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Abstract 

The combat against vector-borne diseases faces a variety of problems like resistance 

development and off-target toxicity. Discoveries of new insecticides with properties 

circumventing the current issues are highly desirable. Herein, we present the 

characterization, design, synthesis, and in vitro evaluation of indole-based inhibitors 

which exhibit as far as we know a new binding mode in acetylcholinesterase 1 

(AChE1). AChE1 is a well characterized insecticide target to control mosquito-borne 

diseases like malaria. Analysis of crystallization data, together with quantum 

mechanics calculations and molecular dynamic simulations, provided important 

insights regarding the molecular interactions for the potency and selectivity of the 

inhibitors. Furthermore, based on the binding mode characterization, two new 

inhibitors were designed, synthesized, and tested to expand the understanding of the 

inhibitor properties. The discovered differences in the binding pose between target 

and off-target species provide new approaches for the discovery of highly selective 

insecticides in the future.  
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1 Introduction 

Almost everybody in Europe has experienced a mosquito bite alongside its swelling 

and itchiness. After a few days all symptoms are gone and the bite is forgotten. 

However, this is not the case for all mosquito bites, especially in the African and 

South-East Asia region. In those areas mosquitoes serve as vectors to transmit parasitic 

and viral infectious diseases, so called vector-borne diseases. For example, the 

mosquito species Anopheles gambiae (Ag) transmits malaria [1] and Aedes aegypti 

(Aa) transmits dengue, yellow fever and chikungunya [2]. The world malaria report 

from 2018 estimated 219 million malaria cases worldwide in 2017 which 435000 of 

them turned out to be fatal [3]. Although malaria infections decreased by 20 million 

compared to 2010, in the past three years no further reduction was achieved. Currently, 

there is a lack of specific treatments for mosquito-borne diseases and possible vaccines 

need still evaluation in clinical trials. Therefore, vector-control with insecticide-treated 

bed nets (ITN) and indoor residual spraying (IRS) are interventions of choice. Both 

methods rely highly on the potency of the used insecticides. However, currently 

available insecticides face resistance problems and moreover, they present a lack of 

selectivity and consequently might result harmful for off-target species like humans 

and pollinators such as honey bees [4]. 

1.1 Acetylcholinesterase 1 as Insecticide Target 

One group of insecticides used for vector-control inhibits the function of the essential 

enzyme acetylcholinesterase (AChE) in the nervous system. AChE, located in the post-

synaptic membrane, rapidly terminates nerve signaling by hydrolyzing the 

neurotransmitter acetylcholine in the synaptic cleft [5]. Inhibition of AChE leads to an 

accumulation of acetylcholine in the synaptic cleft resulting in overstimulation and 

eventually in paralysis and death [6]. The breakdown of acetylcholine into acetic acid 

and choline by AChE takes place at the catalytic site (CAS) with the Ser203-Glu334-

His447-triad located in the bottom of a narrow 20 Å deep gorge (Suppl. 1C). Both, the 

peripheral site (PS) at the entrance and the gorge itself are lined with numerous 

aromatic amino acids which are probably involved in the transient binding of cationic 

ligands before reaching the CAS [7]–[10].  

Vertebrates possess only one gene for AChE, whereas in general most insects have two 

genes encoding AChE, namely ace-1 and ace-2 [11]. In mosquitoes, the AChE1 is 

considered to be the main active enzyme [12]. The AChE1 of the two mentioned 

mosquito spezies (Aa, Ag) are similar with a sequence identity of 92 %. In contrast, 

AgAChE1 and AChE2 from the honey bee (42 % sequence identity) and AgAChE1 

and hAChE (46 % sequence identity) are less similar and therefore opening up for the 

discovery of selective inhibitors [13]. Identification of these differences in association 

with the binding mode of inhibitors gives an opportunity to design new highly 

selective insecticides.  

1.2 Aim of the Master Thesis 

The overall objective of the present thesis is to contribute to the development of new 

highly selective mosquito insecticides. Our group focuses mainly on the development 

of non-covalent inhibitors for AChE1 that form specific interactions with gorge lining 

residues. So far, these kinds of inhibitors have shown an elongated conformation 

spanning from the rim (W286) to the bottom (W86) of the gorge (Figure 1A, B). Newly 

obtained crystal structures of two highly potent indole-based inhibitors (AL417, 

AL227) revealed a different and unique binding pose. Both inhibitors, AL417 and 

AL227, bind as intramolecular stacked conformers in the CAS at the bottom of the 
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gorge (Figure 1C, D). The crystal structures of mAChE-AL417 and mAChE-AL227 

complexes describe the starting point for the thesis. Initially, we were interested in the 

unusual binding pose and its existence outside the protein environment. To address this 

question we performed quantum mechanics calculations. With the identification of 

crucial interactions between three structural elements of AL417/AL227 (Figure 1D) 

and amino acids in the gorge of AChE together with MD simulations we will be able 

to develop new highly selective and potent non-covalent inhibitors for mosquito 

AChE1. To achieve our goal, non-covalent interactions of the ligands AL417 and 

AL227 in the gorge of AChE were characterized visually and with molecular dynamic 

simulations (MD simulations). Then, commonalities and differences in the binding 

mode were investigated in context with mosquito AChE1 to explain selectivity. 

Afterwards, the findings were exploited to design and synthesize new inhibitors. 

Finally, the bioactivity of the new inhibitors was tested in vitro to assess their ability to 

inhibit the enzymatic function of mAChE, hAChE and mosquito AChE1. 
 

 
Figure 1: A Inhibitor C5685 (magenta) [14] interacts as elongated conformer spanning the gorge of 

mAChE. Red arrows mark the tryptophan residues, at the rim (W286) and bottom (W86) of the gorge. B 

Chemical structure of C5685 (magenta) C AL417 (green), an indole-based inhibitor, interacts deep in 

the bottom of the gorge of mAChE in an intramolecular stacked conformation. Red arrows mark the 

tryptophan residues at the rim (W286) and bottom (W86) of the gorge. D Chemical structure of AL417, 

dotted areas mark three structural elements: a) phenyl ring with methoxy group, b) indole ring with 

methyl group, c) linker region. 

 

2 Popular Scientific Summary 

Consequences of a mosquito bite can vary from harmless to fatal, but what is the 

reason for that? Female mosquitoes need a blood meal to get proteins and iron for their 

egg production and during eating they transfer saliva containing proteins to prevent 

blood clotting. During this exchange the mosquitoes can become contaminated with 

disease-causing agents like parasites and viruses if the host is infected. Consequently, 

this can lead to the transfer of the disease-causing agents to an uninfected host in a 

later blood meal. Therefore, the mosquito serves as vector for disease-causing agents. 

Malaria and yellow fever are two examples of diseases transmitted via mosquitoes and 

currently, despite all the efforts, no specific treatments are available. To combat these 

diseases, insecticides effecting exclusive the mosquito species are highly demanded. In 

the present work, we propose a new class of insecticides. With a combination of both 

experimental and computational approaches, we provide new insight into the 

molecular basis of the inhibitor properties. Further exploiting of these findings can 

lead to new highly selective mosquito insecticides in the future. 
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3 Social and Ethical Aspects 

The differences in binding pose and inhibitor-protein interactions of hAChE and 

mosquito AChE1 were used to design new selective inhibitors to combat vector-borne 

diseases. However, AChE enzymes of different species also display commonalities and 

inhibitors will affect the function of all of them to some extent. During the design of 

new inhibitors selectivity was not always achieved, resulting also in potent inhibitors 

for hAChE. Consequently, the synthesized compounds are toxic for humans as well as 

other animals. The toxicity of AChE inhibitors is utilised for example in chemical 

weapons [4]. Besides as toxines, AChE inhibitors are used as common drugs to 

symptomatic improve the cognitive decline in patients with Alzheimer disease [15]. 

Still, the development of potentially harmful compounds requires responsibility to 

further use the research results and to carry out investigations with the right intentions. 
 

4 Experimental 

4.1 QM Calculations and MD Simulations 

4.1.1 Ligand Preparation 

The coordinates of AL417 were extracted from the mAChE-AL417 complex X-ray 

crystal structure (AL417X-ray) and processed through the LigPrep tool in the software 

Maestro [16]. With Epik tool [17] plausible tautomers and protonation states at pH 7±2 

were generated using OPLS3 force field [18]. The global minimum in gas phase for 

both obtained conformers (LigPrepstretched; LigPrepbended) were found using a 

conformational search in MacroModel [19] (LigPrepstretched-Global Minimum; 

LigPrepbended-Global Minimum) (Scheme 1). 

In addition, the AL417X-ray conformer was energy minimized inside the mAChE 

binding site using the MacroModel [19] tool in Maestro with the OPLS3 force field. 

Thus, AL417 atoms were allowed to move freely, movement of atoms in mAChE were 

restrained in a 4 Å wide shell around the ligand with a force constant of 

50 kJ/(mol·nm
2
)
 
(convergence threshold: 0.1; PRCG method) while the remaining 

mAChE atoms were kept frozen (AL417 FF adapted). Furthermore, AL417 was treated 

as both neutral and cationic (AL417neutral, and AL417cationic, respectively). For 

AL417cationic the nitrogen in the linker region of AL417neutral was protonated and a 

quick energy minimization was performed (Scheme 1).  
 

 

Scheme 1: Generation of conformers for the AL417X-ray ligand in gas phase. The conformers for the 

neutral species are in green boxes and the conformers for the cationic species are in blue boxes. FF: 

force field; LigPrep: ligand preparation. 
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4.1.2 QM Calculation 

For every generated AL417 conformer (Scheme 1) gas phase energies (GPE), with and 

without optimization, and solvation phase energies, in water and chloroform, were 

calculated using quantum mechanics (QM) software Jaguar [20]. All calculations were 

performed using the DFT functional B3LYP-D3 and the 6-31G** basis set. The 

calculations were executed using ultrafine accuracy level, maximal 100 iterations, and 

the DIIS [21] convergence scheme. First, calculations of GPE without geometry 

optimization were conducted. Second, GPE with geometry optimization were 

calculated. The obtained optimized gas phase structures were used as input to 

geometry optimize in solvent, i.e., implicit water and chloroform using the Poisson-

Boltzmann solver (PBS) [22], [23]. For each geometry optimization, the success was 

surveyed by the convergence category and by plotting the iteration steps against the 

energies. All energies were obtained in hartree and then converted into kcal/mol 

(1 hartree = 627.509 kcal/mol). 

4.1.3 Protein Preparation 

Protein data for mAChE obtained from crystallization experiments (Fredrick Ekström 

et. al.; AL227: resolution 2.5 Å; AL417: resolution 2.4 Å) were processed by Protein 

Preparation Wizard in Maestro [16]. Hydrogen atoms, disulfide bonds, and missing 

side chains (Glu1; Lys496; Arg493) were added and the N- and C-termini were capped. 

Tyr341 exhibits two alternate conformations in the X-ray structure with 0.55/0.53 

average occupancy and the position with the slightly higher occupancy was chosen. 

The protein preparation also revealed a missing loop (seven residues: 

P258PGGAGG264), which was built in using MOE2016.08 (performed by C. David 

Andersson). The hydrogen bonding network was optimized using simplified rules at 

neutral pH and all hydrogen atoms were then optimized using the OPLS3 force field. 

For selection of an appropriate AgAChE1 structure different available mosquito crystal 

structures from the PDB (5YDI; 5X61; 6ARY) together with a homology model made 

in our group (gambiae_Y331_modif.pdb) were superimposed and the compound 

(AL417) virtually mutated into the structures. Then, the structure fitting best with 

AL417 was chosen (5YDI) and the conformation of residue Y489, corresponding to 

Y337 in mouse, was altered to avoid clashes. The AgAChE1 was also processed with 

the Protein Preparation Wizard as described for mAChE. Both structures, mAChE and 

AgAChE1, were then used for MD simulations. 

4.1.4 System Preparation for MD Simulation 

To generate parameter files for the ligands’ coordinates and electronic properties, the 

coordinates for conformers AL417neutral and AL417cationic were geometry optimized and 

electrostatic potentials (ESP) were calculated using Hartree-Fock and the 6-31G* basis 

set, in Gaussian 09 [24]. The obtained ESP together with the restrain electrostatic 

potential (RESP) method in the antechamber program of AmberTools [25] were used 

to calculate the partial atomic charges as well as to general amber force field (GAFF) 

parameters [26]. With parmchk2 and tleap in the AmberTools, topology and 

coordinate files were created. To keep the crystal structure conformation of AL417, the 

coordinates obtained after Gaussian 09 optimization were exchanged to the original 

crystal coordinates. All AMBER format files were converted into GROMACS format 

files using the acpype python script [27]. Furthermore, the AMBER99SB-ILDN force 

field with the pdb2gmx program in GROMACS[28] was used to generate final 

topology and coordinate files for mAChE and AgAChE1. Finally, the topology and 

coordinate files for mAChE-AL417neutral and mAChE-AL417cationic were merged, as 

well as for AgAChE1-AL417cationic to obtain three different starting structures for MD 

simulation. 
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4.1.5 MD Simulation Setup  

For each of the three protein-ligand complexes (mAChE-AL417neutral, mAChE-

AL417cationic, and AgAChE1-AL417cationic) equilibrium MD simulations were 

performed using GROMACS 5.1.4 on the High Performance Computing Centre North 

(HPC2N). The complex was placed centered in a dodecahedron-shaped water box and 

was surrounded by a 1 nm thick water shell including TIP3P model water. Then the 

system was neutralized with sodium ions.  

First, the energies of the complexes were minimized with the steepest descent 

algorithm. Then, the system was heated to 300 K in 2 fs time steps during 100 ps in a 

controlled moles (number), volume, and temperature (NVT) simulation. Afterward, in 

a 500 ps controlled moles (number), pressure, and temperature (NPT) simulation, the 

pressure was equilibrated to 1 atm in 2 fs time steps. In the NVT and NPT simulations 

all heavy atoms were restrained at starting position with a force constant 

1000 kJ/(mol·nm
2
). Next, the restrain was removed stepwise (2 fs time steps) over a 

time period of 1 ns. For regulation of temperature and pressure the Berendsen 

thermostat [29] was used. For all three molecular systems, five parallel 100 ns MD 

simulations were carried out with 2 fs time steps and different initial atom velocities. 

4.1.6 Analysis of MD Simulation 

To generate trajectory frames (snapshots) for analysis, the complex was centered in the 

water box (-pbc mol; -ur compact; -center) and every fifth frame was written to reduce 

the amount of data while keeping overall trends. This was done by using the 

gmx trjconv tool of GROMACS [28]. To determine the root-mean-square deviation 

(RMSD) of atomic positions, and distances of interacting atoms, trajectory files were 

loaded into VMD software [30]. All frames were superposed to a common protein 

structure (the last frame from NTP simulation) using the protein backbone before 

RMSD and atom distances were calculated. To analyze the most populated binding 

poses of the ligands throughout the simulation the last 50 ns of each of the five 

trajectories were clustered using the gmx cluster command of GROMACS with 0.1 nm 

cut-off and gromos method [31]. Therefore, the pbc corrected trajectories of the last 

50 ns were concatenated (gmx trjcat) and fitted on the protein backbone with 

gmx trjconv (-fit rot+trans). Then the gmx cluster command was used with the -nofit 

option to determine the binding poses. The complex coordinates were extracted using 

Maestro. 

4.2 Synthesis 

4.2.1 General Methods 

Chemicals were purchased from Sigma-Aldrich Co., Merck, Fluka™, VWR, or 

ARMAR, and used directly without any further purification. Air and moisture sensitive 

reactions were performed under inert atmosphere (N2). DMF was dried in a solvent 

drying system (Glass Contour Solvent Systems, SG Water USA). Reaction progress 

was monitored using TLC (silica gel 60 F254, Merck) with UV-detection (254 nm). 

Compounds were purified by flash column chromatography, when indicated, using 

10 g Biotage SNAP KP-Sil cartridge on a Biotage Isolera instrument. 
1
H NMR spectra 

were recorded on a Bruker DRX-400 instrument at 298 K and referenced to the 

respective solvent shift [32]. LC-MS analysis was executed on a Waters LC system 

using Xterra MS C18 18.5 µm 4.6 x 50 mm HPLC column with an acetonitrile/water 

eluent system containing 0.2 % formic acid. 
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4.2.2 tert-butyl [2-(1H-indol-3-yl)ethyl]carbamate (2) 

Tryptamine (1) (500 mg, 3.1 mmol) was dissolved in 20 ml of 

DCM. Then, TEA (474 mg, 4.7 mmol) and Boc2O (750 mg, 

3.4 mmol) were added and stirred at 22 °C for 6 h. The 

completion of reaction was indicated by TLC (5 % 

MeOH/DCM). Then, the reaction mixture was quenched by 

addition of dist. H2O (30 ml) and extracted with DCM 

(2x25 ml). The combined organic layers were sequentially 

washed with sat. NaHCO3 (50 ml) and brine (50 ml) and dried 

over Na2SO4. The solvent was evaporated under vacuum to afford an orange-brown 

oil. Compound 2 was directly used in the next reaction. The product was confirmed by 
1
H NMR (Suppl. 2). 

1
H NMR (400 MHz, CDCl3): δ = 8.07 (br s, 1 H, B), 7.61 (d, J = 7.9 Hz, 1 H, C), 7.37 

(d, J = 8.1 Hz, 1 H, F), 7.23-7.18 (m, 1 H, E), 7.15-7.10 (m, 1 H, D), 7.06-7.01 (m, 1 

H, A), 4.61 (br s, 1 H, I), 3.53-3.39 (m, 2 H, H), 2.96 (t, J = 6.8 Hz, 6.8 Hz, 2 H, G), 

1.44 (s, 9 H, J). 

4.2.3 tert-butyl (2-(1-methyl-1H-indol-3-yl)ethyl)carbamate (3)  

Compound 2 (780 mg, 3 mmol) was dissolved in DMF 

(10 ml). A previously prepared solution of NaH (60% oil 

suspension, 180 mg, 4.5 mmol) in DMF (5 ml) was added 

dropwise via syringe while stirring at 22 °C under N2 

atmosphere. Stirring was continued for 30 min. The reaction 

mixture was cooled down in an ice bath, followed by 

dropwise addition of MeI (280 µl, 4.5 mmol) at 0 °C. The 

reaction was allowed to warm up to 22 °C and stirring was 

continued for 17 h. The completion of reaction was indicated by TLC (40 % 

EtOAc/Heptane). Then the reaction mixture was quenched by addition of dist. H2O 

(25 ml) and extracted with EtOAc (2x25 ml). The combined organic phases were 

washed twice with brine (2x25 ml) and dried over Na2SO4. The solvent was 

evaporated under vacuum to afford an orange-brown oil. The crude was purified by 

flash chromatography (40 % EtOAc/60 % Heptane). Compound 3 eluted at 14% 

EtOAc/Heptane as an orange-brown oil in 47 % two-step yield (400 mg). The product 

purity/structure was confirmed with 
1
H-NMR (Suppl. 3). 

1H NMR (CDCl3, 400 MHz): δ = 7.60 (d, J = 7.9 Hz, 1 H, C), 7.32-7.29 (m, 1 H, F), 

7.26-7.21 (m, 1 H, E), 7.14-7.09 (m, 1 H, D), 6.89 (s, 1 H, A), 4.59 (br s, 1 H, I), 3.76 

(s, 3 H, B), 3.45 (t, J = 6.6 Hz, 6.6 Hz, 2 H, H), 2.94 (t, J = 6.8 Hz, J = 6.8 Hz, 2 H, G), 

1.44 (s, 9 H, J). 

4.2.4 2-(1-methyl-1H-indol-3-yl)ethan-1-amine (4) 

Compound 3 (400 mg, 1.5 mmol) was dissolved in DCM (10 ml) 

followed by the addition of TFA (3.4 ml, 44 mmol). The reaction 

was stirred at 22 °C for 2 h. TLC indicated the completion of 

reaction (5 % MeOH/DCM + 1 % NH4OH). Then, the reaction 

mixture was quenched with saturated NaHCO3 (20 ml) and 

extracted twice with DCM (2x20 ml). The combined organic layers 

were washed with brine (50 ml) and dried over Na2SO4. The 

solvent was evaporated under vacuum to afford 4 as an orange-brown oil in 55 % yield 

(140 mg) without further purification. The product purity/structure was confirmed by 
1
H-NMR (Suppl. 4). 
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1H NMR (CDCl3, 400 MHz): δ = 7.61-7.53 (m, 1 H, C), 7.34-7.27 (m, 1 H, F), 7.24-

7.18 (m, 1 H, E), 7.12-7.06 (m, 1 H, D), 6.96-6.88 (m, 1 H, A), 4.14 (br s, 2 H, I), 

3.75-3.71 (m, 3 H, B), 3.14-3.06 (m, 2 H, H), 3.03 (t, J = 6.8, 6.2 Hz, 2 H, G). 

4.2.5 N-(2-methoxybenzyl)-2-(1-methyl-1H-indol-3-yl)ethan-1-amine (5)  

Compound 4 (140 mg, 0.8 mmol) was dissolved in 2.5 ml of 

abs. EtOH, followed by addition of 2-methoxybenzaldehyde 

(142 mg, 1 mmol). The reaction was stirred for 6 h at 88 °C 

under reflux. The formation of the imine was monitored by 

TLC (5 % MeOH/DCM + 1 % NH4OH). Then, the reaction 

mixture was cooled down before NaBH4 (46 mg, 1.2 mmol) 

was added and the reaction mixture was stirred for 

additional 17 h. The completion of the reaction was 

followed by LC-MS ([M+H]
+
: 294.3) Then the reaction was 

carefully quenched with NaHCO3 (aq., sat., 15 ml), diluted with dest. H2O (10 ml) and 

extracted three times with EtOAc (3x15 ml). The combined organic layers were 

washed with brine (50 ml) and dried over Na2SO4. The solvent was evaporated under 

vacuum. The organic residue was then diluted with EtOAc and acidified with 1 M HCl 

solution. Non-polar impurities were then extracted with EtOAc. The aqueous phase 

was then basified with aq. 1 M NaOH (15 ml) and the compound extracted with 

EtOAc (2x20 ml). The combined organic layers were washed with brine (50 ml) and 

dried over Na2SO4. The solvent was evaporated under vacuum to afford 5 as a light-

orange oil (175 mg, 74 % yield) without further purification. The product 

purity/structure was confirmed by 
1
H-NMR (Suppl. 5). 

1H NMR (CDCl3, 400 MHz): δ = 7.58 (d, J.=.7.9 Hz,1 H, C), 7.29 (d, J.=.4.8 Hz,1 H, 

F), 7.25-7.21 (m, 3 H, E, L, M), 7.13-7.08 (m, 1 H, D), 6.94-6.88 (m, 2 H, A, K), 6.81 

(d, J = 8.4 Hz, 1 H, N), 3.86 (s, 2 H, J), 3.76 (s, 3 H, B), 3.64 (d, J.=.2.9 Hz,3 H, O), 

3.02 (d, J.=.5.6 Hz, 2 H, H), 2.99 (d, J.=.5.6 Hz, 2 H, G). 

4.2.6 2-(1-methyl-1H-indol-3-yl)-N-(naphthalen-2-ylmethyl)ethan-1-amine (6) 

Compound 4 (100 mg, 0.6 mmol) was dissolved in 2.5 ml EtOH 

followed by addition of 2-naphthalenealdehyde (117 mg, 

0.75 mmol). The reaction was stirred for 17 h at 88 °C under reflux. 

The formation of the imine was controlled by TLC (5 % 

MeOH/DCM + 1 % NH4OH). Then the reaction mixture was 

cooled down before NaBH4 (46 mg, 1.2 mmol) was added and 

stirred for additional 2 h. The completion of the reaction was 

controlled with LC-MS ([M+H]
+
:315.3). Then the reaction was 

carefully quenched with NaHCO3 (aq., sat., 15 ml), diluted with 

dest. H2O (10 ml) and extracted three times over EtOAc (3x15 ml). 

The combined organic layers were washed with brine (50 ml) and dried over Na2SO4. 

The solvent was evaporated under vaccum to afford a brown-orange oil. Compound 6 

was again dissolved in 1 ml EtOAc. The salt was made by addition of 2 M hydrogen 

chloride in diethyl ether (0.5 ml). The sticky orange-brown oil was sonicated and 

triturated to afford a light brown powder. The compound was filtered and washed with 

EtOAc (10 ml) and iPr (10 ml) to afford a light grey solid in 15 % yield (47 mg). After 

drying the product purity (>95 %) and structure was confirmed by 
1
H NMR (Suppl. 6). 

1H NMR (DMSO-d6, 400 MHz): δ = 9.17 (br s, 1 H, I), 8.06 (s, 1 H), 8.01 (d, J.=.8.5 

Hz,1 H), 7.98-7.92 (m, 2 H), 7.70-7.65 (m, 1 H), 7.61-7.54 (m, 3 H), 7.41 (d, J = 8.0 

Hz, 1 H), 7.21 (s, 1 H), 7.16 (t, J = 7.6, 7.4 Hz, 1 H), 7.03 (t, J = 7.5, 7.3 Hz, 1 H), 4.37 

(s, 2 H, J), 3.74 (s, 3 H, B), 3.24-3.16 (m, 2 H, H), 3.16-3.06 (m, 2 H, G). 
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4.2.7 N-(2-methoxybenzyl)-N-methyl-2-(1-methyl-1H-indol-3-yl)ethan-1-amine (7) 

Compound 5 (175 mg, 0.6 mmol) was dissolved in DMF (2.5 ml). 

A previously prepared solution of NaH (60% oil suspension, 

(26 mg, 0.7 mmol) in DMF (1 ml) was added dropwise via syringe 

while stirring at 22 °C under N2 atmosphere. Stirring was 

continued for 30 min. The reaction mixture was cooled down in an 

ice bath followed by dropwise addition of MeI (41 µl, 0.7 mmol) at 

0 °C. The reaction was allowed to warm up to 22°C and stirring 

was continued for 1 h. The completion of the reaction was 

indicated by LC-MS ([M+H]
+
: 309.3). Then the reaction mixture was quenched by 

addition of dist. H2O (15 ml) and extracted with EtOAc (2x25 ml). The combined 

organic phases were washed twice with brine (2x25 ml) and dried over Na2SO4. The 

solvent was evaporated under vaccum to afford an orange-brown oil. Compound 7 was 

again dissolved in 1 ml EtOAc. The salt was made by addition of 2 M hydrogen 

chloride in diethyl ether (0.5 ml). The sticky orange-brown oil was sonicated and 

triturated to afford a light brown powder. The compound was filtered and washed with 

EtOAc (10 ml) and iPr (10 ml) to afford a light-yellow solid in 10 % yield (21 mg). 

After drying the product purity (>90 %) and structure was confirmed by 
1
H NMR 

(Suppl. 7). 

1H NMR (CD3OD, 400 MHz): δ = 7.52-7.42 (m, 2 H), 7.38 (d, J = 7.9 Hz, 2 H), 7.24-

7.17 (m, 1 H), 7.12 (s, 1 H,), 7.08-6.70 (m, 3 H), 4.55 (d, J = 12.9 Hz, 1 H, J), 4.31-

4.23 (m, 1 H, J), 3.79 (s, 3 H, B), 3.71 (s, 3 H, O), 3.56-3.46 (m, 1 H, H), 3.45-3.36 (m, 

1 H, H), 3.27-3.22 (m, 2 H2, G), 2.91 (s, 3 H, I). 

4.3 Ellman Assay 

The Ellman Assay [33] was used to determine the half maximal inhibitory 

concentration (IC50) of inhibitors for recombinant AaAChE1 [34], AgAChE1 [34], 

mAChE [34], and hAChE [35]. Compound stock solutions 100 mM in DMSO were 

freshly prepared from solid material. Dilutions of the compounds were made with 

Milli-Q water. In first assessment, standard concentrations spanning a concentration 

range from 0.001 µM to 1000 µM were tested (Suppl. 8). In a second measurement 

adjusted concentration ranges were applied according to the initial IC50 value (Suppl. 

8). For activity measurements, secreted non-purified AChE in growth medium was 

used. The Ellman Assay was adapted to a 96-well plate format with a total reaction 

volume of 200 µl of 0.1 M phosphate buffer (pH = 7.4) containing 0.2 mM of the 

reagent 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) and 1 mM of the substrate 

acetylthiocholine iodide (ATChI). Measurements were carried out at 30 °C using the 

Tecan infinite M200 spectrometer. The reaction was monitored by measuring changes 

in absorbance at 412 nm over 60 s. The average slope of enzyme activity with no 

inhibitor present was taken as 100 % control and related to inhibitor effects. IC50 was 

calculated using a four parameter slope fit on the logarithmised inhibitor concentration 

versus enzymatic activity in GraphPad Prisim [36]. All tested compounds were 

measured at least two times with fresh compound solutions for each replicate. 
 

5 Results and Discussion  

The starting point for the present thesis were from Fredrick Ekström et al. prepared 

crystal structures for AL417 and AL227 in mAChE with resolutions of 2.4 Å and 

2.5 Å, respectively (unpublished data). The indole-based compounds AL417 and 

AL227, which differ only by a methyl group at the nitrogen of the indole moiety, act as 

non-covalent inhibitors of the catalytic activity of AChE. Both compounds are potent 



9 

 

inhibitors with previously determined IC50 values of hAChE 1.1 µM, AgAChE1 

0.06 µM for AL417 and hAChE 35 µM, AgAChE1 1 µM for AL227 (measured from 

Nina Forsgren at the FOI). 

5.1 AChE Inhibitors AL417 and AL227 Display almost Identic Binding Poses in 

X-Ray Structures 

For the development of new and improved inhibitors it is crucial to understand the 

interactions of the inhibitors with amino acids lining the catalytic site gorge of AChE. 

Therefore, we investigated important non-covalent interactions by analyzing the X-ray 

structures of mAChE with either AL417 or AL227 as ligand. Both inhibitors appear as 

intramolecular stacked conformers in the bottom of the gorge (Figure 2A, B). The 

amine in the linker and the oxygen of the methoxy group are in close proximity to 

form an intramolecular hydrogen bond. This interaction could be crucial for retaining 

the intramolecular stacked conformer. The phenyl moiety of the compounds interacts 

via π-stacking interactions with the residue Y337 with a distance of around 3.6 Å (Table 

1). The aromatic residues F338 and Y341 cage the phenyl parts of the ligands with T-

shaped π-interactions. In addition, position of Y341 narrows down the pocket width 

(Suppl. 1A, B). The linker region of the compounds points towards the residue W86 

located at the bottom of the gorge. The distance from the linker region to W86 is 5.7 Å 

in AL417 and 5.4 Å/5.9 Å in AL227 (Table 1). The indole moiety lines up with the 

three glycine residues G120-122 with a distance of 6.2/6.3 Å, 3.4 Å, and 4.4 Å, 

respectively. In AL417 also the methyl group is in close proximity to W86 (3.8 Å). 

The binding poses within the gorge of both ligands are similar and the intramolecular 

stacking together with the π-stacking to AChE residues is, to the best of our 

knowledge, a completely new binding mode for AChE inhibitors. The only visible 

difference between the binding modes of AL417, and AL227 was the methoxy moiety, 

which points towards the indole in AL417 and in the opposite direction in AL227. 

These differences are probably due to differences in interpretation of the electron 

density obtained from the X-ray experiments with a too low resolution. Also the usage 

of different force fields for protein and ligand could lead to these differences. Both 

methoxy groups display odd angles in energetically unfavorable positions. In the 

following part of the thesis, this issue is addressed by MM/QM calculations (section 

5.2). 

Because of the similar binding poses of AL417 and AL227 revealed from X-ray 

structures and the fact that AL417 was shown to be more potent in initial IC50 

measurements than AL227 (section 5.5.1), further investigations were focused on 

AChE-AL417 complexes. 
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Figure 2: Position of A AL417 (green) 

and B AL227 (orange) in the gorge of 

mAChE obtained from X-ray structures. 

Atom names for C Tyrosine (Y) or 

Phenylalanine (F); D Tryptophan (W), 

and E AL417/AL227 (without C1) used 

for distance measurements.  

Table 1: Non-covalent interaction distances in Å of the 

ligands AL417 and AL227 within the gorge of mAChE 

obtained from X-ray structures. Associated atom names are 

shown in Figure 2. 

 

5.2 The Global Minimum for AL417 is a Stacked Conformer  

In the ligand preparation step, diverse possible protomers in a pH range of 7±2 were 

computed (section 4.1.1). AL417 was found as possible neutral (LigPrepstretched) and 

cationic (LigPrepbended) conformer and for both conformers gas phase, and solution 

phase energies for water and chloroform were calculated (section 4.1.2). As described 

in the previous section (section 5.1), the methoxy group at the phenyl moiety displays 

an odd angle. To obtain a better starting structure for QM calculations, the ligand was 

energy minimized in the gorge of the mAChE (X-ray FF adapted). After minimization, 

the resulting X-ray FF adapted conformers for AL417neutral and AL417cationic had a 

24 kcal/mol lower gas phase energy and the methoxy group is in plane with the phenyl 

ring (Figure 3, Suppl. 9, and Suppl. 10). The discovered difference between the X-ray 

conformer and the FF optimized conformer are due to the resolution. Consequently, 

the new obtained geometry for the ligands will be introduced in further refinements of 

the used crystal structures. 

The optimization of the AL417cationic X-ray conformer in gas phase alters the position 

of the methoxy group in the same way as after force field adaption. After optimization 

the methoxy group is in plane with the phenyl ring. The structure changes upon 

optimization in the starting conformers X-ray, X-ray FF adapted and LigPrepbended 

global minimum are minor, and result in the same energy minimum, -578866 kcal/mol 



11 

 

for gas phase, -578905 kcal/mol for solution phase in chloroform, 

and -578912 kcal/mol for solution phase water (Figure 3, Suppl. 9). In contrast, the 

LigPrepbended conformer optimizes in solvation phase from an almost open structure to 

the same stacked conformer as obtained for the others with identic energies. This 

shows that the stacked conformer was a preferred conformation for this compound 

even outside the protein environment. The global minimum obtained from the 

LigPrepbended conformer is a mirror image of the X-ray conformer. Important, all 

optimized conformers were found with the same global minimum energy. 

Consequently, the global minimum conformers are similar to the X-ray conformer. 

Noticeable, all AL417cationic conformers showed a close proximity between the amine 

protons in the linker and the oxygen of the methoxy group. This could result in an 

intramolecular hydrogen bond crucial for stabilizing the intramolecular stacked 

conformation.  

 

Figure 3: Energies and structures of AL417cationic conformers obtained from ligand preparation, 

conformational search (global minimum) as well as from gas phase and solvation phase optimization 

(chloroform and water). Energies were computed using the DFT functional B3LYP-D3 with 6-31G** 

basis set. Blue: Corresponding starting structures, Green: optimized gas phase structures; Orange: 

optimized solvation phase structures in chloroform, Purple: optimized solution phase structures in water. 

For the AL417neutral conformers (Suppl. 9, Suppl. 10) the overlay of the optimized 

structures showed mostly minor changes despite the different angle for the methoxy 

moiety in the X-ray conformer after FF adaption as well as after geometry 

optimization in gas phase. In contrast to AL417cationic, solvation phase optimization for 

the X-ray, X-ray FF adapted, and LigPrepstretched conformers ended only in a local 

minimum with an energy difference of 8 kcal/mol compared to the obtained global 

minimum. Still, after optimization in gas phase and solvation phase a difference of 

6 kcal/mol was present. As in AL417cationic, the conformer at global minimum was a 

mirror image of the X-ray FF adapted conformer. For AL417neutral, only in the global 

minimum conformer was the amine proton in the linker region in close proximity to 

the oxygen of the methoxy group. As a consequence, not all AL417neutral conformers 
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form this internal hydrogen bond to additionally stabilize the intramolecular stacked 

conformation. These results show that the global minimum conformer of AL417neutral is 

not similar to the crystal structure.  

From the QM calculations of the different conformers we conclude that AL417 is a 

flexible molecule which can adapt different conformations. AL417neutral conformations 

can be outstretched or stacked and both are low-energy states (in gas phase and in 

solvent). AL417cationic occurs as bended conformer with the tendency to stack. The QM 

calculations also revealed that all AL417cationic conformers were at the global 

minimum. This is in accordance with the fact that also acetylcholine, the substrate for 

AChE, is present as cation. In AChE this is stabilized by Trp86/245, which provides an 

intense region of negative electrostatic potential to stabilize cationic species via cation 

π-interactions [37].  

5.3 MD Simulation 

Analysis of the X-ray structures of mAChE-AL417 complex revealed a compact 

binding pose (section 5.1). Proteins in general are more or less flexible in solution and 

AChE is known to fluctuate in order to allow the substrate to enter and leave the gorge 

[38]. This fluctuation can also influence the binding pose of AL417, and we wanted to 

investigate how. To simulate the movements of AL417 within the gorge of mAChE 

and AgAChE1, MD simulations were executed. To investigate the influence of the 

protonation state of the compound, AL417 was simulated either as neutral compound 

or as cationic compound in mAChE. For all three complexes mAChE- AL417neutral, 

mAChE- AL417cationic, and AgAChE1- AL417cationic the conformational landscape was 

explored by five 100 ns equilibrium MD simulations (Figure 4).  

5.3.1 AL417cationic Conformers Retain Binding Poses more Stable during MD 

Simulations  

To ensure the integrity of the protein structure, that no denaturation occurred, RMSD 

values were evaluated. Most of the simulations showed small structural backbone 

changes from the starting structures (< 2 Å; Figure 4). For all three protein-ligand 

complexes one of the simulations exhibited slightly larger structural changes of 

maximal 2.5 Å. However, we considered the protein structures during simulation as 

stable and included all in the analysis. The simulations showed that AL417neutral 

deviated from its initial binding pose more than AL417cationic except the simulation S3 

for mAChE-AL417cationic, which also showed major changes in the ligand (Figure 4). 

AL417neutral undergoes changes with RMSD values up to 9 Å. In contrast, AL417cationic 

retained its binding pose mostly with deviations around 4 Å compared to the starting 

position. For parts of the S2 and S4 simulation in AgAChE1 conformers deviated only 

around 2 Å from the starting structure (Figure 4). 
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Figure 4: RMSD values for the protein backbone and the ligand during 100 ns MD simulations of all 

three complexes. S1-S5 represent five individual simulations with different initial velocities. Blue: 

RMSD for AL417 ligand; Orange: RMSD for protein backbone. RMSD in Å. 

5.3.2 New Interactions between AL417 Conformers and Gorge Lining Residues of 

AChE Discovered during MD Simulations 

For monitoring the dynamics in the binding poses we evaluated all interactions 

between AChE and ligand investigated in the X-ray structures over the complete MD 

simulations time for all three complexes. The following structural elements: a) the 

methoxy-substituted phenyl moiety, b) the indole moiety with methyl group, and c) the 

linker region were, visually inspected first, and then, they were further investigated by 

measuring the different atom distances. 

Ligand internal distances (Suppl. 11): Measuring the distance between AL417-C4 and 

AL417-C15 as well as AL417-N1 and AL417-O1 gives information about the 

intramolecular stacking of the conformers and if it remains stacked during the MD 

simulation. Taking the distances measured in the X-ray structure (C4-C15: 4.7 Å, N1-

O1: 3.1 Å; Table 1) as stacking distances, showed that AL417neutral rarely appears as 

intramolecular stacked conformer. In contrast, AL417cationic remained in stacking 

distance partially during the simulations. These findings were in agreement with the 

energy calculations, that the neutral conformer obtained from crystal structures was not 

a global minimum conformer, and therefore could not retain the initial stacked binding 

pose. However, AL417cationic adapted its binding pose stable to changes in the protein 

during simulation. 

Ligand internal hydrogen bond (Suppl. 12): The distance between the hydrogen atoms 

of the protonated amine and the oxygen in the methoxy group of around 2 Å in a 

majority of the simulations with AL417cationic suggested a hydrogen bond interaction. 

In simulations with AL417neutral where the hydrogen was in close proximity to the 

oxygen (S2 and S3) the changes in RMSD values of the ligand were smaller compared 

to simulations with bigger distances (Figure 4). Together with the energy calculations 

where the global minimum was only found when the hydrogen was in close proximity 

to the oxygen, these findings suggest that the internal hydrogen bond contributed to the 

stability of intramolecular stacked conformers.  

Tyrosine to ligand-phenyl moiety interactions (Suppl. 13): The distances between the 

phenyl moiety of AL417 and Y337/489 and Y341/493, indicate possible π-interactions. 

Therefore, we chose two carbon atoms for each tyrosine at opposite sides of the phenyl 
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ring and paired them with the facing carbon atoms in AL417 to determine stacking 

distances. Considering the distances measured in the X-ray structure, π-interactions 

might occur at distances around 4 Å for both chosen carbon atoms. For AL417neutral 

stacking with Y337 occurred only in the first 20 ns of S4. In the simulations with 

AL417cationic stacking with Y337/Y489 happened rarely in mAChE and mainly in S4 in 

AgAChE1. Considering the binding pose in the X-ray structure the π-interactions with 

Y337 were important. While analyzing the MD simulation data, we discovered a new π-

interaction with Y341/Y493 and the phenyl ring. This occurred mainly in the AgAChE1-

AL417cationic complex in three of the simulations. In the mAChE-AL417cationic system 

this stacking occurred in S1 and S5. Y341/Y493 is a flexible residue which can adapt 

many different positions. This π-interaction could be more favorable in AChE1, since 

this interaction was discovered mostly in the mosquito complex.  

Interactions between the methoxy moiety and Phe338/490 or Tyr337/489 (Suppl. 14): In the 

X-ray structure the methoxy moiety is located rather too far away from F338 (7.9 Å) to 

interact. But during simulation the distance decreased and distances around 4 to 5 Å 

were measured. In the majority of the simulations in AgAChE1 both aromatic residues 

were in close proximity (around 4 Å) to the methoxy group. Also in the mAChE-

AL417cationic system a decrease in distance was observed. Comparing these interactions 

to the crystal structure revealed that Y337/489 stabilized the methoxy group instead of 

participating in the π-interactions with the phenyl ring.  

Trp286/441 to ligand-phenyl moiety (Suppl. 15): The Trp286/441 at the entrance of the 

gorge is highly flexible and can occupy different positions within the AChE. Distances 

between 4 Å and 28 Å were measured. For inhibitors with an outstretched binding 

pose like C5685 interactions with W286/441 were crucial [14]. Since the tryptophan 

came close to the phenyl moiety during the simulations, an alteration in this moiety 

could introduce an additional interaction. 

Glycine to ligand-indole moiety interactions (Suppl. 16): The indole moiety of AL417 

lines up to the three glycine residues for hydrophobic interactions with a distance of 

6.2 Å, 3.4 Å and 4.4 Å for G120-122Cα, respectively. For the AgAChE1-AL417cationic 

complex these interaction distances were almost constant during all simulations. The 

same distances were measured in the mAChE-AL417cationic complex for S1 and S5. 

Additionally, in S2 and S4 the indole moiety was parallel to all three glycine residues. 

Interactions between G120-122Cα and the indole part in AL417neutral were not stabile. 

The G121 and G122 together with A204 built the oxyanion hole in the bottom of the 

gorge. During hydrolysis of ACh the oxyanion hole stabilizes the negative carbonyl 

oxygen through hydrogen bonding [39]. As seen in the simulation, the oxyanion hole 

stabilized the electron-rich π-system of the indole moiety of AL417cationic and therefore, 

resulting in an important interaction. The stability of this interaction in AChE1 could 

be crucial for selectivity. 

Trp86/245 to ligand-indole moiety interactions (see Suppl. 17): The methyl group at the 

nitrogen of the indole interacts with the W86/245 at the bottom of the gorge. This 

interaction contributes to the potency of AL417, since the loss of the methyl group 

resulted in a 10-fold decrease of inhibition in Ellman assay (section 5.5.1). In the 

AgAChE1-AL417cationic complex this interaction was stable throughout all simulations 

with only minor differences at distances between 4-5 Å which are comparable to the 

X-ray structure. In contrast, these interactions were also seen in both mAChE 

complexes but were less stable with distances changing from 8 Å to more than 15 Å. 

W86 in both mAChE simulations showed larger deviations compared to AChE1, which 

might also lead to alterations of other interactions.  
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Trp86/245 to ligand-linker interactions (Suppl. 18): The observed distance to the linker 

region from the X-ray structure is 5.7 Å. During simulations in the mAChE-

AL417cationic complex, shorter distances around 4 Å were observed, especially in S2 

and S4. These interactions occurred in the same simulation parts as the parallel 

alignment of the indole moiety to all three glycine residues. In the AgAChE1-

AL417cationic complex we could not observe shorter distances than 5.7 Å between the 

linker region and W245. These interactions were probably not important for ligand 

stabilization in AgAChE1. In the mAChE-AL417neutral complex distances reaching 

from 4 Å to 12Å were obtained.  

Taken together, AL417neutral could not retain the characterized interactions obtained 

from the X-ray data during the MD simulations. In AgAChE1 the indole moiety of 

AL417cationic showed specific and stable interactions with the oxyanion hole (glycine 

residues) and the W86 in the bottom of the gorge. In contrast, in mAChE simulations 

AL417cationic showed a larger mobility of this element by engaging other interactions, 

which were not seen in AgAChE1. Furthermore, the methoxy substituted phenyl 

moiety, interacted via π-interactions with either of the Y341 or Y337 in the gorge with 

preferences towards Y341 in AgAChE1. With the simulation clear differences between 

mosquito and mouse AChE were discovered. 
 

5.3.3  Identified Binding Poses for AL417cationic Conformers Differ in their 

Distribution in mAChE and AgAChE1 

To determine the most populated conformations of the ligand during MD simulation 

we performed a cluster analysis of the last 50 ns of each simulation to focus on the 

equilibrated part of the simulation. For mAChE-AL417neutral there were a total of 524 

clusters and the ten most populated conformers included 43.6 % of all frames (Figure 

5; and Suppl. 19). For mAChE-AL417cationic we obtained a total of 387 clusters and the 

first ten most populated conformers covered 68.5 % of all frames. For AgAChE1-

AL417cationic we found a total of 124 clusters while the first ten most populated 

conformers included 85.4 % of all frames. The investigation of the most populated 

conformers indicated that the AL417neutral conformer is less stable compared to the 

AL417cationic since the ten most populated conformers cover less than half of the 

frames. Furthermore, the AL417cationic conformer retained its binding pose better in the 

AgAChE1 environment possibly due to more stable interactions in the gorge which 

could be the reason for the selectivity towards AgAChE1. 

 

 

Figure 5: Cluster distribution of the first ten most populated conformers (Cluster) for mAChE-

AL417neutral, mAChE-AL417cationic, and AgAChE1-AL417cationic. 
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The most populated binding poses of the ligands reflect the pattern observed in the 

interaction distance analysis (section 5.3.2). Comparing the three most populated 

binding poses of each system visually showed that the poses for AL417neutral appear 

almost randomly with nearly none of the interactions obtained from crystal structures. 

As described before, AL417neutral was unstable and could not retain a good binding 

position. In contrast, the binding poses for AL417cationic displayed commonalities. The 

indole moiety lined up with the glycine residues similar to the interaction of the 

carbonyl oxygen during hydrolysis of substrate acetylcholine. The new discovered π-

interaction with Y341/493 was also present in the second and third cluster for mAChE 

and in the first and second cluster in AgAChE1 (Figure 6). The highest populated 

binding pose for mAChE-AL417cationic reflected the interaction between the linker 

region and the W86 at the bottom of the gorge. In this binding pose the methyl group on 

the nitrogen in the indole moiety could not interact with the W86. For AgAChE1 we 

could not detect this binding pose. Further, the methoxy group was caged between the 

aromatic residues Y337/489 and F338/490 which was not observed in the X-ray binding 

pose. Evaluation of the binding poses revealed that AL417cationic retained its 

intramolecular stacking, but was also able to engage stable poses with a displaced 

intramolecular stacking.  
 

 

Figure 6: Binding poses for the three most populated conformations based on MD-Simulations for 

mAChE-AL417neutral, mAChE-AL417cationic, and AgAChE1-AL417cationic. Grey: Amino acid residues of 

the active site gorge. Green: AL417. 

Overall with MD simulations binding poses different from the crystal structure were 

investigated combining similar interactions (backbone glycine, indole-W86/245) with 

new interactions (π-interactions with Y341/493, linker-W86/245). The interactions which 

were present in the crystal structures as well as in the MD simulations mimic 

interactions important in hydrolysis of acetylcholine. Probably these interactions are 
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important to stabilize the compounds deep in the gorge. It is relevant to highlight the 

continuous stable interactions with the glycine residues and W441 in AgAChE1. Almost 

no alterations in these interactions were detected, suggesting that these interactions 

were crucial for the stable binding pose. Although the same interactions were found in 

the mAChE-AL417cationic complex, they were less stable and additional interactions 

were detected. 
 

5.4 Design and Synthesis of New Compounds 

5.4.1 Design of New Compounds 

Exploiting the findings from X-ray and MD simulation analysis we designed two new 

compounds. In compound 6, the phenyl moiety was exchanged with naphthalene 

(Figure 7C). By the insertion of naphthalene an interaction with the W441 in the 

entrance of the gorge could be formed similar to the elongated inhibitors (Figure 7A, 

Suppl. 1). In compound 7, an additional methyl group was added to the nitrogen atom 

in the linker region (Figure 7D). By this small structural change the influence of the 

interactions between the linker amine and the methoxy oxygen was determined. 

Additionally, the methyl group at the nitrogen might mimic the amine activated CH to 

arene interactions with the W86 formed during hydrolysis in acetylcholine (Suppl. 1C). 

 

 

Figure 7: Design of new compounds based on AL417 through MD simulation evaluation. A Close up of 

the most populated binding pose in AgAChE1. AL417 is in green and interacting residues are in grey. 

Dotted areas indicate interactions to be addressed within new compounds. B Parent structure AL417 

with marked areas for alterations. C Compound 6 which introduces a naphthalene moiety. D Compound 

7 with an additional methyl group on the nitrogen in the linker. 

5.4.2 Synthesis of the Designed Compounds 6 and 7 

The synthesis of both compounds 6 and 7 was performed starting from commercially 

available tryptamine (1) (Scheme 2). In order to methylate the nitrogen in the indole 

ring, a protection/deprotection strategy was envisioned. The primary amine of 1 was 

Boc-protected to afford compound 2. Then 2 was used without any further purification 

and indole methylated using MeI to afford 3 in 47 % overall/two-step yield as an oil. 

Finally, compound 3 was deprotected using TFA to afford compound 4 in 55 % yield. 

Afterward, compound 4 was subjected to reductive amination conditions to achieve 

compounds 5 and 6 using commercially available 2-methoxybenzaldehyde or 2-

naphthaldehyde, respectively. Compound 6 was obtained in 15 % yield with >95 % 

purity. Compound 5 was then methylated with MeI to afford the tertiary amine 7 in 

10 % yield and >90 % purity.  

The yields of methylation reactions and reductive aminations were lower than 

expected. The reasons behind these results remain unknown to us, but we believe that 

more insights on the reaction and the results could be achieved by optimizing reaction 
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conditions. However, the time limitation to carry out the present thesis did not allow us 

to further explore those conditions since the main purpose of the current project was to 

study the biological properties in vitro using the Ellman assay in order to confirm our 

hypotheses. Thus, both compounds were successfully synthesized and purified with 

enough quantity to determine the IC50 values in hAChE, mAChE, and mosquito 

AChE1 (AaAChE1 and AgAChE1).  

 

 

Scheme 2: Synthetic pathway for the compounds 6 and 7. Experimental conditions: a) TEA, Boc2O, 

DCM, 22 °C, 6 h; b.1) NaH, DMF, 22 °C, 30 min; b.2) MeI, 0 °C to 22 °C; 17 h; c) TFA, DCM, 22 °C, 

2h; d.1) 2-methoxybenzaldehyde, EtOH, 88 °C, 6 h; d.2) NaBH4, 17 h 22 °C; e.1) NaH, DMF, 22 °C, 

30 min; e.2) MeI, 0 °C to 22 °C; 1 h; f.1) 2-naphthaldehyde, EtOH, 88 °C, 17 h; f.2) NaBH4, 2 h 22 °C.  

 

5.5 Determination of IC50 Values with Ellman Assay 

5.5.1 Optimized Ellman Assay Reproduces Previous Determined IC50 Values for 

AL417 and AL227 

The determination of the half-maximum inhibitory concentrations (IC50) for AL417 

and AL227 were repeated to establish the Ellman assay, as well as to complete the data 

set with the missing values for mAChE and AaAChE1, in our laboratories with the 

Tecan spectrometer. We were able to reproduce the previous measured IC50 values 

with the new established assay and to determine the IC50 values for mAChE and 

AaAChE1 (Table 2, Figure 8). In all four enzymes the inhibition with AL417 was at 

least 10-fold better compared to AL227. Since the only difference is the methyl group 

at the nitrogen of the indole the interaction of this moiety is important and contributes 

to the stability of the binding pose.  

To generate a parameter to compare the selectivity of the compounds with each other a 

ratio between the target AChE1 (IC50 average of AgAChE1 and AaAChE1) and off-

target AChE (IC50 average of mAChE and hAChE) IC50 values were calculated. 

Although AL417 presented a lower IC50 value in mosquito AChE1, it showed a 

selectivity ratio of 30 which is lower compared to 61 for AL227 (Table 2). 
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Table 2: Chemical structures and IC50 values with confident intervals in brackets of AL414 and AL227 

determined by Ellman assay. The selectivity ratios were calculated with the average value of mAChE 

and hAChE IC50, divided by the average of AaAChE1 and AgAChE1 IC50. 

 

 

Figure 8: Inhibitor dose response curves for AL227 (grey squares) and AL417 (black circles) in 

mAChE, hAChE, AaAChE1, and AgAChE1 determined in Ellman assays. 

 

5.5.2 Compound 6 is More Potent and Selective Compared to Compound 7  

The developed protocol and routine for the IC50 measurement was then used to 

evaluate the newly synthesized compounds. Compound 6 showed with IC50 values 

below 1 µM, a three times higher potency in AChE1 compared to compound 7 (Table 

3, Figure 9). In addition, the selectivity was four times higher in compound 6, 

compared to compound 7. This loss of selectivity could be caused by disruption of the 

crucial interactions of the methyl-substituted indole moiety with the Trp86/245 and the 

Gly120-122/278-280 in mosquito AChE1. Both interactions changed during MD simulations 

only minor in the AL417cationic-AgAChE1 complex compared to the mAChE 

complexes. The latter modified methyl group in compound 7 might point towards the 

Trp86/245 in the bottom of the gorge and consequently altering the distances for the 

indole moiety to the Trp86/245 and the Gly120-122/278-280. Although, compound 7 is still a 

potent inhibitor for AChE1, but with the aim to increase the selectivity towards 

mosquito AChE1, this substitution was not useful. 

Despite the loss of potency in compound 6 when compared to parent AL417, the 

presence of the naphthalene ring increased its selectivity towards mosquito AChE1 

(Table 2, Table 3). A possible explanation could be that a new interaction with the 

Trp286/441 at the gorge entrance was gained, but at the cost of scarifying the π-stacking 

with Tyr341/493, proving the π-stacking as important interaction. Since the naphthalene 

moiety was not substituted also the interaction with the methoxy group was lost. The 

unique stable interactions in mosquito AChE1 with the Trp86/245 and the 

Gly120-122/278-280 were probably still present. A substitution of the naphthalene ring with 

methoxy could be an alteration to gain potency again, maybe without scarifying the 

selectivity. 
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Table 3: Chemical structures and IC50 values with confidence intervals of compound 6 and compound 7 

determined in Ellman assay. The selectivity ratios are calculated by taking the average of mAChE and 

hAChE IC50 and dividing it by the average of AaAChE1 and AgAChE1 IC50. 

 

 

Figure 9: Inhibitor dose response curves for compound 6 (black circles) and compound 7 (grey 

triangles) in mAChE, hAChE, AaAChE1, and AgAChE1 determined in Ellman assays. 

The interpretation of selectivity ratios must be done carefully, since small changes in 

the IC50 values alter the ratio dramatically. Taken this into consideration, AL417 and 

AL227 are in the same selectivity range. Another question to address is whether the 

selectivity or the potency is more important. To minimize the harm for off-target 

species it is crucial to develop highly selective insecticides, but if the potency is too 

low, the necessary dose is too high. Furthermore, the determination of IC50 values in 

in vitro assays is important to evaluate new compounds regarding potency, but issues 

like uptake and metabolism were not investigated. For example, considering a reduced 

uptake through exoskeleton penetration due to chemical properties, a discrepancy of 

in vitro and in vivo data can be found [40], [41]. Therefore, in the development of new 

insecticides in vivo testing is a crucial and mandatory step for verification of 

usefulness of new compounds. 
 

6 Conclusions and Outlook 

In the present work a new binding mode for AChE was characterized using X-ray data 

as well as computational methods. By exploiting the results two new inhibitors were 

designed, synthesized and the potency in in vitro assays determined. With QM-

calculations and MD-simulations we could identify crucial interactions which seem to 

be responsible for selectivity towards mosquito AChE1. With the design, synthesis and 

testing of the two new inhibitors we could not improve the potency, but improved the 

selectivity slightly. Still with the new compounds additional information’s for future 

structure-activity relationship were gained. Furthermore we concluded that the indole-

based inhibitors interact as cationic conformers.  

The indole-based AChE inhibitors are a promising compound group for the 

development of selective inhibitors with a so far unique binding mode. The 

investigation of further substitution patterns will lead to highly selective inhibitors to 

combat vector-borne diseases. 
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7 Appendix 

7.1 Superposition of Gorge Residues in mAChE with Stretched vs. Stacked 

Inhibitors 

Suppl. 1: Superposition of mAChE residues interacting with the stretched inhibitor C5685 (magenta) 

and intramolecular stacked inhibitor AL417 (green). Rosa backbone corresponds to C5685 (magenta) 

and grey backbone corresponds to AL417 (green). A Side view into the gorge, B Top view into the 

gorge. The main difference was obtained in Y341 position, which narrows the pocket. In addition, small 

alterations in W286 position were obtained which also narrow the pocket entrance. C Hydrolysis of 

acetylcholine by AChE. 1) Nucleophilic attack of Ser203 on carbonyl carbon of acetylcholine. 2) 

Cleavage of choline. 3) Nucleophilic attack of water on acylated Ser203. 4) Deacylation and release of 

acetic acid. (Figure C and capture taken from [13]) 

 

7.2 NMR Spectra 

Suppl. 2: tert-butyl [2-(1H-indol-3-yl)ethyl]carbamate (2) 
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Suppl. 3: tert-butyl (2-(1-methyl-1H-indol-3-yl)ethyl)carbamate (3) 

 

Suppl. 4: 2-(1-methyl-1H-indol-3-yl)ethan-1-amine (4) 

 

Suppl. 5: N-(2-methoxybenzyl)-2-(1-methyl-1H-indol-3-yl)ethan-1-amine (5) 

 

 



26 

 

Suppl. 6: 2-(1-methyl-1H-indol-3-yl)-N-(naphthalen-2-ylmethyl)ethan-1-amine (6) 

 

Suppl. 7: N-(2-methoxybenzyl)-N-methyl-2-(1-methyl-1H-indol-3-yl)ethan-1-amine (7) 

 

7.3 Ellman Assay 

Suppl. 8: Table with Standard and adjusted assay concentrations for Ellman assay. 
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7.4 QM Calculations 

Suppl. 9: Table with QM-calculated energies for different conformers of AL417neutral and AL417cationic. 

Energies are in kcal/mol. FF: force field, LigPrep: ligand preparation. 

 

Suppl. 10: Energies and structures of AL417cationic conformers obtained from ligand preparation, 

conformational search (global minimum) as well as from gas phase and solvation phase optimization 

(chloroform and water). Energies were computed using the DFT functional B3LYP-D3 with 6-31G** 

basis set. Cyan: Corresponding starting structures, Green: optimized gas phase structures; Orange: 

optimized solvation phase structures in chloroform, Purple: optimized solution phase structures in water. 
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7.5 MD Simulation Data 

Distance analysis of five 100 ns MD simulations for the three complexes: mAChE-

AL417neutral, mAChE-AL417cationic, and AgAChE1-AL417cationic. S1-S5 represent the 

five productions with different initial velocities. Distances are in Å. 

 

Suppl. 11: Ligand internal distances: Blue - AL417 C4 to C15; Orange - AL417 O1 to N1.  

 

 

Suppl. 12: Internal hydrogen bond distances: Blue - AL417 O1 to NH1; Orange - AL417 O1 to NH2. 
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Suppl. 13: Ligand distances to tyrosines: Blue - Y341/493 CZ to C12, Orange - Y341/493 CG to C15, Yellow 

- Y337/489 CE to C13, and Purple - Y337/489 CD to C16. Note S3 for mAChE-AL417cationic has a different Y-

axis due to huge differences. 

  

Suppl. 14: Ligand methoxy group distances to aromatic residues Y337/489 and F338/490: Blue - Y337/489/CG 

to ligand C18, Orange - F338/490CG to ligand C18. 

 

Suppl. 15: Distances between the C15 in the phenyl ring and the CH2 in W286/441 located at the rim of 

the gorge. S1- blue, S2-oranage, S3- yellow, S4-purple, S5- green 
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Suppl. 16: Distances between glycine backbone to indole moiety: Blue: G120/278 to AL417-C19; Orange: 

G121/279 to AL417-C4; Yellow: G122/280 to AL417-C2.  

 

 

Suppl. 17: Distances from indole to tryptophan at the bottom of the gorge: blue - ligand C1 to Trp86/245 

CE, orange - ligand C1 to Trp86/245 CZ, yellow - ligand C1 to Trp86/245 CD. 
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Suppl. 18: Distances from the linker region to the tryptophan at the bottom. blue - ligand C10 to 

Trp86/245 CD, orange - ligand C11 to Trp86/245 CD, 

 

 

Suppl. 19: Cluster distribution for the ten most populated conformers of all three complexes. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


