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Abstract 

Abstract  

Leishmaniasis is a neglected tropical disease which affects 0.7-1 million people per year. 

Current chemotherapies for leishmaniasis are toxic with long treatment times and reports 

of increasing resistance, which stresses the importance of this research area. Inositol 

phosphorylceramide synthase is a membrane bound enzyme that has no direct human 

homologue, which converts ceramide to inositol phosphorylceramide through the action 

of a highly conserved HHD catalytic triad. An ideal method to study this enzyme further 

would be through activity-based protein profiling, however, there are currently no activity-

based probes reported that reacts with this type of active site. Therefore, an activity-based 

probe was designed based on the structure of diethyl pyrocarbonate, a compound known 

to bind covalently to active site histidine residues. The synthesised activity-based probe 

was shown to inhibit Leishmania major inositol phosphorylceramide synthase in a simple 

assay. In addition, the probe was shown to selectively bind to the active site histidine 

residue in two pure enzyme models; one of which has the same catalytic triad as inositol 

phosphorylceramide synthase, and the other was an acid base active site histidine residue. 

Further, this activity-based probe was able to isolate an overexpressed enzyme in the lysate 

of Escherichia coli as well as bind to intrinsic proteins. Following the function validation of 

the activity-based probe, preliminary work was started in Leishmania to isolate proteins 

identify expressed enzymes.  
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1 Introduction 

The aim of this project was to develop a novel activity-based probe that targets active site 

histidine residues. Following the synthesis and validation of specificity, the probe was to 

then be implemented into Leishmania to identify enzymes with a related function for 

characterisation.  

For the remainder of this chapter, leishmaniasis will be discussed with a focus on the 

sphingolipid pathway. Then, how activity-based protein profiling can be utilised for the 

advancement of proteome knowledge. Chapter 2 discusses the synthetic development of 

the activity-based probe, followed by Chapter 3 which validates the probes activity on 

enzyme models. Chapter 4 evaluates the probes implementation in Leishmania with 

Chapter 5 and Chapter 6 detailing the details the chemical and biological methodology 

respectively.  

1.1 Leishmaniasis 

1.1.1 Clinical manifestations 

Leishmaniasis is a neglected tropical disease caused by over 20 different species of 

leishmanial protozoans (Figure 1). 1 Approximately 700,000 to 1.2 million new cases of 

leishmaniasis are diagnosed annually and leaves 350 million people at risk. 2,3 Using the 

measure of disease burden, leishmaniasis was calculated to have 2.4 million disability 

adjusted life years (DALYs), which is the second highest of the parasitic diseases. 4 There 

are several different clinical manifestations of leishmaniasis: cutaneous leishmaniasis (CL), 

anergic diffuse cutaneous leishmaniasis (ADCL), disseminated leishmaniasis (DL), 

mucocutaneous leishmaniasis (MCL), visceral leishmaniasis (VL) and post-kala-azar dermal 

leishmaniasis (PKDL). 5 The form of leishmaniasis and outcome depend on the species of 

Leishmania the individual is infected with, and the immune status of the individual. 5,6 
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Figure 1 The Genus and Species of Leishmania 
Highlighted with * are the species that can also develop into MCL7 

 

CL is the most common form of the disease, with around 0.7- 1 million cases annually, and 

a further 350 million at risk of developing the disease. 8 CL appears as a lesion(s) on exposed 

skin, normally appearing as a localised round lesion limited to the cutaneous layer. 9 These 

lesions can heal spontaneously, however complications can occur, such as secondary 

bacterial infection within the open lesion, and the potential of the infection reoccurring as 

ADCL, DL or MCL. 10,11  

ADCL and DL are similar in which they both are an uncommon manifestation in which non 

ulcerative lesions proliferate to cover the body. 12 In the case of ADCL, lesions are typically 

nodular or popular in which multiple satellite lesions form around the initial lesion, which 

can develop into a plaque. 13 This is typically caused by Leishmania (Leishmania) subspecies 

such as L. amazonensis, L. mexicana, L. aethopica and L. major with the exception of L. (V.) 

pifanoi. 13 In contrast, DL is normally caused by Leishmania (Viannia) with the most 
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common species being L. braziliensis, however L. panamanensis, L. guyanensis and L. (L.) 

amazonensis are also reported. 13 DL presents as a high number of pleomorphic lesions, 

which rapidly spread from the initial lesion. 14 

MCL is the rarest form of leishmaniasis. This form is often associated with the New World 

subspecies Viannia following CL infection. 9 MCL involves tissue necrosis in the nasal, 

pharyngeal and laryngeal mucosa, with the most frequent initial symptom being nasal 

congestion, which progresses to visible destruction. 5,15 Whilst the damage in the discussed 

tegumentary forms of leishmaniasis initially appears superficial, studies have shown 

increased depression and suicide in afflicted individuals, especially when the lesion is on 

exposed regions, such as the face. 16 

Visceral leishmaniasis (VL) is the most severe form the disease, resulting in death when left 

untreated, and 10-20 % fatality with treatment. 8 VL is caused by either the Old World 

species L. donovani or the New World species L. infantum, cumulating to less than 100,000 

cases annually. 2 The symptoms of VL typically involve hepatosplenomegaly, fever, weight 

loss, and anaemia among others, with little differentiation of symptoms between the 

causative species. 17,18 Diagnosis of leishmaniasis with a coinfection can be difficult due to 

varied presentation, significantly in regards to HIV. 6  

A complication that can occur post treatment of VL caused by L. donovani is post-kala-azar 

dermal leishmaniasis (PKDL). 19,20 This manifestation first appears on the face in the form 

of hypopigmentation, papules or nodules. 21,22 Besides the morphological features, the 

patients are otherwise healthy. 22 PKDL is rarely fatal, however it is still significant because 

the infected individuals serve as a reservoir, infecting the sandfly vector and allowing the 

lifecycle to continue. 20,23  

1.1.2 Epidemiology of leishmaniasis 

Leishmania is currently found in 98 countries, however the epidemiology has shown signs 

of change in recent years. 24 The control strategies for leishmaniasis rely on the control of 

the vector and reservoir species. 25 A major risk factor for contracting leishmaniasis appears 

to be poverty, with poor housing, limited sanitation access, and spacial clustering all 

associated with higher infection rates. 26 Of the endemic countries currently affected by CL, 
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10 countries contribute to 70-75 % of all CL cases reported (Figure 2), and 90 % of VL cases 

disproportionately affects just 7 countries (Figure 3). 8,24 

 

Figure 2 Global distribution of cutaneous leishmaniasis obtained from WHO website  

 

  

 

Figure 3 Global distribution of visceral leishmaniasis obtained from WHO  
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1.1.3 Lifecycle 

Leishmania has a heteroxenous lifecycle which have two distinct morphological forms in 

the vertebrate and invertebrate hosts. 27 In brief, the parasite lifecycle begins in the gut of 

a female sand fly following an infected bloodmeal, from which the parasite differentiates 

into the extracellular highly replicative flagellated procyclic promastigote. 28 In the 

invertebrate gut, these procyclic promastigotes undergo metacyclogenesis to differentiate 

as metacyclic promastigotes, which appear with a slender body and long flagella and are 

infective to bitten vertebrates. 27 When the sandfly is infected, the feeding frequency of 

the vector increases, thus perpetuating the prevalence of the disease. 29 

Following the full differentiation of metacyclic promastigotes, the sand fly inoculates a 

vertebrate host either passively or by regurgitation of the parasites following the 

bloodmeal. 29 The wound attracts phagocytes which phagocytose the parasites which forms 

a vacuole known as a phagolysosome in which the parasite resides and differentiates into 

a non-motile amastigote. 30 The lifecycle is repeated when the amastigote infected 

phagocytes are taken up when the sandfly receives a bloodmeal from an infected 

vertebrate (Figure 4). 30 

 

Figure 4 The lifecycle of Leishmania depicted by the CDC 
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Many wild and domesticated vertebrate species have been implicated as reservoir species, 

which provides additional challenges for the control of this disease. 2 Although the 

transmission of Leishmania is predominantly through the vector bite, other methods of 

transmission include: organ transplants, blood transfusions and drug use. 25 

1.1.4 Treatment 

Vaccination represents the ideal solution, however there are currently no human vaccines 

available. 31 Chemotherapy is the recommended treatment for leishmaniasis except in the 

cases of CL involving a single, or few small lesions, since this can heal without 

chemotherapeutic input thereby mitigating toxicity issues. 32,33 There are limited studies on 

MCL and DCL responses to current chemotherapy, with most cases of DCL resulting in 

relapses when treatment is halted. 34,35  

 

Figure 5 Chemotherapies currently available to treat leishmaniasis 
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1.1.4.1 Pentavalent antimonials 

In use since the 1920’s, the first available chemotherapy for leishmaniasis were the 

pentavalent antimonials (1 and 2), which are effective against all forms of the disease. 36,37 

These are still considered to be the first line of treatment in many countries despite issues 

with resistance and toxicity involving hepatotoxicity and cardiotoxicity. 36,38 In the Bihar 

region of India, resistance of VL to antimonials is around 60 %. 39 These drugs also fail to 

treat DL in 75 % of cases despite being a first choice therapy for this form. 14 Whilst the 

pentavalent antimonials are a low cost option, they require administration intramuscularly 

daily for at least 3 weeks. 39,40  

Although the mechanism of action for these drugs (1 and 2) have not yet been fully 

elucidated, several hypotheses have been explored over the years. For example, the 

antimonials (1 and 2) were proposed to be prodrugs, with SbV being biologically reduced to 

the active trivalent form (SbIII). 40 Some reports also suggests that starting SbV does have 

activity, but using a different route of entry to the parasitophorous vacuole. 40,41 

Experimental evidence and field isolates have shown multiple modes of resistance, adding 

to the challenge of identifying a mechanism of action. 42  

1.1.4.2 Amphotericin B 

Amphotericin B (3) is an intravenous drug which was primarily developed as an antifungal, 

however it was found to be effective for treating cases that were unresponsive to other 

treatments. 43 Lipid formulations were developed to decrease toxicity, which improved the 

therapeutic index. 44 However, patients taking 3 still suffer with side effects such as fever, 

headaches, vomiting and nephrotoxicity. 45 The side effects are postulated to be due to 

non-specific binding to mammalian cell membranes. 46 3 has been shown to be an effective 

drug, however it is not considered first line for VL in many countries because of the 

expense, especially for the affected demographic with the drug costing approximately $260 

per patient. 47  

Amphotericin B (3) works by binding to membrane ergosterol forming pores, which causes 

a loss in cell regulation causing cell death. 48 A study by Purkait et al. showed that resistance 

to 3 was conferred in a laboratory strain of L. donovani by replacing the target ergosterol 

with an alternative precursor. 49  
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1.1.4.3 Pentamidine 

Pentamidine (4) is used for the treatment of Pneumocystis pneumonia when other 

treatment options have failed, as well as for trypanosomiasis and leishmaniasis. 50 

Pentamidine is administered intramuscularly, with some common side effects being: 

nausea, vomiting, myalgia, syncope, and a sterile abscess around the injection site. 51 

Pentamidine (4) also suffers from growing resistance, with the efficacy reportedly 

decreased from nearly 100 % to 70 % in Bihar, India. 52 This, in combination with the 

observed toxicity, has made 4 unfavourable as a first line drug.  

Pentamidine (4) is believed to involve the inhibition of mitochondrial functions. 53 More 

specifically, what is seen in the mitochondria is a loss of membrane potential and 

cytochrome C accumulation. 54 However, other proposed hypotheses have been put 

forward including non-specific binding to tRNA, resulting in anticodon loop distortion which 

disrupts protein translation. 55 

1.1.4.4 Paromomycin  

Paromomycin (5) is an aminoglycoside antibiotic which is mainly administered 

intramuscularly. However, it is unique due to the potential for topical application to treat 

tegumentary forms of leishmaniasis. 56 Whilst paromomycin has been reported to be one 

of the safer anti-leishmanials, side effects from administration of 5 include nephrotoxicity, 

ototoxicity, and hepatotoxicity. 56,57 Resistance in the clinic to paromomycin has not been 

currently reported although it has been generated in vitro. This resistance was annotated 

with a mutation with calcium-dependent protein kinase 1 (CDPK1), a kinase which is 

involved in protein translation. 58  

The mechanism of action for 5 is not fully established for Leishmania. However, in bacteria, 

this antibiotic is known to form misfolded proteins, through binding to the A site of 16S 

rRNA, which induces codon misreading, and inhibits translocation. 59,60 In Leishmania, a 

similar mechanism has been proposed alongside other mechanisms including the alteration 

of mitochondrial membrane fluidity, and inhibition of respiration. 61,62 

1.1.4.5 Miltefosine  

The latest drug discovered for the treatment of leishmaniasis is miltefosine (6), which is a 

phosphatidylcholine analogue primarily designed to treat cancer, but showed efficacy 
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against Leishmania. 63,64 In contrast to the other discussed chemotherapies, 6 is orally 

available. 64 However, there are many side effects resulting from 6, often affecting the 

gastrointestinal tract and include nausea, vomiting and anorexia but also it is thought to be 

teratogenic. 65  

In a small study, it was found that ADCL responded positively to miltefosine (6), however 

when the treatment was stopped on day 190 in which 94 % of patients showed no 

detectable Leishmania, 15/16 patients relapsed. 35 In addition, of those treated, some of 

the lesions reappeared during treatment, to which the authors concluded that the 

prolonged treatment may have led to drug resistance in these individuals. 35 

The mechanism of action is currently unknown, with several theories currently considered. 

Resistance to 6 in promastigotes are characterised by a decrease in unsaturated fatty acids, 

a higher percentage of shorter chains, and more cholesterol in the membrane. 66 This 

suggests that sterol metabolism is targeted. 67 Additionally, cytochrome C release was 

inhibited by 6 which could also suggest mitochondrial interaction. 68 This diverse set of 

observations could suggest a polypharmacology of 6. 67 

1.1.4.6 Concluding remarks on current treatment 

As discussed, these drugs all have severe issues with toxicity, cost, increasing resistance, 

and variable efficacy in different regions and between species. 69,70. In addition, most of 

these drugs (1, 2, 3, 4 and 5) are administered intravenous or intramuscularly, requiring 

regular hospital visits. 71 As leishmaniasis primarily affects the economically disadvantaged, 

the expense of most anti-leishmanial drugs are a considerable issue, though efforts by 

pharmaceutical companies along with WHO or NGOs which can aid with the cost. 72 In 

addition, most of the chemotherapies have unknown mechanisms, which means that 

structure activity relationship (SAR) cannot be utilised to increase efficacy and limit toxicity. 

These issues highlight the importance of new drug development in leishmaniasis (Table 1).  

Collectively these issues emphasise the need for new drug development. In work 

undertaken in the Denny/Steel group directed towards this aim has identified IPCS as a 

potential drug target. This represents a pivotal enzyme in the sphingolipid synthesis 

pathway, which is a divergent step in eukaryotic cells. 73 
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Table 1 A summary of some of the current chemotherapeutic agents available to treat leishmaniasis. All the options available have toxicity issues associated with them and requires 
prolonged treatment, which reduces the adherence to the treatment. 33,74–76 SSG: sodium stibogluconate; MA: meglumine antimoniate. 

 

Drug  SSG 1 + MA 2  Amphotericin B 3 Pentamidine 4 Paromomycin 5 Miltefosine 6 

Administrative 

route 

Intravenous, 

intramuscular, 

intralymphatic 

Intravenous Intramuscular Topical, 

intramuscular 

Oral 

Side effects Cardiotoxicity, 

nephrotoxicity, 

pancreatitis, 

hepatotoxicity 

Nephrotoxicity, 

thrombophlebitis, 

hypokalaemia 

Hyperglycaemia, 

myocarditis, 

hypotension, 

tachycardia 

Ototoxicity, 

nephrotoxicity, 

hepatotoxicity 

Hepatotoxicity 

nephrotoxicity, 

teratogenicity 

Cost (USD)/ 

treatment  

56-60 126-280 120 15-21 65-150  

Treatment 

length (days) 

30 Until healing Daily or alternating 

until healing 

21 28 days 

Resistance  Common  Not documented Not documented Lab strains  Lab strains, 

Few reports in India 
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1.2 Sphingolipids  

Sphingolipids (SLs) are an important component of eukaryotic membranes, forming lipid 

rafts which have been postulated to be involved with membrane structure, and to act as 

signalling platforms. 77,78 Sphingolipids (SLs) have a general structure composed of a long 

chain base (R1), a fatty acid (R2), and a hydrophilic head group (R3) (Figure 6). 79  

 

Figure 6 General structure of sphingolipids 
R1: long chain base; R2: fatty acid; R3: hydrophilic head group 

 

1.2.1 Sphingolipid synthesis 

The pathway is conserved across all eukaryotic cells pathway for the synthesis of 

dihydrosphingosine (DHSph, 15), starting with L-serine (12) (Figure 7). 80 

 

Figure 7 Conserved synthesis of dihydrosphingosine 80 

 

The further metabolism of 15 is divergent in different organisms, shown in Figure 8. 77 
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Figure 8 Divergent sphingolipid pathways 81–83 

 

In mammals and kinetoplasts, DHSph (15) is acylated to form the amide (16), then 

desaturated in the endoplasmic reticulum membrane or lumen to form the ceramide (17). 

79 17 is not soluble in the cytoplasm, therefore it is transported to the Golgi apparatus in 

vesicles, or by binding to ceramide transfer protein (CERT). 83 Contrary to this, in plants and 

fungi a reduction is carried out on DHSph (15), leading to 18 followed by amide formation 

to form phytoceramide (19).  

Following the synthesis of ceramide (17), inositol phosphorylceramide synthase (IPCS) in 

kinetoplastids use 17 and phosphatidylinositol (PI, 21) to synthesise inositol 

phosphorylceramide (IPC, 23). 84 In mammals, 17 and phosphatidylcholine (PC, 24) is 

converted to sphingomyelin (SM, 25), using sphingomyelin synthase (SMS) (Figure 9). 77,85 

This divergence is important to consider when identifying potential drug targets, since this 

path is the only divergent step in sphingolipid synthesis between kinetoplastids and 

mammals. 77  
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Figure 9 Synthesis of IPC and SM 
IPC: inositol phosphorylceramide; IPCS: inositol phosphorylceramide synthase, PI: phosphatidylinositol, DAG: 

diacylglycerol, PC: phosphatidylcholine, SMS: sphingomyelin synthase, SM: sphingomyelin. The plants and fungi IPC 
production is highlighted in blue; the kinetoplastid IPC production is highlighted in red; the mammal SM production is 

black.  

 

It is speculated that parasitic IPC (23) could contribute to membrane permeability and 

fluidity in the parasite. 86 Ceramide (17) is considered to be a marker for apoptotic like cell 

death, and DAG (22) which is released when IPC (23) is synthesised, is mitogenic. Therefore, 

it is hypothesised that disrupting this would cause the equilibrium to shift towards an 

accumulation of 17. 84,87  

1.2.2 Inositol phosphorylceramide synthase (IPCS) 

As discussed above, IPCS represents the only divergent step in SL synthesis in eukaryotic 

cells. In addition, inhibition is hypothesised to cause a build-up of ceramide (17) which 
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causes apoptotic like cell death. 73,87 Understanding the structure of IPCS further could 

allow for structure activity relationship (SAR) drug optimisation of current identified 

inhibitors to occur. 88 

IPCS is a membrane bound protein (MBP) found in the Golgi apparatus, which is postulated 

to have 6 or 7 transmembrane helices, with the position of the catalytic triad is inside the 

lumen (Figure 10). 89 The exact structure of IPCS is unknown which could be due to the 

additional challenges of studying MBPs. These challenges can be attributed to the large 

amount of hydrophobic resides which causes the protein to aggregate in aqueous 

solutions, limited extraction success resulting in poor purification yield. 90 Less than 1 % of 

MBPs have a resolved crystal structure despite 60 % of current drugs targeting MBPs, with 

a large proportion of these targets being G-protein coupled receptors. 91 

 

Figure 10 Hypothesised transmembrane structure of IPCS 
White circle: rough position of active site histidine; black circle: rough position of active site aspartic acid. Membrane 

is representative of the Golgi apparatus. Image created in biorender.com. 73  

 

IPCS is conserved in the different species of Leishmania as well as other Kinetoplastidae like 

Trypanosoma (Figure 11). Moreover, between IPCS and the mammalian orthologue SMS, 

there was only 29 % identity, although the catalytic triad residues are conserved suggesting 

a common catalytic triad mechanism. 73  
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HsSMS1  117 DWEAQLRRIMKLIAGGGLSITGSHNMCGDYLYSGHTVMLTLTYLFIKEYSPRRL-WWYHW 

HsSMS2   62 DSQAKVQRILRLISGGGLSITGSHILCGDFLFSGHTVTLTLTYLFIKEYSPRHF-WWYHL 

TbIPCS   38 --NPVKNVILTVLTAGGGSIH-----CGDLMVSGHTVILTLHLMFHWIYGAMVH-WSFRP 

TcIPCS   12 --NPVKNVIMTLVTLGSGSIH-----CGDLMFSGHTVPITLSLLVQWIYGSMLH-WVFRP 

LmjIPCS  75 --HPVLNVILTLVTLGSGAIH-----CGDLMFSGHTMILSLAFILAWDYSPFLHPWAVRV 

LdIPCS   75 --HPVLNVILTLVTLSSGAIH-----CGDLMFSGHTMILSLAFILAWDYSPFLHPWAVRV 

 

HsSMS1  310 ICWLLSVVGIFCILLAHDHYTVDVVVAYYITTRLFWWYHTMANQQVLKEASQMNLLARVW 

HsSMS2  254 ICWLLSAAGIICILVAHEHYTIDVIIAYYITTRLFWWYHSMANEKNLKVSSQTNFLSRAW 

TbSLS   253 VVTVVAIFSYYCIVASRSHYTDDVLVAIYLTIATF----IAVGHNADGAPWQLQLFIR-W 

TcSLS   227 ASVLLVLLSFYSIIASRSHYTDDILVSFYITVTTF----LVLRHSPEGAPWQLQLLIG-W 

LmjIPCS 246 WVSVLLPISYYCILASRSHYTDDILVAMYVMIATY----KVIDHAETGAPWQMQLLIR-W 

LdIPCS  246 WVSALLPISYYCILASRSHYTDDILVAMYVMIATY----KLIDHAETGAPWQMQLLIR-W 

 

Figure 11 Alignment of inositol phosphorylceramide synthase (IPCS) peptide sequences in different species. The 
featured in the alignment is in ClustalW format. LmjIPCS: Leishmania major IPCS (accession E9AFX2); LdIPCS: 
Leishmania donovi IPCS (strain BPK282A1, accession E9BT22); HsSMS1: Homo sapiens sphingomyelin synthase 1 
(accession Q86VZ5); HsSMS2: Homo sapiens sphingomyelin synthase 2 (accession Q8NHU3); TbSLS: Trypanosoma 
brucei sphingolipid synthase (accession B3A0L9); Trypanosoma cruzi sphingolipid synthase (accession PBJ73426). 
Highlighted in yellow are the conserved residues in the catalytic triad; highlighted in black are the conserved residues 
between all the species.  

 

An assay using Leishmania major IPCS (LmjIPCS) enriched microsomal membrane extract 

obtained from complemented Saccharomyces cerevisiae was developed by Mina et al. 

(2010). 92 Briefly, aur1 auxotrophic S. cerevisiae was complemented with the Lmjipcs gene 

to generate the expression system YPH499-HIS-GAL-AUR1 Prs246 LmjIPCS. 73 This resulted 

in S. cerevisiae expressing L. major IPCS (LmjIPCS) instead of the intrinsic yeast orthologue 

AUR1. The LmjIPCS enriched Golgi apparatus was then isolated using differential 

centrifugation, initially described by Fischl et al. (1999) for the isolation of intrinsic S. 

cerevisiae IPCS, and then adapted by Mina et al. (2010) for LmjIPCS. 92,93 The isolated Golgi 

apparatus was washed with CHAPS detergent to remove some of the contaminating 

proteins also present without affecting the enzymes activity. 92  

Using this assay, an SAR analysis using fluorescent derivatives of the substrate ceramide 

generated the hypothesised active site mechanism. 84 This is known as the ping-pong bi-bi 

mechanism and involves His-264 initially acting as a nucleophile on PI (21) to form the 

phosphohistidine intermediate. Then, His-220 deprotonates the ceramide alcohol which 

subsequently attacks the phosphohistidine, forming IPC (23, Figure 12).  
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Figure 12 The catalytic mechanism of IPCS in kinetoplastids 84 
Blue: enzyme substrates; black: key amino acids for the catalytic mechanism. Shown is the intermediate 

phosphohistidine after a nucleophilic attack on the phosphate. 

 

Whilst the evidence to date supports this process, not enough is known about this enzyme 

which can hinder a target-based drug discovery project. Currently, it is a challenge to study 

MBPs, however the nucleophilic IPCS histidine residue could allow an electrophilic probe 

to be designed that selectively binds to this histidine, taking advantage of the increased 

reactivity. This could then, potentially, lead to a better understanding and characterisation 

of this enzyme, aiding drug discovery efforts for Leishmania through TBDD. 73 

1.3 Concluding remarks  

Leishmaniasis is a neglected tropical disease with major issues with the chemotherapeutic 

options available. 39 IPCS is an essential enzyme identified in Leishmania which is present 

in both lifecycle stages of the parasite with no direct human orthologue. 73 To explore this 

enzyme further, activity-based protein profiling can be utilised however, the active site of 

IPCS contains a HHD catalytic triad which is not currently targetable using this approach. 94 

1.4 Activity based protein profiling (ABPP) 

In biomedical research, greater understanding of cellular function in cells and organisms 

can lead to more opportunities to target disease states. 95 Whilst progress have been made 

to address this with the increasing availability of whole genome sequences of organisms, a 

large number of discovered genes are uncharacterised, with qualitative information such 

as post translational modifications being lost. 96 A complementary technique to genomic 

analysis is activity-based protein profiling (ABPP) which can allow for the understanding of 
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the protein within the cellular context. 97 ABPP allows for the visualisation of expressed 

proteins, quantify dynamic levels of expression, modification states and cellular location 

which enhances knowledge of proteomics. 98 

ABPP uses active site-directed chemical probes tuned to covalently react with defined 

enzymes in a biological sample. 99 This labelling is determined by the active catalytic 

residues in the target enzymes reacting with the ‘warhead’ of the probe, making this 

technique specific to enzymes with related functions. 97 When the probe is not directly 

attached to the reporter group, bioorthogonal functional groups within the probe can allow 

for the attachment of reporter groups such as fluorophores and biotin to be added to allow 

for the visualisation and isolation of bound proteins. 100 To achieve this, ABPP can be broken 

down into 3 basic components: a warhead, a bioorthogonal linker group or binding group 

and a reporter group. 100 These are discussed in turn below. 

1.4.1 Warhead 

 

Figure 13 A selection of literature reported warheads and the target residues 101 
R: spacer and binding group. Line 2 shows the parent drug molecule and the derived warhead. 

 

The warhead, also known as a reactive group, selectively and covalently reacts with an 

active component of a functioning enzyme. 97 The warhead is a challenging component to 

design, with desired characteristics including specificity within a complex mixture and 

minimal indiscriminate reactivity. 97,102 This also requires discrimination between the active 

form of the target enzymes and the inactive, proenzyme forms. 103 
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So far, many of the reported probes are electrophilic molecules, reacting with nucleophilic 

amino acid residues. Notable examples include the labelling of serine with 

fluorophosphonates (26), cysteine with epoxides (27) and lysine with esters (28) (Figure 13, 

1). 100 These probes are considered broad spectrum, enabling the global profiling of almost 

entire enzyme classes. 103 As well as being used for broad enzyme characterisation, this 

approach can also be used to identify the targets of inhibitors. 104 This is achieved using 

competitive inhibition of the ABP with the small molecule inhibitor, which can be a robust 

way of identifying an inhibitor of an enzyme in a complex environment. 105 This class of ABP 

is discussed further below as it is directly relevant to this thesis. 

In addition to this approach, ABPP can also offer tailor made probes, which are highly 

selective reacting to a small selection of enzymes or even a single target. 103 In this 

approach, the probe is usually a derivative of a parent molecule with an unknown 

mechanism of action. 106 Desired characteristics for the design of tailor-made probes 

include a similar pharmacological activity to the parent molecule, and functional handles 

to allow for the enrichment of bound targets. 107 An example of this type of probe is 30, 

derived from the parent molecule andrographolide (29), a drug with anti-cancer properties 

(Figure 13, 2). The drug (29) was hypothesised to form a covalent interaction with Cys, thus, 

adding bioorthogonal groups formed 30 and implementing this probe to the lysate of a 

colorectal cancer cell line (HCT116) revealed that the drug had two targets; NF- κB and 

actin. 108 

Once a warhead has been verified for specific activity, this can be applied to a wide range 

of biologically active samples from many different organisms. 97 
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1.4.2 Spacer and binding group 

 

Figure 14 Selection of linkers and available bioorthogonal groups 109 
R1: warhead; R2: reporter tag  

 

Between the warhead and the reporter functional groups is a flexible linker, which is 

typically attached to the reporter group. 97 The most basic linkers are long alkyl or 

polyethylene glycol (PEG) chain, which aims to reduce the steric hindrance of the reporter 

component, thereby increasing cross-reactivity (Figure 14, 1). 100 These linkers have 

different properties for example PEG linkers are more hydrophilic, more polar and 

increased flexibility than the alkyl counterpart, which tend to be more hydrophobic. 110  

To selectively react the linker and the warhead, latent bioorthogonal functional groups are 

used to limit cross reactivity with active biological elements (Figure 14, 2). 96 These 

reactions need to occur in physiological conditions without reacting with intrinsic biological 

functionalities, and cross react with low reagent concentrations. 109 In some probes, the 

linker intrinsically forms part of the warhead, negating this step (discussed in section 1.4.3). 

95 

The alkyne-azide functional groups are commonly chosen since they are small residues and 

thus, have minimal steric impact. 101 However, this system requires copper for the 
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formation of the 1,2,3-triazole, which causes cell death, therefore this option is undesirable 

for use in living systems (Figure 14, 2a). 100 To overcome this, a ring strained cyclooctyne 

was developed to mitigate the use of copper, which can be used for the imaging of live cells 

(Figure 14, 2b). 100,111 In addition, a Diels-Alder ligation with an electron poor dienophile 

and an electron rich diene can also be used to crosslink the components without the need 

of a catalyst. (Figure 14, 2c). 99,109 Whilst cyclooctyne and diene readily react with their 

counterparts, they are also reactive to thiols, increasing non-specific interactions in a 

complex mixture, however, using iodoacetamide before implementation can mitigate 

some of this effect. 109 Another alternative bioorthogonal chemistry is a tetrazine ligation, 

using 1,2,4,5,-tetrazine, which proceeds through a Carboni-Lindsey reaction (Figure 14, 2d). 

112 This reaction occurs rapidly with high specificity, selectivity and yield whist also allowing 

for live cell imaging. 112 

1.4.3 Reporter tag  

 

Figure 15 A selection of reporter tags used for ABPP analysis 
R: linker and warhead 

 

The reporter tag is used for the detection or purification of the labelled proteins (Figure 

15), and is typically added after the incubation of the warhead. 113 With a biotinylated 

reporter tag (30), streptavidin enrichment and pulldown of the warhead modified enzymes 

can be performed, resulting in the selective isolation of the targets. 97 One challenge with 

this is that the conditions required for the elution of biotin from streptavidin involves harsh 

conditions, using detergents like SDS and reducing agents like urea with the application of 

heat, typically at 65 °C to denature the streptavidin. 94 This can lead to endogenous 

biotinylated proteins, non-specifically bound proteins and also streptavidin contaminating 

the true probe modified eluted proteins. 114 To overcome this issue, an additional 

functional group can be incorporated into the linker to cleave under milder conditions. 115 
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This cleavable linker needs to be stable to biological conditions but still cleave under mild 

conditions. Common examples are the disulphide linkage (33) which can be cleaved on 

treatment with reducing agents like β-mercaptoethanol (34), and levulinoyl esters (35) 

which are cleaved with hydrazine (36, Figure 16). 116 

 

Figure 16 Cleavable linkages 

 

In order to aid detection, a fluorescent reporter tag can be used for sensitive visualisation 

of the bound products in vitro or in vivo. 117 Cell permeable fluorophores include BODIPY 

and NBD (31), which can be used for whole cell imaging. 104 Other commonly used 

fluorophores include TAMRA (32), which requires lysis before addition due to limited cell 

uptake and permeability. 118 Following proteome treatment, identification of labelled 

proteins can happen by separating the proteins using SDS-PAGE and fluorescent analysis. 

Alternatively, the protein sample can undergo enrichment then SDS-PAGE analysis 

followed by band excision, digestion with proteolytic enzymes and identification using 

mass spectrometry. 95 Using SDS-PAGE separation and fluorescent analysis, the fluorescent 

signal can be used to rapidly determine competitive inhibition. 100 

Some ABPs, like the fluorophosphonates, commonly have the reporter tag attached to the 

reactive warhead, allowing for visualisation or enrichment after probe incubation. 95 This 

one step method is easier to use, negating the need for the following click chemistry 

reaction, however this is at the cost of reduced permeability and increased steric hindrance 

(Figure 17). 103  
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Figure 17 Flow chart demonstrating the process of the two-step ABPP method 
Requires the warhead to have the linker and reporter functional group attached.  

 

Alternatively, the warhead can be added first, followed by click chemistry with the linker 

and reporter group in a two-step method, which is discussed in length below (section 

1.4.4). 119 Whilst this is more steps adding complexity, this method has the added flexibility 

of applying the relevant reporter group for the experiment. 103 

1.4.4 Fishing for targets  

In a typical two-step ABPP experiment, the warhead is initially incubated with the desired 

biological tissue, which is followed by click chemistry with the linker and reporter group 

allowing for protein target identification through enrichment and fluorescent analysis. 107 

Initial warhead labelling can take place in vitro, in situ and in vivo (Figure 18, 1). 97 However, 

many ABPs have limited membrane permeability, requiring initial homogenisation of the 

desired sample prior to the addition of the warhead, which risks altering enzyme function. 

94 Following probe incubation and tissue homogenisation, if required, the desired reporter 

tag is then added (Figure 18, 2a and 2b), CuAAC performed, and subsequent 

complementary analysis executed such as SDS-PAGE or enrichment (Figure 18, 3). 100 
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Figure 18 Overview of ABPP process 
Red triangle: warhead; F: fluorophore. The warhead is incubated with active protein(s). Using bioorthogonal 
functional groups, this can be utilised for fluorescent analysis or a pulldown assay for protein isolation and 

subsequent mass spectrometry analysis. Created with BioRender.com 

 

A limitation of activity-based protein profiling is that the proteins analysed need to have a 

nucleophilic active site residue, meaning that many proteins, like receptors, can be 

overlooked. 99 When the interaction between the probe and the target proteins are 

reversible, affinity based protein profiling can be used which involves the incorporation of 

an additional photoaffinity moity. 120 When the affinity based probe is exposed to a specific 

wavelength of light, the formed reactive intermediate will form a covalent bond with the 

nearby protein, allowing further isolation and identification of bound proteins that may not 

have an active component. 121  

1.5 Application of ABPP 

Many of the designed ABPs are electrophilic, therefore this approach targets primarily 

nucleophilic active site residues like Ser, Cys, Lys, Tyr, Glu, and Asp with recent 

developments for Arg. 104,122 Additionally, these residues are the most frequently reported 

residues found in enzyme active sites together with His, which was found to be the most 
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common residue. 123 Although, there are no ABPs targeting His, progress have been made 

with the other residues, discussed below. 104,123 

1.5.1 Serine hydrolases 

Serine hydrolases are one of the largest enzyme classes known, and these employ a 

conserved nucleophilic serine which serves to hydrolyse amide, ester and thioester bonds. 

124 This class of enzyme have several ABPs targeting them, most notably the 

fluorophosphonates (FPs, Figure 19). 125,126  

 

Figure 19 A selection of reported fluorophosphonate probes 
FP-TAMRA (33) is commercially available; FP-Biotin (34) is reported by Kidd et al.127; FP-alkyne (35) is reported by 

Gillet et al 126 

 

First described in 1999, the FPs have been shown to target 80 % of the predicted serine 

hydrolases present in across multiple mouse and human tissues. 125,128 Whilst the first 

reported FP-biotin had an alkyl linker instead of a PEG (38), this was adapted to increase 

aqueous solubility. 125,127 To reduce non-specific hydrophobic interactions, increase active 

site accessibility and achieve membrane permeability, 39 was designed. This provided a 

different serine hydrolase profile however, it suffered with increased hydrolysis 

degradation. 126 ABPP for serine residues have aided in the discovery of dysregulated serine 

hydrolases in diseases and identified several enzymes with therapeutic potential, which 

demonstrates the value of ABPPs. 129 
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1.5.2 Cysteine proteases 

Cysteine is the least abundant amino acid, however it is also the most intrinsically 

nucleophilic reside due to the electron rich sulphur present. 130 Along with acting as a 

nucleophile, this residue also possesses redox activity and can act as a metal ligand 131 

Cysteine was the second reported residue to have an ABP designed, with the initial study 

being published in 2000 (40, 41) (Figure 20). 132,133 

 

Figure 20 Examples of cysteine reactive probes. 133 
Top probe (40) was used for pulldown assays whilst bottom probe (41) was used for fluorescent analysis on 10 cell 

lines to study the papain family profile of skin cell carcinomas  

 

40 and 41 are ABPs reported by Greenbaum et al., which are specific to the papain family 

of cysteine proteases due to the amino acids mimicking the substrate. Following this a 

covalent modification of the target occurs via sulphur mediated epoxide ring opening. 133 

These probes were implemented to pancreatic tumours to study the importance of 
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cathepsin cysteine proteases, which found upregulation of several cathepsins during 

tumorigenesis. 134 In addition, using these probes for competitive inhibition identified small 

molecules which were specific to enzymes in this family. 135 

1.5.3 Lysine  

Lysine residues compose 5.9 % of the human proteome. 136 This nucleophilic amino acid 

has a primary amine residue, which is found in the active sites of proteins such as PI3Ks and 

lipid kinases. 137  

 

Figure 21 Lysine modifying ABPs 

 

NHS-esters (42) are used for global proteomic profiling (Lys, Ser, Thr), with almost half of 

the labelled residues being lysine (Figure 21). 138 Adjusting this ester further conferred 

selectivity with lysine resides (43, Figure 21). In 2017, a study was performed using a 

sulfotetrafluorophenyl ester probe (43) to profile the human lysine residue proteome. 

Using 43, 9,000 lysine containing proteins were identified and quantified, expanding 

druggable targets of the proteome in humans. 139 

Whilst ABPP has been used to expand knowledge on certain enzyme profiles as discussed 

above, enzymes are highly diverse and many are not currently targeted using ABPs. 117 One 

target are enzymes containing an active site histidine residue.  

1.6 Histidine activity in enzymes  

As discussed above, histidine is frequently reported in the active sites of a variety of 

enzymes making it one of the most common catalytic residues, which can be attributed to 

the reactivity of the imidazole group present. 123,140 Moreover, whilst the frequency of this 

amino acid is around 2 % in proteins, it is found in around 20 % of enzyme active sites, 

making it the most common catalytic residue. 123 This unique imidazole group has higher 

nucleophilic reactivity than primary and secondary amines, is hydrogen bond donor and 

acceptor and can coordinate to metals. 141 Despite these factors, there is a niche to study 
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enzymes with this catalytic residue further, as there have been few attempts to develop 

histidine modifying reagents, reviewed in section 1.7. 104  

1.6.1 Non-specific acid phosphatase  

Active site histidine residues can act as a nucleophile, attacking the substrate with the lone 

pair of electrons found on N-3 of the imidazole. 142 This is an essential mechanism which 

can be found in a range of enzymes for example, the enzyme families histidine kinases and 

histidine phosphatases, with these working on phosphorylated substrates (Figure 22). 

143,144 

 

Figure 22 Basic mechanism for histidine kinases and histidine phosphatases 143,145 

 

Histidine kinases are membrane bound enzymes that are part of the two-component 

system (TCS). 145 The TCS has been identified in many organisms for example bacteria, 

archaea, amoeba, plants, fungi and viruses. 146 TCSs are used for environmental sensing, 

and this pathway begins with a conserved histidine in the histidine kinase (HK) becoming 

phosphorylated with the γ-phosphoryl group from ATP. 147 Following this, an aspartate on 

the response regulator (RR) then receives the phosphoryl group, which causes 

transcriptional changes in response. 148 Whilst most of the histidine kinases detect 
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extracellular signals for environmental sensing, some are soluble cytosolic enzymes that 

couple to transmembrane receptors, such as those linked to chemotaxis. 145 

Histidine phosphatases is a superfamily of enzymes that encompass diverse enzymatic 

functions and are characterised by the conserved nucleophilic histidine in the active site. 

143 A large number of histidine phosphatases are located in the nucleus, however they can 

also be found in the ER, cell surface or secreted. 143,149 Within this family are the acid 

phosphatases which hydrolyse phosphate esters, a reaction essential for a variety of 

different metabolic processes. 150 In particular, PhoN is a non-specific acid phosphatase 

which was used as a model enzyme in Chapter 3.  

Non-specific acid phosphatases (NSAPs) dephosphorylate a wide range of unrelated 

phosphoesters, exhibiting optimal activity in acidic to neutral pH. 151 The first NSAP to be 

discovered and sequenced was PhoC from Zymomonas mobilis in 1989. 152 Since this 

discovery, many more NSAPs have been identified in multiple species. NSAPs are divided 

into three distinct classes based on sequence identity, known as Class A, Class B and Class 

C. 151 Class A are the most phylogenetically distinct NSAPs, range from 25-27 kDa, can be 

secreted and can be monomeric to oligomeric in structure. 153 Class B are 25 kDa, 

membrane bound secreted metalloproteins and Class C are the largest NSAPs at 30 kDa 

and are secreted lipoproteins characterised by the catalytic residues which consist of 4 

invariant aspartate residues. 151 

PhoN from Salmonella typhumirium is an example of a Class A NSAP which has a 

determined crystal structure with a resolution of 2.5 Å published in 2003 by Makde et al 

(Figure 23). 154  
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Figure 23 Crystal structure of a monomer of PhoN (PDB: 2A96) 155 
Crystal structure determined using X-ray diffraction, with a resolution of 2.50 Å  

 

The PhoN active site is composed of a HHD catalytic triad typical of Class A NSAPs, in which 

His-197 undergoes a nucleophilic attack with the electron-deficient organophosphate 

substrate, forming a phosphohistidine intermediate. The acid base proton from His-158 

stabilises the formed phosphohistidine intermediate before acting as a base and forming 

the anion from water which then attacks the phosphohistidine releasing the inorganic 

phosphate (Figure 24). 156  

 

Figure 24 Active site and mechanism of PhoN S. typhumirium with para-nitrophenyl phosphate (pNPP) as the 
substrate 155 Blue: enzyme substrates; black: active site amino acids of PhoN. 
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Also demonstrated in PhoN, histidine can also act as an acid base proton shuttle. This type 

of histidine residue is discussed further below.  

1.6.2 Ribonuclease A 

A second function of histidine residues is that it can act as an acid and as a base in the active 

site of enzymes. This is due to the pKa of N-3 being around 7 therefore, at physiological pH, 

the amino acid can function as an acid and as a base. 142 This dual functionality is exploited 

in the active sites of enzymes with an acid base shuttle mechanism. 157 This type of role for 

histidine residues is the most commonly described role, present in a diverse range of 

enzyme active sites. 123  

Ribonuclease (RNase) has different isoforms, however RNase A from bovine pancreas was 

isolated and identified first and therefore, is the most studied (Figure 25). 158  

 

Figure 25 Crystal structure of RNase A from bovine pancreas 159 
Crystal structure determined using X-ray diffraction, with a resolution of 1.40 Å 

 

This enzyme cleaves the 3’,5’-phosphodiester bond, consequently breaking down RNA. 160 

The catalytic mechanism of RNase A was first proposed in 1961, and remains the most 

popular mechanism to date. 161 This describes two steps for the mechanism; an initial 

transphosphorylation followed by hydrolysis to cleave the phosphodiester bond. 162.  
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Figure 26 Proposed catalytic mechanism for bovine pancreatic RNase A 163 

 

Initial transphosphorylation begins with His-12 extracting a proton from 2’-OH, facilitating 

the nucleophilic attack of the oxygen to the phosphate, ending with deprotonation of His-

119. For the second part of this mechanism, His-119 now acts as a base, abstracting a 

proton from water, leading to an attack from the hydroxyl on the phosphate. This leads to 

the reformation of the alcohol on the 2’ carbon, with His-12 now acting as an acid (Figure 

26). 162 Though this is the general method for catalysis, other amino acids do play a role in 

this process, for example, a mutation at Lys-41 lost catalytic activity by 2 %. This loss of 

activity was thought to be due to the Lys-41 amine stabilising the intermediate negative 

charge. 164 

1.6.3 α-amino-β-Carboxymuconate-ε-Semialdehyde Decarboxylase 

Histidine has a high affinity for metal ions, forming strong interactions with the ions and 

hence, can be found in metalloproteins. 165 This affinity is taken advantage of for the use of 

a polyhistidine tag in recombinant proteins for protein purification due to the adherence 

on a transition metal ion matrix. 166 His is considered to be a tridentate ligand, with the 

potential to coordinate using the amino nitrogen, carboxylate oxygen and more commonly, 

with N-3 on the imidazole. 165 This amino acid has been found coordinating to a range of 
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metal ions in proteins including but not limited to iron in heme, copper in tyrosinase and 

zinc, discussed below. 167,168 

Zinc is a cofactor which is critical for the function of more than 300 enzymes. 169 There are 

three different forms of zinc binding: structural, catalytic and cocatalytic. 170  

α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase (ACMSD) is involved in the 

metabolic degradation of the amino acid L-tryptophan by removing the carboxylate group 

from the substrate α-amino-β-carboxymuconate-ε-semialdehyde (ACMS, 46). 171 In human 

ACMSD, the conserved residues His-6, His-8, His-174 and Asp-291 coordinate to the Zn2+ 

ion. 172 The metal ion in human ACMSD was not removed using EDTA, with the enzyme 

activity being directly related to zinc content, suggesting that catalytic activity is dependent 

on the zinc. 173  

 

Figure 27 Active site mechanism of ACMSD 174 

 

In addition to the 3 histidine residues coordinating the zinc ion, His-228 lies opposite to the 

binding pocket and maintains the hydrolytic water ligand by acting as an acid base (Figure 

27). 174 Mutation of His-228 causes a loss of enzyme function due to a lack of metal ion 

selectivity, incorporating Fe instead. 174 
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1.7 Histidine modifying reagents  

Currently, there is one warhead that reacts specifically with active site histidine residues in 

enzymes (47). 175 Additionally, there is a small selection of compounds which react with 

histidine residues (Figure 28).  

 

Figure 28 Histidine modifying small molecules 

 

The ATP derivative 47 is a probe first described in 2012 which was used to study two 

component systems (TCS). 175 As discussed in 1.6.1, TCSs are used for environmental 

sensing with the histidine kinase (HK) dephosphorylating ATP and transferring this to a 

response regulator which causes transcriptional changes as a response. 148 To study TCSs, 

47 was adapted to include sulphur on the γ-phosphate group, forming a thiophosphate 

intermediate. 175 This intermediate is more stable than the phosphohistidine intermediate, 

slowing down the hydrolysis due to being a poor leaving group in comparison. 176 This probe 

could then be transferred to the RRs in the same way as the substrate, so 47 was found to 

successfully allow for the visualisation of HKs and RRs. 175  

In a similar method to 47, the thiophosphate compound (48) also used sulphur to stabilise 

the phosphohistidine intermediate. This probe (48) can be used for the labelling of solvent 

exposed histidine residues, shown with the labelling of His-48 on RNase A as opposed to 

the active site residues His-12 and His-119. 163,177 This probe had the most effective labelling 

at pH 8.5 (60 %), however at this pH, 48 lost chemoselectivity, labelling some lysine residues 
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as well. Therefore to compensate for low reactivity at a neutral pH, higher equivalents were 

used. 177 

2-cyclohexenone (49) modifies histidine residues via Michael addition. This probe (49) 

monolabelled 8 enzymes, including RNase A with a modification identified on His-105. 178 

This histidine is a solvent exposed histidine, which left the modified RNase A functional. 

163,178 The labelled proteins could be fluorescently detected using retro Michael addition 

with a primary amine containing reporter tag on the formed cyclic ketone. 178  

From the described histidine residue probes, none target active site histidine residues, 

except DEPC (50). DEPC (50) reportedly selectively acylates active site histidine residues, 

which has been demonstrated in a range of enzymes like ribonuclease, glutamate 

dehydrogenase and phospholipase A2. 179  

1.7.1 Diethyl pyrocarbonate (DEPC) 

The use of diethyl pyrocarbonate (DEPC, 50) for the modification of enzymes was first 

reported by Hullan et al., in 1965 to inactivate trypsin whilst investigating why autolysis 

was inhibited in DEPC (50) treated organisms. 180 Initial fluorescence experimentation using 

bovine serum albumin (BSA) led to the hypothesis that DEPC (50) interacted with 

tryptophan residues, irreversibly inhibiting enzyme function 181 However, this theory was 

contested due to the lack of explanation for the strong inhibition of pancreatic 

ribonuclease, which possess no tryptophan residues. 182 Subsequently Wolf et al. (1970) 

proposed the carbethoxylation mechanism for amines, such as that present on Lys, 

however there was no mention of the modification on the imidazole of histidine. 182 Two 

years after this report, Morris and McKinlet-McKee (1972) detailed the inactivation of liver 

alcohol dehydrogenase using DEPC (50). Using fluorescent spectroscopy and varying 

concentrations of DEPC (50), this was shown to corresponded to the quantity of accessible 

histidine residues in the enzyme. 183 Following this report, there has been a consensus in 

the literature that DEPC (50) modifies N-3 on the imidazole of active site histidine residues. 

179 As such, DEPC (50) has found an established role for genomic extraction due to the 

ability to inactivate ribonuclease and deoxyribonuclease, replacing the previously used 

phenol. 184 
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With the established mechanism elucidated, DEPC (50) is reported to react with all of the 

discussed active site histidine residues like a zinc ion coordinator, such as in liver alcohol 

dehydrogenase (LADH), an acid base shuttle system like in RNase A and a nucleophilic 

histidine like in glucose-6-phosphatase. 183,185,186 Whilst DEPC (50) reacts with active site 

histidine residues, there are some reports of cross reactivity with other nucleophilic 

residues such as Cys and Lys. 179  

1.8 Project aims 

The overall focus of this project was to design and validate a novel ABP based on the 

dicarbonate structure of DEPC (50, Figure 29) that will selectively bind to active site 

histidine residues. Due to the current lack of histidine binding ABPs, adapting the histidine 

acylating agent DEPC (50) to include a bioorthogonal warhead was hypothesised to allow 

for ABPP research. 

 

Figure 29 Diethyl pyrocarbonate 

 

Ultimately, the initial focus was on the development of DEPC (50) analogues which was 

then validated in enzyme model systems. Once the scope of the ABP activity was defined, 

this was then taken into Leishmania for proteome exploration.  
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2 Design of a histidine specific probe  

2.1.1 Synopsis of chapter 

As discussed in the previous chapter, the initial aim of the project was to prepare an alkyne 

containing dicarbonate and validate this as an effective labelling agent for reactive histidine 

residues. Given this, the first approach was to establish a suitable synthetic method, 

followed by verification of reactivity with imidazole groups.  

2.2 Initial probe design  

Diethyl pyrocarbonate (DEPC, 50) is a probe that is reported to selectively acylate active 

site histidine residues. 179 Therefore, for the initial probe design, it was thought that 

keeping the structure similar to DEPC (50) would be crucial to retaining the histidine 

labelling selectivity. The initial probe design was a derivative of DEPC (50) with only the 

addition of dialkyl groups. A review of the literature revealed 4 methodologies to 

synthesise dicarbonate compounds. One study by Plusquellec described a method of 

synthesising 20 symmetrical carboxylic and carbonic anhydrides from the corresponding 

chloroformates, including DEPC (50, Figure 30). 187 This methodology had the highest yield 

from the studies evaluated and used reagents that were immediately available.  

 

Figure 30 Methodology for the synthesis of dicarbonates 187 

 

Following this precedent, dipropargyl pyrocarbonate (DPPC, 52) was generated, as a light 

yellow oil, from commercially available propargyl chloroformate (51, Figure 31).  

 

Figure 31 Synthesis of DPPC 
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Consistent with this structure, DPPC (52) provided two peaks in the 1H NMR spectrum at δ 

4.76, (2H, d), and 2.54 (4H, t). Additionally, the 13C NMR spectrum displayed four carbon 

peaks, notably a carbonyl signal at δ 154.4, concurring with the recorded data for this 

molecule obtained by Huber and Diaz. 188 With DPPC (52) successfully synthesised, the 

reactivity was assessed using 4-methylimidazole (53) and benzimidazole (55) as a primitive 

model for histidine (Figure 32). Surprisingly, it was found that DPPC (52) was stable to both 

reagents in either MeCN or DCM at room temperature (RT).  

 

Figure 32 Conditions for the acylation of imidazole 

 

The apparent stability of DPPC (52) allowed successful purification by flash column 

chromatography with the nucleophilic MeOH (DCM: MeOH, 0-30 %). This stability was 

unexpected, so it was postulated that dipropargyl carbonate (DPC, 57) had been 

synthesised as opposed to DPPC (52, Figure 33).  

 

Figure 33 The hypothesised undesired synthesised carbonate 

 

In order to preclude this possibility, the same procedure depicted in Figure 30 was used to 

synthesise DEPC (50). This can be directly compared to an authentic commercially available 

sample of DEPC (50) and diethyl carbonate (DEC, 58, Figure 34).  
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Figure 34 Diethyl pyrocarbonate and diethyl carbonate 

 

Following the same procedure, but starting with ethyl chloroformate (59), gave a colourless 

oil in 49 % yield (Figure 35). 

 

Figure 35 Synthesis of DEPC (50) using the methodology from Plusquellec 187 

 

As seen in Figure 36, 1H NMR spectroscopy revealed two signals at δ 4.33 (4H, q, J= 7.1) and 

δ 1.37 (6H, t, J= 7.1) for synthesised DEPC (50) which differed from those obtained for the 

commercial sample of DEC (58). Additionally, 13C NMR spectroscopy also showed the 

carbonyl carbon signals for purchased DEPC (50) and synthesised DEPC (50) were 

comparable (δ 148.7 and δ 148.9 respectively), whilst that for DEC (58) was δ 155.1 (Figure 

36). This showed that DEPC (50) was successfully synthesised as opposed to DEC (58).  
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Figure 36 Alignment of the synthesised DEPC with the commercially available DEPC (50) and DEC (58) 
Blue (top): commercially available DEPC (50); Green (middle): synthesised DEPC; Red (bottom): commercially 

available DEC (58).  
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Further support to this conclusion came from MS analysis. Both synthesised and 

commercial DEPC (50) produced a signal at m/z 47 (EtOH+H)+, likely due to hydrolyses on 

the mass spectrometry column. Moreover, a GC-MS chromatogram was produced for DEC 

(58), gave a signal at m/z 139 [M+H]+. The collected DEC (58) data was supported by 

literature reports, which affirms 13C NMR δ 155.5 for the carbonate carbon and the same 

mass of m/z 139 [M+H]+. 189 With the dicarbonate synthesis methodology (Figure 30) 

validated with the successful synthesis of DEPC (50), this supported the hypothesis that 

DPPC (52) was synthesised as predicted. 

The next hypothesis for the lack of DPPC (52) reactivity to test was that benzimidazole (55) 

was not a good primitive model for screening histidine residue activity. To ensure that using 

an imidazole containing compound is a viable model, the reaction between benzimidazole 

(55) and DEPC (50) was tested (Figure 37).  

 

Figure 37 Acylation of benzimidazole with DEPC (50) 

 

This reaction resulted in the addition of two aliphatic peaks, which can be seen in the 1H 

NMR as a quartet at 4.56 (2H, q, J = 7.1 Hz) and a triplet at 1.51 (3H, t, J = 7.1 Hz) arising 

from the ethyl group. In the 13C NMR spectroscopy, the carbonyl carbon is present at δ 

149.6. This, in addition to an LC-MS producing a mass at m/z 191 [M+H]+ suggests that the 

carbamate (60) was synthesised and concluded that benzimidazole can be used to screen 

histidine reactivity.  

4.56 (2H, q, J = 7.1 Hz, CH2), 1.51 (3H, t, J = 7.1 Hz, CH3 

Collectively, these experiments indicated that DPPC (52) was surprisingly stable with 

respect to nucleophilic acylation. Consistent with these observations, a survey of the 

literature revealed that the reaction of DPPC (52), prepared in the same manner (Figure 

30), with dihydrazine (61) required refluxing at around 80 °C and a considerable amount of 

time (Figure 38). 188 With the increased nucleophilicity of the primary amine on the 
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hydrazine (61), and harsh conditions required to react with DPPC (52) eludes to the 

inherent stability. 190 Implementing the described conditions for the acylation of DPPC (52) 

would not be ideal in biological conditions, therefore it was determined that this molecule 

was not a suitable probe.  

 

Figure 38 Addition elimination of DPPC with hydrazine from Huber and Diaz 188 

 

Although DPPC (52) was successfully synthesised, the reasons for the observed stability are 

not obvious. 

2.3 A new probe design 

Given the high reactivity of dicarbonates, it was suggested that the propargylic structure of 

DPPC (52) accounted for the stability. To overcome this idea, the probe was adapted to 

have 6 carbons either side of the dicarbonate group (Figure 39). These extra carbons 

distance the alkyne from the dicarbonate functional group, preventing any potential 

interaction with the dialkyl group. An additional benefit from having a longer probe was 

that once labelled, the alkyne group would be more likely to protrude from the active site, 

enhancing the chance of conjugation with a biotinylated azide via Cu(I)-catalyzed azide–

alkyne cycloaddition (CuAAC), albeit at the risk of decreasing the solubility of the molecule 

in H2O due to the longer alkyl chain. 

To test this hypothesis, access to hexargyl chloroformate (65) was required. As the 

chloroformate (65) was not commercially available, it was prepared following a procedure 

established by Pasquato. In this, triphosgene (64) and 5-hexyn-1-ol (63) dissolved in DCM 

were stirred for 3 h at room temperature (Figure 39). 191 The resulting chloroformate (65) 

afforded the derived dicarbonate (66) using the same conditions previously established.  
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Figure 39 Synthesis of bis(5-hexyn-1-ol) dicarbonate (66) 

 

The data for bis(5-hexyn-1-ol) dicarbonate (BHDC, 66) showed the characteristic O-CH2 

protons being present in 1H NMR spectroscopy at δ 4.34 (4H, dt, J = 8.0, 6.4 Hz) with the 

dicarbonate carbon present at 13C NMR δ 148.0. 

2.3.1 BHDC imidazole reactivity  

The newly designed probe was reacted with benzimidazole (55) under the same conditions 

established for DEPC (50) (Figure 40). 

 

Figure 40 Nucleophilic acylation of BHDC with benzimidazole 

 

Pleasingly, the longer carbon chain increased the reactivity of the dicarbonate 66 to 

benzimidazole (55) leading to the successful isolation of 67 as a white solid, albeit in low 

yield. After purification by flash chromatography (hexane and EtOAc, 0-100 %), analysis of 

1H NMR spectroscopy of 67 showed the appearance of 4 aromatic peaks, one most notably 

at δ 8.05 corresponding to the proton on carbon 2, with the addition of a distinct aliphatic 

peak at δ 4.56 (2H, t, J = 6.5 Hz) corresponding to O-CH2. In addition, the expected mass of 

m/z 243 [M+H]+ was identified.  

To ensure that the probe will still react under biological aqueous conditions, the 

experiment was repeated with H2O as the solvent to ascertain that the competing reaction 
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by the solvent would not interfere with any protein labelling. This could prevent the tagging 

of histidine through hydrolysis to 5-hexyn-1-ol (63). Following this reaction, the 

spectroscopy data identified m/z 243 [M+H]+. However, the reaction was inhibited by the 

presence of tris (20 mM), which is also reported to decrease DEPC (50) half-life. 179 These 

series of experiments provide evidence that the desired reaction is likely to occur under 

the conditions in a biological system, without tris.  

Following the synthesis of 67, further evidence was desired to ensure that BHDC (66) will 

bind to histidine itself. It was proposed that a dipeptide model would be a suitable model 

to achieve this. The dipeptide was synthesised from a racemic mixture of Fmoc His(trt)-OH 

(68) and the simplest amino acid glycine methyl ester.HCl (69). As chirality is not predicted 

to hinder the use of the dipeptide as a histidine model, 68 was kept as a stereoisomer.  

Due to the wide variety of coupling reagents in the literature, a few conditions were tested 

to optimise this reaction. The initial condition used to form the amide bond were the 

standard coupling reagents EDC.HCl, HOBt and DIPEA achieving 76 % after purification by 

column chromatography. With further exploration, it was found that the optimal 

conditions for this condensation was using DMAP and EDC.HCl. These produced the pure 

product as a white solid after workup, achieving 96 % yield (Figure 41). 
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Figure 41 Synthesis of histidine dipeptide to assess BHDC (66) binding 

 

The appearance of the methoxy CH3 signal in the 1H NMR spectrum δ 3.71 (3H, s) along 

with a peak at m/z (LCMS ES+) 691 [M+H]+ confirmed the synthesis of 70. The deprotection 

of the trityl group with TFA then afforded 71 as a white solid following trituration with Et2O 

(Figure 41). Following the synthesis of 71, this was then used to test BHDC (66) reactivity 

against histidine (Figure 42).  
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Figure 42 Acylation of imidazole on histidine with bis(5-hexyn-1-ol) dicarbonate 

 

This led to the successful synthesis of the derived adduct 72 as ascertained from the 1H 

NMR spectrum which showed the imidazole proton 2III-H at δ 8.17 and the CH at δ 1.98 

(1H, t, J = 2.1 Hz). In addition, there was a peak in the LC-MS trace with m/z (ES+) 573 

[M+H]+. Collectively, this was promising evidence that 66 will react with histidine in a 

protein.  

To ensure that this was an accurate representation of histidine binding, this process was 

repeated under the same conditions using DEPC (50), instead of BHDC (66, Figure 43). 

 

Figure 43 Acylation of histidine imidazole with known histidine inhibitor DEPC (50) 
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This reaction successfully produced 73, albeit in a low yield. In accordance with this, the 1H 

NMR spectrum showed a peak for the ethoxy CH2CH3 group present at δ 4.45 (2H, q, J = 7.1 

Hz) and δ 1.41 (3H, t, J = 7.1 Hz) respectively, with the newly formed carbonate group at δ 

148.2 in the 13C NMR spectrum.  

After establishing the leading probe candidate, BHDC (66) by identifying histidine reactivity 

through a simple dipeptide model, the need to validate the formed carbamate stability 

remained. This led to the development of an azide containing linker with an NMR signal for 

analysis of the CuAAC reaction.  

2.4 Stability of the carbamate  

As discussed in Chapter 1.4, the basic components for activity-based protein profiling 

(ABPP) are the warhead, linker, and the reporter group. 104 With a leading warhead 

designed and tested in a model, the next challenge was to ensure all the components are 

functioning in the predicted manner. Therefore, the click chemistry component was also 

tested under more controlled, chemical environment. For this, a soluble PEG linker was 

chosen to prevent solubility issues, with a fluorinated benzyl group to serve as an NMR 

signal.  

To begin, a simple polyethylene glycol (PEG, 74) linker was synthesised (Figure 44). The 

methodology initially followed that published by Brauch et al. (2012). 192 This involved 

initial mesylation of the alcohol groups followed by a SN2 substitution with NaN3 under 

basic, aqueous conditions resulting in the diazido PEG (75). A Staudinger reaction then 

afforded compound 76 as a colourless oil, with 77 % yield (Figure 44). 

 

Figure 44 Synthesis of a PEG linker 
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76 was then stirred with 4-(trifluoromethyl)benzyl isocyanate (77) to produce a fluorinated 

urea (78, Figure 44) with 30 % yield. This was confirmed through the LC-MS showing the 

expected mass of m/z (ES+) 406 [M+H]+. In addition, the 1H NMR with a peak at δ 4.34 – 

4.29 (2H, m, HN-CH2) and 3.36 (2H, t, J = 5.1 Hz, CH2-N3), the urea carbon present at 13C δ 

153.3. Finally, the 19F NMR showing a single peak at δ -61.98. CF3, which was ideal for use 

as an NMR signal for future analysis. After synthesis was confirmed, the urea (78) was then 

used to test the Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC) with the acylated 

histidine dipeptide (72).  

2.4.1 Copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

To ensure that the click chemistry will successfully form the 1,2,3-triazole necessary for 

biological analysis, CuAAC was tested. The fluorinated linker (78) and probe acylated 

histidine (72) was subsequently added to an aqueous solution containing CuSO4.5H2O, and 

Na ascorbate (Figure 45). 
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Figure 45 Synthesis of 1,2,3-triazole using CuAAC conditions 

 

Formation of the 1,2,3-triazole using click chemistry initially appeared successful using LC-

MS, with a small amount of product at m/z 978 [M+H]+ after 12 h. Along with this mass, an 

additional mass could be seen at m/z 562, which was an unknown product.  

Due to the poor conversion of starting material, seen from LC-MS analysis, the reaction was 

heated to 30 °C and stirred for an additional 12 h. After the addition of heat, the peak at 

m/z 562 grew in intensity suggesting that the formation of this by-product was favoured in 

these adjusted conditions. From this reaction mixture, methyl ester 80 was isolated (Figure 

46).  
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Figure 46 Product formed after methanolysis on the carbamate after CuAAC 

 

Evidence for this structure was obtained from the 1H NMR spectrum, which contained a 

characteristic triazole proton at δ 7.47 (1H, s), along with a methyl group at δ 3.76 (3H, s) 

and the PEG chain at δ 3.64–3.55 (8H, m) in addition to the 13C NMR spectrum having a 

carbonate signal at δ 155.8. These signals in conjunction with no evidence of the imidazole 

or Fmoc groups led to the conclusion the product was formed was that in Figure 46. This 

by-product matches the described mass of m/z 562 observed when monitoring the reaction 

progression. The hypothesised formation of 80 was due to methanolysis of the carbamate.  

Following the failure of the CuAAC, the conditions were adjusted to remove methanol from 

the reaction, instead replacing it with the less nucleophilic t-BuOH. These new conditions 

led to the successful production of the target compound 79. This was supported though 

the 1H NMR producing signals for the triazole at δ 7.48 (1H, s), along with the Fmoc signals 

at 7.75 (2H, d, J = 7.6 Hz) and 7.38 (2H, t, J = 7.6 Hz) in addition to the glycine signals at 3.69 

(3H, s) and 4.00 (2H, q, J = 18.2 Hz). Corroborating with the 1H NMR, the carbamate signal 

at 13C NMR δ 148.6 in the spectrum suggested that the desired molecule was synthesised, 

with further confirmation found in mass spectrometry, which produced a mass which 

concurs with the hypothesised mass m/z 978 [M+H]+ and the 19F NMR produced one peak 

at δ -61.93. This data strongly suggests that the desired molecule was synthesised.  

2.5 Alternative dipeptide synthesis  

Due to the aforementioned difficulties, it was decided that replacing the Fmoc group would 

ease analysis of the product. Therefore, the dipeptide model was adjusted, replacing the 

Fmoc group with 4-fluorobenzoyl chloride (82). This fluorinated heterocycle is 

advantageous over the Fmoc for easier and faster NMR analysis after the CuAAC reaction. 
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Although the synthetic route initially appeared facile, there was difficulties with the 4-

fluorobenzyl chloride (82) which repeatedly generated low yields due to the complex 

mixture formed (Figure 47).  

 

Figure 47 Initial synthetic route for the fluorinated dipeptide 

 

The predominant issue with the conditions for the addition elimination with 4-

fluorobenzoyl chloride (82) was the generation of 7-14 by-products when reacted with 

His(trt)OH (81). After screening conditions for the production of 83, the highest isolated 

yield was 6 %. Following the coupling with glycine ME (69), no isolatable product (85) could 

be found, which was attributed to the low quantity of starting material 83. Due to this, a 

different route was attempted starting with an Fmoc deprotection of the previously 

synthesised dipeptide 70 (Figure 47). A one pot DBU deprotection followed by the addition 

of 4-fluorobenzoyl chloride (82) resulted in a mixture of compounds from which, the 

product could not be isolated (85). 193 Whilst there is literature precedent for alternative 

methods to synthesise the aromatic amide bond, such as using TPP as a condensing agent 

with 4-DMAP, it was decided a different method should be attempted altogether. 194  

To replace the problematic addition elimination, 4-fluorobenzoic acid (86) was used. This 

starts with the previously described one pot method for the DBU deprotection of Fmoc on 

70. After the deprotection was confirmed by TLC, the solvent was removed en vacuo, and 
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the resulting mixture underwent coupling conditions leading to 87 with 61 % crude yield. 

This crude material then underwent the deprotection of trityl, in which 88 was successfully 

purified with 40 % yield (Figure 48). 

 

Figure 48 Production of fluorinated dipeptide 

 

This was evident through the lack of trityl group present in the 1H NMR, and the 

corresponding mass m/z 377 [M+H]+. With 88 synthesised, this was acylated with BHDC 

(66) and then the CuAAC reaction was again attempted (Figure 49).  
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Figure 49 Validation of CuAAC suitability with a difluorinated compound 

 

Using these conditions, the click chemistry reaction successfully produced 90 as a 

colourless oil within 2 h. The fluorine NMR produced 2 signals with the expected ratio of 

3:1 at δ -61.95 (CF3) and δ -116.99 (CF) respectively. Analysis via mass spectrometry 

obtained m/z 907 [M+H]+, corresponding to 90. Further confirmation from 1H NMR 

displayed the triazole proton at δ 7.50 (1H, s), imidazole protons at δ 8.12 (1H, s, 2-H) and 

δ 7.22 (1H, s, 5-H) with the carbamate carbon also visible at 13C δ 148.3.  

These series of experiments led to the confidence that the carbamate group will form in 

the presence of active site histidine residue and remain attached to the protein during the 

click chemistry reaction. Important details were elucidated from this series of experiments, 

such as confirmation of the instability with other nucleophilic elements, such as methanol.  

2.6 Fluorescent marker and binding group  

Before biological testing of BHDC (66) could begin, a series of chemical tools were 

synthesised to perform fluorescent analysis and protein isolation using a pulldown. These 

form the linker and reporter group and are common techniques utilised in ABPP, as 

discussed in Chapter 1.4.3. Initial synthetic focus was on the development of a simple azido 
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containing rhodamine, which would allow for the fluorescent analysis of proteins reactive 

with BHDC (66) in a proteome following CuAAC. Another important component of ABPP is 

the ability to purify the bound proteins using enrichment with streptavidin. For this series 

of experiments, a tetra functional biotin tag was developed, which has several advantages 

over the commercially available biotin linkers, discussed below.  

2.6.1 Simple rhodamine fluorophore 

To explore the inhibition of enzymes, a simple fluorophore was synthesised. This was 

performed as a one pot reaction following the precedent described by Navarro and 

Bergstrom (2014). 195 This involved rhodamine B (91) activation by NHS with EDC. The 

solvent was removed and to this crude material, the previously synthesised PEG (76, Figure 

44) was added. A basic workup followed the completion of this reaction to ensure the 

rhodamine B remains in the fluorescent state (Figure 50).  

 

Figure 50 Synthesis of a rhodamine linker for biological analysis 

 

The synthesis of the reporter group 93 was successful, with the fluorescence successfully 

being retained. The PEG chain O-CH2 was visible at δ 3.67 – 3.62 (12H, m) and CH3 at 1.33 

(12H, t, J = 7.1 Hz) with mass spectrometry producing a peak of m/z 644 [M+H]+. This was 

implemented for the fluorescent analysis of the proteome throughout Chapter 3 and 

Chapter 4.  
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2.6.2 Tetrafunctional reactive linker 

For the purification and elution of BHDC (66) modified proteins, cross coupling with a 

biotinylated linker can be used with streptavidin coated magnetic beads. The current 

commercially available biotinylated molecules range from a simple biotin linker (94) to 

ones that include a cleavable component (Figure 51).  

 

Figure 51 Market available biotinylated azides 

 

95 and 96 are cleavable using reducing agents like DTT and dithionite, leaving thiol and 

aminophenol moieties respectively. 196,197 However, the eluted proteins are not fluorescent 

thereby relying on protein staining for visualisation (Figure 51). One option for fluorescent 

analysis of the eluted proteins is to perform a Western blot using anti-streptavidin 

antibodies. 100 However, an alternative option is to design a unique reactive linker, 

encompassing all the desired characteristics; binds to streptavidin, fluorescent, 

bioorthogonal reactive group, and cleavable group for easy elution (Figure 52). 198 
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Figure 52 Structure for the trifunctional cleavable linker 
The colour refers to the different main sections of the compound: blue: biotinylated component, black: lysine 

joining the components together, pink: PEG linker with bioorthogonal group, red: TAMRA fluorophore. 

 

Compound 97 can be divided into three sections: azide PEG linker, lysine, and acid 

cleavable biotin. A lysine joins all the highlighted components in Figure 52 together. To 

develop this core, Fmoc-Lys(Boc)-OH (98) was coupled with the previously described PEG 

(76, Figure 44) using EDC and NHS (Figure 53).  

 

Figure 53 Coupling of lysine with azide linker 

 

This formed (99) as a light-yellow oil with 43 % yield. Validation of the product formation 

occurred using mass spectrometry, producing a mass of m/z 691 [M+H]+. Additionally, 1H 
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NMR identified PEG CH2 at δ 3.68 – 3.58 (10H, m) and CH2-N3 at δ 3.36 (2H, t, J = 5.1 Hz), 

whilst retaining Boc (1.43, 9H, s).  

Following the successful synthesis of 99, other members of the PGS group then coupled 99 

with the disulphide-biotin component (Figure 52, blue) before finally deprotecting Boc and 

reacting the anime with TAMRA isothiocyanate, forming the desired product 97.  

With these chemical tools synthesised, research progressed to the validation of 

chemoselectivity of BHDC (66) in biology.  
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3 Biological analysis of ABP in a model system 

3.1.1 Synopsis of chapter  

The initial challenge was to validate BHDC (66) acylation of active site histidine 

residues in biological conditions. To address this, the probe was applied to a 

biochemical assay testing for inhibition of Leishmania major inositol 

phosphorylceramide synthase (LmjIPCS). Due to difficulties that a membrane bound 

protein has for mass spectrometric analysis, a model protein with a similar HHD 

catalytic triad was identified to use as a model. This was used along with a histidine 

acid base residue model to explore the scope of BHDC (66) reactivity. Finally, the 

probe was used in a streptavidin enrichment pulldown, isolating an overexpressed 

model protein and intrinsic enzymes from E. coli.  

3.2 LmjIPCS inhibition assay  

Following the synthesis and chemical validation of a leading candidate, bis(5-hexyn-1-

ol) dicarbonate (BHDC, 66) in a dipeptide model, the activity in biological conditions 

and selectivity needed exploration. To achieve this, the reactivity of 66 with active 

histidyl residue in protein models was assessed.  

As previously described in Chapter 1.2.2, Leishmania major IPCS (LmjIPCS). is an 

enzyme of interest, with evidence suggesting the enzyme is essential and thus, a good 

drug target. 73 This active site is hypothesised to contain a HHD catalytic triad, with 

nucleophilic His-264 catalysing the transfer of the phosphate from the PI (21) to the 

ceramide (17) to form IPC (23). As such, it was proposed that the treatment of LmjIPCS 

with BHDC (66) could lead to the inhibition of this enzyme through covalent labelling 

of the active site His-264 (Figure 54). 



Biological analysis in a model system 

58 
 

 

Figure 54 Hypothesised inhibition of LmjIPCS active site with BHDC (66) 
Blue: active site catalytic triad residues (HHD); Black: LmjIPCS substrates and Arg-262; Pink: BHDC (66) 

 

Evaluating inhibition of LmjIPCS was possible by reconstituting the established 

biochemical assay discussed in Chapter 1.2.2. For this, enriched microsomes prepared 

by Dr John Mina was utilised, which were isolated from S. cerevisiae Golgi apparatus 

expressing LmjIPCS. 92 This assay monitors the conversion of NBD-C6-ceramide (100) 

to NBD-C6-IPC (101), exploiting the different retention times with HPTLC to identify 

conversion (Figure 55). If the probe interacts with the enzyme, then the production of 

NBD-C6-IPC (101) will be inhibited.  
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Figure 55 NBD-C6-ceramide (100) conversion to NBD-C6-IPC (101) 
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3.2.1 Initial test for inhibition 

To begin, the LmjIPCS enriched microsomes were incubated with the desired compounds 

for 1 h before the addition of the substrates PI (21) and NBD-C6-ceramide (100). The initial 

biochemical assay tested BHDC (66) at 100 µM and the controls 5-hexyn-1-ol (63, 100 µM) 

and DEPC (50, 100 µM). 

 

 

Figure 56 LmjIPCS assay 1 
High performance thin layer chromatography (HPTLC) separation of NBD-C6-ceramide (top) from NBD-C6-IPC 

(bottom) using the solvent system 55: 45: 10 MeOH, CHCl3 and (0.25 % KCl) H2O. The HPTLC plate was visualised on 
Fuji FLA-3000. 1: 1 µl DMSO; 2: BHDC (66, 50 µM); 3: BHDC (66, 50 µM) without LmjIPCS; 4: 5-hexyn-1-ol (63, 100 

µM); 5: DEPC (50, 100 µM); 6: BHDC (66, 100 µM). All the tested compounds were dissolved in DMSO. Representative 
HPTLC from 3 consistent replicates. 

 

As hypothesised, BHDC (66) inhibited NBD-C6-IPC production (Figure 56, lanes 2), without 

itself visibly interacting with the substrate (Figure 56, lane 3). By-product 5-hexyn-1-ol (63) 

did not appear to inhibit the enzyme (Figure 56, lane 4), which does suggest that the effect 

seen with BHDC (66) is due to the dicarbonate. A surprising result from this assay was that 

DEPC (50) did not appear to inhibit LmjIPCS (Figure 56, lane 5). The lack of activity from 
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DEPC (50) was surprising as it is reported to bind to active site histidine residues (Chapter 

1.7.1), therefore, DEPC (50) was invalidated as a positive control.  

The initial hypothesis was that due to the instability of DEPC (50), the stock compound had 

hydrolysed and was no longer functional as a histidine acylating reagent. After ruling out 

decomposition using new, unopened DEPC (50) and NMR analysis, it was concluded that 

DEPC (50) inherently does not inhibit LmjIPCS. Another explanation could be due to a 

difference in lipophilicity, with the more polar DEPC (50) not being able to penetrate the 

lipophilic microsome. To support this, the LogP for each reagent was calculated using 

molinspiration (https://www.molinspiration.com). BHDC (66) was predicted to have a LogP 

of 2.41, ideal for crossing lipid membranes, whereas DEPC (50) has a LogP of 0.75. With a 

predicted LogP of DEPC (50) being close to 0, this does suggest that 50 has a reduced 

capacity to cross the lipid membrane. 199 A literature search of DEPC (50) modification of 

membrane bound proteins revealed that other research groups report that DEPC (50) is 

not able to penetrate the lipid membrane. 200  

To verify that lipophilicity was a key issue and develop an alternative control, a dihexyl 

analogue was proposed. This new inhibitor has a predicted LogP of 4.89, confirming the 

increased lipophilicity.  

3.2.2 Assessing the role of lipophilicity for inhibition 

The new inhibitor was successfully synthesised using the same methodology described for 

BHDC (66), however using 1-hexanol (102) as the starting material (Figure 57).  

 

Figure 57 Synthesis of a new DEPC (50) derivative 

 

https://www.molinspiration.com/cgi-bin/properties
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Following the successful synthesis of 104, this was then tested in the same biochemical 

assay described above, monitoring for NBD-C6-IPC (101) production from NBD-C6-ceramide 

(100, Figure 58). 

 

 

Figure 58 Validation of LmjIPCS inhibition in a biochemical assay 
High performance thin layer chromatography (HPTLC) separation of NBD-C6-ceramide (100, top, blue rectangle) from 

NBD-C6-IPC (101, bottom, white rectangle) using the solvent system 55: 45: 10 MeOH, CHCl3 and (0.25 % KCl) H2O. 
The HPTLC plate was visualised on Fuji FLA-3000. 1: 100 µM BHDC (66); 2: 100 µM 5-hexyn-1-ol (63); 3: 100 µM 

dihexyl dicarbonate (104); 4: 100 µM 1-hexanol (102); 5: 100 µM DEPC (50); 6: DMSO. Representative HPTLC plate 
over 3 repeats. 

 

Pleasingly, as predicted and in contrast to DEPC (50), dihexyl dicarbonate (104) showed 

inhibition of LmjIPCS (Figure 58, lane 3), supporting the hypothesis that lipophilicity plays a 

role in the inhibition of LmjIPCS. This could indicate that 66 will be able to bind to 

membrane bound proteins, an advantage over DEPC (50).  

Having demonstrated that BHDC (66) can inhibit LmjIPCS, it was then necessary to validate 

the mode of action as labelling His-264. The membrane associated with this enzyme would 

challenge this, and consequently a soluble model enzyme with a similar HHD catalytic triad 

was then sought to undertake this experiment.  
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3.3 Non-specific acid phosphatase inhibition  

To further assess the selectivity of BHDC (66) with a nucleophilic histidine, a model enzyme 

was chosen to avoid the additional difficulties that working with a membrane bound 

protein like LmjIPCS (Chapter 1.2.2). A model enzyme would therefore have several 

advantages over the microsomal LmjIPCS that was previously used to assess binding. The 

critical features for this model enzyme were: small, soluble, HHD catalytic triad, and a 

known crystal structure.  

One protein that fits these narrow criteria was a non-specific acid phosphatase (NSAP) 

known as PhoN from Salmonella typhumirium (UniProt A0A0F6BAI0). PhoN is a soluble 

cytosolic protein, with a known crystal structure (PDB: 2A96). 154,156 Most importantly, 

PhoN has an active site that proceeds though a similar mechanism as IPCS, with the 

additional advantage of being a soluble protein (Figure 59). 155 

 

Figure 59 PhoN dephosphorylation catalytic mechanism 
The substrate is para-nitrophenyl phosphate (pNPP), a known substrate for non-specific acid phosphatases, which 

releases para-nitrophenol (pNP) as a fluorescent product. Blue: catalytic triad residues HHD; Black: active site 
amino acid residues. 

 

As discussed in Chapter 1.6.1, the electron deficient phosphorylated substrate is attacked 

by the nucleophilic His-197 in the active site of PhoN, forming a phosphohistidine 

intermediate. The acid base His-158 then facilitates the release of the product (Figure 59). 

156 The hypothesised mechanism for LmjIPCS also results in the formation of the 

phosphohistidine intermediate with His-264, and the acid base His-224 deprotonation the 

primary alcohol on the substrate ceramide. The ceramide anion then attacks the 

phosphate, breaking the phosphohistidine bond (Figure 60). 84 
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Figure 60 Hypothesised mechanism of LmjIPCS 
Blue: LmjIPCS substrates PI and ceramide; black: active site amino acid residues  

 

With the model protein chosen, the next challenge was to obtain the enzyme. PhoN is not 

a commercially available enzyme, therefore recombinant PhoN was produced using 

competent E. coli. 

3.3.1.1 Cloning  

Once the enzyme was identified, the gene was obtained from UniProt (A0A0F6BAI0, 

Salmonella typhimurium strain 14028s/SGSC 2262) and ordered through GenScript in a 

pUC57 cloning plasmid. This was transformed into DH5α E. coli for plasmid propagation. 

The PhoN gene was then amplified for the transformation into an expression plasmid, with 

an expected size of 753 bp (Figure 61). 
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Figure 61 PCR of PhoN gene in pUC57 plasmid from transformed DH5α E. coli 
Smaller band (bottom; white) expected to be PhoN gene; Larger band (top; blue) suspected to be an off-target 

amplification. The DNA was amplified using the primers designed for PhoN. 

 

The designed primers amplified an additional portion of the genome (Figure 61, top band 

at around 3000 bp), so the desired gene (Figure 61, bottom band) was cut from the agarose 

gel and purified (Qiagen). Following InFusion cloning into pOPINF, this was then 

transformed into the E. coli cell strains BL21 DE3 and BL21 (DE3) pLysS and grown, following 

manufacturers procedures. Successful transformation was checked by colony PCR using the 

T7 forward primer and the designed forward primer for the expected gene size of 940 and 

753 respectively (Figure 62). 
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Figure 62 Colony PCR of 3 bacterial colonies following transformation 
One bacterial colony was chosen from each transformed species of E. coli with a control negative present. Two 
different primers were used to amplify the colonies. T7FWD: commercial primer for the amplification of the T7 
promotor region, which adds 300 b.p onto the gene size; MBFWD: designed primer for the amplification of the 

beginning of the PhoN gene.  

 

Once the transformed colonies were identified, stock solutions were made with 40 % glycol 

(v/v) and LB broth at -80 °C for both BL21 DE3 and BL21 (DE3) pLysS. These colonies were 

sent for Sanger sequencing using T7, MBFWD and MBREV primers (Figure 63).  

PhoNseq         -------------------MKSRYLVFFLPLIVAKYTSAETVQPFHSPEESVNSQFYLPP 

BL21(DE3)       MAHHHHHHSSGLEVLFQGPMKSRYLVFFLPLIVAKYTSAETVQPFHSPEESVNSQFYLPP 

BL21pLysS       MAHHHHHHSSGLEVLFQGPMKSRYLVFFLPLIVAKYTSAETVQPFHSPEESVNSQFYLPP 

                                   ***************************************** 

 

PhoNseq         PPGNDDPAYRYDKEAYFKGYAIKGSPRWKQAAEDADVSVENIARIFSPVVGAKINPKDTP 

BL21(DE3)       PPGNDDPAYRYDKEAYFKGYAIKGSPRWKQAAEDADVSVENIARIFSPVVGAKINPKDTP 

BL21pLysS       PPGNDDPAYRYDKEAYFKGYAIKGSPRWKQAAEDADVSVENIARIFSPVVGAKINPKDTP 

                ************************************************************ 

 

PhoNseq         ETWNMLKNLLTMGGYYATASAKKYYMRTRPFVLFNHSTCRPEDENTLRKNGSYPSGHTAY 

BL21(DE3)       ETWNMLKNLLTMGGYYATASAKKYYMRTRPFVLFNHSTCRPEDENTLRKNGSYPSGHTAY 

BL21pLysS       ETWNMLKNLLTMGGYYATASAKKYYMRTRPFVLFNHSTCRPEDENTLRKNGSYPSGHTAY 

                ************************************************************ 

 

PhoNseq         GTLLALVLSEARPERAQELARRGWEFGQSRVICGAHWQSDVDAGRYVGAVEFARLQTIPA 

BL21(DE3)       GTLLALVLSEARPERAQELARRGWEFGQSRVICGAHWQSDVDAGRYVGAVEFARLQTIPA 

BL21pLysS       GTLLALVLSEARPERAQELARRGWEFGQSRVICGAHWQSDVDAGRYVGAVEFARLQTIPA 

                ************************************************************ 

 

PhoNseq         FQKSLAKVREELNDKNNLLSKEDHPKLNY 

BL21(DE3)       FQKSLAKVREELNDKNNLLSKEDHPKLNY 

BL21pLysS       FQKSLAKVREELNDKNNLLSKEDHPKLNY 

                ***************************** 

Figure 63 Alignment of reported PhoN sequence with the isolated plasmids 
PhoNseq: reported peptide sequence obtained from UniProt (P26976); BL21(DE3): Sanger sequence obtained 
using the commercial T7 forward primer for the transformed E. coli BL21 DE3; BL21pLysS: Sanger sequence 
obtained using the commercial T7 forward primer for the transformed E. coli BL21(DE3) pLysS. Alignment 

performed using EMBL-EBI (MUSCLE) alignment tool, with the output format using ClustalW 
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Sanger sequencing determined that no mutations were introduced, and confirmed that the 

His6-tag (Figure 63, 1-19) was positioned on the N-terminus in both conditions, which 

matches the reported sequence of ‘MAHHHHHHSSGLEVLFQGP’. 201  

3.3.1.2 Expression of PhoN 

To ascertain the ideal conditions for protein expression, 4 different conditions were tested 

(Table 2) for each of the transformed E. coli species.  

Table 2 Temperatures and times for the expression of PhoN 

Temperature / °C Time / h  

37 4 

30 18 

25 24 

20 24 

 

The transformed colonies were induced at OD 0.6-0.8 using a final concentration of 0.5 mM 

IPTG. After induction, the conditions shown in Table 2 were followed before lysis using 

sonication (Figure 64). Alongside the induction conditions, another condition was prepared 

which was the non-induced condition. This was used as a comparison to the induction 

condition to aid in the identification of the overexpressed PhoN protein band.  
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Figure 64 SDS-PAGE analysis of induced lysate of E. coli BL21 DE3 (top) and BL21 (DE3) pLysS (bottom) 
Only some of the insoluble fractions are shown as some of the insoluble material was difficult to load onto the gel. 

NI: non-induced bacteria culture grown without the addition of IPTG. Star refers to the expected location of the 
overexpressed PhoN and the box highlights the overexpressed protein. SDS-PAGE gels stained overnight using 

quick Coomassie protein stain and destained with MilliQ H2O.  
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The results demonstrate that the ideal expression conditions in E. coli strain BL21 DE3 was 

30 °C overnight (Figure 64; top, lane 3) and at 37 °C for 4 h in BL21 (DE3) pLysS (Figure 64; 

bottom; lane 6). Whilst a higher quantity of PhoN was achieved in BL21 (DE3) pLysS, it 

appeared that the recombinant PhoN was 2-4 kDa smaller than the expected mass of 28 

kDa (Figure 64, bottom). This was deduced based on the comparison of the non-induced E. 

coli BL21 (DE3) pLysS (Figure 64, bottom, lane 2) and the induction conditions (Figure 64). 

Therefore, purification initially occurred in the E. coli BL21 DE3 expression system.  

Following this precedent, recombinant PhoN was overexpressed in 2 L of E. coli BL21 DE3 

in the optimal condition of 30 °C for 18 h. Following this, the E. coli were lysed by sonication 

and the lysate loaded onto a HisTrap column using a peristaltic pump. The HisTrap was then 

washed with a wash buffer (20 mM Tris pH 7.4, 500 mM NaCl, 20 mM imidazole), and this 

loaded onto the protein purification system AKTA to elute the protein using a gradient with 

1 M imidazole in the elution buffer. The protein fractions from the AKTA were analysed by 

SDS-PAGE and Coomassie protein staining along with the E. coli BL21 DE3 lysate and 

proteins eluted during the column wash (Figure 65).  
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Figure 65 SDS-PAGE analysis of PhoN purification in the expression system E. coli BL21 DE3  
Lanes 1-5 represent the fractions of eluted protein from the AKTA. Lys: E. coli BL21 (DE3) lysate; Wash; proteins 

collected after washing the HisTrap column. SDS-PAGE gels stained overnight using quick Coomassie protein stain 
and destained with MilliQ H2O. Highlighted is the band where PhoN is expected.  

 

The SDS-PAGE (Figure 65) showed that the purification of recombinant PhoN was 

unsuccessful in the expression system E. coli BL21 DE3. Most of the recombinant PhoN can 

be seen in the E. coli BL21 DE3 wash step, which could be causing the premature elution of 

the protein. Therefore, the imidazole concentration in the wash buffer was decreased from 

the standard 20 mM to 10 mM however, this also resulted in no adherence of the protein 

to the column. It was concluded that the protein coordinates to the Ni2+ on the column 

weakly for unknown reasons.  

Due to the difficulties with E. coli BL21 DE3, the overexpression and purification was then 

performed using E. coli BL21 (DE3) pLysS, and enzyme activity was determined following 

isolation (Figure 66).  
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Figure 66 SDS-PAGE analysis of PhoN purification using the expression system E. coli BL21 DE3 pLysS 
Lanes 1-11 represent the fractions of eluted protein from the AKTA. Lys: E. coli BL21 (DE3) pLysS lysate; FT: 

flowthrough collected after loading the HisTrap column with E. coli BL21 (DE3) pLysS lysate using a peristaltic pump; 
Wash; proteins collected after washing the HisTrap column. Highlighted is the band where PhoN is expected. SDS-

PAGE gels stained overnight using quick Coomassie protein stain and destained with MilliQ H2O.  

 

Due to the known weak binding of PhoN, no imidazole was present in the wash buffer, and 

the protein was eluted on a gradient with a maximum concentration of 500 mM imidazole. 

This HisTrap column purification successfully eluted the desired enzyme however, PhoN 

eluted nearly instantaneously, which again suggests weak binding with the Ni2+ (Figure 66). 

In addition, a large quantity of PhoN came off in the washing stage, with no imidazole 

present. The eluted fractions A1-A4 were combined, and then these fractions were further 

purified using MonoQ anion exchange (Figure 67). This type of purification separates 

proteins using a high salt gradient based on the differences in charge. 202 
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Figure 67 SDS-PAGE analysis of MonoQ anion purification 
Fractions 1-8 represent the eluted fractions from the AKTA following MonoQ anion exchange. Wash: proteins 

eluted from washing the Ion Exchange Column. SDS-PAGE gels stained overnight using quick Coomassie protein 
stain and destained with MilliQ H2O 

 

This additional purification successful generated a total of 4 mg of PhoN. Tris was the buffer 

used for the purification however it is a known nucleophile and is reported to decrease the 

half-life of DEPC (50) to 1.25 mins at RT. 179 In addition, it was previously shown in Chapter 

2.4.1 that the aryl carbamate can be attacked by nucleophilic agents therefore, it is 

preferable to avoid the use of tris for BHDC (66) testing and exploration. Thus, the collective 

protein was dialysed into 20 mM HEPES (pH 7.4) for all the following described experiments 

(Figure 68). 

 

Figure 68 The structures of Tris and HEPES 

 

Following purification and dialysis, PhoN enzyme activity was then determined by 

reconstituting the reported assay for non-specific phosphatases, which was important due 

to the concerning truncation of the protein.  
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3.3.2 Non-specific acid phosphatase activity  

To ensure that the isolated enzyme retained activity, an assay first described by Roche 

(1950) to measure non-specific acid phosphatase activity was utilised. This assay uses the 

substrate, para-nitrophenyl phosphate (pNPP, 44), and monitors the production of the 

chromogenic product para-nitrophenol (pNP, 45), with an absorbance of 405 nm. 203 The 

assay was performed at room temperature with the concentration of 2 µg/mL PhoN. The 

assay was quenched with the total reaction volume of 0.2 M NaOH after 5, 10, 15, 20, 30 

and 40 mins from the reaction start. With the reported extinction coefficient of pNP (45) 

being 18,000 M-1cm-1, the product concentration was calculated using the Beer-Lambert 

law from the fluorescent output (Figure 69). 204 

 

Figure 69 Non-specific acid phosphatase enzyme activity 
5 mM pNPP was incubated with the purified recombinant PhoN. The reaction was quenched before the 

measurement of fluorescence using Cary 5000 UV-Vis-NIR at 405 nm. Data is representative of 4 repeats, with the 
standard deviation calculated from the repeats and are shown as error bars. The trendline is shown as a 

logarithmic curve.  

 

With the Beer-Lambert calculation, the data generated at 15 mins was used to calculate 

the speed of [pNP] production. This was due to the enzyme appearing to reach saturation 

at this time. Thus, by dividing the time by the [pNP] production, this experiment shows that 

the activity of the isolated PhoN was 11 nM [pNP]/min/µg protein, before activity was 

saturated. After successfully validating the activity of PhoN, the next goal was to validate 

BHDC (66) activity with this enzyme.  



Biological analysis in a model system 

74 
 

3.3.3 BHDC inhibition of pNP production  

A quick method to determine whether BHDC (66) is on target was to perform the NSAP 

assay following incubation with 66 and measure activity. A decrease in pNP (45) production 

could suggest that the probe is inhibiting the active site. For this experiment, 1 h incubation 

with varying concentrations of BHDC (66) was followed by the addition of pNPP (44, 5 mM). 

The final incubation time with pNPP (44) was chosen to be 15 mins, as this was determined 

to be when the enzyme reached saturation, as described and seen in Figure 69.  

 

Figure 70 Non-specific acid phosphatase inhibition with BHDC (66) 
BHDC (66) was incubated with PhoN before the addition of the substrate pNPP (44, 5 mM). The fluorescence was 

measured using Cary 5000 UV-Vis-NIR at 405 nM. Data is representative of 4 repeats, with standard deviation shown 
as error bars. The trendline is shown as a logarithmic curve. 

 

This experiment showed a general decrease in the production of pNP (45) after the addition 

of BHDC (66), indicating that the probe does inhibit the enzyme (Figure 70). This was 

promising as you would expect the quantity of pNP to decrease if BHDC (66) does inhibit 

the enzyme active site, however, this does not eliminate the possibility of multiple acylation 

events. To preclude this possibility, mass spectrometry was utilised to determine specificity 

and identify the source behind the truncated protein.  

3.4 PhoN mass spectrometry analysis  

Following the successful PhoN isolation and the NSAP activity identified, the initial 

experiment focused on validating and identifying the mass of the isolated protein. This was 

important because the estimated mass of the isolated enzyme from the gels (~ 25 kDa, 

Figure 67) appeared smaller than the mass of PhoN, which is 28382 Da without the addition 
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of the His tag. With the addition of the His tag sequence which adds 1.73 kDa, this should 

bring the total mass of the enzyme to ~ 30112 Da.  

 

Figure 71 PhoN [ESI] + mass spectrometry  
PhoN concentration 0.25 mg/mL 

 

The initial [ESI+] mass spectrometry showed that the isolated PhoN was 26049 Da, which is 

4 kDa smaller than the predicted mass with the addition of the poly histidine tag (Figure 

71). Proteolytic digestion using trypsin and chymotrypsin revealed the isolated enzyme 

matched PhoN with 85 % coverage. Further analysis of the identified peptide fragments 

revealed that the first 20 amino acids of the N terminus was not identified. Investigation 

using a SignalP (https://services.healthtech.dtu.dk/service.php?SignalP-5.0) predicted with 

a probability of 0.89 that a signal peptide exists at the N terminus which would result in a 

cleavage between amino acids 20 and 21 (Figure 72). 205  
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Figure 72 SignalP-5.0 prediction of a cleavage site in PhoN 205 
SP (Sec/SPI): transport by the Sec translocation and cleaved by Signal Peptidase I (Lep); TAT (TAT/SPI): transport by 

the Tat translocation and cleaved by Signa Peptidase II (Lsp);  

 

A cleavage in the specified area matches the missing fragment, leading to the hypothesis 

that this region was cleaved by intrinsic Signal Peptidase I in E. coli. With this discovery, the 

predicted mass without this region is 26.06 kDa 

(https://www.bioinformatics.org/sms/prot_mw.html), which is only 10 Da larger than the 

26049 Da mass found from mass spectrometry and increases the fragment coverage from 

the proteolytic digestion to 98 %. This hypothesis would also explain the previous 

difficulties with the isolation of PhoN using a HisTrap column.  

Following the successful isolation and identification of an active enzyme and preliminary 

BHDC (66) inhibition validation, the NSAP PhoN was then utilised in a series of mass 

spectrometry experiments. For this, increasing concentrations of BHDC (66) was incubated 

with PhoN for 1 h before analysis by (ESI+) mass spectrometry with the inclusion of 5-hexyn-

1-ol (63) as a control (Figure 73).  
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Figure 73 Mass spectrometry of PhoN with BHDC 
PhoN was dissolved to 0.2 mg/mL in H20. A: incubation with 100 µM BHDC (66), 1 hr; B: incubation with 200 µM 
BHDC (66), 1 hr; C: incubation with 100 µM 5-hexyn-1-ol (63), 1 hr; D: incubation with 200 µM 2-cyclohexanone 

(49), 24 h. [M+124]+ corresponds with a modification with BHDC (66). Data is representative of 3 repeats. 
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The expected mass of the BHDC (66) modification is +125.05. When 100 µM of BHDC (66, 

10 eq) was incubated with PhoN for 1 h before analysis, there was an addition of [M+124]+, 

which corresponds to the modification by 66 (Figure 73, A). When the concentration of 

BHDC (66) was increased to 200 µM (20 eq), there appeared to be multiple acylation events 

(Figure 73, B). This suggests a loss of chemoselectivity at this concentration. Concurrent 

with what was found for the LmjIPCS assay, it appears that 5-hexyn-1-ol (63), which is 

produced as a by-product of BHDC (66) acylation, had no effect on PhoN (Figure 73, C). 

Interestingly, when incubated with the reported known histidine inhibitor 2-cyclohexenone 

(49), described in Chapter 1.7, no modification could be seen corresponding to the addition 

of 2-cyclohexanone (Figure 73, D). 178 This was an important finding showing that BHDC 

(66) has novel activity from other histidine modifying reagents.  

A proteolytic digestion of PhoN following treatment with 100 µM BHDC (66) by reducing 

the disulphide bonds with TCEP and then the cysteine residues were modified with 

iodoacetamide. Then, using trypsin and chymotrypsin showed a modification on the 

fragment IC(+57.02)GAH(+125.06)WQSDVDAGR. The [M+125]+ corresponding to His-197, 

the known nucleophilic residue in the active site of PhoN along with [M+57]+ corresponding 

to the carbamidomethylation on Cys-194. 206 In addition, the second modification seen at 

200 µM BHDC (66) was on fragment VLFNH(+125.06)STC(+57.02)RPEDENTLRK, which is His-

137, a solvent exposed histidine. Whilst this result was undesired, it determined a limit of 

<10 equivalents to retain chemoselectivity for a nucleophilic histidine residue. This off-

target phenomenon is not unique to BHDC (66), with many reported ABPs having non-

specific activity if used in excess. 125,178 With the presence of other amino acids that are 

reported to act as a nucleophile (Figure 72) including 2 cysteine residues, selectivity of the 

target residue was a promising achievement. 155 
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Residue  Active site  

His  2  

Arg  2 

Lys  1 

Ser  1 

Cys  0 

 Figure 74 Active site of PhoN S. typhumirium (PDB: 2A96) 155 
Phosphate ion present in the active site shown in yellow. Active site residues HHD shown in pink. Residues forming 

the active site pocket that do not participate in direct enzyme activity shown in cyan. 

 

This series of experiments succinctly shows that within 10 equivalents, the leading probe 

BHDC (66) is selective for the active site nucleophilic histidine in PhoN, in a pure enzyme 

model context. This was a great achievement however, whether the designed probe will 

retain activity in a mixture of protein remains to be explored, along with the stability of the 

carbamate for the bioorthogonal click chemistry.  

3.5 Fluorescent labelling of PhoN  

The experiments described above were indicative that BHDC (66) was functioning as a 

selective probe for the active site nucleophilic His-197 residue in PhoN. However, the 

stability of the electron deficient aryl carbamate formed after histidine acylation was still 

unexplored in a biological context. As this had previously shown instability to nucleophiles 

(described in Chapter 2.4.1) it was important to verify selectivity and stability under the 
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conditions required for fluorescent labelling and enrichment. The stability of the carbamate 

is an important component for the full functionality of the ABP for the subsequent 

fluorescent and enrichment studies.  

3.5.1 Pure protein labelling  

To assess whether BHDC (66) is stable enough to allow for the conjugation of fluorophores 

and biotinylated compounds, initial experiments using purified PhoN was performed to 

derive suitable conditions. These initial experiments used the simple rhodamine linker (93) 

described in Chapter 2.6.1 (Figure 75). 

 

Figure 75 Synthesised simple rhodamine linker used to derive click chemistry conditions 

 

To begin, the protein samples were incubated with 100 µM BHDC (66) for 1 h at RT. 

Following this was the addition of 200 µM of the simple rhodamine linker (Rho-N3, 93) and 

the other click chemistry components following the procedure established in Speers and 

Cravatt (2009). 94 It was important to add double the equivalents of the fluorophore (93) 

as the probe (66) has two alkyne functional groups per molecule, which could react with 

the fluorophore. This was initially unsuccessful at producing fluorescently labelled proteins 

(Figure 76).  
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Figure 76 Initial BHDC (66) binding with PhoN 
Left: fluorescent image taken on Fuji FLA3000 (λex 473/ λem Y520 nm); right: corresponding quick Coomassie 

protein stain. Representative SDS-PAGE from 2 consistent replicates. 

 

Two potential reasons for this could be put forward. Either the carbamate was too unstable 

for the CuAAC reaction, or the traditional protein loading for SDS-PAGE which recommends 

heating the sample to 95 °C for 10 min led to decarbethoxylation. The latter hypothesis has 

literature support, with Dyer et al., reporting the thermal instability of carbamates resulting 

in the release of CO2 and the corresponding alcohol. 207 To test the latter hypothesis, the 

protein samples were not heated before the addition to the gel (Figure 77). 
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Figure 77 Labelling and fluorescent analysis of PhoN with BHDC (66) 
PhoN was used to a concentration of 0.5 mg/mL, BHDC (66) was used to a final concentration of 50 µM. HI: heat 

inactivated protein. Left: fluorescent image taken on Typhoon 9400 (λex 532 nm/ λem 580 nm); Right: quick 
Coomassie protein stain. Representative SDS-PAGE from 3 consistent replicates. 

 

The adjusted conditions successfully led to the labelling of active PhoN. Therefore, as 

inferred from Dyer’s report, this substantiated that the carbamate is unstable to heat and 

eliminated from the histidine. 207 

3.5.2 Lysate protein labelling 

With fluorescent labelling now functioning in the hypothesised manner, the next challenge 

was to ascertain the chemoselectivity of BHDC (66) labelling in a mixture of proteins. To 

achieve this, labelling experiments using WT lysate and overexpressing PhoN. To ensure 

that there was no leaky expression of PhoN in the E. coli lysate, E. coli BL21 (DE3) pLysS was 

transformed with the manufacturers supplied control plasmid, which encoded the gene for 

TNFα. This was tested alongside PhoN overexpressed lysate (Figure 78).  
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Figure 78 BHDC (66) incubation with overexpressed PhoN lysate and control lysate 
Left image is a fluorescent image obtained using Typhoon 9400 (λex 532 nm/ λem 580 nm); Right is the 

corresponding quick Coomassie protein stain. WT: lysate generated using E. coli BL21 (DE3) pLysS transformed 
with the control plasmid; OE: lysate generated from E. coli BL21 (DE3) pLysS overexpressing PhoN; BHDC (66): 50 

µM. Representative SDS-PAGE from 3 consistent replicates. 

 

This experiment appeared to successfully label PhoN in the overexpressed lysate, which is 

suggestive that chemoselectivity was retained in the lysate. Interestingly, a protein of a 

similar mass to PhoN was labelled in the control BL21 (DE3) pLysS (Figure 78). This is not 

explained by leaky enzyme expression as the E. coli BL21 (DE3) pLysS does not have the 

plasmid to produce PhoN and accidentally pipetting the wrong sample was ruled out after 

repeats. Therefore, this is likely indicative of the labelling of an intrinsic E. coli protein which 

has a similar mass to PhoN. This was subsequently discovered to be 2,3-

bisphosphoglycerate-dependent phosphoglycerate mutase as determined by mass 

spectrometry (section 3.7). In conclusion, BHDC (66) bound to PhoN in overexpressed 

lysate however this was complicated by the presence of a wildtype protein of a similar 

mass.  

3.5.3 Competitive inhibition  

With the confirmation of BHDC (66) fluorescent labelling achieved in pure enzyme and 

lysate conditions, the project progressed to a competitive inhibition experiment with DEPC 

(50). This was to evaluate whether BHDC (66) retained the same histidine residue labelling 
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activity as that reported for DEPC (50) in the proteome. In brief, the PhoN overexpressed 

E. coli lysate was preincubated with DEPC (50) at the concentrations of 0 µM, 200 µM, 400 

µM, 800 µM, 1.5 mM, 3 mM for 1 h prior to the incubation with 100 µM BHDC (66, Figure 

79).  

 

 

Figure 79 Competitive inhibition of BHDC with DEPC 
PhoN concentration 0.25 mg/mL. DEPC (50) was preincubated with the samples for 1 h before the addition of 

BHDC (66). The samples were analysed by SDS-PAGE and then Fuji FLA-3000 (λex 473/ λem 520 nm) with the 
fluorescence quantified using AIDA image analyser. Data representative of 3 consistent replicates with standard 

deviation is shown as error bars from the repeats.  

 

As seen in Figure 79, increasing concentrations of DEPC (50) resulted in a general decrease 

in measured fluorescence. This supported the hypothesis that BHDC (66) retained similar 

functions to DEPC (50).  
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Thus far, BHDC (66) has functioned in the hypothesised manner. The probe (66) successfully 

and selectively labelled PhoN at 10 equivalents, appeared to label PhoN in an 

overexpressed lysate system in addition to labelling intrinsic E. coli proteins from a wildtype 

lysate. It was presumed that these labelled proteins from the wildtype lysate also have an 

active site histidine residue. Moreover, a competitive inhibition of PhoN by DEPC (50) 

showed that BHDC (66) retained similar activity to 50, the histidine acylating agent that 

initiated this project. Whilst this was promising, histidine residues are utilised in many ways 

in enzyme active sites, as discussed in Chapter 1.6. Given the broad spectrum activity of 

DEPC (50), an acid base histidine residue active site was chosen. 179,183 Significantly, DEPC 

(50) is routinely utilised for the inactivation of ribonuclease A for the extraction of RNA. 208 

To explore whether BHDC (66) similarly can acylate acid base histidine residues, it was 

implemented in another model protein ribonuclease A. This was to explore whether 

selectivity could be retained in this type of enzyme. 

3.6 Reactivity in an acid-base active site  

Thus far, the experiments were conducted on enzymes (LmjIPCS and PhoN) which possess 

a nucleophilic histidine residue, specifically with the HHD catalytic triad. Whilst there has 

been promising progress with these models, what has not been explored is a histidine 

residue with a different function in an enzyme. As discussed in Chapter 1.6, histidine 

residues have many roles in the active site including functioning as a nucleophile, acid base 

and a metal ligand. Therefore, to explore the breadth of labelling, another enzyme model 

was chosen with an acid base histidine residue.  

One such enzyme is ribonuclease A (RNase A), which is a small and commercially available 

enzyme. This enzyme breaks down RNA by cleaving the 3’,5’-phosphodiester bond. 160 

Interestingly, a common use of DEPC (50) is as an additive to buffers (0.1 %) required for 

RNA purification, due to the ability of DEPC (50) to inactivate RNase, and thereby increasing 

RNA yield. 208 With BHDC (66) being a derivative of DEPC (50), it was hypothesised that the 

66 would also modify this protein.  

For initial mass spectrometry analysis, RNase A (Sigma-Aldrich, bovine pancreas, 9001-99-

4) was dissolved at 0.2 mg/mL in either H2O at 0.2 mg/mL or in PBS (pH 7.4) with no 

reduction and modification of the cysteine residues. As detailed by the manufacturer 
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Merck, the purchased RNase A is reported to be 13.6 kDa and requires salt for optimal 

function. As such, it was hypothesised that RNase A would function better in PBS, a salt-

based buffer as opposed to H2O, in which activity will be hindered. Therefore, observing 

BHDC (66) reactivity when active in PBS in comparison to the inactivated condition H2O can 

determine the selectivity in functional and non-functional RNase A (Figure 80). 
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Figure 80 Assess BHDC (66) reactivity with RNase A using ESI+ MS 
A: RNase A in H2O; B: RNase A in PBS with 50 µM BHDC (66); C: RNase A in PBS with 100 µM BHDC (66); D: RNase 

A in H2O with 50 µM BHDC (66); E: RNase A in PBS with 100 µM 5-hexyn-1-ol (63). Representative from 2 
consistent replicates. 

 

Using ESI+, it was discovered that when RNase A was incubated with 50 µM (3.3 eq) BHDC 

(66) in PBS, there was a mass [M+124]+ analogous to a single acylation (Figure 80, B). When 
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the acylation was performed in H2O at the same concentration, no additional peak could 

be seen (Figure 80, D). This suggests chemoselectivity for the active RNase A and that the 

labelling of BHDC (66) is likely to be at the active site as the non-functional enzyme was not 

labelled. However, when BHDC (66) was added to a final concentration of 100 µM (6.7 

equivalents) in PBS, this resulted in 3 additional peaks at m/z 13805 [M+123]+, 13930 

[M+248]+ and 14056 [M+374]+ (Figure 80, C). These masses are consistent with the 

modification of RNase A with BHDC (66) at one, two and three different residues 

respectively. These results show that chemoselectivity is retained in an acid base active site 

at 3 eq. Notably, this is a lower threshold to retain specificity than that found in PhoN (10 

eq), which could be due to the decreased reactivity of the acid base histidine residue 

relative to the solvent exposed residues. Consistent with the PhoN analysis, 5-hexyn-1-ol 

(63) did not react with RNase A. In comparison to the previously used PhoN, RNase A is rich 

in cysteine residues which could increase the likelihood of an off-target reactivity. However, 

there are 4 disulphide bridges, so all 8 present cysteine residues are oxidised and therefore, 

are unlikely to react with the probe (66).  

  

 

Figure 81 Structure and active site of RNase A from bovine pancreas (PDB: 1FS3) 159 
Active site amino acids are in pink whist the amino acid which forms part of the active site pocket is shown in cyan.  
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In addition, there are two active site histidine residues which participate to catalyse the 

degradation of RNA (Figure 82). 163  

 

Figure 82 Proposed mechanism of bovine RNase A 163 

 

As of the time of writing, two samples of RNase A have been submitted for proteolytic 

digestion and mass spectrometry analysis in order to identify the modified residue in this 

enzyme. This final bit of data would ensure that the probe (66) works as hypothesised in 

an acid base histidine residue. 

Following mass spectrometry analysis, fluorescent analysis was then performed. Initially, 

incubation of 1 mg/mL RNase A with 100 µM BHDC (66) followed by a standard click 

chemistry procedure with the synthesised simple Rho-N3 (93) previously used was 

performed (Figure 83). 209 
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Figure 83 Analysis of BHDC (66) reaction with RNase A across different solvents and concentrations 
RNase A was prepared to 1 mg/mL across all the conditions. BHDC (66) was incubated for 1 h before the addition of 

the click chemistry reagents. Top: fluorescent analysis on FLA-3000 (Fujifilm; λex 473/ λem 520 nm); Bottom: overnight 
quick Coomassie protein stain. Representative SDS-PAGE from 3 consistent replicates. 

 

The results show that BHDC (66) labelling with RNase A occurred best in PBS at 100 µM 

(Figure 83, lane 2), with reduced labelling seen in the corresponding ddH2O (Figure 83, lane 

4). This could be due to the reduced enzyme activity without the presence of salt in the PBS 

buffer.  

RNase A in ddH2O and PBS was again tested however with the inclusion of 5-hexyn-1-ol (63, 

100 µM). This result showed that only BHDC (66) interacted with RNase A (Figure 84).  
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Figure 84 BHDC (66) and 5-hexyn-1-ol (63) incubation with RNase A 
Performed in PBS buffer at 1 mg/mL RNase A. BHDC (66) and 5-hexyn-1-ol (63) incubated to a final concentration 
of 50 µM. Fluorescent image (top) taken on FLA-3000 (Fujifilm; λex 473/ λem 520 nm); overnight quick Coomassie 

protein stain shown bottom. Representative SDS-PAGE from 3 consistent replicates. 

 

The collective evidence suggests that monoacylation using BHDC (66) is possible with an 

active site nucleophilic residue and acid base histidine residue. With the boundaries of the 

probe explored, implementation for enzyme isolation by streptavidin enrichment was the 

next aim. The carbamate was stable enough to perform fluorescent analyses, however this 

remained to be tested with the conditions needed for the elution from the streptavidin.  

3.7 Pulldown purification  

As described in Chapter 1.4, another technique that can be utilised in activity-based protein 

profiling (ABPP) is protein purification by streptavidin enrichment and elution. For this, the 

previously synthesised and discussed tetrafunctional probe (97, Chapter 2.6.1, Figure 85) 

was initially utilised to isolate PhoN and RNase A.  
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Figure 85 Synthesised tetrafunctional tag (97) for biotin enrichment 

 

Briefly, the enzymes were incubated with 2.5 µM BHDC (66) before the addition of 5 µM 

tetrafunctional tag (97) and the click chemistry reagents. These concentrations were 

chosen due to the reported binding capacity of the used magnetic beads. Following a 

further 1 h incubation, the enzymes were added to the magnetic beads, which were 

prepared before the addition of the lysate as recommended by the manufacturer. 

Following 1 h incubation time with the magnetic beads, the unbound proteins were 

removed and analysed alongside the eluted proteins. To elute the proteins from the 

magnetic beads, 0.5 M βME was added for 0.5 h before analysis by gel electrophoresis 

(Figure 86 and Figure 87) 
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Figure 86 Pulldown performed with PhoN 
2.5 µM BHDC (66) was used, with 5 µM tetrafunctional probe (97). Cleavage occurred using 0.5 M βME. Left: 

fluorescent image obtained using Typhoon 9400 (λex 532 nm/ λem 580 nm); Right: corresponding quick Coomassie 
protein stain. Representative SDS-PAGE from 3 consistent replicates. 

 

Figure 87 Pulldown performed on RNase A 
2.5 µM BHDC (66) was used, with 5 µM tetrafunctional probe (97). Cleavage occurred using 0.5 M βME. A 

fluorescent image obtained using Typhoon 9400 (λex 532 nm/ λem 580 nm).  

 

Unexpectedly, the biotin pulldown using the tetrafunctional probe (97) repeatedly resulted 

in the control negative also being fluorescent using the pure PhoN (Figure 86) and pure 

RNase A (Figure 87). Due to the difficulties that working with a small enzyme like RNase A 

(13686 kDa) provides, this phenomenon was investigated further using PhoN only.  

The tetrafunctional tag (97) was then implemented in overexpressed PhoN lysate to 

observe the range of this phenomenon (Figure 88).  
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Figure 88 Pulldown experiment in PhoN overexpressed lysate 
2.5 µM BHDC (66) was used, with 5 µM tetrafunctional probe (97). Cleavage occurred using 0.5 M βME. Left: 

fluorescent image obtained using Typhoon 9400 (λex 532 nm/ λem 580 nm); Right: corresponding quick Coomassie 
protein stain. Representative SDS-PAGE from 3 consistent replicates. 

 

This repeatedly resulted in a band around the expected size of PhoN being fluorescent. This 

was not observed in previous experiments when the simple rhodamine azide (93) was 

implemented, and the initial reason for this was not obvious. Therefore, this was explored 

further by incubating PhoN with different combinations of reagents to try and identify the 

cause of this labelling (Figure 89). 



Biological analysis in a model system 

95 
 

 

Figure 89 PhoN incubation with click chemistry components 
PhoN (0.25 mg/mL) was incubated with the compounds routinely used to perform click chemistry to the standard 

concentrations. Representative SDS-PAGE from 2 consistent replicates with different PhoN aliquots. 

 

As seen in Figure 89, when PhoN was incubated with only the tetrafunctional tag (97), the 

enzyme was fluorescent. This was reproducible with a different PhoN aliquot and fresh click 

chemistry reagents, ruling out the possibility of the probe (66) contaminating the stock 

solutions. This resulted in the hypothesis that the intrinsic disulphide bonds present in 

PhoN  and RNase A were undergoing a disulphide bridge exchange with that in the 

tetrafunctional linker (97). Due to this, the tetrafunctional probe (97) is not suitable for 

analysis with PhoN. Therefore, a commercially available biotin azide (94) was purchased 

(Figure 90).  

 

Figure 90 Commercially available biotin azide (94) 

 

The subsequent enrichment and pulldown were performed with this compound following 

similar concentrations and conditions previously described for the tetrafunctional tag. 
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However, elution occurred by adding 50 µL X4 LDS (5 % βME) to the samples and boiling 

the magnetic beads for 10 min at 95 °C (Figure 91).  

 

Figure 91 Coomassie stain of pulldown using a commercially available biotin azide 
Arrows indicate streptavidin contamination from the elution procedure. OE: overexpressed lysate; WT: E. coli BL21 

(DE3) pLysS lysate with the control plasmid; Unbnd: proteins removed in the wash step; Bnd: proteins eluted from the 
magnetic beads. Loading order: protein, washed proteins, eluted proteins. Representative SDS-PAGE from 3 

consistent replicates with all the samples having 10 µL loaded onto the gel.  

 

Repeating this analysis but with the use of this new commercially available biotin azide (94) 

resulted in the successful pulldown of PhoN from the purified conditions (Figure 91, lanes 

2-4). In addition, a band of a similar mass was isolated in the PhoN overexpressed lysate, 

which was later confirmed by mass spectrometry to be PhoN (Figure 91, lanes 5-7). In the 

case of the E. coli BL21 (DE3) pLysS with the control plasmid (TNFα), several proteins were 

successfully eluted (Figure 91, lanes 8-10).  

Following the successful pulldown of the unidentified proteins, the samples were then 

submitted for mass spectrometry to evaluate the probes (66) selectivity in a complete 

lysate. For this, the proteins were separated using SDS-PAGE and this was stained overnight 
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with Coomassie protein stain, and subsequently destained with Milli-Q H2O. Then, the 

protein bands were excised from the gel, eluted and submitted for mass spectrometry 

(Figure 92).  

 

Figure 92 Bands eluted for mass spectrometry analysis 
OE: lysate in which PhoN was overexpressed; Lys: lysate generated from the E. coli with the control plasmid. Gel 

stained overnight with quick Coomassie protein stain. 

 

The eluted proteins were digested using trypsin and chymotrypsin, then the cysteine 

residues were reduced with TCEP, and finally the peptide fragments were identified with 

UniProt KB (see footnote1). To begin the analysis of this dataset, the reported protein 

contaminants resulting from the use of the pulldown technique were removed from the 

analysis, based on the report from Trinkle-Mulcahy et al. 210 This led to the removal of 18 

proteins, leaving 298 proteins identified from the pulldown (Figure 93).  

 

 
1 This analysis was performed by Dr Adrian Brown (Durham University, Department of Biosciences) who 
identified the peptide fragments in the dataset 
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Figure 93 Global mass spectrometry analysis of the isolated proteins 
Reported contaminants were removed from this analysis. 210 Lines represent the cut-off point, with the enzymes scoring above these markers being involved in the subsequent analysis. 
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The proteins were then sorted by the quantity of peptide fragments found of each enzyme 

(#peptides) and the percentage of the isolated sequence that aligns with the known 

sequence of the enzymes (% coverage) (Figure 93). Since the presented data is preliminary, 

with one repeat only, the top scoring proteins in these categories were chosen for in-depth 

analysis. This arbitrary cut off was chosen at #peptides: ≥ 21 and coverage: ≥ 32 %, which 

divides Figure 93 into 4 quadrants. This cut off resulted in the average enzyme coverage 

being 44 %, which has some basis in the literature with Hacker et al. reporting an average 

coverage of 40 % when discussing a lysine activity based probe. 139 The majority of 

identified proteins were found in the bottom left quadrant, scoring low in both categories. 

Due to the low scores in these categories, these proteins could be due to non-selective 

binding, intrinsic biotinylation or contamination. The cut off points can be adjusted in 

future analysis based on pull down repeats and after a control negative performed to 

identify non-specific binding. 

The cut-off point for this analysis may exclude enzymes that are true targets of BHDC (66) 

but have low intrinsic expression which would be reflected with low # peptide numbers. 

However, these would be hard to identify without repeats, and an internal control negative 

to identify contaminants. Therefore, the proteins found in the top right quadrant (Figure 

93) were chosen for further analysis, which narrowed the dataset down to 12 enzymes. 

These enzymes were then grouped together based on enzymatic function (Table 3).  
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Table 3 Summary of isolated enzymes based on catalytic function and features 
Uncharacterised: enzyme with an unknown active site function(s); Nucleophilic His: nucleophilic histidine residue in 

the active site; acid base histidine: a histidine residue which acts as an acid and as a base in the active site; off-target: 
non-histidine residue reactivity of BHDC (66). 

Category  Total Identified  Protein number (n) 

Nucleophilic histidine residue  2 10, 11 

Acid base histidine residue  6 1, 2, 6, 8, 9, 13 

Off target activity  2 5, 12 

Uncharacterised active site  2 3, 4, 7 

 

 

 

 

Compared to the bands seen in the initial Coomassie protein stain (Figure 92), the quantity 

of identified enzymes is relatively low. This was due to some bands (9, 10 and 11) being 

primarily composed of streptavidin.  

3.7.1 Pulldown protein composition 

In general, the isolated enzymes can be categorised into 4 different groups according to 

the active site residue: nucleophilic histidine residue, an acid base histidine residue, off-

target residue reactivity, and an uncharacterised active site(s). This was based on the 

function of the active site residues and how they function in the active site.  
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3.7.1.1 Nucleophilic histidine residue  

Surprisingly, there was only a limited number of enzymes with a nucleophilic histidine 

residue identified. One such enzyme was succinate CoA ligase (#peptides: 21; 45 % 

coverage, n: 10), an enzyme that forms part of the citric acid cycle. In this enzyme, His-246 

(E. coli) acts as a nucleophile, catalysing the production of succinate (106) from succinyl-

CoA (105, Figure 94). 211  

 

Figure 94 Catalytic mechanism for succinate CoA ligase 
NDP: nucleotide diphosphate which can be either ADP or GDP 

 

 

This type of active site has been validated to bind to BHDC (66), with PhoN used as an 

example. 

The other enzyme identified with a nucleophilic histidine was 2,3-bisphosphoglycerate-

dependent phosphoglycerate mutase (BPG-dependent PGAM; #peptides: 21; 48 % 

coverage, n: 11). This enzyme is part of the glycolysis metabolic pathway, forming part of a 

two-step process to form the product 3-phosphoglycerate (3-PG, 109) (Figure 95). 212 Along 

with this enzyme, phosphoglycerate kinase (n: 12) was also identified in the pulldown, 

which is discussed later.  
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Figure 95 Part of the glycolysis pathway to produce 3-phosphoglycerate 212 

 

BPG-dependent PGAM has a conserved nucleophilic histidine identified as His-10 in E. coli 

catalysing the formation of 2,3-biphosphoglycerate (2,3-BPG, 108) from 1,3-

biphosphoglycerate (1,3-BPG, 107, Figure 96). 213  

 

Figure 96 Hypothesised mechanism of 2,3-biphosphoglycerate-dependent phosphoglycerate mutase 214 

 

Along with this, it was hypothesised by Bond et al., (2001) that His-183 could act as an acid 

base residue. 215 Other residues found in the active site region include Glu-88, which could 

act as a proton source for His-183 and also Arg-61, Arg-9 and Gly-184 which coordinate to 

the substrate. 215 This enzyme has a mass of 28.5 kDa and was isolated from band 9 (Figure 

92). This is around the same area as PhoN is expressed and therefore it was concluded that 

this was likely the intrinsic E. coli enzyme that appears around same mass of PhoN, 

discussed previously (section 3.5.2).  
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3.7.1.2 Acid base histidine residue  

The most common type of active site histidine residue identified from this experiment were 

acid base histidine residues. This could be due to the higher prevalence of histidine being 

found in this role, with Ribeiro et al. reporting histidine residues are 29 times more likely 

to be found in an acid base role as opposed to a nucleophilic one. 123 Interestingly, one such 

enzyme includes an intrinsic ribonuclease known as polynucleotide phosphorylase 

(#peptides: 21; 34 % coverage, n: 13). In this enzymes active site, His-403 (E. coli) is located 

in a highly conserved region, and mutation of this residue resulted in the loss of catalytic 

activity. 216 This histidine is positioned near the Mn2+ metal cofactor and phosphate binding 

site, where acid base catalysis occurs. 217 Whilst the complete activity of the active site is 

yet to be elucidated, it is clear that there is a histidine residue that influences enzyme 

activity.  

Other enzymes characterised with an acid base histidine residue included elongation factor 

Tu 1 (EF-Tu; #peptides: 61; 69 % coverage, n: 1a) and EF-Tu 2 (#peptides: 61; 69 % coverage, 

n: 1b) which have GTPase activity. These enzymes have the same function with 99.7 % 

sequence identity, differing only by the last amino acid on the C terminus, with this being 

Gly-394 in EF-Tu 1 and Ser-394 in Ef-Tu 2. 218 These are abundant enzymes, which have 

several functions but are primarily described to transport aminoacylated tRNAs to the 

ribosome during protein translation. 218 This requires forming the ternary complex EF-

Tu:aminoacylated-tRNA, which transports to the ribonuclease and releases the product 

upon GTP hydrolysis when the codon is recognised. 219 To do this, a conserved acid base 

His-84 (E. coli) residue in the switch II region abstracts a proton from water, which then 

attacks the phosphate on GTP (Figure 98). 220 

Another identified GTPase with an acid base histidine residue in the active site was 

elongation factor G (#peptides: 54; 54 %, n: 2), which is involved in protein translation. This 

enzyme has a sequence identity of 16.5 % with EF-Tu, and shares a conserved acid base 

histidine residue. 221 The conserved His-91 in EF-G (E. coli) is an acid base histidine found 

near a hydrophobic region which has been associated with Pi release. 222 An alignment 

between EF-Tu and EF-G showed that His-91 aligns with His-84 from EF-Tu which are found 

in the aforementioned switch II region (Figure 97). 222 
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EF-Tu    52 NAPEEKARGITINTSHVE--YDTPTRHYAH-----VDCPGHADYVKNMITGAAQMDGAIL 104 

EF-G     52 WMEQEQERGITITSAATTAFWSGMAKQYEPHRINIIDTPGHVDFTIEVERSMRVLDGAVM 111 

Figure 97 Alignment of EF-Tu and EF-G 
Yellow: conserved histidine residue in the active site; Black: other conserved residues  

 

EF-G maintains the open reading frame during translation by guiding the A-site tRNA and 

translocating the deacylated tRNA, hydrolysing GTP in the process (Figure 98). 223,224 Given 

the related structure and function of these enzymes, it is unsurprising that both were 

identified in this study. 

 

Figure 98 General mechanism for GTP hydrolysis 225 

 

In E. coli, pyruvate dehydrogenase is a complex of three enzyme subunits: pyruvate 

dehydrogenase (E1p), acetyltransferase (E2p) and lipoamide dehydrogenase (E3). 226 This 

complex catalyses the production of acetyl-CoA from pyruvate by oxidative 

decarboxylation, transferring the product of each region to the next active site by lipo-

lysine residues. 227,228 Of this complex, the first two components, E1p and E2p, were 

identified in this pull-down assay, both with acid base histidine residues.  

Pyruvate dehydrogenase (#peptides: 29; 33 % coverage, n: 8) E1p subunit catalyses the 

aerobic decarboxylation of pyruvate to form acetyl-CoA and CO2. 226 In E. coli, this enzyme 

subunit has a couple of notable histidine residues; His-142 binds to the cofactor, His-407 

and His-640 interact with oxygen atoms, and His-106 binds to a water molecule. 229 Whilst 

the full catalytic mechanism is yet to be completely elucidated, the highly conserved His-

407 residue is hypothesised to function as an acid base, which was likely the target of BHDC 

(66). 230 

The other subunit isolated from the pyruvate dehydrogenase complex was the E2p subunit, 

dihydrolipoyllysine-residue acetyltransferase (#peptides: 34; 36 % coverage, n: 6). This 

enzyme catalyses the transfer of the acetyl group from acetyl-CoA to dihydrolipoamide. 231 
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A mutation of His-602 (E. coli) resulted in a loss of functionality, leading to the hypothesis 

that this residue forms part of the active site. 232 In support of this, a recent report by 

Škerlová et al. (2021) identified this histidine residue as an acid base histidine by cryo-EM 

analysis (Figure 99). 233  

 

Figure 99 Proposed mechanism for E2 acetyltransferase subunit 231 

 

In the active site, Asp-607 stabilises His-602, and Ser-551 stabilises the transition state, 

resulting in the transfer of the acetyl from dihyrolipoamide to CoA. 233 

Another enzyme identified was threonine tRNA ligase (ThrtRNA ligase, #peptides: 23; 32 % 

coverage, n: 9). This is part of the aminoacyl-tRNA synthetases which link the amino acid to 

the respective tRNA for protein translation. 234 A mutational analysis on His-309 from 

intrinsic E. coli ThrtRNA ligase showed a loss of enzyme function. His-309 was identified as 

an acid base histidine residue, interacting with the 2’-OH on RNA directly or indirectly 

through a water molecule (Figure 100). 235 

 

Figure 100 Hypothesised mechanism of ThrtRNA ligase 235 

 

Other notable residues in close proximity and highly conserved are Tyr-462 and Gln-484, 

both forming hydrogen bonds with the substrate. 235 
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3.7.1.3 Off target residues 

One of the enzymes isolated from the pulldown that had unknown residue reactivity was 

aconitate hydratase B (#peptides: 38; 42 % coverage, n: 5). In E. coli, there are two 

aconitate hydratase enzymes A and B (sequence identity: 11 %). 236 Aconitate hydratase B 

is highly expressed in exponential growth and catalyses the reversible isomerisation of 

citrate and isocitrate. 237 The HEAT-like domain is unique to aconitate hydratase B (E. coli) 

and is a cysteine rich iron-sulphur cluster. 238 However, due to the presence of the 

nucleophilic cysteine residues, BHDC (66) reactivity with this domain is plausible. Whilst a 

histidine residue has been described as an acid base in both the human and bovine 

orthologues of this enzyme, no such activity has been described for aconitate hydratase B 

for E. coli to date. 239,240  

The other enzyme isolated that does not have an active site histidine residue was 

phosphoglycerate kinase (#peptides: 21; 40 % coverage, n: 12). As alluded to previously, 

this enzyme is part of the glycolysis pathway, catalysing the production of 3-

phosphoglycerate (109) from 1,3-bisphosphoglycerate (107), generating ATP in the process 

(Figure 95). 241 The substrate 1,3-bisphosphoglycerate (107) is bound by 3 arginine and 1 

histidine, but more significantly, there are 5 highly conserved Cys residues; two of which 

are close to the active site and 2 are located near the C terminus which are involved with 

redox regulation (Homo sapiens). 242,243 However, in H. sapiens, Lys, Arg and Asp were 

identified as catalytically active residues, with Lys hypothesised to interact directly with the 

substrate, ADP. 243 An alignment showed that the catalytic residues were also conserved in 

the lesser characterised E. coli phosphoglycerate kinase, and with a sequence identity of 

27.3 %, the catalytic activity are likely similar (Figure 101).  
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HsPGK     1 MSLSNKLTLDKLDVKGKRVVMRVDFNVPMKNNQITNNQRIKAAVPSIKFCLDNGAKSVVL 60 

EcPGK     1 MSV---IKMTDLDLAGKRVFIRADLNVPVKDGKVTSDARIRASLPTIELALKQGAK-VMV 56 

 

HsPGK    61 MSHLGRP---------------------------------DGV----------------- 70 

EcPGK    57 TSHLGRPTEGEYNEEFSLLPVVNYLKDKLSNPVRLVKDYLDGVDVAEGELVVLENVRFNK 116 

 

HsPGK      ------------------------------------------------------------ 

EcPGK  117 GEKKDDETLSKKYAALCDVFVMDAFGTAHRAQASTHGIGKFADVACAGPLLAAELDALGK 176 

 

HsPGK   71 -------PFLAILGGAKVADKIQLINNMLDKVNEMIIGGGMAFTFLKVLNNMEIGTSLFD 123 

EcPGK  177 ALKEPARPMVAIVGGSKVSTKLTVLDSLSKIADQLIVGGGIANTFIAAQGH-DVGKSLYE 235 

 

HsPGK  124 EEGAKIVKDLMSKAEKNGVKITLPVDFVTADKFDENAKTGQTTVASGIPAGWMGLDCGPE 183 

EcPGK  236 ADLVDEAKRLLTTCN-----IPVPSDVRVATEFSETAPATLKSV-NDVKADEQILDIGDA 289 

 

HsPGK  184 SSKKYAEAVTRAKQIVWNGPVGVFEWEAFARGTKALMDEVVKATSRGCITIIGGGDTATC 243 

EcPGK  290 SAQELAEILKNAKTILWNGPVGVFEFPNFRKGTEIVANAIADSEA---FSIAGGGDTLAA 346 

 

HsPGK  244 CAKWNTEDKVSHVSTGGGASLELLEGKVLPGVDALSNI--- 281 

EcPGK  347 IDLFGIADKISYISTGGGAFLEFVEGKVLPAVAMLEERAKK 387 

Figure 101 Alignment of H. sapiens and E. coli phosphoglycerate kinase 
HsPGK: Homo sapiens phosphoglycerate kinase; EcPGK: E. coli phosphoglycerate kinase. Yellow: the aligned active 

site residues; black: conserved resides.  

 

The exact target residue of BHDC (66) with phosphoglycerate kinase is unknown however, 

the likely targets are either one of the conserved cysteine residues or the active site lysine 

residue. 

3.7.1.4 Uncharacterised active site residues 

Some of the proteins isolated from the pulldown had unconfirmed active site residues. One 

such example was an enzyme known as DNA-directed RNA polymerase (#peptides: 53; 37 

% coverage, n: 3 and 4). This protein is one of the largest proteins to be found in a bacterial 

cell with a size of 151 kDa and possessing multiple active sites with separate functions. 244 

Due to this, it is unclear whether there is an active histidine residue in this protein. There 

are reports of point mutations in His-526 (His526Tyr; His526Asp; His526Asn; His526Tyr) 

being associated with increased resistance to the antibiotic rifampicin, but the reasons for 

this are unknown. 244  

Another uncharacterised enzyme is alanine tRNA ligase (#peptides: 32; 37 % coverage, n: 

7). This enzyme has a domain called a Cys-His box, in which mutation of the histidine 

inactivates the enzyme. 245 As previously discussed, BHDC (66) did isolate an enzyme with 

a reactive cysteine residue and due to this, it is challenging to guarantee that BHDC (66) 

reacted with a histidine residue rather than a cysteine residue.  
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3.7.2 Summary 

With the highest scoring the enzymes from the pulldown characterised, there does not 

appear to be many trends outside of the active site histidine residue. Apart from histidine, 

2 enzymes were isolated with off target activity with at least one enzyme, aconitate 

hydrolase B, in which BHDC (66) could be reacting with an active site cysteine residue. 

Whilst this was undesired, cysteine is the most nucleophilic active site residue, and many 

histidine probes are reported to cross react with Cys, including DEPC (50). 179 However, 

without an internal control, the analysis is speculative. With appropriate DMSO controls, 

the off target reactivity can be clearly defined. 

3.8 Chapter summary  

The described experiments thus far show that chemoselectivity of BHDC (66) can be 

retained within <10.0 eq and <3.3 eq in nucleophilic and acid base histidine residues 

respectively. In addition, the electron deficient aryl carbamate formed is stable to CuAAC 

for fluorescent analysis and enrichment pull down studies. This supports the hypothesis 

that BHDC (66) can be implemented for the study of enzymes with active site histidine 

residues in whole cell proteomes.  

With these conditions derived, research then progressed to the study of the proteome from 

Leishmania. As discussed in Chapter 1, this is a neglected tropical disease with limited ideal 

chemotherapy. 2 Increasing the characterisation of the leishmanial proteome can 

contribute to the advancement of chemotherapies for this disease. 95 
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4 Biological testing of ABP in Leishmania 

4.1.1 Synopsis of chapter 

As discussed throughout Chapter 3, the data for BHDC (66) thus far appears to suggest that 

the probe is functioning in the view of the ultimate project goal. A key objective of this 

project was to apply this tool for the exploration of the Leishmania proteome, which is 

discussed in this chapter.  

4.2 Probe application to L. mexicana lysate 

Whilst BHDC (66) appeared to function in the hypothesised manner in E. coli, application 

to a new organism such as Leishmania required additional calibration. To begin, lysis 

conditions were explored to obtain functioning proteins from Leishmania mexicana. Firstly, 

sonication was explored as a lysis method using two different buffers (Figure 102).  

 

Figure 102 SDS PAGE for the comparison of lysis conditions 
Tris: tris buffer, 50 mM; pH 7.2; PBS: pH 7.4. Both buffers are supplemented with the recommended quantity of 

protease inhibitors as detailed by the manufacturer (Merck). Representative SDS-PAGE from 3 consistent 
replicates  

 

Whilst the different buffers produced no discernible difference, the protein yield was poor. 

Therefore, it was concluded that sonication, the method used for E. coli lysis was not an 

effective lysis method for Leishmania. After a brief literature review, it became apparent 

that detergents were commonly used to produce Leishmania lysate. 246–248. To test this, a 
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modified detergent-based IP lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl and 5 % 

glycerol) was used following manufacturers procedures (Figure 103).  

 

Figure 103 Lysis of L. mexicana using IP lysis buffer 
IP lysis buffer: 25 mM Tris-HCl pH 7.4, 150 mM NaCl and 5 % glycerol. Lysis was performed following 

manufacturer procedures. SDS-PAGE stained with Coomassie overnight. 

 

IP lysis buffer successfully produced higher yields of soluble lysate; however limited 

insoluble protein was detected. Once suitable lysis conditions were determined, the lysate 

was dialysed into HEPES buffer (20 mM, pH 7.4). This was to remove tris, which acts as a 

nucleophile on the probe leading to rapid degradation, and EDTA which would chelate to 

the copper necessary for CuAAC. The lysates were then treated with 10 µM BHDC (66) for 

1 h before SDS-PAGE analysis (Figure 104).  
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Figure 104 Fluorescent analysis of 1 h and 24 h following incubation with 10 µM BHDC (66) 
BHDC (66) incubated to a final concentration of 10 µM. Fluorescent analysis conducted using Y520 filter, 473 nm 

wavelength on Fuji FLA-3000. Representative result from 3 consistent repeats. 

 

Initial fluorescent analysis repeatedly generated no bands. The Coomassie protein stain 

was indicative of some protein degradation, with fewer distinct protein bands observed 

(Figure 105). This was hypothesised to have happened during the dialysis, as the proteins 

stained soon after lysis appeared in good condition.  

 

Figure 105 Coomassie stain of L. mexicana lysate after BHDC (66) incubation 
The CuAAC reaction was quenched at the specified time points and the lysate of the parasites then generated 
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The lack of obvious protein bands from these experiments indicated that the conditions 

previously used to work with E. coli lysate are unsuitable for Leishmania. This could be due 

to variations in protease activity between the organisms, which would reduce the potency 

of the broad-spectrum protease inhibitor used during the generation of these lysates. This 

has some literature support, with papers describing Leishmania proteases as virulence 

factors and reporting that cysteine and serine proteases are particularly abundant. 249–251 

Therefore, whole cell incubation was thought to be ideal to analyse the proteome of 

Leishmania to ensure the proteins are functional when BHDC (66) is used. However, it was 

uncertain whether the probe will pass through the membrane of Leishmania to label the 

proteome.  

4.3 Promastigote inhibition assay  

Whilst there is evidence that BHDC (66) is unhindered by the Golgi apparatus membrane, 

as discussed in Chapter 3.2, there was still uncertainty whether it will pass through the 

parasite’s plasma membrane. To evaluate the permeability of BHDC (66), a promastigote 

inhibition assay was used. It was hypothesised that if the probe can pass through the 

plasma membrane, this would lead to cell death due to broad-spectrum inhibition of 

enzymes.  

Leishmania mexicana (M379, 0.5 x 106 cells mL-1) were incubated with a 3 fold dilution 

series of BHDC (66) for 48 h. Cell viability was assessed using the standard cell viability agent 

alamar blue. Initially, BHDC (66) appeared to show no antileishmanial activity, with no cell 

death detected at 100 µM BHDC (66). This could be due to a lack of permeability, however 

both the previously predicted LogP of 2.41 and inhibition of IPC production in a biochemical 

assay (Chapter 3.2) suggests some ability to navigate the membrane. Therefore, it was 

hypothesised that BHDC (66) may be hydrolysed in the Schneider’s medium during the 

assay preparation before the application to L. mexicana.  

To overcome this, the conditions applied by Splittstoesser and Wilkinson (1973) for the 

study of DEPC (50) was utilised for this assay. 252 For these adjusted conditions, instead of 

diluting the probe in Schneider’s medium before application to the parasites, the probe 

was diluted in DMSO to 10 mM and applied to the parasites (0.5 x 106 cells mL-1). 

Subsequently, a serial dilution was performed to achieve a 3-fold dilution. Along with the 
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probe (66), 5-hexyn-1-ol (63), and DEPC (50) were also tested, with amphotericin B (AmpB) 

and cycloheximide as positive controls. The viability was quantified by applying alamar blue 

after 48 h and measuring the fluorescence. After this resulted in the viability of the 

parasites being <100 µM, the assay time was reduced to 24 h. This could be due to the fast 

degradation of the probe allowing surviving parasites to continue replicating. This 

observation corresponded to what was described by Spittstoesser and Wilkinson reported 

when using DEPC (50). 252  

 

Figure 106 Leishmania mexicana cell viability 
Cell viability measured using rezasurin dye. AmpB: amphotericin B which was used as a control. 

 

At a concentration of 100 µM, BHDC (66) killed 97 % of L. mexicana in comparison to 5-

hexyn-1-ol (63), which had no detectable effect on the parasites (Figure 106). This shows 

that the probe is likely passing through the membrane, with the by-product alcohol having 

no effect on the population. With the validation of whole cell parasite incubation, the 

project moved on to the application of the probe 66 on whole cell L. mexicana.  

4.4 Exploration of the Leishmania proteome  

Following validation of BHDC (66) membrane permeability, focus shifted to developing a 

whole cell methodology for probe application. To begin, the optimal concentration of BHDC 

(66) and incubation time was explored (Figure 107).  
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Figure 107 Calibration experiments in Leishmania 
Fluorescent images taken on the Typhoon 9400 (λex 532 nm/ λem 580 nm) and analysed in the programme 

ImageQuant 5.2. Top: image of several Leishmania species with varying concentration of BHDC (66); Bottom: 
Leishmania mexicana lysate with 10 µM BHDC (66) at varying incubation times. Lysates were generated using IP 

lysis buffer from which the lysates were stored in for analysis.  

 

As shown in Figure 107, the optimal probe (66) concentration in a 15 mL Leishmania culture 

was 10 µM. Following this, the optimal time was analysed using only the species L. 

mexicana due to a functioning CRISPR-Cas9 system, which could be used for the eventual 

validation of protein targets. From this, 1 h was chosen for future experiments because 

there was no benefit to longer incubation times. These simple experiments showed that 
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BHDC (66) generated the same profile across multiple time points alluding to specificity of 

binding in L. mexicana whole cell conditions. With the fluorescent analysis now functioning 

in L. mexicana, the isolation of the targeted proteins was then tested.  

4.4.1 Pulldown experiment  

As previously discussed in Chapter 3.5, the tetrafunctional tag (97) was found to be 

unsuitable for testing with PhoN due to a hypothesised disulphide bridge exchange with 

PhoN. However, due to the advantages of using 97 for a pulldown such as ease of tagged 

protein removal, and sensitive fluorescent analysis of the eluted proteins, this 

tetrafunctional tag (97) was implemented for the study of the L. mexicana proteome. For 

this, 10 µM BHDC (66) was applied to whole cell L. mexicana and incubated for 1 h. Then 

the cells were lysed using IP lysis buffer and 5 µM tetrafunctional tag was applied to the 

lysate with the other click chemistry reagents. Using streptavidin coated magnetic beads, 

the tagged proteins were isolated, eluted using 0.5 M βME and analysed by SDS-PAGE 

(Figure 108).  

 

Figure 108 Pulldown performed on L. mexicana 
Fluorescent image taken on Typhoon 9400 scanner (λex 532 nm/ λem 580 nm). Bound refers to the proteins 

eluted from the pulldown experiment  

 

As seen in Figure 108, the pulldown assay led to the isolation of labelled proteins. Unlike in 

E. coli, there did not appear to be any disulphide bridge exchange between the 

tetrafunctional tag (97) and the proteins in Leishmania. Whilst this was a promising start, 
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the identification of the isolated proteins is unknown. The size of L. mexicana IPCS is 

currently unknown however it could be around 37.8 kDa – 42.6 kDa based on L. major and 

L. donovani respectively. From the isolated proteins, there is not a prominent band around 

this size. To validate the inhibition of intrinsic IPCS using fluorescent analysis, differential 

centrifugation could be utilised to isolate the Golgi apparatus and thus, potentially visualise 

IPCS by fluorescent analysis. In addition, mass spectrometry analysis can be used, as this 

was a powerful tool for the identification of intrinsic E. coli enzymes, as described in 

Chapter 3.7. 

4.5 Chapter summary  

No enzyme labelling was observed when BHDC (66) was incubated with the lysate of 

promastigote Leishmania. This was hypothesised to be due to rapid protein decomposition 

resulting in the inactivation of the enzymes. Upon the validation that BHDC (66) can pass 

through the plasma membrane using a promastigote inhibition assay, fluorescent labelling 

and a pulldown assay was then achieved. Following this, the proteins were submitted to 

mass spectrometry for further analysis.  
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5 Conclusions and Future work  

5.1 Initial hypothesis  

The initial hypothesis of this project was to develop an activity-based probe (ABP) based on 

the structure of diethyl pyrocarbonate (DEPC, 50), a known acylating agent for active site 

histidine residues. 179 Following the identification of a lead compound bis(hex-5-yn-1-yl) 

dicarbonate (66), the function and specificity of the probe was explored in enzyme models 

(Figure 109).  

 

Figure 109 Known histidine labelling agent DEPC (50) and developed histidine labelling agent BHDC (66) 

 

5.2 Conclusion 

The scope of BHDC (66) labelling was tested on two enzyme models: PhoN with a 

nucleophilic histidine residue and ribonuclease A with an acid base histidine residue. This 

resulted in the monoacylation of the two enzyme models, with confirmed labelling on the 

nucleophilic His-197 and selective labelling of active RNase A. The probe was then 

implemented into the lysate of E. coli BL21 (DE3) pLysS to isolate and identify intrinsic 

enzymes of similar reactivity leading to 8 out of the 12 isolated proteins having a reported 

active site histidine residue (Table 4).  

Table 4 Profile of the enzymes isolated from E. coli BL21 (DE3) pLysS 

Category  Total Identified  Protein number (n) 

Nucleophilic histidine residue  2 10, 11 

Acid base histidine residue  6 1, 2, 6, 8, 9, 13 

Off target activity  2 5, 12 

Uncharacterised active site  2 3, 4, 7 
 

 

Whilst there was the undesired off-target reactivity, the majority of the isolated enzymes 

had an active site histidine residue. This enzyme was then calibrated to function in 
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Leishmania, which produced a protein fingerprint in L. mexicana. Due to time constraints, 

no proteins were identified in this organism. 

5.3 Future work  

As described in Chapter 3.6, BHDC (66) successfully monoacylated ribonuclease A (RNase 

A) within 3.3 eq. In addition, this labelling appeared to be selective for the active enzyme, 

which could imply that the labelling is in the active site. However, without a proteolytic 

digestion and mass spectrometry analysis, this remains uncertain. To complicate things 

further with this analysis, there are two active site histidine residues in addition to the 

cysteine rich sequence. To date, two samples of RNase A have been submitted for 

restriction digestion analysis for the identification of the residue labelled with BHDC (66).  

As described in Chapter 3.7.1, BHDC (66) was able to isolate a variety of different enzymes 

from the lysate of E. coli BL21 (DE3) pLysS. The presented data was preliminary, with only 

one repeat and no control negative. Therefore, to reinforce this dataset, two more repeats 

are currently undergoing analysis, with the addition of a control negative. This will allow 

for the identification of contaminations, allow for the identification of lower expressed 

modified enzymes, and increase the reliability of the reported enzymes.  

Additionally, to build on the established Leishmania work described in Chapter 4, the 

research on leishmaniasis can be expanded. As previously described in Chapter 1.2.2, IPCS 

is an enzyme of interest as this has been described to be a good drug target and possesses 

a HHD catalytic triad. 73,84 As previously discussed in Chapter 3.2, a preliminary assay 

showed that NBD-C6-IPC (101) production was inhibited when LmjIPCS was incubated with 

BHDC (66) indicating that the probe potentially modifies this enzyme. To explore whether 

the probe (66) bound to IPCS in situ, preliminary work commenced which used differential 

centrifugation on L. mexicana lysate treated with BHDC (66). The initial conditions followed 

those described by Mina et al., for the isolation of the previously used LmjIPCS enriched 

microsomes. 92 This involved removing large membrane fragments at 10,000 x g, followed 

by the isolation of mitochondria and larger organelles at 23,000 x g and lastly, the Golgi 

apparatus at 150,000 x g. To isolate enough material for this experiment, the procedure 

was performed on 50 mL L. mexicana culture in stationary phase (Figure 110).  
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Figure 110 Isolation of Golgi apparatus 
Numbers correspond to centrifuge speed, with Golgi apparatus reportedly isolated at 150,000 x g; S: remaining 
supernatant following differential centrifugation. Top: Fluorescent image taken on the Typhoon 9400 (λex 532 

nm/ λem 580 nm) and analysed in the programme ImageQuant 5.2; Bottom: corresponding gel stained with quick 
Coomassie overnight. 

 

After an overnight Coomassie protein stain, the speeds 23,000 x g (Figure 110, lane 7) and 

150,000 x g (Figure 110, lane 8) fractions did not appear to have different protein 

compositions, suggesting that isolation of the Golgi apparatus was unsuccessful. In 
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addition, the fluorescent image showed no difference in labelling between these fractions 

and did not separate properly on the SDS-PAGE. Subsequently, to ensure separation 

between the two fractions, 23,000 x g centrifugation was performed twice to ensure 

complete removal of these proteins. The proteins were all quantified with a BCA assay and 

diluted to 1 mg/mL but resolubilizing the Golgi apparatus was difficult, which is reflected in 

the poor running of the 150,000 x g fraction (Figure 111). 

 

Figure 111 Differential centrifugation on BHDC (66) treated L. mexicana 
Numbers correspond to centrifuge speed, with Golgi apparatus reportedly isolated at 150,000 x g. Fluorescent Left: 

image taken on the Typhoon 9400 (λex 532 nm/ λem 580 nm) and analysed in the programme ImageQuant 5.2; 
Right: the corresponding gel stained with quick Coomassie overnight. 

 

The additional centrifugation at 23,000 x g resulted in the formation of a small pellet upon 

the second repeat, which could explain the previous result. Additionally, the fluorescent 

image between 23,000 x g and 150,000 x g conditions now appears different, suggesting 

successful removal of the mitochondrial fraction from the Golgi apparatus. However, 

loading and running the Golgi apparatus was now a challenge due to the difficulty 

resolubilizing the pellet.  

Whilst the initial differential centrifugation attempts were unsuccessful at identifying IPCS 

isolation, the alternative method is the identification of the bound proteins using mass 

spectrometry, as described for E. coli proteins (Chapter 3.7.1). Following this, a fingerprint 

of the proteome changes in the different lifecycle stages of Leishmania can be explored, 

which would generate an expression protein profile. Validation of the protein targets could 
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occur using CRISPR-Cas9 to generate a knock-out of the suspected target, which would 

provide a qualitative profile on the identified proteins. From this pool of enzymes, 

evaluation for a drug target could lead to a target-based drug discovery project.  

Another proposed probe could be developed to visualise labelling in a live cell for 

fluorescent microscopy. This would require the core dicarbonate reactive centre and a 

fluorophore that can pass through a plasma membrane, like NBD (109, Figure 112)  

 

Figure 112 Hypothesised structure of a potential probe for whole cell fluorescent microscopy 

 

This has the advantage of whole cell fluorescence microscopy, visualising which organelles 

are labelled providing additional evidence for hypothesised enzyme targets. However, 

there could be issues with steric hindrance thus, preventing active site labelling.  

5.4 Broader application  

As a new activity-based probe, this can be used as a tool in research outside of the 

applications described in this thesis. For example, this probe could be used to identify the 

target of an anti-leishmanial drug. This can be done by preincubating Leishmania with the 

drug and measure the fluorescent decrease in the target. 

As well as implementing BHDC (66) for the study of the proteome in Leishmania, it could 

be utilised to explore the proteome of vast variety of organisms and cancers. Currently, 

there are no other reported ABPs that can isolate the enzymes targeted by BHDC (66), 

making this a unique addition to ABPP.  
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6 Biology methodology 

6.1 General equipment 

Centrifugation used CAPPRondo mini centrifuge CR-1512 (CAPP), Rotina 380 R (Hettich), 

Beckman Coulter Avanti JXN-26 or the Beckman Coulter ultracentrifuge (Optima XL). The 

orbital incubator SI500 (Stuart) was used for bacterial incubation. Sonication was 

performed at the individually specified conditions with Sonopuls (Bandelin). SDS-PAGE gels 

were made to 1 mm thickness, 12.5 % acrylamide and ran using Bio-rad mini protein tetra 

system electrophoresis equipment. To visualise DNA gels or Coomassie stained SDS-PAGE, 

Bio-rad Molecular Imager Gel Doc XR+ was used with the programme Image Lab (Version 

6.0.1). Fluorescent images were taken using FLA-3000 (Fujifilm; λex 473/ λem 520 nm) and 

visualised with the programme AIDA image analyser (version 3.52) or Typhoon 9400 

(Amersham Biosciences; λex 532 nm/ λem 580 nm) with the programme ImageQuant 

(version 5.2). The Sciex TripleTOF 6600 was used for protein mass spectrometry restriction 

digestion. Optical density and DNA concentration was quantified using DeNovix DS-11+ 

Spectrophotometer.  

50 mL falcon tubes (Starlab), 15 mL centrifuge tubes (Starlab) and 1.5 mL microcentrifuge 

tubes (Starlab) were used throughout. Pipette tips (10 µL, 100 µL and 1000 µL) purchased 

from Starlab were autoclaved at 121 °C for 15 mins before use. Lysate protein content was 

determined using Pierce Rapid Gold BCA Protein Assay Kit (Merck) following manufacturers 

procedures and pure protein content was estimated using DeNovix DS-11+ 

Spectrophotometer.  

6.2 Buffers and Medias 

Details of the buffers, media components and concentrations used throughout this 

research are detailed in Table 5.  

Table 5 Buffer compositions used throughout.  

Buffer Stock solution Quantity  Final conc. 

STE (50 mL) Tris HCl (1 M) 

Sucrose (1 M) 

EDTA (0.5 M) 

Protease inhibitor tablet* 

1.25 mL 

12.5 mL 

1 mL 

1 tablet 

25 mM 

250 mM 

1 mM 
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TAE X10 (1 L) Tris base  

Glacial acetic acid  

EDTA (500 mM, pH 8) 

48.5 g 

11.4 mL 

20 mL  

40 mM 

20 mM 

Storage (50 mL) Tris HCl (1 M) 

Glycerol (10 mL) 

MgCl2.6H2O (1 M) 

Protease inhibitor tablet* 

2.5 mL 

6.25 mL 

0.25 mL  

1 tablet 

50 mM 

20 % v/v 

5 mM 

PBS (500 mL) NaCl  

KCl  

Na2HPO4  

KH2PO4  

4 g 

100 mg 

720 mg 

120 mg 

137 mM 

2.7 mM 

10 mM  

1.8 mM 

HEPES (500 mL) HEPES  

1 M HCl (pH adjustment) 

2.38 g 20 mM 

Wash buffer  

(500 mL) 

Tris base (pH 7.4) 

NaCl  

1 M HCl (pH adjustment) 

1 M NaOH (pH adjustment) 

Protease inhibitor tablet* 

1.21 g 

14.61 g 

20 mM 

500 mM 

Elution buffer 

(500 mL) 

Tris base (pH 7.4) 

NaCl  

Imidazole 

1 M HCl (pH adjustment) 

1 M NaOH (pH adjustment) 

1.21 g 

14.61 g  

17.02 g 

20 mM 

500 mM 

500 mM 

Salt elution 

buffer (500 mL) 

Tris base (pH 8.5) 

NaCl  

1.21 g 

29.22 g 

20 mM 

1 M  

SDS 

electrophoresis 

buffer (X10, 1L, 

pH 8.3) 

Tris base  

Glycine  

SDS  

30.2 g  

141.0 g 

10 g 

25 mM 

250 mM 

0.1 % 

IP lysis buffer 

(50 mL) 

Tris base  

NaCl 

Triton™ X-100 

0.15 g 

0.44 g 

0.50 mL 

25 mM 

150 mM 

1 % (v/v) 
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Glycerol 

Protease inhibitor tablet* 

2.50 mL 

1 tablet 

5 % (v/v) 

For buffers with protease inhibitors, cOmplete™ EDTA-free Protease Inhibitor Cocktail 

(Merck) was used following manufacturers directions.  

Table 6 Media components 

Media Stock solution Quantity  

LB Broth  

(1 L)  

Tryptone  

Yeast extract  

NaCl  

10 g  

5 g  

10 g  

LB Agar  

(500 mL) 

LB Broth powder mixture  

Agar  

17.5 g 

7.5 g 

Schneider’s 

Insect Medium 

(1 L) 

Schneider’s Insect Medium  

NaHCO3 

CaCl2 

1 M HCl (pH adjustment) 

1 M NaOH (pH adjustment) 

24.5 g 

0.4 g 

0.6 g 

 

All biological reagents were dissolved in biological grade DMSO (Fisher Bioreagents) before 

application, unless otherwise specified. Biological grade buffers and medias were prepared 

using biological grade water from a Milli-Q purification system. The ethanol, sodium 

dodecyl sulfate (SDS) and PBS tablets were purchased from Fisher Scientific. The LB broth 

was purchased from Melford and prepared following manufacturer’s instructions before 

being autoclaved at 121 °C for 15 min. Imidazole and glycine were from Acros organics. 

Trizma® base and Schneider’s Insect Medium were from Merck. Agarose was purchased 

from Bio-Rad. (+)-Sodium L-ascorbate and HEPES were purchased from Fluorochem.  

The leading probe BHDC (66) synthesis is described in Chapter 7. Before use, the stock 

solution was made fresh every time. The probe was diluted using DMSO unless specified 

otherwise. 
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6.3 Microsomal assay materials  

NBD-C6-cermaide (Invitrogen) made to a concentration of 5 mM using DMSO. PI (Bovine 

liver, predominant species: 18:0/20:4, 1-sn-stearoyl-2-sn-arachidonyl sodium salt, Merck) 

and PI (Bovine liver, 1,2-Diacyl-sn-glycero-3-phospho-(1-D-myo-inositol) ammonium salt, 

Merck) were made to a final solution of 1 mM in CHCl3. CHAPS (Melford) was made to 3 

mM in Milli-Q grade H2O. Eppendorf LoBind Microcentrifuge Tubes (Merck, 1.5 mL) were 

used throughout this assay for handling microsomal LmjIPCS, Eppendorf® vacuum 

concentrator 5301 was used when specified. Thinwall Polypropylene tubes (Beckman 

Coulter) were used for differential centrifugation with the Beckman Coulter ultracentrifuge 

(Optima XL). TLC plates (F254 silica gel aluminium sheets pre-coated with silica gel, Merck) 

were used for the separation of NBD-C6-ceramide (Merck) and NBD-C6-IPC, imaged with 

the FLA-3000 (Fujifilm) plate reader and analysed with AIDA image analyser software. 

6.3.1 LmjIPCS inhibition assay methodology 

Stock solution 1 (Table 7) was prepared for each reaction. To this, the desired compounds 

were added, and incubated for 25 mins at 30 °C, with agitation (150-180 rpm). For stock 

solution 2, the total volume of needed PI (1 mM) was dried in the bottom of a LoBind 

Eppendorf tube using the Eppendorf concentrator 5301 for each reaction. To this, the 

quantities for stock solution 2 (Table 7) were added, with a brief vortex to ensure the 

components were thoroughly mixed. Following incubation with stock solution 1, 23.75 µL 

of stock solution 2 was added to each reaction and this was further incubated for 30 mins 

using the same conditions.  

Table 7 The components for each stock solution used for the LmjIPCS inhibition assay 

Buffers and reagents Stock 1 

(µL/reaction) 

Stock 2 

(µL/reaction) 

[Final] 

Phosphate buffer (71.9 mM, pH 

7.0) 

17.5 17.5 50 mM 

CHAPS (3 mM) 5 5  

Washed IPCS microsome (1 U µL-1) 0.25   

Storage buffer  1   

NBD-C6-ceramide (100, 200 µM)  1.25 5 µM 

PI (21, 1 mM)  5  
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The samples were quenched with 150 µL of 10 CHCl3:10 MeOH:3 H2O and vortexed. The 

organic layer was separated by centrifugation (8 mins, 13,300 rpm) and the organic layer 

was transferred to a new LoBind Eppendorf and dried at room temperature. The samples 

were resuspended in 20 µL of the 10 CHCl3:10 MeOH:3 H2O and 3 x 3 µL was spotted on 

the TLC plate. The products were separated using the solvent system 55:45:10 MeOH: 

CHCl3: 0.25 % KClaq and the result was visualised using FLA-3000 (Fujifilm) with the program 

AIDA image analyser.  

6.4 Promastigote inhibition assay materials 

Leishmania mexicana (strain 0157), L. major FV1, and L. amazonensis 

(MHOM/Br/75/JOSEFA) were grown in Nunc EasYFlask 25 cm2 Nunclon Delta Surface 

(ThermoScientific) at 30 °C. The promastigotes were grown in Schneider’s insect medium 

(Merck, Table 6) supplemented with 15 % heat inactivated fetal bovine serum 

(ThermoFisher Scientific, South American origin), and 1 % Gibco™ Penicillin-Streptomycin 

(PenStrep, 10,000 U/mL, ThermoFisher Scientific), and filter sterilised using Sterile filter 

flasks (500 mL, 0.22 microns, Merck) and the filtrate stored at 4 °C. The promastigote 

inhibition assay was conducted in 96 well sterile assay plates (Fisher Scientific), with 

StarTub Reagent Reservoir (Starlabs) for multichannel pipetting. Resazurin solution (500 

µM, 5 mg in 40 mL PBS, Acros organics) was added, and fluorescence measured with 

fluorescence plate reader (555 – 585 nM, BioTek Synergy HT). All tested controls were 

dissolved in biological grade EtOH unless otherwise specified and amphotericin B (Apollo 

Scientific) and cycloheximide (Merck) were used for the control positives.  

6.4.1 Promastigote inhibition assay method 

All steps were performed under sterile conditions, with a passage number <15. The frozen 

Leishmania stocks were stored in Cryovials (Starlabs) and kept at -150 °C for long term 

storage. The frozen Leishmania aliquot were rapidly defrosted before use and then the 

Leishmania promastigotes were grown in culture flasks with 15 cm3 supplemented 

Schneider’s Insect Media at 26 °C. The cell count was adjusted to 0.5 x 106 cells mL-1 for the 

assay. 100 µl of the adjusted 0.5 x 106 cells mL-1 L. mexicana in Schneider’s Insect Media 

was pipetted in a 96 well plate for rows B-G and 148.5 µl for row A. The tested compounds 
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were dissolved in EtOH to a stock concentration of 10 mM, with BHDC (66) stock solution 

being made fresh for every use. 1.5 µl of these stocks was added to row A in triplicate, and 

then 50 µl of row A was added to row B. This was repeated down the plate to row G, 

discarding the remaining 50 µl. For the controls cycloheximide and EtOH, 1 µl of the 

compound [10 mM] was added to 99 µl of the 0.5 x 106 cells mL-1 L. mexicana. The plate 

was then incubated for 20 hrs at 26 °C before the addition of 10 µl resazurin and a further 

incubation of 4 hrs. The fluorescence was measured using a fluorescence plate reader (555 

– 585 nM, BioTek Synergy HT), and the results analysed using the programme GraphPad 

Prism. 

6.5 Recombinant E. coli materials  

The gene PhoN from Salmonella typhumirium was obtained from UniProt (A0A0F6BAI0) 

and was purchased from GenScript (20 µg) in a pUC57 plasmid. Primers were designed 

using the assistance of OPPF-UK and ordered from Merck. The primer sequences can be 

found in Table 8.  

Table 8 The primer sequence used for pOPINF-PhoN, purchased from Merck 

Primer name  Sequence  

MB_FWD aagttctgtttcagggcccgATGAAAAGCCGTTAC 

MB_Rev atggtctagaaagctttaTTAATAGTTCAGCTTCG 

 

2x phusion high fidelity enzyme (ThermoFisher) was used for PCR following manufacturers 

conditions. The Biometra Tone Gradient 96 Thermo Cycler (Analytik Jena) PCR machine was 

used following the settings in Table 9. 

                          Table 9 Settings for PCR 

Step  Temp/ °C Time/ sec 

Initial denaturation 98 30 

Denaturation  98 10  

Annealing  51 30  

Extension  72  30  

Final extension 72 300 

                       *Repeated for 32 cycles  
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DNA gel electrophoresis was conducted with 0.8 % agarose (Bio-Rad) gel supplemented 

with SYBR safe DNA gel stain (6X, Invitrogen, 1 µL in 30 mL 0.8 % agarose), which was added 

when the agarose was 40-50 °C. To load the DNA, 1 µL DNA Gel Loading Dye (6X, 

ThermoFisher Scientific) was added to 2.5 µL H2O and 2.5 µL DNA samples with GeneRuler 

1 kb ladder (ThermoFisher Scientific) used as a reference. The gels were performed in 1 x 

TAE buffer at 100 V for 35 mins. DNA purification from the gel used QIAquick Gel Extraction 

kit (Qiagen), with DNA quantification occurring using DeNovix DS-11+ Spectrophotometer 

nanodrop function. The expression plasmid pOPINF (Addgene) was linearised using HindIII 

and KpmI purchased from ThermoFisher Scientific. The PhoN gene was ligated into pOPINF 

using In-Fusion cloning kit (Takara) then QIAprep Spin Miniprep Kit (Qiagen) for the 

purification of the plasmid using manufacturer’s instructions.  

The E. coli strains DH5α, BL21 DE3 and BL21 (DE3) pLysS competent cells were purchased 

from ThermoFisher Scientific. After transformation, all E. coli strains (ThermoFisher 

Scientific) were grown in the supplied sterile SOC media before being grown on agar plates 

(Table 6) supplemented with 100 µg/mL ampicillin and 50 µg/mL chloramphenicol for BL21 

(DE3) pLysS only. The transformed E. coli were grown in sterile LB broth (Melford) 

supplemented with 100 µg/mL ampicillin (Merck) or with the addition of 50 µg/mL 

chloramphenicol (Acros organics), when specified. Bacterial growth was determined by 

using 500 µl bacterial culture in Fisherbrand curvettes (1.5 mL, ThermoFisher Scientific) and 

the OD was calculated using DeNovix (DS-11+ Spectrophotometer). Once between OD 0.6-

0.8, filter sterilised IPTG (500 mM, Melford) was added to a final concentration of 0.5 mM. 

Lysis by sonication occurred in wash buffer (Table 5) supplemented with cOmplete™ EDTA-

free Protease Inhibitor Cocktail (Merck). Proteins were analysed using 12.5 % SDS-PAGE 

using the recipe in Table 10.  

Table 10 Composition of the gels used for SDS-PAGE 

  2 x 1 mm 4 x 1 mm 
  Resolution/ µL Stack/ µL Resolution/ 

µL 
Stack/ µL 

Buffer 4800 2400 9600 4800 
40 % 
BisAcrylamide 

3750 1425 7500 2850 

Milli-Q H2O 3150 2974 6300 5948 
10 % APS 124.0 62.6 248.0 125.2 
TEMED 12.5 6.3 25.0 12.5 
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The resolving buffer (X4) and stacking buffer (X4) were purchased from Alfa Aesar. 

Acrylamide:Bis-acrylamide 29:1, 40 % solution was purchased from Fisher Bioreagents. 

Electrophoresis grade TEMED was purchased from MP Biomedicals and ammonium 

persulfate was purchased from Merck and made to a 10 % w/v solution with Milli-Q H2O. 

To the protein samples, NuPAGE 4X LDS buffer (ThermoFisher) supplemented with 5 % β-

mercaptoethanol (Fluorochem) was added to the final concentration of 1X LDS. The gel was 

ran in X1 SDS running buffer (Table 5) at 200 V for 50 mins, using PageRuler Plus Prestained 

Protein Ladder (10-250 kDa, ThermoFisher Scientific) as a reference. The gel was stained 

using quick Coomassie stain (Generon) overnight before destaining with Milli-Q grade H2O. 

Where necessary, dialysis was achieved using Mini GeBaFlex tube (MWCO: 8 kDa, Generon) 

or Maxi GeBaFlex tube (MWCO: 8 kDa Generon).  

6.6 Production of protein from E. coli 

6.6.1 Transformation 

The purchased PhoN-pUC57 plasmid was suspended in 20 μl Milli-Q H2O, and 1 μl of this 

solution was used to transform 50 μl chemically competent E. coli DH5α (Clontech), 

following the manufactures procedure for heat shock. These cells were then added to 500 

μl pre-warmed SOC media (37 °C), then grown in an orbital incubator for 1 h at 37 °C. The 

recovered cells were then pelleted by centrifugation for 5 mins, 3000 rpm. 400 μl of the 

SOC media was disposed of and the bacterial pellet was then resuspended in the remaining 

100 μl LB. These cells were grown on-ampicillin (100 μg/mL) impregnated agar plates 

overnight at 37 °C. A colony was picked for growth followed by plasmid purified using 

QIAprep Spin Miniprep Kit High-Yield Protocol (Qiagen). Using PCR and gel electrophoresis, 

GeneJET gel extraction kit (ThermoFisher Scientific) was used to purify the PhoN gene from 

the gel, ready for ligation into an expression plasmid.  

6.6.2 Ligation into pOPINF 

The expression plasmid pOPINF was linearized using HindIII and KpmI in Tamgo buffer. This 

was ligated with purified PhoN gene using In-Fusion® HD cloning kit (Clontech), following 

the manufacturers procedure. The ligated pOPINF plasmid was inserted into E. coli BL21 

DE3 and grown on agar with 100 µg/mL ampicillin and for E. coli BL21 (DE3) pLysS grown 
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on agar with 100 µg/mL ampicillin and 50 µg/mL chloramphenicol. Verification of the 

insertion of the desired gene occurred using colony PCR and electrophoresis.  

6.6.3 Sanger sequence  

The isolation and purification of plasmids occurred using Qiaprep Spin Miniprep kit 

(Qiagen). For PCR amplicon purification, GeneJET gel extraction kit (ThermoFisher 

Scientific) from the excised agarose gel containing the amplicon was used. Sanger 

sequencing were performed through DBS Genomics (Department of Biosciences, Durham 

University). The Sanger sequences were analysed on the program 4peaks. The alignments 

were performed using the programme MUSCLE (EMBL-EBI, ClustalW) and sequence 

identities were calculated using the programme EMBOSS Needle (EMBL-EBI). 

6.6.4 Overexpression and lysis 

To overexpress the desired protein in E. coli BL21 DE3, the bacteria was grown in LB agar 

supplemented with 100 µg/mL ampicillin at 37 °C, 150 rpm. To overexpress the desired 

protein in E. coli BL21 (DE3) pLysS, the bacteria was grown in LB agar supplemented with 

100 µg/mL ampicillin and 50 µg/mL chloramphenicol at 30 °C, 150 rpm. When the cultures 

reached 0.6 - 0.8 OD600, protein production was induced using a final concentration of 0.5 

mM IPTG and incubated at 30 °C overnight at 150 rpm. The cultures were then pelleted at 

4000 rpm for 15 mins. The media was decanted from the pellet, and this was resuspended 

in wash buffer (Table 5).  

For lysis, the suspended E. coli was sonicated on ice at 30 % power, 1 sec interval for 30 

secs (X3) with 1 min rest on ice. This solution was then centrifuged at 13000 rpm at 4 °C for 

30 mins to pellet insoluble material.  

The proteins were analysed on 12.5 % SDS-PAGE gel by adding LDS to a final concentration 

of X1 and then analysed by SDS-PAGE at 200 V for 50 mins. The proteins were then stained 

with quick Coomassie (Generon) and imaged.  

6.6.5 Protein purification  

For purification, the HisTrap™ Fast Flow 1 column (GE healthcare) and minipuls 3 (Gibson) 

peristaltic pump were pre-equilibrated with the wash buffer (Table 5) before the addition 

of the lysate. Following this, the bacterial lysate was loaded onto the HisTrap™ column with 

the peristaltic pump the following manufacturer’s instructions. The column was then 
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loaded onto the ÄKTA (Cytiva) and purification occurred using a gradient of wash buffer 

and elution buffer (0-100 %, Table 5). The eluted fractions were analysed by SDS-PAGE, and 

the desired fractions were combined and further purified using MonoQ anion exchange on 

the ÄKTA (Cytiva) with 20 mM Tris buffer (pH 8.5) and eluted with salt elution buffer (Table 

5) on a gradient (0-100 %). The protein was then dialysed into HEPES (20 mM, pH 7.4) 

overnight at 4 °C before protein quantification with DeNovix DS-11+ Spectrophotometer. 

The protein was then supplemented with 20 % glycerol and flash frozen in Cryovials 

(Starlabs) before storage at -80 °C for long term or stored in a centrifuge tube (1.5 mL, 

Starlabs) at -20 °C for use.  

6.7 Non-specific acid phosphatase activity materials  

PhoN was diluted to 2 µg/mL in HEPES (20 mM, pH 7.4). Para-nitrophenol phosphate 

(Fluorochem) was prepared in the enzyme buffer (500 mM) before every assay. NaOH 

(ThermoFisher Scientific) 0.2 M solution in H2O. BHDC (X) probe was prepared in DMSO 

before every assay. Fluorescence was measured using Cary 5000 UV-Vis-NIR at 405 nM and 

the results analysed on the program Cary WinUV (4.20).  

6.7.1 NSAP assay method 

To measure the activity of the purified enzyme PhoN, 5 mM para-nitrophenyl phosphate 

(pNPP) was incubated with 2 µg/mL enzyme in 20 mM HEPES. The reaction was quenched 

at the specified times by adding 500 µL of 0.2 M NaOH. The resulting fluorescence from the 

production of para-nitrophenol (pNP) was measured at 405 nM.  

To test for enzyme inhibition, BHDC (66) was incubated with 2 µg/mL PhoN on a range of 

100 µM – 3 mM for 1 h. After this, the substrate pNPP (5 mM) was added and the enzyme 

was further incubated for an additional 15 min before the reaction was quenched (500 µL 

of 0.2 M NaOH) and the reading taken at 405 nM.  

6.8 Fluorescent and pull-down analysis  

6.8.1 Materials  

Ribonuclease A (bovine pancreas, Merck) stock solution was dissolved in Milli-Q H2O at 10 

mg/mL. For the working concentration, RNase A was diluted to 1 mg/mL in either Milli-Q 

H2O or PBS buffer. PhoN was diluted to 0.25 mg/mL in 20 mM HEPES buffer (pH 7.4). The 

lysate from E. coli BL21 (DE3) pLysS overexpressing PhoN generated following section 6.6.4. 
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Following lysis (section 6.6.4), the samples were dialysed using Mini GeBaFlex tube 

(MWCO: 8 kDa, Generon) or Maxi GeBaFlex tube (MWCO: 8 kDa Generon). in 20 mM HEPES 

(pH 7.4) overnight at 4 °C. The lysate protein concentration was quantified using Pierce 

Rapid Gold BCA Protein Assay Kit (Merck) following manufacturers procedure and diluted 

to 1 mg/mL with 20 mM HEPES (pH 7.4). The rhodamine azide (93) was synthesised 

following Chemical Experimental (Chapter 7). The click chemistry reagents were all 

prepared in Milli-Q H2O and consist of sodium ascorbate (Fluorochem), CuSO4.5H2O 

(Merck), THPTA (Merck) and TBTA (Merck). For the pulldown, biotinylated PEG azide (94, 

Merck) was dissolved in DMSO. Streptavidin MagneSphere Paramagnetic Particles 

(Promega) and DynaMag -2 (Invitrogen) magnet were used for protein purification and 0.5 

M β-mercaptoethanol (Fluorochem) for elution. 

6.8.2 Fluorescent analysis methods  

The probe BHDC (66) was added to a final concentration of 50 µM for lysates and PhoN, 

and 25 µM for RNase A, unless otherwise specified. This was incubated at room 

temperature for 1 h before the addition of the click chemistry reagents. Firstly, the 

rhodamine azide (94) was added and following this was a premixed solution of CuSO4.5H2O 

and THPTA/TBTA and finally was the addition of sodium ascorbate in the quantities 

displayed in Table 11. After briefly vortexing the samples, this mixture was incubated for 1 

h at room temperature before quenching with 16.6 µL X4 LDS (5 % β-mercaptoethanol). 

The samples were loaded to a 12.5 % SDS-PAGE and ran until the solvent front has been 

removed from the gel. The results were visualised using Fuji FLA3000 with the program 

AIDA image analyser or Typhoon 9400 (Amersham Biosciences) with the programme 

ImageQuant (version 5.2) when specified.  

Table 11 Click chemistry quantities and components for fluorescent analysis in different lysates 209 

 RNase A PhoN E. coli lysate Leishmania 

lysate 

BHDC (66) 25 µM 50 µM 50 µM 50 µM 

CuSO4.5H2O 50 µM 100 µM 100 µM 500 µM 

THPTA 250 µM 500 µM 500 µM - 

TBTA - - - 500 µM 

Na asc 2.5 mM 5 mM 5 mM 1 mM 
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Rho-N3 (94) 50 µM 100 µM 100 µM 100 µM 

 

6.8.3 Pulldown assay  

The target protein was incubated with 2.5 µM BHDC (66) for 1 h before the addition of the 

click reagents. The first reagent added was the tetrafunctional tag (97) or the commercially 

available biotinylated PEG azide (94, Merck) which were both incubated to a final 

concentration of 5 µM. Following this was the addition of a premixed solution of 

CuSO4.5H2O and THPTA/TBTA before the final addition of sodium ascorbate to the 

concentrations documented in Table 12. Following a brief vortex, the protein mixtures 

were incubated for 1 h at RT. The magnetic beads were prepared following manufacturers 

instructions, washing the beads with PBS buffer, as advised. The BHDC (66)-protein 

mixtures were added to the beads, and this was incubated at room temperature for 1 h. 

The unbound protein lysate was removed by inserting the magnetic bead tube into the 

magnetic rack, waiting for a pellet to form on the side of the tube and carefully removing 

the supernatant. The beads were then washed X3 with cold PBS (500 µL) to remove 

unbound proteins. For the tetrafunctional tag (97), elution occurred by adding 50 µl of 0.5 

M β-mercaptoethanol and incubating at room temperature for 30 min. Elution of the 

commercially available biotinylated PEG azide (94) occurred by adding 50 µl X4 LDS (5 % β-

mercaptoethanol) and boiling the samples at 95 °C for 10 min. The eluted proteins were 

analysed by SDS-PAGE and Coomassie protein staining.  

Table 12 Click chemistry quantities and components for pull-down assays in different lysates 

 RNase A PhoN E. coli lysate Leishmania 

lysate 

BHDC (66) 2.5 µM 2.5 µM 2.5 µM 2.5 µM 

CuSO4.5H2O 10 µM 10 µM 10 µM 10 µM 

THPTA 50 µM 50 µM 50 µM - 

TBTA - - - 10 µM 

Na asc 500 µM 500 µM 500 µM 100 µM 

Azide (97 or 

94) 

5 µM 5 µM 5 µM 5 µM 
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6.9 Proteolytic digestion  

The samples submitted to ESI+ mass spectrometry for the restriction digestion of pure 

enzymes samples were to the concentrations of 1 mg/mL of protein. After the incubation 

of the sample with BHDC (66), the samples were dialysed into freshly prepared ammonium 

bicarbonate (50 mM, pH 8.5). These samples were incubated with TCEP (5 mM) for 5 min 

at RT to reduce disulphide bridges. Following, the protein samples were incubated with 

iodoacetamide (15 mM) for the modification of cysteine residues, and then the samples 

were incubated with trypsin (1.25 µL of 1 mg/mL) and separately chymotrypsin (2.5 µL of 

1 mg/mL). Further analysis was performed by Dr Adrian Brown, Department of Biosciences 

at Durham University. The mass spectra obtained from the fragments were queried against 

E. coli sequences from UniProt KB, with a false discovery rate set at 1 % for peptide 

fragment identification. 
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7 Chemical Experimental 

7.1 Equipment  

IUPAC names were generate using the programme Marvin (ChemAxon). All solvents and 

reagents were purchased from commercial suppliers. Sensitive reactions were performed 

with dry solvents in a N2 enriched environment. NMR spectra were recorded on two 

instruments: Varian VNMRS-600 instrument with operating frequencies of 600.130 MHz 

for 1H and 150.903 MHz for 13C NMR and Varian VNMRS-700 with operating frequencies of 

700.130 MHz for 1H and 176.048 MHz for 13C NMR. Spectra were referenced relative to 

CDCl3 (dH 7.26 ppm, dC 77.16 ppm) or CD3OD (dH 4.87 ppm, dC 49.00 ppm). Chemical shifts 

are reported in parts per million (ppm), coupling constants (J) in hertz (Hz) and multiplicity 

as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) or a combination thereof. All 

spectral assignments were made with the aid of 1H-1H COSY, 1H-13C HSQC and 1H-13C HMBC 

NMR experiments. Infra-red spectra were recorded on a Perkin Elmer Paragon 1000 FT-IR 

spectrometer or a Perkin Elmer RX FT-IR spectrometer with Golden Gate Diamond ATR 

apparatus and IR assignments are reported in wavenumbers (cm-1). Melting points were 

recorded on Thermo Scientific Electrothermal IA9100 Digital Melting Point apparatus. Thin 

layer chromatography was performed using Merck F254 silica gel 60 aluminium sheets pre-

coated with silica gel. Purification of products used flash chromatography systems 

CombiFlash Rf 200 (Teledyne ISCO) or CombiFlash NextGen 100 (Teledyne ISCO). High 

resolution mass spectrometry (HRMS) were recorded on a Waters TQD mass spectrometer 

ESI-LC water (0.1 % formic acid): MeOH, flow rate 0.6 mL min-1 with a UPLC BEH C18 1.7 

μm (2.1 mm x 50 mm) column.  

7.2 General procedure A: Formation of Dicarbonates 

A 20 % aqueous NaOH (5 M) solution was added to a solution of tetrabutylammonium 

bromide (1.0 eq) in DCM (1 mL.mmol-1). This was cooled to -10 °C, and the chloroformate 

(10.0 eq) then added and the reaction mixture then stirred at -10 ˚C for 1 h before warming 

to and stirring at RT for an additional 3 h. The reaction mixture was then washed with 

saturated NaHCO3 (2 x 10.0 ml), H2O (1 x 10.0 ml), dried (MgSO4) and concentrated to afford 

the dicarbonate which was used directly with no further purification.  



Chemical Experimental 

136 
 

7.3 General procedure B: Carbamate Preparation  

Pyrocarbonate (1.1 eq) was added to a solution of the benzimidazole (1.0 eq) in MeCN (0.5 

M) or His-Gly-OH (1.0 eq) (1:1 DCM and DMF). The resulting solution was stirred at RT for 

the individually specified time. The organic solvent was removed in vacuo and the 

carbamates were then redissolved in EtOAC (10 ml), which was then washed with NH4Cl (1 

x 10.0 ml) and H2O (2 x 10.0 ml), dried (MgSO4) and concentrated in vacuo. Purification was 

achieved using column chromatography.  

7.4 General procedure C: Formation of 1,2,3-triazole 

The alkyne (1.0 eq) and azide (1.1 eq) compounds were dissolved in H2O and t-BuOH (1:1). 

To this, CuSO4.5H2O (0.1 eq) was added followed by sodium ascorbate (0.4 eq) and the 

resultant solution stirred for 2 h at RT. On completion of the reaction, verified using mass 

spectrometry, the mixture was extracted with EtOAc (10.0 ml x 4), dried (MgSO4) and 

concentrated in vacuo. The product was purified using column chromatography (SiO2) using 

the individually specified solvent system. 

7.5 General procedure D: Chalcone Preparation  

2I, 4I, 6I-trimethylacetophenone (1.0 eq), Ba(OH)2.8H2O (0.25 eq) and the aldehyde (1.0 eq) 

are dissolved in MeOH (0.17 M) and heated to 40 °C overnight (14 h). The reaction was 

filtered, the solvent removed in vacuo, and then the mixture was redissolved in EtOAc (10 

mL) and washed with 1 M HCl (1 x 15 mL) and H2O (2 x 15 mL), dried (MgSO4) and 

concentrated. Purification occurred by recrystallisation using Et2O and hexane. 

1. Diethyl pyrocarbonate (DEPC) (50) 187 

 

Using general procedure A, ethyl chloroformate (0.05 ml, 0.5 mmol) was used to form DEPC 

as a clear oil (40.5 mg, 50 %). δH (700 MHz, CDCl3) 4.33 (4H, q, J= 7.1, CH2), 1.37 (6H, t, J= 

7.1, CH3).  

2. Dipropargyl pyrocarbonate (52) 188 
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Following general procedure A, use of propargyl chloroformate (2.5 mL, 26 mmol) afforded 

the title dicarbonate as a clear oil (2.5 g, 54 %). νmax (ATR) 3292, 2955, 2130 (CΞC), 1750 

(C=O), 1438, 1386 cm-1; δH (700 MHz, CDCl3) 4.76 (4H, d, J = 2.5 Hz, CH2), 2.54 (2H, t, J = 2.5 

Hz, 3-H); 13C NMR (176 MHz, CDCl3) δ 154.4 (C=O), 77.0 (C-2), 76.3 (C-3), 56.1 (CH2). 

3. Ethyl 1H-1,3-benzodiazole-1I-carboxylate (60)  

 

Following general procedure A, DEPC (50) (0.1 mL; 0.25 mmol; 1.0 eq) was added to a 

solution of benzimidazole (59.0 mg; 0.25 mmol; 1.0 eq). Purification by column 

chromatography (SiO2, 0-100 % hexane: EtOAc,) to afford the title carbamate as a white 

solid (51.0 mg; 54 %). νmax (ATR) 3151- 3078 (C-H), 2983 (C-H), 1750 (C=O), 1610, 1505, 

1477, 1448, 1399, 1378 cm -1; δH (700 MHz, CDCl3) 8.48 (1H, s, 2-H), 8.03 (1H, d, J = 7.8 Hz, 

4-H), 7.80 (1H, d, J = 7.8 Hz, 7-H), 7.41 (1H, t, J = 7.8 Hz, 5-H), 7.39 – 7.35 (1H, m, 6-H), 4.56 

(2H, q, J = 7.1 Hz, CH2), 1.51 (3H, t, J = 7.1 Hz, CH3); 13C NMR (176 MHz, CDCl3) δ 149.61 (N-

COO), 144.1 (C-Ar), 141.8 (C-2), 131.4 (C-Ar), 125.6 (C-3), 124.7 (C-6), 120.8 (C-Ar), 114.5 

(C-Ar), 64.4 (CH2), 14.4 (CH3); m/z (LC-MS ES+) 191.1894 [M+H]+ C10H10N2O2. 

4. Bis(hex-5-yn-1-yl) dicarbonate (66) 187 

 

5-Hexyn-1-ol (0.3 mL; 2.5 mmol, 1 eq) was added to a solution of triphosgene (371.0 mg; 

1.3 mmol; 0.5 eq) in anhydrous DCM (7.5 ml). The reaction mixture was then stirred at RT 

for 3 h to generate the chloroformate intermediate. The reaction mixture was 

concentrated in vacuo and the crude chloroformate used immediately for the synthesis of 

the title dicarbonate (38) using general procedure A. Following the final concentration, the 

product was observed as a light yellow oil (617.0 mg; 92 %). νmax (ATR) 3299, 3004-2888, 

2124 (CΞC), 1789 (C=O), 1463, 1387, 1232, cm -1; δH (700 MHz, CDCl3) 4.34 (4H, dt, J = 8.0, 

6.4 Hz, 1-H), 2.26 – 2.23 (4H, m, 4-H), 1.97 (2H, t, J = 2.6 Hz, 6-H), 1.91 – 1.83 (4H, m, 2-H), 

1.66 – 1.59 (4H, m, 3-H); 13C NMR (176 MHz, CDCl3) δ 148.0 (C=O), 83.5 (C-5), 69.8 (C-1), 

69.2 (C-6), 27.4 (C-2), 24.6 (C-3), 18.1 (C-4). 
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5. Hex-5I-yn-1I-yl 1H-1,3-benzodiazole-1-carboxylate (67)  

 

Following general procedure B, a solution of bis(hex-5-yn-1-yl) dicarbonate (66, 266.0 mg; 

1 mmol; 1.0 eq) in CH3CN (1.0 mL) was added to a solution of benzimidazole (112.0 mg; 1.0 

mmol; 1 eq) in CH3CN (2.0 mL) and stirred at RT for 2 h. The residue was purified using 

column chromatography (SiO2, hexane: EtOAc, 0-100 %) to afford the final product as a 

white solid (35 mg; 14 %). νmax (ATR) 2953, 2141 (CΞC), 1793 (C=O), 1749, 1681, 1531, 1448, 

1406, 1326 (C-N), 1244, 1212 (CΞC) cm -1; δH (599 MHz, CDCl3) δ 8.55 (1H, s, 2-H), 8.05 (1H, 

d, J = 8.0 Hz, Ar-H), 7.86 - 7.81 (1H, d, J = 8.0, Ar-H), 7.47 – 7.37 (2H, m, 5-H, 6-H), 4.56 (2H, 

t, J = 6.5 Hz, 1I-H), 2.32 (2H, td, J = 6.5, 2.7 Hz, 4I-H), 2.04 – 2.01 (2H, m, 2I-H), 2.00 (1H, t, J 

= 2.7 Hz, 6I-H), 1.76 – 1.71 (2H, m, 3I-H); 13C NMR (151 MHz, CDCl3) δ 149.5 (N-COO), 143.2 

(C-Ar), 141.6 (C-2), 131.2 (C-Ar), 126.0 (C-Ar), 125.0 (C-Ar), 120.6 (C-3), 114.6 (C-6), 83.5 (C-

13), 69.4 (C-14), 68.1 (C-9), 27.7 (C-10), 24.9 (C-11), 18.2 (C-12); HRMS (ES+) 243.1128 

[M+H]+ C14H14N2O2.  

6. Methyl 2-[2I-({[(9H-fluoren-9II-yl)methoxy]carbonyl}amino)-3I-[1-(triphenylmethyl)-

1H-imidazol-4III-yl]propanamido]acetate (70)  

 

Glycine methyl ester.HCl (111.0 mg; 0.9 mmol; 1.1 eq), N-(3-dimethylaminopropyl)-N-

ethylcarbodiimide HCl (EDC) (193.0 mg; 1.0 mmol; 1.3 eq) and 4-dimethylaminopyridine 

(DMAP) (148.0 mg; 1.2 mmol; 1.5 eq) were dissolved in anhydrous DCM (10.0 mL) under 
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N2. The resulting mixture was stirred for 10 mins at RT when Fmoc His(trt)-OH (500.0 mg; 

0.8 mmol; 1.0 eq) was added. The reaction was then stirred for 14 h at RT when it was 

washed with NaHCO3 (3 x 15.0 ml), dried (MgSO4) and concentrated in vacuo. Column 

chromatography (SiO2, 20-100 % hexane: EtOAc) with the desired product eluting at 100 % 

EtOAc afforded the title dipeptide as a white solid (0.5 g; 96 %). νmax (ATR) 1753, 1720, 1670, 

1577-1466, 1445, 1276-1223, 1205, 1054-1015 cm -1; δH (700 MHz, CDCl3, rotamer) 7.74 

(2H, d, J = 7.6 Hz, 4II-H), 7.61 (2H, d, J = 7.6, 1II-H ), 7.42 (1H, s, 2III-H), 7.37 (2H, t, J = 7.6 Hz, 

Ar-H), 7.33 – 7.22 (10H, m, Ar-H), 7.12 – 7.10 (6H, m, Ar-H), 6.82 (1H, s, NH), 6.69 (1H, s, 5III-

H), 4.57 (1H, m, 2I-H), 4.34 (2H, d, J = 7.5 Hz, 9II-CH2), 4.21 (1H, t, J = 7.5 Hz, 9II-H), 3.99 (2H, 

d, J = 5.3 Hz, 2-H), 3.68 (3H, s, CH3), 3.13 – 3.10 (1H, m, 3I-H), 3.06 – 3.00 (1H, m, 3I-H); 13C 

NMR (176 MHz, CDCl3) δ 171.8 (C-1I), 170.0 (C-1), 159.4 (COON-Fmoc) 144.0 (C-9aII), 142.3 

(C-Bn3), 141.3 (C-4aII), 138.6 (C-2III), 136.8 (C-4III), 129.8 (C-Ar), 128.1 (C-Ar), 128.1 (C-Ar), 

127.7 (C-Ar), 127.1 (C-Ar), 127.1 (C-Ar), 125.3 (C-1II), 120.0 (C-4II), 119.7 (C-5III), 67.2 (9II-

CH2), 55.2 (C-2I), 52.3 (CH3), 47.2 (C-9II), 41.3 (C-2), 30.7 (C-3I); HRMS (ES+) 691.2937 [M+H]+ 

C43H38N4O5. 

7. Methyl 2-[2I-({[(9H-fluoren-9II-yl)methoxy]carbonyl}amino)-3I-(1H-imidazol-4III-

yl)propanamido]acetate (71)  

 

TFA (2.5 ml) was added dropwise to a solution of methyl 2-[2I-({[(9H-fluoren-9II-

yl)methoxy]carbonyl}amino)-3I-[1-(triphenylmethyl)-1H-imidazol-4III-

yl]propanamido]acetate (70, 344.0 mg; 0.5 mmol) in DCM (3.0 mL) and stirred at RT under 

N2 for 4 h, with a colour change occurring over the duration of the reaction from yellow to 

brown. The reaction mixture was then concentrated, the residue dissolved in EtOAc (5.0 

ml) and washed with NaHCO3 (2 x 5.0 ml) and H2O (2 x 5.0 ml). The organic layer was dried 

(MgSO4), concentrated. The product was the triturated in cold Et2O (10.0 mL), affording the 
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product as a white solid (89.0 mg; 40 %). νmax (ATR) 3355-3265 (NH), 2953, 2516-2369, 1738 

(C=O), 1678, 1645, 1584-1534, 1441 (C-H), 1365, 1348 (C-N) cm -1; δH (700 MHz, CD3OD, 

rotamer) 8.04 (1H, s, 2III-H), 7.78 (2H, d, J = 7.6 Hz, 4II-H), 7.59 (2H, d, J = 7.6 Hz, 1II-H), 7.37 

(2H, t, J = 7.6, 3II-H), 7.32 – 7.26 (2H, m, 2II-H), 7.04 (1H, s, 5III-H), 4.46 (1H, t, J = 7.5 Hz, 2I-

H), 4.38 (1H, dd, J = 10.7, 7.0 Hz, 9II-CH2), 4.30 (1H, dd, J = 10.7, 7.0 Hz, 9II-CH2), 4.18 – 4.17 

(1H, m, 9II-H), 4.00 – 3.87 (2H, m, 2-H), 3.70 (3H, s, CH3), 3.16 (1H, dd, J = 15.0, 5.4 Hz, 3I-H), 

2.95 (1H, dd, J = 15.0, 5.4 Hz, 3I-H);  13C NMR (176 MHz, CD3OD) δ 172.4 (C-1I), 170.2 (C-1), 

156.8 (N-COO), 143.8 (C-9aII), 141.1 (C-4aII), 134.4 (C-2III), 127.4 (C-3II), 126.7 (C-2II), 124.7 

(C-1II), 119.5 (C-4II), 117.1 (C-5III), 69.8 (C-2I), 66.6 (9II-CH2), 54.6 (C-2), 51.2 (CH3), 48.0 (C-

9II), 40.5 (C-2), 28.5 (C-3I); HRMS (ES+) 449.1805 [M+H]+ C24H24N4O5; MT 154.0-155.4 °C. 

8. Methyl 2-[2I-({[(9H-fluoren-9II-yl)methoxy]carbonyl}amino)-3I-[(1-ethoxycarboxy)-1H-

imidazol-4III-yl)]propanamido]acetate (73) 

 

Following general procedure B, DEPC (50, 33.0 µL; 0.2 mmol; 2.2 eq) was added to a 

solution of methyl 2-[2I-({[(9H-fluoren-9II-yl)methoxy]carbonyl}amino)-3I-(1H-imidazol-4III-

yl)propanamido]acetate (71, 46.0 mg; 0.1 mmol; 1.0 eq) in dry DCM (5.0 mL) and dry DMF 

(1.0 mL) under N2 and stirred overnight. The reaction mixture was washed with H2O (4 x 

10.0 ml), then the residue was purified by column chromatography (SiO2, 0-100 % hexane: 

acetone) to produce the carbamate as a white solid (22.0 mg, 42 %). δH NMR (700 MHz, 

CDCl3, rotamer). νmax (ATR) 3422-3187 (N-H), 2982, 1753 (C=O), 1712, 1538, 1448 (CH3), 

1407, 1249, 1215 cm -1; 1H NMR (599 MHz, CDCl3) δ 8.20 (1H, s, 2III-H), 7.76 (2H, d, J = 7.6 

Hz, 4II-H), 7.59 (2H, d, J = 7.6 Hz, 1II-H), 7.39 (2H, t, J = 7.4 Hz, 3II-H), 7.31 (2H, t, J = 7.4 Hz, 

2II-H), 6.49 (1H, s, 5III-H), 4.61 (1H, m, 2I-H), 4.45 (2H, q, J = 7.1 Hz, 2IV-H), 4.37 (2H, d, J = 7.3 

Hz, 9II-CH2), 4.22 (1H, t, J = 7.3 Hz, 9II-H), 4.01 (2H, s, 2-H), 3.71 (3H, s, O-CH3), 3.16 – 3.08 
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(2H, m, 3I-H), 1.41 (3H, t, J = 7.1 Hz, 1IV-H); 13C NMR (151 MHz, CDCl3) δ 171.3 (C-1I), 170.0 

(C-1), 156.5 (COON), 148.2 (C-3IV), 143.9 (C-9aII), 141.4 (C-4aII), 136.7 (C-2III), 127.9 (C-3II), 

127.2 (C-2II), 125.3 (C-1II), 120.1 (C-4II), 67.4 (9II-CH2), 65.0 (C-2IV), 54.6 (C-2I), 52.4 (O-CH3), 

47.3 (C-9II), 41.4 (C-2), 30.2 (C-3I), 14.3 (C-1IV); HRMS (ES+) 521.2038 [M+H]+ C27H28N4O7.  

9. Methyl 2-[2I-({[(9H-fluoren-9-yl)methoxy]carbonyl}AMINO)-3I-[(1- hex-5IV-

ynoxycarboxy)-1H-imidazol-4III-yl)]propanamido]acetate (72)  

 

Procedure 1: Following general procedure B, bis(hex-5-yn-1-yl) dicarbonate (66, 24.3 mg; 

0.1 mmol; 1.0 eq) dissolved in 3.2 mL DCM was added to methyl 2-[2I-({[(9H-fluoren-9II-

yl)methoxy]carbonyl}amino)-3I-(1H-imidazol-4III-yl)propanamido]acetate (71, 22.7 mg; 0.1 

mmol; 1.0 eq) dissolved in 3.2 ml DMF and stirred at RT for 6 h. To purify the product, 

column chromatography (SiO2, 0-100 % hexane: acetone) was performed, with the pure 

product eluting at 40 % acetone. The named product forms a white solid when dry (24.0 

mg; 32 %).  

Procedure 2: Bis(hex-5-yn-1-yl) dicarbonate (66, 29.0 mg; 0.1 mmol; 1.1 eq) was added to 

methyl 2-[2I-({[(9H-fluoren-9II-yl)methoxy]carbonyl}amino)-3I-(1H-imidazol-4III-

yl)propanamido]acetate (71, 45.0 mg; 0.1 mmol; 1.0 eq) in 8.0 ml tris-bis buffer (0.1 M) and 

stirred overnight. νmax (ATR) 3194- 3509 (N-H), 2980-2885, 2215 (CΞC), 1793, 1747, 1716, 

1680, 1526, 1242 cm -1; 1H NMR (700 MHz, CDCl3, rotamer) δ 8.17 (1H, s, 2III-H), 7.75 (2H, 

d, J = 7.5 Hz, 4II-H), 7.59 (2H, d, J = 7.5, 1II-H), 7.39 (2H, t, J = 7.5 Hz, 3II-H), 7.30 (2H, t, J = 

7.5, 2II-H) 6.52 (1H, s, 5III-H), 4.61 (1H, m, 2I-H), 4.47 – 4.30 (4H, m, 1IV-H, 9II-CH2), 4.22 (1H, 

t, J = 7.1 Hz, 9II-H), 4.00 (2H, s, 2-H), 3.70 (3H, s, CH3), 3.10 (2H, d, J = 14.4, 3I-H), 2.30 – 2.22 

(2H, m , 4IV-H), 1.98 (1H, t, J = 2.1 Hz, 6IV-H), 1.90 (2H, p, J = 6.7 Hz, 2IV-H), 1.63 (2H, p, J = 
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6.7 Hz, 3IV-H); 13C NMR (176 MHz, CDCl3) δ 171.4 (C-1I), 170.1 (C-1), 156.4 (C=O), 148.3 

(C=O), 143.9 (C-9aII), 141.4 (C-4aII), 139.0 (C-4III), 136.9 (C-2III), 127.8 (C-3II), 127.2 (C-2II), 

125.3 (C-1II), 120.1 (C-4II), 115.1 (C-5III), 83.5 (C-5IV), 69.4 (C-6IV), 68.2 (C-1IV), 67.4 (9II-CH2), 

54.6 (C-2I), 52.4 (CH3), 47.2 (C-9II), 41.3 (C-2), 30.2 (C-3I), 27.5 (C-2IV), 24.7 (C-3IV), 18.1 (C-

4IV); HRMS (ES+) 573.2361 [M+H]+ C31H32N4O7 . 

10. 2-(2-{2-[2-(methanesulfonyloxy)ethoxy]ethoxy}ethoxy)ethyl methanesulfonate 192 

 

NEt3 (10.0 mL, 74.1 mmol, 2.2 eq) in dry THF (10.0 ml) was added dropwise at 0 ˚C to a 

solution of tetraethylene glycol (6.5 g, 33.7 mmol, 1.0 eq) and methanesulfonyl chloride 

(5.7 mL, 74.1 mmol, 2.2 eq) in dry THF (20.0 ml) under N2. The reaction was stirred for 1 h 

at 0 ˚C, and then a further 3 h at RT. The THF was then removed in vacuo and the residue 

was re-dissolved in EtOAc (25.0 mL) and washed with H2O (30.0 mL x 3), dried (MgSO4) and 

concentrated. Purification by column chromatography (SiO2, hexane: EtOAc 0-100 %) gave 

the title ester as a colourless oil (9.3 g, 78 %). νmax (ATR) 3034, 3005-2741 (CH3), 1460, 1347, 

1252, 1175 cm -1;  1H NMR (599 MHz, CDCl3) δ 4.35 – 4.34 (4H, m, 1-H2), 3.75 – 3.73 (4H, m, 

2-H2), 3.65 – 3.60 (8H, m, O-CH2CH2-O), 3.05 (6H, s, CH3); 13C NMR (151 MHz, CDCl3) δ 70.7 

(O-CH2CH2-O), 70.5 (O-CH2CH2-O), 69.4 (C-2), 69.1 (C-3), 37.7 (CH3); HRMS (ES+) 351.0791 

[M+H]+ C10H22O9S2. 

11. 1-azido-2-{2I-[2II-(2III-azidoethoxy)ethoxy]ethoxy}ethane (75) 192 

 

NaHCO3 (1.2 g, 13.8 mmol, 0.5 eq) and NaN3 (3.7 g, 56.2 mmol, 2.2 eq) were dissolved in 

10 ml H2O, then this mixture was added to 2-(2-{2-[2-

(methanesulfonyloxy)ethoxy]ethoxy}ethoxy)ethyl methanesulfonate (8.9 g, 25.5 mmol, 1.0 

eq). The resulting solution was heated under reflux at 80 ˚C for 12 h. The product was then 

extracted with DCM (20.0 ml x 5), dried (MgSO4) and concentrated affording the product 

(75) as a colourless oil (4.7 g, 75 %). νmax (ATR) 2103 (N3), 1450, 1351, 1288, 1121 cm -1; 1H 

NMR (599 MHz, CDCl3) δ 3.70 – 3.63 (12H, m, O-CH2), 3.38 (4H, t, J = 5.1 Hz, N3-CH2); 13C 
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NMR (151 MHz, CDCl3) 70.8 (O-CH2), 70.1 (CH2CH2-N3), 50.8 (CH2-N3); HRMS (ES+) 267.1185 

[M+Na]+ C8H16N6O3. 

12. 1I-[2-(2-aminoethoxy)ethoxy]-2I-(2II-azidoethoxy)ethane (76) 192 

 

Triphenylphosphine (1.8 g, 6.9 mmol, 0.7 eq) dissolved in dry Et2O (16.0 ml) was added 

dropwise to a solution of diazido PEG (75, 2.0 g, 8.1 mmol, 1 eq) dissolved in 0.65 M 

aqueous phosphoric acid (16.0 mL) cooled to 0 ˚C. The reaction was stirred for 1 h at 0 ˚C, 

then at RT for 18 h. The aqueous layer was washed with Et2O (20.0 ml x 3) and then adjusted 

to pH 10 by the addition of KOH pellets and extracted with DCM (15.0 ml x 4). The combined 

DCM extracts were concentrated in vacuo, dried (MgSO4) and the resultant oil triturated in 

Et2O. Following trituration to remove the triphenylphosphine oxide, the filtrate was 

concentrated, and the residue purified using column chromatography (SiO2, 0-30 % CHCl3: 

MeOH), to afford the titled product eluting at 30 % MeOH as a colourless oil (1.2 g, 62 %). 

νmax (ATR) 3725-3086 (NH2), 3017-2745, 2109 (N3), 1460, 1291, 1126 (C-O) cm -1; 1H NMR 

(599 MHz, CDCl3) δ 3.72 (2H, m, CH2-NH2), 3.69 – 3.65 (10H, m, O-CH2), 3.61 (2H, t, J = 4.7, 

2-H), 3.39 (2H, t, J = 4.7 Hz, CH2-N3); 13C NMR (151 MHz, CDCl3) δ  72.6 (C-2), 70.9 (O-CH2), 

70.8 (O-CH2), 70.8 (O-CH2), 70.5 (O-CH2), 70.2 (O-CH2), 61.9 (CH2-NH2), 50.8 (CH2-N3); HRMS 

(ES+) 245.1377 [M+H]+ C8H18N4O3. 

13. 3-(2I-{2-[2-(2II-azidoethoxy)ethoxy]ethoxy}ethyl)-1-[4III-(trifluoromethyl)phenyl]urea 

(78) 

 

4-(trifluoromethyl)phenyl isocyanate (0.3 mL, 1.7 mmol, 1.0 eq) was added dropwise to a 

solution of 1I-[2-(2-aminoethoxy)ethoxy]-2I-(2II-azidoethoxy)ethane (76, 380.0 mg, 1.7 

mmol, 1.0 eq) dissolved in dry MeCN (10.0 ml) and stirred the resultant mixture at RT for 

12 h. The solvent was removed in vacuo and the product dissolved in EtOAc (10.0 ml) and 

washed with H2O (10.0 ml x 3), dried (MgSO4) and concentrated. Purification by column 

chromatography was used (20-100 % PET Et2O and EtOAc) gave the title named urea as a 
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colourless oil (103.8 mg; 30 %). νmax (ATR) 3404-3235 (NH), 3005-2787, 2109 (N3), 1739, 

1612, 1545, 1418 (CF), 1327 cm -1; 1H NMR (700 MHz, CDCl3) δ 7.55 – 7.47 (4H, m, 2III-H, 3III-

H), 7.37 (1H, s, N-H), 4.34 – 4.29 (2H, m, 1I-H2), 3.75 – 3.71 (2H, m, 2I-H2), 3.69 – 3.60 (10H, 

m, O-CH2), 3.36 (2H, t, J = 5.1 Hz, 2II-H2); 13C NMR (176 MHz, CDCl3) δ 153.3 (N-CO-N), 141.3 

(C-CF3), 126.4 (C-Ar, q, J = 3.8 Hz), 125.2 (C-Ar, q, J = 32.76 Hz), 124.3 (CF3, q, J = 271.83 Hz), 

118.2 (C-Ar),70.8 (O-CH2/C-1II), 70.8 (O-CH2/C-1II), 70.7 (O-CH2/C-1II), 70.6 (O-CH2/C-1II), 

70.1 (O-CH2/C-1II), 69.4 (C-2I), 64.6 (C-1I), 50.8 (C-2II); 19F NMR (376 MHz, CDCl3) δ -62.0, 

HRMS (ES+) 406.1706 [M+H]+ C16H22F3N5O4. 

14. Methyl 4‐{1‐[2‐(2‐{2‐[2‐({[4III‐ 

(trifluoromethyl)phenyl]carbamoyl}amino)ethoxy]ethoxy}ethoxy)ethyl]‐ 1H‐1I,2I,3I‐

triazol‐4I‐yl}butyl carbonate (80) 

 

CuSO4.5H2O (12.0 mg; 0.05 mmol; 0.4 eq) and sodium ascorbate (26.0 mg, 0.1 mmol, 1.1 

eq) were combined to a solution of methyl 2-[2I-({[(9H-fluoren-9-

yl)methoxy]carbonyl}amino)-3I-[(1- hex-5IV-ynoxycarboxy)-1H-imidazol-4III-

yl)]propanamido]acetate (71, 67.0 mg; 0.1 mmol, 1.0 eq) and 3-(2I-{2-[2-(2II-

azidoethoxy)ethoxy]ethoxy}ethyl)-1-[4III-(trifluoromethyl)phenyl]urea (78, 48.0 g, 0.1 

mmol, 1.0 eq) dissolved in MeOH (5.0 mL) and H2O (5.0 ml). The reaction was stirred at 30 

°C overnight, then the product was extracted using DCM (5.0 mL x 3). Purification by column 

chromatography (C18-bonded SiO2, 0-100 % H2O:MeOH), the product appeared as a 

colourless oil (29.0 mg, 44 %). νmax (ATR) 3387-3215 (NH), 2987-2791, 1737, 1610, 1544, 

1445 (CH3), 1416 (CF), 1324, 1268 cm -1; δH (700 MHz, CDCl3) 7.80 (1H, s, NH), 7.61 – 7.50 

(4H, m, 2III-H, 3III-H), 7.47 (1H, s, 5I-H), 4.50 (2H, t, J = 5.1 Hz, 1II-H), 4.32 (2H, t, J = 4.6 Hz, 

8II-H2), 4.16 (2H, t, J = 6.0 Hz, 1-H), 3.88 (2H, t, J = 5.1 Hz, 2II-H), 3.76 (3H, s, CH3), 3.73 – 3.69 
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(2H, m, 7II-H), 3.64 – 3.55 (8H, m, O-CH2), 2.75 (2H, t, J = 7.2 Hz, 4-H), 1.81 – 1.70 (4H, m, 2-

H and 3-H); 13C NMR (151 MHz, CDCl3) δ 155.8 (O=CO=O), 153.2 (N-CO-N), 147.4 (C-4I), 

141.4 (C-CF3), 126.2 (C-Ar, q, J = 3.7 Hz), 125.9 (CF3, q, J = 237.7 Hz), 125.1 (C-Ar, d, J = 34.9 

Hz), 122.0 (C-5I), 118.0 (C-Ar), 70.6 (O-CH2), 70.6 (O-CH2), 70.6 (O-CH2), 70.5 (O-CH2), 69.6 

(C-2II), 69.4 (C-7II), 67.8 (C-1), 64.5 (HN-CH2), 54.7 (CH3), 50.2 (C-1II), 28.2 (CH2), 25.6 (CH2), 

25.2 (C-4); 19F NMR (376 MHz, CDCl3) δ -62.02; HRMS (ES+) 563.2338 [M+2H]+ C24H34N4O8F3 

. 

15. 4II‐{1II‐[2III‐(2IV‐{2V‐[2VI‐({[4VII‐

(trifluoromethyl)phenyl]carbamoyl}amino)ethoxy]ethoxy}ethoxy)ethyl]‐1H‐1II,2II,3II‐

triazol‐4II‐yl}butyl 4‐[2VIII‐({[(9H‐fluoren‐9X‐yl)methoxy]carbonyl}amino)‐2IX‐[(2‐

methoxy‐2‐oxoethyl)carbamoyl]ethyl]‐1H‐imidazole‐1‐carboxylate (79) 

 

Methyl 2-[2I-({[(9H-fluoren-9-yl)methoxy]carbonyl}amino)-3I-[(1-hex-5IV-ynoxycarboxy)-

1H-imidazol-4III-yl)]propanamido]acetate (71, 85.0 mg, 0.2 mmol, 1.0 eq) and the urea (78, 

66.0 mg, 0.2 mmol, 1.1 eq) were combined following general procedure C. The crude 

reaction mixture was dissolved in, EtOAc and the resulting solution washed with H2O (4.0 

ml x 2) and brine (4.0 ml x 1), dried (MgSO4) and concentrated in vacuo. Purification by 

column chromatography (SiO2, 0-100 % hexane: acetone) produced the title triazole 

compound as a colourless oil (30.0 mg, 21 %). νmax (ATR) 3451-3179 (NH), 2998-2809, 2250, 

1729, 1612 (C=O), 1545, 1415 (CF), 1327, 1224 cm -1; 1H NMR (700 MHz, CDCl3) δ 8.08 (1H, 

s, 2), 7.92 (1H, s, NH), 7.75 (2H, d, J = 7.6 Hz, 4X-H), 7.58 – 7.53 (6H, m, Ar-H), 7.48 (1H, s, 

5II), 7.38 (2H, t, J = 7.6 Hz, 3X-H), 7.29 (2H, t, J = 7.6 Hz, 2X-H), 7.24 (1H, s, 5), 6.50 (1H, s, 
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NH), 4.57 (1H, s, CH), 4.50 (2H, t, J = 5.1 Hz, 1III-H), 4.40-4.38 (4H, m, 4I-H, CH2), 4.30 (2H, t, 

J = 4.6 Hz, 2VI-H), 4.22 (1H, t, J = 7.3 Hz, CH), 4.00 (2H, q, J = 18.2 Hz, 1IX-H), 3.86 (2H, t, J = 

5.1 Hz, 2III-H), 3.70 – 3.69 (5H, m, CH3 and 1VI), 3.60- 3.56 (8H, m, PEG O-CH2), 3.14 (1H, d, J 

= 15.0 Hz, 1VIII-H), 3.02 (1H, d, J = 15.0 Hz, 1VIII-H), 2.77 (2H, t, J = 7.1 Hz, 1I-H), 1.84 – 1.79 

(4H, m, 2I and 3I); 13C NMR (176 MHz, CDCl3) δ 170.0 (C-2IX), 156.5 (C=O), 153.4 (N-CO-N), 

148.6 (Imid-COO), 147.2 (C=O), 143.9 (C-Ar), 141.6 (C-Ar), 141.4 (C-Ar), 137.0 (C-2), 127.9 

(C-3X), 127.2 (C-2X), 126.3 (C-2VII/C-3VII, q, J = 3.7 Hz), 125.2 (C-2VII/C-3VII, q, J = 18.75), 124.3 

(CF3, q, J = 274.1), 122.2 (C-5II), 120.1 (C-4X), 118.2 (C-Ar), 115.0 (C-5), 70.7 (O-CH2), 70.7 (O-

CH2), 70.6 (O-CH2), 70.6 (O-CH2), 69.7 (O-CH2), 69.6 (O-CH2), 69.5 (O-CH2), 68.2 (C-4I/CH2), 

67.4 (C-4I/CH2) , 64.5 (C-2VI), 54.7 (CH), 52.4 (CH3), 50.4 (C-1III), 47.3 (CH), 41.4 (C-1IX), 30.2 

(C-1VIII), 28.1 (2I /3I), 25.8 (2I /3I), 25.2 (C-1I); 19F NMR (376 MHz, CDCl3) δ -61.93; HRMS (ES+) 

978.3973 [M+H]+ C47H54F3N9O11. 

16. 2I-[(4-fluorophenyl)formamido]-3II-[1I-(triphenylmethyl)-1H-imidazol-4I-yl]propanoic 

acid (83) 

 

4-fluorobenzoyl chloride (70 µL, 0.6 mmol, 1.2 eq) was combined to a solution of 2-amino-

3-[1-(triphenylmethyl)-1H-imidazol-4-yl]propanoic acid (200.0 mg, 0.5 mmol, 1.0 eq,) in 

DCM (5.0 mL), DMF (1.0 mL) and NEt3 (0.2 mL, 1.3 mmol, 2.5 eq) cooled on ice. After 1 h, 

the reaction mixture was washed with H2O (10.0 mL x 4), dried (MgSO4) and concentrated 

in vacuo. The product was purified using column chromatography (SiO2, 0-30 % DCM: 

MeOH) producing the titled acid as a light yellow oil (20.0 mg, 8 %). νmax (ATR) 3331-3035 

(OH), 2700-2293, 2279-2171, 2076, 1677, 1516, 1433 (CF), 1207 cm -1; 1H NMR (700 MHz, 

CDCl3) δ 7.69 (1H, s, 2II-H), 7.64 (2H, dd, J = 8.5, 5.3 Hz, 2-H), 7.31 (3H, t, J = 7.4 Hz, 4III-H), 

7.27 – 7.25 (6H, m, Ar-H), 7.04 – 7.01 (8H, m, Ar-H), 6.62 (1H, s, 5II-H), 4.71 (1H, s, 2I-H), 

3.46 – 3.44 (1H, m, 3I-H), 3.36 – 3.33 (1H, m, 3I-H); 13C NMR (176 MHz, CDCl3) δ 174.0 

(COOH), 165.4 (CON), 164.9 (C-4, d, J = 252.0 Hz), 141.6 (C-Ar), 137.4 (C-1III), 134.3 (C-4II), 

130.4 (C-1, d, J = 2.9 Hz), 129.7 (C-2II), 129.4 (C-2, d, J = 8.8 Hz), 128.6 (C-4III), 128.4 (C-2III 
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and 3III), 120.8 (C-5II), 115.6 (C-3, d, J = 21.9 Hz), 53.2 (C-2I), 28.9 (C-3I);  19F NMR (376 MHz, 

CDCl3) δ -108.27; HRMS (ES+) 520.2040 [M+H]+ C32H26FN3O3. 

17. Methyl 2-{2I-[3II-(4III-fluorophenyl)propanimido]-3I-(1H-imidazol-4IV-

yl)propanamido}acetate (88) 

 

Under N2, DBU (0.12 mL, 0.7 mmol, 2.0 eq) was added to a solution of methyl 2-[2-({[(9H-

fluoren-9-yl)methoxy]carbonyl}amino)-3-[1-(triphenylmethyl)-1H-imidazol-4-

yl]propanamido]acetate (70, 0.3 g, 0.4 mmol, 1.0 eq,) in dry THF (4.0 mL) which was stirred 

for 10 mins, monitoring the reaction by TLC until the complete removal of Fmoc. The 

solvent was then removed en vacuo and redissolved in dry DCM (4.0 mL). To this, EDC (16.0 

mg, 0.9 mmol, 1.1 eq), HOBt (115.0 mg, 0.9 mmol, 1.1 eq) and NEt3 (500.0 µL, 1.2 mmol, 

1.5 eq) were combined to a solution of methyl 2-{2-amino-3-[1-(triphenylmethyl)-1H-

imidazol-4-yl]propanamido}acetate) (362.0 mg, 0.8 mmol, 1.0 eq) dissolved in dry DCM (6.0 

mL) under N2 and the reaction stirred for 14 h. The organic layer was washed with NaHCO3 

(10.0 ml x 2) and H2O (10.0 ml x 2), dried (MgSO4) and concentrated en vacuo. The resulting 

mixture was dissolved in DCM (7.5 mL) and TFA (4.0 ml) was added dropwise and stirred at 

RT for 4 h. The solvent was removed in vacuo and the product triturated using cold Et2O 

producing the deprotected product as a white solid (120.3 g, 40 %). νmax (ATR) 3498-3249 

(NH), 2659-2322, 2235, 2073, 1676 (C=O), 1458 (CH3), 1363 (CF), 1232 cm -1; 1H NMR (700 

MHz, MeOD, rotamer) δ 7.58 (1H, s, 2IV-H), 7.03 (2H, td, J = 8.7, 5.4 Hz, 2III-H), 6.83 (2H, td, 

J = 8.5, 2.3 Hz, 3III-H), 6.77 (1H, s, 5IV-H), 4.54 (1H, dd, J = 8.7, 5.4 Hz, 2I-H), 3.86 – 3.78 (2H, 

m, 1-H), 3.59 (3H, s, CH3), 2.99 (1H, dd, J = 15.0, 5.4 Hz, 3I-H), 2.80 (1H, dd, J = 15.0, 5.4 Hz, 

3I-H), 2.71 (2H, t, J = 7.6 Hz, 3II-H), 2.38 (2H, td, J = 7.6 Hz, 2II-H); 13C NMR (176 MHz, MeOD) 

δ 173.7 (C-1II), 172.7 (C-1I), 170.2 (C-2), 161.4 (d, J = 242.3 Hz, CF), 136.6 (d, J = 3.2, C-1III), 

134.9 (C-2IV), 129.6 (d, J = 8.0 Hz, C-2III), 126.6 (C-4IV), 117.5 (C-5IV), 114.6 (d, J = 21.3 Hz, C-

3III), 53.1 (C-2I), 51.3 (CH3), 40.5 (C-1), 37.2 (C-2II), 30.3 (C-3II), 28.6 (C-3I), 13.0; 19F NMR (376 

MHz, MeOD) δ -119.20; HRMS (ES+) 377.1624 [M+H]+ C18H21FN4O4. 
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18. Hex‐5I‐yn‐1I‐yl 4‐{2II‐[3III‐(4IV‐fluorophenyl)propanamido]‐2II‐[(2V‐methoxy‐2V‐

oxoethyl)carbamoyl]ethyl}‐1H‐imidazole‐1V‐carboxylate (89) 

 

Bis(hex-5-yn-1-yl) dicarbonate (66, 10.0 mg, 0.04 mmol, 1.2 eq,) dissolved in dry DCM (1.0 

mL) was added dropwise to methyl 2-{2I-[3II-(4III-fluorophenyl)propanimido]-3I-(1H-

imidazol-4IV-yl)propanamido}acetate (88, 12.0 mg, 0.03 mmol, 1 eq) in DMF (1.0 mL) and 

the reaction was stirred at RT overnight. The organic layer was washed with NaHCO3 (1 x 

5.0 mL) followed by H2O (3 x 5.0 mL), dried (MgSO4) and concentrated. To purify, column 

chromatography was performed (SiO2, 50-100 % hexane: acetone) producing a clear oil 

(10.0 mg, 63 %). νmax (ATR) 3434-3164, 2960, 2872, 2240 (CΞC), 1760, 1651, 1539, 1514, 

1439, 1411 (CF), 1384, 1249, 1219, 1187 cm -1; 1H NMR (700 MHz, CDCl3) δ 8.08 (1H, s, 2-

H), 7.22 (1H, s, 5-H), 7.16 (2H, t, J = 8.6, Hz, 2IV-H), 6.93 (2H, t, J = 8.6 Hz, 3IV-H), 4.71 (1H, q, 

J = 5.7 Hz, 2II-H), 4.43 (2H, td, J = 6.5, 2.2 Hz, 1I-H), 3.97 (1H, dd, J = 18.1, 5.5 Hz, 1V-H), 3.88 

(1H, dd, J = 18.1, 5.5 Hz, 1V-H), 3.70 (3H, s, CH3), 3.09 (1H, dd, J = 15.0, 5.5 Hz, 1II-H), 2.95 

(2H, t, J = 7.6 Hz, 3III-H), 2.89 (1H, dd, J = 15.0, 5.5 Hz, 1II-H), 2.56 (2H , t, J = 7.6 Hz, 2III-H), 

2.28 (2H, td, J = 6.9, 2.6 Hz, 4I-H), 1.98 (1H, t, J = 2.6 Hz, 6I-H), 1.92 (2H, dt, J = 14.4, 7.0 Hz, 

2I-H), 1.66 (2H, dt, J = 14.4, 7.0 Hz, 3I-H); 13C NMR (176 MHz, CDCl3) δ 172.4 (C-1III), 171.2 

(C-3II), 170.0 (C-2V), 161.6 (d, J = 244.2 Hz, C-4IV), 148.4 (Imid-COO), 139.3 (C-4), 136.7 (C-

2), 136.4 (d, J = 3.3 Hz, C-1IV), 129.9 (d, J = 7.8 Hz, C-2IV), 115.3 (d, J = 21.1 Hz, C-3IV), 115.1 

(C-5), 83.4 (C-5I), 69.4 (C-6I), 68.2 (C-1I), 52.8 (C-2II), 52.4 (CH3), 41.2 (C-1V), 38.3 (C-2III), 30.7 

(C-3III), 29.4 (C-1II), 27.6 (C-2I), 24.7 (C-3I), 18.1 (C-4I); 19F NMR (376 MHz, CDCl3) δ -116.98; 

HRMS (ES+) 501.2153 [M+H]+ C25H29FN4O6. 

19. 4‐{1‐[2‐(2‐{2‐[2‐({[4IV‐

(trifluoromethyl)phenyl]carbamoyl}amino)ethoxy]ethoxy}ethoxy)ethyl]‐1H‐1II,2II,3 II‐
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triazol‐4I‐yl}butyl 4‐{2V‐[3VII‐(4VIII‐fluorophenyl)propanamido]‐2‐[(2‐methoxy‐2‐

oxoethyl)carbamoyl]ethyl}‐1H‐imidazole‐1VI‐carboxylate (90) 

 

A solution of hex-5-yn-1-yl 4-{2-[3-(4-fluorophenyl)propanamido]-2-[(2-methoxy-2-

oxoethyl)carbamoyl]ethyl}-1H-imidazole-1-carboxylate (89, 43.0 mg, 0.1 mmol, 1.0. eq) 

and 3-(2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}ethyl)-1-[4-(trifluoromethyl)phenyl]urea (78, 

38.0 mg, 0.1 mmol, 1.1 eq) formed the desired product following the procedure detailed in 

general procedure C. The reaction mixture was purified using column chromatography 

(SiO2, 0-100 % acetone: MeCN) with the product appearing as a colourless oil (36.0 mg, 47 

%). νmax (ATR) 3377-3182 (NH), 2988-2821, 2251, 1660 (C=O), 1614, 1546, 1411 (CF), 1324, 

1225, 1114, 1071 cm -1; 1H NMR (700 MHz, CDCl3) δ 8.12 (1H, s, 2-H), 7.95 (1H, s, N-H), 7.60 

– 7.51 (4H, m, 2IV-H, 3IV-H), 7.50 (1H, s, 5II-H), 7.22 (1H, s, 5-H), 7.15 (2H, dd, J = 8.5, 5.5 Hz, 

2VIII-H), 6.95 – 6.90 (2H, dd, J = 8.5, 5.5 Hz, 3VIII-H), 4.73 (1H, q, J = 5.8 Hz, 2V-H), 4.51 (2H, t, 

J = 5.1 Hz, 1III-H), 4.41 (2H, td, J = 6.1, 2.1 Hz, 1I-H), 4.31 (2H, t, J = 4.5 Hz, 8III-H), 3.96 (1H, 

dd, J = 18.1, 5.7 Hz, 1VI-H) , 3.90 (1H, d, J = 5.7 Hz, 1VI-H), 3.87 (2H, t, J = 5.1 Hz, 2III-H), 3.70 

(2H, t, J = 4.5 Hz, 7III-H), 3.69 (3H, s, CH3), 3.63 – 3.56 (8H, m, O-CH2), 3.08 (1H, dd, J = 15.1, 

5.8 Hz, 1V-H), 2.93 (3H, m, 1V-H, 3VII-H), 2.78 (2H, t, J = 7.1 Hz, 4I-H), 2.56 (2H, t, J = 7.6 Hz, 

2VII-H), 1.89 – 1.78 (4H, m, 3I-H, 2I-H); 13C NMR (176 MHz, CDCl3) δ 172.6 (C-1VII), 171.3 (C-

3V), 170.0 (C-2VI), 161.6 (d, J = 244.1 Hz, CF), 153.4 (N-CO-N), 148.3 (Imid-COO), 147.2 (C-

4II), 141.6 (C-Ar), 139.0 (C-4), 136.6 (C-2), 136.4 (d, J = 2.7 Hz, C-1VIII), 130.0 (d, J = 7.9 Hz, C-

2VIII), 126.4 (d, J = 3.8 Hz, C-Ar), 124.3 (q, J = 255.0 Hz, CF3), 122.3 (C-5II), 118.2 (C-Ar), 115.3 

(d, J = 21.1 Hz, C-3VIII), 115.2 (C-5), 70.7 (O-CH2), 70.7 (O-CH2), 70.6 (O-CH2), 69.7 (C-2III), 
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69.5 (O-CH2), 68.5 (C-1I), 64.5 (C-8III), 52.8 (C-2V), 52.4 (CH3), 50.4 (C-1III), 41.3 (C-1VI), 38.3 

(C-2VII), 30.7 (C-3VII), 29.4 (C-1V), 28.1 (C-3I), 25.7 (C-2I), 25.2 (C-4I); 19F NMR (376 MHz, 

CDCl3) δ -61.94, -116.99; HRMS (ES+) 907.3647 [M+2H]+ C41H51F4N9O10. 

20. 9‐{2I‐[(2II‐{2III‐[2IV‐(2IV‐azidoethoxy)ethoxy]ethoxy}ethyl)carbamoyl]phenyl}‐6V‐

(diethylamino)‐N,N‐diethyl‐3H‐xanthen‐3‐iminium (93) 

 

EDC (96.0 mg, 0.5 mmol, 1.0 eq) was added to the solution of rhodamine B (200.0 mg, 0.5 

mmol, 1.0 eq) and NHS (58.0 mg, 0.5 mmol, 1.0 eq) dissolved in MeCN (5.0 mL) heated to 

45 °C and stirred overnight. The solvent was removed in vacuo and then the rhodamine-

NHS was dissolved in DCM (2.0 mL) and NEt3 (0.2 mL, 1.5 mmol, 3.0 eq) under N2 in which 

a solution of 1-[2-(2-aminoethoxy)ethoxy]-2-(2-azidoethoxy)ethane (76, 109.0 mg, 0.5 

mmol, 1.0 eq,) dissolved in DCM (2.0 mL) was added dropwise. The reaction was stirred 

overnight (18 h) with the reaction wrapped in foil to limit light exposure. The solvent was 

removed in vacuo and this dark oil was purified by column chromatography (SiO2, 0-30 % 

DCM: MeOH), with the product eluting at 30 % MeOH, appearing as a dark brown oil (198.0 

mg, 62 %). νmax (ATR) 2981, 2939, 2189 (N3), 1753, 1640 (C=O), 1594, 1524, 1471, 1415, 

1340, 1276, 1252, 1185 cm -1; 1H NMR (700 MHz, CDCl3) δ 8.35 – 8.31 (1H, m, 10-H), 7.81 

(1H, td, J = 7.8, 1.4 Hz, 12-H), 7.74 (1H, td, J = 7.8, 1.4 Hz, 11-H), 7.32 – 7.29 (1H, m, 13-H), 

7.07 (2H, d, J = 9.5 Hz, 5-H), 6.91 (2H, dd, J = 9.5, 2.4 Hz, 4-H), 6.83 (2H, d, J = 2.4 Hz, 2-H), 

4.20 – 4.15 (2H, m, 1I-H), 3.68 – 3.58 (17H, m, CH2, NH), 3.56 (4H, tt, J = 6.6, 3.8 Hz, CH2), 

3.36 (2H, t, J = 5.0 Hz, CH2-N3), 1.33 (12H, t, J = 7.1 Hz, CH3); 13C NMR (176 MHz, CDCl3) δ 

165.1 (C=ON), 159.0 (C-7), 157.9 (C-1), 155.7 (C-3), 133.9 (C-Ar), 133.3 (C-12), 131.7 (C-10), 

131.5 (C-Ar), 130.5 (C-Ar), 130.4 (C-Ar), 129.9 (C-Ar), 114.4 (C-4), 133.7 (C-6), 96.5 (C-2), 

70.8 (CH2), 70.7 (CH2), 70.7 (CH2), 70.6 (CH2), 70.6 (CH2), 70.2 (CH2), 68.8 (CH2), 64.8 (C-1I), 

50.8 (CH2-N3), 46.3 (CH2), 12.8 (CH3); HRMS (ES+) 644.3467 [M+H]+ C36H47N6O5.  
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21. (9H-fluoren-9-yl)methyl N-{1-[(2-{2-[2-(2-

azidoethoxy)ethoxy]ethoxy}ethyl)carbamoyl]-5-{[(tert-

butoxy)carbonyl]amino}pentyl}carbamate (99) 

 

NHS (109.0 mg, 0.9 mmol, 2.0 eq) and EDC (181.0 mg, 0.9 mmol, 2.0 eq) was added to a 

solution of (2S)-6-{[(tert-butoxy)carbonyl]amino}-2-({[(9H-fluoren-9-

yl)methoxy]carbonyl}amino) hexanoic acid (221.0 mg, 0.5 mmol, 1.0 eq) dissolved in DMF 

(8.0 ml) and stirred for 15 min at RT. 1-[2-(2-aminoethoxy)ethoxy]-2-(2-azidoethoxy)ethane 

(76, 100.0 mg, 0.5 mmol, 1.0 eq) was combined and the reaction stirred for 28 h. 15 % citric 

acid was added to the reaction mixture and the product was extracted using EtOAc (4 x 

10.0 ml). The organic layer was then washed with brine (1 x 15.0 mL), dried (MgSO4) and 

concentrated. Purification occurred using column chromatography (C18-bonded SiO2, 0-

100 % H2O:MeOH), which gives the product as a light yellow oil (136.0 mg, 44 %). νmax (ATR) 

2992-2814, 2107 (N3), 1706 (C=O), 1665, 1522, 1451, 1249, 1169 cm -1; 1H NMR (700 MHz, 

CDCl3) δ 7.76 (2H, d, J = 7.5 Hz, 4II-H), 7.60 (2H, d, J = 7.5 Hz, 1II-H), 7.40 (2H, t, J = 7.5 Hz, 3II-

H), 7.32 (2H, t, J = 7.5 Hz, 2II-H), 6.54 (1H, s, NH), 5.55 (1H, s, NH), 4.65 (1H, s, NH), 4.40 (2H, 

t, J = 6.6 Hz, 9II-CH2), 4.21 (1H, t, J = 6.6 Hz, 9II-H), 4.17 – 4.11 (1H, m, 1I-H), 3.68 – 3.58 (10H, 

m, 1IV-1V-H), 3.56 (2H, s, 2III-H), 3.47 (2H, s, 1III-H), 3.36 (2H, t, J = 5.1 Hz, CH2-N3), 3.10 (2H, 

m, 5I-H), 1.84 (2H, m, 2I-H), 1.48 (2H, m, 4I-H), 1.43 (9H, s, CH3), 1.36 (2H, t, J = 8.0 Hz, 3I-H); 

13C NMR (176 MHz, CDCl3) δ 171.7 (CON-PEG), 156.3 (C-3), 144.0 (Fmoc-COON), 144.0 (C-

9aII), 141.5 (C-4aII), 127.9 (C-3II), 127.2 (C-2II), 125.2 (C-1II), 120.1 (C-4II), 70.8 (C-1IV to 1V), 

70.8 (C-1IV to 1V), 70.7 (C-1IV to 1V), 70.4 (C-2III to 1V), 70.1 (C-1IV to 1V), 69.7 (C-2III), 67.1 

(Fmoc-CH2), 55.0 (C-1I), 50.8 (CH2-N3), 47.3 (C-9II), 42.9 (C-5I), 39.5 (C-1III), 32.7 (C-2I), 29.8 

(C-4I), 28.6 (CH3), 22.6 (C-3I); HRMS (ES+) 691.3420 [M+H]+ C34H48N6O8. 

22. Dihexyl dicarbonate (104) 
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1-hexanol (0.13 mL; 2.0 mmol, 1.0 eq) was added to a solution of triphosgene (1484.0 mg; 

1.0 mmol; 0.5 eq) in anhydrous DCM (2 ml). The reaction mixture was then stirred at RT for 

3 h to generate the chloroformate intermediate. The reaction mixture was concentrated in 

vacuo and the crude chloroformate used immediately for the synthesis of the title 

dicarbonate using general procedure A. Following the final concentration, the product was 

observed as a light yellow oil (228.0 mg; 42 %). νmax (ATR) 2980, 1984, 1797 (C=O), 1462, 

1385 cm -1; 1H NMR (400 MHz, CDCl3) δ 4.33 – 4.26 (4H, m, 1-H), 1.77 – 1.73 (4H, m, 2-H), 

1.43 – 1.27 (12H, m, CH2), 0.98 – 0.82 (6H, m, CH3); 13C NMR (101 MHz, CDCl3) δ 148.1 (C=O), 

72.6 (C-1), 31.4 (C-2), 28.4 (CH2), 25.6 (CH2), 22.6 (CH2), 14.1 (CH3). 

23. (2E)-3-(3-chlorophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one 

 

Following procedure D, the acetophenone (120.0 mg, 0.6 mmol, 1.0 eq), Ba(OH)2.H2O (46.7 

mg, 0.2 mmol, 0.25 eq) and 3-chlorobenzaldehyde (91.0 µL, 0.8 mmol, 1.4 eq) were mixed 

together in dry MeOH (5.0 mL) overnight at 40 °C. After workup and recrystallisation, the 

pure product was obtained as a yellow solid (99.0 mg, 50 %). νmax (ATR) 2980, 2889, 1649 

(C=C), 1605, 1463 (CH3), 1384, 1207 cm -1; 1H NMR (599 MHz, CDCl3) δ 7.49 (1H, s, 2-H), 

7.40 (1H, d, J = 7.4, 4-H), 7.34 – 7.27 (2H, m, 5-H, 6-H), 7.30 (1H, J = 16.0 Hz, βH), 6.94 (1H, 

d, J = 16.0 Hz, αH), 6.16 (2H, s, 3I-H, 5I-H), 3.86 (3H, s, 4I-CH3), 3.78 (6H, s, 2I-CH3, 6I-CH3); 

13C NMR (151 MHz, CDCl3) δ 193.8 (C=O), 162.8 (C-4I), 159.1 (C-2I, C-6I), 142.1 (Cβ), 137.1 

(C-1), 135.0 (C-3), 130.3 (Cα), 130.2 (C-Ar), 130.1 (C-Ar), 128.3 (C-2), 126.6 (C-4), 111.8 (C-

1I), 90.9 (C-3I, C-5I), 56.1 (2I-CH3, 6I-CH3), 55.6 (4I-CH3); HRMS (ES+) 333.0905 [M+H+] 

C18H17
35ClO4. 

24. (2E)-3-(4-fluorophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one 
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Following procedure D, the acetophenone (80.0 mg, 0.4 mmol, 1.0 eq), Ba(OH)2.H2O (30.0 

mg, 0.1 mmol, 0.3 eq) and 4-fluorobenzaldehyde (47.2 µL, 0.4 mmol, 1.0 eq) were mixed 

together in dry MeOH (4.0 mL) overnight at 40 °C. Upon confirmation through TLC that the 

reaction had finished, the reaction was filtered then the solvent removed in vacuo. The 

resulting yellow oil was then dissolved in EtOAc (10.0 mL) then quenched with 1 M HCl (5.0 

mL), then washed with H2O (10.0 ml x 2) and brine (10.0 ml x 1), dried (MgSO4) and 

concentrated. The pure product was obtained as a yellow solid by recrystalising the mixture 

with Et2O and hexane (115 mg, 90 %). νmax (ATR) 2981, 1651 (C=C), 1602, 1458 (CH3), 1227, 

1157, 1129 cm -1; 1H NMR (599 MHz, CDCl3) δ 7.52 – 7.49 (2H, m, 2-H), 7.33 (1H, d, J = 16.0 

Hz, βH), 7.05 (2H, t, J = 8.6 Hz, 3-H), 6.88 (1H, d, J = 16.0 Hz, αH), 6.16 (2H, s, 3I-H, 5I-H), 3.86 

(3H, s, 4I-CH3), 3.77 (6H, s, 2I-CH3, 6I-CH3); 13C NMR (151 MHz, CDCl3) δ 194.1 (C=O), 164.0 

(d, J = 251.2 Hz, CF), 162.6 (C-4I), 159.0 (C-2I, 6I), 142.8 (Cβ), 131.4 (d, J = 3.3 Hz, C-1), 130.4 

(d, J = 8.5 Hz, C-2), 128.9 (Cα), 116.1 (d, J = 21.8 Hz, C-3), 111.9 (C-1I), 90.9 (C-3I, 5I), 56.1 

(2I, 6I-CH3), 55.6 (4I-CH3); 19F NMR (376 MHz, CDCl3) δ -61.94; HRMS (ES+) 317.1214 [M+H+] 

C18H17FO4. 

25. (2E)-3-(3-fluorophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one 

 

Following procedure D, the acetophenone (80.0 mg, 0.4 mmol, 1.0 eq), Ba(OH)2.H2O (30.0 

mg, 0.1 mmol, 0.3 eq) and 3-fluorobenzaldehyde (40.0 µL, 0.4 mmol, 1.0 eq) were mixed 

together in dry MeOH (4.0 mL) overnight at 40 °C. Upon confirmation through TLC that the 

reaction had finished, the reaction was filtered then the solvent removed in vacuo. The 

resulting yellow oil was then dissolved in EtOAc (10.0 mL) then quenched with 1 M HCl (5.0 

mL), then washed with H2O (10.0 ml x 2) and brine (10.0 ml x 1), dried (MgSO4) and 

concentrated. The pure product was obtained as a yellow solid by recrystalising the mixture 

with Et2O and hexane (101.3 mg, 84 %). νmax (ATR) 2972, 1655 (C=C), 1605, 1456 (CH3), 
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1227, 1157, 1128 cm -1; 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.25 (3H, m, Ar-H, βH) 7.22 – 

7.20 (1H, m, 2-H), 7.09 – 7.02 (1H, m, 4-H), 6.94 (1H, d, J = 16.0 Hz, αH), 6.16 (2H, s, 3I-H, 5I-

H), 3.86 (3H, s, 4I-CH3), 3.78 (6H, s, 2I-CH3, 6I-CH3); 13C NMR (151 MHz, CDCl3) δ 193.8 (C=O), 

163.1 (d, J = 246.6 Hz, CF), 162.8 (C-4I), 159.1 (C-2I, 6I), 142.3 (Cβ), 137.6 (d, J = 7.7 Hz, C-1), 

130.4 (d, J = 8.2 Hz, C-5), 124.5 (d, J = 2.9 Hz, C-6), 117.1 (d, J = 21.7 Hz, C-4), 114.7 (d, J = 

21.7 Hz, C-2), 111.8 (C-1I), 90.9 (C-3I, 5I), 56.1 (2I, 6I-CH3), 55.6 (4I-CH3); 19F NMR (376 MHz, 

CDCl3) δ -112.8; HRMS (ES+) 317.1187 [M+H+] C18H17FO4. 

26. (2E)-3-(3-bromophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one 

 

The acetophenone (200.0 mg, 1.0 mmol, 1.0 eq), Ba(OH)2.H2O (75.0 mg, 0.2 mmol, 0.3 eq) 

and 3-bromobenzaldehyde (110.0 µL, 1.0 mmol, 1.0 eq) were mixed together in dry MeOH 

(5.0 mL) overnight at 40 °C. Upon confirmation through TLC that the reaction had finished, 

the reaction was filtered then the solvent removed in vacuo. The resulting yellow oil was 

then dissolved in EtOAc (10.0 mL) then quenched with 1 M HCl (10.0 mL), then washed with 

H2O (15.0 ml x 2) and brine (15.0 ml x 1), dried (MgSO4) and concentrated. The pure product 

was obtained as a yellow solid by recrystalising the mixture with Et2O and hexane (182.0 

mg, 51 %). νmax (ATR) 2981, 1649 (C=C), 1605, 1463 (CH3), 1393, 1207, 1157, 1129 cm -1; 1H 

NMR (599 MHz, CDCl3) δ 7.65 (1H, t, J = 1.8 Hz, 2-H), 7.52 – 7.43 (2H, m, Ar-H), 7.29 (1H, d, 

J = 16.0 Hz, βH), 7.24 (1H, t, J = 7.9 Hz, Ar-H), 6.94 (1H, d, J = 16.0 Hz, αH), 6.16 (2H, s, 5II-H, 

3II-H), 3.86 (3H, s, 4II-CH3), 3.78 (6H, s, 2II-H, 6II-CH3); 13C NMR (151 MHz, CDCl3) δ 193.8 

(C=O), 162.8 (C-4I), 159.1 (C-2I, C-6I), 142.0 (Cβ), 137.4 (C-1), 133.0 (Ar-H), 131.2 (C-2), 130.4 

(C-Ar), 130.3 (Cα), 127.0 (Ar-H), 123.1 (C-Br), 111.8 (C-1), 90.9 (C-3I, 5I), 56.1 (2II, 6II-CH3), 

55.6 (4I-CH3); HRMS (ES+) 377.0378 [M+H+] C18H17
79BrO4. 

27. (2E)-3-(4-bromophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one 
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Following procedure D, the acetophenone (140.0 mg, 0.7 mmol, 1.0 eq), Ba(OH)2.H2O (52.5 

mg, 0.2 mmol, 0.3 eq) and 4-bromobenzaldehyde (123.2 mg, 0.7 mmol, 1.0 eq) were 

dissolved in dry MeOH (5.0 mL) and stirred overnight at 40 °C. After an initial filtration to 

remove a white precipitate, the pure product recrystalised as the solution cooled as a light 

yellow solid (91.0 mg, 41 %). νmax (ATR) 2979, 1648 (C=C), 1605, 1456 (CH3), 1206, 1157, 

1130 cm -1; 1H NMR (599 MHz, CDCl3) δ 7.51 – 7.48 (2H, m, 3-H, 5-H), 7.39 – 7.37 (2H, m, 2-

H, 6-H), 7.31 (1H, d, J = 16.0 Hz, βH), 6.94 (1H, d, J = 16.0 Hz, αH), 6.16 (2H, s, 3I-H, 5I-H), 

3.86 (3H, s, 4I-OCH3), 3.77 (6H, s, 2I- OCH3, 6I-OCH3); 13C NMR (151 MHz, CDCl3) δ 193.9 

(C=O), 162.7 (C-4I), 159.1 (C-4I, C-6I), 142.5 (Cβ), 134.2 (C-1), 132.2 (C-3, C-5), 129.9 (C-2, C-

4), 129.7 (Cα), 124.5 (C-Br), 111.9 (C-1I), 91.0 (C-3I, C-5I), 56.1 (2I- OCH3, 6I-OCH3), 55.6 (4I-

OCH3); HRMS (ES+) 377.0399 [M+H+] C18H17
79BrO4. 

28. (2E)-3-(2-bromophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one 

 

Following procedure D, the acetophenone (140.0 mg, 0.7 mmol, 1.0 eq), Ba(OH)2.H2O (53.0 

mg, 0.2 mmol, 0.3 eq) and 2-bromobenzaldehyde (78.0 µL, 0.7 mmol, 1.4 eq) dissolved in 

dry MeOH (4.0 mL) and stirred overnight at 40 °C. The pure product was obtained as a 

yellow solid by recrystalising the mixture with Et2O and hexane (149.0 mg, 59 %). νmax (ATR) 

2981, 1653 (C=C), 1605, 1465 (CH3), 1207, 1157, 1128 cm -1; 1H NMR (599 MHz, CDCl3) δ 

7.72 (1H, d, J = 16.0 Hz, Hβ), 7.65 (1H, dd, J = 7.9, 1.7 Hz, 6-H), 7.58 (1H, dd, J = 7.9, 1.7 Hz, 

3-H), 7.32 (1H, m, 5-H), 7.20 (1H, td, J = 7.9, 1.7 Hz, 4-H), 6.86 (1H, d, J = 16.0 Hz, Hα), 6.16 

(2H, s, 3I-H, 5I-H), 3.86 (3H, s, 4I-CH3), 3.78 (6H, s, 2I-CH3, 6I-CH3); 13C NMR (151 MHz, CDCl3) 

δ 194.3 (C=O), 162.7 (C-4I), 159.1 (C-2I, C-6I), 142.9 (Cβ), 135.3 (C-1), 133.5 (C-3), 131.6 (Cα), 

131.2 (C-4), 128.1 (C-6), 127.8 (C-5), 125.7 (C-Br), 111.5 (C-1I), 90.9 (C-3I, C-5I), 56.1 (2I- 

OCH3, 6I-OCH3), 55.6 (4I-OCH3); HRMS (ES+) 377.0392 [M+H+] C18H17
79BrO4. 
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8 Appendix 1 

Due to the coronavirus lockdown, the biological aspect of this work was unable to proceed 

because of issues with laboratory access. Therefore, during this period, a brief SAR project 

was undertaken synthesising drugs with a chalcone scaffold.  

The first reported chalcone was from Fu et al. (2004) which was isolated from licorice root 

(Glycyrrhiza glabra). This initial structure (110) was found to be effective at causing cell 

arrest in prostate cancer cells (Figure 113). 253 The basic scaffold of chalcones is an α,β-

unsaturated carbonyl bridge in the middle of two aromatic regions. 

 

Figure 113 Licochalcone first isolated from licorice root 

 

Following the initial discovery, this structure was explored for a variety of diseases including 

leishmaniasis. Initial exploration of chalcones as an antileishmanial resulted in cytotoxicity 

with human cell lines, with a CC50 range of 13 - >55 µM, with one scoring over >100 µM. 254 

A brief SAR campaign from Boeck et al. (2006) explored 2’,6’-dihydroxy-4’-

methoxychalcones to decrease human cell line cytotoxicity whilst retaining the anti-

leishmanial properties. The reported chalcones produced IC50 values of 0.4 - >100 µM for 

promastigotes and 3.4 - >100 µM for amastigotes with a CC50 range of 7.6 - >100 µM. 255 

Similarly to this reported scaffold, 2’,4’,6’-trimethoxyacetophenone (111) was used in this 

project for the left-hand ring. The chalcone series was synthesised by base catalysed 

Claisen–Schmidt condensation (Figure 114). 256 

 

Figure 114 Chalcone synthesis 
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Using the established synthetic route, a series of chalcone derivatives were synthesised to 

explore the optimal halogen substituent and position on the right-hand ring (Figure 115).  

 

Figure 115 Series of chalcone analogues 

 

The synthesised chalcones will be tested in a promastigote inhibition assay to assess the 

IC50, and thus determine the optimal halogen substituent and position for antileishmanial 

activity.  
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9 Appendix 2 

Table 13 Reported enzymes discussed in Chapter 3.7 

n 
Protein 
Group 

Protein 
ID Accession -10lgP 

Coverage 
(%) 

Coverage 
(%) 
Sample 2 #Peptides #Unique 

#Spec 
Sample 
2 PTM 

Avg. 
Mass Cellular location 

1 1 3332 P0CE47|EFTU1_ECOLI 449.98 69 69 61 61 97 Oxidation (M) 43284 Cytoplasm 
1 1 393 P0CE48|EFTU2_ECOLI 449.98 69 69 61 61 97 Oxidation (M) 43314 Cytoplasm 
2 3 9965 P0A6M8|EFG_ECOLI 446.26 54 54 54 54 62 Oxidation (M) 77581 Cytoplasm 
3 6 8642 P0A8T7|RPOC_ECOLI 425.29 37 37 53 53 54 Oxidation (M) 155160 Nucleoid 
4 9 9527 P0A8V2|RPOB_ECOLI 460.25 40 40 48 48 49 Oxidation (M) 150632 Nucleoid 
5 9 9971 P36683|ACNB_ECOLI 419.55 42 42 38 38 43 Oxidation (M) 93498 Cytosol 
6 34 8269 P06959|ODP2_ECOLI 339.77 34 34 36 36 19 Oxidation (M) 66096 Cytoplasm 
7 18 10021 P00957|SYA_ECOLI 339.69 37 37 32 32 32 Oxidation (M) 96032 Cytoplasm 
8 15 8121 P0AFG8|ODP1_ECOLI 338.69 33 33 29 29 31 Oxidation (M) 99669 Mitochondria 
9 18 11629 P0A8M3|SYT_ECOLI 312.79 32 32 23 23 24 Oxidation (M) 74014 Cytoplasm 

10 19 7866 P0A836|SUCC_ECOLI 303.58 45 45 23 23 23 Oxidation (M) 41393 Mitochondria  
11 30 280 P62707|GPMA_ECOLI 263.42 48 48 21 21 13  28556 Cytoplasm 
12 24 11635 P0A799|PGK_ECOLI 320.39 40 40 21 21 17 Oxidation (M) 41118 Cytoplasm 
13 17 8347 P05055|PNP_ECOLI 322.27 34 34 21 21 22 Oxidation (M) 77101 Cytoplasm 
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Table 14 Unreported proteins with a high coverage (%) but low peptide fragment numbers (#peptide) 

Protein 
Group 

Protein 
ID Accession -10lgP 

Coverage 
(%) 

Coverage 
(%) 
Sample 2 #Peptides #Unique 

#Spec 
Sample 2 PTM 

Avg. 
Mass 

19 9342 P0A870|TALB_ECOLI 302.29 50 50 16 16 18 Oxidation (M) 35219 

22 14320 P08312|SYFA_ECOLI 274.27 50 50 15 15 15 Oxidation (M) 36832 

38 3285 P69441|KAD_ECOLI 237.28 50 50 9 9 9 Oxidation (M) 23586 

41 10662 P0A8F0|UPP_ECOLI 288.14 49 49 8 8 8 Oxidation (M) 22533 

14 9528 P08200|IDH_ECOLI 337.74 48 48 18 18 20 Oxidation (M) 45757 

33 10085 P0ACJ8|CRP_ECOLI 230.55 48 48 10 10 11 Oxidation (M) 23640 

23 12538 P00509|AAT_ECOLI 289.88 46 46 19 19 19 Oxidation (M) 43573 

17 12548 P0A6B7|ISCS_ECOLI 297.99 42 42 14 14 14 Oxidation (M) 45090 

23 10663 P0AE08|AHPC_ECOLI 263.97 42 42 11 11 13 Oxidation (M) 20761 

16 7849 P0A9B2|G3P1_ECOLI 297.27 40 40 19 19 22 Oxidation (M) 35533 

31 14321 P0A796|PFKA_ECOLI 233.27 39 39 17 17 11 Oxidation (M) 34842 

37 8319 P62620|ISPG_ECOLI 271.36 39 39 14 14 14 Oxidation (M) 40684 

38 7786 P0A7V8|RS4_ECOLI 232.31 39 39 9 9 9 Oxidation (M) 23469 

42 3304 P0A9V1|LPTB_ECOLI 222.97 39 39 8 8 8 Oxidation (M) 26801 

19 9041 P76373|UDG_ECOLI 257.83 38 38 15 15 15 Oxidation (M) 43657 

32 10169 P67910|HLDD_ECOLI 225.93 38 38 11 11 11 Oxidation (M) 34893 

39 1012 P76034|YCIT_ECOLI 213.33 36 36 9 9 9 Oxidation (M) 27603 

44 11883 P0AB77|KBL_ECOLI 269.25 36 36 12 12 12 Oxidation (M) 43117 

41 12540 P0AEB2|DACA_ECOLI 255.66 35 35 13 12 13 Oxidation (M) 44444 

55 10667 P45799|NUDE_ECOLI 199.51 35 35 5 5 5 Oxidation (M) 21153 

28 9432 P0A817|METK_ECOLI 286.7 34 34 11 11 11 Oxidation (M) 41952 

40 12541 P77690|ARNB_ECOLI 296.05 34 34 11 11 11 Oxidation (M) 42238 

41 1535 P07014|SDHB_ECOLI 200.24 34 34 7 7 7 Oxidation (M) 26770 

46 10664 P0A7D1|PTH_ECOLI 187.08 34 34 6 6 6 Oxidation (M) 21082 
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48 12542 P08506|DACC_ECOLI 244.43 34 34 11 10 11 Oxidation (M) 43609 

24 7778 P0A7V3|RS3_ECOLI 210.88 33 33 6 6 6  25983 

59 10890 P0A7G6|RECA_ECOLI 244.59 33 33 9 9 9 Oxidation (M) 37973 

19 8399 P33602|NUOG_ECOLI 357.33 32 32 28 28 29 Oxidation (M) 100299 

28 9040 P77398|ARNA_ECOLI 273.07 32 32 18 18 18  74289 

31 229 P23836|PHOP_ECOLI 182.2 32 32 6 6 6 Oxidation (M) 25535 

48 10668 P69503|APT_ECOLI 183.34 32 32 5 5 5  19859 

55 12545 P23721|SERC_ECOLI 234.62 32 32 9 9 9 Oxidation (M) 39783 

23 10773 P0AFG3|ODO1_ECOLI 339.61 31 31 25 25 25 Oxidation (M) 105062 

 

Table 15 Unreported proteins with a high coverage (%) but low peptide fragment numbers (#peptide) description in chronological order from Table 14 

Protein 
Group 

Protein 
ID Description 

19 9342 Transaldolase B OS=Escherichia coli (strain K12) GN=talB PE=1 SV=2 

22 14320 Phenylalanine--tRNA ligase alpha subunit OS=Escherichia coli (strain K12) GN=pheS PE=1 SV=2 

38 3285 Adenylate kinase OS=Escherichia coli (strain K12) OX=83333 GN=adk PE=1 SV=1 

41 10662 Uracil phosphoribosyltransferase OS=Escherichia coli (strain K12) GN=upp PE=1 SV=1 

14 9528 Isocitrate dehydrogenase [NADP] OS=Escherichia coli (strain K12) GN=icd PE=1 SV=1 

33 10085 cAMP-activated global transcriptional regulator CRP OS=Escherichia coli (strain K12) GN=crp PE=1 SV=1 

23 12538 Aspartate aminotransferase OS=Escherichia coli (strain K12) GN=aspC PE=1 SV=1 

17 12548 Cysteine desulfurase IscS OS=Escherichia coli (strain K12) GN=iscS PE=1 SV=1 

23 10663 Alkyl hydroperoxide reductase subunit C OS=Escherichia coli (strain K12) GN=ahpC PE=1 SV=2 

16 7849 Glyceraldehyde-3-phosphate dehydrogenase A OS=Escherichia coli (strain K12) GN=gapA PE=1 SV=2 

31 14321 ATP-dependent 6-phosphofructokinase isozyme 1 OS=Escherichia coli (strain K12) GN=pfkA PE=1 SV=1 

37 8319 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (flavodoxin) OS=Escherichia coli (strain K12) GN=ispG PE=1 SV=1 

38 7786 30S ribosomal protein S4 OS=Escherichia coli (strain K12) GN=rpsD PE=1 SV=2 

42 3304 Lipopolysaccharide export system ATP-binding protein LptB OS=Escherichia coli (strain K12) OX=83333 GN=lptB PE=1 SV=2 
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19 9041 UDP-glucose 6-dehydrogenase OS=Escherichia coli (strain K12) GN=ugd PE=1 SV=1 

32 10169 ADP-L-glycero-D-manno-heptose-6-epimerase OS=Escherichia coli (strain K12) GN=hldD PE=1 SV=1 

39 1012 Uncharacterized HTH-type transcriptional regulator YciT OS=Escherichia coli (strain K12) OX=83333 GN=yciT PE=4 SV=1 

44 11883 2-amino-3-ketobutyrate coenzyme A ligase OS=Escherichia coli (strain K12) GN=kbl PE=1 SV=1 

41 12540 D-alanyl-D-alanine carboxypeptidase DacA OS=Escherichia coli (strain K12) GN=dacA PE=1 SV=1 

55 10667 ADP compounds hydrolase NudE OS=Escherichia coli (strain K12) GN=nudE PE=1 SV=1 

28 9432 S-adenosylmethionine synthase OS=Escherichia coli (strain K12) GN=metK PE=1 SV=2 

40 12541 UDP-4-amino-4-deoxy-L-arabinose--oxoglutarate aminotransferase OS=Escherichia coli (strain K12) GN=arnB PE=1 SV=3 

41 1535 Succinate dehydrogenase iron-sulfur subunit OS=Escherichia coli (strain K12) OX=83333 GN=sdhB PE=1 SV=1 

46 10664 Peptidyl-tRNA hydrolase OS=Escherichia coli (strain K12) GN=pth PE=1 SV=1 

48 12542 D-alanyl-D-alanine carboxypeptidase DacC OS=Escherichia coli (strain K12) GN=dacC PE=1 SV=2 

24 7778 30S ribosomal protein S3 OS=Escherichia coli (strain K12) GN=rpsC PE=1 SV=2 

59 10890 Protein RecA OS=Escherichia coli (strain K12) GN=recA PE=1 SV=2 

19 8399 NADH-quinone oxidoreductase subunit G OS=Escherichia coli (strain K12) GN=nuoG PE=1 SV=4 

28 9040 Bifunctional polymyxin resistance protein ArnA OS=Escherichia coli (strain K12) GN=arnA PE=1 SV=1 

31 229 Transcriptional regulatory protein PhoP OS=Escherichia coli (strain K12) OX=83333 GN=phoP PE=1 SV=1 

48 10668 Adenine phosphoribosyltransferase OS=Escherichia coli (strain K12) GN=apt PE=1 SV=1 

55 12545 Phosphoserine aminotransferase OS=Escherichia coli (strain K12) GN=serC PE=1 SV=4 

23 10773 2-oxoglutarate dehydrogenase E1 component OS=Escherichia coli (strain K12) GN=sucA PE=1 SV=1 
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10  Appendix 3 

Dipropargyl pyrocarbonate (52)
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Ethyl 1H-1,3-benzodiazole-1I-carboxylate (60) 
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Bis(hex-5-yn-1-yl) dicarbonate (66) 
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Hex-5I-yn-1I-yl 1H-1,3-benzodiazole-1-carboxylate (67) 
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Methyl 2-[2I-({[(9H-fluoren-9II-yl)methoxy]carbonyl}amino)-3I-[1-(triphenylmethyl)-1H-

imidazol-4III-yl]propanamido]acetate (70) 
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Methyl 2-[2I-({[(9H-fluoren-9II-yl)methoxy]carbonyl}amino)-3I-(1H-imidazol-4III-

yl)propanamido]acetate (71) 
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Methyl 2-[2I-({[(9H-fluoren-9II-yl)methoxy]carbonyl}amino)-3I-[(1-ethoxycarboxy)-1H-

imidazol-4III-yl)]propanamido]acetate (73)  
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Methyl 2-[2I-({[(9H-fluoren-9-yl)methoxy]carbonyl}amino)-3I-[(1- hex-5IV-ynoxycarboxy)-

1H-imidazol-4III-yl)]propanamido]acetate (72) 
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2-(2-{2-[2-(methanesulfonyloxy)ethoxy]ethoxy}ethoxy)ethyl methanesulfonate 
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1-azido-2-{2I-[2II-(2III-azidoethoxy)ethoxy]ethoxy}ethane (75) 
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1I-[2-(2-aminoethoxy)ethoxy]-2I-(2II-azidoethoxy)ethane (76) 
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3-(2I-{2-[2-(2II-azidoethoxy)ethoxy]ethoxy}ethyl)-1-[4III-(trifluoromethyl)phenyl]urea 

(78) 
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Methyl 4III‐{1‐[2‐(2‐{2‐[2‐({[4‐

(trifluoromethyl)phenyl]carbamoyl}amino)ethoxy]ethoxy}ethoxy)ethyl]‐ 1H‐1,2,3‐

triazol‐4I‐yl}butyl carbonate (80) 
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4II‐{1II‐[2III‐(2IV‐{2V‐[2VI‐({[4VII‐

(trifluoromethyl)phenyl]carbamoyl}amino)ethoxy]ethoxy}ethoxy)ethyl]‐1H‐1II,2II,3II‐

triazol‐4II‐yl}butyl 4‐[2VIII‐({[(9H‐fluoren‐9X‐yl)methoxy]carbonyl}amino)‐2IX‐[(2‐methoxy‐

2‐oxoethyl)carbamoyl]ethyl]‐1H‐imidazole‐1‐carboxylate (79) 
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2I-[(4-fluorophenyl)formamido]-3II-[1I-(triphenylmethyl)-1H-imidazol-4I-yl]propanoic 

acid (83) 
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Methyl 2-{2I-[3II-(4III-fluorophenyl)propanimido]-3I-(1H-imidazol-4IV-

yl)propanamido}acetate (88) 
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Hex‐5I‐yn‐1I‐yl 4‐{2II‐[3III‐(4IV‐fluorophenyl)propanamido]‐2II‐[(2V‐methoxy‐2V‐

oxoethyl)carbamoyl]ethyl}‐1H‐imidazole‐1‐carboxylate (89) 
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4‐{1‐[2‐(2‐{2‐[2‐({[4‐

(trifluoromethyl)phenyl]carbamoyl}amino)ethoxy]ethoxy}ethoxy)ethyl]‐1H‐1,2,3‐

triazol‐4‐yl}butyl 4‐{2‐[3‐(4‐fluorophenyl)propanamido]‐2‐[(2‐methoxy‐2‐

oxoethyl)carbamoyl]ethyl}‐1H‐imidazole‐1‐carboxylate (90) 
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9‐{2I‐[(2II‐{2III‐[2IV‐(2IV‐azidoethoxy)ethoxy]ethoxy}ethyl)carbamoyl]phenyl}‐6V‐

(diethylamino)‐N,N‐diethyl‐3H‐xanthen‐3‐iminium (93)
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(9H-fluoren-9-yl)methyl N-{1-[(2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}ethyl)carbamoyl]-

5-{[(tert-butoxy)carbonyl]amino}pentyl}carbamate (99) 
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Dihexyl dicarbonate (104) 
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(2E)-3-(3-chlorophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one (112) 
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(2E)-3-(4-fluorophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one (114) 
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(2E)-3-(3-fluorophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one (113)
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(2E)-3-(3-bromophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one (115) 
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(2E)-3-(4-bromophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one (116) 
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(2E)-3-(2-bromophenyl)-1I-(2I, 4I, 6I-trimethoxyphenyl)prop-2-en-1-one (117) 
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