
 

Towards Mosquitocides for 
Prevention of Vector-Borne 
Infectious Diseases 
Discovery and Development of Acetylcholinesterase 1 
Inhibitors 
 
 
 
 
 
Sofie Knutsson 

 

Doctoral Thesis, Department of Chemistry 
Umeå University, 2016 



 

Responsible publisher under Swedish law: the Dean of the Faculty of Science and  
Technology 
This work is protected by the Swedish Copyright Legislation (Act 1960:729) 
ISBN: 978-91-7601-492-9 
Electronic version available at http://umu.diva-portal.org/ 
Tryck/Printed by: VMC-KBC Umeå 
Umeå, Sweden, 2016 



 

“No one in the 21st century should die from the bite of a mosquito, a
sandfly, a blackfly or a tick.”

 
Dr. Margaret Chan

Director-General, World Health Organization

 
 





i 

Table of Contents 

Abstract iii 
List of Abbreviations v 
List of Publications ix 
Mot nya insekticider för bekämpning av sjukdomsbärande myggor - 
Identifiering och utveckling av acetylkolinesteras 1 inhibitorer xi 
Introduction 1 

Objectives of the thesis 2 
Background 3 

How are vector-borne diseases transmitted? 3 
Mosquitoes as vectors 4 
Parasitic infections spread by mosquitoes 6 
Arboviruses spread by mosquitoes 7 
Vector control methods 9 
Insecticide resistance 13 
AChE as an insecticide target 14 
AChEs in mosquitoes 17 

Methodology 21 
The discovery and development process 21 
Protein-ligand interactions and structure-activity relationships 21 
HTS for hit identification 23 
Chemical similarity 24 
Biochemical evaluation of AChE inhibitors 26 
Mosquito testing 29 

Chapter 1: Characterization of AChE1 from An. gambiae and Ae. aegypti 
(Paper I and Appendix I) 30 

Background 30 
Sequence analysis of AChEs from different species 30 
Characterization of the enzymes 32 
Investigating the active site gorge with inhibitors 34 
Cluster analysis 36 
Summary of Chapter 1 37 

Chapter 2: Discovery of AChE1-inhibitors by HTS (Paper II and Appendix 
II) 38 

Background 38 
Assay adaptation and screening for AChE1 inhibitors 38 
Normalization of AChE1 HTS data 40 
Assay quality evaluation 40 
Identification and analysis of hits 41 
Hit validation 42 
Summary of Chapter 2 44 



ii 

Chapter 3: Identification of selective AChE1-inhibitors by differential HTS 
analysis 45 

Selectivity of the AChE1 hits 45 
Structure-selectivity relationship 46 
Eight compound classes 48 
Summary of Chapter 3 50 

Chapter 4: Homology modeling of AChE1 (Paper II and Paper III) 51 
Background 51 
Selection of a template for modeling of mosquito AChE1 51 
Homology models of AgAChE1 and AaAChE1 53 
The AgAChE1-G119S mutant 55 
Summary of Chapter 4 57 

Chapter 5: Investigation of the structural basis for the selectivity of 
acetamide-based inhibitors (Paper II and Appendix III) 58 

Background 58 
Binding modes in mAChE 58 
Design and synthesis of analogues 60 
Synthesis of compounds 61 
Biochemical evaluation of analogues 64 
Binding modes of propyl analogues 68 
Structural basis for the observed SARs and SSRs 68 
Summary of Chapter 5 72 

Chapter 6: Thiourea-based AChE1 inhibitors (Paper III) 73 
Background 73 
Design of analogues 74 
Synthesis 75 
SAR analysis of the thiourea-based AgAChE1- and AaAChE1 inhibitors 76 
Structure-selectivity relationship over hAChE 80 
The AgAChE1-G119S mutant 80 
Study of bioactive conformations in mAChE 81 
Study of possible binding modes in mosquito AChE1 using homology modeling 84 
Mosquito testing 86 
Summary of Chapter 6 88 

Concluding discussion 90 
Is there a future for vector control? 90 
Covalent or non-covalent inhibitors of mosquito AChE1? 91 
Pursuing several compound classes 92 
Design of mosquito selective insecticides 94 

Acknowledgements 97 
References 100 
Appendix I 1 
Appendix II 8 
Appendix III 12 



iii 

Abstract 
Diseases such as malaria and dengue impose great economic burdens and 
are a serious threat to public health, with young children being among the 
worst affected. These diseases are transmitted by mosquitoes, also called 
disease vectors, which are able to transmit both parasitic and viral infections. 
One of the most important strategies in the battle against mosquito-borne 
diseases is vector control by insecticides and the goal is to prevent people 
from being bitten by mosquitoes. Today’s vector control methods are 
seriously threatened by the development and spread of insecticide-resistant 
mosquitos warranting the search for new insecticides. This thesis has 
investigated the possibilities of vector control using non-covalent inhibitors 
targeting acetylcholinesterase (AChE); an essential enzyme present in 
mosquitoes as well as in humans and other mammals. A key requirement for 
such compounds to be considered safe and suitable for development into 
new public health insecticides is selectivity towards mosquitos. The work 
presented here is focused on AChE1 from the disease-transmitting 
mosquitoes Anopheles gambiae (AgAChE1) and Aedes aegypti (AaAChE1), 
and their human (hAChE) and mouse (mAChE) counterparts. By taking a 
medicinal chemistry approach and utilizing high throughput screening 
(HTS), new chemical starting points have been identified. Analysis of the 
combined results of three different HTS campaigns targeting AgAChE1, 
AaAChE1, and hAChE allowed the identification of several mosquito-
selective inhibitors and a number of compound classes were selected for 
further development. These compounds are non-covalent inhibitors of 
AChE1 and thereby work via a different mechanism compared to current 
anti-cholinergic insecticides, whose activity is the result of a covalent 
modification of the enzyme. The potency and selectivity of two compound 
classes have been explored in depth using a combination of different tools 
including design, organic synthesis, biochemical assays, protein X-ray 
crystallography and homology modeling. Several potent inhibitors with 
promising selectivity for the mosquito enzymes have been identified and the 
insecticidal activity of a few selected compounds have been confirmed by in 
vivo experiments on mosquitoes. The results presented here contribute to 
the field of public health insecticide discovery by demonstrating the potential 
of selectively targeting mosquito AChE1 using non-covalent inhibitors. 
Further, the presented compounds can be used as tools to study mechanisms 
important in insecticide development, such as exoskeleton penetration and 
other ADME processes in mosquitoes. 
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Mot nya insekticider för bekämpning av 
sjukdomsbärande myggor - Identifiering 
och utveckling av acetylkolinesteras 1 
inhibitorer 
Myggor sprider ett flertal parasit- och virussjukdomar t.ex. malaria, dengue, 
chikungunya och Zika. I dessa sammanhang kallas myggan för en vektor 
eftersom den fungerar som en länk mellan det sjukdomsframkallande 
smittämnet (t.ex. virus eller parasiter) och människan. Idag riskerar mer än 
hälften av jordens befolkning att drabbas av myggburna sjukdomar som ofta 
saknar vaccin eller specifik behandling. Myggan klassas därför ofta som 
världens farligaste djur. En viktig metod för att förebygga dessa sjukdomar 
är så kallad vektorkontroll med hjälp av insekticider (bekämpningsmedel 
mot insekter). Användandet av insekticider, t.ex. på impregnerade myggnät, 
leder till färre myggor, minskad risk för myggbett och därmed även minskad 
sjukdomsspridningen. Nu hotas effektiviteten av dessa metoder på grund av 
resistensutveckling bland myggor. Resistens innebär att myggorna inte är 
känsliga för bekämpningsmedlen längre, och detta är idag ett problem med 
alla insekticider som är godkända för vektorkontroll. Behovet av nya 
insekticider som är säkra att använda i närhet av människor är därför stort. 

I denna avhandling presenteras forskning som syftar till att undersöka 
möjligheterna för vektorkontroll genom små organiska föreningar som 
hindrar funktionen av ett livsnödvändigt protein hos myggan som kallas 
acetylkolinesteras 1. Då acetylkolinesteras även finns hos människor och 
andra djur är det viktigt att nya acetylkolinesteras 1 hämmare är specifika för 
myggproteinet, d.v.s. att de endast påverkar funktionen hos myggproteinet 
men inte det mänskliga proteinet. Genom att experimentellt utvärdera flera 
tusen organiska substansers förmåga att blockera den biologiska funktion 
hos acetylkolinesteras 1 från två sjukdomsspridande myggor hittade vi ett 
antal substanser som var intressanta för vidare utveckling mot nya 
insekticider. De identifierade substanserna visade sig i ett tidigt skede vara 
selektiva för myggproteinet vilket möjliggjorde studier för att undersöka 
vilka faktorer som påverkar substansernas selektivitet. Ny substanser har 
därefter framställts genom organisk syntes och deras biologiska aktivitet har 
undersökts för att utröna hur substansernas uppbyggnad (kemiska struktur) 
relaterar till deras förmåga att selektivt hämma myggans acetylkolinesteras 
1. För att understödja våra resultat har vi även tagit hjälp av metoder för att 
titta på den tredimensionella protein strukturen av acetylkolinesteras (både 
röntgenkristallografi och datorbaserade modelleringstekniker) där vi 
undersökt hur substanserna binder till proteinet och där igenom kan hämma 
dess funktion.  
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De arbeten som presenteras i den här avhandlingen visar på möjligheten 
och potentialen i att utveckla selektiva insekticider mot acetylkolinesteras 1, 
något som inte finns på marknaden idag. De substanser som presenteras här 
skiljer sig från dagens insekticider, både vad det gäller kemisk struktur och 
verkningsmekanism, vilket kan vara fördelaktigt ur ett 
resistensutvecklingsperspektiv. Initiala försök på myggor har visat lovande 
resultat, men mycket forskning kvarstår ännu för att reda ut hur framtida 
säkra och effektiva insekticider ska utformas.  
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Introduction 
The latter half of the 1800s constituted an era of intense research and 
groundbreaking discoveries that laid the foundation for modern medicine. 
This included the revolutionary work of microbiologists Pasteur and Koch, 
whose work resulted in the discovery and experimental proof that 
microorganisms, such as bacteria and fungi, were able to cause disease. The 
realization that mosquitoes had the ability to transmit disease followed 
shortly after the establishment of the germ theory of disease. In 1880, the 
French army surgeon Alphonse Leveran was the first to identify protozoan 
parasites in the blood of a malaria patient and 18 years later Ronald Ross 
demonstrated that malaria was transmitted between birds by Anopheles 
mosquitoes.1-2 Soon thereafter, in 1900, following the work of Carlos Finley, 
the American army surgeon Walter Reed and his commission showed that 
yellow fever was transmitted via mosquitoes of the Aedes genus.3-5 Both 
Leveran (1907) and Ross (1902) were awarded the Nobel Prize for their 
discoveries.6-7 

Today, organisms capable of transmitting infectious diseases between 
humans, or from animals to humans, are called vectors and the diseases they 
spread are known as vector-borne diseases. This group of diseases 
constitutes 17% of all infections worldwide8 and imposes immense health 
and economic burdens,9-10 especially in developing countries where young 
children are among the worst affected.11 The best known and studied vectors 
are the mosquitoes, which transmit both parasitic and viral diseases; 
however, diseases can also be transmitted by other animals such as flies, 
ticks, or snails. As this thesis is being written, the news is filled with alarming 
reports from South America, where outbreaks of Zika virus infections are 
being linked to a dramatic increase in children born with microcephaly.12-15 
However, the Zika virus is just one example of the many pathogens which are 
transmitted to humans via the bite of an infected mosquito. There are a 
number of viral infections that are emerging or resurging. Dengue is one of 
the fastest spreading vector-borne diseases and it is estimated that 40% of 
the world’s population is at risk.16-17 It is encouraging to note that following a 
massive global effort over the last fifteen years the incidence of malaria has 
declined. Despite this, malaria is still the deadliest vector-borne disease and 
1.2 billion people remain at high risk of infection.9, 18  

With many mosquito-borne diseases lacking vaccines and/or specific 
treatments, the current strategy to reduce their incidence aims to prevent 
people from being bitten by mosquitoes. This strategy is termed vector 
control and relies on two main methods; indoor residual spraying of 
insecticides (IRS) and insecticide-treated bed nets (ITNs). IRS is used to 
reduce insect vectors in homes by spraying walls and furniture with 
insecticides. ITNs are mosquito nets that have been impregnated with a 
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pyrethroid insecticide; they were introduced in the 1980s. By sleeping under 
such a net, people are protected from mosquitoes which are night active and 
feed indoors. ITNs are cost-effective and can protect against malaria 
infection very efficiently.9, 18 In addition, insecticides are frequently used for 
outdoor space spraying (SS) and larviciding, i.e. killing mosquito larvae.19-20 
Concerns such as safety for humans and the environment, durability, and 
costs have resulted in only four classes of insecticides being recommended 
for ITNs and IRS. This limited access to chemically diverse insecticides, in 
combination with heavy use and the fact that no new active ingredients have 
been brought to the market since lambda-cyhalothrin was registered in 1988, 
has allowed the development and spread of insecticide-resistant mosquito 
populations.21-25 

Objectives of the thesis 
There is an urgent need for new insecticides for vector control in order to 
meet the demands posed by both insecticide resistance development and the 
spread of vectors to new areas and environments. In our work, we want to 
explore the possibilities of blocking the function of the essential enzyme 
acetylcholinesterase 1 (AChE1) by use of non-covalent inhibitors. AChE1 is a 
validated insecticide target. However, since AChE is an essential enzyme in 
mammals as well as in insects,26-27 a major challenge is to develop inhibitors 
that target the mosquito enzyme while being safe for humans and other non-
target organisms.  

The work presented in this thesis is focused on AChE1 from the disease-
transmitting mosquitoes Anopheles gambiae (An. gambiae) and Aedes 
aegypti (Ae. aegypti), and their human (hAChE) and mouse (mAChE) 
counterparts. The thesis is intended to add to the understanding of what 
structural elements, both from a ligand- and an enzyme perspective, 
contribute to the potency and selectivity of non-covalent AChE1 inhibitors. 
The work outlined in Chapter 1 aimed to identify differences between 
AChE1 from An. gambiae (AgAChE1) and Ae. aegypti (AaAChE1), and 
vertebrate hAChE and mAChE that might be of importance for the 
development of selective insecticides. Thus, we studied and compared the 
protein sequences, the functional properties, and the ligand binding 
properties of AChE1 and vertebrate AChE. In Chapters 2 and 3 the results 
of three different high throughput screening (HTS) campaigns targeting 
AgAChE1, AaAChE1, and hAChE are analyzed. The aim of this study was to 
identify novel inhibitors that exhibit a high potential for being selective 
towards mosquito AChE1 over hAChE. In addition, we also wanted to 
investigate general differences between the enzymes based on the chemical 
structures of the identified hits. Chapters 4-6 describe our efforts to 
investigate and establish structure-activity relationships (SAR) and 
structure-selectivity relationships (SSR) of possible lead compounds.  
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Background 

How are vector-borne diseases transmitted? 
The most common vectors are flies, ticks, snails, and mosquitoes, with the 
latter being the focus of this thesis. Transmission of vector-borne diseases 
can be described by different cycles. The epidemic (or urban) cycle describes 
how a disease is transmitted from human to human via a vector (A, Figure 1). 
In addition, some diseases also have an enzootic cycle (sometimes called a 
sylvatic or jungle cycle) which describes how the disease is transmitted 
between animals (B, Figure 1). As a result animals (often non-human 
primates) can act as reservoirs for a disease and humans can be infected via 
a spillover from the enzootic cycle (C, Figure 1).  

 

 
Figure 1. Transmission of vector-borne diseases. In the epidemic cycle the pathogen 

is carried from one human host to another via its vector (A). In the enzootic cycle the 

disease is established in an animal population. For diseases affecting humans, the 

animals are often non-human primates (B). Humans can become infected when 

exposed to the enzootic cycle (C). 

 
The recent surge in several vector-borne diseases has been linked to 

environmental factors such as climate and weather changes, but also to 
changes in human behavior. A warmer climate in combination with 
increased travel and global trade have allowed vectors to populate new 
geographical areas.28-31 Rapid urbanization, high population density, 
inadequate housing and insufficient sanitation create environments favoring 
close contacts between pathogen, vector, and people. Even so, the complex 
transmission dynamics of vector-borne diseases, determined by 
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environmental, biological, and social factors, are not yet fully understood.28, 

30, 32-33 Given the immense complexity of vector-host-pathogen relationships 
and transmission dynamics, a combination of several interventions, such as 
vaccines, specific treatments (antivirals and antimalarials) and vector 
control methods, are needed to achieve long term and large scale reductions 
in vector-borne diseases.9, 34 

Mosquitoes as vectors 
Insects are the most diverse group of animals and throughout evolution they 
have lived in close relationships with both plants and mammals. One 
example of such a relationship is hematophagy – the strategy of feeding on 
blood - which occurs in many species across several different families of 
insects. The Culicidae family, or mosquitoes, are insects of the order Diptera 
and comprise just over 3,500 different species.35 Female mosquitoes depend 
on blood meals to obtain the necessary nutrients for egg production and 
reproduction. The oldest known mosquito fossils date as far back as to the 
Mesozoic Era (252-66 million years ago; mya)36-37 and a 46 million year old 
blood-engorged specimen shows that this behavior extends far back into the 
past.38 

Hematophagy is a key requirement for the establishment of a second 
relationship: that between insects and disease agents such as viruses and 
parasites. Blood-feeding species can become contaminated with the disease-
causing microorganisms during a blood meal and, if conditions are right, 
subsequently transfer the disease from one infected host to another 
previously uninfected one. To date, the earliest evidence of the parasite-host 
relationship between the malaria parasite (Plasmodium) and mosquitoes is 
of a fossil found in Dominican amber (uncertain dating, current estimates 
range from 20-15 mya to 45-30 mya).39 Table 1 lists some mosquito-borne 
diseases and their vectors,11, 33 of which Anopheles and Aedes mosquitoes are 
the focus of this thesis. 
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Table 1. Overview of different mosquito-borne diseases and their mosquito vectors. 

Genus Disease Pathogen People at riska 

Anopheles Malaria Parasite 3.2 billion 

 Lymphatic filariasis Parasite 1.2 billion 

Aedes Dengue Flavivirus 2.5 billion 

 Chikungunya Alphavirus d.n.a. 

 Zika Flavivirus d.n.a 

 Yellow fever Flavivirus 900 million 

 Lymphatic filariasis Parasite 1.2 billion 

Culex West Nile fever Flavivirus d.n.a 

 Japanese encephalitis  Flavivirus 3 billion 

 Rift Valley fever Phlebovirus d.n.a 

 VEEb  Alphavirus d.n.a 

 Lymphatic filariasis Parasite 1.2 billion 

Haemagogus Yellow fever Flavivirus 900 million 

 Mayaro virus disease Alphavirus d.n.a 

aData from WHO fact sheets40-44 d.n.a. = data not available bVenezuelan equine 

encephalitis 

The mosquito life cycle 
The bionomics of the mosquito, i.e. its habitat, behavior, and preferences, 
determine its vector competence. A mosquito passes through four different 
stages during its life cycle: egg, larvae, pupae, and adult. The time it takes 
from egg to adult varies depending on several factors such as species and 
temperature; for Ae. aegypti and An. gambiae typical timeframes are 8-10 
days and 9-29 days, respectively. 

Shortly after the adult female emerges she will mate and thereafter look 
for a blood meal. One mating is enough to allow the female to lay eggs 
throughout her lifetime, however a new blood meal is required for every 
oviposition. The biting behavior varies between different species of 
mosquitoes. Descriptions of both An. gambiae and Ae. aegypti indicate that 
they prefer to feed from humans (they are anthropophilic), and primarily 
bite and rest indoors (endophagic and endophilic). However, their biting 
cycles, i.e. the time of day when a mosquito mainly takes her blood meal, 
differ. An. gambiae is night active while Ae. aegypti is day active and bites 
more frequently. 45-46 However, it has been suggested that An. gambiae 
might be less specific and more opportunistic with respect to its host 
preferences and resting places.47-49 

An. gambiae mosquitoes are known to lay their eggs in both natural and 
manmade water bodies. These can vary from large bodies such as at the 
edges of lakes, rice fields, or fish ponds, to small streams, wells, or temporary 
puddles, such as tire marks or hoof prints, which are exposed to sunlight.20, 
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50 Ae. aegypti have become increasingly domesticated and often lay their 
eggs in any manmade container that can hold water, such as flower pots, car 
tires, buckets, or rain gutters. Their eggs are very robust and can survive 
desiccation for at least six months.51 After the eggs hatch into larvae they go 
through four developmental stages, called instars, before transforming from 
larva to pupa. This final stage before the adult emerges is an inactive state 
and lasts 2-5 days for An. gambiae and 2-3 days for Ae. aegypti.20, 52 The 
differences in habitat and behavior between the species will not only affect 
the epidemiology of the diseases that they transmit, but are important 
factors to consider when developing and choosing vector control strategies to 
achieve the most effective disease prevention. 

Parasitic infections spread by mosquitoes 
Parasites live in or on a host and depend on their host for nutrition. Protozoa 
(unicellular organisms), helminths (worms), and ectoparasites (arthropods 
such as lice and ticks) are the three main classes of parasites able to cause 
disease in humans. The helminths and protozoan parasites transmitted to 
humans via the bites of infected female Anopheles mosquitoes are discussed 
below. 

Malaria 
In 2015 it was estimated that 214 million malaria infections occurred 
resulting in 438,000 deaths mostly among children under the age of five.9 
Five different species of the Plasmodium parasite (protozoa) cause malaria 
in humans; P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi.40 
P. falciparum is the cause of the most severe and deadly malaria infections 
(Figure 2). Today malaria is most often treated with Artemisinin-based 
combination therapies (ACT)53-54 and vaccines are being developed. 55-58 

More than 80% of all malaria cases occur in Africa, where An. gambiae is 
considered the major vector.9 Other important vectors include Anopheles 
funestus (Africa), Anopheles stephensi (Asia) and Anopheles darlingi 
(Americas).50, 59-60 P. knowlesi differs from the other Plasmodium species by 
being transmitted via a enzootic cycle rather than an epidemic cycle.61  

Even though the incident rate of malaria is still incredibly high, there has 
been a drastic global reduction in the number of infections and deaths since 
the year 2000.9, 18 This decrease of approximately 37% and 60% (when 
taking population growth into account) for incidence and mortality rates, 
respectively, is mainly the result of massive global initiatives to increase 
vector control coverage in malaria endemic countries.18  
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Figure 2. Plasmodium life cycle in man and mosquito. When a human is bitten by 

an infected mosquito, the protozoan parasite is transmitted to its new host in the 

form of sporozoites. The sporozoites travel to the liver where they mature into 

schizonts. When the schizonts rupture, merozoites are released into the bloodstream 

and infect the erythrocytes. This is where the parasites undergo asexual 

multiplication (asexual blood cycle). Some merozoites will, however, differentiate 

into a sexual stage and form male and female gametocytes. If the gametocytes are 

ingested by a mosquito they develop into gametes which fertilize in the mosquito gut 

to form zygotes. Zygotes develop into ookinetes which are able to penetrate the gut 

wall before forming oocysts. After growth and division, sporozoites break out from 

the oocyst and travel to the salivary glands from where they infect a new host upon 

the next blood feed.62 

Lymphatic filariasis  
Most cases of lymphatic filariasis are caused by the nematode parasite 
Wuchereria bancrofti.63 Culex, Anopheles, and Aedes mosquitoes are vectors 
of the parasite and it is estimated that at least 120 million people are 
currently suffering from lymphatic filariasis, mostly in South East Asia and 
Africa.11 Approximately one third of those infected are permanently 
disfigured by the infection because of damage to the lymphatic system. 
Elephantiasis, lymphedema, and scrotal swelling are the worst symptoms of 
the chronic disease, resulting in misery and suffering due to pain, social 
exclusion, financial losses, and poverty. 

Arboviruses spread by mosquitoes 
Viruses that are dependent on blood-feeding arthropods such as mosquitoes, 
ticks, and flies, are called arboviruses (arthropod-borne). Today just over 
500 known, probable or possible arboviruses are listed in the arbovirus 
catalogue and one third of these are able to cause disease in humans.64-65 The 
most common mosquito-borne viruses affecting human health are RNA 
viruses belonging to the Alphavirus and Flavivirus genera. The major vector 
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of these viruses is Ae. aegypti but other species such as Aedes albopictus 
(Ae. albopictus) can also be vectors.66 The viruses spread by Aedes 
mosquitoes cause febrile illnesses, with symptoms often including joint pain 
and skin rash, and it is often difficult to distinguish between the different 
infections based on their symptoms. 

Yellow fever virus 
Yellow fever was a serious global health problem up until the mid-1900s.67 A 
vaccine against yellow fever was developed during the 1930s,68 but today 
yellow fever is still endemic in some parts of Africa and South America.11, 69 
Ae. aegypti is often called the yellow fever mosquito due to its role in 
transmitting this disease. The virus has three different transmission cycles, 
one urban cycle between humans, one jungle/sylvatic cycle (enzootic cycle) 
between non-human primates and one intermediate/savannah cycle 
between human and non-human primates.42 

Dengue viruses 
Dengue is considered the most important arboviral disease and the incidence 
of the disease has increased dramatically over the last 50 years.46 It has been 
estimated that 290-530 million cases of dengue occurred globally in 2010, 
with Asia carrying the heaviest burden (70%) followed by Africa (16%) and 
the Americas (14%).17 The great increase in both number of cases and 
endemic countries is attributed to the geographical spread of the major 
vector Ae. aegypti.66, 70-73 

Dengue ranges from the relatively common asymptomatic or mildly 
symptomatic infections to the more severe forms known as dengue 
hemorrhagic fever and dengue shock syndrome.74 The infections are caused 
by one of four closely related dengue virus serotypes (DENV1-4).75 There are 
currently no antiviral treatments for dengue and vaccine developments have 
been challenged by the four virus serotypes.76-84 Still, one dengue vaccine has 
recently been registered in four countries and in early 2016, a public 
immunization program was launched in the Philippines.85 

Chikungunya virus 
Chikungunya and Zika are both emerging viral infections that have recently 
seen a large increase in outbreaks. The chikungunya virus (CHIKV) 
manifests with fever, rash, muscle pain, and debilitating joint pains, which 
can persist for years; patients often require medical attention.86 There are no 
specific antiviral drugs or vaccines available. Chikungunya was first reported 
in Africa at the beginning of the 1950s and a few years later in Asia.87-88 Since 
2004 a major increase in both the number and size of outbreaks has been 
recorded and chikungunya is now considered endemic and epidemic in 
Africa, Asia and the Indian Ocean.89 In addition to Ae. aegypti, Ae. 
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albopictus is an important vector and this has allowed chikungunya to 
spread to new geographic areas.90 Since 2007 and 2013, respectively, local 
transmission of chikungunya has been recorded in both Europe and the 
Americas.91-92  

Zika virus 
Compared to the viruses discussed above, much less is known about the Zika 
virus. Zika infections are typically mild with symptoms such as fever, rashes, 
headache, conjunctivitis, joint and muscle pain. However, an increase in 
Guillain-Barré syndrome was noted during Zika outbreaks in French 
Polynesia (2013)93-96 and Brazil (2015).15 In addition, a 20-fold increase in 
children born with microcephaly in Brazil is of great concern.12-15 Still, more 
evidence is needed to establish conclusively the correlation between Zika 
virus infections and neurological disorders.  

The first reported outbreak of Zika outside Africa or Asia occurred in 2007 
on Yap in the Western Pacific Ocean and involved 49 confirmed cases.97 
Larger outbreaks then occurred on other Pacific Islands from 2013 and 
South America from 2014. It has been estimated that 0.5-1.5 million people 
were infected with Zika virus in Brazil between late 2014 and early 2016. At 
the beginning of 2016, transmission of Zika virus had been documented in 61 
countries.15 The virus is believed to be transmitted by Aedes mosquitoes,98-101 
but further investigation is needed into possible vectors of the virus and 
vector statuses.102 

Vector control methods 
Most vector control methods aim to reduce the disease burden by decreasing 
the vector density. The choice and effectiveness of different vector control 
methods depend on several factors including mosquito behavior and habitat, 
disease epidemiology, human activity, cost, socioeconomic conditions, 
acceptance, and cultural context.11 Different vector control interventions also 
target different stages of the mosquito life cycle. 

Insecticides are one of the key pillars in vector control both for immature 
control (larviciding) and adult control (ITNs, IRS, and SS).11, 19, 46 During the 
ten year period 2000-2009, over 6000 tons of insecticides were used 
annually for vector control purposes (Figure 3).19 Only a few chemical classes 
of insecticides are recommended for this103-106 and most of these target the 
nervous system of the mosquito. Organochlorines and pyrethroids primarily 
target sodium gated ion channels.107 Organophosphates and carbamates 
inhibit the essential enzyme AChE, and spinosyns target the nicotinic 
acetylcholine receptor (nAChR).108 Both AChE and nAChR are vital for 
cholinergic neurotransmission. The last category of public health insecticides 
are insect growth regulators, such as juvenile hormone mimics 
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(pyriproxyfen) and chitin biosynthesis inhibitors (benzoylureas),107 which 
are only recommended as larvicides. 

 
 

Figure 3. Pie charts showing the proportions of insecticides used annually for vector 

control purposes during 2000-2009 (in tons of active ingredients). The yearly 

average use was 6248 tons of insecticides.19 A) The proportions of different chemical 

classes: organochlorines (OC), organophosphates (OP), carbamates (C), and 

pyrethroids (P). It is noteworthy that pyrethroids constitute ~80% of the insecticide 

use in terms of spray coverage (only ~1/60 of the active ingredient (weight)) is 

needed of pyrethroids to achieve the same coverage as organophosphates and 

carbamates. B) The proportions used for different vector control methods: larviciding 

(L), indoor residual spraying (IRS), space spraying (SS), and insecticide-treated bed 

nets (ITN). 

Immature control 
Immature vector control refers to methods targeting the aquatic stages of the 
mosquito. Reducing mosquito density by interfering with breeding habitats 
is especially important for controlling Aedes mosquitoes that breed in close 
proximity to humans,46 but Anopheles populations can also be reduced by 
larval source management.20 Prior to the advent and large scale use of 
synthetic insecticides in the 1950s,109 environmental management to reduce 
larval habitats was the primary method for preventing malaria, yellow fever, 
and dengue. In fact, from around 450 BCE and through the Middle ages 
Romans and other early civilizations performed sanitation work by diverting 
streams and draining marshes and this continued to modern times.110 

Today, effective control is often the result of a combination of strategies 
including habitat modification and manipulation, biological control, and 
larviciding. Examples include flushing of streams, proper waste 
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management, removing and/or preventing access to water storage 
containers, introducing larvivorous fish or other larvivorous predators, and 
planting aquatic plants that hinder larvae from breathing at the water 
surface.20 Larviciding is performed by treating water with oils or surface 
films,111 biocides, or insecticides. Two bacterial larvicides and eight larvicidal 
compounds are recommended for vector control (Table 2).106 Treating 
drinking water with insecticide is typically considered a last resort and 
should be implemented with extreme care to achieve a balance between the 
human intake of the insecticide from drinking-water and the control of 
larvae. 

 
Table 2. Insecticides recommended for larviciding.106 

 
 

Insecticidea Classb Targetc Methodd 

Chlorpyrifos (1965) OP AChE OWB 

Temephos (1965) OP AChE OWB/CB/DW 

Pirimiphos-methyl (1967) OP AChE OWB/CB 

Fenitrothion (1975) OP AChE OWB 

Diflubenzuron (1975) B Chitin biosynthesis OWB/CB/DW 

Novaluron (1996) B Chitin biosynthesis OWB/CB/DW 

Pyriproxyfen (1995) JHM unknown OWB/CB/DW 

Spinosad (1997) S nAChR OWB/CB/DW 

aYear of introduction or first report given in parentheses; bOP = organophosphate, B 

= benzoylureas, JHM = juvenile hormone mimics, S = spinosyns; cAChE = 

acetylcholinesterase, nAChR = nicotinic acetylcholine receptor; dOWB = open water 

bodies, CB = container breeding, DW = drinking water.  
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Adult control 
Spraying the insides of houses with residual insecticides (IRS) to reduce 
malaria transmission was first implemented in the early 1930s.112 Between 
1940 and 1960 residual spraying with DDT greatly reduced and even 
eliminated malaria in many countries. In 1955 the WHO launched the Global 
Eradication Program, but in 1969 this program was discontinued and thus 
malaria resurged in many areas.113 As a result of, inter alia, environmental 
awareness and resistance development in the late 1980s and 1990s, DDT was 
replaced by pyrethroids for IRS,112 however resistance to the pyrethroids led 
to the re-introduction of DDT during the 2000s in many African countries. 
Today, IRS is the most widely used method to control adult mosquitoes, but 
only four classes of insecticides are recommended for IRS (Table 3).104 To 
obtain maximum protection at least 80% of the houses in an area need to be 
treated and the insecticide needs to be applied 1-4 times per year.11 

Spraying insecticides in and around houses is known as perifocal or 
peridomestic space spraying. This method is often used to control Ae. 
aegypti during dengue outbreaks, however its effectiveness has been 
questioned.114-115 During space spraying, an insecticide is launched into the 
air as an aerosol, with the aim of killing adult mosquitoes; it can be applied 
in two forms: cold or thermal fog. Insecticides usually need to be reapplied 
every few days, however the effectiveness depends on both weather 
conditions and environmental factors such as street and building layouts. 
The five insecticides recommended for space spraying are listed in Table 3.103 

ITNs were first developed during the 1980s116 and today, together with 
long lasting insecticidal nets (~3 years durability; LLINs), are the most 
important method for malaria prevention.9, 18 Because of low human toxicity, 
rapid knockdown effect, low cost, and longevity, only pyrethroids are 
currently recommended for the treatment of bed nets (Table 3). However, 
proper distribution, user compliance and net maintenance are important 
factors for the effectiveness of the LLINs.117-120 
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Table 3. Insecticides recommended for adult vector control showing the chemical 

structure of one insecticide from each class.103-105 

 

 
 

Insecticidea Classb Targetc Methodd 

DDT (1939) OC SGIC IRS 

Malathion (1952) OP AChE IRS/SS 

Pirimiphos-methyl (1967) OP AChE IRS 

Fenitrothion (1975) OP AChE IRS 

Propoxur (1959) C AChE IRS 

Bendiocarb (1971) C AChE IRS 

Permethrin (1973) P SGIC ITN/SS 

Deltamethrin (1974) P SGIC ITN/IRS/SS 

Etofenprox (1981) P SGIC ITN/IRS 

alpha-Cypermethrin (1985) P SGIC ITN/IRS 

Bifenthrin (1985) P SGIC IRS 

trans-Cyphenothrin (1986) P SGIC SS 

Cyfluthrin (1987) P SGIC ITN/IRS 

lambda-Cyhalothrin (1988) P SGIC ITN/IRS/SS 

aThe year of introduction or EPA registration given in parenthesis; bOC = 

organochlorine, OP = organophosphate, C = carbamate, P = pyrethroids; cSGIC = 

sodium gated ion channels, AChE = acetylcholinesterase; dIRS = indoor residual 

spraying, SS = space spraying, ITN = insecticide-treated bed net, in this table ITN 

also includes long lasting insecticidal net (LLIN).  

Insecticide resistance 
One of the major threats to sustainable vector control is the rapid 
development of insecticide resistance in mosquitoes.24, 108, 121 Resistance has 
been defined by the Insecticide Resistance Action Committee as “the 
selection of a heritable characteristic in an insect population that results in 
the repeated failure of an insecticide product to provide the intended level of 
control when used as recommended”.108 Four types of resistance 
mechanisms are commonly considered relevant to current vector control 
strategies: target-, metabolic-, behavioral-, and cuticular resistance. 
Behavioral resistance,122-125 e.g. changes in when and where the mosquito 
takes its blood meal, and cuticular resistance, 126-128 i.e. a thickening of the 
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mosquito exoskeleton leading to reduced penetration of the insecticide, are 
not yet fully understood and will not be further discussed in this thesis. 

Target site resistance 
Target site resistance involves structural modifications of the insecticide’s 
molecular target, which result in reduced affinity for the insecticide and 
ultimately allows the mosquito to evade the effect of the insecticide and 
survive.108 Mutations in the insecticide binding site, i.e. the exchange of one 
amino acid for another, can lead to insecticide insensitivity.21 However such 
resistance mutations can also impair the original function of the target 
protein. The negative effects of the target site resistance on the life history 
traits of the mosquito are referred to as the fitness cost. Target site resistance 
is widely spread across different mosquito species and has been recorded for 
both voltage gated sodium channels (pyrethroids and DDT)129-135 and AChE 
(organophosphates and carbamates).136-140 

Metabolic resistance 
The most common form of insecticide resistance is metabolic resistance, 
where the mosquito adapts and becomes more efficient at detoxifying 
insecticides. Altered activity, due to gene up-regulation or mutations in the 
amino acid sequence, of three main metabolic enzyme systems have been 
implicated in insecticide resistance.21, 24 Cytochrome P450-dependent 
monooxygenases, which are capable of oxidizing a wide variety of substrates, 
are very important for metabolism of pyrethroids, DDT, carbamates and 
organophosphates.141 Monooxygenases belonging to the CYP6 and CYP9 
families, among others, are known to be overexpressed in both An. 
gambiae142-145 and Ae. aegypti.146-148 Detoxification of pyrethroids and 
organophosphates can also be achieved by mosquito esterases.146-147, 149 
Esterases hydrolyze esters to alcohols and carboxylic acids, but can also 
hinder organophosphates from reaching their target (AChE) by sequestering 
the insecticide.150-151 The last enzyme system to be addressed here are the 
glutathione S-transferases.152-153 These enzymes facilitate excretion of 
lipophilic compounds by conjugation of glutathione, thereby making them 
more hydrophilic. Glutathione S-transferases are mainly important for 
metabolism of DDT and carbamates.154-157 

AChE as an insecticide target 
The work presented in this thesis is focused on the validated insecticide 
target AChE; the insecticidal activity of both organophosphates and 
carbamates is the result of AChE inhibition.158-159  
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Function and structure of AChE 
AChE (E.C. 3.1.1.7) is an essential enzyme belonging to the serine hydrolase 
superfamily. In animals and humans, AChE terminates cholinergic nerve 
signaling by hydrolyzing the neurotransmitter acetylcholine (ACh) to acetic 
acid and choline (Figure 4).26-27 The hydrolysis of ACh by AChE is 
remarkably specific, rapid, and efficient.160-161 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 (Figure 4).  

AChE has been thoroughly studied and the structures of the enzyme from 
Pacific electric ray,162 mouse,163 fruit fly,164 and human165 have been 
determined by X-ray crystallography. AChE is an α/β protein consisting of a 
12-stranded central mixed β-sheet and 14 α-helices (Figure 5a). The 
enzymatic hydrolysis of acetylcholine by AChE takes place at the bottom of a 
20 Å deep gorge, where the catalytic triad consisting of residues Ser203, 
Glu334, and His447 (hAChE numbering is used throughout this thesis unless 
otherwise is stated) are located (Figure 5b).162 Many aromatic residues are 
found both lining the narrow gorge and by its entrance (the peripheral 
anionic site, PAS), and are believed to be important for transient binding of 
cationic ligands prior to their diffusion down to the catalytic site (CAS).166 
During the hydrolysis, the catalytic serine residue performs a nucleophilic 
attack on the carbonyl carbon of acetylcholine (Figure 4b, 1). The negative 
carbonyl oxygen thus formed is stabilized by the backbone NH of Gly121, 
Gly122, and Ala204 (oxyanion hole) while the acyl is placed in the acyl 
binding pocket made up of the aromatic side chains of Trp236, Phe295, 
Phe297, and Phe338 (Figure 5b).167-168 The acyl pocket has been shown to be 
important for substrate specificity.169 The positively charged amine of 
acetylcholine forms activated CH···arene interactions mainly with the indole 
of Trp86 in the choline binding site (Figure 5b). Following cleavage of the 
bond between acetate and choline (Figure 4b, 2), a water molecule completes 
the hydrolysis by deacylating Ser203 (Figure 4b, 3-4).  

Reported inhibitors of vertebrate AChEs exhibit different mode of action, 
great structural diversity and span a large physicochemical property 
space.170-171 Non-covalent AChE inhibitors such as propidium iodide172 have 
been shown to bind in PAS, while huperzine173 and galantamine174 bind in 
CAS. There are also examples of ligands, such as bis-tacrine175-176 and 
donepezil,177 that span the length of the gorge and thereby bind 
simultaneously to both PAS and CAS. 
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Figure 4. (a) Illustration of cholinergic neurotransmission. When an action 

potential reaches the synapse, acetylcholine is released from the presynaptic nerve 

into the synaptic cleft. The impulse is transmitted to the postsynaptic nerve upon 

binding of acetylcholine to the acetylcholine receptors (AChR). AChE terminates the 

neurotransmission by hydrolyzing acetylcholine to acetate and choline (i). Inhibition 

of AChE results in accumulation of acetylcholine in the synaptic cleft and continuous 

nerve signaling which may be fatal to the organism (ii). (b) Hydrolysis of 

acetylcholine by AChE. 1) Nucleophilic attack of Ser203 on carbonyl carbon of 

acetylcholine. 2) Cleavage of choline. 3) Nucleophilic attack of H2O on acylated 

Ser203. 4) Deacylation and release of acetic acid. 

 
Figure 5. The structure of hAChE (pdb code: 4EY4). (a) The secondary structure 

shown as a ribbon with the deep and narrow active site gorge shown by a molecular 

surface. (b) Close up of the active site gorge. Amino acids (hAChE numbering) are 

colored according to the different subsites: the catalytic triad is shown in green, the 

choline binding site in yellow, the acyl binding pocket in red, and PAS in blue. 



 

17 

AChEs in mosquitoes 
Mosquitoes and many other insects have two genes encoding AChE enzymes; 
ace-1 and ace-2.178-180 The two genes are believed to be the result of an old 
duplication taking place before the radiation of arthropods.179 Notably, true 
flies such as Drosophila melanogaster and Musca domestica only have one 
gene (ace-2), probably due to an evolutionary loss.180 In mosquitoes, the 
enzyme encoded by ace-1 (AChE1) has the greater catalytic activity.181 In An. 
gambiae, AChE1 and AChE2 have 53% amino acid sequence identity,179 
however the function of AChE2 is still not fully understood.182-183 The ace-1 
and ace-2 gene sequences from both An. gambiae183-184 and Ae. aegypti185-186 
have been determined and recombinant AgAChE1 has been expressed and 
characterized.187-188  

Organophosphates and carbamates as inhibitors of AChE1 
The organophosphates used for vector control are phosphorothioates which 
undergo oxidative desulfurization (P=S to P=O) by CYP enzymes in the 
mosquito in order to reach their full insecticidal potential; the resulting oxon 
analogues inhibit AChE more strongly than the parent compound.141, 189-190 
Organophosphates and carbamates exert their insecticidal action by covalent 
modification of the catalytic serine in a similar fashion to the acylation 
described in Figure 4b. In the case of carbamates, the process is reversible 
and enzyme activity can be restored over time.158 The phosphonylated serine, 
on the other hand, can undergo a process known as aging, where a second 
leaving group is cleaved from the phosphorus resulting in an irreversibly 
inhibited enzyme.191 

The conserved function of AChE in insects and mammals has given rise to 
concerns about the safety of organophosphate- and carbamate-based 
insecticides.192-193 Several studies indicate that organophosphate exposure 
has negative effects on prenatal development.194-198 In addition, 
organophosphate pesticide self-poisoning is a serious problem worldwide, 
especially in developing countries.199-202  

Target site resistance in mosquito AChE1 
In mosquitoes, AChE1 is the enzyme isoform responsible for AChE-mediated 
insecticide resistance.136-138 The most frequent mutation is a glycine to serine 
substitution in the oxyanion hole known as G119S (for this mutation T. 
californica AChE numbering is used throughout this thesis to facilitate 
comparison with the literature; corresponding to G121S using hAChE 
numbering). This mutation has been independently detected several times in 
both Anopheles203-206 and Culex mosquitoes,136, 207 but not Aedes. This is 
probably due to there being a different codon for the glycine in Aedes.138 The 
G119S mutation confers resistance to both organophosphate- and 
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carbamate-based insecticides. It has been shown that the G119S mutation 
leads to a decrease in the enzymatic activity of AChE1137, 178, 187, 208 and the 
mutation has been associated with fitness costs for several of the mosquito’s 
traits.209-213 Duplication of the ace gene can compensate for the decreased 
activity and ease the fitness cost.214-216 Other mutations detected in the 
mosquito AChE1 active site that have been linked to insecticide resistance 
include F290V and F331W (T. californica AChE numbering, corresponding 
to F297V and F338W in hAChE, respectively). 139-140 

Ongoing research on AChE1 as a target for new insecticides 
Public health insecticide development is challenged by the need to address 
issues related to both human and environmental safety, and insecticide 
resistance. Are AChEs from different species sufficiently diverse to allow the 
development of mosquito selective compounds that leave the cholinergic 
transmission in off-target species unaffected? As will be discussed further in 
Chapter 1, sequence alignments of AChEs from different species have 
shown that, even when the overall amino acid sequence identity is 30-40%, 
the active site gorge and overall fold of different AChEs are highly 
conserved.217-220 Despite this, some specific differences between insect 
AChE1 and vertebrate AChE have been noted. In AChE1, Phe295 in the acyl 
pocket is exchanged for a cysteine217-218 and Tyr72 located in PAS is 
exchanged for Ile.220 Both Phe295 and Tyr72 are known to interact with 
ligands of vertebrate AChE.176, 221-223 There are currently no crystal structures 
available for any insect AChE1, 3D structures of AgAChE1 have, however, 
been developed by computational methods (homology modeling).137, 218, 220 
The models show that one of the loops in PAS (loop 1, Figure 5), could be of 
particular interest. This loop is shorter compared to vertebrate AChE and 
affects the structure of the gorge’s rim. Homology modeling of mosquito 
AChE1 is described in Chapter 4. 

In comparison to the numerous studies on vertebrate AChEs, the scope of 
mosquito AChE1 inhibitors is much less explored. The majority of the 
reports focus on covalent inhibitors, which have been investigated for the 
development of insecticides with improved selectivity.220, 224-228 One strategy 
being explored is to target the free cysteine present in insect AChE1 
(corresponding to Phe295 in hAChE) with covalent inhibitors (10 and 11, 
Figure 6).217-218, 225, 229 Likewise, studies aiming to improve potential human 
safety by re-designing aryl methyl carbamates that covalently modify the 
catalytic serine residue have shown that substantial selectivity ratios can be 
attained for mosquito over vertebrate enzymes by increasing the steric bulk 
of the inhibitors (12, Figure 6).226-227 To overcome the carbamate 
insensitivity conferred by the G119S mutation in AgAChE1, small core 
carbamates (13, Figure 6) have been developed.187, 230-231 In addition to 
carbamates, difluoromethyl ketones (14, Figure 6) can also inhibit both wild 
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type AgAChE1 and the G119S mutant by reacting with the catalytic serine 
residue.232 However, the resistance-breaking carbamate-based inhibitors 
discussed above do not exhibit useful selectivity for AgAChE1 over hAChE. 
At high concentrations, several of these novel carbamates and 
difluoromethyl ketones exhibit in vivo toxicity towards An. gambiae, but 
issues, probably attributed to penetration, transport, and/or metabolism 
have been noted.187, 226, 228, 230-232  
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Figure 6. Examples of mosquito AChE1 inhibitors reported in the recent literature. 

Covalent inhibitors: 10-11 covalent inhibitors targeting the free cysteine,225, 229 12 

aryl methyl carbamate with selectivity for AgAChE1 over hAChE,226 13 small core 

carbamate able to inhibit AgAChE1 and AgAChE1-G119S,187 14 difluoromethyl ketone 

able to inhibit AgAChE1 and AgAChE1-G119S.232 Non-covalent inhibitors: 15 

Alkylidene barbiturate able to inhibit AgAChE1 and preferentially AgAChE1-

G119S,233 16 inhibitor of AaAChE1,234 17 tacrine and 18 galanthamine non-selective 

inhibitors of AgAChE1,220 and 19 ethopropazine showing 40 times higher inhibition 

of AgAChE1 than hAChE.220 

 

Examples of non-covalent mosquito AChE1 inhibitors are sparse. 
Alkylidene barbiturates (15, Figure 6) were identified in a screening against 
AgAChE1-G119S233 and girgensohnine analogs (16, Figure 6) have been 
designed and evaluated for AChE1 inhibition in Ae. aegypti (AaAChE1).234 It 
is noteworthy, however, that selectivity over hAChE was not investigated in 
these two studies. In addition, the known hAChE inhibitors tacrine (17, 
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Figure 6) and galanthamine (18, Figure 6) are also inhibitors of AgAChE1.220 
Interestingly, the butyrylcholinesterase (BuChE, EC 3.1.1.8) inhibitor 
ethopropazine (19, Figure 6) has been shown to inhibit AgAChE1 
approximately 40 times more strongly than hAChE.220  
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Methodology 

The discovery and development process 
Today’s insecticide research and development activities can be compared to 
the drug discovery process (Figure 7). HTS, structure-based design, 
combinatorial chemistry, and fragment-based design, are methodologies 
perhaps most associated with drug discovery programs, but they are also 
applicable to insecticide discovery.235-240 However, there are factors that 
need special consideration when developing insecticides, such as 
environmental fate, ecotoxicology, residual activity (half-life), and costs of 
the active compound.240 

 
Figure 7. A comparative overview of the drug discovery and insecticide discovery 

processes. The early development of new insecticides can be very similar to that of 

new drugs.241-242 In insecticide discovery, the compounds of interest are generally 

tested on the target organism much sooner compared to drug candidates. Human 

and environmental safety are paramount and are evaluated from an early stage in the 

process.243 The field trials (corresponding to clinical trials for drugs) include 

laboratory testing (phase I), small scale field trials using experimental huts (phase 

II), and large scale field trials on a community level (phase III).244 

Protein-ligand interactions and structure-activity 
relationships 
Modern insecticides (i.e. post 1980s) do not differ that much from modern 
drugs, in that they generally consist of a small organic molecule (ligand) able 
to bind to and modulate the activity of one enzyme or receptor (target). The 
ligand often binds in a pocket formed on the surface of the target, such as the 
active site of an enzyme or areas for protein-protein interactions of receptors 
or signaling molecules. The protein-ligand binding is dependent upon a 
number of factors, such as shape complementarity, electrostatic forces, and 
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hydrophobic interactions, which influence how strong the interaction is. 
Examples of specific types of interactions that are important for the 
recognition process are classical and non-classical hydrogen bonds, 
arene···arene interactions, and halogen bonds (Figure 8). 223, 245-246 
 

 
Figure 8. Examples of ligand-protein interactions: classical hydrogen bond (A), 

cation···arene interaction (non-classical hydrogen bond, B), activated C-H···arene 

interaction (non-classical hydrogen bond, C), C-H···arene interaction (non-classical 

hydrogen bond, D), T-shaped arene···arene interaction (E), and halogen bond (F). 

 

When a biologically active compound has been identified, the next steps in 
the development process most often involve the identification of the 
structural elements necessary for activity or selectivity, i.e. the SAR or 
SSR.247-248 SAR and SSR are based on the theory that closely related chemical 
analogues should also display related biological activity. When exploring the 
SAR and/or SSR, new compound analogues are carefully designed, 
synthesized, and biochemically evaluated to obtain information of how 
changes in the chemical structure affect the biological activity. Chapters 5 
and 6 explore the SARs and SSRs of two different classes of Ag/AaAChE1 
inhibitors. A 3D-structural model of the target protein is of great help during 
this process, as it can both guide the design and facilitate the interpretation 
of the data.249-253 Protein structures can be determined by NMR or by X-ray 
crystallography.254-257  In protein X-ray crystallography, protein crystals 
(with or without bound ligands) are subjected to intense X-rays and the 
resulting scattering gives rise to a diffraction pattern. The collected data is 
processed to allow calculation of an electron density map into which the 3D-
structure of the protein or protein-ligand complex is modeled.256-257 In the 
research described herein, protein X-ray crystallography has been applied to 
determine the binding mode of inhibitors in mAChE (Chapters 5 and 6). In 
cases where the 3D-structure of the target protein has not been determined, 
the structure of the target can be predicted using computational methods 
and known structures of similar proteins (templates).258-259 The process, 
known as homology modeling, involves the following steps: template 
selection, sequence alignment of target and template, model building, model 
refinement, and model evaluation.260 As described in Chapter 4, homology 
modeling has here been used to predict the structures of AgAChE1 and 
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AaAChE1. In the following sections, some of the methods employed during 
the work presented in this thesis are discussed in more detail.  

HTS for hit identification 
HTS is the general term for an automated system in which large numbers of 
compounds are tested for their ability to modulate a pharmacologically 
interesting target. Compounds exhibiting the desired biological activity are 
identified as hits and often constitute the starting points for a medicinal 
chemistry project. Since the middle of the 1980s rapid development has 
resulted in HTS becoming an integral part of both the pharmaceutical and 
agrochemical discovery process, where ~1-3 million compounds may be 
screened at a rate of between 10,000 and 100,000 compounds per day.235-236, 

261-264 More recently, HTS has also become available in academic settings.265-

267 
The aim of HTS is to screen compounds rapidly and cost effectively while 

still generating good quality data. To achieve this, the instrumentation is 
automated (to varying levels depending on the facility) and the chosen assay 
is adapted to a microtiter plate format, thereby significantly reducing the 
assay volume (Table 4). Adapting and optimizing the assay for screening are 
often the most time consuming steps in any HTS campaign. A drawback of 
small assay volumes is that the readout, often detected as light, might be 
weak and subject to variation. Several statistical methods have been used to 
evaluate HTS assays, such as signal to noise, signal to background, and Z’-
factor,268 of which the latter was used in the work described in Chapter 2. 

 
Table 4. Different sizes of microtiter plates used for screening. 

 Bench top Microtiter plate format 

Number of wells n.a.a 96 384 1536 

Assay volume (µl) >1000 100-200 ~50 ~5 

an.a. not applicable 

HTS generates vast amounts of data which need to be processed and 
analyzed. Several methods have been developed for HTS data 
normalization.269-271 Control based normalization methods rely on the 
availability of good negative controls and can result in a poor estimate of the 
mean due to the limited number of control wells per plate and their 
placement on the plate (spatial effects due to placement along the edge). 
These issues can be addressed by the use of sample based control methods; 
since in most screenings the majority of the tested compounds will be 
inactive, the wells containing screening compounds can be considered to 
represent negative controls. This yields a larger sample set, spaced over the 
entire plate, from which the mean can be estimated. Both the mean and the 
median can be used for percent of control and percent of sample methods. 
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The median is considered the more robust option since the mean is sensitive 
to outliers. When the data normalization is complete, hits can be identified 
in a number of ways such as selection of a discrete cut-off value, 
mean/median ± n standard deviations cut-off, or quartile-based cut-off.269-

270 

Chemical similarity 
As mentioned above, the ability to compare and assess different molecules in 
relation to each other or to their biological activity is central to both drug and 
insecticide development. Thus, many different methods for describing the 
structural, physical, and chemical properties of a molecule have been 
developed. This section describes the methods used in this thesis to 
characterize chemical structures and properties, and assess chemical 
similarity.  

Fingerprints and distance coefficients 
The chemical structure of a molecule can be described by so called 
fingerprints.272 Fingerprints describe the chemical structure in terms of 
binary vectors denoting either the presence (1) or absence (0) of pre-defined 
structural fragments or elements (Figure 9). 
 
Molecule Binary fingerprint vector 

a 0 1 1 0 1 0 1 o o 1 0 1 1 0 1 0 1 1 

b 0 0 0 0 0 1 1 0 1 1 1 0 1 0 0 1 1 0 

 
 

presence of –NO2 absence of -CH2CH2CH2- 

 

Figure 9. An example of two molecules (a and b) and their 18 bit fingerprint vectors. 

 
In addition to methods for describing chemical structures, several 
coefficients have been developed to compute similarity or dissimilarity 
(distance) between molecules based on both binary and continuous 
descriptors.273 In the work described in Chapter 3, the Soergel distance 
(Equation 1) was used to compute the distance between different hit 
molecules, whose chemical structures had been described by fingerprints.  
 
Dab = (a+b-2c)/(a+b-c)   (Equation 1) 

 

Where a is the number of bits set to “1” in the fingerprint vector of molecule 
a, b is the number of bits set to “1” in the fingerprint vector of hit b, and c is 
the number of bits set to “1” in the fingerprint vectors of both a and b. Thus, 
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according to the Soergel distance, only fragments that are present can 
support similarity (matched absence is not considered). The Soergel distance 
ranges between 0 and 1 and is the complement to the widely used Tanimoto 
(Jaccard) similarity coefficient.273-274 

Molecular descriptors and multivariate data analysis methods 
Molecular descriptors, based either on the 2D or 3D representations of a 
molecule’s chemical structure, can be used to describe, for example, 
electronic, hydrophobic, steric, and size related properties. To enable 
analysis and interpretation, molecular descriptors have been used here in 
conjunction with multivariate data analysis methods. Various projection 
methods have been developed to analyze multivariate data, since mining 
information from large and complex data sets can be difficult. These 
methods are used to extract and visualize systematic variation in the data set, 
thereby reducing the complexity of the data and facilitating its 
interpretation.  

Principal component analysis 
Principal component analysis (PCA) is an unsupervised multivariate 
projection method.275-276 PCA is used to compute a number of orthogonal 
principal components (PCs) from a data matrix (X), consisting of 
observations and variables (e.g. molecules and descriptors, respectively). In 
the resulting model, the first PC describes the maximum variance in the 
data, the second PC the second largest variance and so on. The generated 
PCs are referred to as score vectors (T), and each object obtains its new score 
values (t1, t2,…tn) by projection of its position in the original variable space 
on to the new PCs. The original variables’ influence on the PCs are described 
by the loadings (P). Thus PCA models the original data matrix X as: 

 
X = TP’+E    (Equation 2) 

 
Where P’ is the transposed loadings and E the remaining unexplained 
variation (residuals).  

In this work, PCA was applied to compound sets whose physicochemical 
properties had been described by calculated molecular descriptors. PCA was 
then used to obtain an overview of the compounds and to discern how 
compounds varied in relation to each other (Chapter 2). 

Orthogonal partial least squares-discriminant analysis 
Orthogonal partial least squares-discriminant analysis (OPLS-DA) is a 
supervised multivariate regression method, which can used for the 
interpretation of differences between pre-defined groups of observations and 
for classification of observations.277 The group identity of each observation is 



 

26 

described by the response matrix Y, which is used in OPLS-DA to decompose 
the X matrix into Tp, To and E according to: 

 
X = TpPp’+ ToPo’ + E   (Equation 3) 

 
Where Tp and Pp describe the predictive scores and loadings which are 
related to the response, respectively. To and Po describe the scores and 
loadings which are orthogonal to the modeled response, respectively, and E 
is the residual variation.278 In this fashion, OPLS-DA allows the largest 
variance between the classes (predictive component) to be interpreted 
separately from the within-class variance (orthogonal components). OPLS-
DA was here used to investigate the correlation between the physicochemical 
properties of a set of compounds and their AChE1- or hAChE selectivity 
(Chapter 3). 

Biochemical evaluation of AChE inhibitors 
Accurate methods to determine and compare the (inhibitory) activity of 
compounds on the studied biochemical or biological function are central to 
every medicinal chemistry project. The kinetic- and inhibition constants 
discussed in this thesis were determined using the Ellman assay279 and are 
further described below. 

The Ellman assay for determination of AChE activity 
The Ellman assay279 is a colorimetric method that is widely used to evaluate 
the activity of serine hydrolases such as AChE. In this assay, the natural 
substrate acetylcholine is substituted with acetylthiocholine (ATCh; 20, 
Figure 10) and, upon hydrolysis by AChE, thiocholine is formed (22, Figure 
10). The formation of thiocholine is monitored using the reagent 5,5'-
dithiobis(2-nitrobenzoic acid) (DNTB; 23 Figure 10). The reaction between 
DNTB and thiocholine yields the mixed disulfide 24 and 5-thio-2-
nitrobenzoic acid 25, which gives a yellow color. Using a spectrophotometer, 
the color change can be monitored by measuring the change in absorbance at 
412 nM. The assay is commonly performed in a time-dependent manner 
where the linear increase in absorbance over time (i.e. the slope) is 
monitored. 
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Figure 10. The Ellman assay used for determination of AChE enzyme activity. 

Enzyme kinetics 
The Michaelis-Menten kinetics280 model is used to describe the activity of an 
enzyme (E) that transforms the substrate (S) to a product (P) via a transition 
complex (ES) according to: 

 

 
Where kf is the rate constant for the formation of the ES complex, kr is the 
rate constant for the dissociation of the ES complex and kcat is the turnover 
number, i.e. the number of substrates converted to product per enzyme and 
unit time. When studying AChE, the substrate would typically be ATCh (20) 
and the products acetic acid (21) and thiocholine (22). For many enzymatic 
reactions the rate of catalysis (V) is dependent on the concentration of the 
substrate [S] up to the concentration at which the enzyme is fully saturated 
and the maximal rate (under the specified conditions) is reached (Vmax). If 
we make the following assumptions that (i) the reactants behave ideally and 
(ii) the system is under steady-state, i.e. that the concentration of ES ([ES]) 
is constant, an enzymatic reaction can be described as follows. At a very early 
stage (close to time t0 when the impact of accumulated P on the reaction is 
negligible) E and S form the complex ES at the rate kf[E][S], and ES 
dissociates at rate kr[ES] or forms P at the rate kcat[ES]. The rate of catalysis 
is then given by the Michaelis-Menten equation (Equation 4). 

 

Vo = Vmax ([S]/([S]+KM))    (Equation 4) 

 

Where the Michaelis constant (KM) is defined as: 
 

KM = (kr + kcat)/kf   (Equation 5) 
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The Michaelis-Menten equation suggests that at very low substrate 
concentrations ([S]<<KM) the rate of catalysis is directly proportional to the 
substrate concentration and that when [S] = KM, the rate of catalysis is half 
of Vmax. The catalytic efficiency (Equation 6) can be used to compare the 
efficiency of enzymes under conditions similar to physiological conditions 
([S]<KM). 
 
Catalytic efficiency = kcat/KM   (Equation 6) 

Determination of inhibition constants 
The half maximal inhibitory concentration (IC50) is frequently used to 
determine how efficiently a non-covalent ligand inhibits the target of 
interest. When studying enzymes such as AChE, a dose-response plot is 
generated by measuring the enzymatic activity in the presence of an inhibitor 
at different concentrations and then plotting the activity versus the 
concentration of inhibitor (log[I]) (Figure 11a). From this the IC50 value can 
be determined as the inhibitor concentration resulting in 50% of the 
maximum activity of the enzyme (i.e. the lower the IC50, the more potent the 
inhibitor). It should be noted that the IC50 value depends on experimental 
conditions such as the concentration of the substrate, ionic strength, and pH. 
Thus, caution is advised when comparing IC50 values determined under 
different conditions. The IC50 values presented in this thesis have been 
determined under comparable conditions (e.g. substrate concentration, 
temperature, and final DMSO concentration). In this thesis, a compound’s 
selectivity for mosquito AChE1 over hAChE is described by its selectivity 
ratio. The IC50-based selectivity ratios are computed by taking a compound’s 
IC50 value for hAChE and dividing it by the higher of the compound’s IC50 
values for AgAChE1 and AaAChE1. 

 
Figure 11. (a) Example of a dose-response curve used for determination of the IC50 

value (indicated by dotted lines). (b) Plot of experimentally determined kobs vs. the 

concentration of inhibitor ([I]). The ki corresponds to the slope of the line. 
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For covalent inhibitors of AChE, IC50 values are inappropriate as they do 
not contain a time dimension, which is necessary to describe the chemical 
reactivity. Instead, the inhibition constant (ki) can be used to describe 
inhibition potency. For carbamates (as studied in the work described in 
Chapter 1) the mechanism of inhibition can be seen as a progressive 
inactivation, where ki is the overall rate constant of the inhibition. The ki 
constant is experimentally determined by measuring enzyme activity at 
different concentrations of inhibitor and after different incubation times. For 
each inhibitor concentration the pseudo first-order rate constant kobs is 
determined as the slope of the straight line formed when plotting ln[enzyme 
activity] versus time. The ki rate constant is obtained by plotting the 
calculated kobs constant vs the inhibitor concentration [I] (Figure 11b) 
according to Equation 7. More potent inhibitors have larger ki values 
compared to weaker inhibitors. 

 
kobs = ki[I]    (Equation 7) 

Mosquito testing 
Two mosquito strains from Kenya have been used in the work presented in 
this thesis (Chapter 6) to evaluate the intrinsic insecticidal activity of the 
compounds; the Anopheles gambiae s.s. Kisumu strain and the Aedes 
aegypti Mombasa strain. The larvae and adult mosquitoes used for testing 
were reared in an insectary and from these, five day old female mosquitoes 
(non-blood fed) and third instar larvae were selected for testing of 
adulticides and larvicides, respectively. 

For the evaluation of adulticides the mosquitoes are rapidly anesthetized 
at -20 °C before a compound at different concentrations in acetone was 
applied to the pronotum (back plate). The mosquitos are then kept under 
normal conditions in the insectary. Mortality rates were recorded after 24 
and 48 hours and compared with negative controls (application of acetone). 
To test the insecticidal activity on larvae a compound was dissolved at 
different concentrations directly in the water used for rearing. The larvae 
was then kept in the compound treated water under normal conditions in the 
insectary. Mortality rates were recorded after 24 and 48 hours and compared 
with negative controls (untreated water). 
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Chapter 1: Characterization of AChE1 
from An. gambiae and Ae. aegypti 
(Paper I and Appendix I) 

Background 
In the work described in Paper I and Appendix I we focused on the 
structural and functional properties of mosquito AChE1 compared to 
vertebrate orthologues from human and mouse. By studying the basal 
kinetics of the enzymes and their ligand binding properties we aimed to gain 
a better understanding of similarities and differences between the mosquito 
and vertebrate enzymes, which could be of value for future development of 
selective insecticides. Specifically, we wanted to investigate the effects of a 
set of non-covalent inhibitors on the different enzymes. The known 
resistance conferring mutant in An. gambiae, AgAChE1-G119S, was also 
included in order to investigate how this glycine to serine mutation affects 
the ligand binding properties of the enzyme. 

Sequence analysis of AChEs from different species 
An amino acid sequence analysis was performed on a selection of AChEs 
from 16 species representing mammals, birds, fish, nematodes, and insects 
(Table 5). The AgAChE1 and AaAChE1 enzymes are very similar; the 
sequence identity is 92% (Appendix I). On the other hand, the sequence 
identity between AgAChE1 and AChE2 from the honey bee was only 42%. 
This is of interest from an insecticide point of view since the honey bee is an 
important pollinator and relies on AChE2 for its main catalytic activity.181  

The sequence similarities in relation to hAChE (Table 5) were very high 
for other mammals (89-94%), followed by fish (~60%), insect AChE1 (43-
47%), and insect AChE2 (34-38%). These trends are visualized in the 
phylogenetic tree in Figure 12, showing a clear clustering of the mammal 
AChEs while insect AChE1 and AChE2 form two distinct clusters (Appendix 
I). 
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Table 5. Sequence identity compared to hAChE for the different species included in 

the analysis. If a species was known to express different isoforms of AChE the isoform 

included is stated. Sequence identity was calculated as described in Appendix I. 

  Sequence identity (%) 

Species Enzyme All Gorge CASa PASb 

An. gambiae (mosquito) AChE1 46 68 91 33 

Ae. aegypti (mosquito) AChE1 47 68 91 33 

Cx. pipiens (mosquito) AChE1 45 68 91 33 

B. germanica (German cockroach) AChE1 43 65 86 33 

A. mellifera (honey bee) AChE2 38 54 82 13 

M. domestica (house fly) AChE 35 54 82 13 

D. melanogaster (fruit fly) AChE 34 54 82 13 

T. californica (Pacific electric ray) AChE 57 84 91 73 

D. rerio (zebra fish) AChE 58 84 95 67 

M. musculus (mouse) AChE 89 97 100 93 

R. norvegicus (brown rat) AChE 89 97 100 93 

B. taurus (European cattle) AChE 94 97 100 93 

O. cuniculus (European rabbit) AChE 93 95 100 87 

G. gallus (chicken) AChE 48 76 91 53 

C. elegans (round worm) AChE1 40 57 82 20 

aBased on 22 residues found in the lower part of the gorge (including CAS); bBased on 

15 residues by the entrance of the gorge (including PAS) 

 
Figure 12. Phylogenetic tree showing AChEs from 16 different species and the 

resistance conferring mutant AgAChE1-G119S (Appendix I). AChE1 enzymes are 

indicated by the light grey shading. 
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A focused analysis of the active site gorge showed that the residues 
adjacent to the gorge were generally highly conserved (Table 5). In 
particular, residues in the lower half of the gorge (including the choline 
binding site, the catalytic triad, the oxyanion hole and the acyl pocket) 
exhibited high sequence identity across all species (>80%). The entrance of 
the gorge (including PAS) exhibited more diversity between the species. Both 
insect AChE1 and AChE2 exhibited only 10-30% sequence identity compared 
to hAChE for these residues. These findings are in agreement with previous 
studies of AChEs from different species.217-218, 220 Based on this, one could 
hypothesize that inhibitors binding in the upper region (PAS) could have 
greater chances of delivering species selectivity. However, further studies are 
needed to understand how these differences affect the shape and ligand 
binding properties of the entire active site gorge. 

Characterization of the enzymes 
Recombinant AgAChE1, AaAChE1, and AgAChE1-G119S were expressed by 
Sf9 insect cells using a baculovirus expression system and their functional 
properties were evaluated using Michaelis-Menten kinetics (Paper I). It was 
found that, analogously to hAChE and mAChE, the wild-type mosquito 
enzymes are subject to substrate inhibition at high ATCh (20) 
concentrations and the preferred substrate was the smaller ATCh (20, 
Figure 13) over propionylthiocholine (26, PTCh) and butyrylthiocholine (27, 
BTCh). 

 
 

Figure 13. To investigate the substrate preference of the enzymes, the KM constant, 

Vmax, and in some cases kcat were determined for three different substrates of 

increasing size; acetylthiocholine (20, ATCh), propionylthiocholine (26, PTCh), and 

butyrylthiocholine (27, BTCh). Thio-analogues of the natural substrates are used in 

agreement with the Ellman assay.  

 
We noted that AgAChE1 and AaAChE1 exhibited a higher affinity for 

ATCh compared to hAChE and mAChE; KM values were 27, 25, 146 and 84 
µM, respectively (Table 6). However, both kcat and the catalytic efficiency 
(kcat/KM) was lower compared to the vertebrate AChEs. The kcat values 
presented here are also lower than those previously reported for 
AgAChE1.187-188 However, the catalytic efficiency of AgAChE1 is in agreement 
with that previously determined by Wong et al.187 
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Table 6. Kinetic parameters of AaAChE1, AgAChE1, AgAChE1-G119S, mAChE, and 

hAChE (Paper I). Values obtained from the literature are given in parentheses. 

 

 Substrate AaAChE1 AgAChE1 AgAChE1
-G119S mAChE hAChE 

K
M

a 

ATCh 0.025 0.027 0.058 0.084 0.15 

PTCh 0.020 0.025 0.30 0.059 0.15 

BTCh 0.045 0.036 0.43 (0.049-
0.093)f (0.30)h 

k c
a

tb
 

ATCh 0.084 0.074 (0.053)d (1.4-1.7)g (3.7-4.2)i 

PTCh 0.055 0.057 n.d.e n.d.e (1.6)j 

BTCh 0.0078 0.0084 n.d.e (0.0085-
0.011)f (0.075)h 

k c
a

t/
K

M
c  ATCh 3.4 2.7 (0.41)d (30-44)g (26-29)i 

PTCh 2.8 2.3 n.d.e n.d.e (6.4)j 

BTCh 0.17 0.23 n.d.e (0.12-
0.17)f (0.25)i 

a(mM); b(*10-5*min-1); c(*10-8*M-1*min-1); dPreviously reported187; en.d. = not 

determined; fPreviously reported281-282; gPreviously reported281-283; hPreviously 

reported169, 284; iPreviously reported169, 284-289; jPreviously reported.169 

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

I). Values obtained from the literature are given in parentheses. 

 Ratioa AaAChE1 AgAChE1 mAChEb hAChEb 

V
m

a
x P/A 0.66 0.77 0.51 0.52 

B/A 0.094 0.11 n.d. n.d. 

k c
a

t P/A 0.65 0.77 n.d. (0.43)d 

B/A 0.093 0.11 (0.0065-0.0079)c (0.02)e 

k c
a

t/
K

M
 

P/A 0.82 0.85 n.d. (0.24)d 

B/A 0.05 0.082 (0.0039-0.004)c (0.0096-0.011)e 

aP/A: PTCh/ATCh, B/A: BTCh/ATCh; bn.d. = not determined; cPreviously 

reported281-282; dPreviously reported169; ePreviously reported.169, 284 

 
Interestingly, our data indicate that the wild type mosquito enzymes are 

less sensitive to substrate size than either mAChE or hAChE (Table 7). The 
relative decrease in both kcat and the catalytic efficiency is lower for the 
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mosquito enzymes than the vertebrate enzymes, especially when going from 
ATCh to PTCh, but also to some extent BTCh (Table 7). The substrate 
specificity of insect AChEs has been described as being intermediate between 
AChE and BuChE.27, 290 In addition, it is known that the acyl pocket is 
important for substrate specificity. For example, mutants of mAChE and 
hAChE, where Phe295 (Cys295 in mosquitoes) is exchanged for a smaller 
residue such as alanine or leucine, are better at hydrolyzing larger substrates 
compared to the wild type enzymes.169, 281-282, 284-285 

Compared to the wild-type AgAChE1, the AgAChE1-G119S mutant 
exhibited a more pronounced sensitivity to substrate size; for PTCh KM was 
25 µM and 315 µM for wild-type and mutant AgAChE1, respectively and the 
Vmax ratio between PTCh and ATCh was 0.77 and 0.33 for wild-type and 
mutant AgAChE1, respectively (see Table 2, Paper I).  

Investigating the active site gorge with inhibitors 
A set of seven known cholinesterase inhibitors was selected to study the 
ligand binding properties of the mosquito and vertebrate enzymes (Table 8). 
Two of these were covalent inhibitors that contain a carbamate functionality 
able to react with the catalytic serine residue, propoxur (28)291 and the 
natural product eserine (29).292-293 The remaining five included non-covalent 
inhibitors ethopropazine (19),281, 294 the Alzheimer’s drug donepezil (30),177, 

295-296 HTS hit 31297 and enantiomers 32R and 32S.221, 297 
Comparison of the wild-type mosquito and vertebrate enzymes showed 

that the two covalent inhibitors were 10-15 times more potent inhibitors of 
wild-type AChE1 than mAChE or hAChE. The BuChE inhibitor 
ethopropazine (19) was the only one of the studied non-covalent ligands that 
inhibited AgAChE1 and AaAChE1 (IC50 values of 8.3 µM and 4.6 µM, 
respectively) but not mAChE and hAChE. BuChE is a cholinesterase present 
in vertebrates, which is able to hydrolyze larger substrates, such as 
butyrylcholine, more efficiently than AChE.26, 298 This stronger inhibition of 
AChE1 than hAChE by 19 has been reported before,220 and, being a BuChE 
inhibitor, is in agreement with the trends discussed above regarding 
substrate specificity.  
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Table 8. Ligands used to study the binding properties of mosquito AChE1 and 

vertebrate AChE. 

 
 
 

 
  AaAChE1 AgAChE1 

AgAChE1

-G119S 
mAChE hAChE 

k i
 (

µM
-1

 s
-1

)a 

28 1.2 (15) 1.11 (14) n.d. 0.092 (1) 0.081 (1) 

29 24.8 (9) 27.26 (10) 1.18 (0.4) 1.36 (0.5) 2.66 (1) 

IC
 5

0
 (

µM
)b

 

19 4.6 (217) 8.3 (120) 1000 (1) 1000 (1) 1000 (1) 

30 0.28 (0.03) 0.24 (0.03) 0.31 (0.03) 0.007 (1) 0.008 (1) 

31 0.36 (1) 0.44 (0.8) 1.3 (0.3) 0.2c (2) 0.36 (1) 

32R >30 (0.04) >30 (0.04) >30 (0.04) 0.7d (2) 1.3d (1) 

32S >30 (0.05) >30 (0.05) >30 (0.05) 0.7d (2) 1.4d (1) 

aSelectivity ratio compared to hAChE given in parentheses, computed as 

ki(xyAChE(1))/ki(hAChE). n.d. = not determined; bSelectivity ratio compared to 

hAChE given in parentheses, computed as IC50(hAChE)/IC50(xyAChE(1)); 
cPreviously reported297; dPreviously reported.221 

Structural analysis 
The binding modes of 30 and 31 in vertebrate AChEs have been studied 
using X-ray crystallography.173, 177, 223 Both ligands span the entire active site 
gorge, with the indanone of 30 and dichlorophenyl of 31 binding in PAS, and 
the benzyl (30) and piperidine (31) interacting with Trp86 at the bottom of 
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the gorge. Both of these ligands are potent inhibitors of hAChE, with IC50 
values in the nanomolar range, and both ligands also exhibit strong 
inhibition of the mosquito AChE1, including the G119S mutant. It should be 
noted however, that 30 inhibits hAChE approximately 30 times more 
efficiently than AChE1. Finally, the two enantiomers 32R and 32S, exhibited 
stronger inhibition of the vertebrate enzymes. For both enantiomers, the 
aromatic nitro group forms a hydrogen bond to the back bone NH of Phe295 
in mAChE.221 Since Phe295 is part of loop 1 (Figure 5), which is three 
residues shorter in mosquito AChE1, it is possible that this interaction is lost 
or altered in AgAChE1 and AaAChE1 due to a different conformation of the 
loop. In addition, as mentioned earlier, Phe295 is one of the residues in the 
active site which is not conserved between vertebrate AChE and insect 
AChE1 (cysteine).217-218, 220 

The insensitivity of the AgAChE1-G119S mutant towards covalent 
inhibition by propoxur (28) was clear and only a marginal decrease in 
enzyme activity could be detected. In addition, 29 proved to be 
approximately 20 times less potent an inhibitor of the mutant compared to 
the wild-type enzyme. Similar observations have been made previously for 
AChE1 from the sandfly.299 The mutant AgAChE1-G119S exhibited similar or 
slightly higher IC50 values compared to the wild-type enzyme for all non-
covalent ligands except 19, for which only weak inhibition could be observed. 

Cluster analysis 
The trends of the kinetic and inhibitory parameters were investigated by 
cluster analyses visualized in the form of functional trees (Figure 14). The 
data were first divided into two groups including (i) constants related to 
affinity and/or reactivity of molecules that react with the catalytic serine or 
(ii) the inhibition efficiency of the five non-covalent ligands (19, 30-32R 
and S). The most notable difference between the two subsets of data was the 
shift in properties induced by the G119S substitution. For substrates and 
covalent inhibitors, the ligand binding properties of the mutant enzyme were 
more similar to the properties of the vertebrate AChEs. For non-covalent 
inhibitors, on the other hand, a shift towards AgAChE1 and AaAChE1 
indicates that the ligand binding properties were more similar to the wild 
type AChE1 enzymes. Thus, the small set of non-covalent ligands studied in 
this work indicated that (i) there are differences in the ligand binding 
properties of mosquito and vertebrate AChEs and (ii) it might be possible to 
target the resistance conferring mutant with non-covalent inhibitors. 
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Figure 14. Cluster analysis results presented as unrooted trees. The end of each 

branch represents one enzyme and the distance corresponds to the similarity 

between two enzymes based on the constants included in the analysis. (A) Cluster 

analysis based on constants related to affinity and/or reactivity of molecules that 

react with the catalytic serine (kcat, KM, Vmax and ki). (B) Cluster analysis based on the 

inhibition capacity (IC50 values) of the five non-covalent ligands (19, 30-32R and S). 

Summary of Chapter 1 
 The mosquito AChE1s show 44-45% overall sequence identity to 

hAChE 
 The active site gorge is highly conserved between species, especially 

close to the catalytic triad 
 The mosquito AChE1 enzymes share both functional properties and 

structural features with AChE from mouse and human 
 The ligand binding properties of the mosquito and the vertebrate 

enzymes differ 
 The G119S substitution induced significant changes to the properties 

of AgAChE1, especially for substrates and ligands that react with the 
catalytic serine 

 Further studies of non-covalent inhibitors of AChE1 are warranted 
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Chapter 2: Discovery of AChE1-inhibitors 
by HTS (Paper II and Appendix II) 

Background 
To build on the findings described in Chapter 1, we considered HTS to be a 
suitable first step to identify new chemical starting points for investigating 
the scope for developing non-covalent inhibitors of mosquito AChE1.  

HTS enables the evaluation of large numbers of compounds resulting in 
the opportunity to investigate a broad physicochemical property space. In 
addition, our in-house library has previously been successfully screened 
against hAChE resulting in the identification of several interesting hAChE 
inhibitors.221-223, 297 An overview of the work discussed in Chapters 2 and 3 
(Paper II and Appendix II) is given in Figure 15 and aimed to (i) identify 
non-covalent inhibitors of AgAChE1 and AaAChE1 (Chapter 2) and (ii) 
investigate the potential for utilizing the corresponding hAChE screening 
data297 to identify and analyze compounds with potential selectivity for 
mosquito AChE1 over hAChE, i.e. differential HTS (Chapter 3). 

Assay adaptation and screening for AChE1 inhibitors 
To identify non-covalent inhibitors of AgAChE1, AaAChE1 or both (from 
here on AChE1 will refer to either or both of the enzymes unless otherwise is 
stated) we decided to screen an in-house library for compounds able to 
inhibit the activity of AChE1. For this purpose the Ellman assay279 was 
miniaturized for screening in 96-well plates and liquid handling was 
facilitated by the use of an automated workstation. The assay conditions 
were adjusted until adequate assay sensitivity and reproducibility was 
achieved on the basis of repeat measurements of a reference plate containing 
eight compounds (eight replicates of each) with varying inhibition capacities 
(IC50 values ranged between 0.05 µM to >1000 µM). Finally, 17 500 
compounds were screened against each protein at a concentration of 50 µM 
in singlicate. The reference plate was run and analyzed continuously during 
the compound screening to monitor assay stability and robustness. 
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Figure 15. Work-flow of the differential HTS process discussed in Chapters 2 and 

3. The screening against hAChE has previously been reported297 and its results are 

used here in combination with the results obtained from the screenings against 

AgAChE1 and AaAChE1. 
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Normalization of AChE1 HTS data 
Data normalization was performed per plate and several methods for 
normalization269-271 were investigated in relation to hit identification 
(Appendix II). Hits were identified as compounds that reduced the activity 
of the enzyme by at least three times the standard deviation of the mean for 
the 17 500 compounds. Comparison of both control based methods (percent 
of control, robust percent of control, and normalized percent inhibition) and 
sample based methods (percent of sample and robust percent of sample) 
showed that the investigated methods gave very consistent results. No clear 
differences were observed either when comparing control- versus sample 
based methods or mean versus median based methods. In total, the five 
methods identified 352 hits of AChE1. Of these 87% were scored as a hit by 
all five methods. Finally, percent of sample was chosen as the normalization 
method, in accordance with the normalization performed in the HTS against 
hAChE,297 resulting in the identification of 338 AChE1-hits. 

Assay quality evaluation 
The quality of the HTS assay and data was evaluated in several steps. First, 
trends and shifts in the raw data were visualized in plate order effect plots of 
the raw data and plate median (Appendix II). Second, any systematic 
spatial effects were identified by visual inspection of plate heat maps. No 
clear trends or effects could be detected and hence, no statistical adjustments 
were made to compensate for the systematic variability in the screens.  

The Z’-factor is a coefficient developed to determine the quality of an 
assay, which corresponds to the separation band between active and inactive 
compounds.268 Z’ ranges from 0 to 1, where 1 is considered an ideal assay, 1 
>Z’≥0.5 corresponds to an excellent assay, and 0.5 >Z’>0 to a case where 
double assays are required. In the screenings against AgAChE1 and 
AaAChE1, we used the data obtained from the reference plates to determine 
the Z’-factors. Compounds 29 and 33 were selected as the negative control 
and positive control, respectively (Figure 16). The resulting average Z’-
factors were 0.65 and 0.73 for AgAChE1 and AaAChE1 showing that both 
screenings were able to distinguish between active and inactive compounds. 
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 AgAChE1 AaAChE1  AgAChE1 AaAChE1 
IC50 (µM) 0.005 0.007  >1000 >1000 
Ref. plate (%) 95±8 94±3  2±7 1±5 

 

Figure 16. Reference plate compounds 29 and 33 selected for determination of the 

Z’-factor. The reference plate %-inhibition values at 50 µM are shown as mean ± the 

standard deviation of the mean for the 27 and 12 runs for AgAChE1 and AaAChE1, 

respectively.  

 
In addition to the Z’-factors, the reference plate data also allowed the 

estimation of the proportions of false positives and false negatives in the 
screenings. This analysis estimated 6% and 11% false positives for AgAChE1 
and AaAChE1, respectively, while the proportion of false negatives was 0.5% 
in both cases (Paper II). 

Identification and analysis of hits 
The overall hit rates for AgAChE1 and AaAChE1 were 1.3% and 1.6%, 
respectively, resulting in 338 unique compounds being scored as AChE1-hits. 
The AChE1 hits comprised a diverse set of compounds with respect to their 
chemical structures. Many of the compounds contained a basic amine, that 
can form cationarene or activated CHY hydrogen bonds (Y = O or arene) 
typical for AChE,223 but neutral or negatively charged compounds were also 
identified. Analysis of the physicochemical properties of the hits also 
revealed diversity with regards to molecular size, lipophilicity, and flexibility: 
the molecular weights were between 199 and 629; the logP values were 
between 0.6 and 8.7; and the numbers of rotatable bonds were between 0 
and 10.  

Pan-assay interference compounds (PAINS) are a known problem in 
HTS.300 PAINS contain structures whose activity does not depend on specific 
ligand-protein interactions, instead these false positives can be the result of 
aggregation, protein reactivity, or assay interference. The 338 hits were 
passed through a PAINS filter 301 and 16 hits (5%) were flagged as PAINS. 
Most of these hits showed 30-70% inhibition in the screenings and contained 
tertiary anilines or phenolic Mannich bases, but problematic barbiturates, 
hydrazones, catechols, and acridines were also identified (Appendix II). 
Due to the low number of PAINS, the identified compounds were not 
excluded from our continued analyses, but flagged as potentially 
problematic. 
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Hit validation 
A subset of hits was selected for follow-up evaluation to verify their 
inhibitory activity by determination of their IC50 values. The selection of 
diverse and representative compounds was facilitated by first dividing the 
compounds according to their activity in the screenings, and then selecting 
compounds from each activity range (set A: 70-100% inhibition; set B: 30-
70% inhibition; set C: < 30% inhibition; sets D1-D2: ≥ 30% difference in 
measured inhibition between the two enzymes). For each set, the main 
variability in physicochemical properties of the compounds was extracted by 
construction of PCA models based on 2D molecular descriptors. The results 
were visualized in the form of score plots and from each set, representative 
compounds were manually selected (Figure 17). In total 76 compounds were 
selected for dose-response experiments and IC50 determinations. 

 
Figure 17. Chemical space of AChE1 hits showing ≥ 70% inhibition. Score plots from 

PCA of the physicochemical properties of the 55 hits showing ≥ 70% inhibition, the 

24 hits manually selected for IC50 determination colored in black (set A). The first 

and second components describe the size and lipophilicity of the hits (a) and the third 

and fourth components show diversity relating to flexibility and charge (b). 

 
The full dose-response analyses of the 76 selected compounds generally 

agreed well with the screening data (Table 9, for more details see Table 2 in 
Paper II). Of the 47 hits in sets A and B, 34 were confirmed with IC50 values 
ranging from 0.2 to 128 µM (examples are shown in Table 10). Compounds 
with IC50 values above 200 µM, or which were insufficiently soluble to 
provide reliable experimental data, were considered to be inactive. Most of 
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the confirmed inhibitors were found in set A and, in comparison, set B 
appeared to have a higher false positive rate than set A.  

 
Table 9. Overview of the follow-up evaluation of the screenings targeting AChE1. 

 
HTS 

inhibition 
No. compounds AChE1 inhibitors n.d.d 

Set Aa 70-100% 24 21 0 

Set Ba 30-70% 23 13 4 

Set Ca < 30% 14 4 2 

Set D1a,b 37 – 63% 9 0 0 

Set D2a,c 47- 80% 6 2 2 
aThe compounds were assigned to the group corresponding to their highest level of 

inhibition in the AgAChE1 or AaAChE1 screens; bHits with ≥ 30% higher inhibition of 

AgAChE1 than AaAChE1. The tabulated HTS inhibition corresponds to AgAChE1 

inhibition; cHits with ≥ 30% higher inhibition of AaAChE1 than AgAChE1. The 

tabulated HTS inhibition corresponds to AaAChE1 inhibition; dCould not be 

determined due to poor solubility.  

 
The most potent inhibitors in the follow up assay were found in set A (IC50 

values of 0.21 – 86 µM for AgAChE1 and 0.22 – 66 µM for AaAChE1). In 
addition, several inhibitors were confirmed, with IC50 values between 2.4 
and 22 µM, among the hits showing lower levels of inhibition in the HTS (set 
B). Compound 40, and three additional compounds from set C, proved to be 
false negatives. These four compounds had high structural similarity to some 
hits from sets A and B, but were in general less potent than their analogues 
(IC50 values ranging from 11-128 µM compared to 0.21-22 µM for 
compounds from sets A and B).  

Comparison of the AgAChE1 and AaAChE1 screening data suggested that 
there was no distinct difference between the two mosquito enzymes. Indeed, 
only 35 of the 338 hits displayed a clear difference in inhibition (≥30%) 
between the two enzymes. Analysis of the IC50 data for set D showed that 
most compounds were false positives and the only two active compounds 
were equally potent against AgAChE1 and AaAChE1 (cf. compound 35). 
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Table 10. Examples of compounds studied in the follow-up evaluation. 
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Compound Set 

HTS (% inhibition) IC50 (µM) 

AgAChE1 AaAChE1 AgAChE1 AaAChE1 

34 A 92 76 0.21 0.22 

35 A 86 90 >100 >100 

36 A 94 93 8 9 

37 A 76 82 >1000 >1000 

38 B 23 38 >500 >500 

39 B 32 33 17 12 

40 C 24 18 21 19 

41 D1 63 1 >1000 >1000 

42 D2 41 80 3 3 

Summary of Chapter 2 
 17 500 compounds were screened for their ability to inhibit the 

activity of AgAChE1 and AaAChE1 
 According to various statistical analyses, the experimental 

conditions generated reliable and high quality screening data 
 HTS proved a successful approach for identifying non-covalent 

inhibitors of mosquito AChE1 
 No significant differences related to binding of non-covalent 

inhibitors could be detected between the two mosquito enzymes  
 Several hits were confirmed to inhibit the activity of AChE1 in a 

dose-responsive manner 
 The identified hits displayed chemical diversity both in terms of 

structure and physicochemical properties 
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Chapter 3: Identification of selective 
AChE1-inhibitors by differential HTS 
analysis 

Selectivity of the AChE1 hits 
To investigate the selectivity of the identified AChE1 hits, we also included 
the data from a HTS targeting hAChE (i.e. differential HTS) that was 
performed previously.297 This approach was possible since the assay 
conditions were comparable (e.g. same plate format, buffer conditions, and 
concentration of substrate and compound) and since the data normalization 
and hit identification was performed independently for each screening based 
on its own statistics. Comparison of the AChE1 and hAChE HTS data showed 
that the majority of the identified AChE1 hits exhibited low inhibition in the 
screening against hAChE. Indeed, only 10% of the AChE1 hits were also 
scored as hits against hAChE. To assess this potential mosquito over human 
selectivity, the IC50 values of the compounds from sets A-D were also 
determined against hAChE (examples are given in Table 17).  
 
Table 17. Assessment of mosquito over human selectivity. 

Compound 

IC50 (µM)  S.Ra 

AgAChE1 AaAChE1 hAChE  IC50b HTSc 

34 0.21 0.22 31  141 6.3 

35 >100 >100 >200  n.a. 2.6 

36 8 9 5  0.6 1.7 

37 >1000 >1000 >1000  n.a. 76 

38 >500 >500 >500  n.a. 23 

39 17 12 >200  >12 11 

40 21 19 43  2 n.a. 

41 >1000 >1000 >1000  n.a. n.a. 

42 3 3 >200  >67 2.7 

aS.R: = selectivity ratios, n.a. = not applicable; bBased on the IC50 values. The 

selectivity ratios were computed by taking the compound’s IC50 value for hAChE and 

dividing by the higher of the its IC50 values for AgAChE1 and AaAChE1; cBased on the 

HTS % inhibition (50 µM). The selectivity ratios were computed by taking the lower 

of the compound’s inhibition (%) values for AgAChE1 and AaAChE1 and dividing by 

its inhibition (%) value for hAChE. If a compound exhibited ≤ 0% inhibition in a 

HTS, the inhibition was set to 1% prior to calculation. 

 
Ultimately, this effort resulted in the identification of a number of 

selective compounds warranting further investigation and development. We 
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confirmed the selectivity of 26 compounds that exhibited IC50 based 
selectivity ratios (S.RIC50) of at least ten (i.e. exhibited at least ten times lower 
IC50 values for AChE1 compared to hAChE), indicating that there are 
differences in the ligand binding properties of the mosquito and human 
enzymes that can be employed by non-covalent inhibitors to achieve 
selectivity.  

One such compound is 34, a potent inhibitor of AChE1 (210 nM and 220 
nM for AgAChE1 and AaAChE1, respectively), which exhibited a 140-fold 
loss of inhibitory activity against hAChE. No linear correlation between the 
% inhibition at 50 µM in the screenings and the corresponding IC50 values 
could be seen for the studied compounds. Nevertheless, this analysis 
demonstrated that it was possible to identify potentially AChE1-selective hits 
from their HTS inhibition profiles; hits that inhibited AChE1 at least five 
times more strongly than hAChE in the HTS were found to exhibit S.R.IC50 
values of ten or more. 

Structure-selectivity relationship 
Combining all the AChE1- and hAChE-hits resulted in a list of 425 unique 
compounds. Classification of their selectivity on the basis of the HTS 
inhibition profiles (i.e. the single point 50 µM % inhibition for AgAChE1, 
AaAChE1, and hAChE) yielded 163 AChE1-selective hits, 74 hAChE-selective 
hits, and 37 non-selective hits. The remaining hits were classified as 
‘miscellaneous’ (see Paper II for more details). As described below, we next 
set out to explore whether we could detect any trends or patterns relating the 
chemical structures of the hit compounds to their selectivity on the basis of 
the HTS screening data. 

Physicochemical properties and selectivity 
The physicochemical properties of the AChE1- and hAChE selective hits were 
described by calculated 2D molecular descriptors and an OPLS-DA model 
was used to correlate the properties of the compounds (the X matrix, i.e. 58 
molecular descriptors) to the selectivity data (Y, i.e. AChE1- or hAChE 
selective). Evaluation of the resulting model showed that the predictive 
component described 52% of the total variation in Y (R2Y = 0.52) and had an 
internal prediction ability of 38% (Q2 = 0.38). Interpretation of the scores 
and loading plots (Figure 17) indicated that there were chemical differences 
between the two groups of compounds. The results suggested that the 
AChE1-selective hits tended to be smaller and more flexible than the hAChE-
selective hits. 
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Figure 17. Score- and loading plot from the OPLS-DA model. a) Plot showing the 

score vector of the predictive component (t[1]). Hits exhibiting potential selectivity 

for AChE1 and hAChE are shown as black dots and grey squares, respectively. b) Plot 

showing the loading vector of the predictive component (p[1]). The predictive 

component mainly revealed separation due to size and flexibility. 

Fragments and selectivity 
The investigation was continued by looking at fragments and substructures 
found among the hit compounds. The chemical structures of the AChE1- and 
hAChE hits were described by structural fingerprints, and cluster analysis 
yielded a chemical structural tree that revealed the similarities between the 
different hits (Figure 18). Three major groups were visible in the tree (I-III). 
The first group was generally characterized by more flexible molecules, the 
second group had a higher contribution of heteroatoms (N, O, S), and the 
last group contained hits with more aromatic and/or rigid substructures.  

The relationship between different chemotypes and selectivity was studied 
by adding the selectivity profile of each hit compound to the tree. The 
resulting tree revealed smaller clusters of branches (i.e. compounds with 
similar structures) in which compounds were either potentially selective for 
AChE1, potentially selective for hAChE, or had mixed selectivity profiles 
(Figure 18c). For example, compounds 34, 39 and 42, which all show a 
higher inhibition of AChE1 (S.R.IC50: 141, >12, and >67, respectively), were 
located in clusters where most of the compounds were potentially AChE1 
selective. On the other hand, compounds 31 and 36, with S.R.IC50: <1, were 
located in clusters in which the hits were potentially non-selective or 
exhibited mixed selectivity. By looking more closely at the chemical 
structures giving rise to these different types of clusters we were able to 
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recognize fragments and patterns, which appear to be important for 
selectivity. 
 

 
Figure 18. a) Chemical structural tree of the 425 AChE1 and hAChE hits structurally 

characterized by MACCS fingerprints. Compound similarity was described in terms of 

Soergel distances and the tree was generated based on cluster analysis. The end of 

each branch represents one hit molecule and the lengths of the branches are 

proportional to the distance, i.e. similarity, between the hits. Three major groups (I-

III) of hits are shown, each against a grey background. Based on their HTS inhibition 

data, hits exhibiting potential selectivity for AChE1 are shown as blue dots, non-

selective hits as purple squares, and hits exhibiting potential selectivity for hAChE as 

yellow triangles. Compounds 31, 34, 36, 39, and 42 are labeled and their symbols 

outlined in black. b) Chemical structures of 31, 34, 36, 39, and 42. c) Closer view of 

part of the tree illustrating the presence of smaller clusters with different selectivity 

profiles. 

Eight compound classes 
Based on their overall chemical structures and scaffolds, the 425 hits were 
manually divided into approximately 70 different classes. Considering the 
results from the analyses described above, the AChE1 inhibition capacity 
(HTS data),  
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Figure 19. A representation of the eight different classes prioritized for further 

investigation. The size of the circle is representative of the number of compounds in 

each class. The coloring of the circle is representative of the selectivity profiles 

exhibited by the compounds in the class, where AChE1 selectivity is represented by 

blue, non-selectivity by purple, and hAChE selectivity by yellow. The 50 µM 

inhibition capacity of the compounds in each class is shown for both AgAChE1 and 

AaAChE1 (%). The diversity among the classes is exemplified by structural features, 

median molecular weight and calculated logP. 

 
and the selectivity profiles, eight of these classes were prioritized for further 
investigation. An illustration of the eight selected compound classes is shown 
in Figure 19. The number of compounds in each class varied from 2-21 and 
the classes were diverse both in terms of structural features and 
physicochemical properties. Some classes contained smaller, fragment-
like302 compounds (classes 1, 4 and 8) while the others contained larger and 
more lipophilic compounds, although still obeying the ‘Rule of 5’.303  

The activity and selectivity were confirmed for several compounds in each 
class, based on either newly synthesized (classes 1, 3, 4, 6, and 8) or 
purchased material (classes 2, 5, and 7). During the biochemical evaluation, 
class 2 was deemed as problematic since the compounds had solubility and 
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stability issues. In addition, class 7 consisted of false positives and was 
therefore disregarded from further investigation. The compounds in four of 
the remaining classes showed potential selectivity towards the mosquito 
enzyme (classes 1, 3, 6 and 8), while the remainder (classes 4 and 5) showed 
mixed selectivity profiles. The binding mode in mAChE has been studied 
using X-ray crystallography for representative compounds of classes 1, 3, 4, 
6, and 8. The seven protein-ligand complexes obtained show that the 
different compound classes have distinct binding modes and are able to bind 
in different locations of the active site gorge (examples are shown in Papers 
II and III, and Appendix III). 

Summary of Chapter 3 
 The data obtained from the three screenings against AgAChE1, 

AaAChE1 and hAChE were combined and analyzed (using 
differential HTS) 

 Several potent AChE1 inhibitors with promising selectivity for 
AChE1 over hAChE were identified 

 Trends in physicochemical properties and chemical structure were 
related to selectivity 

 Six compound classes were identified and prioritized for further 
investigation 
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Chapter 4: Homology modeling of AChE1 
(Paper II and Paper III) 

Background 
Since the 3D structures of AgAChE1 and AaAChE1 have still not been 
determined experimentally we decided to use homology modeling to predict 
the structures of AgAChE1, AaAChE1, and AgAChE1-G119S (Paper II and 
III). Our aim was that structural information provided by the homology 
models would facilitate the explanation of experimental data (e.g. ligand 
potency and mosquito AChE1 versus hAChE selectivity), but also to 
investigate specific features of AgAChE1 and AaAChE1 potentially useful for 
the design of selective inhibitors.  

In homology modeling, a known 3D structure of a similar protein is used 
as a template to model the sequence of interest (target). Thus, the resulting 
model is highly dependent on both the alignment of the template and target 
sequences and the template 3D structure. As a consequence, it is often 
difficult to obtain accurate predictions of the fold of loops, as well as of 
conformational changes induced by ligand binding. Homology models of 
AgAChE1 have previously been constructed.208, 218, 220 However, due to a 
number of unconserved loops, it is challenging to obtain high resolution 
models of AChE1. In addition, it is known that some residues (e.g. Tyr337) in 
the active site of AChE are flexible and that their conformations are ligand 
dependent.163-164, 221, 304 Therefore, we chose to include a ligand for induced fit 
during the modeling procedure to obtain homology models more relevant for 
the study of protein-ligand interactions. 

This chapter describes the generation of the homology models, from the 
important template selection to the final models, but also includes structural 
comparisons to mAChE. The sequence and structure similarity between 
mAChE and hAChE is high, and mAChE was used here for comparison since 
this was the enzyme used for crystallization and soaking with AChE1 ligands 
throughout the work described in this thesis. 

Selection of a template for modeling of mosquito AChE1 
Both the general fold as well as the amino acids lining the active site are 
highly conserved among AChEs from different species (Figure 20). However, 
the two loops at the entrance of the active site (loop 1 and loop 2, Figure 20) 
differ between AChE from Drosophila melanogaster (DmAChE) and AChE 
from H. sapiens, M. musculus, and T. californica. In DmAChE, loop 1 is two 
residues shorter compared to vertebrate AChE and loop 2 contains one 
additional residue. It should be noted that DmAChE is encoded by the ace-2 
gene. 
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Figure 20. Superposition 

of AChEs shown as a ribbon 

from H. sapiens (4EY4,173 

orange), M. musculus 

(1J06,163 cyan), T. 

californica (1EA5,304 blue), 

and D. melanogaster 

(1QO9,164 magenta). Amino 

acids defined as loop 1, loop 

2, catalytic triad (shown as 

ball and stick in black), and 

the three loops where 

mAChE was used as the 

template are indicated by 

arrows. 

 
Being located at the rim of the gorge, changes to one or both of loops 1 and 

2 could affect the ligand binding properties of the enzyme. The first loop is 
adjacent to Trp286, a key residue found at the entrance of the gorge, and 
extends from Leu289 to Phe297. According to multiple sequence alignment, 
loop 1 in AgAChE1 and AaAChE1 is three residues shorter compared to 
vertebrate AChE (i.e. one residue shorter than DmAChE; Table 11). Another 
important difference is the presence of the free cysteine in loop 1 of AgAChE1 
and AaAChE1 (replacing Phe295). This cysteine is conserved among many 
insect AChE1 and has been targeted by covalent inhibitors.217-218, 224, 229, 305 

 

Table 11. Amino acid sequence of loops 1 and 2 after multiple alignment. 

Species Loop 1 Loop 2 

An. gambiae LG - - -ICEF YLTELLRK 

Aa. aegypti LG - - -ICEF YLTELLRK 

H. sapiens LPQESVFRF - GAPGFSK 

M. musculus LPQESIFRF - GVPGFSK 

T. californica LPFDSIFRF - GAPGFSK 

D. melanogaster YS - - GILSF DFIDYFDK 

 

The identities of the considered templates, mAChE, hAChE, and DmAChE 
and the sequences to be modeled were 48%, 48%, and 39%, respectively, for 
AgAChE1 and 48%, 48%, and 38%, respectively, for AaAChE1. In analogy to 
DmAChE, the second loop (Gly342 to Lys348) in AgAChE1 and AaAChE1 
contains one additional amino acid compared to vertebrate AChE (Table 11). 
Being a conformationally restricted amino acid, proline is often found in 
loops and turns and can influence their structures. In vertebrate AChE, loops 
1 and 2 each contain one proline residue, however these prolines have been 
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replaced in loop 1 of Ag/AaAChE1 and DmAChE by glycine and serine, 
respectively, and in loop 2 of Ag/AaAChE1 and DmAChE glutamic acid and 
aspartic acid, respectively. Based on the observations described above, 
DmAChE was selected as the main template for modeling AgAChE1 and 
AaAChE1. This template was used to model all residues with the exception of 
three loops: Trp102-Thr112, Gly487-Gln499, and Ser512-Val520, for which 
mAChE was used as a template (Figure 20). Compound 31 was selected as 
the most suitable ligand to include in the modeling; 31 is a potent inhibitor 
of the mosquito, human, and mouse enzymes and its binding mode in 
mAChE (pdb code: 5FOQ223) has been studied by X-ray crystallography. 

Homology models of AgAChE1 and AaAChE1 
The generated homology models of AgAChE1 and AaAChE1 (Paper II) have 
very similar secondary structures (Figure 21a) and no structural differences 
were found in the active site gorge (Figure 21b).  

The most obvious difference between AChE1 and mAChE is the different 
conformation of loop 1 (Figure 22). In the homology models, loop 1 makes a 
tighter turn compared to mAChE, and the shorter length of the loop alters 
the structure of the gorge’s rim (see below). The phenylalanine to cysteine 
replacement at position 295 also affects the structure of the gorge, 
particularly that of the acyl pocket.  

Furthermore, the homology models suggest that the differences between 
mAChE and AChE1 in the sequence of loop 2 could alter the position of the 
α-helix consisting of residues Tyr337, Phe338, and Tyr341, among others. 
These aromatic residues are important for the shape of the gorge and their 
movement makes the binding pocket of AChE1 slightly larger than that of 
mAChE. The potentially larger CAS of AChE1 compared to that in mAChE is 
consistent with our previous finding that the former enzymes can hydrolyze 
larger substrates more effectively (Chapter 1) and that bulky substituents 
can improve the AgAChE1 over hAChE selectivity of aryl carbamates.226-227  
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Figure 21. 3D structures of AgAChE1 (cyan) and AaAChE1 (light pink) generated by 

homology modeling. a) Superposition of AgAChE1 and AaAChE1 illustrating the 

conserved fold and secondary structures. The RMSD between the heavy atoms of the 

two models was 1.2 Å. b) Close up view of the active site view showing the side chains 

of residues lining the gorge. 

 

 
 
Figure 22. The homology model of AaAChE1 (light pink) and crystal structure of 

mAChE (grey, pdb code: 5FOQ223). a) Superposition of AaAChE1 and mAChE 

illustrating their similar secondary structures. One key difference is the structure of 

loop 1 at the rim of the gorge. The RMSD between the backbone atoms of the two 

structures was 1.7 Å. B) Close up view of the active site showing the side chains of 

residues lining the gorge. Many of the amino acids in the binding site are identical.  
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A closer look at the entrance of the gorge 
As illustrated in Figure 23, the shorter loop 1 of AChE1 has a different 
conformation than the corresponding loop in mAChE. Loop 1 contains 
Cys295 and Phe295, for AChE1 and mAChE respectively. It has been 
reported that several inhibitors of mAChE and hAChE form a hydrogen bond 
to the backbone NH of Phe295.221, 223 However, in our models, the backbone 
NH of Cys295 is turned away from the active site suggesting that this 
interaction might not be as easily accessible in AChE1. The shorter length of 
loop 1 also makes room for a larger residue at the top of the adjacent α-helix, 
as seen for Tyr342 in AChE1 and the corresponding Gly342 in mAChE 
(indicated by an arrow in Figure 23). On the opposite side of the gorge, close 
to the important Trp286, Tyr72 in mAChE is exchanged for an isoleucine in 
AChE1. The smaller isoleucine side chain makes this part of the opening 
somewhat wider and has previously been implicated as an important factor 
for the selectivity reported for bis-tacrine ligands of vertebrate AChE.220 It is 
also possible that the Tyr/Ile substitution has an effect on both the position 
and the dynamics of Trp286 in AChE1. 

The AgAChE1-G119S mutant 
The resistance conferring G119S mutation in AgAChE1 is located in the 
oxyanion hole of the active site gorge.137 To get an idea of how this mutation 
would affect the binding site, we performed an in silico point mutation of the 
generated AgAChE1 homology model (Paper III). In addition to decreasing 
the size of the oxyanion hole, our models also indicated a shift of the 
aromatic residue Tyr124 (Figure 24). The presence of the larger serine side 
chain, forced the aromatic ring to move in the opposite direction to the 
serine residue (the phenolic oxygen moved 2.1 Å away from its original 
position in the wild type model). This shift resulted in a narrower waist in 
the active site gorge compared to the wild type enzymes. 
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Figure 23. A close up of the entrance of the gorge as seen from above of (a) 

AaAChE1 and (b) mAChE (pdb code 5FOQ223). Amino acids differing in size between 

AaAChE1 and mAChE (positions 72 and 342) are indicated by arrows. 

 

 
 

Figure 24. Molecular surface of the active site gorge. a) Homology model of wild 

type AgAChE1 (cyan). The two glycines (Gly118 and Gly119) in the oxyanion hole are 

marked in magenta. b) Homology model of mutant AgAChE1-G119S (orange). Gly118 

and the mutated Ser119 in the oxyanion hole are marked in magenta. The differences 

seen in the shape and size of the oxyanion hole and the acyl pocket resulting from the 

larger serine residue and the altered shape of the waist due to a conformational 

change of Tyr124 are indicated by arrows. 
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Summary of Chapter 4 
 Homology models of AgAChE1 and AaAChE1 were generated using 

DmAChE as the main template 
 The overall secondary structure of AChE is very similar across 

different species 
 The major differences between AChE1 and vertebrate AChE related 

to ligand binding are seen in two loops located by the rim of the 
active site gorge 

 According to the homology models, the altered structure of one of 
these loops of AChE1 could modify the shape further down the 
gorge, making the active site slightly larger compared to mAChE 

 The G119S mutation affects the size and shape of the oxyanion hole 
and also, potentially, the waist located midway down the gorge 
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Chapter 5: Investigation of the structural 
basis for the selectivity of acetamide-
based inhibitors (Paper II and Appendix 
III) 

Background 
During the differential HTS study, compound 34 belonging to class 3 (Figure 
19) emerged as a potent and selective AChE1 inhibitor (Figure 23). 
Interestingly, compound 31, which has a number of structural elements in 
common with 34, was very potent against all three enzymes. We therefore 
decided to use these two compounds as tools to investigate the selectivity 
properties of Ag/AaAChE1 and hAChE further (Paper II). As a second step, 
we wanted to investigate the SAR and SSR of compound 34 by design, 
synthesis, and biochemical evaluation of a number of analogues (Appendix 
III). 
 

 
Figure 23. Chemical structures and IC50 values of 34 and 31. 

Binding modes in mAChE  
The structural basis for the difference in selectivity of 34 and 31 was studied 
by comparing their binding modes in mAChE using X-ray crystallography. 
The compounds’ potency against mAChE revealed similar trends as those 
seen for hAChE (Figure 23); the IC50 values of 34 and 31 for mAChE were 18 
µM and 0.026 µM, respectively (31 µM and 0.030 µM against hAChE, 
respectively). 

The crystal structure of 34 in complex with mAChE was determined to a 
resolution of 2.8 Å (34mAChE, pdb code: 5FUM). This complex showed that 
34 spanned the entire active site gorge, however, the electron density map 
allowed modeling of 34 in two different conformations (Figure 24a-b). One 
in which the ethylpiperazine was buried deep in the active site gorge and 
interacting with Trp86 (pose A; Figure 24a), and one where the biphenyl 
fragment was located at the bottom of the gorge close to Trp86 (pose B; 
Figure 24b). Both of these poses enabled a water mediated hydrogen bond 
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between the amide carbonyl and the backbone NH of Phe295. In pose A, the 
“proximal” phenyl ring (i.e. the phenyl closest to the amide) appears to form 
an aromatic stacking interaction with Trp286 in PAS, while the positioning 
of the piperidine-piperazine moiety likely allows activated CH···arene 
interactions with Tyr337 and Trp86.223 The piperidine linker is positioned in 
the narrow waist of the active site gorge formed by Tyr124 and Try337. It is 
possible that this results in unfavorable steric contacts with the enzyme. In 
pose B, the piperazine extends towards the opening of the gorge and is 
exposed to the solvent. However, the close proximity to Trp286 suggest 
favorable interactions to this residue. The “distant” phenyl ring appears to 
form an aromatic stacking with Trp86. The bulky piperidine linker is, 
according to pose B, positioned in a wider part of the gorge closer to the 
entrance, and thereby does not appear experience any steric hindrance. 

 

 
Figure 24. Binding poses of inhibitors in the active site of mAChE. Where a) shows 

pose A of the 34mAChE complex (pdb code: 5FUM), b) shows pose B of the 

34mAChE complex (pdb code: 5FUM), and c) shows the 31mAChE complex (pdb 

code: 5FOQ223). The side chains of mAChE are shown in grey (backbone N of Phe295 

included due to hydrogen bond involvement), water is shown as red spheres, and 

ligands 34 and 31 in cyan and yellow, respectively.  

 
The bioactive conformation of 31 in mAChE (31mAChE, pdb code: 

5FOQ,223 Figure 24c) can be compared to pose A of 34; both compounds 
form aromatic stacking interactions with Trp286 and the positively charged 
amines are located at the base of the gorge enabling activated CH···arene 
hydrogen bond interactions known to be important in AChE-ligand 
complexes.163, 173, 222-223 Still, 31 is almost 700 times more potent on mAChE 
than 34. Could this difference in potency be the due to 34 actually binding 
according to pose B, and thereby be lacking the important activated 
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CH···arene hydrogen bond interactions? Or is the lower potency of 34 the 
result of the less optimal interactions to Trp86 and/or steric effects due to 
the bulky piperidine linker (benzyl in 31)? To seek answers to these 
questions we set out to design analogues of 34, aiming to elucidate their 
SAR, SSR, and binding modes in mAChE and mosquito AChE1. 

Design and synthesis of analogues 

To investigate the possible binding modes of 34 in mAChE further, but also 
to study the SAR and SSR of 34, a small library of analogues was designed 
based on the chemical structure of 34. The design focused around three 
structural elements of 34; the importance of the ethylpiperazine (A, Figure 
25), the influence of the piperidine linker (B, Figure 25), and finally the effect 
of the biphenyl moiety (C, Figure 25).  

 

 
Figure 25. Three elements (A-C) of the parent molecule were varied in the design of 

analogues. 

 
Assuming that the bioactive conformation of 34 in hAChE corresponds to 
the one in mAChE, the design was based on the and following hypotheses: 
According to pose A, 

 the tertiary amine (element A) is important for the potency of the 
compounds  

 the size of the tertiary amine can affect the selectivity of the 
compounds 

 the piperidine linker (element B) is important for selectivity due to 
steric hinder 

 changes to the biphenyl fragment (element C) will not drastically 
effect the binding mode in mAChE/hAChE 

According to pose B, 
 the tertiary amine (element A) only has a moderate effect on potency  
 the biphenyl fragment (element C) is important for the potency in 

hAChE 
 selectivity might be due to significantly different binding modes in 

hAChE/mAChE and AChE1 
To challenge these hypotheses, compounds were designed by varying the 
tertiary amines, incorporating a more flexible propyl linker, and by adding a 
4’ substituent to the biphenyl. The designed compounds were synthesized as 
described below (Appendix III). 
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Synthesis of compounds  
The HTS hit 34 was synthesized according to Scheme 1. In the first step, 
compound 44a was prepared by means of a Williamson ether synthesis 
using 4-phenylphenol (43) and chloroacetic acid. The resulting carboxylic 
acid was coupled with 1-ethyl-4-pipiridin-4-yl piperazine using TBTU to 
yield the amide 34. 
 
Scheme 1.a 

 

 
aReagents and conditions: (a) chloroacetic acid (5 eq), NaOH (s) (7 eq), MeOH, 

reflux, 24h, yield of 44a 29%, yield of 44b 75%; (b) 44a, 1-ethyl-4-piperidin-4-yl-

piperazine (1.2 eq), TBTU (1.2 eq), TEA (3 eq), DMF, rt, 5 days; (c) Half sat. HCl in 

CH2Cl2, 0 °C to rt, 20h, 47% yield over two steps. 

 
The synthesis of analogue 47 was accomplished via the route described in 

Scheme 2. Amide coupling of 4-morpholinopiperidine 45 and chloroacetic 
acid yielded amide 46, which was reacted with 4-phenylphenol (43) under 
basic conditions and using KI as a catalyst to give the target compound 47 in 
moderate yield. 
 
Scheme 2.a 

 
aReagents and conditions: (a) chloroacetic acid (1.3 eq), TEA (1.3 eq), CH2Cl2, rt 1.5 h, 

52% yield (b) 4-phenylphenol (43) (1.5 eq), K2CO3 (2 eq), KI (0.05 eq), DMF, rt, 3 

days, 48% yield (c) half sat. HCl in CH2Cl2, 0 °C to rt, 4 h, 91% yield. 
 
Good yields of the truncated piperidine analogue 48a, and compound 

48b, which is lacking the piperidine linker, were obtained from 44b after 
conversion to the acid chloride followed by addition of the corresponding 
amine (Scheme 3). The ethyl-piperazine analogue 48c was obtained from 
44b by conversion to the acid chloride and then performing the amide 
coupling using a two-phase system formed by the use of CH2Cl2 and water as 
solvents.  
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Scheme 3.a 

 

 
aReagents and conditions: (a) i) oxalyl chloride (5 eq), DMF (cat.), THF, rt, 1h ii) 

piperidine or morpholine (2.2 eq), THF, rt, overnight, 68-72% yield; (b) i) oxalyl 

chloride (2 eq), DMF (cat.) CH2Cl2, rt, 1h, ii) NaHCO3 (1 eq), N-ethylpiperazine (1 eq), 

CH2Cl2:H2O 4:1, rt overnight, 69% yield; (c) 1M HCl in Et2O, CH2Cl2, rt, 10 min, 90% 

yield. 

 
Compounds 49a-c were prepared in low to good yields following the same 

procedure as described for 48a-b (Scheme 4). The lower yield achieved for 
49b (20%) was probably due to difficulties during the purification 
procedure. The TFA salt of 3-(4-ethylpiperazin-1-yl)propylamine proved 
more difficult to couple and the attention was again turned to the 
CH2Cl2:H2O two phase reaction used to synthesize 48c. Even though this 
method resulted in a low yield of 49d (Scheme 4), enough material was 
obtained for biochemical evaluation. Work is currently ongoing to 
understand the reasons for the significantly lower yield achieved for 49d 
compared to 48c. 
 

Scheme 4.a 

 
aReagents and conditions: (a) i) oxalyl chloride (5 eq), DMF (cat.), THF, rt, 1h ii) 

corresponding amine (2.2 eq), THF, rt, overnight, 20-68% yield; (b) half-sat. HCl in 

CH2Cl2, rt 10 min; (c) i) oxalyl chloride (2 eq), DMF (cat.) CH2Cl2, rt, 1h, ii) NaHCO3 

(4.5 eq), 3-(4-ethylpiperazin-1-yl)propylamine 3*TFA (1.1 eq), CH2Cl2:H2O 4:1, rt 

overnight, iii) 1M HCl in Et2O, CH2Cl2, rt 10 min, 11% yield 
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Finally, it was envisioned that using the Suzuki coupling reaction would 
give access to different para substituted aryl ethers. For this purpose, 4-
iodophenoxy acetic acid (50) was converted to the acid chloride and coupled 
with various amines to produce the halogenated intermediates 51a-c, 
achieving a yield of 9-85% yield (Scheme 5). The Suzuki coupling with 4-
methoxyphenylboronic acid using PEPPSI-iPr as the palladium source and 
microwave irradiation proceeded smoothly for the target compounds 52a-b, 
which were isolated in good yields. As experienced previously, good yields of 
the corresponding 3-(4-ethylpiperazin-1-yl)propylamine analogue proved 
elusive and, due to lack of material, 51c was not subjected to the Suzuki 
coupling. 

 
Scheme 5.a 

 
aReagents and conditions: (a) i) oxalyl chloride (5 eq), DMF (cat.), THF, rt, 1h ii) 

corresponding amine (2.2 eq), THF, rt, overnight, 76-85% yield; (b) Half sat. HCl in 

CH2Cl2, CH2Cl2 or MeOH, rt, 10 min, 83-100% yield; (c) i) oxalyl chloride (2 eq), 

DMF (cat.) CH2Cl2, rt, 1h, ii) NaHCO3 (4.5 eq), 3-(4-ethylpiperazin-1-yl)propylamine 

3*TFA (1.1 eq), CH2Cl2:H2O 4:1, rt overnight, iii) 1M HCl in Et2O, CH2Cl2, rt 10 min, 

9% yield; (d) 2M Na2CO3 (3 eq), 4-metoxyphenylboronic acid (2 eq), PEPPSI-iPr 

(0.05 eq), DMF, MWI 110 °C, 10 min, 86-98% yield; (e) 1M HCl in Et2O, CH2Cl2, rt, 

10 min, 57-85% yield. 

 
To obtain the 4-metoxyphenyl substituted version of 34, we first followed 

the procedure described in Scheme 1 using 4-iodophenoxy acetic acid (50). 
Unfortunately, due in part to the poor solubility of 1-ethyl-4-piperidin-4-yl-
piperazine, this approach failed to yield the desired halogenated amide. 
Instead, the methyl ester of 4-iodophenoxy acetic acid (53) was prepared 
and subsequently coupled with 4-methoxyphenylboronic acid by adapting a 
previously developed protocol (Scheme 6).306-307 Hydrolysis of the methyl 
ester yielded acid 54, which could be employed in the amide coupling with 1-
ethyl-4-piperidin-4-yl-piperazine using TBTU to give the target compound 
55 in 13% yield. Poor solubility of both the acid (54) and the triamine could 
be the reason for the low yield.  
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The route described for 55  was also used for the preparation of 
compound 56, the only difference being the conditions for the amide 
coupling reaction. For the coupling with the TFA salt of 3-(4-ethylpiperazin-
1-yl)propylamine, the conditions used for 49d and 51c were slightly 
modified by increasing the amount of amine and changing the base to 
Na2CO3. Under these conditions 56 was obtained in 27% yield, which was a 
small improvement compared to the previous 11% and 9% yields of 49d and 
51c, respectively. 

 
Scheme 6.a 
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aReagents and conditions: (a) 4-metoxyphenylboronic acid (2 eq), PEPPSI-iPr (0.01 

eq), KF (2 eq), MeOH, MWI 110 °C, 10 min, 90% yield; (b) 0.1 M LiOH (1.3 eq) 

overnight, 99% yield; (c) i) 1-ethyl-4-piperidin-4-yl-piperazine (1 eq), TBTU (1.3 eq), 

TEA (3 eq), DMF, rt, 3 days, ii) 1M HCl in Et2O, CH2Cl2, rt, 20 min, 13% yield; (d) i) 

oxalyl chloride (2 eq), DMF (cat.) THF, rt, 1h, ii) Na2CO3 (7.5 eq), 3-(4-

ethylpiperazin-1-yl)propylamine 3*TFA (2 eq), CH2Cl2:H2O 4:1, rt overnight, iii) 1M 

HCl in Et2O, CH2Cl2, rt, 20 min, 27% yield. 

Biochemical evaluation of analogues  
The inhibitory activity of the synthesized analogues was evaluated by 
determination of their IC50 values for AgAChE1, AaAChE1, and hAChE 
(Table 13). The following sections describe the SAR for AgAChE1 and 
AaAChE1 and the SSR over hAChE. 

SAR for AChE1 of the synthesized analogues  
The biochemical evaluation showed that replacing the ethylpiperazine in 34 
with a morpholine (47) was not tolerated by the AChE1 enzymes and 
resulted in a complete loss of activity. Compounds 48a-b further 
demonstrated the importance of the ethylpiperazine fragment; the truncated 
analogues showed no inhibition of AChE1. In addition, the activity could not 
be regained by replacing the piperidine in 48a with ethylpiperazine (48c), 
indicating that the placement of the piperazine fragment is also important. 
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In general, exchanging the piperidine linker for a less bulky and more 
flexible propyl chain resulted in a significant drop in activity against AChE1 
(49a-d). For this set of compounds we also varied the size of the tertiary 
amine, going from a small dimethylamine (49a), via piperidine (49b), to the 
larger methyl- and ethylpiperazines (49c-d). Although these compounds 
exhibited reduced potency compared to 34, compounds 49b, 49c, and 49d 
still inhibited the activity of the AChE1 enzymes. The ethylpiperazine 
analogue 49d was marginally more potent than the other two; the IC50 
values of 49b, 49c, and 49d were, respectively, 10 µM, 17 µM, and 3.7 µM 
for AgAChE1 and 10 µM, 14 µM, and 3.2 µM for AaAChE1.  

The iodo intermediates 51a-c were also included in the evaluation. Of 
these, the piperidine (51a) and ethylpiperazine (51c) compounds proved to 
be equally potent (IC50 values around 40 µM), while 51b only showed weak 
inhibition of AChE1. Both 51a and 51c were less potent than their biphenyl 
analogues 49b and 49d (IC50 values were 3-10 times higher). The 
introduction of a methoxy group in the para position on the biphenyl 
element of 49b-d gave compounds 52a-b and 56. This modification had 
only minor effects on the potency the propyl linker analogues. Also the 
methoxy substituted analogue of 34, compound 55, exhibited very similar 
IC50 values as the parent compound (0.77 µM and 0.31 µM for AgAChE1 and 
AaAChE1, respectively), and was thus the most potent of all the designed 
compounds.  

To summarize, from the SAR of this set of compounds it is clear that the 
ethylpiperazine (element A, Figure 25) is vital for the activity of 34 (cf. 47 
and 48a). It could also be seen that the piperidine linker (element B, Figure 
25) is very important for the potency; exchanging this fragment for a propyl 
chain is accompanied by a loss of activity (~15 times greater IC50 values). The 
trend for the propyl chain analogues (49a-d, 51a-c, 52a-b, 56) is that the 
ethylpiperazine or piperidine amines are more beneficial for activity 
compared to methylpiperazine, and especially the dimethylamine. Changes 
to the biphenyl moiety also effects the potency of the compounds (element 
C). The largest difference was seen for the iodo intermediates (cf. 51a-c 
versus 49b-d), which lost activity, while only minor effects was seen for the 
methoxy substituted analogues (52a-b, 55, and 56).  
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Table 13. Biochemical evaluation of designed and synthesized analogues. Parent 

compound 34 is included for comparison (marked in grey).  

   IC50 (µM)a 

ID Structure AgAChE1 AaAChE1 hAChE S.Rb 

34 
N

O

O

N

N
2*HCl

 

0.21  
(0.12-0.37) 

0.22  
(0.12-0.38) 

31  
(29-34) 

141 

47 

 

>500 >500 >500 n.a. 

48a 

 

>1000 >1000 >1000 n.a. 

48b 

 

>1000 >1000 >1000 n.a. 

48c 

 

>1000 >1000 >1000 n.a. 

49a 

 

119 
(89-159) 

149 
(118-189) 

207 
(161-267) 

1.4 

49b 

 

10 
(7.9-14) 

10 
(7.6-14) 

56 
(53-60) 

6 

49c 

 

17 
(16-19) 

14 
(13-15) 

195 
(163-235) 

12 

49d 

 

3.7 
(3.2-4.2) 

3.2 
(2.7-3.9) 

94 
(62-141) 

25 

51a 
 

55 
(28-107) 

36 
(21-61) 

15 
(11-19) 

0.3 

51b 
 

226 
(146-351) 

317 
(187-537) 

297 
(136-652) 

1.0 

51c 
 

37 
(33-43) 

43 
(33-56) 

66 
(33-131) 

1.5 

52a 

 

5.2 
(3.6-7.7) 

4.2 
(2.1-8.6) 

12 
(8.7-16) 

2.3 
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Table 13. Continued. 

 

52b 

 

31 
(24-42) 

28 
(16-51) 

>400 >13 

56 

 

6.4 
(4.9-8.4) 

4.8 
(3.1-7.5) 

108 
(74-158) 

17 

55  

0.77 
(0.60-1.0) 

0.31 
(0.18-0.53) 

16 
(8.9-29) 21 

a95% confidence interval given in parentheses; bS.R. = selectivity ratio, computed by 

taking the compound’s IC50 value for hAChE and dividing by the higher of its IC50 

values for AgAChE1 and AaAChE1. n.a. = not applicable 

Selectivity for AChE1 over hAChE 
The parent compound 34 exhibited a 141 times greater potency for AChE1 
than hAChE. Compounds 47 and 48a-c, which were inactive on AChE1, also 
showed no inhibition of hAChE. The propyl chain analogues exhibited 
decreased selectivity for AChE1 compared to 34; 49a-d had 6-25 times 
greater IC50 values for hAChE than AChE1 (IC50 values in the range of 50-
200 µM), with 49d being the most selective for AChE1. These compounds 
exhibited similar SAR trends for hAChE as for AChE1 with 49a and 49c 
being the least active. Interestingly, iodo substituted 51a proved to be more 
active against hAChE than AChE1; the IC50 value was 15 µM for hAChE 
compared to 36-55 µM for AChE1. The other to iodo containing compounds 
(51b-c) were equally potent on hAChE and AChE1. 

Finally, the introduction of a para methoxy substituent resulted in an 
increase in potency of almost five times on hAChE for 52a compared to 49b, 
resulting in 52a being non-selective for AChE1. The methyl- and 
ethylpiperazine analogues 52b and 56 on the other hand exhibited more 
than 13 times higher IC50 values for hAChE than AChE1 (S.R. >13 and 17 for 
52b and 56, respectively). The methoxy analogue of 34, compound 55, was 
slightly more potent on hAChE compared to 34. The IC50 value of 55 for 
hAChE was 16 µM, resulting in a decrease in selectivity ratio from 141 to 25.  

The general SSR for AChE1 over hAChE seen for the compounds in this 
study suggests that the amine (element A, Figure 25) is very important for 
selectivity. The ethylpiperazine contributes most to selectivity, while the 
piperidine seems to be good for hAChE activity and thereby reduces the 
selectivity of the compounds. The limited number of analogues in this study 
prevents definite conclusions regarding the effect of the piperidine linker 
(element B). Comparison of 34 and 49d suggests that this fragment is very 
important for selectivity, but on the other hand 55 and 56 exhibit very 
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similar selectivity ratios. Finally, the aromatic moiety (element C) can have 
pronounced effects on the selectivity; exchanging the biphenyl for a para 
iodophenyl (51a-c), resulted in a decreased, or even reversed, selectivity. A 
much smaller effect on selectivity was observed with respect to the 
introduction of a methoxy substituent (cf. 49b-d versus 52a-b and 56). 

Binding modes of propyl analogues 
The bioactive conformations of 49b and 49c when binding to mAChE was 
studied using X-ray crystallography. The crystal structures of 49bmAChE 
and 49cmAChE were determined at resolutions of 2.7 Å and 2.5 Å, 
respectively (Appendix III). The electron density maps showed that both 
compounds bound in elongated conformations spanning the entire active 
site gorge (Figure 26). The binding modes of 49b and 49c were very similar. 
The biphenyls were extending towards the rim of the gorge indicating 
aromatic interactions between their proximal phenyls and Trp286. The 
positions of amide carbonyl groups of 49b and 49c suggested a hydrogen 
bond with the backbone NH of Phe295, while the piperidine (49b) or the 
piperazine (49c) were buried deep at the base the gorge presumably 
participating in activated CH···arene interactions with Tyr337 and/or Trp86 
(Figure 26). 

Structural basis for the observed SARs and SSRs 
The information obtained from the crystal structures of 31, 34, 49b, and 
49c in mAChE was used in combination with homology modeling to 
investigate the structural basis for the observed trends in activity and 
selectivity of the compounds in this series. Differences in binding modes to 
mAChE and possible binding modes in mosquito AChE1 are discussed below. 

Rationalization of the SAR for hAChE 
To explore the observed SAR for hAChE, which is important for the 
understanding of selectivity, the different binding modes of 31, 34, 49b and 
49c in mAChE were compared. The increased potency of 55 compared to 34 
for hAChE strongly suggested that 34 is binding in the active site of hAChE, 
and most likely also mAChE, according to pose A (Figure 24a). Pose B is 
improbable, since the introduction of a para methoxy substituent would 
result in steric clashes between the substituent and the residues at the base 
of the gorge and, thereby, a reduced potency for 55 compared to 34.  

A comparison of the binding modes of 34 and 31 showed that the 
piperidine in 31 was located approximately 2.5 Å deeper down in the gorge 
compared to the piperazine in 34 (Figure 27a). It is possible that this shift in 
position leads to weaker interactions with Trp86, and thereby a lower 
activity of 34 compared to 31. In addition, the piperidine linker of 34 is 
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located in the narrow waist of the gorge indicating that conformational strain 
and/or unfavorable steric contacts could negatively affect the potency of 34. 

 

 
 

Figure 26. Binding poses of inhibitors in the active site of mAChE. Where a) shows 

the 49bmAChE complex, and b) shows the 49cmAChE complex. The side chains of 

mAChE are shown in grey (backbone N of Phe295 included due hydrogen bond 

involvement) and ligands 49b and 49c in green and magenta, respectively.  

 

 
 
Figure 27. Superposition of the binding poses seen in the active site of mAChE. 

Where a) shows 34 and 31, b) shows 49b and 49c, c) shows 49b and 31, d) shows 

49b and 34, and e) shows 49c and 34. The ligands 31, 34, 49b, and 49c are shown 

in yellow, cyan, magenta, and cyan, respectively.  
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Compounds 49a-d were designed to investigate the role of the bulky 
piperidine linker in 34, with the motivation that a propyl linker could 
alleviate possible strain or steric hindrance induced by the piperidine. 
However, the biochemical evaluation showed that exchanging the piperidine 
for a propyl chain was accompanied by a loss of activity for hAChE. The 
observed binding modes of 34, 49b, and 49c are similar, which is consistent 
with the observed moderate reduction of potency (2-6 times higher IC50 
values). With respect to the important interactions with Trp86, the propyl 
linker did not alter the position of the piperidine (49b) or methylpiperazine 
(49c) compared to the ethylpiperazine in 34 (Figure 27d-e). As illustrated in 
Figure 27, the position of amide carbonyls of 49b and 49c differs slightly 
from that seen in 34 and 31 (Figure 27b-e). This alteration allows 49b and 
49c to form a hydrogen bond directly with the backbone NH of Phe295; in 
the complexes of 34 and 31 this hydrogen bond is mediated by a water 
molecule. Thus, it can be said that changing the linker from a piperidine to a 
propyl chain does not significantly alter the binding mode of the compounds. 
Instead it appears that either the piperidine is able to lock the ligand in a 
favorable conformation and/or that favorable interactions between the 
piperidine and the residues lining the gorge are lost by the introduction of 
the more flexible propyl linker.  

Possible binding modes in AChE1 
The ligand complexes in mAChE contributed to the understanding of the 
SAR observed for hAChE. We therefore wanted to explore the possibility of 
using homology modeling to, on a structural level, rationalize the SAR for 
AChE1. However, generation of biologically relevant poses in AChE can be 
challenging due to the properties of the binding site; the gorge is lined by 
aromatic residues and their conformations are ligand dependent.297 One 
explanation for the modeling difficulties could be the inability of current 
force fields to estimate correctly the importance and strength of the activated 
CH···arene interactions that are key in AChE-ligand complexes.223 Since 
many of the residues in the active sites of AChE1 and mAChE are conserved, 
it is reasonable to assume that the ligands studied here would bind to AChE1 
in a similar manner to that seen in mAChE. We therefore manually docked 
compound 49c in AaAChE1 based on it binding mode in mAChE. The 
generated complex was then subjected to energy minimization, during which 
the ligand was allowed to move freely (Appendix III). 

The resulting model suggested that 49c may be able to bind to AChE1 in a 
slightly different pose compared to mAChE. It appears that the smaller 
residue in position 72 (Ile in AChE1 and Tyr in hAChE) could allow 49c to 
adopt a different binding pose in AChE1 compared to mAChE (Figure 28a). 
The change in the position of the biphenyl group in PAS could potentially 
lead to a T-shaped stacking between the distant phenyl of the ligand and 
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Trp286, as well as a CH···arene interaction between said phenyl and Ile72. 
These interactions could contribute to the higher inhibition capacity seen 
against AChE1 compared to hAChE. In addition, such an interaction pattern 
would be lost by exchanging the distant phenyl group for an iodine and could 
potentially explain the loss of activity on AChE1 seen for 51c compared to 
49c. In the 49c•mAChE complex it is the proximal phenyl ring that is 
responsible for the interaction with Trp286 (Figure 26b). Substituting the 
distant phenyl for an iodine would therefore, in agreement with the IC50 
data, not have the same dramatic effect on hAChE activity. 

 

Figure 28. Possible binding poses of 49c and 34 in the homology model of 

AaAChE1. a) Shows the suggested pose of ligand 49c (magenta), where the biphenyl 

group was interacting with Trp286 and Ile72 and the piperazine fragment was 

located deeper in the gorge compared to the binding mode in mAChE, and b) shows 

the ligand 34 (cyan) adopting a similar conformation to that modeled for 49c. The 

side chains of AaAChE1 are shown in light pink and the backbone N of Cys295 is 

included for comparison. 
 
In the AaAChE1 model, the piperazine fragment of 49c is located 

approximately 2.5 Å further down in the gorge compared to its position in 
49c•mAChE. This altered position of the tertiary amine could lead to 
stronger interactions with Trp286 and potentially also Tyr337. In addition, 
this pose also suggests the possibility of a hydrogen bond to Glu202. Altered 
interactions at the base of the gorge, could thereby potentially contribute to 
the selectivity for AChE1 over hAChE. The binding mode and interactions 
presented in Figure 28a are also applicable for the piperidine and ethyl-
piperazine analogues 49b and 49d, as well as for 34 and 56 (Figure 28b). It 
is therefore plausible that altered interactions both by the rim and the base 
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of the gorge are contributing to the AChE1 selectivity observed for this series 
of compounds. Still, the suggested models do not explain all of the SAR and 
SSR trends seen in Table 13 and should only be considered to represent one 
possible binding mode. Additional analogues should be designed and 
evaluated to explore the suggested hypothesis and more advance modeling 
could yield a more comprehensive picture. 

Summary of Chapter 5 
 Compound 34 was identified in the differential HTS study as a 

potent and selective inhibitor of mosquito AChE1 
 X-ray crystallography suggested two possible binding modes of 34 in 

mAChE  
 A number of analogues were designed and synthesized to explore the 

SAR and SSR of 34 
 Biochemical evaluation showed that the piperidine linker in 34 is 

pivotal for potency, but that the amine and the biphenyl fragments 
are also influential with respect to both the activity and selectivity of 
the studied compounds 

 Modeling of analogue 49c in mosquito AChE1 suggested possible 
differences in the interaction pattern of the selective compounds in 
mosquito AChE1 compared to mAChE 
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Chapter 6: Thiourea-based AChE1 
inhibitors (Paper III) 

Background  
One of the interesting classes identified in the differential HTS study was 
based on a thiourea scaffold (class 6, Figure 19 and Table 14). In the work 
described in Paper III the SAR and SSR of this class of compounds was 
explored further by design, synthesis, and biological evaluation of a small 
library of compounds. 
 

Table 14. Hits belonging to class 6 identified in the differential HTS study (Chapter 

3). 

 
  AgAChE1 AaAChE1 hAChE S.Ra,b 

57 
HTS (%) 86 90 -1 86 

IC50 (µM) 0.96 0.63 12 13 

58 
HTS (%) 65 67 0 65 

IC50 (µM) 7.8 5.5 90 12 

59 
HTS (%) 46 51 22 2.1 

IC50 (µM) 7.1 6.0 120 17 

60 
HTS (%) 48 49 -4 48 

IC50 (µM) 11 11 >1000 >91 

61 
HTS (%) 44 50 1 44 

IC50 (µM)c >1000 >1000 >1000 n.a. 

aHTS-based selectivity ratios were determined by taking the lower of the compound’s 

inhibition (%) values for AgAChE1 and AaAChE1 and dividing by its inhibition (%) 

value for hAChE. If a compound exhibited ≤ 0% inhibition in a HTS the inhibition 

was set to 1% prior to calculation; bIC50-based selectivity ratios were computed by 

taking the compound’s IC50 value against hAChE and dividing by the higher of its IC50 

values against AgAChE1 and AaAChE1. n.a. = not applicable; cSolubility issues 

experienced during IC50 determinations. 
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As described in Chapter 3, five thiourea-based compounds with potential 
selectivity towards mosquito AChE1 over hAChE were identified in the 
differential HTS study (Figure 19 and Table 14). These hits consisted of 
asymmetric thioureas carrying one aryl substituent, and one tertiary amine 
connected to the thiourea via an ethyl linker. Four of the hits (57-60) 
exhibited IC50 values for AChE1 between 0.63 and 11 µM and selectivity over 
hAChE (S.RIC50 ≥12). Compound 61, which exhibited poor solubility in the 
follow-up assays, did not inhibit any of the enzymes in a dose-dependent 
manner and was considered to be false positive.  

The confirmed inhibitors all carried different aromatic substituents and 
different tertiary amines (Table 14). We therefore decided to design a 
balanced set of compounds to investigate how the aromatic substitution 
pattern (i.e. the position and the properties of the substituents) and the size 
of the amine effect the activity and selectivity of the compounds. In this 
study we also wanted to evaluate the compounds’ ability to inhibit the 
insecticide-resistant form of AChE1 found in An. gambiae, AgAChE1-G119S. 
The naturally occurring G119S mutation confers resistance towards current 
anti-cholinergic insecticides (organophosphates and carbamates) and is 
therefore highly relevant also for non-covalent inhibitors of AChE1. An 
important step towards our long term goal to develop safe insecticides for 
vector control purposes is to explore and verify the in vivo insecticidal 
activity of our compounds. Thus, a few of the designed compounds were 
selected for in vivo experiments on larvae and adult An. gambiae and Ae. 
aegypti mosquitoes. 

Design of analogues 
Three of the hits (57-59) were selected to form the basis of a design intended 
to explore SAR differences between AgAChE1, AaAChE1, and hAChE, but 
also the insecticide insensitive AgAChE1-G119S mutant. The design strategy 
was to vary the aromatic moiety and the tertiary amine, while keeping the 
ethyl-linker fixed. The final sets of compounds were designed around the 
aromatic moiety of each of the hits (sets A-C, Figure 29). The tertiary amines 
were commonly selected across all three sets and were varied so that each 
building block returned several times, but in combination with different 
aromatic moieties. 
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Figure 29. Representative chemical structures of the three design sets A-C. X and Y 

show the substitution positions on the aromatic moiety for the different sets. The 

tertiary amines were varied cross all three sets (R1 and R2). 

Synthesis 
Depending on commercial availability of the starting materials, ease of 
purification, and safety, thioureas 57-60 and 62-77 were synthesized using 
one of three methods (Scheme 7). The thioureas could be readily accessed 
from commercially available phenylisothiocyanates and primary amines in 
yields of 70-98% by microwave assisted heating for 10-15 minutes (method 
A).  

In other cases, the thioureas were synthesized in a one-pot two-step 
reaction, where the isothiocyanate was formed in situ using 
thiocarbonyldiimidazole (TCDI, method B) or thiophosgene (method C). In 
method B, a substituted aniline was allowed to react with TCDI, after which a 
primary amine was added to yield the thiourea after heating (17-77% yield). 
Unfortunately, in some cases the use of TCDI and the required heating 
resulted in poor yields and the formation of byproducts, which greatly 
hampered the purification of the product. Therefore, two of the thioureas 
were synthesized using thiophosgene, allowing the reaction to proceed at -10 
°C to rt (method C). Thiophosgene is a toxic and volatile liquid, but here 
produced fewer byproducts than TCDI. 

 
Scheme 7.a 
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aReagents and conditions: (a) CH2Cl2, MWI 70 °C, 10-50 min, 70-98% yield; (b) 

MeCN, MWI 100-120 °C, 10-20 min; (c) MeCN, -10 °C to rt, 5-10 min; (d) 

corresponding amine, MWI 100-120 °C, 10-20 min, 17-77% yield; -10 °C to rt, 2 h, 52-

56% yield. 
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SAR analysis of the thiourea-based AgAChE1- and AaAChE1 
inhibitors 
The inhibition capacity of the synthesized thioureas was investigated by 
determining their IC50 values against AgAChE1, AaAChE1, hAChE, and 
AgAChE1-G119S. In this section, the SARs for sets A-C are described (Tables 
15-17). 

Set A 
The di-substituted parent compound 57 was the most potent of the thiourea-
based HTS hits; it had IC50 values of 0.96 µM and 0.63 µM for AgAChE1 and 
AaAChE1, respectively. The importance of both substituents became 
instantly clear; removal of either the chloro- or methoxy substituent resulted 
in a complete loss of activity (62 and 63, Table 15). Interestingly, as seen for 
compound 64, and to some extent 65, some of the activity could be regained 
for the mono-substituted analogues by altering the tertiary amine from a 
methylpiperidine in 57, to a slightly smaller piperidine. The effect of the 
amine was further demonstrated by compounds 60, 66-71. The morpholine 
analogues (60, 66, and 67), proved to be even more potent than both their 
methylpiperidine and piperidine counterparts. On the other hand, the 
introduction of the smaller dimethylamine (69-71) was accompanied by a 
decrease in potency. 

The most potent compound in this set was the morpholine analogue (66) 
of the parent compound. The IC50 values of 66 for AgAChE1 and AaAChE1 
were 0.12 µM and 0.090 µM, respectively. As seen for 57, removal of one of 
the aromatic substituents from 66 resulted in a substantial loss of activity 
with compounds 60 and 67 exhibiting approximately 100 and 600 times 
higher IC50 values, respectively. However, the loss was less pronounced 
compared to that seen for the methylpiperidine compounds 57, 62, and 63. 
The importance of the aromatic substitution pattern was further 
demonstrated by compound 68; swapping the position of the 3-chloro-4-
methoxy phenyl substituents to 3-methoxy-4-chloro was not tolerated by the 
AChE1 enzymes.  

Based on these results, the SAR of set A showed that the potency of the 
compounds can be increased by changing the tertiary amine from 
methylpiperidine to morpholine. It was also seen that, independent of the 
tertiary amine, the substituents on the phenyl moiety have a great effect on 
the activity of the compounds with the di-substituted 3-methoxy-4-chloro 
phenyl being the most beneficial for potency. 
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Table 15. Structures and IC50 values of compounds in design set A, the parent 

compound 57 is included for comparison (marked in grey).  

No Structure 
AgAChE1 

(M) 
AaAChE1 

(M) 
hAChE 

(M) 
S.Ra 

 

57  
N
H

N
H

S

N

Cl

O

 

0.96  
(0.67-1.4) 

0.63  
(0.27-1.5) 

12  
(8.5-17) 13 

62  
 

inactiveb inactiveb inactiveb n.a.c 

63  
N
H

N
H

S

N

Cl

 

inactiveb inactiveb inactiveb n.a.c 

64  

 

29  
(19-45) 

28  
(18-44) 

120  
(82-160) 4 

65  

 

140 
(110-180) 

120 
(86-170) 

190 
(121-302) 1 

66  
N
H

N
H

S

N

O

Cl

O

 

0.12 
(0.11-0.14) 

0.090 
(0.083-0.098) 

14  
(13-15) 

117 

60  

 

11  
(8.7-13) 

11  
(9.2-14) >1000 >91 

67 
N
H

N
H

S

N

O

Cl

68  
(41-110) 

53  
(45-62) >1000* >15 

68 

 

99 
(81-120) 

72 
(51-100) >1000 >10 

69 
 

 

18  
(17-20) 

16  
(14-19) 

46 
(39-53) 3 

70  
N
H

N
H

S

N

O

 

>1000 >1000 >500 n.a.c 

71  

 

96 
(85-110) 

83 
(70-99) 

140 
(120-170) 1 

aS.R. = selectivity ratio computed as hAChE/AgAChE1; binactive up to 1 mM; cn.a. = 

not applicable. 
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Set B 
In the design of set B we aimed to investigate the effect of the para 
substituent on the phenyl ring further (Table 16). More specifically we 
wanted to explore how the size, polarity, and electronic properties, of the 
para substituent contributed to potency and selectivity. 

 
Table 16. Structures and IC50 values of compounds in design set B, the parent 

compound 58 is included for comparison (marked in grey). 

No Structure 
AgAChE1 

(M) 
AaAChE1 

(M) 
hAChE 

(M) 
S.Ra 

 

58 

 

7.8 
(6.9-8.7) 

5.5 
(4.8-6.2) 

90 
(72-110) 

12 

72  
N
H

N
H

S

N

F3C

 

>200 >200 >200 n.a.c 

73  

 

~200 ~200 >1000 n.a.c 

74  

 

inactiveb  inactiveb inactiveb n.a.c 

aS.R. = selectivity ratio computed as hAChE/AgAChE1; binactive up to 1 mM; 
cn.a. = not applicable. 
 
Parent compound 58, containing a sulfonamide in the para position and a 
piperidine as the tertiary amine had IC50 values of 7.8 M and 5.5 M for 
AgAChE1 and AaAChE1, respectively. Compound 58 with its electron 
withdrawing para substituent was thus more potent than its analogue 64, 
carrying the electron donating methoxy-substituent. Exchanging the 
sulfonamide for a trifluoromethyl, another electron withdrawing but smaller 
and more hydrophobic substituent, led to a significant decrease in potency as 
seen for compound 72. With respect to the amine, changing the piperidine 
(58) to a morpholine (73) also led to a significant loss of activity. In 
addition, compound 74 carrying a para chloro substituent and morpholine 
exhibited no enzyme inhibition when tested up to a concentration of 1 mM.  

Although the number of para substituted compounds are limited, the 
results indicate that the activity of 58 is not merely an electronic effect of the 
aromatic substituent. The sulfonamide can act both as a hydrogen bond 
acceptor and donor, and it is possible that these abilities are important for 
the activity of 58. Additional compounds, specifically designed to investigate 
the importance of the hydrogen bond ability, could help further the 
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understanding of the SAR of this set. With respect to the tertiary amine, the 
results indicate that a piperidine is more beneficial for activity than 
morpholine. 

Set C 
The design of the final set was based on compound 59, which had IC50 values 
of 7.1 and 6.0 M for AgAChE1 and AaAChE1, respectively. Compound 59 
differed from both 57 and 58 in that it had both an ortho substituent on the 
phenyl ring (methoxy) and a smaller amine (dimethyl). The results of the 
biochemical evaluation of set C are presented in Table 17. 

 
Table 17. Structures and IC50 values of compounds in design set C. The parent 

compound 59 is included for comparison (marked in grey). 

No Structure 
AgAChE1 

(M) 
AaAChE1 

(M) 
hAChE 

(M) 
S.Ra 

59 

 

7.1 
(6.5-7.6) 

6.0 
(5.6-6.5) 

120 
(100-130) 17 

75 

 

17 
(14-22) 

14 
(13-16) 

>200 >12 

76 

 

29 
(26-33) 

22 
(19-24) 

32 
(29-35) 1 

77 

 

>1000 >1000 >1000 n.a.c 

aS.R. = selectivity ratio computed as hAChE/AgAChE1; binactive up to 1 mM; cn.a. = 

not applicable. 

 
It was observed that changing the methoxy group for a chlorine (75) 

resulted in a small decrease in activity. The same trend was also seen when 
the dimethylamine in 59 was exchanged for a piperidine (76). The effect of 
the amine was even more pronounced for the morpholine analogue, as seen 
for compound 77 which failed to inhibit the enzymes up to a concentration of 
1 mM. The limited data for set C indicate that for ortho substituted thioureas 
and smaller amines are beneficial for activity. 

The general trends seen over all three sets were that both the properties of 
the aromatic substituents and their positions have dramatic effects on the 
inhibitory capacity of the studied compounds. Similar observations have 
previously been noted for mAChE.222 We also conclude that with respect to 
the tertiary amine the three sets had different SARs (compare for example 57 
and 66 with 58 and 73 or 59, 76, and 77 with 70, 64, and 60).  
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Structure-selectivity relationship over hAChE 
The parent compound in set A (57) exhibited a 13 times greater inhibition 
capacity of AChE1 than hAChE. For AChE1, an increase in activity was seen 
when exchanging the methylpiperidine in this compound for a morpholine 
(66). The same trend was not seen for hAChE, instead 66 and 57 had very 
similar IC50 values for hAChE (14 µM and 12 µM, respectively) resulting in an 
increased selectivity of 66 for AChE1 (S.R = 117) compared to 57 (Table 15). 
For hAChE it was also found that exchanging the piperidine (64 and 65) for 
a morpholine (60 and 67) was, in contrast to AChE1, accompanied by a loss 
of activity. In general, the piperidine and dimethylamine containing 
analogues exhibited similar potencies towards hAChE and AChE1 (S.R. = 1-
4). In set B, compound 58 was less potent on hAChE compared to AChE1 
(S.R. = 12). The remaining compounds in the set (72-74) exhibited very 
weak to no inhibition of hAChE, in agreement with the data for AChE1 (Table 
16). The meta methoxy substituted 59 and meta chloro substituted 75 (set 
C) exhibited similar selectivity over hAChE (S.R. = 17 and >12, respectively; 
Table 17). However, going from the dimethylamine in 59 to the piperidine 
led to an increase in potency against hAChE, and thus a non-selective 
compound (76). Exchanging the piperidine for a morpholine resulted in a 
significant loss of activity also on hAChE (77). 

The SSR for set A shows that, independent of the aromatic substituents, 
large amines are needed to obtain selectivity of the compounds. In 
particular, the morpholine is beneficial for selectivity. The compounds in set 
B exhibited very similar SARs for AChE1 and hAChE, but the potency of 58 
was lower for hAChE compared to AChE1. Finally, for the ortho substituted 
compounds (set C), the small dimethylamine was crucial for selectivity. It 
appears that with regards to the tertiary amine, the different sets display 
different SSRs, as well as different SARs. 

The AgAChE1-G119S mutant 
The determination of the compounds’ potencies on mutated enzyme was 
affected by the enzyme’s the lower catalytic activity, and resulted in larger 
uncertainties in the IC50 values for AgAChE1-G119S (see Tables 1-3 in Paper 
III). However, it could generally be seen that all of the studied compounds 
exhibited a decrease in potency for AgAChE1-G119S compared to the wild 
type. The data indicate that compounds 57, 66, and 71 (set A) were equally 
active on this enzyme, with IC50 values of approximately 20 µM (see Table 1 
in Paper III). These values were more similar to those seen for hAChE and 
correspond to 57 and 66 having ~25 and ~200 times greater IC50 values for 
the mutant compared to the wild type, respectively. For the unselective 69, 
with the smaller dimethylamine, the IC50 for AgAChE1-G119S was in the 
same range as those for AgAChE1, AaAChE1 and hAChE (Table 15; and 
Table 1 in Paper III). For compound 58 (set B) the IC50 value (~30 µM) 
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suggested an inhibition capacity on the mutant that was intermediate 
between AgAChE1 and hAChE (see Table 2 in Paper III). The same trend 
was seen for 59 (set C), which had an IC50 value of ~50 µM for AgAChE1-
G119S (see Table 3 in Paper III).  

Overall, these data indicate that the SARs of sets A-C for AgAChE1-G119S 
were more similar to the SAR:s seen for hAChE than for AChE1. For 
example, it appears that loss of activity for the mutant compared to the wild 
type is more pronounced for the larger amines in set A. These findings are in 
agreement with what has previously been reported for aryl 
methylcarbamates, where it was found that selectivity for AgAChE1-G119S 
over hAChE can be challenging.230-232 Still, compounds 58 and 59 show 
weaker inhibition of hAChE compared to both AgAChE1-G119S and 
AgAChE1, indicating a possibility to develop non-covalent inhibitors which 
are targeting both the wild type and the mutant, but which are safe for 
humans. 

Study of bioactive conformations in mAChE  
We envisioned that analysis of the binding modes in mAChE could provide a 
structural explanation for the trends observed in the hAChE IC50 data. In 
addition, the analysis would give information regarding possible binding 
modes in mosquito AChE1, which in combination with homology modeling 
could help to explain the structural basis for the selectivity of the 
compounds. The binding modes of 57 and 59 in mAChE were studied using 
X-ray crystallography and the complexes were determined to a resolution of 
2.3 Å and 2.1 Å for 57•mAChE and 59•mAChE, respectively. The IC50 values 
of 57 and 59 for mAChE were 26 µM and 217 µM, respectively.  

Binding mode of compound 57 from set A 
In the 57•mAChE complex it could be seen that the ligand spanned the 
entire active site gorge (Figure 30a). The thiocarbonyl was most likely 
forming a hydrogen bond to the backbone NH of Phe295, while the position 
of the di-substituted phenyl ring suggested a π-π stacking with the indole of 
Trp286 at the entrance (Figure 30b). It is possible that the meta chloro 
substituent also has contacts with both Trp286 and the phenol of Tyr72, 
however the exact positioning of the substituents on the phenyl ring could 
not be determined from the obtained electron density map. In addition, the 
electron density corresponding to the methylpiperidine (specifically C3-C5 
and the methyl substituent) was mostly undefined suggesting that this 
fragment is mobile. Still, the location of the piperidine ring indicated that an 
activated CH···arene interaction between the piperidine and Tyr337 is 
possible. 

It is evident from the IC50 data that the aromatic substituents of the 
compounds has great influence on the activity. Assuming that all compounds 
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in set A exhibit similar bioactive conformations in mAChE, it is not clear 
from the 57•mAChE complex why removal of either the methoxy or chloro 
substituent has such a dramatic impact on the activity as seen for 62 and 63. 
The chloro substituent in 57 is able to interact with both Trp286 and Tyr72, 
but the general trend in set A is that this substituent is less important than 
the methoxy group. It is possible that the electronic properties of the 
aromatic rings affect their aromatic π-stacking interactions.246 The para 
methoxy substituent renders both the phenyl ring and the thiocarbonyl in 
60 and 64 slightly more electron rich compared to 65 and 67. This could 
potentially be beneficial for both the interaction with Trp286 and the 
hydrogen bond to Phe295. 

Binding mode of compound 59 from set C 
In the crystal structure of mAChE in complex with 59 it could be seen that 
59 adopted a very different binding pose compared to 57 (Figure 30c). In the 
59•mAChE complex the ligand was binding at the bottom of the gorge with 
its phenyl ring forming favorable contacts with Trp86 (Figure 30d). The 
dimethylamine was extending towards the opening of the gorge, and its 
proximity to Trp341 indicated that activated CH···arene interactions are 
possible to this residue (Figure 30d). The conformation of 59 was stabilized 
by an intramolecular hydrogen bond between the positively charged amine 
and the thiocarbonyl. Several water molecules were found in the vicinity of 
the ligand, one of which formed a hydrogen bond to the NH of the thiourea 
functionality (Figure 30d).  

Compound 59 exhibited an approximately eight times higher IC50 value 
for mAChE than 57. The lower activity of 59 could be due to the lack of 
hydrogen bonds and the complete absence of interactions with Trp286 at the 
entrance of the gorge. The ortho substituent on the phenyl ring forces the 
thiourea to adopt a different conformation compared to meta and para 
substituted thioureas; the plane of the phenyl ring is perpendicular to the 
plane of the thiourea functionality (59) as compared to in the same plane 
(57). This restricted rotation of the phenyl ring in 59 could possibly hinder 
the ligand from binding in PAS and interacting with Trp286, as seen for 57. 
In addition, the reduced potency of 59 may be due to the positioning of the 
dimethylamine. This fragment is located in the waist part of the gorge and 
steric clashes with Tyr124 may contribute to the low activity in hAChE and 
mAChE. 
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Figure 30. The binding modes of 57 and 59 in mAChE. a) Showing the extended 

binding mode of 57. Due to the disordered electron density map corresponding to the 

aromatic moiety, 57 was modeled in two conformations. mAChE is shown as a grey 

ribbon with residues Trp86 and Trp286 included for spatial recognition; b) A close 

up of the active site gorge with 57 bound within it; c) Showing the binding mode of 

59. mAChE is shown as grey ribbon with residues Trp86 and Trp286 included for 

spatial recognition; d) A close up of the active site gorge with 59 bound within it. The 

ligands 57 and 59 are shown in orange and pink respectively, the side chains of 

mAChE are shown in grey (backbone N of Phe295 is included due to hydrogen bond 

involvement), and water molecules are represented by red spheres. 
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Study of possible binding modes in mosquito AChE1 using 
homology modeling 
To further our understanding of the structural basis for the observed SSRs 
we used homology models of AgAChE1 and AgAChE1-G119S to explore 
possible structural differences between mAChE and mosquito AChE1. The 
analysis was based on our homology models and the assumption that 57 and 
59 would exhibit very similar binding modes in mosquito AChE1 as those 
seen in mAChE.  

Possible binding modes of 57 in AgAChE1 
As illustrated in Figure 31a, most of the amino acids in close proximity to 57 
are conserved between mAChE and AgAChE1 and no new potential 
interactions that could contribute to the higher potency in AgAChE1 could be 
identified. One difference between mAChE and AgAChE1, which might be 
related to the difference in potency, is found at position 295. In the 
57•mAChE, the thiocarbonyl appears to form a hydrogen bond to the 
backbone of Phe295. In our AChE1 models, neither the side chain nor the 
backbone NH of Cys295 are accessible for ligand interactions. However, the 
exact position of this residue is unknown; for instance the work by Pang et 
al. have strongly indicated that the Cys295 thiol could be targeted by 
covalent inhibitors.218, 224-225, 308 It can therefore not be ruled out that the 
thiourea functionality of the inhibitors may interact with either the backbone 
or the side chain of Cys295. That such an interaction alone could be the 
source for the selectivity is, however, unlikely since it is known that 
thiocarbonyl groups are, in general, poorer hydrogen bond acceptors than 
carbonyls.309 It is possible that the differences in PAS between AgAChE1 and 
mAChE, such as the differences in the conformation of loop 1 and the Tyr/Ile 
change at position 72, affects the interactions of both the thiocarbonyl and 
the 3-chloro-4-methoxyphenyl groups of 57. However, more advanced 
modeling is required to explore such hypotheses. 

Possible binding modes of 59 in AgAChE1 
Based on the homology modeling and the assumption that 59 would bind to 
AgAChE1 according to the pose in mAChE (Figure 31b), it is difficult to 
understand the almost 30 fold increase in potency of 59 seen for AgAChE1 
compared to mAChE; the residues at the bottom of the gorge are completely 
conserved between mAChE and AgAChE1. As discussed in Chapters 1, 4, 
and 5, and other work concerning aryl methylcarbamates,226-227 it is possible 
that more room at the bottom of the gorge (CAS) in AChE1 could be the 
source of the selectivity observed for 59. More room could possibly relieve 
potential internal strain of 59 and potentially allow the phenyl ring to form a 
more optimal T-shaped stacking with Trp86 (Figure 31b). However, the large 
difference in potency between mosquito and vertebrate enzymes together 
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with the different SARs for AChE1 and hAChE observed for 59, could be an 
indication that 59 has a completely different binding mode in AgAChE1. 
 

 
 

Figure 31. Possible binding modes of 57 (orange) and 59 (pink) in the homology 

models of AgAChE1 and AgAChE1-G119S. a) Compound 57 modeled in the active site 

of AgAChE1. b) Compound 59 modeled in the active site of AgAChE1. c) Compound 

57 modeled in the active site of AgAChE1-G119S. d) Compound 59 modeled in the 

active site of AgAChE1-G119S. The side chains of AgAChE1 and AgAChE1-G119S are 

shown in cyan and dark green, respectively. The backbones of Gly120, Gly121 and 

Ser121 (shown in magenta) are included for clarity and the backbone N of Cys295 is 

included for comparison.  
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Possible effects of the G119S mutation in AgAChE1 
With respect to the insecticide-resistant enzyme AgAChE1-G119S, our 
modeling revealed no obvious steric clashes for 57 (Figure 31c). This 
compound was able inhibit AgAChE1-G119S, although the inhibition was 
weaker compared to the wild type; IC50 values for AgAChE1-G119S and 
AgAChE1 are ~25 µM and 0.96 µM, respectively. The reduced potency on 
AgAChE1-G119S may be due to steric effects induced by the larger serine 
residue, which would also explain the more pronounced effects on the larger 
amines in set A compared to the smaller ones (cf. 57 and 66 vs 69, Table 1 in 
Paper III).  

From the binding pose seen in mAChE, one would assume that 59 would 
be seriously affected by the glycine to serine mutation; the thiocarbonyl 
points directly towards the oxyanion hole. However, the effect of the 
mutation is smaller for 59 than 57; 59 exhibits ~7 times greater IC50 value 
for the mutated enzyme compared to the wild type compared to ~25 times 
difference for 59. The IC50 data and the modeling of 59 in AgAChE1-G119S 
indicate that the thiocarbonyl could still fit and possibly even form a 
hydrogen bond to the alcohol of the serine (Figure 31d). It is possible that the 
loss of activity is instead the result of the narrower waist (caused by a shift of 
Tyr124), resulting in steric clashes with the dimethylamine group. However, 
this could also be an additional indication that 59 has an entirely different 
binding mode in AgAChE1 compared to that observed in mAChE.  

Mosquito testing 
The insecticidal activity of compounds 59, 66, and 70 was evaluated on both 
larvae and adults of An. gambiae and Ae. aegypti (Tables 18 and 19). In the 
larvae experiments (Table 18), compound 66 resulted in 100% and 97% 
mortality of An. gambiae and Ae. aegypti, respectively, after 24 hours when 
tested at 500 µM. However, at a lower concentration (50 µM) no significant 
mortality was observed for either of the species. Compounds 59 and 70 (IC50 
values ~7 and >1000 µM for AChE1, respectively) did not have any effect on 
larval mortality at the highest concentration tested (500 µM).  

The adult mosquitoes were exposed to the compounds via topical 
application (Table 19). Here, clear differences were seen between the two 
species. For An. gambiae compound 66 produced a dose-dependent 
mortality when tested at concentrations 0.1 mM, 2 mM, and 10 mM, with 
70% mortality achieved at the highest concentration. For Ae. aegypti, 
application of 66 at a concentration of 10 mM did not result in any mortality. 
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Table 18. The insecticidal activity of compounds 59, 66, and 70 on third instar An. 

gambiae and Ae. aegypti larvae after 24h.  
  Compounda 

Species Concentration 59 66 70 

A
n

. g
a

m
bi

a
e 

(%
 m

or
ta

li
ty

) 50 µM 5 1 4 

300 µM n.t. t.b.d. n.t. 

500 µM 3 100 3 
A

e.
 a

eg
yp

ti
 

(%
 m

or
ta

li
ty

) 50 µM 7 8 4 

300 µM n.t. t.b.d. n.t. 

500 µM 5 97 1 

an.t. = not tested by choice; t.b.d. = to be determined. 

 
Compounds 59 and 70 yielded similar results when tested on An. gambiae. 
Both compounds exhibited lower in vivo activity compared to 66, and 
produced 55-57% mortality when tested at 100 mM. Neither of the 
compounds had a significant effect on the mortality of Ae. aegypti. 

The concentrations required here to generate in vivo activity on larvae and 
adult mosquitoes are ~4000 and 8000-14000 times higher than the 
determined IC50 values, respectively. Similar trends have been observed for 
both non-covalent233 and covalent AChE1 inhibitors.187, 226, 230, 232 A possible 
explanation is that exoskeleton penetration and/or other absorption, 
distribution, metabolism, excretion (ADME) issues affect the compounds’ 
ability to reach the target. Differences in the exoskeleton between adult An. 
gambiae and Ae. aegypti could also be a reason for the lack of effect on Ae. 
aegypti. The in vivo effect on adult An. gambiae seen for 70 could 
potentially be a result of the high concentrations (70 exhibits ~30% 
inhibition of AgAChE1 at 1 mM) and/or improved penetration or ADME of 
this compound compared to 66 and 59. It is also possible that the observed 
effect is the result of a different mode of action.  
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Table 19. The insecticidal activity of compounds 59, 66, and 70 on adult An. 

gambiae and Ae. aegypti mosquitoes after 24h. 

  Compounda 

Species Concentrationb 59 66 70 

A
n

. g
a

m
bi

a
e 

(%
 m

or
ta

li
ty

) 0.1 mM n.t. 0 n.t. 

2 mM 16 22 0 

10 mM 0 70 32 

100 mM 57 n.d. 55 
A

e.
 a

eg
yp

ti
 

(%
 m

or
ta

li
ty

) 0.1 mM n.t. n.t. n.t. 

2 mM 8 5 1 

10 mM 10 0 0 

100 mM 10 n.d. 12 

an.t. = not tested by choice; n.d. = not determined due to solubility issues. b0.1 µl of 

the compound solution with the indicated concentration was applied to each 

mosquito. 

 
Further studies are needed to investigate how the physicochemical 

properties of the compounds and their formulations are related to 
exoskeleton penetration and other ADME properties in mosquito. Still, the 
results of the in vivo experiments presented here are encouraging and 
motivate further investigations of non-covalent AChE1 inhibitors and their 
potential for insecticide development. 

Summary of Chapter 6 
 A set of thiourea-based hits was identified in the differential HTS 

study and the three most promising compounds were selected for 
further study 

 A design, consisting of sets A-C, was developed to study the SAR and 
SSR of the compound class 

 The designed analogues were obtained via one of three synthetic 
pathways 

 Biochemical evaluation showed that the SAR and SSR of the 
compounds were greatly influenced by the substitution pattern on 
the phenyl ring  

 The different sets displayed different SAR:s 
 Most of the compounds showed lower inhibition of the insecticide-

resistant mutant AgAChE1-G119S compared to the wild type enzyme 
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 X-ray crystallography showed that compounds 57 (set A) and 59 (set 
C) have different binding modes in mAChE, which could be an 
explanation for the different SAR:s 

 Modeling of the compounds in AgAChE1 did not give a full 
explanation for the observed selectivity over hAChE 

 In vivo insecticidal activity was observed for the most potent 
compound on both larvae and adult An. gambiae and larvae Ae. 
aegypti 
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Concluding discussion 
This thesis focuses on the vectors An. gambiae and Ae. aegypti, mosquitoes 
responsible for transmission of malaria, lymphatic filariasis, dengue, yellow 
fever, chikungunya, and the Zika virus. Today more than half of the world’s 
population are at risk of vector-borne diseases, especially people living in 
tropical or sub-tropical areas. Not only do vector-borne diseases take 
approximately 1 000 000 lives per year, they also impose heavy economic 
burdens and cause enormous pain and suffering.11 Worst affected are the 
poorest of the poor, and other already vulnerable parts of the population 
such as young children, pregnant women, and immunocompromised 
people.11 We are living in a rapidly developing and ever changing world, 
where the fight against vector-borne diseases is constantly challenged by 
numerous factors including climate change, urbanization, deforestation, 
human behavior, global travel and trade, conflicts and war, and natural 
disasters. Recent decades have seen a rapid spread of arboviral infections in 
particular and only now are we beginning to discern the possible lasting 
impact that these diseases will have on human health and society. 

Is there a future for vector control? 
In light of the challenges discussed above, along with increasing insecticide 
resistance, and advances in the development of vaccines and more effective 
drugs, one may ask whether vector control has had its day? Although 
effective vaccines are highly desirable and would be a valuable tool in the 
fight against vector-borne diseases, it would probably take a long period of 
time before everyone living at risk are protected. In addition, a vaccine only 
protects against one disease. In many areas several vector-borne diseases are 
present at the same time, making several different vaccines necessary. 
Effective vector control methods on the other hand, offer the possibility of 
protection against several diseases. This is particularly useful when one 
vector is responsible for transmitting several different pathogens, as in the 
case with Ae. aegypti. But it has, for instance, been shown that the mosquito 
nets (LLINs) used against malaria can also protect against leishmaniasis 
(transmitted by sandflies).310-314  

It is also important to note that one treatment or prevention method does 
not eliminate the need for others. It has been shown that combining different 
vector control methods with rapid and accurate treatment as well as 
information and education can effectively reduce disease burden.315-320 The 
vector-borne disease burden is a multifactorial problem including the 
complexity of disease transmission, the different environments and settings 
where they act, and the varying disease symptoms and care requirements. 
Thus, the consensus is that integrated approaches, where different 
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interventions are combined, are needed to achieve sustainable and large 
scale reductions in vector-borne diseases.9, 11, 34, 46, 321  

Covalent or non-covalent inhibitors of mosquito AChE1? 
Covalent inhibition of AChE by organophosphates or carbamates is a proven 
insecticidal strategy. However, these compounds are limited in their value 
(only recommended for IRS) and their effectiveness is seriously 
compromised by insecticide resistance. Could there be benefits of using non-
covalent AChE1 inhibitors instead of or as a complement to the covalent 
inhibitors? This section aims to discuss some of the different aspects of 
covalent versus non-covalent inhibition and their potential implications for 
vector control. 

Are non-covalent inhibitors sufficiently potent? 
One advantage of covalent inhibition is that, since it is not subject to 
equilibrium kinetics, lower and/or less frequent doses are typically needed to 
attain biological activity.322-324 Can sufficient potency also be achieved by 
non-covalent inhibition of AChE1, and how potent do the compounds need 
to be? Today, no non-covalent, AChE1 targeting insecticides are in use and 
reference compounds are lacking in the literature. The insecticides propoxur 
and bendiocarb are covalent reversible inhibitors and their IC50 values for 
mosquito AChE1 have been determined to be 350-500 nM and 130-220 nM, 
respectively (after 10 min incubation).228 These data provide a rough 
estimate of the required potency, however these inhibitors have a different 
mode of action compared to the non-covalent inhibitors discussed in this 
thesis and direct comparisons, therefore, cannot be made. The most potent 
compounds presented in this thesis display IC50 values in the range 100-200 
nM on AChE1 (Chapters 3, 5, and 6). One of these compounds exhibited an 
insecticidal effect in vivo on both larvae and adult An. gambiae mosquitoes; 
however, as will be discussed in more detail below, pharmacokinetic factors 
may be equally or even more influential on in vivo activity than the target 
potency. 

Safety and selectivity over non-target organisms 
As discussed in Chapters 1 and 4, the current understanding is that the 
active site close to the catalytic triad is highly conserved between AChEs 
from different species. However, the work by Carlier et al. has shown that 
useful selectivity for AgAChE1 over hAChE can be achieved by introducing 
larger and more branched aryl substituents on the aryl methylcarbamates 
targeting the catalytic serine residue (S.R.: 200-600).226-227 Targeting the 
insect AChE1 specific Cys295 by covalent modification is another approach 
to achieving selectivity over hAChE.224-225 One issue of concern regarding 
covalent inhibitors is the potential risk of toxicity due to the reactivity of the 
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compounds. Care must be taken when selecting the reactive functionality in 
order to obtain an inhibitor that is sufficiently electrophilic to react with the 
target, but not so reactive that they react with cellular proteins at random.323 

As illustrated in this thesis, reversible inhibitors do not depend on a 
covalent bond to the catalytic serine residue or a free cysteine for their 
potency, but instead achieve target affinity through a pattern of non-covalent 
interactions. They can therefore bind in different parts of the active site 
gorge, thus allowing, at least in theory, for more freedom to exploit sites that 
can provide selectivity and/or potency. Our differential HTS study identified 
several compound classes with diverse chemical structures and 
physicochemical properties (Chapter 3). Importantly, they also exhibit 
different binding modes in mAChE, indicating that selectivity can be 
obtained in different locations of the active site gorge (Chapters 3, 5, and 
6). 

Resistance development 
The fact that covalent inhibitors rely heavily on one covalent link to the 
enzyme also renders these inhibitors sensitive to mutations in the active site. 
One example is the cross-resistance obtained for many organophosphate- 
and carbamate insecticides via the G119S mutation in AgAChE1.136-137, 140, 179, 

208 Recent research has shown that small core carbamates can overcome this 
resistance, however the development of carbamates that are selective for 
AgAChE1 over hAChE and also active on the resistance conferring mutant 
AgAChE1-G119S seems challenging.187, 230-232 As discussed above, non-
covalent inhibitors rely on a pattern of protein-ligand interactions and can 
bind in different parts of the active site gorge (and potentially also outside 
the active site gorge). This makes it very difficult to predict how target site 
mutations such as G119S, F290V, or F331W will affect the potency of non-
covalent inhibitors. As seen in Chapter 1, although both 31223 and donepezil 
(30)177 span the entire active site gorge from PAS to CAS, both of these 
inhibitors maintain most of their activity on AgAChE1-G119S compared to 
the wild type enzyme. On the other hand, the studied thiourea-based 
compounds (Chapter 6) were more sensitive to the G119S mutation and 
generally exhibited lower potencies on the mutant enzyme compared to the 
wild-type. 

Pursuing several compound classes 
The Innovative Vector Control Consortium 325-326 was founded in 2005 and 
aims to develop three novel public health insecticides with different modes 
of action. The reasoning is that using different types of insecticide either in 
rotation or in mixtures will reduce the development of insecticide resistance. 
The same reasoning has been applied in other fields, i.e. combination 
therapy protocols are well established in medicine as a way of achieving the 
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desired therapeutic effect and circumventing resistance issues. Examples 
include treatment of malaria (ACT), 327 and other complex diseases, such as 
cancer, asthma, type 2 diabetes mellitus, bacterial and viral infections.328-330 
Although the compound classes presented in this thesis have the same 
molecular target (AChE1), there are several potential benefits of carrying 
forward work on more than one compound class.  

Insecticide resistance 
As mentioned above, different compound classes could be affected 
differently by target site mutations depending on their binding mode. In 
addition to target site resistance, metabolic resistance is perhaps an even 
bigger threat to the effectiveness of vector control insecticides. Would the 
risk of metabolic and/or cross-resistance be lower if several insecticides with 
diverse chemical structures and physicochemical properties were available? 
Possibly, and at least in theory it would also be beneficial if new insecticides 
have different chemical structures compared to the insecticides in use today. 
In addition, a lot is known from drug discovery on how to modify non-
covalent compounds to make them more metabolically stable.331-332 Since 
mosquitoes and humans rely on the same detoxification systems (P450 
enzymes, esterases, and glutathione S-transferases), the methods developed 
to enhance metabolic stability of drugs could also be applicable in insecticide 
research and should be considered early in the development process.  

Insecticide entry and reaching the target 
In 1997 Lipinski reported on the ‘Rule of 5’,303 stating that orally available 
drugs at that time generally did not have more than five hydrogen bond 
donors, ten hydrogen bond acceptors, a molecular weight more than 500, 
and an octanol-water coefficient (logP) no greater than five. A corresponding 
study on insecticides reached similar conclusions with the exception that 
insecticides generally have fewer hydrogen bond donors (≤2).333 It is 
encouraging to note that the chemical classes identified in Chapter 3 fulfill 
the criteria outlined by Tice.333 However, some caution is warranted since it 
is not clear whether these trends are a reflection of suitable ADME 
properties of insecticides or the result of the insecticide discovery process 
and industry. 

Our initial in vivo experiments indicate that penetration across the 
exoskeleton of the mosquito, and possibly other ADME problems as well, 
might be a major hurdle when developing new compounds. Similar 
observations have been made concerning the in vivo activity of both non-
covalent AChE1 inhibitors233 and novel carbamates on An. gambiae.187, 226, 

230, 232 In a study by Conley et al. of dopamine receptor agonists, female Ae. 
aegypti were subjected to the most promising compounds by 
microinjection.334 Again, working simultaneously with several different 
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compound classes could increase the likelihood of finding the “right” 
chemical properties to reduce penetration problems and other 
pharmacokinetic issues. 

Different vector control products 
Due to behavioral differences, different mosquitoes require different vector 
control strategies and new tools are needed, especially to control the day 
active Aedes mosquitoes.34 Furthermore, the environmental setting and 
community acceptance will affect both the choice and the effectiveness of a 
vector control product. In addition to the currently used methods (IRS and 
ITNs), insecticide-treated materials such as curtains, wall hangings, and 
screens are under development, as are lethal ovitraps (i.e. oviposition traps 
equipped with insecticides) and toxic sugar baits.34, 46 It is likely that as the 
number of insecticide-based vector control products grows, so will the need 
for different compounds that meet their requirements with respect to 
formulation, durability, solubility and attractiveness.  

Design of mosquito selective insecticides 
Obtaining selectivity between structurally similar proteins is a major 
challenge not only in insecticide development but also in drug discovery.335 
The work in this thesis aimed to investigate the possibilities of selectively 
inhibiting mosquito AChE1 with non-covalent inhibitors to improve human 
and environmental safety of future insecticides. In this section the major 
findings regarding selectivity are summarized and discussed. 

The sequence comparison in Chapter 1 showed that, irrespective of 
species, the residues neighboring the catalytic triad at the base of the active 
site gorge are conserved, whereas the amino acids at the entrance of the 
gorge exhibit greater variation. Differing amino acids by the entrance of the 
active site gorge, such as Phe/Cys295224-225 and Tyr/Ile72,220 have previously 
been implicated as contributors to mosquito over human selectivity. The 
work presented in this thesis indicates that these residues could also be of 
importance for the selectivity of the compounds studied here (Chapter 5 
and 6).  

It is also possible that the differences seen in the PAS region have more 
far-reaching effects on the size and shape of the active site gorge. As 
discussed in Chapters 4, 5, and 6, the differences in the two loops at the 
rim of the gorge (loops 1 and 2) likely also change the structure, and 
potentially the dynamics, of residues surrounding the catalytic triad at 
bottom of the gorge. Indeed, there are a number of indications that the 
mosquito AChE1 binding site is larger and/or has a different shape than that 
in hAChE. In particular, the CAS region, including the acyl pocket and 
choline binding site, appears to differ between the mosquito and vertebrate 
enzymes, as indicated by the more effective hydrolysis of larger substrates 
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(Chapter 1), the increased potency of ethopropazine (19) compared to 
hAChE (Chapter 1 and Carlier et al.220), the increased selectivity observed 
for larger amines such as ethylpiperazines (Chapter 5), and the AgAChE1 
selectivity observed for bulky aryl methylcarbamates,226-227. Assuming that 
the thiourea-based compound 59 binds to AChE1 in a similar fashion to that 
seen in mAChE, AChE1 selectivity could be achieved by ligands binding 
exclusively in CAS (Chapter 6). On the other hand, if the AChE1 active site 
gorge is larger than in hAChE, it would seem contradictory that the OPLS-
DA model of the HTS hits indicated that AChE1 selective hits are smaller and 
more flexible than the hAChE selective hits (Chapter 3). It can generally be 
assumed that smaller compounds will generally have fewer possible 
interaction points compared to larger compounds and so, to achieve high 
affinity, each interaction needs to be strong. One explanation for the trends 
described in Chapter 3 could therefore be that the selective compounds are 
small enough to bind deep in the gorge of AChE1 and there form strong and 
specific interactions with the enzyme. The lower potency in hAChE may be 
explained by steric exclusion by the slightly smaller catalytic site, forcing the 
ligands to instead form weaker interactions to the residues surrounding the 
entrance. 

The work presented in this thesis shows that the relationships between the 
chemical structure of non-covalent AChE1 inhibitors and their selectivity 
over hAChE are not trivial, but most likely the result of intricate interaction 
patterns that are highly dependent on the chemical structure of the ligands. 
One example of this is the case of the morpholine. In the thiourea study, the 
introduction of a morpholine proved beneficial for both the potency and the 
selectivity of the compounds in design set A (Chapter 6). That morpholines 
can have a negative effect on the activity of hAChE inhibitors has been 
reported previously,336-338 supporting the idea that this could be a design 
strategy for selective AChE1 inhibitors. However, this is not a general trend. 
As described in Chapter 5, exchanging the ethylpiperazine fragment in 
compound 34 for a morpholine resulted in a complete loss of activity for 
both the mosquito and human enzymes.  

While the work described here shows that it is possible to selectively target 
mosquito AChE1 with non-covalent inhibitors, it is also clear that more 
studies are needed to guide the design and optimization of selective 
inhibitors. Such efforts could include other compound classes, more 
advanced modeling, and additional assays, for instance to study entropic and 
enthalpic contributions to ligand binding. In addition, experimentally 
determined 3D structures of mosquito AChE1 would, needless to say, be of 
great help to determine the structural basis for selectivity. Furthermore, 
studies using designed mutants of the enzymes could also contribute 
valuable information regarding structural differences between the mosquito 
and vertebrate enzymes.  
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Studies are also needed to investigate exoskeleton penetration and other 
ADME processes in the mosquito. The compounds presented here could be 
used tools to study such processes and thereby contribute to the 
understanding of how potential insecticides’ physicochemical and 
pharmacokinetic properties are related. 
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Appendix I 

Multiple alignment 
The multiple alignment of the AChE sequences (Table A1) was performed 
using Clustal Omega.1-3 

 
Table A1. AChEs included in the sequence comparison. 
Species Protein Accession no 
Homo sapiens (human) AChE AAA68151.1 
An. gambiae (mosquito) AChE1 XP_321792.2 
An. gambiae (mosquito) AChE1-G119Sa  
Ae. aegypti (mosquito) AChE1 ABN09910.1 
Culex pipiens (mosquito) AChE1 CAD33707.2 
Bos taurus (European cattle) AChE NP_001069688.1 
Mus musculus (mouse) AChE P21836 
Torpedo californica (Pacific electric ray) AChE CAA27169.1 
Caenorhabditis elegans (round worm) AChE1 CAA53080.1 
Musca domestica (house fly) AChE CAC39209.1 
Rattus norvegicus (brown rat) AChE NP_742006.1 
Drosophila melanogaster (fruit fly) AChE CAA29325.1 
Oryctolagus cuniculus (European rabbit) AChE AAA53235.1 
Danio rerio (zebra fish) AChE NP_571921.1 
Apis mellifera (honey bee) AChE2 NP_001035320.1 
Gallus gallus (chicken) AChE NP_001035320.1 
Blattella germanica (German cockroach) AChE1 ABB89946.1 
aThe sequence of AgAChE1-G119S mutant was manually generated from the sequence 

of AgAChE1. 
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Aligned sequences used to calculate sequence identity. 
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Sequence identity 
The overall sequence identity was calculated compared to hAChE after 
multiple alignment as described above. The overall sequences identity was 
calculated based hAChE residues 1-554. The more focused analyses were 
performed on the residues lining the active site gorge. The amino acids 
selected for this analysis are listed in Table A2. AgAChE1 was also compared 
to AaAChE1, D. melanogaster AChE2 and A. mellifera AChE2, using the 
same alignment and residues as described above. 

 
Table A2. Residues selected for focused analysis of the active site gorge. The lower 

part including the choline binding site (choline), the oxyanion hole (oxyanion), the 

acylpocket (acyl) and the catalytic triad (CAT), and the top part including PAS.  

Part of gorgea hAChE residue Part of gorgea hAChE residue 

CAS Q71  PAS (PAS) Y72 

CAS V73  PAS (PAS) I74 

CAS T83  PAS (PAS) Y124 

CAS (choline) W86  PAS (PAS) W286 

CAS N87  PAS H287 

CAS P88  PAS V288 

CAS G120  PAS L289 

CAS (oxyanion) G121  PAS P290 

CAS (oxyanion) G122  PAS Q291 

CAS S125  PAS E292 

CAS (choline) Y133  PAS S293 

CAS E202  PAS V294 

CAS (CAT) S203  PAS R296 

CAS (oxyanion) A204  PAS (PAS) Y341 

CAS (acyl) F295  PAS G342 

CAS (acyl) F297    

CAS (CAT) E334    

CAS (choline) Y337    

CAS (acyl) F338    

CAS (CAT) H447    

CAS G448    

CAS I451    
aAs referred to in Table 5 Chapter 1. Sub-sites or pockets are given in parentheses. 

CAT = catalytic triad.  
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Phylogenetic tree 
The phylogenetic tree was generated using PHYLIP.4 A protein distance 
matrix was calculated with the protein distance algorithm using the Jones-
Taylor-Thornton evolutionary model,5 one substitution rate category, 
interleaved sequences and the ANSI terminal type. The enzymes were 
clustered using the Neighbor-Joining method6 with randomized order. The 
clustering was visualized as un-rooted trees with the angle of arc set to 360 
degrees. 
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Appendix II 
Table A2. Methods used for per plate normalization and hit identification. 

% of control 

 

Robust % of control 

 

% of sample 

 

Robust % of sample 

 

NPI 

 

 
Where 
 
 

 

raw measurement 
  mean of all samples within plate 
  median of all samples within plate 
  standard deviation of all samples within plate 
  mean of negative controls within plate (maximum activity) 
  mean of positive controls within plate (minimum activity) 
  median of negative controls within plate (maximum activity) 
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Table A2. Results from different normalization and hit identification 
methods showing inhibition data. 
Methoda  Meanb Medianc Stdd Cut-offe Hitsf AChE1-hitsg 

PoC 
Ag 3 2 10 33 235 

338 
Aa 3 2 9 31 286 

RPoC 
Ag 2 1 11 34 212 

319 
Aa 3 2 9 31 286 

PoS 
Ag 0 -1 10 30 232 

332 
Aa 0 -1 9 28 297 

RPoS 
Ag 1 0 10 31 229 

333 
Aa 1 0 9 29 299 

NPI 
Ag 3 2 10 33 222 

338 
Aa 3 2 9 31 282 

aPoC: % of control, RPoC: robust % of control, PoS: % of sample, RPoS: robust % of 

sample, NPI: normalized % inhibition; bMean of all samples (17.500) after 

normalization; cMedian of all samples after normalization; dStandard deviation of 

mean of all samples after normalization; eMean + 3 standard deviations of all samples 

after normalization; fNumber of hits; eNumber of unique hits of either AgAChE1, 

AaAChE1, or both. 

 

Table A3. Comparison of the results from different hit methods. 
Methoda Total no. hits Hits of both methods (%) 

PoC vs RPoC 339 94 

PoS vs RPoS 338 96 

PoC vs PoS 352 90 

PoC vs NIP 338 100 

aPoC: % of control, RPoC: robust % of control, PoS: % of sample, RPoS: robust % of 

sample, NPI: normalized % inhibition. 
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 a) 

 
 b) 

 
Figure A1. Plate order effect plots (activity vs plate order) from the HTS of 
AgAChE1 (a) and AaAChE1 (b). Raw data measurements are shown as grey 
dots and plate medians as black dots. 
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Identification of PAINS 
The hits were searched for pan-assay interference structures (PAINS) using a 
PAINS filter implemented in KNIME 2.10.21 using Indigo nodes as described 
by Saubern et al.2 The filter is based on the reported PAINS filter3 converted 
to SMARTS.4 According to this workflow, 16 of the 335 AChE1-hits contained 
PAINS. The identified PAINS consisted of five tertiary anilines, four phenolic 
Mannich bases, 3 alkylidene barbiturates, 2 hydroxyphenolhydrazones, one 
catechol, and one aminoacridine. Most of the PAINS belonged to hit set B 
(four hits belonged to set A, ten set B and two to set D). Analysis of the 
complete AChE1-hAChE hit set (425 compounds) showed that 25 hits 
contained PAINS. Based on the HTS data, eight of these were classified as 
potentially AChE1-selective, nine as potentially hAChE-selective, five as non-
selective, and three as miscellaneous. 
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Appendix III 

Synthesis 
General. All reactions were carried out under inert atmosphere (N2) unless 
otherwise stated. THF and DMF were dried in a solvent drying system and 
freshly collected prior to reaction (THF was passed through neutral alumina; 
DMF was passed thorough activated molecular sieves followed by an 
isocyanate scrubber). All microwave reactions were carried out in a 
monomode reactor using Smith process vials sealed with a Teflon septum 
and an aluminum crimp top. The temperature was measured with an IR 
sensor, and reaction times refer to the irradiation time at the target 
temperature. Reactions were monitored using TLC (silica gel matrix, layer 
thickness 200 µm, particle size 25 µm) with UV-detection (254 nm) or 
developed using KMnO4 solution. Flash column chromatography (eluents 
given in brackets) was performed on normal phase silica gel (Merck, 60 Å, 
40-63 µm). 1H and 13C NMR spectra were recorded on a Bruker DRX-400 
instrument at 298 K in CDCl3 using residual CHCl3 (δH = 7.26 ppm) or CDCl3 
(δC = 77.16 ppm) as an internal standard, (CD3)2SO using residual 
(CD3)(CD2H)SO (δH = 2.50 ppm) or (CD3)2SO (δC =39.52 ppm) as an internal 
standard, or CD3OD using residual CD2HOD (δH = 3.31 ppm) or CD3OD (δC 
= 49.0 ppm) as an internal standard. When CDCl3:CD3OD mixtures were 
used, CD3OD was used as the internal standard, and when CD2Cl2:CD3OD 
mixtures were used, CD2Cl2 was used as the internal standard using residual 
CDHCl2 (δH = 5.32 ppm) or CDCl3 (δC = 53.84 ppm). LC-MS analyses were 
performed on a Waters LC system using a Xterra MS C18 18.5 µm 4.6x50 
mm column and an acetonitrile:water eluent system containing 0.2% formic 
acid. Eluting compounds were detected by monitoring the eluent’s 
absorption (254 nm) and mass spectrometry was performed in positive ion 
mode using a Waters micromass ZG 2000 electrospray instrument.  

3-(Boc-amino)propyl bromide. 3-Bromopropylamine hydrobromide 
(2.10 g, 9.60mmol) and Boc2O (1.84 ml, 8.00 mmol) were suspended in 
CH2Cl2 (70 ml) and TEA (3.91 ml, 28.0 mmol) was added while stirring. The 
suspension cleared, and the reaction was allowed to stir at rt for 3h, before 
being concentrated under reduced pressure. The resulting crude was taken 
up in EtOAc and washed three times with KHSO4, followed by aq. NaHCO3 
(sat.). The organic layer was dried over Na2SO4, filtered and concentrated 
under reduced pressure to give 3-(Boc-amino)propyl bromide as a colorless 
oil (1.79 g, 94%), which slowly crystallized at 4 °C and was used in the next 
step without further purification. 1H-NMR (400 MHz, CDCl3): δ 4.80 (br s, 
1H), 3.39 (t, J = 6.6 Hz, 2H), 3.24-3.19 (m , 2H), 2.03-1.97 8m, 2H), 1.39 (s, 
9H). 
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1-(3-tert-butyloxycarbonylaminopropyl)-4-ethylpiperazine.  1-
Ethylpiperazine (2.00 ml, 15.8 mmol) followed by TBAI (139 mg, 0.38 
mmol) was added to 3-(Boc-amino)propyl bromide (1.79 g, 7.52 mmol) 
dissolved in CH2Cl2 (50 ml) while stirring. The reaction mixture was stirred 
at rt overnight. Analysis by LC-MS indicated that the reaction had not gone 
to completion and so the mixture was concentrated under reduced pressure, 
re-dissolved MeCN (30 ml), and stirred for an additional 2 days before being 
concentrated under reduced pressure. The resulting crude was taken up in 
EtOAc, washed three times with aq. NaHCO3 (sat.) and once with brine. The 
organic layer was dried over Na2SO4, filtered and concentrated under 
reduced pressure to give 1-(3-tert-butyloxycarbonylaminopropyl)-4-
ethylpiperazine (1.24 g, 61% yield) as a clear oil. 1H-NMR (400 MHz, CDCl3): 
δ 5.57 (s, 1H), 3.15-3.02 (m, 2H), 2.53-2.22 (m, 12H), 1.61-1.50 (m, 2H), 1.33 
(s, 9H), 1.04-0.94 (m, 3H);13C-NMR (100 MHz, CDCl3): δ 156.1, 78.6, 56.9, 
53.1, 52.8, 52.3, 40.0, 28.4, 26.3, 11.9. 

1-(3-Aminopropyl)-4-ethylpiperazine tri(trifluoroacetic acid) salt. 
TFA (7.64 ml, 99.5 mmol) was added dropwise to 1-(3-tert-
butyloxycarbonylaminopropyl)-4-ethylpiperazine (1.08 g, 3.98 mmol) 
dissolved in CH2Cl2 (30 ml) at 0 °C while stirring. The reaction was then 
stirred at rt for 18 h, before being concentrated under reduced pressure to 
give an oil. The oil was stirred in 50 ml of Et2O with occasional scraping to 
give an off-white powder. The liquid was decanted and the resulting solids 
were triturated with fresh Et2O four times. The residual solvent was removed 
under reduced pressure to give the 1-(3-aminopropyl)-4-ethylpiperazine 
tri(trifluoroacetic acid) salt (1.98 g, 97% yield) as an off-white powder. 1H-
NMR (600 MHz, 333 K, (CD3)2SO): δ 7.88 (br s, 3H), 6.61-5.02 (br s, 4H), 
3.11 (q, J = 7.2 Hz, 2H), 3.01-2.82 (m, 5H), 2.72-2.70 (m, 2H), 1.84-1.79 (m, 
2H), 1.22 (t, J = 7.2 Hz, 3H); 13C-NMR (150 MHz, 333 K, (CD3)2SO): δ 158.9 
(q, J = 34 Hz), 116.9 (q, J = 296 Hz), 53.7, 51.0 49.8, 49.3, 37.4, 23.3, 9.2 

(Biphenyl-4-yloxy)-acetic acid (44a). Compound 44 was prepared 
according to previously described methods.1 

Sodium 2-([1,1’-Biphenyl]-4-yloxy)acetate (44b). Chloroacetic acid 
(1.12 g, 11.8 mmol) and 4-phenylphenol (13) (400 mg, 2.35 mmol) were 
dissolved in MeOH (10 ml). NaOH (676 mg, 16.9 mmol) dissolved in MeOH 
(25 ml) was added and the reaction was heated at reflux for 18 h. The formed 
precipitate was filtered and washed with 1 M HCl and CHCl3. Trituration 
with CHCl3 gave 44b (405 mg, 75% yield) as a white solid. 1H NMR (600 
MHz, CD3OD) δ 7.55 (dd, J1 = 8.2 Hz, J2 = 1.2 Hz, 2H), 7.51 (dt, J1 = 8.8 Hz, 
J2 = 2.5 Hz, 2H), 7.38 (t, J = 7.7 Hz, 2H), 7.26 (t, J = 7.4 Hz, 1H), 7.01 (dt, J1 
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= 8.8 Hz, J2 = 2.5 Hz, 2H), 4.41 (s, 2H); 13C NMR (150 MHz, CD3OD) δ 176.5, 
159.8, 142.2, 135.0, 129.7, 128.8, 127.6, 127.5, 116.1, 68.5.  

2-Chloro-1-(4-morpholinopiperidin-1-yl)ethan-1-one (46). TEA (53 
μl, 0.38 mmol) was added dropwise to chloroacetyl chloride (30 μl, 0.38 
mmol) in CH2Cl2 (4 ml) at 0 °C. 4-Morpholinopiperidine (45) (50 mg, 0.29 
mmol) was added in portions, and the reaction mixture was kept at 0 °C for 
10 min before stirring was continued at rt for 1.5 h. The mixture was washed 
with NaHCO3 (aq., sat.) followed by brine. Each aqueous layer was back-
extracted once with CH2Cl2. The combined organic layers were dried over 
Na2SO4, filtered and concentrated to give compound 46 (38 mg, 52% yield), 
which was used in the following step without further purification. 1H NMR 
(400 MHz, CDCl3) δ 4.56-4.55 (m, 1H), 4.09 (d, J = 12.0 Hz, 1H), 4.04 (d, J 
= 12.0 Hz, 1H), 3.92-3.88 (m, 1H), 3.73-3.71 (m, 4H), 3.16-3.09 (m, 1H), 
2.73-2.66 (m, 1H), 2.56-2.54 (m, 4H), 2.47-2.40 (m, 1H), 1.95-1.88 (m, 2H), 
1.59-150 (m, 1H), 1.50-1.39 (m, 1H). 13C NMR (150 MHz, CDCl3) δ 165.0, 
67.3, 61.7, 49.9, 45.7, 41.2, 28.8, 27.9. 

2-([1,1'-Biphenyl]-4-yloxy)-1-(4-morpholinopiperidin-1-yl)ethan-1-
one. Amide 46, (38 mg, 0.15 mmol), 4-phenylphenol (39 mg, 0.23 mmol), 
K2CO3 (43 mg, 0.31 mmol), and KI (1 mg, 0.008 mmol) were mixed in DMF 
(1.5 ml) and stirred at rt for 3 days. The reaction mixture was diluted with 
EtOAc, and washed with NaHCO3 (aq., sat.) and three times with brine. The 
organic layer was dried over Na2SO4, filtered and concentrated to give an oil 
that solidified upon addition of EtOAc. The resulting solid was recrystallized 
from EtOAc to give 2-([1,1'-biphenyl]-4-yloxy)-1-(4-morpholinopiperidin-1-
yl)ethan-1-one as light yellow crystals (28 mg, 48% yield). The product 
contains ca. 4% of 4-phenylphenol. 1H NMR (400 MHz, CDCl3) δ 7.54-7.50 
(m, 4H), 7.43-7.39 (m, 2H), 7.32-7.29 (m, 1H), 7.02 (d, J = 8.8 Hz, 2H), 4.75 
(d, J = 13.2 Hz, 1H), 4.70 (d, J = 13.2 Hz, 1H), 4.58 (d, J = 13.2 Hz, 1H), 4.07 
(d, J = 13.2 Hz, 1H), 3.71-3.69 (m, 4H), 3.11-3.04 (m, 1H), 2.72-2.65 (m, 2H), 
2.52-2.50 (m, 4H), 2.45-2.38 (m, 1H), 1.91-1.86 (m, 2H), 1.50-1.35 (m, 2H); 
13C NMR (10 MHz, CDCl3) δ 166.3, 157.6, 140.7, 134.8, 128.9, 128.4, 126.95, 
126.87, 115.0, 68.0, 67.3, 61.8, 49.8, 44.6, 41.6, 28.9, 28.0. 

2-([1,1'-Biphenyl]-4-yloxy)-1-(4-morpholinopiperidin-1-yl)ethan-1-
one hydrochloride (47). 2-([1,1'-Biphenyl]-4-yloxy)-1-(4-
morpholinopiperidin-1-yl)ethan-1-one (24 mg, 0.06 mmol) was treated with 
5 ml ½ sat. HCl in CH2Cl2 while stirring at 0 °C. Stirring was continued on 
ice for 4h before the mixture was concentrated under reduced pressure. The 
resulting solid was recrystallized from a mixture of MeOH and EtOAc to give 
compound 47 (26 mg, 91% yield). 1H NMR (600 MHz, (CD3)2SO) δ 11.56 (br 
s, 1H), 7.61-7.58 (m, 4H), 7.44-7.41 (m, 2H), 7.32-7.29 (m, 1H), 7.02 (d, J = 
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8.8 Hz, 2H), 4.91 (d, J = 14.5 Hz, 1H), 4.86 (d, J = 14.5 Hz, 1H), 4.47 (d, J = 
13.0 Hz, 1H), 4.01 (d, J = 13.0 Hz, 1H), 3.94-3.90 (m, 4H), 3.44-3.38 (m, 
3H), 3.08-3.04 (m, 3H), 2.63-2.59 (m, 1H), 2.19-2.15 (m, 2H), 1.79-1.73 (m, 
1H), 1.59-1.53 (m, 1H); 13C NMR (150 MHz, (CD3)2SO) δ 165.7, 157.7, 139.8, 
132.9, 128.9, 127.7, 126.8, 126.2, 115.1, 65.9, 63.3, 62.2, 48.2, 42.6, 40.1, 26.1, 
25.4. 

General procedure for the amide coupling. The carboxylate 44b or 
carboxylic acid 50 (1 eq.) was suspended in THF with a drop of DMF, and 
cooled to 0 °C. Oxalyl chloride (5 eq.) was added dropwise over 5 min before 
the mixture was stirred at rt for 1 h. The solvent and excess oxalyl chloride 
were removed under reduced pressure. The resulting residue was dissolved 
in THF and cooled to 0 °C. The corresponding amine (2.2 equiv.) was added 
and the reaction mixture was stirred at rt overnight before being 
concentrated under reduced pressure. 

General procedure for the amide coupling workup. The reaction 
residue was dissolved in 50 ml of dichloromethane. For non-basic 
compounds 48a and 48b, the organic phase was washed with 1 M HCl (100 
ml), aq. NaHCO3 (sat., 50 ml), and brine (50 ml); the organic phase was 
dried over MgSO4 and the solvent was removed under reduced pressure. For 
basic compounds 48c, 49a-d, and 51a-b, the organic phase was extracted 
twice with 1 M HCl (50 ml); the combined aqueous phases were made basic 
by the addition of Na2CO3 (sat.), extracted twice with CH2Cl2, dried over 
MgSO4, filtered, and concentrated under reduced pressure. 

General procedure for preparation of HCl salts. Small amounts of 
the corresponding HCl salts of the amines were prepared for biochemical 
evaluation by dissolving the amine in CH2Cl2 (1-2 ml/ 100 mg) and treating 
it with half-sat. HCl in CH2Cl2 (~4-8 ml/100 mg) at rt for 10 min. The 
mixture was concentrated and then co-concentrated from CH2Cl2 twice. If 
needed, the resulting HCl salts were purified by precipitation from 
MeOH:Et2O or CH2Cl2:Et2O mixtures and careful removal of the solvent. 

1-[([1,1’-Biphenyl]-4-yloxy)acetyl]piperidine (49a). Starting from 
44b and following the general procedure for amide coupling, compound 
49a was prepared as an orange solid (42 mg, 68% yield). 1H NMR (400 
MHz, CDCl3) δ 7.57-7.50 (m, 4H), 7.45-7.38 (m, 2H), 7.34-7.28 (m, 1H), 
7.05-7.01 (m, 2H), 4.72 (s, 2H), 3.61-3.55 (m, 2H), 3.54-3.48 (m, 2H), 1.71-
1.52 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 166.2, 157.7, 140.8, 134.7, 128.8, 
128.4, 126.90, 126.89, 115.0, 68.0, 46.6, 43.4, 26.6, 25.7, 24.6. 



 

16 

4-[([1,1’-Biphenyl]-4-yloxy)acetyl]morpholine (48b). Starting from 
44b and following the general procedure for amide coupling, compound 
48b was prepared as a colorless solid (46 mg, 74% yield). 1H NMR (400 
MHz, CDCl3) δ 7.57-7.50 (m, 4H), 7.45-7.38 (m, 2H), 7.35-7.28 (m, 1H), 
7.05-7.00 (m, 2H), 4.74 (s, 2H), 3.71-3.59 (m, 8H); 13C NMR (100 MHz, 
CDCl3) δ 166.7, 157.3, 140.6, 135.0, 128.9, 128.5, 127.0, 126.9, 115.0, 67.9, 
66.94, 66.87, 46.1, 42.6. 

2-([1,1'-Biphenyl]-4-yloxy)-1-(4-ethylpiperazin-1-yl)ethan-1-one. 
Sodium 2-([1,1'-biphenyl]-4-yloxy)acetate (44b) (830 mg, 0.12 mmol) was 
suspended in 2 ml of CH2Cl2. Oxalyl chloride (21 μl, 0.24 mmol) was added 
dropwise, followed by one drop of DMF, while stirring at rt. The reaction 
mixture was stirred at rt for 1 h, after which it was concentrated and co-
concentrated twice from CH2Cl2. The residue was dissolved in 2 ml of 
CH2Cl2, and NaHCO3 (11 mg, 0.13 mmol) and 1-ethylpiperazine (17 μl, 0.13 
mmol) dissolved in 0.5 ml H2O was added. Stirred at rt overnight. The 
reaction mixture was diluted with EtOAc, washed with NaHCO3 (aq., sat.), 
and the EtOAc phase was extracted three times with 2 M HCl. The aqueous 
layer was made basic by the addition of NaOH (s) and extracted three times 
with EtOAc. The combined organic layers were washed with brine, dried over 
Na2SO4, filtered and concentrated under reduced pressure to give 2-([1,1'-
biphenyl]-4-yloxy)-1-(4-ethylpiperazin-1-yl)ethan-1-one (27 mg, 69% yield). 
1H NMR (400 MHz, CDCl3) δ 7.55-7.51 (m, 4H), 7.43-7.39 (m, 2H), 7.33-7.29 
(m, 1H), 7.03-7.01 (m, 2H), 4.73 (s, 2H), 3.69-3.62 (m, 4H), 2.47-2.44 (m, 
4H), 2.43 (q, J = 7.2 Hz, 2H), 1.09 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, 
CDCl3) δ 166.4, 157.5, 140.7, 134.9, 128.9, 128.4, 127.0, 126.9, 115.1, 67.9, 
53.1, 52.5, 52.3, 45.4, 42.2, 12.0. 

2-([1,1'-Biphenyl]-4-yloxy)-1-(4-ethylpiperazin-1-yl)ethan-1-one 
hydrochloride (48c). 2-([1,1'-Biphenyl]-4-yloxy)-1-(4-ethylpiperazin-1-
yl)ethan-1-one (15 mg, 0.05 mmol) was dissolved in 1 ml CH2Cl2, and 2 ml 
1M HCl in Et2O was added dropwise at rt while stirring. Stirred at rt for 10 
min before the formed white precipitate was filtered and washed with Et2O 
to give 48c (17 mg, 90% yield) as white solid. 1H NMR (400 MHz, 
CDCl3:CD3OD 1:1) δ 7.53-7.50 (m, 4H), 7.40-7.39 (m, 2H), 7.29-7.26 (m, 1H), 
7.02-7.00 (m, 2H), 4.87-4.77 (m, 2H), 4.67-4.64 (m, 1H), 4.29-4.22 (m, 1H), 
3.79 (m, 1H), 3.58-3.55 (m, 2H), 3.35-3.27 (m, 1H), 3.17 (q, J = 7.2 Hz, 2H), 
3.02-2.86 (m, 2H), 1.09 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3: 
CD3OD 1:1) δ 168.0, 157.7, 140.9, 135.7, 129.3, 128.8, 127.4, 127.1, 115.4, 67.5, 
52.9, 51.7, 51.4, 42.6, 39.4, 9.2. 
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2-([1,1’-Biphenyl]-4-yloxy)-N-[3-(dimethylamino)-
propyl]acetamide hydrochloride (49a). Starting from 44b and 
following the general procedure for amide coupling, 2-([1,1’-biphenyl]-4-
yloxy)-N-[3-(dimethylamino)-propyl]acetamide was prepared as a colorless 
solid (44 mg, 67% yield). This material was converted to the HCl salt using 
the general procedure to give 49a as a white solid. 1H NMR (400 MHz, 
CDCl3) δ 12.20 (br s, 1H), 7.69 (br s, 1H), 7.59-7.47 (m, 4H), 7.44-7.36 (m, 
2H), 7.30 (t, J = 7.3 Hz, 1H), 7.06 (d, J = 8.5 Hz, 2H), 4.54 (s, 2H), 3.59-3.48 
(m, 2H), 3.06-2.92 (m, 2H), 2.74 (br d, J = 3.6 Hz, 6H), 2.20-2.06 (m, 2H); 
13C NMR (100 MHz, CDCl3) δ 169.3, 156.9, 140.4, 135.1, 128.9, 128.4, 127.1, 
126.8, 115.2, 67.3, 55.2, 43.0, 35.8, 24.7. 

2-(4-Biphenylyloxy)-N-[3-(1-piperidinyl)propyl]-acetamide 
hydrochloride (49b). Starting from 44b and following the general 
procedure for amide coupling and purification by column chromatography 
(CHCl3:MeOH 9:1), 2-(4-biphenylyloxy)-N-[3-(1-piperidinyl)propyl]-
acetamide was prepared as an orange solid (15 mg, 20% yield). The material 
was converted to the HCl salt using the general procedure to give 49b as a 
white solid. 1H NMR (400 MHz, CDCl3) δ 11.76 (br s, 1H), 7.74 (br s, 1H), 
7.61-7.46 (m, 4H), 7.46-7.35 (m, 2H), 7.35-7.26 (m, 1H), 7.15-6.98 (m, 2H), 
4.54 (s, 2H), 3.60-3.36 (m, 4H), 3.00-2.79 (m, 2H), 2.62-2.43 (m, 2H), 2.34-
2.08 (m, 4H), 1.91-1.72 (m, 3H), 1.45-1.26 (m, 1H); 13C NMR ( 100 MHz, 
CDCl3) δ 169.2, 156.9, 140.5, 135.1, 128.9, 128.4, 127.0, 126.8, 115.3, 67.3, 
54.5, 53.5, 36.0, 23.8, 22.6, 22.2. 

2-([1,1’Biphenyl]-4-yloxy)-N-(3-(4-methylpiperazin-1-
yl)propyl)acetamide dihydrochloride (49c). Starting from 44b and 
following the general procedure for amide coupling, 2-([1,1’biphenyl]-4-
yloxy)-N-(3-(4-methylpiperazin-1-yl)propyl)acetamide was prepared as a 
yellow solid (330 mg, 68% yield). 1H NMR (600 MHz, CDCl3) δ 7.57-7.53 (m, 
4H), 7.50 (br s, 1H), 7.43 (t, J = 7.6 Hz, 2H), 7.32 (t, J = 7.4 Hz, 1H), 7.02 (d, 
J = 8.8 Hz, 2H), 4.53 (s, 2H), 3.46 (q, J = 6.1 Hz, 2H), 2.69-2.26 (m, 6H), 
2.43 (t, J = 6.4 Hz, 2H), 2.24 (s, 3H), 1.73 (quint, J = 6.4 Hz, 2H), 1.69-1.55 
(m, 2H); 13C NMR (150 MHz, CDCl3) δ 168.3, 157.1, 140.5, 135.4, 128.9, 
128.5, 127.2, 126.9, 115.5, 68.2, 57.4, 55.1, 53.5, 46.1, 38.9, 25.7. Following 
the general procedure a small amount of the HCl salt 49c was prepared for 
biological evaluations. 1H NMR (400 MHz, CDCl3:CD3OD 1:1) δ 7.60-7.50 
(m, 4H), 7.39 (t, J = 7.6, 2H), 7.28 (t, J = 7.4 Hz, 1H), 7.06 (d, J = 8.7 Hz, 
2H), 4.57 (s, 2H), 3.86-3.47 (m, 8H), 3.43 (t, J = 6.4 Hz, 2H), 3.26-3.17 (m, 
2H), 2.96 (s, 3H), 2.10-2.00 (m, 2H); 13C NMR (100 MHz, CDCl3:CD3OD 1:1) 
δ 170.5, 157.9, 141.0, 135.8, 129.4, 128.9, 127.6, 127.2, 115.9, 68.0, 55.4, 53.6, 
50.8, 43.8, 37.5, 26.1. 
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2-([1,1'-Biphenyl]-4-yloxy)-N-(3-(4-ethylpiperazin-1-
yl)propyl)acetamide hydrochloride (49d). Sodium 2-([1,1'-biphenyl]-
4-yloxy)acetate (44b) (40 mg, 0.16 mmol) was suspended in 2 ml of CH2Cl2. 
Oxalyl chloride (28 μl, 0.32 mmol) was added dropwise, followed by one 
drop of DMF, while stirring at rt. The reaction mixture was stirred at rt for 1 
h, after which it was concentrated and co-concentrated twice from CH2Cl2. 
The residue was dissolved in 2 ml of CH2Cl2, and NaHCO3 (60 mg, 0.72 
mmol) and 3-(4-ethylpiperazin-1-yl)propan-1-amine (90 mg, 0.18 mmol) 
dissolved in 0.5 ml H2O was added. Stirred at rt overnight. The reaction 
mixture was diluted with EtOAc, washed with NaHCO3 (aq., sat.), and the 
EtOAc phase was extracted three times with 1 M HCl. The aqueous layer was 
made basic by the addition of NaOH (s) and extracted three times with 
EtOAc. The combined organic layers were washed with brine, dried over 
Na2SO4, filtered and concentrated under reduced pressure. The solid was 
dissolved in 1 ml CH2Cl2 and treated with 1M HCl in Et2O at r.t. for 10 
minutes. The mixture was concentrated and then co-concentrated from 
CH2Cl2 twice. The resulting solid was dissolved in MeOH followed by 
precipitation by the addition of Et2O and careful removal of the solvent to 
give compound 49d (8 mg, 11% yield). 1H NMR (600 MHz, CD3OD) δ 7.61-
7.56 (m, 4H), 7.42-7.40 (m, 2H), 7.31-7.28 (m, 1H), 7.11-7.09 (m, 2H), 4.61 
(s, 2H), 3.85 (bs, 4H), 3.50 (bs, 4H), 3.45 (t, J = 6.5 Hz, 2H), 3.34 (q, J = 7.2 
Hz, 2H), 3.28 (t, J = 7.4 Hz, 2H), 2.07 (dt, J = 15.0, 6.8 Hz, 2H), 1.40 (t, J = 
7.3 Hz. 3H); 13C NMR (100 MHz, CD3OD) δ 172.1, 158.6, 141.7, 136.2, 129.9, 
129.2, 128.0, 127.6, 116.2, 68.2, 55.8, 53.8, 50.0, 49.6, 36.8, 25.4, 9.5. 

2-(4-Iodophenoxy)-N-[3-(1-piperidinyl)propyl]acetamide. Starting 
from 50 and following the general procedure for amide coupling, 2-(4-
iodophenoxy)-N-[3-(1-piperidinyl)propyl]acetamide was prepared as an 
orange solid (105 mg, 76% yield). 1H NMR (400 MHz, CDCl3): δ 7.77 (br s, 
1H), 7.58 (dt, J1 = 9.0 Hz, J2 = 2.7 Hz, 2H), 6.70 (dt, J1 = 9.0 Hz, J2 = 2.7 Hz, 
2H), 4.44 (s, 2H), 3.47-3.38 (m, 2H), 2.41-2.26 (m, 6H), 1.72-1.64 (m, 2H), 
1.58-1.50 (m, 4H), 1.45-1.36 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 167.8, 
157.6, 138.7, 117.3, 84.5, 68.0, 58.4, 54.9, 39.4, 25.9, 25.4, 24.4. 

2-(4-Iodophenoxy)-N-[3-(1-piperidinyl)propyl]acetamide 
hydrochloride (51a). 2-(4-Iodophenoxy)-N-[3-(1-
piperidinyl)propyl]acetamide (71 mg, 0.18 mmol) was dissolved in 1 ml of 
CH2Cl2 and treated with ½ sat HCl in CH2Cl2 (3.5 ml) at rt while stirring. 
Stirred at rt for 10 min before being concentrated under reduced pressure. 
The resulting oil was co-concentrated twice from CH2Cl2 to remove excess 
HCl and the crude was precipitated from a mixture of MeOH and Et2O to 
give 51a (66 mg, 83% yield). 1H NMR (400 MHz, CDCl3) δ 11.67 (br s, 1H), 
7.87 (br t, J = 5.5 Hz, 1H), 7.55 (dt, J1 = 8.9 Hz, J2 = 2.5 Hz, 2H), 6.79 (dt, J1 



 

19 

= 8.9 Hz, J2 = 2.5 Hz, 2H), 4.45 (s, 2H), 3.51-3.36 (m, 4H), 2.88 (t, J = 7.0 
Hz, 2H), 2.64-2.45 (m, 2H), 2.31-2.06 (m, 4H), 1.94-1.74 (m, 3H), 1.49-1.30 
(m, 1H); 13C NMR (100 MHz, CDCl3) δ 168.8, 157.3, 138.5, 117.4, 84.3, 67.1, 
54.3, 53.4, 35.9, 23.7, 22.6, 22.2. 

2-(4-Iodophenoxy)-N-(3-(4-methylpiperazin-1-yl)-
propyl)acetamide. Starting from 50 and following the general procedure 
for amide coupling, 2-(4-iodophenoxy)-N-(3-(4-methylpiperazin-1-yl)-
propyl)acetamide was prepared as an orange oil (385 mg, 85% yield). 1H 
NMR (600 MHz, CDCl3) δ 7.60 (d, J = 8.9 Hz, 2H), 7.45 (br s, 1H), 6.73 (d, J 
= 8.9 Hz, 2H), 4.45 (s, 2H), 3.44 (q, J = 6.1 Hz, 2H), 2.67-2.20 (m, 8H), 2.42 
(t, J = 6.4 Hz, 2H), 2.25 (s, 3H), 1.71 (quint, J = 6.4 Hz, 2H); 13C NMR (150 
MHz, CDCl3) δ 167.8, 157.5, 138.7, 117.5, 84.6, 68.1, 57.4, 55.1, 53.5, 46.1, 
39.0, 25.6.  

2-(4-Iodophenoxy)-N-(3-(4-methylpiperazin-1-yl)-
propyl)acetamide dihydrochloride (51b). 2-(4-Iodophenoxy)-N-(3-(4-
methylpiperazin-1-yl)-propyl)acetamide (221 mg, 0.53 mmol) was dissolved 
in 2 ml of CH2Cl2 and treated with ½ sat HCl in CH2Cl2 (10 ml) at rt while 
stirring. Stirred at rt for 10 min before being concentrated under reduced 
pressure. The resulting crude oil was dissolved in MeOH (1 ml) and treated 
again with ½ sat HCl in CH2Cl2 (8 ml) at rt while stirring for 10 min before 
being concentrated under reduced pressure and co-concentrated twice from 
CH2Cl2 to remove excess HCl to give 51b (quantitative yield) as a light brown 
foam. 1H NMR (600 MHz, CDCl3) δ 7.58 (d, J = 9.0 Hz, 2H), 6.76 (d, J = 9.0 
Hz, 2H), 4.46 (s, 2H), 3.77-3.64 (m, 6H), 3.64-3.52 (m, 2H), 3.40 (t, J = 6.5 
Hz, 2H), 3.21-3.12 (m, 2H), 2.94 (s, 3H), 2.08-1.99 (m, 2H); 13C NMR (150 
MHz, CDCl3) δ 170.3, 157.9, 139.0, 117.6, 84.6, 67.5, 55.0, 50.6, 43.1, 36.3, 
24.4. 

N-(3-(4-ethylpiperazin-1-yl)propyl)-2-(4-iodophenoxy)acetamide 
hydrochloride (51c). 2-(4-Iodophenoxy)acetic acid (50) (100 mg, 0.36 
mmol) was suspended in 2 ml of CH2Cl2. Oxalyl chloride (62 μl, 0.71 mmol) 
was added dropwise, followed by one drop of DMF, while stirring at rt. The 
reaction mixture was stirred at rt for 1 h, after which it was concentrated and 
co-concentrated twice from CH2Cl2. The residue was dissolved in 2 ml of 
CH2Cl2, and NaHCO3 (136 mg, 1.62 mmol) and 3-(4-ethylpiperazin-1-
yl)propan-1-amine (203 mg, 0.40 mmol) dissolved in 0.5 ml H2O was added. 
Stirred at r.t. overnight. The reaction mixture was diluted with EtOAc, 
washed with NaHCO3 (aq., sat.), and the EtOAc phase was extracted three 
times with 1 M HCl. The aqueous layer was made basic by the addition of 
NaOH (s) and extracted three times with EtOAc. The combined organic 
layers were washed with brine, dried over Na2SO4, filtered and concentrated 
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under reduced pressure. The solid was dissolved in 1 ml CH2Cl2 and treated 
with 1M HCl in Et2O at r.t. for 10 minutes. The mixture was concentrated 
and then co-concentrated from CH2Cl2 twice. The resulting solid was 
dissolved in MeOH followed by precipitation by the addition of Et2O and 
careful removal of the solvent to give compound 51c (17 mg, 9% yield). 1H 
NMR (600 MHz, CD3OD) δ 7.64-7.61 (m, 2H), 6.86-6.83 (m, 2H), 4.55 (s, 
2H), 3.89 (bs, 4H), 3.55 (bs, 4H), 3.43 (t, J = 6.5 Hz, 2H), 3.36 (q, J = 7.0 
Hz, 2H), 3.29 (t, J = 8.0 Hz, 2H), 2.06 (dt, J = 15.0, 6.9 Hz, 2H), 1.42 (t, J = 
7.3 Hz, 3H); 13C NMR (100 MHz, CD3OD) δ 171.6, 159.0, 139.6, 118.4, 84.7, 
68.1, 55.7, 53.4, 50.0, 49.6, 36.8, 25.3, 9.5. 

2-((4'-Methoxy-[1,1'-biphenyl]-4-yl)oxy)-N-(3-(piperidin-1-
yl)propyl)acetamide. 2-(4-Iodophenoxy)-N-(3-(piperidin-1-
yl)propyl)acetamide hydrochloride (51a) (30 mg, 0.07 mmol) was dissolved 
in 3 ml of DMF. Na2CO3 (1.5 ml, 2 M) was added, followed by 4-
methoxyphenylboronic acid (23 mg, 0.15 mmol) and PEPPSI-iPr (2.5 mg, 
0.0004 mmol). N2 was bubbled through the mixture while stirring at rt for 
10 min. The reaction mixture was heated by MWI to 110 °C for 10 min. The 
reaction mixture was poured into half-sat. brine and extracted three times 
with EtOAc. The combined organic layers were washed with brine, and then 
extracted twice with 2 M HCl. The combined aqueous layers were made basic 
by the addition of NaOH (s) and extracted three times with EtOAc. The 
combined organic layers were washed with brine, dried over Na2SO4, filtered 
and concentrated. Precipitation from CH2Cl2/heptane gave 2-((4'-Methoxy-
[1,1'-biphenyl]-4-yl)oxy)-N-(3-(piperidin-1-yl)propyl)acetamide as a white 
solid (28 mg, 98% yield). 1H NMR (400 MHz, CDCl3) δ 7.76 (br s, 1H), 7.50-
7.46 (m, 4H), 6.98-6.95 (m, 4H), 4.52 (s, 2H), 3.84 (s, 3H), 3.45 (q, J = 5.8 
Hz, 2H), 2.37 (t, J = 6.4 Hz, 2H), 2.40-2.28 (m, 4H), 1.71 (quint, J = 6.3 Hz, 
2H), 1.60-1.52 (m, 4H), 1.46-1.37 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 
168.3, 159.0, 156.7, 134.9, 133.2, 128.1, 127.9, 115.2, 114.3, 68.1, 58.3, 55.5, 
54.9, 39.2, 25.9, 25.6, 24.5. 

2-((4'-Methoxy-[1,1'-biphenyl]-4-yl)oxy)-N-(3-(piperidin-1-
yl)propyl)acetamide hydrochloride (52b). 2-((4'-Methoxy-[1,1'-
biphenyl]-4-yl)oxy)-N-(3-(piperidin-1-yl)propyl)acetamide (21 mg, 0.05 
mmol) was dissolved in 1 ml of CH2Cl2, and 2 ml of 1 M HCl in Et2O was 
added dropwise at rt while stirring. The vessel contents were stirred for 15 
minutes, then concentrated and co-concentrated twice from EtOAc. The 
resulting white solid was triturated with hot EtOAc, then dissolved in MeOH 
and precipitated by the addition of Et2O. The precipitate was filtered off and 
washed with Et2O to give 52b (13 mg, 57% yield). 1H NMR (400 MHz, 
CD3OD) δ 7.55 (d, J = 8.8 Hz, 2H), 7.50 (d, J = 8.8 Hz, 2H), 7.06 (d, J = 8.8 
Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 4.60 (s, 2H), 3.82 (s, 3H), 3.49-3.42 (m, 
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2H), 3.42-3.37(m, 2H), 3.03-2.96 (m, 2H), 2.87-2.77 (m, 2H), 2.01-1.85 (m, 
4H), 1.85-1.65 (m, 3H), 1.50-1.36 (m, 1H); 13C NMR (100 MHz, CD3OD) δ 
172.2, 160.5, 158.1, 136.0, 134.1, 128.7, 128.6, 116.2, 115.3, 68.2, 55.74, 55.71, 
54.3, 49.8, 36.8, 25.4, 24.3, 22.6. 

2-((4'-Methoxy-[1,1'-biphenyl]-4-yl)oxy)-N-(3-(4-methylpiperazin-
1-yl)propyl)acetamide. 2-(4-Iodophenoxy)-N-(3-(4-methylpiperazin-1-
yl)propyl)acetamide dihydrochloride (51b) (20 mg, 0.04 mmol) was 
dissolved in 1.6 ml of DMF. Na2CO3 (0.8 ml, 2 M) was added followed by 4-
methoxyphenylboronic acid (12 mg, 0.08 mmol) and PEPPSI-iPr (1.4 mg, 
0.002 mmol). N2 was bubbled through the mixture while stirring at rt for 10 
min. The reaction mixture was heated by MWI to 110 °C for 10 min, and then 
poured into half-sat. brine and extracted three times with EtOAc. The 
combined organic layers were washed with brine, and then extracted three 
times with 2 M HCl. The combined aqueous layers were made basic by 
addition of NaOH (s) and extracted three times with EtOAc. The combined 
organic layers were washed with brine, dried over Na2SO4, filtered and 
concentrated. Precipitation from CH2Cl2/heptane gave 2-((4'-methoxy-[1,1'-
biphenyl]-4-yl)oxy)-N-(3-(4-methylpiperazin-1-yl)propyl)acetamide as a 
white solid (14 mg, 86% yield). 1H NMR (400 MHz, CDCl3) δ 7.50-7.45 (m, 
5H), 7.00-6.95 (m, 4H), 4.51 (s, 2H), 3.84 (s, 3H), 3.46 (q, J = 6.0 Hz, 2H), 
2.68-2.34 (m, 8H), 2.44 (t, J = 6.5 Hz, 2H), 2.28 (s, 3H), 1.73 (quint, J = 6.4 
Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 168.4, 159.1, 156.6, 135.1, 133.0, 
128.1, 127.9, 115.5, 114.4, 68.2, 57.1, 55.5, 54.8, 53.1, 45.8, 38.7, 25.6. 

2-((4'-Methoxy-[1,1'-biphenyl]-4-yl)oxy)-N-(3-(4-methylpiperazin-
1-yl)propyl)acetamide dihydrochloride (52b). 2-((4'-Methoxy-[1,1'-
biphenyl]-4-yl)oxy)-N-(3-(4-methylpiperazin-1-yl)propyl)acetamide (11 mg, 
0.03 mmol) was dissolved in 0.5 ml CH2Cl2, and 1M HCl in Et2O (1 ml) was 
added dropwise at rt while stirring. After 15 min, the suspension was 
concentrated, then co-concentrated from chloroform three times to give the 
dihydrochloride salt 52b (11 mg, 85% yield). 1H NMR (400 MHz, CDCl3: 
CD3OD 1:1) δ 7.49 (d, J = 8.7 Hz, 2H), 7.46 (d, J = 8.8 Hz, 2H), 7.01  (d, J = 
8.7 Hz, 2H), 6.94  (d, J = 8.8 Hz, 2H), 4.53 (s, 2H), 3.81 (s, 3H), 3.76-3.54 
(m, 8H), 3.47-3.32 (m, 2H), 3.23-3.15 (m, 2H), 2.94 (s, 3H), 2.11-2.01 (m, 
2H); 13C NMR (100 MHz, CDCl3:CD3OD 1:1) δ 170.9, 159.5, 157.1, 135.3, 
133.5, 128.3, 128.2, 115.6, 114.8, 67.7, 55.6, 55.1, 50.5, 43.1, 36.3, 24.4. 

Methyl 4-iodophenoxyacetate (53). 4-Iodophenoxyacetic acid 50 (416 
mg, 1.50 mmol) was dissolved in 3 ml of MeOH, and 3 drops of H2SO4 
(conc.) was added while stirring at rt. The reaction vessel was sealed, heated 
to 85 °C, and stirred for 24 h. After cooling, the reaction mixture was poured 
into NaHCO3 (aq., sat.) and extracted three times with Et2O. The combined 
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organic layers were washed with brine, dried over Na2SO4, and filtered. The 
resulting light yellow solid was triturated with heptane five times to give 
compound 53 as white needles (320 mg, 73% yield). 1H NMR (400 MHz, 
CDCl3) δ 7.57 (d, J = 9.0 Hz, 2H), 6.69 (d, J = 9.0 Hz, 2H), 4.60 (s, 2H), 3.80 
(s, 3H); 13C NMR (100 MHz, CDCl3) δ 169.1, 157.8, 138.5, 117.1, 84.3, 65.4, 
52.5. 

Methyl 2-((4'-methoxy-[1,1'-biphenyl]-4-yl)oxy)acetate. The 
procedure was adapted from a previously developed method.2-3 Methyl 4-
iodophenoxyacetate (53) (152 mg, 0.52 mmol), 4-methoxybenzeneboronic 
acid (158 mg, 1.04 mmol), KF (57 mg, 0.99 mmol), and PEPPSI-iPr (3.5 mg, 
0.005 mmol) were dissolved in 2 ml of MeOH. N2 was bubbled through the 
mixture while stirring at rt for 10 min. The vessel contents were heated by 
MWI to 110 °C for 10 min. The reaction mixture was diluted with EtOAc and 
brine and extracted three times with EtOAc. The combined organic layers 
were washed with brine, dried with Na2SO4, filtered and concentrated. The 
crude material was purified with flash column chromatography 
(Heptane:EtOAc, 7:3) to yield methyl 2-((4'-methoxy-[1,1'-biphenyl]-4-
yl)oxy)acetate as a white solid (127 mg, 90% yield). 1H NMR (600 MHz, 
CDCl3) δ 7.49-7.46 (m, 4H), 6.97-6-95 (m, 4H), 4.67 (s, 2H), 3.84 (s, 3H), 
3.83 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 169.6, 159.0, 157.0, 134.8, 133.3, 
128.0, 127.9, 115.0, 114.3, 65.6, 55.5, 52.4. 

2-((4'-methoxy-[1,1'-biphenyl]-4-yl)oxy)acetic acid (54). Methyl 2-
((4'-methoxy-[1,1'-biphenyl]-4-yl)oxy)acetate (117 mg, 0.43 mmol) and LiOH 
(0.65 ml, 1M, 0.65 mmol) were suspended in THF and allowed to stir at r.t. 
overnight. The mixture was diluted with EtOAc and 1 M HCl. The white 
precipitate that was formed was filtered off and dried under vacuum to yield 
compound 54 as a white solid (110 mg, 99% yield). 1H NMR (600 MHz, 
CD3OD) δ 7.49.7.47 (m, 4H), 6.99-6.95 (m, 4H), 4.68 (s, 2H), 3.81 (s, 3H); 
13C NMR (100 MHz, CD3OD) δ 172.7, 160.3, 158.5, 135.6, 134.5, 128.6, 128.6, 
116.0, 115.2, 66.0, 55.7. 

1-(4-(4-Ethylpiperazin-1-yl)piperidin-1-yl)-2-((4'-methoxy-[1,1'-
biphenyl]-4-yl)oxy)ethanone dihydrochloride (55). 2-((4'-methoxy-
[1,1'-biphenyl]-4-yl)oxy)acetic acid (54) (40 mg, 0.15 mmol), 1-ethyl-4-(4-
piperidinyl) piperazine (31 mg, 0.15 mmol), and TBTU (60 mg, 0.19 mmol) 
were suspended in DMF (1 ml) followed by the addition of TEA (63 µl, 0.45 
mmol). The reaction mixture was briefly heated with a heat gun and 
thereafter allowed to stir at r.t. for 3 days. NaHCO3 (sat.) was added to the 
mixture which resulted in a pale yellow precipitate. The precipitate was 
collected and dissolved in EtOAc/H2O. The water phase was extracted three 
times with EtOAc. The combined organic layers were washed with brine 
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three times, dried over Na2SO4, filtered and concentrated. The solid was 
dissolved in 1 ml CH2Cl2 and treated with 1M HCl in Et2O at r.t. for 20 
minutes. The mixture was concentrated and then co-concentrated from 
CH2Cl2 twice. The resulting solid was dissolved in MeOH followed by 
precipitation by the addition of Et2O and careful removal of the solvent to 
give compound 55 (10 mg, 13% yield). 1H NMR (600 MHz, CD2Cl2:CD3OD 
1:1) δ 7.45-7.42 (m, 4H), 6.96-6.89 (m, 4H), 4.78-4.73 (m, 2H), 4.70-4.66 
(m, 1H), 4.14-4.12 (m, 1H), 3.76 (s, 3H), 3.66 (bs, 4H), 3.60 (bs, 4H), 3.51-
3.47 (m, 1H), 3.22 (q, J = 7.1 Hz, 2H), 3.14-3.10 (m, 1H), 2.68-2.64 (m, 1H), 
2.22-2.18 (m, 2H), 1.78-1.74 (m, 1H), 1.66-1.62 (m, 1H), 1.35 (t, J = 7.1 Hz, 
3H); 13C NMR (100 MHz, CD2Cl2:CD3OD 1:1) δ 168.8, 159.6, 157.6, 135.1, 
133.6, 128.2, 128.1, 115.5, 114.7, 67.5, 64.1, 55.5, 52.7, 49.4, 46.2, 43.9 and 
41.0 (1C), 27.3 and 26.8 (1C), 9.2. 

N-(3-(4-ethylpiperazin-1-yl)propyl)-2-((4'-methoxy-[1,1'-
biphenyl]-4-yl)oxy)acetamide hydrochloride (56). 2-((4'-methoxy-
[1,1'-biphenyl]-4-yl)oxy)acetic acid (54) (30 mg, 0.12 mmol) was suspended 
in 2 ml of THF. Oxalyl chloride (20 μl, 0.23 mmol) was added dropwise, 
followed by one drop of DMF, while stirring at rt. The reaction mixture was 
stirred at rt for 1 h, after which it was concentrated and co-concentrated 
twice from CH2Cl2. The residue was dissolved in 2 ml of CH2Cl2, and Na2CO3 
(98 mg, 0.92 mmol) and 3-(4-ethylpiperazin-1-yl)propan-1-amine (119 mg, 
0.23 mmol) dissolved in 0.5 ml H2O was added. Stirred at rt for 3 days. The 
reaction mixture was diluted with EtOAc, washed three times with NaHCO3 
(aq., sat.), and once with brine. The organic phase was dried over Na2SO4, 
filtered and concentrated under reduced pressure. The solid was dissolved in 
1 ml CH2Cl2 and treated with 1M HCl in Et2O at r.t. for 20 minutes. The 
mixture was concentrated and then co-concentrated from CH2Cl2 twice. The 
resulting solid was dissolved in MeOH followed by precipitation by the 
addition of Et2O and careful removal of the solvent to give compound 56 (15 
mg, 27% yield). 1H NMR (400 MHz, CD2Cl2:CD3OD 1:1) δ 7.49-7.43 (m, 4H), 
7.00-6.90 (m, 4H), 5.50 (s, 2H), 3.77 (s, 3H), 3.67 (bs, 4H), 3.60 (bs, 4H), 
3.39 (t, J = 7.0 Hz, 2H), 3.22 (q, J = 7.4 Hz, 2H), 3.16 (t, J = 7.9 Hz, 2H), 
2.02 (dt, J = 15.1, 7.0 Hz, 2H), 1.36 (t, J = 7.2 Hz. 3H); 13C NMR (100 MHz, 
CD2Cl2:CD3OD 1:1) δ 170.8, 159.6, 157.2, 135.2, 133.5, 128.3, 128.1, 115.6, 
114.7, 67.7, 55.6, 55.2, 52.8, 49.06, 48.95, 36.3, 24.4, 9.1. 

IC50 determinations 
The IC50 values for AgAChE1, AaAChE1 and hAChE were determined 
according to the following procedure. Freshly prepared stock solutions of the 
compounds were prepared from solid material in DMSO at a concentration 
of 100 mM. Working dilutions thereof were prepared in either 0.1 M sodium 
phosphate buffer (pH 7.4) or MilliQ water, depending on the solubility of the 
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compounds. Compound solutions of eight different concentrations up to a 
maximum of 1 mM were used. The activity measurements were performed 
using secreted non-purified proteins in growth medium, and enzymatic 
activity was measured using the Ellman assay4 adapted to a 96-well format. 
Liquid handling was performed manually or using a QIAgility robotic 
benchtop instrument (Qiagen). Assays were performed at 30 °C in a final 
assay volume of 200 µl of 0.1 M phosphate buffer (pH 7.4) containing 0.2 
mM 5,5′-dithiobis(2-nitrobenzoic acid) and 1 mM acetylthiocholine iodide. 
The enzymatic reaction was measured by monitoring changes in the 
absorbance of individual wells at 412 nM over 60 s in a FlexStation 3 Multi-
Mode Microplate Reader (Molecular Devices) or the PowerWave HT 
Microplate Spectrophotometer (BioTek). The average slope determined for 
eight positive (uninhibited) controls on each plate was taken to represent 
100% activity and the activity observed in the sample wells were quantified 
in relation to this value. IC50 values were calculated using non-linear 
regression (curve fitting) in GraphPad Prism5 and the log [inhibitor] vs. 
response variable slope equation was fitted using four parameters. 

Generation, collection and refinement of crystal structures 
The crystallization of mAChE was performed as previously described.6 Small 
amounts of 49b or 49c were added to a soaking solution consisting of 30% 
(v/v) polyethylene glycol 750 monomethylether in 100 mM HEPES buffer, 
pH 7.0 until saturation was reached. The soaking solution was then added to 
a crystal of mAChE. Soaking was performed over approximately five minutes 
and the crystals were incubated for an additional few minutes prior to flash-
freezing in liquid nitrogen. X-ray diffraction data were collected at the MAX-
lab synchrotron (Lund, Sweden) using beam line I911-3 equipped with MAR 
Research CCD detectors. Images were collected using an oscillation angle of 
1.0° per exposure. The intensity data were indexed and integrated using 
XDS7 and scaled using Scala.8 The structures of 49b•mAChE and 
49c•mAChE were determined using rigid-body refinement starting with a 
modified apo structure of mAChE (pdb code: 1J069). The presence of the 
ligand in the binding site of the mAChE crystals was estimated based on the 
initial 2|Fo|−|Fc| and |Fo|−|Fc| omit maps, and only protein-ligand 
complexes where ligand occupancies were detected were subjected to further 
refinement. Further crystallographic refinement, as well as evaluation of the 
final model, was performed using the Phenix software suite10 (Table A1). 
Several rounds of refinement were performed, alternating with manual 
rebuilding of the model after visualizing the 2|Fo|−|Fc| and |Fo|−|Fc| 
electron density maps using COOT.11 
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Table A1. Data collection and refinement statistics. 

 49b•mAChEa 49c•mAChEa 

Resolution range (Å) 39.58 - 2.7 (2.796 - 2.7) 46.1 - 2.5 (2.589 - 2.5) 
Space group P 21 21 21 P 21 21 21 
Unit cell (Å) 78.0 x 110.3 x 227.3 78.9 x 111.6 x 227.3 
Total reflections 294665 (29226) 452566 (45150) 
Unique reflections 52051 (5211) 70281 (6942) 
Multiplicity 5.7 (5.6) 6.4 (6.5) 
Completeness (%) 95.12 (97.15) 99.98 (100.00) 
Mean I/sigma(I) 18.33 (4.09) 18.17 (4.48) 
Wilson B-factor 47.97 44.78 
R-merge 0.08195 (0.5547) 0.07405 (0.476) 
R-meas 0.08967 0.08079 
CC1/2 0.998 (0.96) 0.998 (0.974) 
CC* 1 (0.99) 1 (0.993) 
R-work 0.1819 (0.2869) 0.1812 (0.2338) 
R-free 0.2132 (0.3216) 0.2280 (0.2524) 
No. of non-hydrogen atoms: 8524 8536 
  macromolecules 8336 8336 
  ligands 52 53 
  water 136 147 
Protein residues 1068 1068 
RMS(bonds) 0.005 0.012 
RMS(angles) 0.89 1.35 
Ramachandran favored (%) 95 95 
Ramachandran outliers (%) 0.28 0.75 
Clashscore 11.88 10.91 
Average B-factor: 54.10 54.60 
  macromolecules 53.80 54.40 
  ligands 111.20 92.80 
  solvent 50.50 52.20 

aStatistics for the highest-resolution shell are shown in parentheses. 

Modelling of 34 and 49c in AaAChE1 
Based on the binding mode in mAChE, the ligand 49c was manually 
mutated into the active site of the homology model of AaAChE1.1 In 
Maestro,12 the complex was prepared by adding hydrogens, assigning bond 
orders and creating disulfide bonds. A constrained energy minimization was 
performed of the complex using the Polak-Ribiere Conjugate Gradient 
method13 with a gradient convergence threshold of 0.05. The ligand was 
allowed to move freely while the positions of all protein heavy atoms were 
only allowed to move +/- 0.2 Å from their initial positions before being 
subjected to a resistive force of 100 kJ/mol Å2.13The constrained energy 
minimization was made using Macromodel14 and the OPLS2005 force field15 
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with water as the solvent (using a constant electrostatic treatment with a 
dielectric constant of 1) using the Generalized-Born/Surface-Area model. 
Charges were calculated using the OPLS2005 force field and non-bonded 
interactions were considered within distance of 8.0, 12.0, and 4.0 Å for van 
der Waals, electrostatic, and hydrogen bond interactions, respectively.  

Conformations of 34 aligned on the modeled pose of 49c in AaAChE1 
were generated using the flexible alignment tool implemented in MOE.16-17 
Partial charges were calculated using the MMFF94x force field in MOE16 and 
stochastically generated conformations of 34 were aligned to 49c. The 
alignments were evaluated both in terms of the internal energy of the ligand, 
and the similarity of the configuration based on molecular features such as 
hydrogen bond acceptors and donors, size, and hydrophobic moieties. This 
yielded 12 conformation of 34, which were visually inspected and the 
conformation with the smallest average strain of the molecules was selected 
for further modeling. The selected conformation was mutated into the active 
site of the AaAChE1 homology model and the resulting complex was 
prepared and subjected to a constrained energy minimization as described 
above for 49c with the difference that all heavy atoms in the complex were 
only allowed to move +/- 0.2 Å from their initial positions before being 
subjected to a resistive force of 100 kJ/mol Å2. 
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