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"With every pathogen carried on the wings of a mosquito or fly, 

nature demonstrates both its genius and its indifference, leaving us 

to bridge the gap with scientific foresight and resilience." 

— Dr. Albert Ko, Epidemiologist 
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Abstract 

This thesis encompasses two projects aimed at combating vector-borne 

infectious diseases. The first project focuses on developing public health 

insecticides against diseases transmitting mosquitoes. One of the most 

critical approaches in controlling mosquito-borne infections is vector 

control through insecticides. However, the effectiveness of current 

insecticides is increasingly challenged by the rise of insecticide resistance 

in mosquitoes, lack of target selectivity, and off-target toxicity. 

Consequently, there is an urgent need for new, mosquito-selective 

insecticides with different mechanisms of action that can overcome 

mosquito resistance and acute toxicity. To address these issues, this project 

explores the potential of vector control by investigating two classes of non-

covalent inhibitors target disease transmitting mosquitoes. The first class 

of inhibitors is based on an indole scaffold, which targets 

acetylcholinesterase (AChE) in the species Anopheles gambiae 

(AgAChE1), and Aedes aegypti (AaAChE1). AChE is an essential 

cholinergic enzyme presents in insects and mammals. The concept of pro-

insecticides was introduced to address the issues related to in vivo 

inefficiency of insecticides, and applied on this indole class. Furthermore, 

we investigated the mechanisms of inhibition for a newly developed class 

of thiazolidinone scaffold based compounds against both mosquito and 

human AChEs (mosquito AChE1, and hAChE). We also identified key 

functional, and structural differences between mosquito AChE1 and 

AChE2 in honey bees (AmAChE2). These differences were proved 

significant in the molecular recognition of AmAChE2 by exploration with 

non-covalent inhibitors from different classes, demonstrating that different 

AChEs exhibit distinct molecular recognition profiles. The second project 

focuses on improving drug therapy for treatment of trypanosomiasis, 

caused by Trypanosoma parasites, and spread between mammals through 

the bite of  tsetse flies. Current therapeutics suffer from problem such as 

resistance development, and adverse side effects due to the lack of well-

identified targets in protozoan. Therefore, identification of a potential 

protozoan-specific target is strongly needed. By taking a medicinal 

chemistry approach and utilizing target-based high throughput screening 

(HTS) this project focuses on the identification of new chemical 
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compounds that regulates the activity of an enzyme in the protozoa 

Trypanosoma brucei (TbMCA-Ib). This is a cysteine protease that belong 

to a family of metacaspases (MCAs), which are present in all form of life 

except mammals. A number of selected modulator were identified as 

potential inhibitors, and activators for TbMCA-Ib, suggesting its potential 

as therapeutic target against trypanosomiasis. 
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Enkel sammanfattning på svenska 

Denna avhandling omfattar två projekt med fokus på att bekämpa 

vektorburna infektioner. Det första projektet fokuserar på att utveckla 

insekticider för att bekämpa sjukdomar som sprids av myggor. Insekticider 

spelar en avgörande roll när det kommer till att begränska och minska 

myggburna infektioner. Tyvärr utgör den ökade förekomsten av 

insekticidresistens, brist på målspecifikitet samt off-target-toxicitet 

betydande utmaningar inom fältet. Detta påvisar det akuta behovet av nya 

specifika insekticider som genom alternativa verkningsmekanismer kan 

övervinna resistens och minska toxicitetenDet här arbetet fokuserar på 

utvecklingen av  indolderivat somicke-kovalenta hämmare av 

acetylkolinesteras (AChE) i Anopheles gambiae och Aedes aegypti 

(AgAChE1 respektive AaAChE1), som ett sätt att bekämpa ovan nämnda 

problem. För att förbättra effektiviteten hos insekticider in vivo 

introducerades konceptet pro-insekticider. Strukturella och funktionella 

skillnader mellan myggors AChE1 och AChE2 i honungsbin (AmAChE2) 

identifierades, vilket avslöjade distinkta molekylära igenkänningsprofiler 

som påverkar hämmarens selektivitet. Därefter undersöks  

thiazolonföreningar som hämmare av AChE i mygg, där selektiviten också 

utvärderas mot mänskligt AChE.  Det andra projektet fokuserar på att 

förbättra behandlingen av trypanosomiasis, en sjukdom orsakad av 

parasiten Trypanosoma brucei och som överförsav tsetseflugor. Befintliga 

behandlingar begränsas av resistensutveckling, toxicitet och avsaknaden 

av specifika terapeutiska mål. Detta arbete hanterar dessa utmaningar 

genom att identifiera ett Trypanosoma brucei-specifikt metakaspas 

(TbMCA-Ib) som ett lovande läkemedelsmål.  Enzymet  undersöktes 

genom målbasserad högkapacitetsanalys (HTS). Flera kemiska 

modulatoreridentifierades som potentiella hämmare och aktivatorer av 

TbMCA-Ib, vilket demonstrerar dess terapeutiska potential mot 

trypanosomiasis. 
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1. Introduction 

In 2024 the current global life expectancy is approaching 74 years, but in 

1800 it was about 30 years. The latter half of the 19th century constituted 

an era of revolutionary contributions from some legendary chemists, 

physicians, and microbiologists. For example, a French physician, Charles 

Louis Alphonse Laveran, discovered parasitic protozoans in 1880.1 He 

won the Nobel Prize in Medicine in 1907 for his discoveries 

of parasitic protozoans (Plasmodium and Trypanosoma) as causative 

agents of infectious diseases such as malaria and trypanosomiasis.2 Such 

discoveries were the milestone for the development of modern medicine 

against infectious diseases, including vector-borne infectious diseases, 

thus improving global life expectancy.  

 

1.1 Vector-borne infectious diseases 

 Infectious diseases are illnesses caused by pathogens (bacteria, virus, 

parasite, fungi) or their  toxic products.3 Pathogens are transmitted between 

humans, or from animals to humans, by airborne transmission, direct 

physical touch, and unhygienic-practices. In addition, the transmission can 

be indirect, through some living motile blood sucking organisms, usually 

insects, called vectors.4 Infectious diseases that are transmitted through 

vectors are called vector-borne diseases.5 According to the World Health 

Organization (WHO), about 80% of the world’s population is at risk of 

such diseases, 17% of all infectious diseases are vector-borne and are 

responsible for 700,000 deaths annually.6, 7 The factors contributing to the 

emergence of vector-borne infections include urbanization,8 climate 

change,9 globalization, inadequate vector control measures, lack of 

population immunity, and the continuous evolution of the virus, bacteria, 

and protozoa.10 In the past, vector-borne diseases were considered confined 

to tropical or sub-tropical countries. Lately, the geographical distribution 

of such infections has significantly changed and emerged almost 

worldwide.11, 12 Vector-borne infections are the most vital world health 

problem nowadays including malaria, dengue, yellow fever, zika, 

chikungunya, and American or African trypanosomiasis.13, 14 The most 

known vectors are mosquitoes, flies, bugs. They usually ingest pathogens 

during a blood meal (hematophagy) from an infected host and transmit to 

https://en.wikipedia.org/wiki/Protozoans
https://en.wikipedia.org/wiki/Malaria
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another host during the next blood meal. Blood meal is an important 

dietary supplement to obtain nutrients to stimulate and support egg 

development for the vector. Usually, the hematophagy is the crucial factor 

for establishing a connection between the vector and pathogen.  

 

1.2 Targeting mosquito-borne infectious diseases 

 1.2.1 Mosquitoes as vectors  

Mosquitoes are arthropods belonging to the class Insecta, and order 

Diptera, which are divided into two subfamilies; the Anophelinae and 

the Culicinae.15 Generally, it is considered that protozoal diseases 

(malaria) and parasitic nematode infection (lymphatic filariasis) are 

transmitted by the genus Anopheles from the subfamily Anophelinae. Viral 

infections (yellow fever and dengue fever) are instead transmitted by the 

genus Aedes from the subfamily Culicines.16 Hematophagy is the main 

factor that connects mosquitoes with pathogens like viruses and 

protozoans. From the societal point of view, the most important mosquito 

species from the subfamilies Anophelinae and Culicinae are Anopheles 

gambiae (An. gambiae) and Aedes aegypti (Ae. aegypti) as they are vectors 

for wide-spread infections such as malaria and dengue. Malaria is an 

infection of red blood cells caused by protozoans from the genus 

Plasmodium, transmitted by the female mosquito An. gambiae.17 In year 

2023, WHO estimated 249 million malaria cases in 85 malaria endemic 

countries.18 The African continent is usually considered an endemic area 

for malaria, where 93% of the deaths caused by this disease occur.19 

Dengue is an arboviral (arthropod-borne-virus) infection. The infection is 

caused by one of four distinct dengue virus serotypes (DENV1-4).20 The 

mosquito species Ae. aegypti and Ae. albopictus are responsible for the 

transmission of arbovirus. Besides dengue, arboviral infections include 

yellow fever, Japanese encephalitis, and west Nile fever. In year 2023, 

WHO estimated that 390 million dengue virus infections take place every 

year and that 96 million patients manifest clinically with varied 

symptoms.21 Among various global infections, malaria, and dengue were 

considered a major economic burden in Sub-Saharan Africa, as well as in 

other developing countries of the world.22   
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1.2.2 Available therapeutics against mosquito-borne infections (malaria, 

dengue) 

In 2018 the first malaria vaccine; RTS,S/AS01 (Mosquirix) was approved 

for public use for infants and up to two years of age.23 In April 2023 the 

second effective malaria vaccine, R21/Matrix-M, was approved for use in 

children aged between five months and three years old, with a 77% 

efficacy rate.24, 25 Furthermore, the drugs named cipargamin, artefenome, 

ganaplacide, ferroquine, and MMV39004, are in phase II clinical trials to 

be use against malaria.26-28 Moreover, the vaccine CYD-TDV (Dengvaxia) 

was approved in May 2019, for the prevention of dengue disease caused 

by all dengue virus serotypes for the age group of 16-year-old.29 In 2022, 

another vaccine, TAK-003 (Qdenga), was approved for the use of 

individuals between 6-45 years of age.30 Ongoing research for dengue 

treatment, to our knowledge reported with few drugs named AT-752 and 

UV-4B are in phase II and Phase Ia clinical trials, respectively.31 

  

1.2.3 Vector control 

Safe and effective prevention measures against mosquito-borne infections 

are strongly appreciated. The new compounds in clinical development are 

still several years from effective-application action. Moreover, there is no 

guarantee that they will be as safe and effective. To combat vector-borne 

infections more efficiently there is a need to employ multiple approaches 

such as drugs, vaccines and vector control. 

The vector control approach aims to limit the transmission of pathogens 

by reducing human contact with the vector. This is a key tool to combat 

mosquito-borne infections in the Global Technical Strategy 2016-2030.32 

The recent WHO data signifies the successful and historic eradication of 

mosquito-borne infections such as malaria in various malaria-affected 

parts of the world, achieved through the proper implication of vector 

control strategy.33 There are two main approaches of vector control, 

biological and chemical control. (1) Biological vector control utilize the 

natural enemies of mosquitoes at different stages of the life cycle, both as 

predators and parasites.16 These strategies are either interfering with the 

development of pathogens within their vectors or manipulation of the 

vector microbiome,34 genetic modification of vector,35 and enhancement 
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of vector immune control.36 The main drawback of biological control is 

the lack of sustainability due to the re-establishment of normal vector 

populations, and that its highly context-dependent regarding local 

geography and ecology.37  

(2) Chemical vector control involves the use of insecticides for indoor 

residual spray (IRS), insecticide-treated nets (ITNs), and outdoor spraying. 

Chlorinated hydrocarbons,38 organophosphates, and carbamates have been 

used for IRS, and outdoor spraying,39 and pyrethroids for ITNs, as 

recommended by the WHO.40 Examples of these well-known and 

recommended insecticide classes are shown in Figure 1. Organochlorines 

and pyrethroids primarily target sodium-gated ion channels,38, 41 while 

organophosphates and carbamates are known for covalent inhibition of the 

essential cholinergic enzyme acetylcholinesterase (AChE).39 Thus 

insecticides from these chemical classes interfere with the nervous system 

of mosquitoes.  

 

 
Figure 1. The chemical structures of four chemical classes of insecticides for vector 

control recommended by WHO.42-44 
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1.2.4 AChEs in insects and vertebrates 

The AChE protein is encoded by the ace gene. While vertebrates only 

possess one ace gene, a few invertebrates, mainly insects, carry two ace 

genes: ace-1 and ace-2, due to an old duplication event.45, 46 Therefore, 

mosquitoes have two corresponding AChEs (AChE1 and AChE2).47 

Although two ace genes are expressed in insects, but commonly one of 

them is more responsible for the cholinergic catalytic activity.47 In 

mosquitoes it has been shown that AChE1 (ace-1 gene) is the dominant 

catalytic enzyme.45, 47-49 Some insect species, including honey bee Apis 

mellifera (Ap. mellifera) have been reported with both AmAChE1 and 

AmAChE2 being expressed, but with AmAChE2 as their main cholinergic 

enzyme.50 The enzyme with less cholinergic activity has been suggested 

to play non-neuronal roles.51 

 

1.2.5 Structure and function of AChE 

AChE is an essential enzyme belonging to the serine hydrolase 

superfamily. It terminates cholinergic nerve signaling by hydrolyzing the 

neurotransmitter acetylcholine (ACh) to acetic acid and choline.48, 52, 53 

Covalent inhibition of AChE leads to continuous nerve signaling due to 

accumulation of ACh in the synaptic cleft and, eventually to paralysis and 

death of the organism. AChE contains a 20 Å deep gorge. The catalytic 

site of AChE, consisting of a catalytic triad, is found at the bottom of this 

gorge. The catalytic triad is formed by Ser203, His447, and Glu334 (amino 

acid numbering of Mus musculus (mAChE)), which are responsible for the 

hydrolysis of ACh. The peripheral site (PS) is located at the rim of the 

gorge and is important for initial binding to AChE (Figure 2A). In the deep 

pocket of the AChE enzyme, ACh gets hydrolyzed into acetic acid and 

choline. The catalytic serine residue is responsible for nucleophile attack 

on the carbonyl carbon of acetylcholine (Figure 2B). Based on function of 

AChE, many covalent, insecticides have been synthesized, with inhibition 

potency for mosquito AChE1, and revealed with irreversible and 

reversible covalent modification of the conserved catalytic serine 

(Ser203).54, 55 Moreover, therapeutic drugs for the symptoms of 

Alzheimer's disease, Schizophrenia, and Parkinson's disease have been 

synthesized to inhibit the functioning of human AChE (hAChE). 
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Furthermore, chemical warfare agents have been synthesized targeting 

hAChE. Conclusively AChE is a validated target of insecticides, drugs, 

and chemical warfare agents in insects and mammals respectively. 

Moreover, the conserved function, and conserved catalytic domain of 

AChE, in insects and mammals have however given rise to concerns about 

the off target acute toxicity and safety of insecticides.56 Although, the 

catalytic gorge of AChEs is highly conserved among species, some 

significant structural differences for the selective mosquito AChE1 

inhibition have been identified between mosquito AChE1 and vertebrate 

AChE. As in the PS the loop1 corresponding to residue Leu289 to Phe297 

in mammals, is three amino acid shorter in mosquito AChE1. While the 

loop2 corresponding to residue  Gly342 to Lys348 in mammals has been 

discovered one residue longer in mosquito AChE1, and Pro344 is missing 

in AChE1, compared to mammalian AChE.57, 58 Moreover, in mosquito 

AChE1, an insect-specific Cys289 residue of loop 1 has been identified in 

the acyl pocket, whereas this position is occupied by Phe295 in 

vertebrates.59 The persistent use of covalent insecticides from 

recommended chemical classes has been reported with the rapid 

development of insecticide resistance in mosquitoes.60-63 These two 

chemical classes (organophosphates, carbamates) have been reported to 

cause target site modification  involving point mutation in the gene (ace-

1) resulting in G119S located near the catalytic site (oxyanion hole).60 

Moreover, pyrethroids are known to cause metabolic resistance.64, 65  
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Figure 2. A) Tertiary structure of AChE with the active site gorge highlighted as a grey 

surface. Residues of the active site gorge are highlighted, including the PS (blue), acyl 

pocket (orange), oxyanion hole (magenta), choline binding site (cyan), catalytic triad 

(green, Ser203, His447, and Glu334); B) Mechanism of hydrolysis of acetylcholine 

(ACh) by AChE;52 a) Nucleophilic attack of Ser203 on carbonyl carbon of ACh. b) 

Cleavage of choline (Ch). c) Nucleophilic attack of H2O on acylated Ser203. d) 

Deacylation and release of acetic acid.  

1.2.6 Available AChE1 inhibitors 

In the past some aryl-methyl carbamates have been redesigned with bulky 

substituents such as compounds 5,58 and reported as selective mosquito 

AChE1 inhibitors. Moreover, such covalent compounds also proved with 

resistance breaking efficiency, and regarded as AChE1 inhibitor for 

mutant strain G119S.66 In addition to carbamates, difluoromethyl ketones 

such as compound 6 have also been reported with covalent inhibition of 

AChE1 from both strains of mosquito.67 However, in vivo studies 

(application through tarsal contact as well as through injection), with 

carbamates, and difluoromethyl ketones (such as 5, and 6, Figure 3) have 

been reported with poor correlation between insecticidal efficiency (LC50), 

and obtained Ki values for mosquito AChE1.68 These findings indicate that 

metabolic resistance has occurred.60, 61 Over time the non-covalent 
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interactions in the gorge of AChE reported to be involved in the 

recognition of organic molecules, as a non-covalent inhibitor.69, 70 

Moreover, as mentioned before some structural differences have been 

reported between mosquito AChE1, and mammalian AChE. Furthermore, 

based on these findings, a number of inhibitors towards mosquito AChE1 

such as compounds 7, and 8 (the chemical structures shown in Figure 3) 

with non-covalent mode of interactions have been designed and 

synthesized, however reported with poor insecticidal efficiency.57, 71, 72  

 
Figure 3. Chemical structures of available AChE1 inhibitors; 5 and 6 are the examples 

of covalent potent inhibitors, while 7 and 8 are representative examples from recently 

developed non-covalent potent and selective AChE1 inhibitor classes.66-68, 71, 72 

1.3 Targeting trypanosomiasis infections  

1.3.1 Trypanosomiasis  

As malaria and dengue, trypanosomiasis are vector borne infections. The 

responsible pathogens are protozoan of the genus Trypanosoma and 

vectors for these infections are the tsetse flies and the kissing bugs. 

Trypanosomiasis includes Human African Trypanosomiasis (also named 

sleeping sickness),73 and American trypanosomiasis (Chagas disease), as 

well as some other diseases of animals.73, 74 The protozoan species 

Trypanosoma brucei (T. brucei) and Trypanosoma cruzi (T. cruzi) are 

responsible for sleeping sickness and Chagas disease, respectively. 

Unfortunately, several decades of neglect towards sleeping sickness have 

resulted in alarming numbers of new cases. According to the most recent 
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WHO reports, about 75, and 60 million cases are at the risk of infection by 

T. cruzi, and T. brucei respectively.75, 76 

1.3.2 Available therapeutics 

Trypanosomiasis infections usually falls into two stages in mammals, the 

first is called the haemolymphatic stage (infection of vascular system), 

followed by the meningoencephalitic stage (infection enter into the central 

nervous system). There are a number of anti-trypanosomal drugs available 

in the clinics (in endemic regions) for treatment of trypanosomiasis, based 

on the stage of the infection. Suramin (9) is used for first stage of sleeping 

sickness. It is an inhibitor of glycolytic enzymes in T. brucei and T. cruzi, 

which consequently leads to impermeant of ATP synthesis.77 Melarsoprol 

(10) is used against the second-stage of sleeping sickness. The metabolite 

adduct of melarsoprol is acting as a competitive inhibitor of trypanothione 

reductase.78 Nifurtimox (11) is used to treat both Chagas disease and 

sleeping sickness. It was discovered as an inhibitor of mitochondrial type 

1NADPH-dependent nitro-reductase (NTR1) in Trypanosomes.79, 80 

Fexinidazole (12) is the first drug candidate approved for medical use in 

the United States in July 2021, and used against both first and second stage 

of both Chagas disease and sleeping sickness. It act as a prodrug that is 

bioactivated by the Tb-NTR1.79, 81 These drugs (9, 11, Figure 4) have been 

reported with toxicity, and low efficacy due to the inability to cross the 

blood-brain barrier, thus displaying no activity in the central nervous 

system.77-80, 82 While 10 and 12 have also been reported, with high toxicity 

in patients including hypersensitivity, agranulocytosis, nephrotoxicity, 

liver toxicity, and other causes of adverse effects.83, 84 Ongoing research 

also reported the drug candidate Acoziborole (13) as an orally active 

oxaborole (Figure 4). It acts as an inhibitor of endonuclease 

(polyadenylation specificity factor 3) of T. brucei, which is involved in 

mRNA maturation, 13 is in phase IIb/III clinical studies.85 Available 

medication has proved to be an economic burden with inefficiency of 

desired therapeutic effects, high cost, and off target toxicity.86 There is also 

a threat of resistance development for the presently available therapeutic 

approaches due lack of a potential therapeutic targets in protozoan, and 

due to poor management of treatment.87 This highly encourage the 
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identification of potential therapeutic targets in protozoan, and discovery 

of new potent and safe therapeutics.  

 

 
Figure 4. List of anti-trypanosomal drugs in clinics (in endemic regions) to date, 9 

(suramin) ; 10 (melarsoprol); 11 (nifurtimox); 12 (fexinidazole);  and 13 (acoziborole, in 

clinical trials)  reported in the recent literature.86 

1.3.3 Structure and function of Metacaspases (MCAs) 

Identification of a druggable, Trypanosoma-specific target is an important 

strategy in the combat against trypanosomiasis. MCAs can be such 

potential targets for treatment against trypanosomiasis, as ongoing 

research has linked the role of protozoan metacaspases to trigger 

programmed cell death in the parasite.88, 89 MCAs belong to the same 

family, C14 within the CD clan, as paracaspases and caspases.90, 91 They 

are cysteine-dependent proteases, and share a basic His-Cys catalytic dyad 

with caspases. They are identified in all kingdoms of life except animals. 

They are believed to represent an ancestral group from which animal-

specific caspases evolved.92-95 MCAs have substrate specificity for 
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arginine- (Arg) and lysine- (Lys) residues, in contrast to caspases that have 

substrate specificity for aspartic acid residue (Asp).93 MCAs have been 

classified into three categories (type I, type II, and type III) based on the 

overall structure and the level of sequence similarity (Figure 5).90 MCAs 

have a conserved caspase-like catalytic domain composed of 20 kDa (p20) 

and 10 kDa (p10) subunits with a linker region in between. In addition, 

p10 contains a C-terminal caspase-like domain (but is lacking the C-

terminal extension).90 Type I metacaspases have an N-terminal pro-

domain containing a proline-rich repeat motif, and in plant members a 

zinc-finger motif.96 Type II metacaspases lack an N-terminal pro-domain 

but contain a linker region between the putative large (p20) and small (p10) 

subunits, as type I.90 In protozoa and fungi only type I metacaspases are 

found, whereas plant genomes encode both types with frequent prevalence 

of type II over type I. Type III metacaspases lacks N-terminal, and small 

sub-unit (p10) occurs before large sub-unit (p20), as depicted in Figure 5. 

 
Figure 5. Classification of metacaspases; based on domain composition and arrangement, 

metacaspases sub-classified into three types (I, II, and III) respectively.90 

1.3.5 Mode of activation of MCAs 

Metacaspases are expressed as inactive precursors, zymogens. The 

zymogens require an activation process which involves autocatalytic 

cleavage of the enzyme to proceed with Arg and Lys substrate-specific 

catalysis.93 Most metacaspases including the ones in protozoan require 

high Ca2+ levels for activation.97, 98 For type I metacaspases, two 
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autocatalytic processing sites have been reported including the highly 

conserved Lys55 in the N-terminal,96, 98 and Lys268 in 280 loop of the C- 

terminal. Also, biochemical studies has revealed that the majority of 

metacaspases require neutral to slightly basic (7.0-8.5) pH for activation.94, 

98-101 Moreover, some type II metacaspases in higher plants (Arabidopsis 

thaliana and hybrid aspen, Populus tremula × tremuloides) are activated 

in low pH without calcium.97, 102 The S1 pocket in metacaspases is 

responsible for the substrate specificity. It is comprised of Asp, Asp/Glu 

and Asp, and thus provide an acidic contexture which is well suited to 

accept the basic residues Arg and Lys.103 

1.3.6 T. brucei metacaspase-Ib (TbMCA-Ib) 

The T. brucei species have five MCAs genes, responsible for the 

expression of five MCAs enzymes. Moreover, out of five only three MCAs 

(TbMCA-Ib, TbMCA-Ic, TbMCA-Ie) contain the His-Cys catalytic dyad. 

These three MCAs were reported to be catalytically active in the blood 

stream form of parasite in mammals.104, 105,106 Moreover, TbMCA-Ib is the 

focus in this thesis. Previously, it has been revealed that the protein is 

monomeric. One of the most striking 3D structural features of the TbMCA-

Ib structure is the 70-residue N-terminal that encircles the main body of 

the enzyme, crossing over the catalytic dyad region which means the 

catalytic His158 and Cys 213 are 100% and 50% buried by the N-terminus, 

respectively (Figure 6).96 In this manner, the N-terminal appears to block 

substrate access to the active site (S1 pocket). It has been hypothesized that 

the N-terminal is required to undergo a conformational shift to allow 

substrates into the active site.107 Lys55 of the N-terminal  and Lys268 in 

the 280 loop of the C- terminal must be cleaved for the binding of substrate 

when Ca2+ is added. It has been reported that mutations of Lys55, and 

Lys268, can impart inactivity to enzyme.107 Another important feature of 

catalytic domain reveals the presence of four highly conserved aspartic 

acid residues: Asp173, Asp189, Asp190, and Asp220. These acidic 

residues have been discovered to be highly conserved for metacaspases 

and constitute a calcium-binding site.108,97 A second calcium binding site 

has been proposed in the middle of loop 280.105 Moreover, over time 

studies on MCAs in protozoan (T. cruzi, T. brucei, and Leishmania),109 and 
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yeast (Saccharomyces cerevisiae, and Candida albicans) have been 

reported to link the modulation of type I metacaspases with the chemical 

modulators to trigger the mammalian caspase-like functioning called 

apoptosis.89, 110-112   

 
Figure 6. Tertiary structure of TbMCA-Ib with the N-terminal in magenta, the p20 

domain in blue, the linker in green, and the p10 domain in orange. The two missing loops 

are indicated with dashed lines. The figure is based on protein coordinates of previously 

published crystal structure (PDB: 4AF8).96 

1.3.7 Currently available TbMCAs inhibitors 

Over the past few years, several inhibitors targeting TbMCAs have been 

identified (Figure 7). This includes compound 14, a non-competitive, and 

moderate inhibitor of TbMCA-Ib-c and TbMCA-Ie (IC50 = 4-151 µM).106 

Moreover, 14 was also reported with antiparasitic potential (EC50 = 37.9 

µM) against T. brucei in culture of bloodstream form of protozoa. 

Furthermore, some peptidomimetic compounds, such as 15 have been 

reported as potent inhibitors of TbMCA-Ib. Such compounds showed a 

selectivity for TbMCA-Ib over mammalian caspases, probably due to 

different substrate specificity of metacaspase and caspase.113 Moreover, 

peptidomimetics have been reported with modest antiparasitic activity 
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against P. falciparum. Recently, some vanillin-derived oximic compounds 

(for example compound 16) have been reported with non-competitive 

inhibition potency for this cysteine protease enzyme.114 These studies 

(TbMCAs inhibition, and antiparasitic activity), signify the potential of 

TbMCA-Ib as a target for treatment of trypanosomiasis. This  implies that 

this enzyme could be targeted (through activation or inhibition) with newly 

discovered chemical compounds to trigger apoptosis in the Trypanosoma 

genus.114, 106, 113 Although the metacaspases are structural homologues to 

mammalian caspases, there is evidences to ensure that selective inhibition 

or activation of metacaspases is possible regarding the off-target 

toxicity.113 

 

 

Figure 7. Examples of TbMCAs inhibitors reported in the recent literature.106, 113, 114 
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2. Scope of thesis 

This thesis combines the different areas within medicinal chemistry to 

explore new approaches for vector control against mosquito-borne 

infections and towards the identification of drug targets against 

trypanosomiasis infections.  

2.1 Towards vector control against mosquito-borne infections  

The scope of the first part of this thesis is to develop non-covalent 

compounds as selective mosquito AChE1 inhibitors over hAChE. Our 

specific goals are: 

➢ Development of a series of non-covalent inhibitors against 

mosquito AChE1 through design and synthesis based on a scaffold 

discovered through a previous HTS, followed by biochemical 

evaluation.  

➢ Addressing the issue of in vivo efficiency of non-covalent 

inhibitors through the pro-insecticide approach.  

➢ Exploring the binding interactions of non-covalent inhibitors with 

AChEs. 

➢ Exploring the inhibition modality of recently developed non-

covalent compounds for AChEs  

➢ Assessment of the selectivity profile of non-covalent inhibitors for 

AgAChE1 over AmAChE2. 

 

2.2 Towards the identification of drug targets  against 

trypanosomiasis infections  

The scope of the second part of this thesis is to address the fundamental 

steps towards the identification of a protozoan specific enzyme (TbMCA-

Ib) as a potential therapeutic target against trypanosomiasis. Our specific 

goals are: 

➢ Development of a robust assay for HTS to identify chemical 

starting points for modulators of TbMCA-Ib. 

➢ Further investigation of the identified hit compounds to ensure 

their interactions (as inhibitors or activators) with the putative 

target (TbMCA-Ib). 
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3. Methodology 

A medicinal chemistry project involves multidimensional aspects 

including: molecule identification, design, synthesis, analytical 

characterization, biochemical evaluations, protein-ligand interactions 

exploration, and in vivo evaluation. Within this context, the different 

methods applied in this thesis are described briefly below: 

3.1 High-throughput screening (HTS) for hit identification 

For over two decades, HTS has attained a presiding role in drug discovery, 

with a characteristic to identify active compounds (hits) by screening large 

numbers of diverse chemical compounds against selected targets.115 

Herein, target-based HTS against TbMCA-Ib is a part of this thesis 

(Section II), while on mosquito AChE1 as well as hAChE the screens were 

done previously in our laboratory,57 (Section I). The HTS campaigns were 

performed to screen libraries of compounds rapidly and cost effectively 

against the selected targets while still generating good quality data. 

Compounds exhibiting the desired biochemical activity (mosquito AChE1 

inhibition, and TbMCA-Ib activation or inhibition) were identified as hits 

and constituted the starting points for both projects. 

The HTS campaign was conducted in co-operation with Chemical Biology 

Consortium Sweden (CBCS) targeting recombinant TbMCA-Ib from 

parasite Trypanosoma brucei, with 36,541 small organic molecules. The 

activity-based fluorescence assay (described in sub-section of 3.4.1) was 

semi-automated and adapted to a 384-well plate format. The whole 

screening process is depicted in Figure 8. The compounds included in this 

screen were also evaluated in silico to investigate potential pan-assay 

interference compounds (PAINS), though it was not used as a filtering 

step. 
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Figure 8. Pictorial representation of HTS strategy used to discover new compounds as 

modulators of TbMCA-Ib in Section II. 

3.2 Organic molecules  

Being the backbone of medicinal chemistry, synthesis and testing of 

organic molecules had a major part in this thesis. The inhibitors targeting 

mosquito AChE1 (Section I), was obtained through organic synthesis. The 

synthetic process consists of four sequential steps; retrosynthesis, 

synthesis, purification (recrystallisation, column chromatography), and 

characterization. Nuclear magnetic resonance (NMR), which provides 

information about the chemical environment, was used to elucidate the 

structure, along with mass spectroscopy providing the molecular mass, and 

fragmentation pattern of the compound. The synthesized molecules 

(mosquito AChE1 inhibitors) from chemical classes (thiazolidinone, 

phenoxyacetamide, thiourea),71, 72, 116 were utilized as chemical tools to 

study inhibition mechanism of non-covalent inhibitors, and to probe the 

dynamics of AChE2s. The library of compounds was collected from CBCS 

compound center, and through target-based HTS hit compounds 

(activators or inhibitors) targeting TbMCA-Ib were identified. A number 

of identified hit molecules were purchased from commercial sources and 

were confirmed with purity and chemical structure through NMR. These 
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molecules were further explored for their activity against TbMCA-Ib in 

Section II. 

3.3 Enzymes and their applications in thesis 

Herein, recombinant enzymes (AgAChE1, AaAChE1, AgAChE2, 

AmAChE2, and hAChE) were used. The production and utilization of 

AChE2s is an important part of this thesis, and presented in Section I. The 

production of mosquito AChE1, and hAChE is not a subject of the current 

thesis, these recombinant enzymes were utilized for biochemical analysis 

in the work presented in Section 1. The production of TbMCA-Ib was 

performed in collaboration with Umeå Protein Expertise Platform (PEP), 

and was utilized in assay development, and HTS in Section II. 

 

3.4. Enzymes kinetics 

This thesis involves basic concepts in enzyme kinetics such as testing of 

the target enzyme and different respective substrates, to investigate basic 

kinetic parameters such as Vmax and KM. The work also involves inhibition 

kinetics and investigation of the mechanism of inhibition kinetics (against 

AChEs). Furthermore, kinetics was used in the assay design (against 

TbMCA-Ib) through the determination of KM and apparent Vmax of the 

enzymes. These concepts were also used to find inhibition mechanism 

(against AChEs) and characterize the function of AChE2s and TbMCA-

Ibs (Section I-II). The kinetics of the enzymatic reaction mechanism 

catalyzed by these serine esterase and cysteine protease enzymes, (AChEs, 

and TbMCAs) can be described by the Michaelis-Menten model below Eq. 

(1)                   

 Eq. (1) 

where E is an enzyme, S is a substrate and P is a product. ES is the enzyme-

substrate complex that is formed before the catalytic reaction. Here in Eq. 

(1), k1 is the rate constant for enzyme-substrate complex (ES) formation 

and k-1 is the dissociation rate of the ES complex. The most widely 

accepted equation, derived by Henri and succeeding by Michaelis and 
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Menten,117 relates the velocity of the reaction to the substrate concentration 

as shown in the widely known Michaelis-Menten eq. (2) 

                  V0 = ([𝑆] ∗  𝑉𝑚𝑎𝑥)/([𝑆]   +  𝐾𝑀)  Eq. (2) 

Where KM = Michaelis Menten constant: 

Both enzymes follow this model, where the initial velocity of the reaction 

(V0) depends on the substrate concentration [S]. Usually, V0 increases with 

the increase in [S] until the system is saturated and the enzyme is working 

at maximal velocity known as Vmax. Once Vmax is reached, all catalytic 

sites are occupied at any given time and small fluctuations in the 

concentration of the substrate will not affect V0. Using an absorbance 

(Ellman) assay,118 and fluorescence assay, KM was determined by 

measuring the V0 at different substrate concentrations. The Vmax and KM 

for the system were calculated from the nonlinear regression analysis i.e. 

curve fit using the Michaelis-Menten equation in Graph Pad Prism. Figure 

9 graphically illustrate the typical procedure to determine the KM for a 

given substrate. 

 
Figures 9. Illustration of typical procedure to determine the KM for a given substrate. A) 

The formation of the reaction product is measured at different concentrations of substrate. 

Each curve represents different concentrations of substrate. The curves are linear and their 

slopes represent initial velocity conditions. B) Demonstration of plotting slopes (initial 

velocity, Vo which is defined as the change in the product formed divided by the change 

in time) for each of the reaction progress versus the substrate concentration. Typically, 

nonlinear regression analysis is performed to obtain the catalytic parameters. 
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3.4.1 Biochemical evaluation 

Biochemical evaluations involve measurement of the inhibition or increase 

of the enzymatic activity in vitro in the presence of a chemical compound. 

Two types of activity-based assays (absorbance, and fluorescence) were 

utilized in this thesis (Section I-II), with the aim to investigate the potency 

of compounds towards recombinant AChEs and TbMCA-Ib.  

 

Activity-based absorbance (Ellman) assay 

An thiol sensitive activity-based assay was developed by George L. 

Ellman in 1961 (termed the Ellman assay).118 It was used to monitor the 

enzymatic activity of AChEs (Figure 10). Briefly, enzyme-catalyzed 

hydrolysis of the substrate acetylthiocholine (17) is detected in the 

presence of 5,5'-dithiobis-(2-nitrobenzoic acid) (20). Cleavage of 5,5'-

dithiobis-(2-nitrobenzoic acid) by the hydrolyzing product thiocholine 

(18) generates a yellow-colored product (22) which can be 

spectrophometrically detected.  

 

 

Figure 10. Schematic representation of activity-based absorbance (Ellman) assay 

reaction, utilized in Section I, with different AChEs. 

Activity-based fluorescence assay 

We have used an activity-based assay to measure the enzymatic activity of 

TbMCA-Ibs (Figure 11), as well as to investigate the inhibition by known 

protease inhibitors. We have used it in HTS to discover modulators. 

Briefly, the enzyme (TbMCA-Ib) catalyzes the cleaving process of the 

substrate Z-GGR-AMC (23) to yield the fluorescent molecule 7-amido-4-
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methylcumarin (AMC). MCAs cleaves the substrate after arginine, thus 

releasing AMC which gets excited at 355 nm and emits light at 460 nm.98 

Observation of a change in fluorescence at 460 nm immediately after the 

addition of substrate to the enzyme enables the detection of change in 

velocity of enzyme, and thus enzyme activity.  

 
Figure 11. A schematic drawing of activity-based fluorescence assay utilized in Section 

II, with TbMCA-Ib. 

3.4.2 Inhibition kinetics against AChEs and TbMCA-Ib 

The potency of inhibitors of AChEs, and TbMCA-Ib (Section I-II) was 

investigated by determining their half-maximal concentration (IC50) 

values. This is the concentration of the inhibitor needed to inhibit 50% of 

the maximal enzymatic activity. IC50 is used to estimate the inhibitory 

efficiency of inhibitors against target enzymes, and also to estimate the 

enzyme-ligand binding strength in case of off-target AChE2 enzymes. In 

general, the lower the IC50 value the better inhibitor potency. In a typical 

experiment dose-response plots are used to determine the effects 

(inhibition as shown in Figure 12, and activation) of the compound on an 

enzymatic reaction. 
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Figure 12. A typical dose-response plot used for determination of the IC50 value 

(indicated by dotted lines). % Activity is plotted as a function of inhibitor concentration. 

The data was fit using a standard four-parameter logistic nonlinear regression analysis.  

3.4.3 Investigation of mechanism of inhibition, and inhibition constant 

(Ki)  

The classical steady-state analysis (inhibition kinetics analysis of AChEs) 

was performed to investigate the inhibitory mechanism of non-covalent 

compounds against AChEs (mosquito AChE1, hAChE) and is presented 

in Section I. The impact of the inhibitors (thiazolidinone derivatives) on 

the KM values of the enzymes (AChEs) was evaluated with inhibitors’ 

concentrations over a wide range (0-100 µM, i.e. up to 12×IC50). The 

Michaelis constant (KM) and apparent maximal velocity Vmax at different 

concentrations of inhibitor for each concentration of substrate (ATChI) 

were determined. The identification of the mode of inhibition was 

performed through analyzing the enzymes activity (apparent Vmax, and KM 

values) in the absence, and presence of seven fixed concentrations of 

inhibitor. To estimate the Ki, the kinetic data was plotted in the form of 

Michaelis-Menten curves (MeanV vs. [ATChI]) and globally fitted to the 

corresponding enzyme inhibition equation in GraphPad Prism. 

3.5 In vivo mosquito testing experiments 

In the insecticide research and developmental process, the compounds of 

interest are generally tested on the target organism much sooner compared 
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to drug development process. Herein, the in vivo experiments on two 

mosquito species (An. gambiae, and Ae aegypti) were done in 

collaboration with Kenya Medical Research Institute (KEMRI) in Nairobi, 

Kenya. Insecticidal activity experiments of the compounds were carried 

out based on the WHO guidelines for testing mosquitocide.119 The results 

have been explored in this thesis (Section I) to evaluate the insecticidal 

efficiency of the indole-based compounds, and pro-insecticides. 

Moreover, in the case of trypanosomiasis, the fundamental steps towards 

the identification of TbMCA-Ib as a potential target are under exploration 

now, thereby such experiments are not the matter of consideration yet in 

Section II. 

3.6 Structural investigation of 3D-structures 

The accessibility of 3D structures of protein-ligand complexes (crystal 

structures, and homology models) widens the perspectives of structural 

studies. The ligand binds in a pocket lies deep down or sometime on the 

surface of target, such as the active site of an enzyme or areas for protein-

protein interactions of receptors or signaling molecules. The enzyme-

ligand binding is dependent upon a number of factors, such as shape 

complementarity, electrostatic forces, and hydrophobic interactions, which 

determine strength of interaction. Types of interactions that are important 

for the molecular recognition process are for example classical and non-

classical hydrogen bonds, and arene-arene interactions. Structure 

determination for this thesis was performed by means of X-ray 

crystallography in collaboration with Swedish Defense Research Agency 

(FOI), and presented in (Paper I). Briefly, we have explored the binding 

poses, and non-covalent interactions of indoles in the X-ray crystal 

structures of Mus musculus AChE (mAChE)•inhibitor complexes. In cases 

when no three-dimensional structure was available, homology modelling 

was used to computationally predict the structure, for AmAChE2 (Paper 

III). Through the assistance from expert structural chemists, the dynamics 

of non-covalent compounds in complex with AChE2s were explored using 

molecular dynamics (MD), and docking simulations (Section I).   
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Section I: Towards vector control against mosquito-borne 

infections  

 

4. Non-covalent indole analogoues with potent, and selective profile 

for targeting AChE1 from disease-transmitting mosquitoes 

In this chapter the work from Paper I is described. The purpose of this 

study is to design, synthesize, and evaluate indole-scaffold based non-

covalent compounds as selective inhibitors of mosquito AChE1 over 

hAChE. In the previously reported HTS campaign against recombinant 

mosquito AChE1,57 compounds 24, 25, and 26 have been identified as hits 

containing an indole moiety. These compounds had promising activity in 

HTS, expressed as percentage-inhibition at 50 µM concentration. Follow 

up dose-response evaluations confirmed their activity (Table 1).  Indoles 

and its derivatives have been reported to have great significance due to 

their variety of pharmacological activities.120 They have been reported as 

potential drug candidates against CNS disorder as well as AChE 

inhibitors.121, 122 Thus, being a versatile scaffold for innovative synthesis, 

the indole-ring was selected as a scaffold for designing new indole-based 

AgAChE1 non-covalent inhibitors based on the identified hits (24, 25, and 

26).  

Table 1. HTS campaign discovered hit compounds containing indole moiety, and 

overview of their follow-up dose response measurements.  

 

 
IDa  HTS (% inhibition)b 

       Aa        Ag        h 

AaAChE1c 

IC50 (µM) 

AgAChE1c 

IC50 (µM) 

hAChE c 

IC50 (µM) 

SRd 

24 

      

     81          91         -11 

 

 

1.1 

(0.9 -1.4) 

 

1.6 

(1.3-2.0) 

 

70 

(39-330) 

 

44 



 

25 

25 

       

     79          69          -1 

 

       

        1.7 

(1.4-2.1) 

 

2.2 

(1.8-2.6) 

 

85 

(46-321) 

 

39 

26 

     

     95           94          2 

 

 

     0.71 

(0.62-0.81) 

 

0.72 

(0.67-0.78) 

 

284 

(166-903) 

 

394 

 

a Compound ID number; bThe hit compounds were tested at the concentration of 50 µM; 
cThe values given in parentheses = 95% confidence interval; dIC50-based selectivity ratios 

were calculated by taking the compound’s IC50 value against hAChE and dividing by IC50 

values against AgAChE1. 

4.1 Design strategy 

The identified hits (24, 25, and 26) contain an indole moiety, connected to 

a benzyl ring with an aliphatic linker (Table 1). We decided to use these 

three compounds as parent compounds to design three sets (A, B, and C) 

of compounds (Figure 13). We wanted to investigate how modifications of 

the benzyl- and indole substitutions, as well as N-methylation of the 

pyrrole of the indole core affect the inhibition potency against AChE1. 

Further, we have varied the linker to investigate the effect of this 

modification on the inhibition potency of respective indole analogues. 

Thus, in the first two sets (A-B), the design strategy was to vary the benzyl 

and indole moiety while keeping the aliphatic linker fixed. The third set 

(C) was designed to vary the linker. Altogether, we designed three sets (A-

C) of indole derivatives for synthesis and biochemical evaluation as 

displayed in Figure 13.  

 

 
Figure 13. Representation of contour of the three sets (A-B), and (C) based on of hit 

compounds-based design strategy; red marking indicating the area under consideration 

for small modification. 
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4.2 Synthesis of the three sets of indole-based analogues 

All indole derivatives 32-49 belonging to sets A, and B were synthesized 

using two design strategies, as depicted in Scheme 1. The first route of 

synthesis (Scheme1, Part A) was a one-pot reductive amination of 

commercially available tryptamine and substituted tryptamines 27a-f with 

the commercially available benzaldehydes 28 a-f. Both starting materials 

were dissolved either in ethanol or methanol and allowed to react at room 

temperature (rt) or under reflux conditions, to yield the intermediate imine. 

The imine was reduced by NaBH4 or NaCNBH3 (in situ).  

The second route of synthesis (Scheme1, Part B) was with a Boc-

protection of the primary amine of the commercially available tryptamines 

27a-e as a first step to provide compounds 29a-e. N-methylation of the 

Boc-protected tryptamines was then achieved through reaction with CH3I 

in the presence of NaH, with DMF as a solvent, to provide 30a-e. A Boc-

deprotection in the presence of TFA and DCM was performed to provide 

31a-e intermediates. 

 

 
Scheme 1.  Synthesis of diverse indole (N-H, and N-methylated) analogs followed by salt 

formation of indole analogs; Reagent and conditions: i) Boc-anhydride, TEA, DCM, 0˚C 
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- rt, 12h. ii) NaH, DMF 0°C-rt; CH3I, rt, 12h. iii) TFA, DCM 0°C-rt, 5h; iv) Ethanol or 

MeOH, rt-reflux, 12h; NaBH4, 0°C-rt, 5h; 2M HCl in ether. 

Intermediate 31f was obtained with a slightly different method, which 

involves demethylation of 31e as shown in Scheme 2. The one-pot 

reductive amination of N-alkylated derivatives 31a-f with the different 

commercially available benzaldehyde (28a-g), was performed as first 

route. All the indole derivatives were treated with 2M HCl in diethyl ether 

to afford ammonium chloride salts of the compounds 32-49, and then 

purified by recrystallization with IPA to a yield of 31-78%. 

 
Scheme 2. Reagent and conditions: i) BBr3, DCM -70°C-rt, 12h. 

The synthesis of compounds 52 of set C is shown in Schemes 3. In the first 

step N-methylation of Boc-protected amine of linker in 30a was achieved 

through reaction with CH3I in the presence of NaH, with DMF as a solvent 

under reflux condition to provide intermediate 50. In the second step Boc-

deprotection in the presence of TFA and DCM was performed to provide 

intermediate 51 followed by reductive amination with benzaldehyde as last 

step of Scheme 1. 

 
Scheme 3. Synthesis of linker N-methylated (set C) indole analog: Reagent and 

conditions: i) NaH, DMF 0°C- 90˚C; CH3I, 0°C-rt, 12h. ii) TFA, DCM 0°C-rt, 5h. iii) 

Ethanol or MeOH, reflux, 12h; NaBH4, 0°C-rt; 12h 2M HCl in ether. 

The synthesis of compounds 53 of set C is shown in Scheme 4. Compound 

32 was N-methylated in the pyrrole of indole, as well in the amine of linker 

with CH3I in the presence of NaH, with DMF as a solvent at rt to provide 

a cationic compound 53.  
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Scheme 4. Synthesis of linker N-dimethylated (set C) indole analog:  Reagent and 

conditions: i) NaH, DMF 0°C- rt; CH3I, 0°C-rt, 12h.  

The linker was also modified to a cyclized entity following a one-step 

Pictet-Spengler reaction of hydrochloric salts of tryptamine derivatives 

27d and 31c, with the aldehydes 28a-b, to provide tetrahydro-β-carbolines 

54-56 as shown in Scheme 5. All derivatives were purified by 

recrystallization with IPA providing a yield of 53-60%.  

 

 
Scheme 5. Reagent and conditions: i) Ethanol, reflux, 12h; 2M HCl in ether. 

4.3 Biochemical evaluation of compounds 

The synthesized indole-derivatives had a wide range of inhibitory potency 

against AgAChE1, and had IC50 values ranging from 40 nM (39) to > 500 

µM (55) (Tables 2-4). Out of the 23 compounds, three compounds (34, 39 

and 42) were discovered with remarkable inhibition potency, and had IC50 

values between 40-70 nM. Further, nine additional compounds (35, 37, 40-

41, 43-45, 47 and 49) had IC50 values against AgAChE1 below 5.0 µM. In 

the parallel investigation against hAChE, we discovered outcomes with 

decreased inhibitory potency for this enzyme. In particular eight potent 

AgAChE1 indole compounds (39, 40-45, and 49, IC50 < 3 µM) were 
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identified with IC50 values in the range of 14-93 µM against hAChE. 

Furthermore, four more (34, 35, 42, and 45) were observed to have binding 

with hAChE, and had IC50 = 1.6-6.6 µM, yet maintaining the selectivity 

for AgAChE1, while one (53) was observed with similar inhibition for both 

AChEs.  

Table 2. Chemical structures and IC50 values of compounds in Set A 

 

 

 

ID 

Structure 

Indole              Benzyl 

AgAChE1 

IC50 µMa 

hAChE 

IC50 µMa 

S.Rb 

 

 

32 

            

 

38 

(33 - 44) 

 

> 500 

 

>13 

 

33 

         

 

11 

(4.1 - 123) 

 

115 

(94 - 145) 

 

10 

 

34    

        

 

0.06 

(0.044 - 0.070) 

 

1.6 

(1.5–1.7) 

 

27 

 

35 

          

 

0.2 

(0.15 - 0.23) 

 

6.6 

(5.4-8.0) 

 

33 

 

36 

        

 

20 

(11 - 43) 

 

>200 

 

13 

 

37 

        

 

1.5 

(1.0 - 2.2) 

 

74 

(60–95) 

 

49 

 

38 

          

 

13 

(6.3 - 36) 

 

124 

(98 - 169) 

 

10 

 

39 

     

 

0.04 

(0.031 - 0.05) 

 

14 

(12–16) 

 

350 



 
30 

 

40 

      

 

0.51 

(0.40 - 0.65) 

 

14 

(9.6–21) 
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aCompounds tested as HCl salts unless specified, values given in parentheses = 95% 

confidence interval; bS.R. = selectivity ratios were calculated by taking the compound’s 

IC50 value against hAChE and dividing by IC50 values against AgAChE1. 

4.4 SAR for AgAChE1 of the synthesized analogues 

Set A: NH and N-methylated indoles with varied benzyl substitutions: 

The importance of the substitution of the benzyl ring of the hit compounds 

24-26 became clear as the replacement for an unsubstituted benzyl ring in 

32 resulted in a decline in potency for AgAChE1 inhibition (IC50 = 38 µM), 

as compared to other compounds (Table 1-2). Furthermore, an observation 

was made for all pairwise analogues (NH and N-methylated pairs) of set 

A: the AgAChE1 inhibition potency increased when methylating the 

pyrrole of indole moiety (Table 2). For example, in case of N-methylated 

pyrrole compounds 34, 35, and 39 which are pairwise analogues of the hit 

compounds 24-26 (NH pyrroles) the potency got improved 11-, 10-, and 

18 times, respectively. 

 

Set B: Exploration around the newly discovered analogue 34 with the 

focus on indole moiety 

In the design of set B, we aimed to explore the effect of varying 

substituents of the indole moiety while retaining the methoxy substituted 

benzyl in compound 34 (Table 3). Again, the observation made for set A 

was also made for set B; the alteration from NH pyrrole to N-methylated 

pyrrole resulted in increased AgAChE1 inhibition potency. Moreover, the 

analogues 42 and 45 with halogen substitutions (Cl, and F) on the indole 

moiety, were observed with significant inhibition potency and had IC50 

values of 0.07 and 0.2 µM compared to 34 with an IC50 of 0.06 µM. 

Furthermore, replacement of Cl substituent of the NH pyrrole analogue 41 

(IC50 = 0.4 µM) for CH3 (43) was observed with a decline in potency (IC50 

= 2.7 µM). Additionally, for the analogue 47 with methoxy substitution as 

well as for 49 with hydroxy substitution on indole moiety, a decline in 

inhibition potency was also observed against AgAChE1, as compared to 

analogue 34.  
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Table 3. Chemical structures and IC50 values of compounds in set B  

 

 

ID 

 

Indole 

 

R2 

 

AgAChE1 

IC50 µMa 

hAChE 

IC50 µMa 

 

S.Rb 

 

34c 

 

CH3 
0.06 

(0.04 - 0.07) 

1.6 

(1.5–1.7) 

 

28 

 

41 

 

 

H 

 

0.4 

(0.21 - 0.60) 

62 

(54 - 71) 

 

155 

 

42 

 

 

CH3 

 

0.07 

(0.04 - 0.1) 

4.3 

(2.7 - 6.7) 

 

61 

 

43 

 

H 
2.7 

(2.3 - 3.1) 
93                               

(80 - 111) 

34 

 

44 

 

H 
1.6 

(1.3 - 2.0) 

 

53 

(46 - 61) 

 

33 

45 

 

 

CH3 

 

 

0.2 

(0.1 - 2.8) 

 

3.5 

(2.9 - 4.2) 
17 

 

46 

 

H 
48 

(24 - 110) 

156 

(128 - 216) 
3 



 
32 

 

47 

 

CH3 
3.2 

(1.0 - 11) 

18 

(13 - 27) 
6 

 

48 

 

H 
16 

(11 - 23) 

93 

(52-527) 
6 

 

49 

 

CH3 

 

2.1 

(1.1 - 3.9) 

17 

(10 - 34) 
8 

aCompounds tested as HCl salts unless specified, values given in parentheses = 95% 

confidence interval; bS.R = selectivity ratios were calculated by taking the compound’s 

IC50 for hAChE and dividing by the values for AgAChE1; cparent compound (34) from 

previous set marked in dark grey. 

Set C. Exploration around linker, and introduction of rigidity  

Analogues of set C (Table 4) were specifically designed to investigate the 

significance of secondary amine of the linker present between two 

moieties. Furthermore, the importance of flexibility of aliphatic chain 

linker, was also explored briefly. Moreover, it was observed that the 

alteration of the linker with insertion of methyl in the secondary amine 

resulted in a decline activity. Moreover, compound 52 with tertiary amine 

linker observed with low potency as compared to analogues of set A, and 

B with secondary amine linker. The dimethylation of the secondary amine 

to provide the permanently charged analogue 53 was observed with regain 

of inhibition potency against (IC50 = 5.0 µM) AgAChE1.  

Furthermore, the cyclized compounds (54-56) were observed with decline 

in inhibition activity against AgAChE1, for example compound 56, was 

observed with decline in inhibition activity against AgAChE1, as 

compared to its non-cyclic analogue 44 (Table 3). Moreover, in case of 

compound 55, and 56 the clear difference in inhibition activity against 

AgAChE1 was observed with the replacement of substituted benzyl (56, 

IC50 = 47 µM) for non-substituted one (55, IC50 > 500 µM). Conclusively, 
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the limited data for set C indicate that cyclized derivatives (tetrahydro-β-

carbolines) were poor in inhibition activity towards AgAChE1.  

 

Table 4. Structures and IC50 values of compounds in set C. 

      

ID 

 

            Structure 

 

AgAChE1 

IC50 µMa 

 

  hAChE             

IC50 µMa 

 

 S.Rb 

 

52 

 

 

74 

(55 - 112) 

 

>500 >7 

 

53 

 

5.5 

(3.3 - 6.7) 

5.0 

(2.0 – 22) 
0.9 

  54 

 

 

26 

(20 - 33) 
>500 >19 

 

 

55 

 

>500 >500 

 

- 

 

 

 

56 

 
 

47 

(33–78) 
> 500 

 

 

>11 

 

 
 

aCompounds tested as HCl salts unless specified, values given in parentheses = 95% 

confidence interval; bS.R = selectivity ratios were calculated by taking the compound’s 

IC50 value against hAChE and dividing by IC50 values against AgAChE1. 

4.5 Selectivity for AgAChE1 over hAChE 

In general, most of the compounds of all three sets (A, B, and C) showed 

selectivity for AgAChE1 over hAChE. In general, the SAR observed for 

AgAChE1 was also valid for hAChE. In analogous of set A, the 
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replacement of the substituted benzyl of compound 24-26, to unsubstituted 

benzyl resulting in 32, resulted in a decreased inhibition potency against 

both hAChE and AgAChE1. Furthermore, an increase in inhibitory 

potency was seen when the pyrrole of the indole core of 24 and 25 was N-

methylated, giving compounds 34 and 35, and had IC50 = 1.6 µM and 6.6 

µM, respectively. Methylation of 26 gave compound 39 which was 

observed with IC50 =14 µM and a remarkable selectivity (SR = 350) for 

AgAChE1 over hAChE. For set B, analogues 41 and 42 had a chloro-

substituted indole core and in case of 42 an N-methylated pyrrole. Both 

compounds showed an improved selectivity for AgAChE1 (SR = 155 and 

61). Moreover, even the comparatively less potent AgAChE1 inhibitors 43 

and 44 (NH- pyrrole of indole) also showed a reasonable selectivity (SR = 

35, 33). In set C analogues 52 (N-methylated linker) and 54-56 (cyclisation 

giving tetrahydro-β-carbolines), were observed with a decrease in potency 

for hAChE as well as AgAChE1. Furthermore, compound 53 with the 

quaternary amine in linker (due to dimethylation), was surprisingly 

observed with similar inhibition activity (IC50 = 5.5, and 5.0 µM) 

comparing AgAChE1 and hAChE, respectively. Overall, the structure 

selectivity relationship (SSR) shows analogues with chloro-substitutions 

(41 and 42) on an indole core, as well on benzyl moiety (26, 37 and 39) 

were appreciated in terms of selectivity. 

4.6 Structural investigation for binding modes of indole-based 

compounds in mAChE  

The hit compound 24 (NH-pyrrole of indole moiety) and compound 34 

(with N-methylated pyrrole of indole moiety) belonging to set A were 

identified as potent and selective AgAChE1 inhibitors. We therefore 

decided to use these compounds as tools to investigate the inhibitor-

enzyme binding interactions in mus musculus AChE (mAChE) by X-ray 

crystallography.  

4.6.1 Binding interactions in mAChE•24, and mAChE•34 complexes. 

The crystal structures of mAChE•24, and mAChE•34 complexes were 

determined to a resolution of 2.4 Å and 2.3 Å, respectively. Analysis of 

these 3D structures revealed that 24 and 34 had similar compact and folded 
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binding poses in the lower part of active site gorge close to Trp86. 

Moreover, the X-ray structures revealed stacked arene-arene interactions 

between Tyr337 and the benzyl moiety of compounds 24 and 34. 

Furthermore, between the benzyl and Phe338 of the acyl binding pocket, 

a T-shaped interaction was observed. The indole ring of 24 and 34 was 

observed in close proximity to the oxyanion hole, and form contacts with 

the main chain of Gly120 and Gly121 and was perpendicular to the indole 

Trp86. Moreover, methoxy substitution of benzyl observed to possess 

arene-hydrogen reaction with Trp86 for both indoles. The analysis of 

mAChE•24 and mAChE•34 also revealed hydrogen bond interactions 

between 24 as well as between 34 and crystal water molecules as depicted 

in Figure 14, and Figure 15. Both compounds were revealed to have similar 

binding poses and interactions in the active site gorge of mAChE. 

Moreover, the folded compact pose of inhibitors through non-covalent 

interactions could be the provisional reason behind potency of indoles. 

Moreover, the poor inhibitory activity of cyclized compounds can be 

tentatively explained due to their inability to adopt folded conformation in 

active site gorge of AChEs. Furthermore, similar potency of compound 53 

for both AgAChE1 and hAChE, despite having a rigid quaternary cationic 

linker, could be speculated because of its resemblance with natural 

substrate ACh. From kinetics studies of AChE it has been reported that the 

charged quaternary part of ACh interact with the anionic subsite of the 

choline binding pocket.123 Over the past time, this anionic subsite has been 

discovered as a binding site for quaternary ligands,124, 125 including 

quaternary oximes which are reactivators of organophosphate-inhibited 

AChE.126 Conclusively, compound 53, with quaternary cationic linker, 

have probability to interact with the cationic subsite of AgAChE1 and 

hAChE. 
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Figure 14. 3D structure representation of mAChE•24; A close up of the active site gorge 

with 24 bound within it, possessing arene-arene (orange), arene-hydrogen (green), 

hydrogen bond (cyan) interactions among mAChE (grey ribbon and residues) with ligand 

24 (gold). 

 
Figure 15. 3D structure representation of mAChE•34; A close up of the active site gorge 

with ligand 34 bound within it, possessing arene-arene (orange), arene-hydrogen (green), 
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and hydrogen bond (cyan) interactions among mAChE (grey ribbon and residues) with 

ligand 34 (dark green). 

 

4.7 Insecticidal efficiency of indole analogues 

The compound 39, a having N-methylated pyrrole of the indole moiety 

with the tri-substituted benzyl moiety, and compound 41, with the Cl-

substituted indole moiety and methoxy substituted benzyl moiety, were 

selected for in vivo studies in mosquitos. These compounds were observed 

with good potency for AgAChE1 (40 nM and 0.4 µM, respectively) and a 

high selectivity (SR = 350 and 155, respectively) over hAChE. In topical 

application experiments on adult female mosquitoes of species Ae. aegypti, 

and An. gambiae, both compounds resulted in 100% mortality of both 

mosquito species after 24 hours when tested at high dose of 2 

nmol/mosquito (Figure 16). At a lower dose of 0.2 nmol/mosquito, the 

mortality for both 39 and 41 was reported with ≥48% mortality on An. 

gambiae, after 24h of inhibitor exposure. However, at this lower dose no 

significant mortality was observed for Ae. aegypti species.  Overall, in vivo 

results of compounds 39 and 41, when injected at dose of 0.2 nmol in 

mosquito, were observed with low insecticidal potency. Moreover, these 

outcomes were not completely in agreement with in vitro outcomes, where 

inhibition potency for mosquito AChE1 was observed in nano-molar, and 

sub-micro molar range. These results suggest poor bioavailability of these 

indoles inside mosquito. Moreover, as mentioned before in the 

Introduction, a similar trends of low insecticidal inefficiency have been 

observed over time for both covalent and non-covalent mosquito AChE1 

inhibitors.66, 67, 71, 99  
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Figure 16. The insecticidal effect of compound 39, and 41 after topical application on 

adult female mosquitoes Ae. aegypti, and An. gambiae; A) results of Ae. aegypti at a dose 

of 0.2, and 2 nmol/mosquito. B) Results of An. gambiae at a dose of 0.2 and 2 

nmol/mosquito after 24h of topical application. 

 

4.8 Concluding remarks  

➢ SAR suggested that N-methylation of the pyrrole of the indole core 

of currently synthesized indole-analogous was important for 

inhibition potency against AgAChE1. 

➢ SAR suggested that substitutions on the benzyl moiety of indole 

analogues were necessary for potency against AgAChE1. 

Moreover, the type and position of the substituents on the benzyl 

moiety should be further explored.  

➢ SSR suggested chloro-substitution on the indole core, as well as in 

the benzyl moiety, has improved the selectivity for AgAChE1 over 

hAChE. Moreover, substitutions on the indole core should be 

further explored. 

➢ X-ray crystallography based 3D structures (for 24 and 34) has        

revealed compact and folded binding poses of indoles in the active 

site gorge, and provided reasoning for potency of indoles. 

➢ The substantial disagreement between the results from the in vitro 

and in vivo investigations of mosquito AChE1 selective indole 

compounds (39 and 41) suggested their poor bioavailability in 

mosquito.   
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5. Introducing a pro-insecticide approach 

The work discussed in Chapter 4 (Paper I) showed high potency of the 

indole derivatives in vitro against mosquito AChE1 with selectivity over 

hAChE. Structural investigation also showed that the indole-based 

inhibitors (24, and 34) bind in the active site gorge of mAChE. 

Furthermore, as mentioned just before, the in vivo results from the topical 

application of two potent AgAChE1 selective inhibitors (39, and 41) were 

observed to differ from the in vitro results. These findings could be due to 

poor bioavailability of indole-based compounds in the mosquitoes. 

Moreover, this tendency has been reported for available covalent (as 

mentioned in Introduction), and for noncovalent mosquito AChE1 

inhibitors developed by our group.72 Moreover, when applied in mosquito 

through microinjections, outcomes showed that in vivo inefficiency was 

partially due to low penetration over the exoskeleton.72 Pro-insecticides in 

this way could be an attempt to increase the bioavailability by masking the 

amine functionality. A few insecticides,127 such as parathion, and are so 

called pro-insecticides, known to be activated within the organism by 

either oxidations (oxidative desulfuration), catalyzed by cytochrome 

(CYP450s),128 or ester and amide hydrolysis, catalyzed by esterases or 

amidases.129, 130 Moreover, specifically in insects, the esterases have been 

linked with physiological roles such as development, behavior and 

resistance development, and also known to hydrolyse different substrates 

with broad chemical diversity.131 Based on these previous findings, some 

of the indole-based inhibitors were designed as pro-insecticides, and were 

synthesized and evaluated for insecticidal efficiency against AaAChE1.  

5.1 Design strategy of pro-insecticides 

Herein, the pro-insecticide design was done based on the indole-based 

mosquito AChE1 inhibitors 24, and 34 from Chapter 4. The insecticide 

discovery research has provided some bioavailability predicting physical 

features for an insecticide candidate.132 Conclusively, along with other 

features, the presence of H- bond donors (OH, and primary, secondary, 

tertiary NH), has been predicted as unfavorable for insecticide.132 

Moreover, the secondary amines have been reported among agrochemicals 

and known for their relatively easy metabolism by conjugation with sugars 
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or by oxidation.133 Thus, to design new alternatives herein this thesis, it 

was considered that secondary amine (of indole-based inhibitors) could be 

problematic for a pro-insecticide candidate. As a consequence, secondary 

amines of 24, and 34 were considered to be protected by ester-containing 

carbamate as demonstrated in Figure 17A-B to provide the pro-

insecticides. 

 

 

 
Figure 17. A) Overall design plan for pro-insecticide synthesis; part encircled in blue 

color represents the indole-based mosquito AChE1 inhibitor, red encircled part represents 

carbamate linker, green part represents the ester which was specifically designed to 

initiate in vivo activation by esterase; B) Schematic illustration of in vivo metabolism of 

pro-insecticides by esterase, followed by in vivo decomposition in mosquito to yield the 

inhibitor. 
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The two pro-insecticides 61 and 62 were synthesized as described in 

Scheme 6. The commercially available 4-(hydroxymethyl) phenol 57 was 

acylated to provide acetic acid 4-hydroxymethyl-phenyl ester 58. In the 

second step intermediate 58 was coupled with commercially available 4-

nitrophenyl acyl chloride 59 through base catalyzed acyl-substitution 

reaction to provide intermediate 60, with carbamate linker. In the last step 

(iii), the mosquito AChE1 inhibitors 24, and 34 were protected on 

secondary amine of the linker, to provide pro-insecticides 61, and 62. Both 

final compounds were purified over column chromatography, and 

characterized through NMR spectroscopy (experimental part and NMR 

spectra are presented in Appendix1).  

 
Scheme 6.  Synthesis of indole-based pro-insecticides. Reagent and conditions: i) TEA, 

EtOAc, AcCl; ii) TEA, EtOAc; iii) TEA, DMAP, THF. 
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5.2 Evaluation of pro-insecticides potency in vitro and ex vivo 

The synthesized pro-insecticides 61 and 62 were subjected to biochemical 

evaluation using Ellman assay (experiments were performed by Dr. 

Cecilia Springer Engdahl at Umeå University, and assay description is 

provided in Appendix 1). First, both of them were analysed in vitro against 

recombinant AaAChE1 to investigate their activity on recombinant 

AaAChE1 in this assay. Both 61 and 62 were observed as inactive towards 

AaAChE1 at the highest tested concentration of 0.1mM. Furthermore, the 

pro-insecticides were analysed for ex vivo activity using the Ellman assay 

on mosquito homogenate extract from Ae. aegypti (head, and body 

separately) as a source of esterase enzyme. The first ex vivo experiment 

was performed to test the method, and to verify that the Ellman assay could 

be used on homogenate. This was investigated and evaluated by comparing 

IC50 values of 24 and 34 determined on recombinant enzymes to IC50 

values determined on mosquito homogenate. These values corresponded 

well, indicating that the Ellman assay could be used with mosquito extract 

as a source of esterase enzymatic activity to study these reversible 

compounds. The head, and body separation of mosquito was done to 

observe whether the esterase activity would differ much between these two 

tissues and if this would have any impact on the assay, and where we got 

esterase activity in the assay. As is seen in Figure 18 only minor 

differences between the two biological samples was noticed and thus from 

here on we used whole mosquitoes for the homogenization preparations. 

Similar to what we see for the recombinant enzymes, 24 and 34 are potent 

inhibitors of esterase activity from mosquito homogenates and the 

corresponding pro-insecticides 61 and 62 are not. It is expected that the 

transformation from a pro-insecticide to an insecticide is time dependent. 

The outcomes also showed that this short incubation time (in this first ex 

vivo experiment) was not enough for the inhibition activity of newly 

synthesized pro-insecticide (61).  
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Figure 18. Dose-dependent esterase activity responses of Ae. aegypti mosquito 

homogenate (head and body separately) with the treatment of A) indole inhibitor (24); B) 

pro-insecticide (61). 

As demonstrated in Figure 19 A and B a decline in esterase activity was 

noticed instantly and, in a dose-dependent manner for indole inhibitors 

(24, 34). These observations agreed with the in vitro biochemical 

evaluations results (Figure 18 A), suggesting time is not a factor for 

inhibition activity. On the other hand, the esterase activity responses from 

the ex vivo evaluation (Figure 19 C and D) suggested a time- and dose-

dependent inhibition potency for both pro-insecticides (61, and 62). Our 

results show ≥50 % decrease in esterase activity of whole mosquito crude 

extract after 4 h and 8 h incubation with 62 and 61, respectively. The effect 

of 62 is faster than that of 61 as the decrease in esterase activity was 

observed at earlier time points and at a lower concentration (Figure 19 D). 

These observations show that an increased incubation time at rt (21-22˚C) 

of mosquito-homogenate with respective pro-insecticides, is needed for 

transformation of the inactive pro-insecticides (61, and 62) to active 

compounds. These results have encouraged the application of these indole 

inhibitors and pro-insecticides for in vivo examination in disease-

transmitting mosquitoes to investigate their insecticidal potency.  
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Figure 19. Time and dose-dependent esterase activity of Ae. aegypti homogenate exposed 

to compounds 24, 34, 61, and 62; A, and B) Activity responses with the treatment of 24 

(A), and 34 (B) at three concentrations (200, 50, and 0.01 µM), corresponding to the three 

bars for each incubation time from left to right; C, and D) Activity responses with the 

treatment of the corresponding pro-insecticide 61 (C), and 62 (D) at six concentrations 

(200, 50, 20, 2, 0.2 and 0.002 µM) each bar at every individual time point correspond to 

a certain compound concentration with the highest concentration to the left and the lowest 

to the right. The homogenate was incubated with the compound for up to 20 h and herein 

the + indicates extract incubated with compound, and, – indicates that the compound was 

added just before the reading at that time-point. 

5.3 Evaluation of in vivo activation of pro-insecticides 61, and 62 

Herein, topical application of pro-insecticides on the mosquito specie Ae. 

aegypti (by Dr. Luna Kamau at Kenya Medical Research Institute) were 

observed with striking outcomes as shown in Figure 20. The observed 

mortality rates after 24h of application of pro-insecticides (specifically 62) 

were enthusiastic, and indicated towards the activation of pro-insecticide 

in the mosquito body, when tested at the doses of  2, 1, and 0.5 nmol. 
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Furthermore, results also implied that the concept of pro-insecticides 

works, but unfortunately did not give any better in vivo results than 24, 

and 34 indole inhibitors. The results provide insight into designing indole-

derivatives that undergo metabolism, where the mosquito could be better 

metabolically able to activate the pro-insecticide than off-target species 

(human, pollinator insects). 

 
Figure 20. Dose-dependant insecticidal efficiency of indole inhibitors on Ae. aegypti 

female mosquitoes; A) Indole inhibitor 24, and corresponding pro-insecticide 61 after 24h 

of in vivo topical application on Ae. aegypti at a dose of 0.2, 0.5, 1, and 2.0 

nmol/mosquito; B) indole inhibitor 34, and corresponding pro-insecticide 62 after 24h of 

in vivo topical application on Ae. aegypti at a dose of 0.02, 0.2, 0.5, 1, and 2.0 

nmol/mosquito. 

 

5.4 Concluding remarks  

➢ Ex vivo dose-dependent esterase activity responses from the 

homogenate of Ae. aegypti (head and body separately) with pro-

insecticide (61), suggested that incubation time is a major factor 

for their activity as compared to indole inhibitor 24. 

➢ The esterase activity responses from homogenate of Ae. aegypti 

(whole mosquito crude extract) in the ex vivo experiments with 

extended incubation times suggested a time- and dose-dependent 

inhibition potency for both pro-insecticides (61, and 62).  

➢ Further studies are needed to investigate additional physiochemical 

properties for molecules with pro-insecticide-compatible 

properties, which can confer additional bioavailability properties 

of the pro-insecticides. 
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6. Understanding the non covalent inhibition mechanism of 4-

thiazolidinones 

In this chapter the work presented in Paper II is described, which involves 

an investigation of the mechanism of inhibition of AChEs by 

thiazolidinone-based non-covalent inhibitors. The purpose of the study 

was to characterize the type of binding modality (competitive, 

noncompetitive, or uncompetitive) and the potency (Ki) imposed by these 

compounds on the target mosquito AChE1, and off-target hAChE. Overall, 

Paper II involves the design, synthesis, and biochemical evaluation of 

analogues with a common thiazolidinone core linked with an aromatic 

ring. The aromatic ring is decorated with functional groups in different 

positions and patterns. There is also an aliphatic amine moiety 

(cyclopropylamines and isopropylamine) linked to the 4-thiazolidinone 

core as shown below in chemical contour representation (Figure 21). In the 

biochemical evaluations most of the compounds from the thiazolidinone 

class were discovered as selective and potent inhibitors of AgAChE1 over 

hAChE. In general, they were not potent inhibitors of G122S-AgAChE1, 

which is a mutant strain of AgAChE1. The mutation has been reported to 

contribute to resistance of insecticides in disease-transmitting mosquitoes 

by preventing covalent inhibition to occur in the active site gorge of 

AChE1.60 

 
Figure 21. Representation of 4-thiazolidinones contour discovered through HTS against 

AgAChE1. 
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6.1 Design, synthesis, and biochemical evaluations of 4-thiazolidinones 

The design of thiazolidinone compounds for synthesis was based on 

potential inhibitors of mosquito AChE1s discovered in the previously 

performed HTS,57 against recombinantly expressed AChE1s (An. gambiae 

and Ae. aegypti). The compounds were designed to investigate specific 

structural modifications, such as variations in the aliphatic amine (2˚, or 3˚ 

amine), substitutions of the aromatic moiety, and variation in the pendant 

length of the thiazolidinone core (Figure 21), following synthesis and 

biochemical evaluation. It was concluded that the inhibitory activity was 

highly sensitive to modifications of the chemical structure of the 4-

thiazolidinones-based compounds. Any interference with the structure of 

the pendant aliphatic amine moiety reduced the inhibitory potency. 

Moreover, the type and pattern of the aromatic substituents had a 

significant effect. Results from the Paper II revealed that the substitution 

patterns of the aromatic ring that resulted in higher potency towards 

mosquito AChE1 differed from the once resulting in a higher potency 

towards hAChE. Moreover, halogen substituents were observed to induce 

complex effects.  

Herein, three 4-thiazolidinones compounds (64, 65, and 66) were found to 

be selective inhibitors of AChE1 from the mosquitoes An. gambiae and 

Ae. aegypti at low micromolar (0.82-8.1) concentrations (Figure 22). 

These compounds fulfill the requirements for an insecticide candidate to 

not only inhibit the target (AgAChE1) but to have acceptable selectivity 

over non-target (hAChE). However, as mentioned before they were less 

potent towards the mutant (G122S-AgAChE1) compared to wild type 

AChE1s.  
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 Figure 22. Chemical structure of selected 4-thiazolidinones-based inhibitors for kinetic 

experiments. 

6.2 Steady-state enzyme kinetics  

The kinetic analysis was performed to investigate the mechanism of 

inhibition of 4-thiazolidinones based inhibitors against three AChEs 

(AgAChE1, hAChE, and G122S-AgAChE1). In total, 23 newly 

synthesized 4-thiazolidinones derivatives were tested for inhibitory 

activity against recombinantly expressed AaAChE1, and AgAChE1. The 

obtained results showed that the IC50 values for the two mosquito enzymes 

were comparable and that they exhibited similar SAR patterns (Figure 23). 

Previous studies have also shown that non-covalent compounds from 

different chemical classes,57, 71, 72 have a similar inhibitory potency for both 

An. gambiae and Ae. aegypti.  Three 4-thiazolidinones (64-66) among the 

23 non-covalent compounds, were investigated to determine the 

compounds’ inhibition constant (Ki) and binding modality (competitive, 

noncompetitive, or uncompetitive).  
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Figure 23. Graph showing the correlation in the pattern of in vitro inhibition of AChE1 

enzymes from mosquito species An. gambiae (x-axis) and Ae. aegypti (y-axis) by the 

studied (23) 4-thiazolidinones expressed as pIC50. The square of the Pearson correlation 

coefficient r2 for the two mosquito enzymes’ pIC50 values was 0.96. 

 

We performed steady-state experiments using the Ellman assay, which 

involved measurements of the apparent Vmax and KM of a substrate 

(ATChI) at a range of inhibitor (0-100 µM), and substrate (1-300 µM) 

concentrations to determine the compound's kinetic inhibition constant 

(Ki) and mode of inhibition.  

Expectedly, (being AChEs inhibitors), these compounds decreased the 

apparent Vmax in a dose-dependent manner while the KM values were 

constant. This behavior was observed for all the tested AChE enzymes, as 

depicted for compound 64 against AgAChE1 in Figure 24 A-B. A change 

of apparent Vmax and constant KM values are consistent with a non-

competitive inhibition mechanism. This implies that the non-covalent 

inhibitors (64-66) were not competing with the substrate. Moreover, 

structural explorations through molecular docking of 4-thiazolidinone to 

AChEs suggested plausible binding poses in the active site gorge with non-

covalent interactions between the aromatic residues in the gorge and 

thiazolidinone inhibitors. The Ki of 64, 65, and 66 were determined and is 

presented in Table 5. The obtained results show that in the case of 
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AgAChE1, the Ki values were in good agreement with the IC50 values. 

Meanwhile, some differences among values of Ki and IC50 for G122S-

AgAChE1 and hAChE were seen. Compound 69, with a poor IC50 value of 

117 μM toward G122S-AgAChE1, was revealed to possess a moderate Ki 

value of 19 μM. In contrast, inhibition of hAChE was slightly weaker 

according to the Ki values of 64 and 66, compared to the IC50 

measurements.  

 
Figure 24. Non-competitive inhibition of compound 64; A) Curves at different 

concentration of inhibitor, and acetylthiocholine iodide (ATChI); B) Michaelis-Menten 

kinetics for the AgAChE1 and the ATChI at different concentrations of the inhibitor. 
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Table 5. Kinetic inhibition constants (Ki) and IC50 values of selected 4-

thiazolidinones -based inhibitors 

ID AgAChE1 

(µM) a,b 

 

G122S-AgAChE1 

(µM) a,b 

 

hAChE 

(µM) a,b 

 

  

Ki             IC50 

 

Ki       IC50 

 

 

Ki             IC50 

 

64 5.4            8.1 

(4.2-6.8)   (6.1-9.4) 

54              53 

(42-70)        (37-75) 

231             134 

(199-267) (114-159) 

65 0.73           0.82 

(0.57-0.95)  (0.72-0.93) 

ndc         >200 ndc           >200 

66       1.0                   1.0 

(0.9-1.2)          (0.76-1.4) 

19                117 

(14-24)        (73-186) 

65           31 

(58-74)    (23-42) 

 

aCompounds tested as HCl salts. b95% confidence interval given in parentheses. cn.d. = 

not determined. 

6.3 Concluding remarks  

➢ A good agreement between Ki and IC50 values of three investigated 

4-thiazolidinones inhibitors has confirmed the potency and 

selectivity of the non-covalent inhibitors 64-66 for AgAChE1 over 

hAChE. 

➢ The moderate Ki value compared to the IC50 value for compound 

66 in the current kinetic analysis has suggested that this compound 

is an inhibitor of mutant strain G122S-AgAChE1. Furthermore, the 

observed lower potency of compound 66 for hAChE suggests 

selectivity for the mutant mosquito AChE1.  

➢ Steady-state enzyme kinetics experiments revealed compounds 64, 

65, and 66 as non-competitive inhibitors against AgAChE1, 

hAChE, and G122S-AgAChE1. 
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7 . Functional characterization of AChE2 from Ap. mellifera and An. 

gambiae and comparisons with their mosquito AChE1 paralogues and 

mammalian ortholog 

In this chapter and in Paper III, the functional properties of the AmAChE2 

of Ap. mellifera, and AgAChE2 from An. gambiae were characterized in 

comparison to mosquito AChE1 and mammalian AChE from human. 

Moreover, some catalytic parameters including kinetic constants, and 

substrate preferences of Am- and AgAChE2, were investigated for kinetics 

properties among themselves, and in comparison, with AgAChE1 and 

hAChE to gain insight into their catalytic function. By doing this study we 

aimed to understand similarities and differences among AChEs. We 

performed a biochemical investigation of known non-covalent compounds 

(set 1-2, from different chemical classes) on two AChE2s from honey bee 

and mosquito for molecular recognition. Furthermore, structural analysis 

was performed specifically on AmAChE2 to find the structural basis for 

difference in selectivity. Current research could be beneficial for our long-

term goal to achieve mosquito AChE1 selective inhibition for insecticide-

based vector control.  

7.1 Cloning and protein expression of AmAChE2 and AgAChE2 

Expression constructs of AChE2s were made by cloning full-length ace-2 

genes of honey bee (Ap. mellifera) and disease-transmitting mosquito (An. 

gambiae). The baculovirus expression system was used for the expression 

of cloned construct. This involved a recombination event of both ace-2 

genes separately onto the baculovirus chromosome, which were sub 

sequentially used for transfection of insect Spodoptera frugiperda-9 (Sf9) 

cell lines. The amplification of virus titer (baculovirus chromosome) by 

various rounds of infection, was observed with typical morphological 

changes and granular appearance of infected cells (Sf9) (Figure 25) as the 

confirmation of transfection and infection. The level of expressed and 

secreted AChE2s was investigated by measuring enzyme activity of the 

growth medium using the Ellman assay. The highest AChE activity levels 

were obtained when adherent cells at approximate cell density of 70-80% 

confluence was infected with P2 virus stock. The activity of secreted Am- 

and AgAChE2s was 0.04 dA/min/µl and 0.084 dA/min/µl respectively, this 
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was lower enzymatic activity than previously reported for AgAChE1.134 

The expressed AmAChE2 and AgAChE2 proteins were then purified and 

their sequences were confirmed by LC-MS/MS. Full-length constructs of 

AmAChE2 and AgAChE2, covering 586 and 593 amino acids, 

respectively, were produced and used for kinetic studies without any 

further purification of the secreted enzymes.  

Figure 25. Representation of appearance of insect cell line (Sf9); A) Infected cells (Sf9) 

showing granular appearance; B) Control with non-infected cell (Sf9). 

 

7.2 Kinetic characterization of AChE2s 

The recombinant enzymes Am- and AgAChE2 showed similar enzyme 

kinetics with some minor but important differences. KM -values were for 

recombinant AmAChE2, 5.4, 7.6, and 1.3 µM for ATChI, PTChI, and 

BTChI, respectively, and revealed enhanced affinity for all substrates 

compared to AgAChE2 (Table 6). The results showed that AmAChE2 had 

a higher affinity for BTChI than for the two smaller substrates ATChI and 

PTChI, which was not the case for AgAChE2. Both Am- and AgAChE2 

hydrolyzed ATChI and PTChI faster than they hydrolyzed BTChI, as 

indicated by their Vmax values for the different substrates (Figure 26, and 

Table 6). These findings were consistent with the earlier observations for 

AgAChE1 and hAChE in terms of substrate preferences for ATChI over 

BTChI.134 Furthermore, our data revealed that both AChE2 enzymes 

hydrolyzed PTChI equally fast as ATChI since Vmax(PTChI)/Vmax 

(ATChI) = 0.97 for AmAChE2 and, 1.10 for AgAChE2. We concluded that 

AChE2 enzymes prefer ATChI and PTChI substrates over BTChI (Table 
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7), in contrast to  AgAChE1 and hAChE,  where ATChI was preferred over 

both PTChI and BTChI.134 Current kinetic findings for AChE2s were 

compatible with the previous research for AmAChE2,50 and AgAChE2,135 

indicating similarity in substrate preferences.  

 

Figure 26.  Enzyme kinetics: A) Chemical structures of the substrates ATChI (67), PTChI 

(68), and BTChI (69) Michaelis-Menten curves for the three substrates (67-69) and the 

enzymes; B) AmAChE2, and C) AgAChE2, with three replicates. 

 

Table 6. Kinetic parameters of AChEs.  

Enzyme Substrate Vmax (dA/min) a KM (µM)a 

 

    AmAChE2 

ATChI 33 (32-35) 5.4 (4.2-6.8) 

PTChI 32 (30-33) 7.6 (5.9-10) 

BTChI 9.4 (8.9-10) 1.3 (0.8-2.1) 

    

 

AgAChE2 

ATChI 52 (48-56) 15 (10-21) 

PTChI 55 (52-58) 17 (13-22) 
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    aValue in parentheses = 95% confidence interval; bPreviously determined.134       

 

Table 7. Comparison of substrate specificity based on kinetic constant (apparent 

Vmax) ratios 

                  Ratio         AmAChE2        AgAChE2 

a
V

m
a

x
 

 P/A 

B/A 

 

0.97 

0.28 

      1.10 

      0.46 

     a VmaxB/VmaxA = relative maximum velocities;  A = ATChI, P = PTChI, B = BTChI 

 

7.3 Utilization of compounds to profile the molecular recognition of 

AChE2s  

 To probe the molecular recognition of the active site gorges of honey bee 

and mosquito AChE2 two sets of compounds (sets 1-2),57, 71, 136 were 

utilized as chemical tools. Set 1 contains the selected compounds of 

phenoxyacetamide- (70, 71),57, 72 thiourea- (72, 73),71 based chemical 

classes, which have been previously reported as non-covalent inhibitors 

for AgAChE1 or hAChE, and amide-(74, 75),69 based chemical class, 

which have been previously reported as inhibitors for hAChE (Figure 

27A). The selection was made based on differences in potency, and 

selectivity against previously investigated AChEs enzymes (AgAChE1, 

and hAChE).57, 71 Also, previously performed structural analysis of the 

selected inhibitors (70, 71, 72, 74, and 75) suggested their different binding 

poses in complex with mAChE (based on X-ray crystallography). This 

implied that compounds (70, 71, 74, and 75) reported with non-covalent 

interaction between respective aromatic moiety of compounds and 

BTChI 24 (22-26) 13 (8.9-20) 

    

 

AgAChE1 

ATChI 202 (171-240) 43 (27-68) 

PTChI 407 (393-421)b 25(20-29) b 

BTChI 58 (55-61) b 36 (27-25) b 
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aromatic residues at the PS, while the linker span in gorge and keeps the 

aliphatic tertiary amines in position to interact at the CAS.72, 136, 137 While, 

compound 72 has been reported to interacts with its aromatic moiety in 

CAS, and the linker with its aliphatic amine is pointing towards the 

entrance of gorge.137 

Herein, the activity-based experiments revealed that their inhibition 

profiles against AChE2s was dependent on their differences in aromatic 

substituents, linkers and aliphatic amines and thus on the shape of 

compound (Figure 27B). The activity-based experiments showed that four 

compounds (70, 72, 74 and 75) displayed dose-dependent inhibitory 

activity but without any significant difference in potency for AmAChE2 

and AgAChE2 (Figure 27B). In a previous study against AChEs enzymes 

compound 70 was reported potent against AgAChE1 and hAChE.72 

Moreover, in the current study also this (70) was observed with maintained 

inhibition profile against AChE2s (Figure 27B). Interestingly, compound 

71 was reported potent against AgAChE1 but as a substantially weaker 

inhibitor for hAChE and here, it was observed with complete loss of 

potency against AChE2s. Both 70, and 71 belong to phenoxyacetamide-

based chemical class, where a substituted aromatic moiety connected 

through acetamide linker to other aromatic or aliphatic moiety having an 

aliphatic amine extension as can be seen in Figure 27 A. Though both of 

them were revealed as poor inhibitor of AChE2 compared to mosquito 

AChE1. Moreover, compound 71 with bi-phenyl aromatic fragment, bulky 

piperidine substituted acetamide linker and with ethyl substituted tertiary 

amine was completely inactive against AChE2, and has been also reported 

as selective for mosquito AChE1 over hAChE. Moreover, as mentioned 

before in Introduction, some important differences in active site gorge (PS) 

of mosquito AChE1 and hAChE have been revealed,58 and confirmed the 

difference in the dynamics of AChEs among different species. 

Conclusively, the loss of activity of compound 71 towards AChE2s, 

indicate towards the different molecular dynamics of active site gorge in 

case of AChE2. Furthermore, compounds 72, and 73 have been reported 

potent and selective inhibitors of AgAChE1 over hAChE,71 and against 

both AChE2s compound 72 was observed as a potent inhibitor, while 73 

was observed with complete loss of activity. Both compounds 72, and 73 
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belongs to the thiourea-based chemical class, and differ in their aromatic 

substituents, and aliphatic amines moiety, where both moieties connected 

through thiourea linker. Interestingly, compound 73 with di-substituted 

aromatic ring, and methyl piperidine as a tertiary amine, was observed with 

inactivity for AChE2s over mosquito AChE1. While, compound 72 with 

mono-substituted aromatic ring and small dimethyl amine as a replacement 

for piperidine tertiary amine (73) was observed with inhibitory activity for 

AChE2s as mosquito AChE1. Furthermore, amide enantiomers (74, and 

75) have been discovered as potent inhibitors of hAChE,136 and were 

observed with inhibitory activity for AChE2s as mosquito AChE1. 
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Figure 27. Set 1 containing compounds belonging to three different chemical classes: A) 
Chemical structures of 70), 71) Phenoxyacetamide derivatives; 72), 73) thiourea 

derivatives; 74), 75) amide derivatives; B) pIC50 values are given below the chemical 

class, color-coded from dark green (most potent inhibitor) to dark red (inactive). 

 

Set 2 included nine mosquito AChE1 inhibitors from the thiazolidinone 

class described in chapter 6 (Figure 28A). A general trend was observed 

for these mosquito AChE1 inhibitors, against AChE2s, that these (64-78) 

were observed with substantial difference in binding potency for 

AmAChE2 over AgAChE2. Moreover, some of these were also reported 

selective for AgAChE1 over hAChE (Figure 28B, Paper II). However, the 

replacement of substituted aromatic ring for non-substituted aromatic ring 

in compound 79 was observed with complete loss of inhibitory activity 

against AChE2s. Furthermore, in case of compounds 81, where the three-

carbon chain pendent having tertiary amine, was replaced for two-carbon 

chain pendant having secondary amine, were observed with inactivity for 

both AChE2s. Conclusively, the thiazolidinone analogues observed with 

different structure SAR for AmAChE2. These results were interesting and 

encouraging to perform further structural analysis of these analogues in 

complex with AmAChE2, to probe the binding interaction in active site 

gorge. 
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Figure 28. Set 2 containing thiazolidinone-based compounds: A) Chemical structure 

illustration of thiazolidinone-based non-covalent inhibitors investigated in this study; B) 

pIC50 values are given below (against AmAChE2, AgAChE2, AgAChE1, and hAChE) for 

inhibitors, color-coded from dark green (most potent inhibitor) to dark red (inactive).     

7.4 Structural comparison of AmAChE2, AgAChE1, and hAChE 

A homology model of AmAChE2, based on the X-ray structure of 

Drosophila melanogaster (DmAChE, PDB: 6XYS), was prepared and is 

depicted in Figure 29 (Paper III). The structural comparison of the 

homology model of AmAChE2 to the 3D structures of AgAChE1138 and 

hAChE139 was observed with sequence identity and similarity of 44% and 

59%, and 41% and 56%  respectively. Besides the highly conserved active 

site gorge among AChEs, the Ω loop and loop1 were also observed to have 

two conserved tryptophan residues (Trp83Am2/Trp245Ag1/Trp86h and 

Trp303Am2/Trp441Ag1/Trp286h), which have been reported important for 

inhibitor potency in previous studies.72 Furthermore, some important 

differences were also observed, specifically in the PS. Met137Am2 was 
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found to replace the more polar and larger Tyr282Ag1/Tyr124h. Differences 

were observed in the size of the gorge opening, which includes the 

replacements of Glu69Am2, Tyr71Am2, and Tyr73Am2 compared to 

Ile231Ag1/Tyr72h, Asp233Ag1/Asp74h, and Val235Ag1/Leu76h, suggesting 

AmAChE2 to have a more wide gorge entrance. Furthermore, due to 

differences in sequence lengths, the difference in the conformations of 

loop 1 was observed among the 3D structures of different AChEs 

(AgAChE1, hAChE, and AmAChE2). AgAChE1 was found to have the 

shortest, while the hAChE loop 1 immersed out with the longest sequence 

(Paper III). More specifically, Tyr306Am2 was found to replace the 

smaller, non-polar Leu444Ag1/Leu289h and is directed towards the gorge. 

Leu310Am2 in loop 1 was revealed to replace the larger Phe295h, and 

Cys447Ag1, and is directed away from the gorge. As mentioned before in 

the Introduction, this insect specific Cys447Ag1 was of particular interest 

since it has been a putative target for development of selective mosquito 

AChE1 inhibitors. Loop 2 also differs among species with sequence 

identity for AmAChE2 with AgAChE1 and hAChE of 7% and 29%, 

respectively, but substantially higher sequence similarity 47% and 50%, 

respectively. 
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Figure 29. Tertiary structure of AmAChE2 (homology model). The Ω loop is colored 

dark green, loop 1 is colored red, the α-helix/loop 2 is colored pink, respectively. 

7.5 Binding poses of compound 70, and 66 in AmAChE2  

The non-covalent mosquito AChE1 inhibitors 70 and 72 from set 1 were 

observed as inhibitors against AChE2s also, in contrast to their analogues 

71 and 73 that were inactive. As mentioned before, in previously 

performed X-ray crystallography- based structural studies for 70 and 71 

with mAChE, both compounds have been observed with non-covalent 

interaction based binding poses extended deep in the CAS of the active site 

gorge of the enzyme.57, 137 In Paper III structural  analysis (molecular 

docking and MD simulations) of 70  revealed different binding poses in 

AmAChE2 as compared to mAChE. Similar poses were not possible in 

AmAChE2, most probably because of the side chain of Tyr71Am2 which 

provided sterical hindrance and limited the space as compared to the 

corresponding Asp74m in mAChE. Rather, in case of AmAChE2 a pose was 

observed where the compound 70 was expanded in the gorge of AmAChE2 

(Figure 30). The arene-arene interactions were observed between aromatic 

moiety, and Tyr306Am2 in loop 1 at the entrance of the gorge, as compared 

to previously reported interaction with Trp286m in mAChE•70. The 
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piperidine moiety, extended until the bottom of the gorge, and found to 

form arene-cation interactions with Trp83Am2, as Trp86m in mAChE•70, 

but also with Tyr352Am2. Moreover, arene-arene interactions were 

observed between the middle aromatic moiety of 70 and Tyr71Am2. 

Furthermore, the MD simulations of AmAChE2•70 confirmed the binding 

interactions observed in docking simulation. 

 
Figure 30. Molecular docking based suggested binding conformations for AmAChE2•70 

figure illustrating a pose, with arene-arene interactions to Tyr306 in the PS and the 

piperidine moiety is forming arene-cation interactions with Trp83 in CAS. 

In case of enantiomeric compound 66 (R and S) (from set 2) both 

enantiomers were docked to AmAChE2, and observed to possess two (A, 

and B) binding poses, as displayed with AmAChE2•66R enantiomer in 

(Figure 31). Pose A of 66 was found to have an arene-arene interaction 

with Tyr71Am2 (Figure 31A), and pose B had arene-arene interaction with 

Tyr356Am2 (Figure 31B).  The pendant having tertiary amine was observed 

to have similar cation-arene interactions with Trp83Am2 and Tyr352Am2 for 

both binding poses. Similarly, to 70, the binding pattern observed with 

molecular docking of the 4-thiazolidinones 66 (R/S) enantiomers was 

confirmed with MD simulations.  
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Figure 31. Molecular docking based suggested binding conformations for 66 R docked 

to AmAChE2; A) AmAChE2•66R pose A, displaying the arene-arene interactions are 

formed to Tyr71Am2 and the dimethyl amine is forming arene-hydrogen interactions with 

Trp83Am2 and Tyr352Am2 in the active site gorge; B) AmAChE2•66 pose B, displaying 

arene-arene interactions formed to Tyr356Am2 and the dimethyl amine is forming arene-

hydrogen interactions with Trp83Am2 and Tyr352Am2 in active site gorge. 
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7.6 Concluding remarks 

➢  Active AChE2 (Am- AgAChE2) enzymes from the ecologically 

important honey bee and disease transmitting-mosquito were 

successfully produced.  

➢ In AChE2s and mosquito AChE1 enzymes, small but important 

differences in their kinetics and sensitivity for inhibitors indicated 

possibilities to address the safety prospective for off target 

pollinator insects (honey bee). 

➢ In AmAChE2, despite having amino acid sequence identity and 

similarity of 44% and 59%, with AgAChE1 and 41% and 56% 

with hAChE respectively, the 3D-structure-based comparison 

study has highlighted some important differences in the PS. 

➢ Residue Met137Am2 was observed to contribute towards the 

change in shape of gorge in AmAChE2 in comparison to 

AgAChE1, hAChE.  

➢ Docking and MD has supported the interaction of 4-thiazolidinone  

with AmAChE2, as observed in inhibition kinetics experiments. 

➢ The Tyr71Am2 residue was highlighted as important for both 

inhibition and obtaining selectivity. 
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Section II-Towards the identification of drug targets  

against trypanosomiasis infections (African and American 

trypanosomiasis) 
 

8. Discovery of chemical modulators to probe the MCAs in T.brucei 

To discover modulators (inhibitors, and activators) against TbMCA-Ib, we 

considered target based HTS as a suitable approach to identify a chemical 

starting point. This allowed us to evaluate a large library of compounds to 

investigate chemically diverse molecules as described in Paper IV, and in 

this chapter.  

8.1 Assay development  

To perform large scale testing, we optimized an activity-based 

fluorescence assay, for TbMCA-Ib using the prototypic MCA substrate Z-

GGR-AMC, prioritizing robustness and reproducibility. The assay 

development included several factors to facilitate the proteolytic 

autocatalysis of the zymogen, ensuring optimal conversion to an active 

protease. We carried out the optimization process in black 384-well plates 

with or without using MCAs inhibitor compounds. First, the concentration 

of the co-factor (Ca²⁺) was tested across a wide range (1-50 mM), 

confirming 10 mM as optimal concentration (Appendix 2), which was 

consistent with prior findings.96, 140 The incubation protocol was verified 

in terms of protein concentration, temperature and time to identify optimal 

conditions for catalytic activity (Paper IV, Appendix 3). Results showed 

that incubation of the protein at a high concentration (0.3 mg/mL) and 

physiological temperature (37°C) for 30 minutes was essential for an 

optimal activation of TbMCA-Ib. The optimized conditions were further 

evaluated for activation of TbMCA-Ib with sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis, as shown in 

Figure 32A. Additionally, the final assay concentration of the protein was 

determined to ensure system linearity throughout the biochemical 

experiments, and it was concluded that 80 nM was optimal, as 

demonstrated in Figure 32B. 
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Figure 32. A) Schematics of major fragments produced in self-cleavage of TbMCA-Ib 

with incubation at rt and 37˚C at different activation time points, and at a protein 

concentration 0.3 mg/mL; B) Kinetic progression curves for different TbMCA-Ib 

concentrations at a fixed dose of Z-GGR-AMC. 

 

8.2 Enzyme kinetics, and inhibition determination 

The Michaelis-Menten constant for the substrate GGR-AMC with 

recombinant TbMCA-Ib was determined in optimal assay conditions (30 

minutes incubation at 37 ˚C) to a value of 149 µM and an apparent Vmax of 

1569045 RFU/min (Figure 33A). Based on the acquired KM value, the final 

substrate concentration was set to 75 µM in the HTS. Furthermore, two 

known covalent protease inhibitors (antipain 84, and chymostatin 85) were 

selected for validation of the assay. The compounds were tested in a dose-

dependent manner at 12 different concentrations using the optimized 

conditions previously described, and IC50 values were determined. 
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Through this analysis both of protease inhibitors revealed to interact with 

TbMCA-Ib, and antipain showed strong inhibiting properties, and had IC50 

= 25 nM (Table 8).  

An in-house plant-MCAs inhibitor AL547 (82), and AL549 (83) from the 

CBCS platform, previously identified through screening as noncovalent 

inhibitor of the plant MCAs. (structures are not shown here because of 

confidentiality reasons) Herein, both 82, and 83, were evaluated to explore 

the activity of these compounds against TbMCA-Ib, and as obvious from 

the dose-response curves in Figure 33B, these were discovered to exhibit 

an efficient inhibition of the enzyme, and had IC50 values of 1.2, and 0.15 

µM respectively. Because of their inhibitory potency towards both plant 

and protozoan metacaspases the compounds were included in the 

screening as positive controls.  

 

 
Figure 33. Kinetic profile of TbMCA-Ib; A) Michaelis-Menten graph used for KM 

determination of enzyme after activation through 30 minutes incubation of TbMCA-Ib at 

37˚C at concentration 0.3 mg/mL with CaCl2 10 mM followed by dilution to final assay 

concentration of 80 nM, reaction initiated with the addition of Z-GGR-AMC (0-2000 

µM); B) Dose-response curves of positive control inhibitors (82-83) against TbMCA-Ib, 

under the similar assay conditions described for KM, besides GGR-AMC 75 µM. 
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Table 8. Inhibition kinetics with known protease inhibitors antipain (84), and 

chymostatin (85). 

ID Structure TbMCA-Ibb 

IC50 (µM) c 

 

84.a 

 

 

 

0.025 (0.019 - 0.032) 

 

85.a 

 

 

 

22 (5.1 - 86) 

a Mixture of stereoisomers; bTbMCA-Ib enzyme incubated for 30 minutes at 37˚C with 

enzyme concentration of 0.3 mg/mL, and CaCl2 10 mM followed by a dilution for a final 

assay concentration of 80 nM. The reaction is initiated by the addition of 75 µM Z-GGR-

AMC; cValues given in parentheses = 95% confidence interval. All IC50-values were 

calculated using non-linear regression (curve fitting) in Graph Pad Prism and the log 

(inhibitor) vs. response variable slope equation with four parameters. 

8.3 Primary screening against TbMCA-Ib  

For the primary screening against TbMCA-Ib, a library of 36,541 

compounds was screened in one point concentration (one measurement at 

50 µM). The average Z´-factor parameter (robust Z´-factor parameter was 

calculated for each plate separately)141 for the whole screen was 0.64 with 

a minimum of 0.40 and maximum of 0.85. The results for one plate 

containing 336 screened compounds, with 48 controls (combined negative, 

and positive control) are shown in Figure 34. For the selection of hits, the 

threshold was calculated for each plate separately according to the 

equation mentioned in Paper IV. In this respect, compounds resulting 

enzyme activity below 65% were selected as potential inhibitors, while 

those with enzyme activation at or above 175% were selected as potential 
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activators. In total, 182 potential inhibitors and 191 potential activators 

were identified in the primary screen. 

 
Figure 34 TbMCA-Ib screen. The results for one screening plate, showing % activity of 

TbMCA-Ib. Data points represents the enzyme activity in presence of compounds and are 

schematically divided color wise, green = 82, red = 83 (positive control), yellow = 

dimethylsulphoxide (negative control) and dark blue = screening compound. The hit 

threshold is displayed with thick gray lines. 

8.4 Follow-up screening against TbMCA-Ib 

The 373 compounds that were classified as hits based on the previous 

defined criteria were included in a follow-up screen, measured as 

duplicates at three concentrations (10, 25, and 50 µM). In parallel, the 

compounds included in this screen were also evaluated in silico to 

investigate potential pan-assay interference compounds (PAINS).142 

Compounds that showed a clear inhibitory activity and dose-response at 

the three tested concentrations, were clustered based on their chemical 

structures, and marked according to warning flags in the PAINS screen. 

Based on the inhibitory potency, the structural analysis, and the PAINS-

analysis, 47 compounds were selected for dose-response evaluation. This 

included 17 inhibitors and 30 activators (Figure 35).  
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Figure 35. Grouping of hit compounds selected for dose-response evaluation. The 

grouping is based on structural elements and functional groups present in the compounds; 

A) Potential activators, and the number of compounds belonging to each group; B) 

Potential inhibitors, and the number of compounds belonging to each group.  

 

8.5  Dose-response evaluation of TbMCA-Ib inhibitors 

Out of the 17 selected potential inhibitors, 10 inhibited TbMCA-Ib in a 

dose-response manner. The chemical structures together with their IC50 

values are presented in Table 9, and their dose-response curves in Figure 

36. Compound 88, and 92-94 inhibited TbMCA-Ib, and had IC50-values 

below 15 µM. These inhibitors exhibited various functional groups and 

structural elements, for instance compound 88, where two heterocyclic 

moieties (substituted thiazole and thiophene) are connected through a 

sulphonamide linker. While, in the case of 92, the sulphonamide linker 

connects a bulky biphenyl aromatic moiety to the thiadiazol heterocyclic 

moiety, which is further extended with a phenyl acetamide extension. 

Compound 93, differs from others inhibitors (presented in Table 9), and 

possess arginine like extensions (dicarbamimidothioate), while 94 

contains a pyrazole core, between two aromatic moieties, and lacks 

sulphonamide or amide linker. The remaining compounds (86, 87, 89-91, 

and 95) were observed to have IC50-values below 30 µM. Compound 86 

has a substituted aromatic moiety that is connected to a monosubstituted 

thiazole through a sulphonamide linker. Similarly, 87, where both moieties 

(aromatic, and heterocyclic) are bulky and connected through 

sulphonamide linker. Moreover, in 89 two heterocyclic moieties 
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(substituted thiazole, and thiophene) are connected through sulphonamide 

linker. Furthermore, 95 was found to be different from the others inhibitors 

(presented in Table 9). 95 consists of a cyanopyrimidone core with an 

acetamide linker connecting two aromatic moieties. It was found that the 

inhibitors (86-90, and 92) having sulphonamide, or amide linker between 

two aromatic or heterocyclic moieties resemble with a known TbMCA-Ib 

inhibitor compound 14,106 (shown in Figure 7). In case of compound 14 

the amide linker connects two aromatic moieties similar to the inhibitors 

(86-90, and 92) presented in Table 9, where the connecting linker is a 

sulphonamide, or amide between two differentially substituted aromatic 

moieties. Compound 93, containing arginine mimicking 

(dicarbamimidothioate) shows similarities with known peptidomimetics 

(such as compound 15).113  

Table 9. The chemical structures and corresponding IC50 values of 10 inhibitors 

from dose-response evaluations against TbMCA-Ib. 

ID Structure IC50 (µM)a 

86 

 

27 (22–34) 

87 

 

26  

(15–169) 

88 

 

11 (8–15) 

89 

 

18 (16–21) 
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90 

 

29  

(24–38) 

91 

 

29  

(19–129) 

  

92 

 

14  

(12–17) 

93 

 

7  

(5–10) 

94 

 

13  

(9–26) 

95 

 

19  

(12–121) 

avalues given in parentheses = 95% confidence interval. 
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Figure 36. Dose-response curves of 10 inhibitors; A) 86-90; B) 91-95. The corresponding 

chemical structures are shown in Table 9. 

8.6 Dose-response evaluation of TbMCA-Ib activators 

All the 30 selected activators were observed to increase the activity of the 

enzyme in the range of ≥175 %, and ≤ 262% at 100 µM, the highest used 

concentration of inhibitor. To the best of our knowledge, this is the first 

time that specific activators for TbMCA-Ib were discovered in literature. 

Herein, to explore activator compounds further, we have ordered solid 

material from commercial sources for 10 compounds, and nine were 

confirmed with purity > 95% (compatible with biological assays) and 

chemical structure. Furthermore, we subjected these nine compounds to 

the dose-dependent activity-based assay, and they were shown to increase 

activity of TbMCA-Ib in the range of ≥ 142 %, and ≤ 492% at 500 µM, the 

highest used concentration of inhibitor (Paper IV). 

8.7 Investigation of the activators for enzyme-activity enhancing 

ability 

The six compounds out of nine, were selected on the basis of 

reproducibility of data, and the quality of dose response curves from the 

secondary screening, for further exploration. With the aim of confirming 

the results of increased activity of TbMCA-Ib when treated with identified 

activators from the dose response evaluation. The six compounds were 

tested after following two different incubation protocols: in the previously 

described optimal conditions and in sub-optimal conditions (TbMCA-Ib 

was incubated for 15 minutes at 20-22 ˚C, at 0.006 mg/ml concentration). 

Sub-optimal conditions were used to investigate the compounds ability to 

activate TbMCA-Ib, in contrast to enhancing the already active enzyme. 
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The result from the dose-response evaluation are presented in Table 10 and 

Figure 37. The results implied that the activity-enhancement phenomenon 

was applicable to the already activated enzyme under optimal conditions 

of assay. Whereas, the treatment of these compounds in sub-optimal 

conditions with partially activated TbMCA-Ib, did not result in a full 

activation of the enzyme. Instead, a decline in activity-enhancement effect 

was observed in sub-optimal conditions. Moreover, these activity 

enhancers were observed to possess differential functional groups and 

structural elements in comparison to inhibitors. Which implies that the 

aromatic, and aliphatic moieties for activators (96-99), were substituted 

with bulky substituents (-CF3, -tBu, -iPr), and indole scaffold (100-101) 

was also found to confer an increase of the enzyme activity. Some were 

observed with sulphonamide and amide linker as inhibitors. 

Table 10. Representation of (% activity enhancement) of 6 out of 9, activators from 

the dose-response confirmation against TbMCA-Ib. 

 
aTbMCA-Ib was activated through 30 minutes incubation at 37˚C at the concentration of 

0.3 mg/mL with CaCl2 (10 mM) followed by a dilution to the final assay concentration 

of 80 nM. The reaction was initiated with the addition of Z-GGR-AMC (75 µM); 
bTbMCA-Ib was partially activated through 15 minutes incubation rt at the concentration 

of 0.006 mg/ml with CaCl2 (10 mM) followed by a dilution to the final assay 

concentration of 80 nM. The reaction was initiated with the addition of Z-GGR-AMC (75 

µM); cconcentration of the activator compounds. 

 

ID 

Fullya 

activated 

Partiallyb 

activated 

 

100 µMc  

 

500 µMc  
100 µMc 500 µMc 

96 176 ± 48 208 ± 48 40 ± 4 86 ± 8 

97 226 ± 75 492 ± 32 209 ± 63 189 ± 6 

98 346 ± 10 443 ± 21 96 ± 11 110 ± 35 

99 172± 17 318 ± 12 128 ± 16 147 ± 11 

100 146 ± 13 142 ± 14 170 ± 5 208 ± 15 

101 131 ± 4 170 ± 40 98 ± 9 152 ± 30 
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Figure 37. A) Dose-response curves of six confirmed activators against TbMCA-Ib; B) 

The corresponding chemical structures of tested compounds. 
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8.8 Concluding remarks  

➢ The TbMCA-Ib HTS analysis identified 373 hit compounds in the 

initial screening, out of which 182 were observed with inhibition, 

and 191 were observed as activators, suggested that TbMCA-Ib 

was targeted by these compounds. 

➢ Moreover, in the dose-response analysis at sub-optimal conditions 

of assay, the activators were not revealed as true activators, but 

enzyme-activity enhancer. 

➢ The hit compounds (10 inhibitor, nine activators) that were 

identified can be used as chemical starting point scaffold, for 

designing followed by synthesis of potent TbMCA-Ib modulators. 

These are needed to probe the enzyme as a potential target to 

induce PCD in Trypanosoma, in the combat against 

trypanosomiasis. 

 



 
78 

9. Conclusion  

Vector control against mosquito-borne infections (malaria, dengue)  

Today, vector-borne infectious diseases (malaria dengue) not only cause 

enormous pain and suffering also impose heavy economic burdens.143 

Vector control by means of insecticide-based interventions is the primary 

method to avoid transmission of these infections. Moreover, in the 

presence of challenges discussed in the introductory part regarding 

insecticide resistance, and off target toxicity, there is an urgent need for 

new insecticides. In this thesis, we emphasized the importance of 

developing non-covalent compounds targeting mosquito AChE1 

selectively for effective vector control. We have explored the enzymes 

AChE1, AChE2, and hAChE from the disease-transmitting mosquitoes, 

honey bee, and human, respectively. AChEs were investigated and 

compared to gain insight into their catalytic function and molecular 

recognitions with a long term goal towards new insecticides for use in 

vector control.  

Herein, among the currently SAR-based designed, and synthesized, indole 

analogues, we discovered three potent compounds displaying nanomolar 

range IC50 values (40-70 nM against mosquito AChE1), through in vitro 

biochemical evaluation as demonstrated in Section I, Paper I. A number 

of analogues were discovered with the best SR in the range of 155-394 

against mosquito AChE1 over hAChE, and signify their selective profile 

for mosquito over human. Few indole-analogues showed insecticidal 

effects in vivo on two adult female mosquitoes Ae. aegypti, and An. 

gambiae at high doses. Though overall, in vivo insecticidal results were 

not in the complete agreement with in vitro data, as has been reported 

before.57, 71, 72, 116 A poor bioavailability could be an influential factor for 

the low in vivo activity.144, 145 Furthermore, pro-insecticides were 

synthesized, and explored ex-vivo, and in vivo to bypass the supposed poor 

bioavailability issue. The promising outcomes of utilizing pro-insecticides 

as a strategy for non-covalent mosquito AChE1 inhibitors, suggested the 

significance of this approach. This aligns with the established significance 

of pro-insecticides for covalent mosquito AChE1 inhibitors noted in earlier 

studies.146 Through X-ray crystallography investigations, the indole-based 

inhibitors were observed with a different shape, and position (folded over 
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the conserved catalytic site) as compared to covalent inhibitors (interact 

with conserved catalytic Ser203), as expected. Moreover, indoles were 

revealed with similar non-covalent binding interaction in the lower part of 

active site gorge, as other non-covalent AChE1 inhibitors.57, 71, 72 

Currently, no insecticides utilize non-covalent inhibitors against mosquito 

AChE1 as a target, although recent research has developed diverse classes 

of non-covalent inhibitors.71, 72, 116 Biochemical and structural 

investigations have shown that these inhibitors bind to their targets through 

non-covalent interactions. Consequently, they can have interactions at 

various locations within the active site gorge.57, 71 However, mechanism of 

the inhibition has not been determined for non-covalent compounds in 

mosquito AChE1. Herein, through steady-state kinetic analysis, (Section 

I, and Paper II) few thiazolidinone-based reference non-covalent 

compounds were discovered as non-competitive inhibitors of different 

AChEs (mosquito, and human). Moreover, our results from the kinetic 

studies in this thesis align with the structural analysis findings, suggesting 

that thiazolidinone compounds interact with AChEs through specific non-

covalent interactions within different regions of the active site gorge. The 

specificity of these interactions in mosquito AChE1 over mammalian 

AChE could be significant for achieving selective inhibition. 

Our kinetics studies (Section I, Paper III) have provided a functional 

kinetics dataset that allows discussing how insects’Am-AgAChE2 enzymes 

(Ap. mellifera, and An. gambiae) are analogous yet unique compare to each 

other, and with previously studied AChEs (AgAChE1, hAChE).134 Our 

studies, and comparison approach have indicated minor differences 

between Ag- and AmAChE2, but significant differences among Ag- 

AmAChE2, AgAChE1, and hAChE. It has been reported that AChEs from 

human, and mosquitoes (AChE1) share many kinetic properties, such as a 

preference for small substrates,134 but interestingly honey bees, and 

mosquitoes (Am-AgAChE2) showed preferences for relatively bigger 

substrate, as it has been seen before.50, 135 In the previous studies the 

majority of the non-covalent inhibitors belonging to differential chemical 

classes,57, 71 showed a promising potency, and selectivity for mosquito 

AChE1 over hAChE. Moreover, selectivity profiles of such inhibitors were 

supported by structural differences between mosquito AChE1, and 
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hAChE.147 Herein, throughout our work, we have also found that despite 

the functional similarity, important structural differences between 

AgAChE1, and AmAChE2 are evident. For example, the molecular 

recognition of AgAChE1 and AmAChE2 differ, among different non-

covalent chemical classes. 

TbMCA-Ib from Trypanosoma as a potential target against 

trypanosomiasis? 

Additionally, this thesis addresses T. brucei, a protozoan pathogen 

transmitted by vector tsetse flies, and causes trypanosomiasis infections, a 

significant global health issue. The available therapeutics against 

trypanosomiasis known to target different enzymes in the T. brucei, 

respective to their enzyme-specific mechanism of action.77-80, 82,83, 84 

However, have been identified with potential side effects, and causes 

economic burden also. Additionally due to lack of validated therapeutic 

target in parasite,  there is a threat of resistance development for the 

presently available therapeutic.87 Current situation strongly encourage the 

identification of protozoan specific therapeutic target to combat 

trypanosomiasis. Moreover, through focusing on a specific enzyme 

associated with T. brucei, this research supports the target identification 

efforts that may lead to improved drug therapies in long term. The recently 

discovered cysteine protease, TbMCA-Ib has been identified as a target for 

initiating apoptosis in yeast and protozoan species.106, 109, 110, 148 The 

ongoing research has provided a 3D X-ray crystal structure of TbMCA-

Ib,96 that allows identifying this enzyme as a potential target for combating 

trypanosomiasis infections of the genus Trypanosoma. Herein, (Section II, 

Paper IV) to address the key steps towards the potential target 

identification (TbMCA-Ib) against trypanosomiasis, the expression, 

sequencing, and purification provided with TbMCA-Ib to study the 

functional kinetics of enzymes. Moreover, with the aim of screening a 

library of larger compounds, we first developed and optimized fluorogenic 

assay. Despite the similarity in assay conditions otherwise, processing of 

the protein (TbMCA-Ib) at high concentration, has provided us with a KM 

= 149 µM. Moreover, which is 3, 6, and 16 times of the KM values reported 

for three active site mutants of TbMCA-Ib respectively with substrate 
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GGR-AMC.96 Moreover, ongoing research has provided some inhibitors 

against TbMCA-Ib.106, 113 In the work of this thesis, some known protease, 

and recently discovered plant metacaspase inhibitors were revealed with 

inhibition profile against TbMCA-Ib. Further, through target-based HTS 

campaign, we successfully discovered several modulator (activator, and 

inhibitor) hit compounds against the TbMCA-Ib. In previously performed 

phenotypic screening,149 and research some protozoan (including, T. 

brucei) growth inhibitors have been reported over time,150 so in target 

based screening, where some potent (TbMCA-Ib) inhibitors have been 

identified.106 This is the first time that TbMCA-Ib specific activity 

enhancer were identified in literature. Moreover, the activity enhancement 

of enzyme through activators is applicable on the already activated enzyme 

rather than the zymogen under optimal assay conditions. In summary, 

these newly discovered hits have confirmed their interactions on the 

activated target TbMCA-Ib enzyme. 
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10. Future perspective  

On the way to discover public health insecticides, current research 

signifies that it is possible to selectively target mosquito AChE1 over 

hAChE with non-covalent inhibitors. Moreover, more compound classes 

could be explored to provide different types of insecticides. The rational is 

that using different types of insecticide could reduce the development of 

insecticide resistance, while promoting mosquito selectivity, and 

providing more opportunities to minimize off-target toxicity. To advance 

such efforts, regular kinetic studies are needed to elucidate the mode of 

action of different compound classes on both target and off-target AChEs. 

Furthermore, addressing the issue of insecticide bioavailability in 

mosquitoes would represent a significant milestone. For this, exploring the 

physiochemical properties of non-covalent compounds from various 

chemical classes is crucial for identifying a suitable pro-insecticide 

candidate. To ensure insecticide safety within ecosystems, particularly for 

pollinators, it is important to routinely screen newly developed non-

covalent inhibitors for their in vitro potency against AmAChE2 in 

honeybees. 

 In the combat against trypanosomiasis infections, the logical progression 

following HTS would involve the design and the synthesis of a compound 

library. This process necessitates further exploration of possible compound 

classes identified through HTS to guide the design, synthesis, and SAR-

based optimization of parasite MCA-selective modulators, which includes 

both inhibitors and activators. To achieve selectivity for TbMCAs over 

other cysteine proteases, regular protease inhibition profiling of these 

modulators would be invaluable in identifying potential off-target 

activities. Furthermore, conducting phenotypic whole-cell-based in vitro 

studies on T. cruzi and T. brucei parasites would be a crucial step to 

evaluate the anti-trypanosomal efficacy of newly developed modulators. 

In vitro analysis of cytotoxicity of modulators on mammalian cells 

infected by T. cruzi and T. brucei parasites could be investigated to confirm 

promising selectivity, and activity. Conclusively, to fight against vector-

borne infectious diseases, a combination of efforts (vaccine, medicine, 

vector control) is needed, along with proper information, diagnostic 

development, and education as an integrated approach. 



 

83 

11. Acknowledgements 

The journey that led to this thesis has been deeply educational, 

challaenging, but immensely enjoyable. There have been many people 

who supported me along the way, more than I could possibly mention here. 

I would therefore like to express my appreciation and sincere gratitude to 

all my colleagues, friends, co-authors, and everyone who has been part of 

this journey. Thank you! 

First and foremost, I would like to express my deepest gratitude to my 

supervisor, Anna Linusson, for her constant encouragement, insights, and 

patience throughout my research journey. Anna! thank you so much for 

believing in me from the very beginning and for giving me the opportunity 

to work on such exciting projects. Your energy and passion for what you 

do are truly inspiring, and I am constantly amazed by how you know 

exactly when to support, challenge, or guide me. I have learned so much 

along the way, and I am truly grateful to you. 

I would like to thank you my co-supervisor Fredrik Almqvist for his 

guidance and support throughout this process. While our interactions were 

limited, knowing that you were always there to offer advice and 

encouragement when needed made a significant difference in my progress. 

Your genuine joy and enthusiasm for research are truly inspiring. 

Fredrik Ekström- Thank you for consistently taking the time to provide 

guidance on kinetics experiments and for offering valuable insights 

overall. I extend special gratitude for your support with X-ray 

crystallography. I would also like to extend my gratitude to everyone at 

FOI for their phenomenal support and cooperation on the mosquito vector-

control project. A special thank you to Nina for all the work with mosquito 

and human enzymes. 

A sincere thank you to Luna Kamau and her team at KEMRI for their 

incredible work with the mosquitoes and for making it possible to test my 

compounds in vivo. 



 
84 

Immense gratitude to Igor Sabljic for providing the recombinant protein 

for the metacaspase project. I would also like to extend my gratitude to 

everyone at SLU Uppsala University for their valuable insights and 

guidance regarding the metacaspase project during our workshop 

meetings.   

A sincere appreciation to Mikael Lindberg from Protein Expertise 

Platform in Umeå University for providing the recombinant protein, and 

special thanks to André Mateus's lab for support regarding proteomics  

for the metacaspase project. I would also like to extend my gratitude to 

CBCS Umeå Service and Expertise, specially Stina Berglund for 

introducing me to HTS, and Emelie Boström, for phenomenal support 

regarding HTS campaigns. 

A big thanks to NMR platform staff, and everyone in the administration 

for their support throughout this jorney. 

I would like to express my deepest gratitude to the entire Linusson Group, 

both previous and current members who have been there every step of the 

way, going above and beyond to help me reach this goal. Cecilia Engdahl- 

I am so happy and grateful that you  have introduced me to the world of 

cells, and enzymes, I could never have had a better tutor than you for this 

new path. A big thanks to  David Andersson, Andreu-Vidal, Sofie 

Knutson, and Rashami Kumari who always took the time to help, 

discuss, and answer my questions at the beginning of my journey. 

 Heartfelt thanks to my fantastic and competent current group members, 

and friends. Your unwavering support and dedication have been essential 

to the success of this project. Cecilia Lindgren- Thank you so much for 

your kindness and all the valuable input regarding structural analysis. You 

are a true saving angel who added immense value to my research. Valentin 

Duvauchelle- Thank you so much for always being there when I needed 

support. I am truly grateful to have you as an all-round friend and colleague 

- a sounding board, a thoughtful critic, a cheerleader, and everything in 

between. Thilde Andersson- Thank you, becuase you are a fantastic 

friend who always takes the time to help, discuss and answer questions, I 

am constantly impressed by your energy. Norman Hoster-Thank you 



 

85 

becuase your valuable input and insightful discussions during our group 

meetings were extremely helpful contributions throughout this project. 

Isabel Valero- Thank you for being such a wonderful friend for as long as 

I can remember, and for always being there through thick and thin. Thank 

you for all your wise advice, and for making it so easy to be your friend. 

Magnus Sellstedt- Thank you for your teachings and for addressing my 

questions throughout this journey. I would also like to express my gratitude 

to all the professors and teachers for their valuable contributions during 

the doctoral courses. I sincerely thank the new members, Mitul 

Shrivastva, Anubha Yadav, and Isolde Zuleta, for cheering me on 

during the final stretch of this journey. 

Thank you to everyone in the corridor (both old and new researchers) for 

creating such a good working environment.  

I want to express my deepest gratitude to my friends outside the university 

who became like family to me in Umeå. You’ve been there to share in my 

celebrations and to support me in moments when I needed help the most. 

Your kindness, love, and unwavering presence have touched my heart in 

ways I can never fully put into words.  

A heartfelt thanks: to my parents, and sisters- thank you for instilling in 

me the values of perseverance and dedication, which have guided me not 

just in my academic pursuits but in all aspects of life. Even though miles 

separate us, your presence in my life has been a constant source of strength 

and inspiration. Karam- Thank you, as your contribution to this chapter 

of my life is invaluable, and I hold that with respect and gratitude. Your 

efforts, and encouragement have played an important role in helping me 

achieve this milestone. To my dear little Ivaan, thank you for being my 

constant companion throughout this journey. Writing this thesis with you 

by my side has been a unique and memorable experience. Despite your, 

curiosity and zest for life, you showed incredible patience and discipline 

when I needed to focus. I know it wasn’t easy, and I am so proud of you 

for adapting to this demanding time. 

 



 
86 

12. References 

1. L. J. Bruce-Chwatt; Alphonse Laveran's discovery 100 years ago 

and today's global fight against malaria, Journal of the Royal 

Society of Medicine, 1981, 74, 531-536. 

2. E. R. Nye; Alphonse Laveran (1845–1922): discoverer of the 

malarial parasite and Nobel laureate, 1907, Journal of Medical 

Biography, 2002, 10, 81-87. 

3. A. Zumla and D. S. Hui; Emerging and reemerging infectious 

diseases: global overview, Infectious Disease Clinics, 2019, 33, 

xiii-xix. 

4. D. Verwoerd; Definition of a vector and a vector-borne disease, 

Revue scientifique et technique (International Office of 

Epizootics), 2015, 34, 29-39. 

5. D. Gubler; Vector-borne diseases, Revue scientifique et technique 

(International Office of Epizootics), 2009, 28, 583-588. 

6. W. H. Organization; A global brief on vector-borne diseases, 

World Health Organization, 2014. 

7. W. H. Organization; World Health Organization. Global vector 

control response (2017–2030), World Health Organization, 2017. 

8. J. Figuerola, J. Martínez-de la Puente, A. Díez-Fernández, R. L. 

Thomson, J. I. Aguirre, B. Faivre and J. D. Ibañez-Alamo; 

Urbanization correlates with the prevalence and richness of blood 

parasites in Eurasian Blackbirds (Turdus merula), Science of the 

total Environment, 2024, 171303. 

9. R. F. Vieira, S. Muñoz-Leal, G. Faulkner, T. Şuleşco, M. R. André 

and R. Pesapane; in Modernizing Global Health Security to 

Prevent, Detect, and Respond, Elsevier, 2024, pp. 155-173. 

10. A. Casadevall; Evolution of intracellular pathogens, Annual 

Review of  Microbiology, 2008, 62, 19-33. 

11. J. C. Semenza and J. E. Suk; Vector-borne diseases and climate 

change: a European perspective, FEMS  Microbiology Letters, 

2018, 365, fnx244. 

12. Y. Tajudeen and I. Oladunjoye; Climate Change—An emblematic 

driver of vector-borne diseases: Holistic view as a way forward, 

Global Biosecurity, 2021, 3. 



 

87 

13. A. Mack; Global health impacts of vector-borne diseases: 

workshop summary, National Academies Press, 2016. 

14. W. H. Organization; Global report on neglected tropical diseases 

2023, World Health Organization, 2023. 

15. D. K. W. Yeates, M. Brian,  G. W.Courtney, M. Rudolph, L. 

Christine, P. Thomas; Phylogeny and systematics of Diptera: Two 

decades of progress and prospects, Zootaxa, 2007, 1668, 1, 565–

590. 

16. S. Manikandan, A. Mathivanan, B. Bora, P. Hemaladkshmi, V. 

Abhisubesh and S. Poopathi; A review on vector borne disease 

transmission: Current strategies of mosquito vector control, Indian 

Journal of Entomology, 2023, 503-513. 

17. S. Sato; Plasmodium—a brief introduction to the parasites causing 

human malaria and their basic biology, Journal of Physiological 

Anthropology, 2021, 40, 1. 

18. W. H. Organization; World malaria report 2023, Report 

924008617X, World Health Organization, 2023. 

19. E. O. Kolawole, E. T. Ayeni, S. A. Abolade, S. E. Ugwu, T. B. 

Awoyinka, A. S. Ofeh and B. O. Okolo; Malaria endemicity in 

Sub-Saharan Africa: Past and present issues in public health, 

Microbes and Infectious Diseases, 2023, 4, 242-251. 

20. N. G. Reich, S. Shrestha, A. A. King, P. Rohani, J. Lessler, S. 

Kalayanarooj, I.-K. Yoon, R. V. Gibbons, D. S. Burke and D. A. 

Cummings; Interactions between serotypes of dengue highlight 

epidemiological impact of cross-immunity, Journal of The Royal 

Society Interface, 2013, 10, 20130414. 

21. W. H. Organization; Dengue Situation Updates 2023, 2023. 

22. N. Sarma, E. Patouillard, R. E. Cibulskis and J.-L. Arcand; The 

economic burden of malaria: revisiting the evidence, The American 

Journal of Tropical Medicine and Hygiene, 2019, 101, 1405. 

23. S. Casares, T.-D. Brumeanu and T. L. Richie; The RTS, S malaria 

vaccine, Vaccine, 2010, 28, 4880-4894. 

24. B. Genton; R21/Matrix-M™ malaria vaccine: a new tool to achieve 

WHO’s goal to eliminate malaria in 30 countries by 2030?, Journal 

of Travel Medicine, 2023, 30, taad140. 



 
88 

25. A. A. El-Moamly and M. A. El-Sweify; Malaria vaccines: the 60-

year journey of hope and final success—lessons learned and future 

prospects, Tropical Medicine and Health, 2023, 51, 29. 

26. E. K. Schmitt, G. Ndayisaba, A. Yeka, K. P. Asante, M. P. 

Grobusch, E. Karita, H. Mugerwa, S. Asiimwe, A. Oduro and B. 

Fofana; Efficacy of cipargamin (KAE609) in a randomized, Phase 

II dose-escalation study in adults in sub-Saharan Africa with 

uncomplicated Plasmodium falciparum malaria, Clinical 

Infectious Diseases, 2022, 74, 1831-1839. 

27. B. Ogutu, A. Yeka, S. Kusemererwa, R. Thompson, H. Tinto, A. 

O. Toure, C. Uthaisin, A. Verma, A. Kibuuka and M. Lingani; 

Ganaplacide (KAF156) plus lumefantrine solid dispersion 

formulation combination for uncomplicated Plasmodium 

falciparum malaria: an open-label, multicentre, parallel-group, 

randomised, controlled, phase 2 trial, The Lancet Infectious 

Diseases, 2023, 23, 1051-1061. 

28. A. Kondratskyi, K. Kondratska, F. Vanden Abeele, D. Gordienko, 

C. Dubois, R.-A. Toillon, C. Slomianny, S. Lemière, P. Delcourt 

and E. Dewailly; Ferroquine, the next generation antimalarial drug, 

has antitumor activity, Scientific Reports, 2017, 7, 1-15. 

29. D. Tully and C. L. Griffiths; Dengvaxia: The world’s first vaccine 

for prevention of secondary dengue, Therapeutic Advances in 

Vaccines and Immunotherapy, 2021, 9, 25151355211015839. 

30. M. E. Flacco, A. Bianconi, G. Cioni, M. Fiore, G. L. Calò, G. 

Imperiali, V. Orazi, M. Tiseo, A. Troia and A. Rosso; 

Immunogenicity, safety and efficacy of the dengue vaccine TAK-

003: a meta-analysis, Vaccines, 2024, 12, 770. 

31. S. S. Good, A. Shannon, K. Lin, A. Moussa, J. G. Julander, P. La 

Colla, G. Collu, B. Canard and J.-P. Sommadossi; Evaluation of 

AT-752, a double prodrug of a guanosine nucleotide analog with 

in vitro and in vivo activity against dengue and other flaviviruses, 

Antimicrobial Agents and Chemotherapy, 2021, 65, 10.1128/aac. 

00988-00921. 

32. W. H. Organization; Global technical strategy for malaria 2016-

2030, World Health Organization, 2015. 



 

89 

33. W. H. Organization; World malaria report 2020: 20 years of global 

progress and challenges. 2020, 2021. 

34. I. Iturbe‐Ormaetxe, T. Walker and S. L. O'Neill; Wolbachia and 

the biological control of mosquito‐borne disease, EMBO Reports, 

2011, 12, 508-518. 

35. E. A. McGraw and S. L. O'neill; Beyond insecticides: new thinking 

on an ancient problem, Nature Reviews Microbiology, 2013, 11, 

181-193. 

36. D. Doloi; A study on certain biological control methods to control 

and manage vector-borne diseases, 2021. 

37. A. Chaudhry, R. Jabeen, B. Sarfraz and S. Mazhar; Mosquito 

control methods and their limitations, Pure and Applied Biology, 

2019, 8, 2389-2398. 

38. J. R. Coats; Mechanisms of toxic action and structure-activity 

relationships for organochlorine and synthetic pyrethroid 

insecticides, Environmental Health Perspectives, 1990, 87, 255-

262. 

39. T. R. Fukuto; Mechanism of action of organophosphorus and 

carbamate insecticides, Environmental Health Perspectives, 1990, 

87, 245-254. 

40. W. H. Organization; Operational manual on the application of 

insecticides for control of the mosquito vectors of malaria and other 

diseases, World Health Organization, 1996. 

41. T. C. Sparks and R. Nauen; IRAC: Mode of action classification 

and insecticide resistance management, Pesticide Biochemistry 

and Physiology, 2015, 121, 122-128. 

42. W. H. Organization; WHO recommended insecticides for space 

spraying against mosquitoes, 2016. 

43. W. H. Organization; WHO recommended insecticides for indoor 

residual spraying against malaria vectors, 2009. 

44. W. H. Organization; WHO recommended insecticide products 

treatment of mosquito nets for malaria vector control, WHO 

Geneva, 2007. 

45. M. Weill, P. Fort, A. Berthomieu, M. P. Dubois, N. Pasteur and M. 

Raymond; A novel acetylcholinesterase gene in mosquitoes codes 



 
90 

for the insecticide target and is non–homologous to the ace gene 

Drosophila, Proceedings of the Royal Society of London. Series B: 

Biological Sciences, 2002, 269, 2007-2016. 

46. D. Bourguet, M. Raymond, D. Fournier, C. A. Malcolm, J. P. 

Toutant and M. Arpagaus; Existence of two acetylcholinesterases 

in the mosquito Culex pipiens (Diptera: Culicidae), Journal of 

Neurochemistry, 1996, 67, 2115-2123. 

47. Y. H. Kim and S. H. Lee; Which acetylcholinesterase functions as 

the main catalytic enzyme in the Class Insecta?, Insect 

Biochemistry and Molecular Biology, 2013, 43, 47-53. 

48. J.-P. Toutant; Insect acetylcholinesterase: catalytic properties, 

tissue distribution and molecular forms, Progress in Neurobiology, 

1989, 32, 423-446. 

49. D. J. Cha and S. H. Lee; Evolutionary origin and status of two 

insect acetylcholinesterases and their structural conservation and 

differentiation, Evolution & Development, 2015, 17, 109-119. 

50. Y. H. Kim, D. J. Cha, J. W. Jung, H. W. Kwon and S. H. Lee; 

Molecular and kinetic properties of two acetylcholinesterases from 

the western honey bee, Apis mellifera, PLoS One, 2012, 7, e48838. 

51. Y. H. Kim, J. H. Kim, K. Kim and S. H. Lee; Expression of 

acetylcholinesterase 1 is associated with brood rearing status in the 

honey bee, Apis mellifera, Scientific Reports, 2017, 7, 39864. 

52. V. Tougu; Acetylcholinesterase: mechanism of catalysis and 

inhibition, Current Medicinal Chemistry-Central Nervous System 

Agents, 2001, 1, 155-170. 

53. H. Dvir, I. Silman, M. Harel, T. L. Rosenberry and J. L. Sussman; 

Acetylcholinesterase: from 3D structure to function, Chemico-

Biological Interactions, 2010, 187, 10-22. 

54. S. Lee and M. G. Barron; A mechanism-based 3D-QSAR approach 

for classification and prediction of acetylcholinesterase inhibitory 

potency of organophosphate and carbamate analogs, Journal of 

Computer-aided Molecular Design, 2016, 30, 347-363. 

55. D. Nartop, E. Hasanoğlu Özkan, N. K. Yetim and N. Sarı; 

Qualitative enzymatic detection of organophosphate and 



 

91 

carbamate insecticides, Journal of Environmental Science and 

Health, Part B, 2020, 55, 951-958. 

56. C. L. Russom, C. A. LaLone, D. L. Villeneuve and G. T. Ankley; 

Development of an adverse outcome pathway for 

acetylcholinesterase inhibition leading to acute mortality, 

Environmental Toxicology and Chemistry, 2014, 33, 2157-2169. 

57. C. Engdahl, S. Knutsson, F. Ekstrom and A. Linusson; Discovery 

of selective inhibitors targeting acetylcholinesterase 1 from 

disease-transmitting mosquitoes, Journal of Medicinal Chemistry, 

2016, 59, 9409-9421. 

58. P. R. Carlier, T. D. Anderson, D. M. Wong, D. C. Hsu, J. Hartsel, 

M. Ma, E. A. Wong, R. Choudhury, P. C.-H. Lam and M. M. 

Totrov; Towards a species-selective acetylcholinesterase inhibitor 

to control the mosquito vector of malaria, Anopheles gambiae, 

Chemico-Biological Interactions, 2008, 175, 368-375. 

59. Y.-P. Pang, S. Brimijoin, D. W Ragsdale, K. Yan Zhu and R. 

Suranyi; Novel and viable acetylcholinesterase target site for 

developing effective and environmentally safe insecticides, 

Current Drug Targets, 2012, 13, 471-482. 

60. M. Weill, G. Lutfalla, K. Mogensen, F. Chandre, A. Berthomieu, 

C. Berticat, N. Pasteur, A. Philips, P. Fort and M. Raymond; 

Insecticide resistance in mosquito vectors, Nature, 2003, 423, 136-

137. 

61. N. Liu; Insecticide resistance in mosquitoes: impact, mechanisms, 

and research directions, Annual Review of Entomology, 2015, 60, 

537-559. 

62. L. B. Smith, S. Kasai and J. G. Scott; Pyrethroid resistance in Aedes 

aegypti and Aedes albopictus: Important mosquito vectors of 

human diseases, Pesticide Biochemistry and Physiology, 2016, 

133, 1-12. 

63. N. Uemura, K. Itokawa, O. Komagata and S. Kasai; Recent 

advances in the study of knockdown resistance (kdr) mutations in 

Aedes mosquitoes with a focus on several remarkable mutations, 

Current Opinion in Insect Science, 2024, 101178. 



 
92 

64. K. Raghavendra, T. K. Barik, B. N. Reddy, P. Sharma and A. P. 

Dash; Malaria vector control: from past to future, Parasitology 

Research, 2011, 108, 757-779. 

65. J. E. Casida and K. A. Durkin; Neuroactive insecticides: targets, 

selectivity, resistance, and secondary effects, Annual Review of 

Entomology, 2013, 58, 99-117. 

66. J. A. Hartsel, D. M. Wong, J. M. Mutunga, M. Ma, T. D. Anderson, 

A. Wysinski, R. Islam, E. A. Wong, S. L. Paulson and J. Li; Re-

engineering aryl methylcarbamates to confer high selectivity for 

inhibition of Anopheles gambiae versus human 

acetylcholinesterase, Bioorganic & Medicinal Chemistry Letters, 

2012, 22, 4593-4598. 

67. E. Camerino, D. M. Wong, F. Tong, F. Körber, A. D. Gross, R. 

Islam, E. Viayna, J. M. Mutunga, J. Li and M. M. Totrov; 

Difluoromethyl ketones: Potent inhibitors of wild type and 

carbamate-insensitive G119S mutant Anopheles gambiae 

acetylcholinesterase, Bioorganic & Medicinal Chemistry Letters, 

2015, 25, 4405-4411. 

68. D. M. Wong, J. Li, P. C. Lam, J. A. Hartsel, J. M. Mutunga, M. 

Totrov, J. R. Bloomquist and P. R. Carlier; Aryl methylcarbamates: 

potency and selectivity towards wild-type and carbamate-

insensitive (G119S) Anopheles gambiae acetylcholinesterase, and 

toxicity to G3 strain An. gambiae, Chemico-Biological 

Interactions, 2013, 203, 314-318. 

69. L. Berg, B. K. Mishra, C. D. Andersson, F. Ekström and A. 

Linusson; The Nature of Activated Non‐classical Hydrogen Bonds: 

A Case Study on Acetylcholinesterase–Ligand Complexes, 

Chemistry–A European Journal, 2016, 22, 2672-2681. 

70. V. Hepnarova, M. Hrabinova, L. Muckova, T. Kucera, M. Schmidt, 

R. Dolezal, L. Gorecki, V. Hrabcova, J. Korabecny and E. 

Mezeiova; Non-covalent acetylcholinesterase inhibitors: In vitro 

screening and molecular modeling for novel selective insecticides, 

Toxicology in Vitro, 2022, 85, 105463. 

71. S. Knutsson, T. Kindahl, C. Engdahl, D. Nikjoo, N. Forsgren, S. 

Kitur, F. Ekström, L. Kamau and A. Linusson; N-Aryl-N’-



 

93 

ethyleneaminothioureas effectively inhibit acetylcholinesterase 1 

from disease-transmitting mosquitoes, European Journal of 

Medicinal Chemistry, 2017, 134, 415-427. 

72. S. Knutsson, C. Engdahl, R. Kumari, N. Forsgren, C. Lindgren, T. 

Kindahl, S. Kitur, L. Wachira, L. Kamau and F. Ekstrom; 

Noncovalent inhibitors of mosquito acetylcholinesterase 1 with 

resistance-breaking potency, Journal of Medicinal Chemistry, 

2018, 61, 10545-10557. 

73. R. Brun, J. Blum, F. Chappuis and C. Burri; Human african 

trypanosomiasis, The Lancet, 2010, 375, 148-159. 

74. E. Pays, M. Radwanska and S. Magez; The pathogenesis of african 

trypanosomiasis, Annual Review of Pathology: Mechanisms of 

Disease, 2023, 18, 19-45. 

75. https://www.who.int/news-room/fact-sheets/detail/chagas-

disease-(american-trypanosomiasis). 

76. https://www.afro.who.int/health-topics/trypanosomiasis-african. 

77. M. Willson, M. Callens, D. A. Kuntz, J. Perié and F. R. Opperdoes; 

Synthesis and activity of inhibitors highly specific for the 

glycolytic enzymes from Trypanosoma brucei, Molecular and 

Biochemical Parasitology, 1993, 59, 201-210. 

78. A. H. Fairlamb, G. B. Henderson and A. Cerami; Trypanothione is 

the primary target for arsenical drugs against African 

trypanosomes, Proceedings of the National Academy of Sciences, 

1989, 86, 2607-2611. 

79. S. R. Wilkinson, M. C. Taylor, D. Horn, J. M. Kelly and I. 

Cheeseman; A mechanism for cross-resistance to nifurtimox and 

benznidazole in trypanosomes, Proceedings of the National 

Academy of Sciences, 2008, 105, 5022-5027. 

80. B. S. Hall, C. Bot and S. R. Wilkinson; Nifurtimox activation by 

trypanosomal type I nitroreductases generates cytotoxic nitrile 

metabolites, Journal of Biological Chemistry, 2011, 286, 13088-

13095. 

81. S. Patterson and S. Wyllie; Nitro drugs for the treatment of 

trypanosomatid diseases: past, present, and future prospects, 

Trends in Parasitology, 2014, 30, 289-298. 

https://www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis
https://www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis
https://www.afro.who.int/health-topics/trypanosomiasis-african


 
94 

82. I. Coppens and P. J. Courtoy; The adaptative mechanisms of 

Trypanosoma brucei for sterol homeostasis in its different life-

cycle environments, Annual Reviews in Microbiology, 2000, 54, 

129-156. 

83. M. De Rycker, S. Wyllie, D. Horn, K. D. Read and I. H. Gilbert; 

Anti-trypanosomatid drug discovery: progress and challenges, 

Nature Reviews Microbiology, 2023, 21, 35-50. 

84. V. N. Orish; Trypanosomiasis: Current Trends in Microbiology 

and Pharmacology, Rising Contagious Diseases: Basics, 

Management, and Treatments, 2024, 411-427. 

85. E. A. Dickie, F. Giordani, M. K. Gould, P. Mäser, C. Burri, J. C. 

Mottram, S. P. Rao and M. P. Barrett; New drugs for human 

African trypanosomiasis: a twenty first century success story, 

Tropical Medicine and Infectious Disease, 2020, 5, 29. 

86. F. Melfi, S. Carradori, C. Campestre, E. Haloci, A. Ammazzalorso, 

R. Grande and I. D’Agostino; Emerging compounds and 

therapeutic strategies to treat infections from Trypanosoma brucei: 

an overhaul of the last 5-years patents, Expert Opinion on 

Therapeutic Patents, 2023, 33, 247-263. 

87. F. Altamura, R. Rajesh, C. M. Catta‐Preta, N. S. Moretti and I. 

Cestari; The current drug discovery landscape for trypanosomiasis 

and leishmaniasis: Challenges and strategies to identify drug 

targets, Drug Development Research, 2022, 83, 225-252. 

88. K. Figarella, M. Rawer, N. Uzcategui, B. Kubata, K. Lauber, F. 

Madeo, S. Wesselborg and M. Duszenko; Prostaglandin D2 

induces programmed cell death in Trypanosoma brucei 

bloodstream form, Cell Death & Differentiation, 2005, 12, 335-

346. 

89. G. Kosec, V. E. Alvarez, F. Agüero, D. Sánchez, M. Dolinar, B. 

Turk, V. Turk and J. J. Cazzulo; Metacaspases of Trypanosoma 

cruzi: possible candidates for programmed cell death mediators, 

Molecular and Biochemical Parasitology, 2006, 145, 18-28. 

90. E. A. Minina, J. Staal, V. E. Alvarez, J. A. Berges, I. Berman-

Frank, R. Beyaert, K. D. Bidle, F. Bornancin, M. Casanova and J. 

J. Cazzulo; Classification and nomenclature of metacaspases and 



 

95 

paracaspases: no more confusion with caspases, Molecular cell, 

2020, 77, 927-929. 

91. L. Tsiatsiani, F. Van Breusegem, P. Gallois, A. Zavialov, E. Lam 

and P. Bozhkov; Metacaspases, Cell Death & Differentiation, 

2011, 18, 1279-1288. 

92. S. Shankar, K. M. Prasad, M. Kashif, I. Kalia, R. Rai, A. P. Singh 

and K. C. Pandey; A nonpeptidyl molecule modulates apoptosis-

like cell death by inhibiting P. falciparum metacaspase-2, 

Biochemical Journal, 2020, 477, 1323-1344. 

93. W. R. Proto, E. Castanys-Munoz, A. Black, L. Tetley, C. X. Moss, 

L. Juliano, G. H. Coombs and J. C. Mottram; Trypanosoma brucei 

metacaspase 4 is a pseudopeptidase and a virulence factor, Journal 

of Biological Chemistry, 2011, 286, 39914-39925. 

94. Y. Zou, I. Sabljić, N. Horbach, A. N. Dauphinee, A. Åsman, L. 

Sancho Temino, E. A. Minina, M. Drag, S. Stael and M. Poreba; 

Thermoprotection by a cell membrane–localized metacaspase in a 

green alga, The Plant Cell, 2024, 36, 665-687. 

95. N. D. Rawlings, A. J. Barrett, P. D. Thomas, X. Huang, A. Bateman 

and R. D. Finn; The MEROPS database of proteolytic enzymes, 

their substrates and inhibitors in 2017 and a comparison with 

peptidases in the PANTHER database, Nucleic Acids Research, 

2018, 46, D624-D632. 

96. K. McLuskey, J. Rudolf, W. R. Proto, N. W. Isaacs, G. H. Coombs, 

C. X. Moss and J. C. Mottram; Crystal structure of a Trypanosoma 

brucei metacaspase, Proceedings of the National Academy of 

Sciences, 2012, 109, 7469-7474. 

97. P. Zhu, X.-H. Yu, C. Wang, Q. Zhang, W. Liu, S. McSweeney, J. 

Shanklin, E. Lam and Q. Liu; Structural basis for Ca2+-dependent 

activation of a plant metacaspase, Nature Communications, 2020, 

11, 2249. 

98. C. X. Moss, G. D. Westrop, L. Juliano, G. H. Coombs and J. C. 

Mottram; Metacaspase 2 of Trypanosoma brucei is a calcium-

dependent cysteine peptidase active without processing, FEBS 

Letters, 2007, 581, 5635-5639. 



 
96 

99. S. Stael, I. Sabljić, D. Audenaert, T. Andersson, L. Tsiatsiani, R. 

P. Kumpf, A. Vidal-Albalat, C. Lindgren, D. Vercammen and S. 

Jacques; Structure–function study of a Ca2+-independent 

metacaspase involved in lateral root emergence, Proceedings of the 

National Academy of Sciences, 2023, 120, e2303480120. 

100. Á. D. Fernández-Fernández, S. Stael and F. Van Breusegem; 

Mechanisms controlling plant proteases and their substrates, Cell 

Death & Differentiation, 2023, 30, 1047-1058. 

101. T. Maekawa, H. Kashkar and N. S. Coll; Dying in self-defence: a 

comparative overview of immunogenic cell death signalling in 

animals and plants, Cell Death & Differentiation, 2023, 30, 258-

268. 

102. D. Vercammen, B. Van De Cotte, G. De Jaeger, D. Eeckhout, P. 

Casteels, K. Vandepoele, I. Vandenberghe, J. Van Beeumen, D. 

Inzé and F. Van Breusegem; Type II metacaspases Atmc4 and 

Atmc9 of Arabidopsis thaliana cleave substrates after arginine and 

lysine, Journal of Biological Chemistry, 2004, 279, 45329-45336. 

103. D. Vercammen, W. Declercq, P. Vandenabeele and F. Van 

Breusegem; Are metacaspases caspases?, The Journal of Cell 

Biology, 2007, 179, 375-380. 

104. M. J. Helms, A. Ambit, P. Appleton, L. Tetley, G. H. Coombs and 

J. C. Mottram; Bloodstream form Trypanosoma brucei depend 

upon multiple metacaspases associated with RAB11-positive 

endosomes, Journal of Cell Science, 2006, 119, 1105-1117. 

105. M. F. Machado, M. F. Marcondes, M. A. Juliano, K. McLuskey, J. 

C. Mottram, C. X. Moss, L. Juliano and V. Oliveira; Substrate 

specificity and the effect of calcium on Trypanosoma brucei 

metacaspase 2, The FEBS Journal, 2013, 280, 2608-2621. 

106. B. Pérez, L. A. Bouvier, J. J. Cazzulo, F. Agüero, E. Salas-Sarduy 

and V. E. Alvarez; Screening and identification of metacaspase 

inhibitors: Evaluation of inhibition mechanism and trypanocidal 

activity, Antimicrobial Agents and Chemotherapy, 2021, 65, 

10.1128/aac. 01330-01320. 

107. J. M. Gilio, M. F. Marcondes, D. Ferrari, M. A. Juliano, L. Juliano, 

V. Oliveira and M. F. Machado; Processing of metacaspase 2 from 



 

97 

Trypanosoma brucei (TbMCA2) broadens its substrate specificity, 

Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics, 

2017, 1865, 388-394. 

108. A. H.-H. Wong, C. Yan and Y. Shi; Crystal Structure of the Yeast 

Metacaspase Yca1, Journal of Biological Chemistry, 2012, 287, 

29251-29259. 

109. N. Lee, S. Gannavaram, A. Selvapandiyan and A. Debrabant; 

Characterization of metacaspases with trypsin-like activity and 

their putative role in programmed cell death in the protozoan 

parasite Leishmania, Eukaryotic Cell, 2007, 6, 1745-1757. 

110. A.-L. Bienvenu, L. Ballut and S. Picot; Specifically Targeting 

Metacaspases of Candida: A New Therapeutic Opportunity, 

Journal of Fungi, 2024, 10, 90. 

111. Q. Wang, X. Zhang, Z. Du, H. Liu, Y. Xia, L. Xun and H. Liu; The 

Activity of YCA1 Metacaspase Is Regulated by Reactive Sulfane 

Sulfur via Persulfidation in Saccharomyces cerevisiae, 

Antioxidants, 2024, 13, 589. 

112. D. K. Lam and G. Sherlock; Yca1 metacaspase: diverse functions 

determine how yeast live and let die, FEMS Yeast Research, 2023, 

23, foad022. 

113. M. Berg, P. Van der Veken, J. Joossens, V. Muthusamy, M. 

Breugelmans, C. X. Moss, J. Rudolf, P. Cos, G. H. Coombs and L. 

Maes; Design and evaluation of Trypanosoma brucei metacaspase 

inhibitors, Bioorganic & Medicinal Chemistry Letters, 2010, 20, 

2001-2006. 

114. L. H. Araujo, T. A. B. Chagas, T. Reis, J. R. B. de Morais Borba, 

M. N. R. Trujilho, L. d. A. M. Dalzoto, M. F. Marcondes, M. A. 

Juliano, W. A. de Souza Júdice and M. P. Veloso; Oximic 

compounds as potential inhibitors of metacaspase-2 (TbMCA2) of 

Trypanosoma brucei, Biochemical and Biophysical Research 

Communications, 2024, 150657. 

115. A. Lanne, L. E. Usselmann, P. Llowarch, I. N. Michaelides, M. 

Fillmore and G. A. Holdgate; A perspective on the changing 

landscape of HTS, Drug Discovery Today, 2023, 28, 103670. 



 
98 

116. A. Vidal-Albalat, T. Kindahl, R. Rajeshwari, C. Lindgren, N. 

Forsgren, S. Kitur, L. S. Tengo, F. Ekstrom, L. Kamau and A. 

Linusson; Structure–Activity Relationships Reveal Beneficial 

Selectivity Profiles of Inhibitors Targeting Acetylcholinesterase of 

Disease-Transmitting Mosquitoes, Journal of Medicinal 

Chemistry, 2023, 66, 6333-6353. 

117. L. Michaelis and M. L. Menten; Die kinetik der invertinwirkung, 

Biochem. z, 1913, 49, 352. 

118. G. L. Ellman, K. D. Courtney, V. Andres Jr and R. M. 

Featherstone; A new and rapid colorimetric determination of 

acetylcholinesterase activity, Biochemical Pharmacology, 1961, 7, 

88-95. 

119. W. H. Organization; Test procedures for insecticide resistance 

monitoring in malaria vector mosquitoes, 2016. 

120. S. A. Patil, S. A. Patil and R. Patil; Medicinal applications of (benz) 

imidazole‐and indole‐based macrocycles, Chemical Biology & 

Drug Design, 2017, 89, 639-649. 

121. C. L. Cardoso, I. Castro-Gamboa, D. H. S. Silva, M. Furlan, R. d. 

A. Epifanio, Â. d. C. Pinto, C. Moraes de Rezende, J. A. Lima and 

V. d. S. Bolzani; Indole glucoalkaloids from Chimarrhis turbinata 

and their evaluation as antioxidant agents and acetylcholinesterase 

inhibitors, Journal of Natural Products, 2004, 67, 1882-1885. 

122. M. S. Islam, A. M. Al-Majid, M. Azam, V. P. Verma, A. Barakat, 

M. Haukka, A. A. Elgazar, A. Mira and F. A. Badria; Construction 

of spirooxindole analogues engrafted with indole and pyrazole 

scaffolds as acetylcholinesterase inhibitors, ACS Omega, 2021, 6, 

31539-31556. 

123. I. B. Wilson and F. Bergmann; Acetylcholinesterase: VIII. 

DIissociation Constants of the Active Groups, Journal of 

Biological Chemistry, 1950, 186, 683-692. 

124. G. Mooser and D. S. Sigman; Ligand binding properties of 

acetylcholinesterase determined with fluorescent probes, 

Biochemistry, 1974, 13, 2299-2307. 



 

99 

125. I. B. Wilson and C. Quan; Acetylcholinesterase studies on 

molecular complementariness, Archives of Biochemistry and 

Biophysics, 1958, 73, 131-143. 

126. H. C. Froede and I. B. Wilson; in The enzymes, Elsevier, 1971, vol. 

5, pp. 87-114. 

127. M. D. David; The potential of pro‐insecticides for resistance 

management, Pest Management Science, 2021, 77, 3631-3636. 

128. K. Lu, Y. Song and R. Zeng; The role of cytochrome P450-

mediated detoxification in insect adaptation to xenobiotics, 

Current Opinion in Insect Science, 2021, 43, 103-107. 

129. J. E. Casida; Mixed-function oxidase involvement in the 

biochemistry of insecticide synergists, Journal of Agricultural and 

Food Chemistry, 1970, 18, 753-772. 

130. N. Umetsu; Design of proinsecticides, Rational Approaches to 

Structure, Activity, and Ecotoxicology of Agrochemicals, 1992, 

251-274. 

131. I. R. Montella, R. Schama and D. Valle; The classification of 

esterases: an important gene family involved in insecticide 

resistance-A review, Memorias do Instituto Oswaldo Cruz, 2012, 

107, 437-449. 

132. J. A. Turner, C. N. Ruscoe and T. R. Perrior; Discovery to 

development: insecticides for malaria vector control, Chimia, 

2016, 70, 684-693. 

133. C. M. Tice; Selecting the right compounds for screening: does 

Lipinski's Rule of 5 for pharmaceuticals apply to agrochemicals?, 

Pest Management Science: formerly Pesticide Science, 2001, 57, 

3-16. 

134. C. Engdahl, S. Knutsson, S.-Å. Fredriksson, A. Linusson, G. Bucht 

and F. Ekström; Acetylcholinesterases from the disease vectors 

Aedes aegypti and Anopheles gambiae: Functional characterization 

and comparisons with vertebrate orthologues, PLoS One, 2015, 10, 

e0138598. 

135. P. Zhao, Y. Wang and H. Jiang; Biochemical properties, 

expression profiles, and tissue localization of orthologous 



 
100 

acetylcholinesterase-2 in the mosquito, Anopheles gambiae, Insect 

Biochemistry and Molecular Biology, 2013, 43, 260-271. 

136. L. Berg, M. S. Niemiec, W. Qian, C. D. Andersson, P. Wittung‐

Stafshede, F. Ekström and A. Linusson; Similar but different: 

Thermodynamic and structural characterization of a pair of 

enantiomers binding to acetylcholinesterase, Angewandte Chemie 

International Edition, 2012, 51, 12716-12720. 

137. R. Kumari, C. Lindgren, R. Kumar, N. Forsgren, C. D. Andersson, 

F. Ekström and A. Linusson; Enzyme Dynamics Determine the 

Potency and Selectivity of Inhibitors Targeting Disease-

Transmitting Mosquitoes, ACS Infectious Diseases, 2024, 10, 

3664-3680. 

138. Q. Han, D. M. Wong, H. Robinson, H. Ding, P. C. Lam, M. M. 

Totrov, P. R. Carlier and J. Li; Crystal structure of 

acetylcholinesterase catalytic subunits of the malaria vector 

Anopheles gambiae, Insect Science, 2018, 25, 721. 

139. J. Cheung, M. J. Rudolph, F. Burshteyn, M. S. Cassidy, E. N. Gary, 

J. Love, M. C. Franklin and J. J. Height; Structures of human 

acetylcholinesterase in complex with pharmacologically important 

ligands, Journal of Medicinal Chemistry, 2012, 55, 10282-10286. 

140. P. V. Bozhkov and G. Salvesen; Caspases, paracaspases, and 

metacaspases, Springer, 2014. 

141. J.-H. Zhang, T. D. Chung and K. R. Oldenburg; A simple statistical 

parameter for use in evaluation and validation of high throughput 

screening assays, Journal of Biomolecular Screening, 1999, 4, 67-

73. 

142. J. B. Baell and G. A. Holloway; New substructure filters for 

removal of pan assay interference compounds (PAINS) from 

screening libraries and for their exclusion in bioassays, Journal of 

Medicinal Chemistry, 2010, 53, 2719-2740. 

143. W. H. O. 2017; World Malaria Report 2016: Summary., Geneva, 

2016. 

144. C. Kern, P. Müller, C. Chaccour, M. E. Liechti, F. Hammann and 

U. Duthaler; Pharmacokinetics of ivermectin metabolites and their 



 

101 

activity against Anopheles stephensi mosquitoes, Malaria Journal, 

2023, 22, 194. 

145. S. Kasai, O. Komagata, K. Itokawa, T. Shono, L. C. Ng, M. 

Kobayashi and T. Tomita; Mechanisms of pyrethroid resistance in 

the dengue mosquito vector, Aedes aegypti: target site insensitivity, 

penetration, and metabolism, PLoS Neglected Tropical Diseases, 

2014, 8, e2948. 

146. G. Brooks; Insecticide metabolism and selective toxicity, 

Xenobiotica, 1986, 16, 989-1002. 

147. P. R. Carlier, Y. F. Han, E. S.-H. Chow, C. P.-L. Li, H. Wang, T. 

X. Lieu, H. S. Wong and Y.-P. Pang; Evaluation of short-tether bis-

THA AChE inhibitors. A further test of the dual binding site 

hypothesis, Bioorganic & Medicinal Chemistry, 1999, 7, 351-357. 

148. M. S. Peña, G. C. Cabral, W. L. Fotoran, K. R. Perez and B. S. 

Stolf; Metacaspase-binding peptide inhibits heat shock-induced 

death in Leishmania (L.) amazonensis, Cell Death & Disease, 

2017, 8, e2645-e2645. 

149. I. Pena, M. Pilar Manzano, J. Cantizani, A. Kessler, J. Alonso-

Padilla, A. I. Bardera, E. Alvarez, G. Colmenarejo, I. Cotillo and I. 

Roquero; New compound sets identified from high throughput 

phenotypic screening against three kinetoplastid parasites: an open 

resource, Scientific Reports, 2015, 5, 8771. 

150. A. Martínez-Flórez, M. Galizzi, L. Izquierdo, J. M. Bustamante, A. 

Rodriguez, F. Rodriguez, A. Rodríguez-Cortés and J. Alberola; 

Repurposing bioenergetic modulators against protozoan parasites 

responsible for tropical diseases, International Journal for 

Parasitology: Drugs and Drug Resistance, 2020, 14, 17-27. 

151. M. Sedlák, J. Hanusek, P. Drabina, Š. Štěpánková and A. Čegan; 

Substituted benzyl N-phenylcarbamates-their solvolysis and 

inhibition activity to acetylcholinesterase and 

butyrylcholinesterase, ARKIVOC: Online Journal of Organic 

Chemistry, 2009. 



 
102 

13. Appendix 1 

1. Experimental part for pro-insecticides synthesis 

Synthesis of precursors to the pro-insecticides 

Acetic 4-hydroxymethyl-phenyl ester (58). 4-(hydroxymethyl) phenol 

(57) (1.0 g, 8.05 mmol) was suspended in EtOAc (20 ml) in a 100 ml RBF, 

under N2 atmosphere. Followed by the addition of TEA (1.12 ml, 8.05 

mmol), and the reaction was cooled to 0℃. After cooling down, AcCl 

(0.57 ml, 8.05 mmol) in 10 ml of EtOAc was added slowly. The reaction 

was stirred at 0℃ for 2 h, and then stirred at rt for 4 h. The mixture was 

filtered off, and the filtrate was concentrated in vacuum to give a yellow 

oil. The crude was purified by flash chromatography in a gradient of 

heptane/EtOAc 1:1 on a 50g silica column. The desired product, acetic 4-

hydroxymethyl-phenyl ester (58) was obtained as a transparent oil, (1.0 g, 

75% yield). 1H NMR (400 MHz, CDCl3) δ 1H NMR: 7.37 (d, 2H, J = 8.3 

Hz), 7.07 (dd, 2H, J 1 = 8.3, J 2 = 1.8 Hz), 4.67 (s, 2H),  2.30 (s, 3H). The 
13C spectra was consistent with what is described in the literature.151 
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Acetic acid 4-(4-nitro-phenoxycarbonyloxymethyl)-phenyl ester (60). 

4-Nitrophenyl chloroformate (59) (1.0 g, 9.62 mmol) was dissolved in 

EtOAc (40 ml) and cooled to 0℃, then TEA (1.34 ml, 9.62 mmol) was 

added, and a white precipitation formed. Then Acetic acid 4-

hydroxymethyl-phenyl ester (58) (800 mg, 4.81 mmol) dissolved in 3 ml 

of EtOAc was added drop wise. The mixture was stirred at rt for 4 h. After 

completion of reaction was diluted with EtOAc and washed twice with 

HCl (aq.,1M), and twice with NaHCO3 (aq., sat.), then dried over Na2SO4, 

filtered and concentrated over vacuum. Crude was purified over flash in a 

gradient of heptane/CH2Cl2 1:1, after concentration gave the product as 

white Acetic acid 4-(4-nitro-phenoxycarbonyloxymethyl)-phenyl ester 

(60), (850 mg, 53% yield). 1H NMR (400 MHz, CDCl3) 𝛿 8.30-8.27 (m, 

2H), 8.24-8.21 (m, 2H), 7.50-7.46 (m, 2H), 7.15-7.11(m, 2H), 5.39 (s, 2H), 

2.31 (s, 3H); 13C NMR (100 MHz, CDCl3) 𝛿 170.3, 162.2, 155.5, 152.5, 

151.0, 145.4, 141.1, 132.0, 130.1, 126.2, 125.3, 122.0, 121.9, 115.8, 70.3, 

21.2. 
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Synthesis of pro-insecticides (61-62) 

Acetic acid 4-{[[2-(1H-indol-3-yl)-ethyl]-(2-methoxy-benzyl)-

carbamoyloxy]-methyl}-phenyl ester (61). [2-(1H-Indol-3-yl)-ethyl]-(2-

methoxy-benzyl)-amine.HCl (24) (150 mg, 0.47 mmol) was taken in dry 

THF (2 ml) under N2 atmosphere then TEA (0.145 ml, 1.04 mmol) was 

added followed by catalyst DMAP (5.78 mg, 0.05 mmol), after stirring for 

few minutes the acetic acid 4-(4-nitro-phenoxycarbonyloxymethyl)-

phenyl ester (7) (156 mg, 0.47 mmol) was added and stirred for 18 h under 

N2 atmosphere. Reaction was diluted with EtOAc and 0.5 M NaOH 

washing was given two to three times followed by brine, organic layer 

dried over Na2SO4, filtered and concentrated to give oil. Crude compound 

was flashed in a gradient of heptane/EtOAc 1:1 to provide product (61) 

white solid, (132 mg, 60% yield). 1H NMR (400 MHz,CDCl3) (Mixture of 

rotamers)  𝛿 8.04 (s, 0.5 H), 8.01 (s, 0.5H), 7.58 (d, 0.5 H, J = 7.5 Hz), 7.42 

(d, 0.5 H, J = 7.5 Hz), 7.34-7.29 (m, 3H), 7.23-7.21 (m, 1H), 7.18-7.13 (m, 

1H), 7.09-7.01 (m, 4H), 6.93-6.73 (m, 3H), 5.14 (s, 1H), 5.09 (s, 1H), 4.52 

(s, 1H), 4.47 (s, 1H), 3.80 (s, 1.52 H), 3.76 (s, 1.44 H),  3.60 (t, 1H, J = 7.4 

Hz), 3.53 (t, 1H, J = 7.4 Hz), 3.01 (t, 1H, J = 7.4 Hz),  2.92 (t, 1H, J = 7.4 
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Hz), 2.33 (s, 1.5 H), 2.31(s, 1.5 H); 13C NMR (150 MHz,CDCl3) (Mixture 

of rotamers) 𝛿 169.9, 169.8, 157.6, 157.3, 156.7, 156.5,150.5, 150.3, 

136.3, 134.9, 134.8, 129.8, 129.4,128.6, 128.4, 128.3, 127.6, 127.5, 126.1, 

126.0, 122.1, 122.0 (2C), 121.8, 121.7, 120.7, 120.6, 119.3 (2C), 118.9, 

118.7, 113.1, 113.0, 111.3, 111.2, 110.4, 110.3, 66.6, 66.4, 55.4, 55.3, 

48.0, 47.3, 45.7, 45.3, 24.3, 23.7, 21.3.  
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Acetic acid 4-({(2-methoxy-benzyl)-[2-(1-methyl-1H-indol-3-yl)-

ethyl]-carbamoyloxy}-methyl)-phenyl ester (62). N-(2-

methoxybenzyl)-2-(1-methyl-1H-indol-3-yl)ethan-1-amine.HCl (34) (100 

mg, 0.30 mmol) was taken in dry THF (1.5 ml) under N2 atmosphere then 

TEA (0.092 ml, 0.66 mmol) was added followed by catalyst DMAP (3.69 

mg, 0.03 mmol), after stirring for few minutes the acetic acid 4-(4-nitro-

phenoxycarbonyloxymethyl)-phenyl ester (60) (100 mg, 0.30 mmol) was 

added and stirred for 18 h under N2 atmosphere.  Reaction was diluted with 

EtOAc and 0.5 M NaOH washing was given two to three times followed 

by brine, organic layer dried over Na2SO4, filtered and concentrated to give 

oil. Crude compound was flashed in a gradient of heptane/EtOAc 1:1 to 

provide product (62), (105 mg, and 71% yield).1H NMR (400 

MHz,CDCl3) (Mixture of rotamers) 𝛿 7.59-7.29 (m, 3H), 7.25-7.17 (m, 

3H), 709-7.00 (m, 4H), 6.93-6.72 (m, 3H), 5.16 (s, 1H), 5.12 (s, 1H), 4.58 

(s, 1H), 4.52 (s, 1H), 3.80 (s, 1.5 H),  3.77 (s, 1.5 H),  3.71 (s, 1.5 H),   3.70 

(s, 1.5 H), 3.58 (t, 1H, J = 7.4 Hz), 3.50 (t, 1H, J = 7.4 Hz),  3.00 (t, 1H, J 

= 7.4 Hz), 2.92 (t, 1H, J = 7.4 Hz), 2.30 (s, 1.5 H), 2.31 (s, 1.5 H); 13C 

NMR (150 MHz,CDCl3) (Mixture of rotamers) 𝛿 169.6, 169.5, 157.6, 
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157.4, 156.7, 156.5, 150.5, 150.3, 137.0, 134.8, 134.7, 129.4 (2C), 129.1, 

128.6, 128.4, 128.0, 127.9, 126.8, 126.7, 126.1, 126.0, 121.8, 121.6 (2C), 

120.7, 120.6, 119.1, 119.0, 118.8, 111.8, 110.3, 110.2, 109.3, 109.2, 66.6, 

66.5, 55.4, 55.3, 48.8, 47.9, 45.8, 45.6, 32.7, 24.4, 23.8, 21.3.  
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2. Experimental part for biochemical in vitro, ex vivo, and 

mosquito testing  

Protein expression  

The expression of the recombinant AChE1 enzyme from Ae. aegypti has 

been performed previously in our laboratory.134 For in vitro testing 

recombinant enzyme was used, and the biochemical evaluation was 

performed using activity-based Ellman assay as described in Paper I.118  

Ex vivo experiments 

Homogenization: For ex-vivo experiment elucidated in Figure 18.  

Mosquitoes from specie Ae. aegypti were stored at -80ᵒC, and were 

collected 12 mosquito per sample, in tubes the heads were separated from 

the bodies using a sharp scalpel. All the mosquito handling was performed 

over ice. The samples with head, and body separately were homogenized 

by manual grinding in 100 µL 0.1 M phosphate buffer pH 7.4 containing 

1% Triton X-100. The grinder was rinsed with 300 µL phosphate buffer 

containing 1 % Triton X-100 and the samples (in total 400 µL) were 

subsequently centrifuged at 10 000 rpm for 5 min at 4 ᵒC. The supernatant 
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from all samples were pooled together. 50 µL of pooled sample were used 

per well in the measurement and the Ellman assay was used for AChE 

activity determinations of samples.  

Homogenization: For, ex-vivo experiment outcomes elucidated in Figure 

19. Mosquitoes from specie Ae. aegypti were stored at -80ᵒC, and were 

collected 12 mosquito per sample in tube. The samples with whole 

mosquito crude extract were homogenized by manual grinding in 100 µL 

0.1 M phosphate buffer pH 7.4 containing 1% Triton X-100. The grinder 

was rinsed with 300 µL phosphate buffer containing 1 % Triton X-100 and 

the samples (in total 400 µL) were subsequently centrifuged at 10 000 rpm 

for 5 min at 4 ᵒC. The supernatant from all samples were pooled together. 

50 µL of pooled sample were used per well in the measurement and the 

Ellman assay was used for AChE activity determinations of samples.  

Biochemical evaluations: For ex vivo experiment elucidated in Figure 18. 

The ex vivo biochemical evaluation were performed using activity-based 

Ellman assay.118 The percentage esterase activity inhibition by indole 

based AChE1 inhibitors, and respective pro-insecticides were determined 

on the homogenate from head, and body of Ae. aegypti mosquito 

separately. Freshly prepared stock solutions of the indole inhibitors, and 

pro-insecticide compounds were prepared from solid material dissolved in 

DMSO at a concentration of 100 mM. The dilutions were prepared in 0.1 

M phosphate buffer pH 7.4. The eight different concentrations of indoles 

compounds were used with maximum of 1 mM. While six concentrations 

of pro-insecticides were used with maximum of 0.1 mM, due to solubility 

limit of pro-insecticides in higher concentration. The compounds were 

incubated along with the enzyme for five minutes at room temperature, 

then the reaction was initiated with the addition of acetylcholine iodide 

(ATChI) as the substrate and the esterase activity was measured at 30 ˚C 

by monitoring changes in the absorbance of individual wells at 412 nm 

over 5 minutes (instead of 1 minute as for in vitro evaluations) in Tecan 

plate reader device Infinite® 200 PRO. IC50 values were calculated using 

nonlinear regression (curve-fitting) in GraphPad prism (version 9.5.1) and 
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the log [inhibitor] vs. response variable slop equation was fitted using four 

parameters. 

Moreover, for ex-vivo experiment elucidated in Figure 19 homogenate 

from whole mosquito crude extract was used as a source of esterase, and 

analysis was performed according to the following procedure. Freshly 

prepared stock solutions of the indole inhibitors, and pro-insecticide 

compounds were prepared from solid material dissolved in DMSO at a 

concentration of 100 mM. The dilutions were prepared in 0.1 M phosphate 

buffer pH 7.4. Three (200, 50, and 0.01 µM), and six concentrations (200, 

50, 20, 2, 0.2 and 0.002 µM) were used for esterase activity inhibition 

investigation. The compounds were either incubated along with the 

homogenate in (+) column of 96 well plate, or added to the homogenate 

just prior to the measurement in (–) column 96 well plate. Esterase activity 

was measured at five timepoints: after 0, 6 minutes and 1, 8 and 20 h of 

incubation at rt. The reaction was initiated by the addition of ATChI 1 mM. 

The esterase activity was measured at 30 ˚C by monitoring changes in the 

absorbance of individual wells at 412 nm over 5 minutes (instead of 1 

minute as for in vitro evaluations) in Tecan plate reader device Infinite® 

200 PRO. Moreover, it was the change in absorbance (dA/minute) that was 

used for calculations and for plotting graphs in graph pad prism (version 

9.5.1).  

In vivo experiments 

In vivo experiments were performed on female mosquito species Ae. 

aegypti. The testing was performed in batches of approximately five 

mosquitoes (100 in total per compound). Average value from of three 

different experiments (triplicate) is presented here to know the % mortality 

after 24h of topical application. Experiments were done in collaboration 

with Kenya Medical Research Institute (KEMRI) in Nairobi, Kenya by Dr. 

Luna Kamau as described in Paper I. Insecticidal activity experiments of 

the compounds were carried out based on the WHO guidelines for testing 

mosquitocide.119 
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14. Appendix 2 

Dose-response curve for positive control (82), and protease inhibitor 

antipain at 10 mM (optimal concentration of calcium), and 1mM 

(sub-optimal concentration of calcium) of assay conditions. 
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15. Appendix 3  

Dose-response curve for positive control (82, and 83) at optimala and 

sub-optimalb assay conditions. 
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aactivation through 30 minutes incubation of TbMCA-Ib at 37˚C at concentration 0.3 

mg/mL with CaCl2 10 mM followed by reaction initiation with the addition of Z-GGR-

AMC (75 µM); b No incubation of TbMCA-Ib, CaCl2 10 mM reaction initiated with the 

addition of Z-GGR-AMC (75 µM). 

 

 


