + H)+ 249.0702.  

RP-HPLC: tR 4.32 min, >99% (isocratic), tR 8.98 min, >99% (gradient).  

 

4-Amino-N-benzylbenzene-1-sulfonamide (144h) 

 

Acetamide 143h (100 mg, 328 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. Recrystallisation from methanol-ether afforded the 

desired product 144h (37 mg, 43%) as off-white/light yellow crystals, mp 118 – 119 ºC 

(lit. 200 – 201 ºC) with spectroscopic data in agreement with literature data.233  

1H NMR (400 MHz, CD3OD) : 3.97 (2H, s, CH2), 6.69 (2H, app d, J = 8.7 Hz, H2, 

H6), 7.17 – 7.32 (5H, m, H2'', H3'', H4'', H5'', H6''), 7.53 (2H, app d, J = 8.7 Hz, H3, 

H5).  

LRMS (ESI) m/z 263 (M + H)+.  

RP-HPLC: tR 8.58 min, >99% (gradient). 
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4-(4-Phenylpiperidine-1-sulfonyl)aniline (144j) 

 

Acetamide 143j (100 mg, 278 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. The product 144j was recrystallised from methanol-

ether affording off-white needle-like crystals (63 mg, 71%), mp 198 – 200 ºC.  

1H NMR (400 MHz, d6-DMSO) : 1.64 (2H, br ddd, J = 16.2, 12.5, 3.7 Hz, H3a', H5a'), 

1.74 – 1.82 (2H, m, H3e', H5e'), 2.21 (2H, ddd, J = 14.1, 11.9, 2.2 Hz, H2a', H6a'), 2.43 

(1H, tt, J = 12.0, 3.4 Hz, H4'), 3.67 (2H, br d, J = 11.5 Hz, H2e', H6e'), 6.06 (2H, s, NH2), 

6.67 (2H, app d, J = 8.8 Hz, H2, H6), 7.14 – 7.22 (3H, m, H2''', H4''', H6'''), 7.23 – 7.30 

(2H, m, H3''', H5'''), 7.38 (2H, app d, J = 8.8 Hz, H3, H5).  

13C NMR (101 MHz, d6-DMSO) δ 32.0 (CH2), 40.7 (CH), 46.6 (CH2), 112.8 (CH), 

119.9 (Cq), 126.3 (CH), 126.7 (CH), 128.4 (CH), 129.5 (CH), 145.4 (Cq), 153.2 (Cq).  

LRMS (ESI) m/z 317 (M + H)+.  

HRMS (ESI) calcd for C17H20N2O2S (M + H)+ 317.1318, found: (M + H)+ 317.1331.  

RP-HPLC: tR 7.11 min, >99% (isocratic), tR 11.05 min, >99% (gradient).  

  



Chapter 7 Experimental 

 

248 
 

4-(4-Benzylpiperidine-1-sulfonyl)aniline (144k) 

 

Acetamide 143k (100 mg, 268 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. The product 144k was recrystallised from 

methanol-ether affording orange needle-like crystals (44 mg, 49%), mp 146 – 147 ºC.  

1H NMR (400 MHz, CD3OD) : 1.24 (2H, br ddd, J = 15.8, 12.6, 3.8 Hz, H3a', H5a'), 

1.34 – 1.50 (1H, m, H4'), 1.63 (2H, br d, J = 12.8 Hz, H3e', H5e'), 2.12 (2H, ddd, J = 

14.0, 12.0, 2.4 Hz, H2a', H6a'), 2.48 (2H, d, J = 7.1 Hz, CH2), 3.61 (2H, br d, J = 11.7 

Hz, H2e', H6e'), 6.69 (2H, app d, J = 8.8 Hz, H2, H6), 7.08 – 7.15 (3H, m, H2'', H4'', 

H6''), 7.22 (2H, t, J = 7.3 Hz, H3'', H5''), 7.39 (2H, app d, J = 8.8 Hz, H3, H5).  

13C NMR (101 MHz, CD3OD) : 32.5 (CH2), 38.6 (CH), 43.6 (CH2), 47.7 (CH2), 114.4 

(CH), 122.8 (Cq), 127.0 (CH), 129.3 (CH), 130.1 (CH), 130.8 (CH), 141.3 (Cq), 154.4 

(Cq).  

LRMS (ESI) m/z 331 (M + H)+.  

HRMS (ESI) calcd for C18H22N2O2S (M + H)+ 331.1475, found: (M + H)+ 331.1489.  

RP-HPLC: tR 8.69 min, >99% (isocratic), tR 11.25 min, >99% (gradient).  
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4-(4-Benzylpiperazine-1-sulfonyl)aniline (144l) 

 

Acetamide 143l (100 mg, 267 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. Recrystallisation from methanol-ether afforded the 

desired product 144l (10 mg, 12%) as white micro-crystals, mp 239 – 241 ºC with 

spectroscopic data in agreement with literature data.235 

1H NMR (400 MHz, d6-DMSO) : 2.40 (4H, br t, J = 4.5 Hz, H3', H5'), 2.75 – 2.83 (4H, 

m, H2', H6'), 3.44 (2H, s, CH2), 6.09 (2H, br s, NH2), 6.64 (2H, app d, J = 8.7 Hz, H2, 

H6), 7.19 – 7.25 (3H, m, H2'', H4'', H6''), 7.25 – 7.30 (2H, m, H3'', H5''), 7.33 (2H, app 

d, J = 8.7 Hz, H3, H5).  

LRMS (ESI) m/z 332 (M + H)+. 

RP-HPLC: tR 6.95 min, >99% (gradient). 
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4-(4-Cinnamylpiperazine-1-sulfonyl)aniline (144m) 

 

Acetamide 143m (50 mg, 125 µmol) was treated with aqueous HCl (2 M, 5 mL) as 

described in general procedure B. The product 144m was recrystallised from methanol-

ether affording light orange prism-like crystals (25 mg, 56%), mp 125 – 126 ºC. 

1H NMR (400 MHz, d6-DMSO) : 2.42 – 2.48 (4H, m, H3', H5'), 2.75 – 2.88 (4H, m, 

H2', H6'), 3.08 (2H, d, J = 6.1 Hz, H1''), 6.08 (2H, s, NH2), 6.19 (1H, dt, J = 15.9, 6.5 

Hz, H2''), 6.50 (1H, d, J = 16.0 Hz, H3''), 6.65 (2H, app d, J = 8.8 Hz, H2, H6), 7.20-

7.24 (1H, m, H4'''), 7.26 – 7.37 (4H, m, H3, H5, H3''', H5'''), 7.37 – 7.45 (2H, m, H2''', 

H6''').  

13C NMR (101 MHz, d6-DMSO) : 45.9 (CH2), 51.5 (CH2), 59.5 (CH2), 112.6 (CH), 

119.1 (Cq), 126.2 (CH), 126.6 (CH), 127.4 (CH), 128.5 (CH), 129.6 (CH), 132.2 (CH), 

136.5 (Cq), 152.3 (Cq).  

LRMS (ESI) m/z 358 (M + H)+.  

HRMS (ESI) calcd for C19H23N3O2S (M + H)+ 358.1584, found: (M + H)+ 358.1584.  

RP-HPLC: tR 3.26 min, >99% (isocratic), tR 8.19 min, 99% (gradient).  
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7.2.3 Synthesis of thieno-thiophene/pyrrole analogues 

Methyl 4-methyl-4H-thieno[3,2-b]pyrrole-5-carboxylate (145) 

 

To a solution of 4-methyl-4H-thieno[3,2-b]pyrrole-5-carboxylic acid 108 (10 mg, 55 

µmol) and potassium carbonate (23 mg, 166 µmol) in DMF (500 µL), was added 

methyliodide (10 µL, 166 µmol) and the mixture was stirred at 25 °C for 12 h. The 

reaction mixture was diluted with ethyl acetate (25 mL) and washed with water (25 mL). 

The water layer was extracted with ethyl acetate (3  25 mL), and the organic layers 

were combined, washed with brine then dried over anhydrous magnesium sulfate, 

filtered and evaporated to dryness in vacuo. Purification by flash chromatography (ethyl 

acetate:hexane; 1:4) afforded methyl 4-methyl-4H-thieno[3,2-b]pyrrole-5-carboxylate 

145 (8.5 mg, 79%) as off-white foam, with spectroscopic data in agreement with 

literature data.238 

1H NMR (300 MHz, CDCl3) : 3.86 (3H, s, CH3), 4.06 (3H, s, CH3), 6.93 (1H, d, J = 

5.4 Hz, H3'), 7.17 (1H, s, H6'), 7.33 (1H, d, J = 5.4 Hz, H2').  

LRMS (ESI) m/z 196 (M + H)+.  

RP-HPLC: tR 10.06 min, >99% (gradient). 
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3-Bromothiophene-2-carbaldehyde (159a) 

 

To an ice/sodium chloride cooled solution of 2,3-dibromothiophene 158 (1 g, 4.1 mmol) 

in THF (50 mL), n-butyllithium dissolved in hexane (1.6 M, 2.9 mL, 4.6 mmol) was 

added dropwise with stirring. The mixture was stirred for 30 mins before cooling 

to -78 °C and DMF (639 µL, 8.3 mmol) was added dropwise. The solution was warmed 

to room temperature followed by stirring for a further 2 h then quenched with 

ammonium chloride (100 mL). The aqueous phase was extracted with ethyl acetate (3  

40 mL) and the combined organic layers were washed with brine then dried over 

anhydrous magnesium sulfate, filtered and evaporated to dryness in vacuo. The light 

yellow residue was purified by flash chromatography (ethyl acetate:petroleum spirit; 

5:95) to give 3-bromothiophene-2-carbaldehyde 159a (323 mg, 41%) as a light yellow 

oil, with spectroscopic data in agreement with literature data.199 

1H NMR (300 MHz, CDCl3) : 7.12 (1H, d, J = 5.1 Hz, H4'), 7.69 (1H, dd, J = 5.1, 1.3 

Hz, H5'), 9.94 (1H, d, J = 1.3 Hz, H1). 

 

Thiophene-2,5-dicarbaldehyde (159b) 

 

Thiophene-2,5-dicarbaldehyde 159b was prepared according to the method for 

3-bromothiophene-2-carbaldehyde 159a. The light yellow residue was purified by flash 

chromatography (ethyl acetate:petroleum spirit; 5:95) to give thiophene-2,5-
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dicarbaldehyde (159b) (53 mg, 7%) as an off-white foam, with spectroscopic data in 

agreement with literature data.199-200  

1H NMR (300 MHz, CDCl3) : 7.14 (2H, s, H3', H4'), 9.82 (2H, s, formyl-H). 

 

Ethyl thieno[3,2-b]thiophene-2-carboxylate (160) 

 

To a stirred mixture of ethyl 2-sulfanylacetate (126 mg, 1 mmol) and potassium 

carbonate (195 mg, 1.4 mmol) in DMF (5 mL) was added 3-bromothiophene-2-

carbaldehyde 159a (200 mg, 1 mmol) followed by a catalytic amount of 18-crown-6-

ether. The resulting mixture was heated at 60 °C for 12 h then cooled to room 

temperature and poured into water (50 mL). After separation, the water layer was 

extracted with DCM (3  50 mL) and the organic layers were combined, washed with 

brine (50 mL) and dried over anhydrous magnesium sulfate. The solvent was removed in 

vacuo and the crude oil was purified by flash chromatography (ethyl acetate:petroleum 

spirit; 5:95). Evaporation of the appropriate fractions afforded ethyl thieno[3,2-

b]thiophene-2-carboxylate 160 (160 mg, 72%) as a yellow oil, with spectroscopic data 

in agreement with literature data.199 

1H NMR (300 MHz, CDCl3) : 1.39 (3H, t, J = 7.1 Hz, CH3), 4.38 (2H, q, J = 7.1 Hz, 

CH2), 7.27 (1H, dd, J = 5.3, 0.7 Hz, H6'), 7.57 (1H, d, J = 5.3 Hz, H5'), 7.98 (1H, d, J = 

0.7 Hz, H3').  

LRMS (ESI) m/z 213 (M + H)+.  

RP-HPLC: tR 10.81 min, 95% (gradient). 
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Thieno[3,2-b]thiophene-2-carboxylic acid (148) 

 

Thieno[3,2-b]thiophene-2-carboxylic acid 148 was synthesised according to the 

procedure of Fuller et al.199 with slight modifications. Thieno[3,2-b]thiophene 

carboxylate 160 (100 mg, 472 µmol) was added to a stirred mixture of aqueous LiOH 

(251 mg, 6 mmol) and THF (12 mL). The reaction mixture was heated under reflux for 

4 h then cooled to room temperature and concentrated under reduced pressure. HCl 

(1 M, 10 mL) was slowly added to the residue resulting in precipitation which was 

filtered off, washed with water and dried in vacuo to give the acid 148 (51 mg, 59%) as 

a yellow precipitate, with spectroscopic data in agreement with literature data.199 

1H NMR (300 MHz, d6-DMSO) : 7.51 (1H, dd, J = 5.2, 0.4 Hz, H6'), 7.92 (1H, d, J = 

5.3 Hz, H5'), 8.11 (1H, d, J = 0.4 Hz, H3'), 13.18 (1H, br s, OH).  

LRMS (ESI) m/z 183 (M – H)+.  

RP-HPLC: tR 10.88 min, >99% (gradient). 
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Ethyl 3-methylthieno[3,2-b]thiophene-2-carboxylate (162a)  

 

Ethyl 3-methylthieno[3,2-b]thiophene-2-carboxylate 162a was prepared according to the 

method of He et al.201 with slight modifications. To a stirred mixture of 2-acetyl-3-

bromothiophene 161 (50 mg, 243 µmol) and potassium carbonate (44 mg, 317 µmol) in 

DMF (5 mL) was added ethyl 2-sulfanylacetate (27 µL, 243 µmol) dropwise followed 

by a catalytic amount of 18-crown-6-ether. The resulting mixture was heated at 60 °C 

for 2 days then cooled to room temperature and poured into water (30 mL). After 

separation, the water layer was extracted with DCM (3  30 mL) and the organic layers 

were combined, washed with brine (30 mL) and dried over anhydrous magnesium 

sulfate. The solvent was removed in vacuo and the crude oil was purified by flash 

chromatography (ethyl acetate:petroleum spirit; 5:95). Evaporation of the appropriate 

fractions afforded the title compound (33 mg, 60%) as a yellow oil, with spectroscopic 

data in agreement with literature data.201 

1H NMR (400 MHz, d6-DMSO) : 1.31 (3H, t, J = 7.1 Hz, CH2CH3), 2.63 (3H, s, CH3), 

4.30 (2H, q, J = 7.1 Hz, CH2), 7.50 (1H, d, J = 5.2 Hz, H6'), 7.95 (1H, d, J = 5.2 Hz, 

H5').  

13C NMR (101 MHz, d6-DMSO) : 14.2 (CH3), 14.9 (CH3), 60.8 (CH2), 120.8 (Cq), 

120.9 (CH), 132.5 (Cq), 132.6 (CH), 137.5 (Cq), 140.2 (Cq), 162.5 (Cq).  

LRMS (ESI) m/z 227 (M + H)+.  

HRMS (ESI) calcd for C10H10O2S2 (M + H)+ 227.0195, found: (M + H)+ 227.0205.  

RP-HPLC: tR 6.59 min, >99% (isocratic), tR 12.16 min, >99% (gradient).  
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Ethyl 2-[(2-acetylthiophen-3-yl)sulfanyl]acetate (162b) 

 

Purified by flash column chromatography (ethyl acetate) and the product evaporated to 

dryness as a yellow oil (13 mg, 22%).  

1H NMR (300 MHz, CDCl3) : 1.23 (3H, t, J = 7.1 Hz, CH2CH3), 2.50 (3H, s, CH3), 

3.70 (2H, s, SCH2), 4.17 (2H, q, J = 7.1 Hz, CH2CH3), 7.13 (1H, d, J = 5.2 Hz, H5'), 

7.51 (1H, d, J = 5.2 Hz, H4'). 

 

3-Methylthieno[3,2-b]thiophene-2-carboxylic acid (163) 

 

3-Methylthieno[3,2-b]thiophene-2-carboxylic acid 163 was prepared according to the 

method for thieno[3,2-b]thiophene-2-carboxylic acid 148. Purification by flash 

chromatography (ethyl acetate:petroleum spirit; 5:95) afforded the title compound 

(33 mg, 76%) as white micro-crystals, mp 211 – 213 ºC with spectroscopic data in 

agreement with literature data.195  

1H NMR (300 MHz, CD3OD) : 2.63 (3H, s, CH3), 7.49 (1H, d, J = 5.1 Hz, H6'), 7.92 

(1H, d, J = 5.1 Hz, H5'). 

LRMS (ESI) m/z 199 (M + H)+. 

RP-HPLC: tR 9.55 min, 95% (gradient).  
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Thieno[3,2-b]thiophen-2-ylmethanol (164) 

 

Thieno[3,2-b]thiophen-2-ylmethanol 164 was prepared according to the procedure of 

Carpino et al.239 A solution of thieno[3,2-b]thiophene carboxylate 160 (41 mg, 192 

µmol) in 10 mL of anhydrous THF/ether (1:1) was added under N2 to a suspension of 

lithium aluminium hydride (11 mg, 288 µmol) in 5 mL of anhydrous THF/ether (1:1). 

The resulting mixture was stirred at reflux for 3.5 h then cooled to room temperature and 

carefully quenched with cold water (15 mL) and enough concentrated HCl to dissolve 

the inorganic salts. The aqueous layer was extracted with ethyl acetate (3  20 mL) 

where the combined organic layers were washed with sodium hydrogen carbonate (20 

mL) and brine (20 mL), dried over anhydrous magnesium sulfate and filtered. The 

solvent was removed in vacuo to give the title compound (23 mg, 71%) as off-white 

foam, with spectroscopic data in agreement with literature data.196 

1H NMR (300 MHz, CDCl3) : 1.83 (1H, t, J = 5.9 Hz, OH), 4.89 (2H, d, J = 5.4 Hz, 

CH2), 7.20 (1H, d, J = 0.4 Hz, H3'), 7.24 (1H, d, J = 5.3 Hz, H6'), 7.36 (1H, d, J = 5.2 

Hz, H5').  

LRMS (ESI) m/z 153 (M – OH)+.  

RP-HPLC: tR 9.27 min, >99% (gradient). 
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N-(4-Fluorophenyl)thieno[3,2-b]thiophene-2-carboxamide (166) 

 

To a stirred solution of thieno[3,2-b]thiophene-2-carboxylic acid 148 (50 mg, 271 µmol) 

in DCM (5 mL) was added triethylamine (42 µL, 298 µmol). To this, PyBOP (154 mg, 

298 µmol) is added followed by 4-fluoroaniline 165 (28 µL, 298 µmol) and 

triethylamine (42 µL, 298 µmol). The mixture was left stirring at ambient temperature 

for 12 h then diluted with DCM (40 mL). The organic layer was washed with HCl (2 M, 

3  20 mL), sodium hydrogen carbonate (3  20 mL), sodium chloride (20 mL) and 

brine (20 mL). The organic layer was dried over magnesium sulfate, filtered and the 

solvent removed in vacuo. The dark brown residue was purified by flash 

chromatography (ethyl acetate:petroleum spirit; 35:65). Evaporation of the appropriate 

fractions afforded the title compound 166 (11 mg, 14%) as white micro-crystals 

(mp 194 – 196 ºC). 

1H NMR (400 MHz, d6-DMSO) : 7.21 (2H, app t, 3JHF = 9.0 Hz, H3'', H5''), 7.54 (1H, 

dd, J = 5.3, 0.6 Hz, H6'), 7.75 (2H, app dd, J = 9.2, 5.0 Hz, H2'', H6''), 7.90 (1H, d, J = 

5.3 Hz, H5'), 8.34 (1H, d, J = 0.6 Hz, H3'), 10.40 (1H, br s, NH).  

13C NMR (101 MHz, d6-DMSO) : 115.3 (d, 2JCF = 22.3 Hz, CH), 120.4 (CH), 121.8 

(CH), 122.1 (d, 3JCF = 7.9 Hz, CH), 132.0 (CH), 135.0 (Cq), 138.4 (Cq), 141.0 (Cq), 142.1 

(Cq), 158.3 (d, 1JCF = 240.5 Hz, Cq), 160.2 (Cq). 

LRMS (ESI) m/z 278 (M + H)+.  

HRMS (ESI) calcd for C13H8FNOS2 (M + H)+ 278.0104, found: (M + H)+ 278.0117.  

RP-HPLC: tR 4.24 min, >99% (isocratic), tR 10.98 min, >99% (gradient). 
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Thieno[3,2-b]thiophene-2-carbonyl chloride (168) 

 

Under anhydrous conditions thieno[3,2-b]thiophene-2-carboxylic acid 148 (100 mg, 

542 µmol) was taken up in neat thionyl chloride (5 mL). Two drops of dry DMF was 

added to the reaction mixture which stirred for a further 4 h at ambient temperature. The 

volatiles were removed in vacuo to provide the product as a yellow crystalline solid. The 

product was reacted on without further purification. 

1H NMR (300 MHz, d6-DMSO) : 7.50 (1H, d, J = 5.4 Hz, H6'), 7.91 (1H, d, J = 5.1 

Hz, H5'), 8.10 (1H, s, H3').  

 

N-[4-(Piperidine-1-sulfonyl)phenyl]thieno[3,2-b]thiophene-2-carboxamide (167) 

 

To a stirred solution of 4-(piperidine-1-sulfonyl)aniline 113 (130 mg, 540 µmol) in 

DCM (2.5 mL) was slowly added dropwise thieno[3,2-b]thiophene-2-carbonyl chloride 

168 (100 mg, 490 µmol) and pyridine (79 µL, 980 µmol) in DCM (5 mL) at ambient 

temperature. The resulting mixture was stirred for a further 12 h then diluted with DCM 

(30 mL) and washed successively with HCl (2 M, 3  30 mL), sodium hydrogen 

carbonate (3  30 mL) and brine (20 mL). The organic layer was dried over magnesium 

sulfate, filtered and the solvent removed in vacuo. The crude solid, N-[4-(piperidine-1-

sulfonyl)phenyl]thieno[3,2-b]thiophene-2-carboxamide 167  thus obtained was 
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recrystallised from ethyl acetate:hexane giving the desired product (138 mg, 70%) as 

off-white crystals, mp 264 – 266 ºC. 

1H NMR (400 MHz, d6-DMSO) : 1.34 – 1.37 (2H, m, H4'''), 1.50 – 1.59 (4H, m, H3''', 

H5'''), 2.84 – 2.93 (4H, m, H2''', H6'''), 7.55 (1H, dd, J = 5.3, 0.7 Hz, H6'), 7.73 (2H, d, J 

= 8.8 Hz, H2'', H6''), 7.94 (1H, d, J = 5.3 Hz, H5'), 8.01 (2H, d, J = 8.8 Hz, H3'', H5''), 

8.42 (1H, d, J = 0.7 Hz, H3'), 10.71 (1H, br s, NH). 

13C NMR (101 MHz, d6-DMSO) : 22.9 (CH2), 24.7 (CH2), 46.6 (CH2), 119.8 (CH), 

120.5 (CH), 122.7 (CH), 128.6 (CH), 129.7 (Cq), 132.6 (CH), 138.5 (Cq), 140.5 (Cq), 

142.9 (Cq), 151.1 (Cq), 160.7 (Cq).  

LRMS (ESI) m/z 407 (M + H)+.  

HRMS (ESI) calcd for C18H18N2O3S3 (M + H)+ 407.0552, found: (M + H)+ 407.0572.  

RP-HPLC: tR 5.79 min, 96% (isocratic), tR 12.67 min, 96% (gradient).  

 

N-[4-(Piperidine-1-sulfonyl)phenyl]benzamide (170) 

 

The N-[4-(piperidine-1-sulfonyl)phenyl]benzamide 170 was prepared according to the 

method for the linked thienothiophene-sulfonamide 167, however, . To a stirred solution 

of 4-(piperidine-1-sulfonyl)aniline (113) (50 mg, 208 µmol) in DCM (5 mL) was slowly 

added dropwise benzoyl chloride (169) (48 µL, 416 µmol) and pyridine (34 µL, 416 

µmol) in DCM (5 mL) at ambient temperature. The yellow precipitate was purified by 

recrystallisation from ethanol that afforded the desired product (71 mg, 98%) as light 

orange/yellow crystals, mp 120 – 122 ºC with spectroscopic data in agreement with 

literature data.240 
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1H NMR (300 MHz, CDCl3) : 1.36 – 1.47 (2H, m, H4''), 1.58 – 1.71 (4H, m, H3'', 

H5''), 2.95 – 3.03 (4H, m, H2'', H6''), 7.50 (2H, dd, J = 15.7, 7.9 Hz, H3, H5), 7.61 (1H, 

dd, J = 15.3, 7.8 Hz, H4), 7.79 (2H, dd, J = 25.9, 8.5 Hz, H2', H6'), 7.90 (2H, d, J = 7.5 

Hz, H3', H5'), 8.13 (2H, d, J = 7.6 Hz, H2, H6).  

LRMS (ESI) m/z 345 (M + H)+.  

RP-HPLC: tR 13.00 min, >99% (gradient). 

 

Methyl thieno[3,2-b]thiophene-2-carboxylate (171) 

 

Methyl thieno[3,2-b]thiophene-2-carboxylate 171 was prepared according to the method 

for the thieno[3,2-b]pyrrole carboxylate 145. Purification by flash chromatography 

(ethyl acetate:hexane; 1:5) afforded the title compound 171 (984 mg, 92%) as yellow 

long needle-like crystals mp 95 – 97 ºC, with spectroscopic data in agreement with 

literature data.194,196 

1H NMR (400 MHz, CDCl3) : 3.92 (3H, s, CH3), 7.29 (1H, dd, J = 5.3, 0.8 Hz, H6'), 

7.59 (1H, d, J = 5.3 Hz, H5'), 8.00 (1H, d, J = 0.8 Hz, H3').  

LRMS (ESI) m/z 199 (M + H)+.  

RP-HPLC: tR 12.59 min, 95% (gradient). 
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Methyl 5-bromothieno[3,2-b]thiophene-2-carboxylate (172) 

 

To a solution of methyl thieno[3,2-b]thiophene-2-carboxylate 171 (50 mg, 252 µmol) in 

acetic acid (10 mL), bromine (20 mg, 126 µmol) was added dropwise with stirring, and 

the resulting mixture was left at room temperature for 12 h. After that time, water (5 

mL) was added to the mixture causing white precipitation then stirred for a further 2 h. 

The precipitate was filtered off and taken up in ethyl acetate, washed with 5% aqueous 

sodium thiosulfate (3  20 mL) and dried over anhydrous magnesium sulfate. The 

solvent was removed in vacuo affording the title compound 172 (52 mg, 74%) as white 

precipitate. 

1H NMR (300 MHz, CDCl3) : 3.92 (3H, s, CH3), 7.30 (1H, s, H6'), 7.88 (1H, s, H3').  

13C NMR (101 MHz, d6-DMSO) : 52.5 (CH3), 118.5 (Cq), 123.5 (CH), 126.6 (CH), 

133.0 (Cq), 138.9 (Cq), 142.5 (Cq), 162.3 (Cq).  

LRMS (ESI) m/z 276 (100%) M[79Br]H+ and 278 (95%) M[81Br]H+. 

HRMS (ESI) calcd for C8H5BrO2S2 (M + H)+ 276.8695, found: (M + H)+ 276.8698. 

RP-HPLC: tR 4.90 min, 99% (isocratic), tR 13.17 min, 95% (gradient).  

 

Methyl 5-phenylthieno[3,2-b]thiophene-2-carboxylate (174) 

 

To a solution of the brominated thieno[3,2-b]thiophene 172 (100 mg, 360 µmol) in DMF 

(10 mL) were added phenylboronic acid 173 (44 mg, 360 µmol) and aqueous Na2CO3 (1 

M, 1 mL). The resulting suspension was degassed with N2 for 60 mins and dichloro-
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bis(triphenylphosphine)palladium(II) (0.1% mol) was added at once. The resulting 

mixture was heated at 100 °C for 1 h then cooled to room temperature and poured into 

water (20 mL). After separation, the water layer was extracted with ethyl acetate (3  20 

mL) and the organic layers were combined, washed with brine (20 mL) and dried over 

anhydrous magnesium sulfate. The solvent was removed in vacuo and the crude oil was 

purified by flash chromatography (ethyl acetate:hexane; 1:1). Evaporation of the 

appropriate fractions afforded methyl 5-phenylthieno[3,2-b]thiophene-2-carboxylate 174 

(24 mg, 24%) as an orange precipitate. 

1H NMR (400 MHz, d6-DMSO) : 3.87 (3H, s, CH3), 7.40 (1H, t, J = 7.4 Hz, H4''), 7.49 

(2H, t, J = 7.5 Hz, H3'', H5''), 7.74 (2H, d, J = 7.3 Hz, H2'', H6''), 7.98 (1H, s, H6'), 8.22 

(1H, s, H3').  

13C NMR (101 MHz, d6-DMSO) : 52.4 (CH3), 116.6 (CH), 125.8 (CH), 127.0 (CH), 

128.9 (CH), 129.4 (CH), 133.1 (Cq), 133.5 (Cq), 137.6 (Cq), 144.4 (Cq), 150.0 (Cq), 

162.2 (Cq).  

LRMS (ESI) m/z 275 (M + H)+.  

HRMS (ESI) calcd for C14H10O2S2 (M + H)+ 275.0195, found: (M + H)+ 275.0206.  

RP-HPLC: tR 7.17 min, 99% (isocratic), tR 12.33 min, >99% (gradient).  
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5-Phenylthieno[3,2-b]thiophene-2-carboxylic acid (175) 

 

5-Phenylthieno[3,2-b]thiophene-2-carboxylic acid 175 was prepared according to the 

method for thieno[3,2-b]thiophene-2-carboxylic acid 148. The resulting precipitate was 

filtered off, washed with water and dried in vacuo affording the title compound (12 mg, 

71%) as a light brown precipitate. 

1H NMR (400 MHz, CD3OD) : 7.28 – 7.34 (1H, m, H4''), 7.37 – 7.45 (2H, m, H3'', 

H5''), 7.61 (1H, d, J = 0.6 Hz, H6') 7.69 (2H, dd, J = 8.4, 1.2 Hz, H2'', H6''), 7.74 (1H, d, 

J = 0.7 Hz, H3').  

13C NMR (101 MHz, CD3OD) : 116.9 (CH), 123.4 (CH), 126.8 (CH), 129.1 (CH), 

130.1 (CH), 136.0 (Cq), 139.0 (Cq), 141.2 (Cq), 144.4 (Cq), 149.1 (Cq), 169.7 (Cq).  

LRMS (ESI) m/z 261 (M + H)+.  

HRMS (ESI) calcd for C13H8O2S2 (M + H)+ 258.9893, found: (M + H)+ 258.9884.  

RP-HPLC: tR 4.67 min, >99% (isocratic), tR 11.35 min, >99% (gradient).  
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7.2.4 Synthesis of phenyl-furan/thiophene analogues 

7.2.4.1 Suzuki coupling reaction  

General procedure C: 

To a solution of thiophene/furan boronic acid (1 mol equiv.) in THF (3 mL) was added 

substituted aryl halide (1.5 mol equiv.) and aqueous Na2CO3 (2 M, 1 mL). The resulting 

suspension was degassed with N2 for 30 mins and dichloro-

bis(triphenylphosphine)palladium(II) (0.1% mol) was added in one portion. The reaction 

mixture was heated at 120 °C for 1 h after which it was allowed to cool to room 

temperature and water (20 mL) was added to it. The aqueous layer was extracted with 

ethyl acetate (3  20 mL) where the combined organic fractions were washed with brine, 

dried over anhydrous magnesium sulfate and dried in vacuo to give the required crude 

product. The crude oil was purified by flash chromatography.  

 

4-(Thiophen-3-yl)aniline (194) 

 

Prepared according to general procedure C with 4-iodoaniline (171 mg, 782 µmol) in 

THF (3 mL), thiophen-3-ylboronic acid (100 mg, 782 µmol), aqueous Na2CO3 (2 M, 1 

mL) and dichlorobis(triphenylphosphine)palladium(II) (0.1% mol). The crude oil was 

purified by flash chromatography (ethyl acetate:hexane; 1:2). Evaporation of the 

appropriate fractions afforded 4-(thiophen-3-yl)aniline 194 (34 mg, 25%) as a colourless 

oil, with spectroscopic data in agreement with literature data.241  
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1H NMR (300 MHz, CDCl3) : 3.71 (2H, br s, NH2), 6.72 (2H, d, J = 7.0 Hz, H2, H6), 

7.27 – 7.37 (3H, m, H2', H4', H5'), 7.41 (2H, d, J = 7.0 Hz, H3, H5).  

LRMS (ESI) m/z 176 (M + H)+. 

RP-HPLC: tR 6.86 min, >99% (gradient). 

 

[3-(Furan-3-yl)phenyl]methanol (200) 

 

Prepared according to general procedure C with (3-iodophenyl)methanol (170 mg, 726 

µmol) in THF (3 mL), furan-3-ylboronic acid (89 mg, 799 µmol), aqueous Na2CO3 (2 

M, 1 mL) and dichlorobis(triphenylphosphine)palladium(II) (0.1% mol). The crude oil 

was purified via flash chromatography (ethyl acetate:hexane; 1:2) and evaporation of the 

appropriate fractions afforded [3-(furan-3-yl)phenyl]methanol 200 (41 mg, 32%) as a 

colourless oil. 

1H NMR (600 MHz, CDCl3) : 1.70 (1H, br s, OH), 4.73 (2H, s, CH2), 6.72 (1H, s, 

H4''), 7.24 – 7.28 (1H, m, H4'), 7.37 (1H, t, J = 7.4 Hz, H5'), 7.42 (1H, d, J = 7.0 Hz, 

H6'), 7.48 (1H, s, H5''), 7.51 (1H, s, H2'), 7.75 (1H, s, H2''). 

LRMS (ESI) m/z 157 (M – OH)+.  

RP-HPLC: tR 9.71 min, 96% (gradient).  
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[4-(Furan-3-yl)phenyl]methanol (204) 

 

Prepared according to general procedure C with (4-iodophenyl)methanol (209 mg, 894 

µmol) in THF (3 mL), furan-3-ylboronic acid (100 mg, 894 µmol), aqueous Na2CO3 (2 

M, 1 mL) and dichlorobis(triphenylphosphine)palladium(II) (0.1% mol). The crude oil 

was purified via flash chromatography (ethyl acetate:hexane; 1:2) and evaporation of the 

appropriate fractions afforded [4-(furan-3-yl)phenyl]methanol 204 (51 mg, 33%) as 

white foam. 

1H NMR (400 MHz, CDCl3) : 1.67 (1H, br s, OH), 4.70 (2H, s, CH2), 6.70 (1H, dd, J = 

0.9, 1.8 Hz, H4''), 7.38 (2H, app d, J = 8.5 Hz, H2', H6'), 7.47 – 7.51 (3H, m, H5'', H3', 

H5'), 7.74 (1H, dd, J = 1.0, 1.4 Hz, H2'').  

13C NMR (101 MHz, CDCl3) : 65.3 (CH2), 109.0 (CH), 126.2 (CH), 126.3 (Cq), 127.7 

(CH), 132.0 (Cq), 138.7 (CH), 139.7 (Cq), 143.9 (CH).  

LRMS (ESI) m/z 157 (M – OH)+.  

HRMS (ESI) calcd for C11H10O2 (M – OH)+ 157.0653, found: (M – OH)+ 157.0645.  

RP-HPLC: tR 4.02 min, >99% (isocratic), tR 8.83 min, >99% (gradient).  
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4-(Furan-3-yl)aniline (213) 

 

Prepared according to general procedure C with 4-iodoaniline (196 mg, 894 µmol) in 

THF (3 mL), furan-3-ylboronic acid (100 mg, 894 µmol), aqueous Na2CO3 (2 M, 1 mL) 

and dichlorobis(triphenylphosphine)palladium(II) (0.1% mol). The crude oil was 

purified via flash chromatography (ethyl acetate:hexane; 1:5) and evaporation of the 

appropriate fractions afforded 4-(furan-3-yl)aniline 213 (38 mg, 27%) as yellow 

precipitate, with spectroscopic data in agreement with literature data.242 

1H NMR (300 MHz, CDCl3) : 3.68 (2H, br s, NH2), 6.63 (1H, s, H4'), 6.71 (2H, d, J = 

7.0, H2, H6), 7.30 (2H, d, J = 7.1 Hz, H3, H5), 7.44 (1H, s, H5'), 7.63 (1H, s, H2').  

LRMS (ESI) m/z 160 (M + H)+.  

RP-HPLC: tR 6.06 min, >99% (gradient). 

 

3-(Furan-3-yl)aniline (214) 

 

Prepared according to general procedure C with 3-bromoaniline (154 mg, 894 µmol) in 

THF (3 mL), furan-3-ylboronic acid (100 mg, 894 µmol), aqueous Na2CO3 (2 M, 1 mL) 

and dichlorobis(triphenylphosphine)palladium(II) (0.1% mol). The crude oil was 

purified via flash chromatography (ethyl acetate:hexane; 1:5) and evaporation of the 

appropriate fractions afforded 3-(furan-3-yl)aniline 214 (72 mg, 51%) as an off-white 

precipitate, with spectroscopic data in agreement with reported literature data.242 
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1H NMR (300 MHz, CDCl3) : 3.70 (2H, br s, NH2), 6.61 (1H, d, J = 7.4 Hz, H6), 6.67 

(1H, s, H2), 6.82 (1H, d, J = 1.0 Hz, H4'), 6.90 (1H, d, J = 7.6 Hz, H4), 7.16 (1H, t, J = 

7.6 Hz, H5), 7.46 (1H, d, J = 1.1 Hz, H5'), 7.69 (1H, s, H2').  

LRMS (ESI) m/z 160 (M + H)+.  

RP-HPLC: tR 7.03 min, >99% (gradient). 

 

4-(Furan-3-yl)benzamide (215) 

 

Prepared according to general procedure C with 4-iodobenzamide (55 mg, 223 µmol) in 

THF (3 mL), furan-3-ylboronic acid (50 mg, 445 µmol), aqueous Na2CO3 (2 M, 1 mL) 

and dichlorobis(triphenylphosphine)palladium(II) (0.1% mol). The yellow-brownish 

crude product was purified via flash chromatography (ethyl 

acetate:chloroform:triethylamine; 1:1:0.01) and evaporation of the appropriate fractions 

afforded 4-(furan-3-yl)benzamide 215 (21 mg, 49%) as a white precipitate.  

1H NMR (400 MHz, d6-DMSO) : 7.04 (1H, d, J = 0.9 Hz, H4'), 7.34 (1H, br s, NH), 

7.70 (2H, d, J = 8.3 Hz, H3, H5), 7.77 (1H, t, J = 1.5 Hz, H5'), 7.89 (2H, d, J = 8.3 Hz, 

H2, H6), 7.97 (1H, br s, NH), 8.29 (1H, s, H2').  

13C NMR (101 MHz, d6-DMSO) : 108.6 (CH), 125.1 (CH), 128.0 (CH), 132.4 (Cq), 

132.4 (Cq), 134.7 (Cq), 140.2 (CH), 144.5 (CH), 167.4 (Cq).  

LRMS (ESI) m/z 188 (M + H)+.  

HRMS (ESI) calcd for C11H9NO2 (M + H)+ 188.0706, found: (M + H)+ 188.0706.  
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RP-HPLC: tR 3.43 min, >99% (isocratic), tR 7.86 min, 99% (gradient).  

 

4-(Furan-2-yl)benzamide (216) 

 

Prepared according to general procedure C with 4-iodobenzamide (60 mg, 243 µmol) in 

THF (3 mL), furan-2-ylboronic acid (54 mg, 486 µmol), aqueous Na2CO3 (2 M, 1 mL) 

and dichlorobis(triphenylphosphine)palladium(II) (0.1% mol). The yellow-brownish 

crude product was purified via flash chromatography (ethyl 

acetate:chloroform:triethylamine; 1:1:0.01) and evaporation of the appropriate fractions 

afforded 4-(furan-2-yl)benzamide 216 (34 mg, 75%) as white foam.  

1H NMR (400 MHz, d6-DMSO) : 6.67 (1H, dd, J = 1.7, 3.2 Hz, H4'), 7.13 (1H, d, J = 

3.3 Hz, H3'), 7.41 (1H, s, NH), 7.81 (2H, d, J = 8.4 Hz, H3, H5), 7.84 (1H, d, J = 1 Hz, 

H5'), 7.97 (2H, d, J = 8.4 Hz, H2, H6), 8.03 (1H, s, NH).  

13C NMR (101 MHz, d6-DMSO) : 107.4 (CH), 112.3 (CH), 122.9 (CH), 128.2 (CH), 

132.6 (Cq), 132.7 (Cq), 143.7 (CH), 152.3 (Cq), 167.3 (Cq).  

LRMS (ESI) m/z 188 (M + H)+.  

HRMS (ESI) calcd for C11H9NO2 (M + H)+ 188.0706, found: (M + H)+ 188.0707.  

RP-HPLC: tR 3.70 min, >99% (isocratic), tR 8.16 min, >99% (gradient).  
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4-(Furan-2-yl)-N,N-dimethylaniline (217) 

 

Prepared according to general procedure C with 4-bromo-N,N-dimethylaniline (100 mg, 

0.5 mmol) in THF (3 mL), furan-2-ylboronic acid (112 mg, 1 mmol), aqueous Na2CO3 

(2 M, 1 mL) and dichlorobis(triphenylphosphine)palladium(II) (0.1% mol). The crude 

oil was purified via flash chromatography (DCM:hexane; 1:2) and evaporation of the 

appropriate fractions afforded 4-(furan-2-yl)-N,N-dimethylaniline 217 (40 mg, 43%) as a 

white solid, with spectroscopic data in agreement with literature data.243 

1H NMR (600 MHz, CDCl3) : 2.99 (6H, s, (CH3)2), 6.41 – 6.44 (2H, m, H3', H4'), 6.72 

– 6.76 (2H, m, H2, H6), 7.37 – 7.42 (1H, m, H5'), 7.56 – 7.54 (2H, m, H3, H5).  

LRMS (ESI) m/z 188 (M + H)+.  

RP-HPLC: tR 8.75 min, >99% (gradient). 

 

N-[4-(Furan-2-yl)phenyl]acetamide (218) 

 

Prepared according to general procedure C with N-(4-bromophenyl)acetamide (105 mg, 

491 µmol) in THF (3 mL), furan-2-ylboronic acid (100 mg, 892 µmol), aqueous Na2CO3 

(2 M, 1 mL) and dichlorobis(triphenylphosphine)palladium(II) (0.1% mol). The crude 

oil was purified via flash chromatography (ethyl acetate:hexane; 1:2) and evaporation of 
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the appropriate fractions afforded N-[4-(furan-2-yl)phenyl]acetamide 218 (56 mg, 62%) 

as a white solid, with spectroscopic data in agreement with literature data.244 

1H NMR (600 MHz, CDCl3) : 2.19 (3H, s, CH3), 6.46 (1H, s, H3''), 6.58 (1H, s, H4''), 

7.18 (1H, br s, NH), 7.44 (1H, s, H5''), 7.53 (2H, d, J = 7.5 Hz, H3', H5'), 7.62 (2H, d, J 

= 7.5 Hz, H2', H6').  

LRMS (ESI) m/z 202 (M + H)+.  

RP-HPLC: tR 9.40 min, 95% (gradient). 
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Appendices 

Appendix I 

Table A. Summary of inhibitory data for the sulfonamide analogues obtained from internal library or 
purchased. ‘*’ Indicates inhibitory activity could not be measured due to low compound solubility. 

 

  Structure  Inhibition (%) 

    500 µM  300 µM 

124 

 

85  ‐ 

125 

 

9  ‐ 

126* 

 

‐  ‐ 

127 

 

‐  43 

128 

 

‐  3 

129 

 

‐  17 

130 

 

‐  5 

131 

 

‐  16 

132 

 

‐  11 
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133 

 

5  ‐ 

134 

 

10  ‐ 

135 

 

28   

136 

 

‐  ‐ 49 

137* 

 

‐  ‐ 

138 

 

4  ‐ 

139 

 

‐  17 

139  ‐  ‐ 44 
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Appendix II 

Table B. Summary of rescreened fragment hits with their STD-NMR, 1H/15N-HSQC, single 
concentration inhibition and IC50 values tabulated. For the STD summary the letters: S = strong, M = 
medium, W = weak; HSQC score is the magnitude of CSPs observed in the 1H/15N-HSQC 
experiment: 3 = significant change, 2 = definite hit, 1 = maybe, 0 = no change. ‘*’ Indicates inhibitory 
activity could not be measured due to low compound solubility or the compound had degraded based 
on LCMS or HPLC analysis. 

 

 
Fragment 

STD 

(S/M/W) 

HSQC Score 

(0‐3) 

% Inhibition 

(1 mM) 

IC50  

(µM) 

220 

 

S  2  69  13 

221 

 

W  3  76  6 

71  S  3  89  292 

222 

 

W  0  63  664 

150 

 

M  2  45  > 1000 

90 

 

M  2  44  > 1000 

223 

 

M  1  66  > 1000 
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224 

 

W  3  42  > 1000 

110 
 

S  3  44  > 1000 

225 

 

W  1  73  > 1000 

203* 

 

W  1  ‐  
 

226 
 

W  2  51  > 1000 

247 

 

W  0  39    

147 

 

W  1‐0  37    

77 

 

S  3  33    

248 

 

W  2  32    

249 

 

W  0  28    
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250 

 

M  3  24    

251 

 

M  3  23    

252 

 

M  3  22    

253 

 

W  0  22    

117 

 

M  3  21    

102 
 

W  2  20    

254 

 

W  1  20    

255 

 

W  0  19    

256 
 

W  0  17    

257 

 

W  0  17    
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107 

 

W  2  17    

105 

 

M  3  17    

258* 

 

W  3  ‐    

259 

 

W  0  14    

260* 

 

M  1  ‐    

261 

 

S  0  12    

89 

 

W  2  12    

262 

 

W  0  12    

263 

 

W  1  11    
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264 

 

W  0  11    

265 

 

W  3  10    

266 

 

W  2  9    

267  W  1  9    

268 

 

W  0  8    

269* 

 

W  3  ‐    

94  W  3  7    

270 

 

M  2  7    

271 

 

M  2  7    

272* 

 

W  0  ‐    
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273 

 

W  1  6    

274 

 

W  1  6    

275 

 

W  1  6    

276 

 

M  2  5    

146 

 

W  1  5    

277 

 

M  0  5    

278 

 

W  1‐0  5    

279 

 

W  1‐0  5    

280 

 

W  0  4    

281 
 

W  0  4    
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282 
 

W  0  4    

283 

 

M  0  3    

284 

 

W  0  3    

104 
 

M  2  3    

285  W  0  2    

286 

 

W  0  2    

186 

 

W  0  2    

86 

 

M  2  2    

287 

 

W  1‐0  2    

288 

 

W  0  1    
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82 

 

S  2  0    

289* 

 

M  1‐0  ‐    

290 

 

S  0  ‐2    

291 

 

W  2  ‐5    

292 
 

W  1‐0  ‐6    
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Appendix III 

A: HPLC chromatograms for synthesised sulfonamide analogues 

 

N-{4-[4-(Hydroxymethyl)piperidine-1-sulfonyl]phenyl}acetamide (143e) 

 

Conditions: Isocratic elution: 0‐20 min, 70% A, 30% B  

Peak  RT (min)  Area  % Area  Height 

1  4.006  5949978  100.00  726599 

 

N-[4-(Phenylsulfamoyl)phenyl]acetamide (143g) 

 

Conditions: Isocratic elution: 0‐20 min, 70% A, 30% B  

Peak  RT (min)  Area  % Area  Height 

1  6.026  25681631  99.33  2259863 

2  7.745  173023  0.67  12348 

 

N

N
H

S

CH3

O

O O

HO
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N-[4-(4-Phenylpiperidine-1-sulfonyl)phenyl]acetamide (143j) 

 

Conditions: Isocratic elution: 0‐20 min, 50% A, 50% B  

 

N-[4-(4-Benzylpiperidine-1-sulfonyl)phenyl]acetamide (143k) 

 

Conditions: Isocratic elution: 0‐20 min, 50% A, 50% B 

Peak  RT (min)  Area  % Area  Height 

1  4.610  32249837  100.00  2957292 

 

  

Peak  RT (min)  Area  % Area  Height 

1  3.953  19389246  100.00  2395099 
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N-[4-(4-Cinnamylpiperazine-1-sulfonyl)phenyl]acetamide (143m) 

 

Conditions: Isocratic elution: 0‐20 min, 70% A, 30% B  

Peak  RT (min)  Area  % Area  Height 

1  2.264  182139  0.66  22411 

2  6.928  27623117  99.34  1653700 

 

{1-[(4-Aminobenzene)sulfonyl]piperidin-4-yl}methanol (144e) 

 

Conditions: Isocratic elution: 0‐20 min, 60% A, 40% B  

Peak  RT (min)  Area  % Area  Height 

1  2.473  9479117  100.00  1538595 

 

  

N

NH2

S
O O

HO
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4-Amino-N-phenylbenzene-1-sulfonamide (144g) 

 

Conditions: Isocratic elution: 0‐20 min, 60% A, 40% B  

Peak  RT (min)  Area  % Area  Height 

1  4.315  35100468  100.00  3084434 

 

4-(4-Phenylpiperidine-1-sulfonyl)aniline (144j) 

 

Conditions: Isocratic elution: 0‐20 min, 50% A, 50% B  

Peak  RT (min)  Area  % Area  Height 

1  5.180  28136  0.57  3150 

2  7.107  4951329  99.43  370816 
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4-(4-Benzylpiperidine-1-sulfonyl)aniline (144k) 

 

Conditions: Isocratic elution: 0‐20 min, 50% A, 50% B  

Peak  RT (min)  Area  % Area  Height 

1  8.691  11724450  100.00  703061 
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B: HPLC chromatograms for synthesised thienothiophene analogues 

 

Ethyl 3-methylthieno[3,2-b]thiophene-2-carboxylate (162a)  

 

Conditions: Isocratic elution: 0‐20 min, 40% A, 60% B  

Peak  RT (min)  Area  % Area  Height 

1  6.588  5412820  100.00  357110 

 

N-(4-Fluorophenyl)thieno[3,2-b]thiophene-2-carboxamide (166) 

 

Conditions: Isocratic elution: 0‐20 min, 40% A, 60% B  

Peak  RT (min)  Area  % Area  Height 

1  4.235  11225183  100.00  888394 
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N-[4-(Piperidine-1-sulfonyl)phenyl]thieno[3,2-b]thiophene-2-carboxamide (167) 

 

Conditions: Isocratic elution: 0‐20 min, 40% A, 60% B  

Peak  RT (min)  Area  % Area  Height 

1  1.781  12832  0.41  1138 

2  4.499  15893  0.50  1806 

3  5.787  3017386  95.82  162692 

4  8.968  103049  3.27  3626 

 

Methyl 5-bromothieno[3,2-b]thiophene-2-carboxylate (172) 

 

Conditions: Isocratic elution: 0‐20 min, 50% A, 50% B  

Peak  RT (min)  Area  % Area  Height 

1  3.446  68250  0.90  5265 

2  4.896  7493671  99.10  398791 
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Methyl 5-phenylthieno[3,2-b]thiophene-2-carboxylate (174) 

 

Conditions: Isocratic elution: 0‐20 min, 40% A, 60% B  

Peak  RT (min)  Area  % Area  Height 

1  1.750  19301  1.28  1605 

2  3.584  2906  0.19  424 

3  3.941  242  0.02  59 

4  7.173  1483247  98.51  54102 

 

5-Phenylthieno[3,2-b]thiophene-2-carboxylic acid (175) 

 

Conditions: Isocratic elution: 0‐20 min, 40% A, 60% B  

Peak  RT (min)  Area  % Area  Height 

1  4.670  3569305  100.00  300187 
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C: HPLC chromatograms for synthesised phenylfuran analogues 

 

[3-(Furan-3-yl)phenyl]methanol (200) 

 

Conditions: Isocratic elution: 0‐20 min, 60% A, 40% B  

Peak  RT (min)  Area  % Area  Height 

1  1.847  49582  0.81  4305 

2  2.339  96473  1.57  6203 

3  3.711  5931917  96.79  675012 

4  4.801  50679  0.83  4868 
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[4-(Furan-3-yl)phenyl]methanol (204) 

 

Conditions: Isocratic elution: 0‐20 min, 60% A, 40% B  

Peak  RT (min)  Area  % Area  Height 

1  2.298  39577  0.50  3228 

2  4.020  7881479  99.07  941341 

3  6.111  34347  0.43  2414 

 

4-(Furan-3-yl)benzamide (215) 

 

Conditions: Isocratic elution: 0‐20 min, 60% A, 40% B  

Peak  RT (min)  Area  % Area  Height 

1  3.433  2852380  99.40  378385 

2  4.761  17144  0.60  2007 

 

O

OH

NH2

O

O
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4-(Furan-2-yl)benzamide (216) 

 

Conditions: Isocratic elution: 0‐20 min, 60% A, 40% B  

Peak  RT (min)  Area  % Area  Height 

1  3.698  1438370  99.36  181858 

2  4.761  9291  0.64  1141 
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