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Chapter 5 

Discovery and Characterization of Novel Pyridone and Furan 

Substituted Ligands of Choline Acetyltransferase  

 5.1. Introduction  

AD is one of the most predominant neurodegenerative diseases (1). Amyotrophic lateral 

sclerosis (ALS) is another example. A common denominator among these two 

neurodegenerative diseases is the degeneration of the neuronal cholinergic system, which in 

case of AD occurs in central cholinergic system, while in ALS the upper and lower motor 

neurons, and eventually the cholinergic cranial nerves (forming the parasympathetic nervous 

system) and their interfaces at the neuromuscular sites. These two neurodegenerative diseases alone 

constitute major challenges and tremendous unmet needs, in term of effective tools for clinical and/or 

research purposes.  This is perhaps one of the reasons why despite the intensive search for the past half 

century only symptomatic treatments are currently available. Nonetheless, both diseases are complex 

multifactorial diseases, making it highly challenging to find a cure (2-4). 

Cholinergic hypotheses exist for both diseases. In AD, the decline in the key cholinergic 

neurotransmitter, acetylcholine (5). In ALS, the “dying-back” hypothesis suggest ALS is a 

distal axonopathy that pathological changes occur prior to motor neuron degeneration and the 

onset of clinical symptoms (4). Noteworthy, AD and ALS share also other common features. 

For example, distal cholinergic axonopathy has been also observed in AD (4). Vice versa, 

amyloid precursor protein (APP) expression and metabolism in muscles seems to also affect 

function and survival of motoneurons (4). Noteworthy, although ChAT inhibitors are not useful 

for development of therapeutics for AD or ALS but selective inhibitors of ChAT can be a legit 

theragnostic candidates for certain cancers, such as colon and lung cancer where acetylcholine 

is used as an autocrine growth factor through overexpression of ChAT (6, 7). 
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Overall, discovery of novel and selective ligands for ChAT is of utmost importance for 

providing us with tools that can increase our understanding and accelerating research on early 

pathological events affecting the diverse cholinergic neurons, as well as for aiding in early 

phase diagnosis of the onset of a spectrum of neurodegenerative disorders, in which cholinergic 

dysfunction is one of the key feature of the disease, such as AD, (8) Lewy body disorder (LBD, 

including Parkinson’s dementia), Down’s syndrome (9-12) and ALS (13, 14). 

In our initial study (Chapter 3), we deduced how the PPIs interact and bind at atomic level 

with ChAT binding tunnel and inhibit it. Since PPIs are already patented and is a FDA approved 

drug for gastroesophageal reflux disease and uncomplicated or complicated peptic ulcer 

disease. In our second study (Chapter 4), we explored the piperidine scaffold of the previously 

identified hit compound B4 with the help on in-silico virtual screening from our lab. We 

synthesized a series of 60 novel compounds and tested in-vitro and with the successful findings 

of the second study, we were motivated to design our present study, where we aim to identify 

novel molecules that have good binding potential against ChAT using high throughput 

structure-based virtual screening of a large library and further testing in-vitro for its inhibitory 

activity and selectivity towards ChAT. The best performing hit molecule were then analyzed 

for its binding mode interactions and subjected to 200 ns molecular dynamics simulation in 

order to understand its dynamic behavior. Thus, such novel hit molecules along with our 

previously reported compounds hold the potential to be further explored using SAR studies to 

develop a potent lead compound possessing high affinity, selectivity and optimal 

physicochemical properties which can be used as molecular probes in PET imaging for mapping 

the ChAT distribution in the brain for the early phase diagnosis of the health of cholinergic 

neurons in neurodegenerative diseases like AD. 
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5.2. Objectives  

The objectives of this study are as follows: 

• Structure based virtual screening: To virtually screen a small molecule library of ~1.4M 

compounds library using high-throughput docking protocol against ChAT.  

• In vitro biological evaluation: The obtained virtual hits were then be procured and tested 

in-vitro using fluorometric ChAT activity assay to validate our findings. To determine the 

ChAT selectivity, in-vitro activity assays on the anti-targets AChE and BuChE were also 

performed. 

• In vitro cytotoxicity assay: To perform the in vitro cytotoxicity assay for the purpose of 

assessing the cytotoxic properties of specific hit molecules. 

•  In silico studies: To perform molecular docking against ChAT followed by extensive 

molecular dynamics simulation study to evaluate the binding mode of the compound with 

the target.  

5.3.Result and Discussion  

5.3.1. Structure based virtual screening identified several potential ChAT inhibitors  

The potential applicability of brain imaging has been ever-expanding rapidly with newer and 

novel techniques of image acquisition and analysis, enhancing our ability to study and diagnose 

AD enabling quicker therapeutic interventions. The unpredictability in the clinical diagnosis of 

AD and ALS has motivated researchers to search novel diagnostic marker compounds. A 

decisive diagnosis is still necessary and requires a histopathological conformation which is not 

logical due to the inaccessibility of the brain which makes imaging the key to access the brain. 

The pursuit for the search of therapeutics that can arrest the course of AD or ALS is the most 

important challenge to be faced. In AD field, various biomarkers have been developed targeting 

Aβ like 18F-fluorodeoxyglucose (FDG)(15), 11C-labeled Pittsburg Compound B (11C-PiB) 

(16) or targeting tau like 18F-flortaucipir for PET imaging (17). Although, the scientific 
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advancement in neuroimaging limitations still exists related to specificity of the biomarkers 

(18). Therefore, calls for more definitive and robust biomarker targeting the key 

pathophysiological pathway in neurodegenerative diseases like AD and ALS. ChAT is 

positively one such novel target in both AD and ALS pathophysiology, given that degeneration 

of cholinergic neurons is an early and progressive pathological feature of these two diseases. 

However, suitable ligands with appropriate properties are lacking. In previous reports, from the 

FDA database, we identified several PPI, displaying great high potency as ChAT inhibitors 

(19). The insights on the mechanism of action of these ligands has revealed that the interaction 

of PPI’s pyridine ring with the HIS324 amino acid residue of the catalytic domain of ChAT is 

crucial for their effect (20). In another work we screened the Asinex database and reported three 

novel and selective ChAT inhibitors, previously from our research group (21). 

Nonetheless, despite superior selectivity and high potency these ligands may lack enough BBB 

permeability required for accessing ChAT in CNS. Therefore, the primary objective of the 

present study was to identify novel selective ChAT ligands with favorable BBB permeability. 

For this, the data of 1.4 million compounds from VitasM chemical library was curated for BBB 

permeability based on a modified Lipinski’s rule of five. The library was also searched for pan 

assay interference compounds (PAINS) for exclusion of compounds to prevent false positive 

hits. Finally, the number of potential hits was reduced to 769609 compounds, which were 

subjected to docking using VinaMPI virtual screening protocol (22). The score cutoff was set 

to ≥ -10 kcal/mol, leading to selection of 5958 compounds with docking scores as high as -12 

kcal/mol. An overview of the virtual screening protocol is shown in (Figure 5.1). 

High throughput structure-based virtual screening can rapidly identify best performing 

biologically active hit compounds in an efficient and cost-effective manner. However, a major 

limitation of these docking analyses is the inevitable gross approximation of the expected 

property (23, 24). Therefore, it is necessary to validate the screening results and prevent loss of 
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any crucial hit once the library size have become manageable size. Here, virtual screening 

results obtained from the VinaMPI yielded 5958 hits that were rescored using XP docking 

protocol in Glide module available in Maestro for cross platform validation, concerning the 

robustness of the docking results (25). This approach narrowed down the hits to 250 top scoring 

compounds with Glide score of -10.953 to -7.379 kcal/mol. These top hits were then subjected 

to molecular mechanics, i.e., general born surface area (MM/GBSA) binding free energy 

calculation which uses force-field based scoring functions that requires a higher degree of 

calculation. This in turn increases the accuracy of hit prediction. MM/GBSA analyses together 

with manual inspection of the binding pose and interactions resulted in selection of 46 top 

compounds with scores ranging from -68.42 to 10.92 kcal/mol for in-vitro screening evaluation 

(Table 5.1). 

  

Figure 5.1. Overview of the structure-based virtual screening protocol for the 1.4 million 

VitasM compound library using VinaMPI for potential hits identification against ChAT. 
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The compound library was subjected to preliminary screening based on physicochemical 

parameters and PAINS filter and then subjected to virtual screening using docking protocol. The 

resultant top 46 hits were subjected to in vitro screening from which compound V6 and V15 

emerged as the potential selective inhibitors of ChAT. Furthermore, binding pose analysis and 

MD simulations were carried out to investigate its complex formation with ChAT.  

Table 5.1. List of top 46 compounds along with their VitasM codes and SMILES. 

Compou

nd ID 

VitasM codes SMILES 

V1 STK214797 Clc1ccc(cc1)C(=O)CC1(O)C(=O)N(c2c1cccc2)Cc1ccc2c(c1)OCO2 

V2 STK388849 Clc1ccc(cc1)C(=O)COC(=O)c1ccc2c(c1)C(=O)N(C2=O)c1cccc2c1cc

cn2 

V3 STK895919 O=C(Nc1cccc(c1)C)COc1cccc(c1)c1noc(n1)COc1ccc(cc1)F 

V4 STL083128 O=C(Cn1cccc(c1=O)c1onc(n1)c1ccc(cc1)C)NCCc1ccccc1 

V5 STL108088 O=C(Cn1cc(ccc1=O)c1onc(n1)c1cccc(c1)C)NCCC1=CCCCC1 

V6 STK161404 Fc1ccc(cc1)CN1C(=O)N/C(=C\c2ccc(o2)c2ccc(c(c2)Cl)C(=O)O)/C1

=O 

V7 STK175247 COc1cc(ccc1OCc1cccc(c1)F)/C=C/1\C(=O)NC(=O)N(C1=O)c1ccc(c

(c1)Cl)C 

V8 STK170827 OC(=O)c1ccc(cc1)COc1ccc(cc1)/C=C/1\C(=O)NC(=O)N(C1=O)c1cc

c2c(c1)OCO2 

V9 STK219072 Brc1ccc2c(c1)cc(o2)c1nnc(n1C)SCc1nc2ccccc2c(=O)[nH]1 

V10 STK223530 O=C(Nc1cccc(c1)Oc1ccc2c(c1)C(=O)N(C2=O)c1ccccc1)CCCC(=O)

O 

V11 STK156227 Oc1ccc(cc1)C(=O)NN1C(=O)c2c(C1=O)cc(cc2)[N+](=O)[O-] 

V12 STK299795 O=C1c2cc(ccc2C(=O)N1NC(=O)c1ccncc1)S(=O)(=O)c1ccc(cc1)C(=

O)O 

V13 STK094615 COc1cc(ccc1OCCOc1ccccc1)/C=C/1\C(=O)NC(=O)N(C1=O)c1ccccc

1C 

V14 STL300279 CN(C(=O)c1ccc(c(c1)Cl)Cl)CCCNC(=O)c1nc2ccccc2c(=O)[nH]1 

V15 STK306932 Cc1cc(C)n(c(=O)c1)NC(=O)c1ccn(n1)Cn1nnc(n1)c1ccccc1 

V16 STK420897 O=C(c1ccc(o1)C(=O)N/N=C(/c1ccc2c(c1)OCO2)\C)N/N=C(/c1ccc2c

(c1)OCO2)\C 

V17 STK643610 O=C(N1CCc2c1cccc2)c1ccc2c(c1)s/c(=N/S(=O)(=O)c1ccccc1)/[nH]2 
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V18 STK640056 O=C(c1onc(n1)c1ccc2c(c1)cc[nH]2)NCC(c1ccccc1)O 

V19 STK690288 Brc1ccc(o1)c1noc(n1)C(=O)NCCNC(=O)c1cc2ccccc2oc1=O 

V20 STL009303 O=C(NCC(c1ccccc1)O)COc1ccc2c(c1)oc(c(c2=O)Oc1ccccc1)C 

V21 STL247594 O=C(Nc1n[nH]c2c1cccc2)CCCCCn1nnc2c(c1=O)cccc2 

V22 STL423291 O=C(Nc1ccc2c(c1)OCC(=O)N2C)CCCc1nc(O)c2c(n1)cccc2 

V23 STL518544 O=C(COc1cc(O)c2c(c1)OC(CC2=O)(C)C)NCCc1onc(n1)c1ccccc1 

V24 STL534544 O=C(C(Oc1cc2oc(=O)cc(c2cc1Cl)C)C)NC(C(=O)O)Cc1c[nH]c2c1cc

(O)cc2 

V25 STL537500 COc1cccc(c1)/C=C/1\Oc2c(C1=O)ccc(c2)OCC(=O)N[C@@H](C(=O

)O)Cc1ccccc1 

V26 STL569268 O=C(CC1NC(=O)c2c(N=C1O)cccc2)NCc1onc(n1)c1c(F)cccc1Cl 

V27 STL316461 O=C(/N=c/1\[nH]nc(s1)C1CCCO1)CCC1NC(=O)c2c(N=C1O)cccc2 

V28 STL536828 O=C(NC(C(=O)O)Cc1c[nH]c2c1cc(O)cc2)COc1ccc2c(c1)oc(=O)c1c

2CCC1 

V29 STL520058 CC(Oc1ccc(cc1)C(=O)NCCCNC(=O)c1nc(O)c2c(n1)cccc2)C 

V30 STL530439 O=C(Cc1c(=O)oc2c(c1C)cc1c(c2)oc2c1CCCC2)N[C@H](C(=O)O)C

c1c[nH]c2c1cccc2 

V31 STK806261 O=C(c1ccccc1)N/N=c/1\oc2ccc3c(c2cc1C(=O)N)cccc3 

V32 STK642171 O=C(c1ccc2c(c1)s/c(=N/S(=O)(=O)c1ccccc1)/[nH]2)NCc1ccc2c(c1)

OCO2 

V33 STK607320 CC(C(=O)NCC(c1ccccc1)O)Oc1ccc2c(c1)oc(=O)c1c2cccc1 

V34 STK622314 O=C(Nc1cccc(c1)O)COc1ccc2c(c1)occ(c2=O)c1ccc(cc1)Cl 

V35 STK631121 O=C(NC1CCCc2c1cccc2)COc1ccc2c(c1)oc(c(c2=O)c1ccccc1)C 

V36 STK636132 O=C(COc1ccc2c(c1)c(=O)n1c(n2)CCCCC1)NCCc1ccc(cc1Cl)Cl 

V37 STL464257 O=C(COc1ccc2c(c1)oc(=O)c(c2)c1ccccc1)NC[C@@H]1CC[C@H](

CC1)C(=O)O 

V38 STL160294 COc1ccc(c(c1)F)c1ccc(=O)n(n1)CC(=O)NC(C(=O)O)Cc1ccccc1 

V39 STL009364 OC(c1ccccc1)CNC(=O)C1CCN(CC1)C(=O)CNC(=O)c1ccccc1 

V40 STK070091 Oc1ccc2c(c1)oc(=O)c(c2)c1csc(n1)c1cc2cc(Cl)ccc2oc1=O 

V41 STK494547 Fc1ccc(cc1)C(=O)Nc1cccc(c1)/C(=N/NC(=O)c1cccc(c1)O)/C 

V42 STK432350 O=C(c1ccc(cn1)C(=O)NCc1ccc2c(c1)OCO2)NCc1ccc2c(c1)OCO2 

V43 STK084803 Clc1ccc(cc1)N1C(=O)NC(=O)/C(=C\c2ccc(cc2)OCCOc2cccc(c2)C)/

C1=O 

V44 STK079698 COc1cc(ccc1OCc1ccc(cc1)C(=O)O)/C=C\1/S/C(=N\c2ccc(c(c2)C)C)/

NC1=O 

V45 STK055077 O=C(c1ccc(c(c1)C(=O)O)C(=O)O)c1ccc(cc1)NC(=O)c1ccccc1 
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V46 STK026652 Oc1ccc(cc1)N1C(=O)c2c(C1=O)cc(cc2)Oc1ccc(cc1)NC(=O)C(F)(F)

F 

 

5.3.2. Selection of compound V6 and V15 with in vitro ChAT inhibition screening assay  

The 46 top scoring hits were purchased and screened in vitro for their activity against 

recombinant human ChAT using a high throughput fluorometric assay, at a single final 

concentration of 10 µM (Figure 5.2). Rabeprazole, one of the PPIs that has been reported by 

us as a potent ChAT inhibitor was used as a positive control. (19, 20) At the 10μM 

concentration, rabeprazole inhibited ChAT activity by 100%.  

 

Figure 5.2. Screening of 46 virtual hit compounds for ChAT, AChE and BuChE enzymes 

inhibition. A) Percentage inhibition of rChAT by virtual hit compounds at 10 μM concentration. 
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Rabeprazole was used as a positive control and a well without inhibitor containing 0.2% DMSO 

was used as enzyme control indicating 100 % enzyme activity. B) and C) Represent the 

percentage inhibition of rAChE & BuChE by the virtual hit compounds, respectively. Eserine 

was used as a positive control and a well without inhibitor containing 0.2% DMSO was used as 

enzyme control indicating 100 % enzyme activity. The data is presented as mean ± SD of an 

individual experiments performed in six-replicates. The compound with over 40% IR were 

selected for further kinetic analysis. rChAT = recombinant human choline acetyltransferase; 

rAChE = recombinant acetylcholinesterase; BuChE = butyrylcholinesterase. 

The screening indicated that compound V6 and V15 are good inhibitors of human rChAT with 

38.0% ± 3.1% and 40.2% ± 14.9% inhibition of the enzymatic activity respectively (Figure 

5.2A). We ran simultaneously the compound against two off-targets for ChAT-selective hits, 

namely BuChE and AChE (Figure 5.2B and 5.2C, respectively). Eserine a dual ChE inhibitor, 

used as the positive control, inhibited both BuChE and AChE by 100%.  However, the results 

showed that compounds V6 and V15 had negligible activity toward BChE and AChE, and 

thereby were highly selective for ChAT (Figure 2B and 2C, and Table 5.2). Both compounds 

were selected for deeper characterization and deduction of their mode of activity by enzyme-

inhibition kinetic analyses. There were few other hits with good inhibitory activity against 

ChAT like compound V7 (27.4% ± 33.7%), V13 (27.9% ± 27.5%), V40 (31% ± 12.4%), V44 

(30.5% ± 22.6%), however higher standard deviation indicated inconsistency as well as the 

compounds lacked selectivity.   

Table 5.2. In vitro inhibitory screening data for the 46 top virtual hits from VitasM library. 

Compound ID ChAT % IRa 

(Mean ± SD; n=6) 

AChE% IRa 

(Mean ± SD, n=6) 

BuChE% IRa 

(Mean ± SD, n=6) 

V1 -4 ± 6.3 6.3 ± 4.6 5.8 ± 3.4 

V2 8.6 ± 13.3 1.8 ± 0.9 -4.4 ± 3.8 

V3 -3.3 ± 8.6 19.9 ± 6.4 -0.7 ± 3.6 

V4 -8.2 ± 6.4 20.7 ± 4.0 6.1 ± 3.4 
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V5 -10.9 ± 10.1 14.4 ± 3.1 8.8 ± 3.3 

V6 38 ± 3.1 9.1 ± 10.1 -3.1 ± 3.7 

V7 27.4 ± 33.7 6 ±18.1 0.4 ± 3.6 

V8 -19.4 ± 12.2 10.5 ± 5.7 4.7 ± 3.4 

V9 0.5 ± 5.0 12.9 ± 0.9 -0.2 ± 3.6 

V10 24 ± 26.4 7.1 ± 4.8 -2.5 ± 3.7 

V11 5.1 ± 4.8 11.1 ± 4.0 4.7 ± 3.4 

V12 0.4 ± 3.7 14 ± 7.4 15.7 ± 3.0 

V13 27.9 ± 27.5 19.7 ± 0.5 14.4 ± 14.1 

V14 -9.7 ± 5.9 22.7 ± 0.8 -0.4 ± 3.6 

V15 40.2 ± 14.9 16.7 ± 1.8 8 ± 3.3 

V16 -11.1 ± 6.7 24.3 ± 9.5 7.5 ± 3.3 

V17 8.1 ± 2.1 14.6 ± 8.1 7.2 ± 3.3 

V18 8.2 ± 4.9 19 ± 0.6 3.3 ± 3.5 

V19 4.1 ± 7.3 18 ± 3.0 3.7 ± 3.5 

V20 1.3 ± 6.3 22.3 ± 6.6 25.9 ± 2.7 

V21 -3.9 ± 4.6 22.9 ± 0.8 15.1 ± 3.1 

V22 -7.2 ± 5.4 14.8 ± 4.2 0.1 ± 3.6 

V23 -10.9 ± 9.5 11.2 ± 14.9 5.7 ± 3.4 

V24 14.5 ± 5.9 15.6 ± 8.4 6.3 ± 3.4 

V25 17.2 ± 6.1 15.2 ± 3.1 2.9 ± 3.5 

V26 6.3 ± 4.7 20.2 ± 1.7 -3.6 ± 3.7 

V27 8.6 ± 4.3 24.9 ± 4.8 -2.8 ± 3.7 

V28 9.1 ± 0.9 39.8 ± 16.9 0.6 ± 3.6 

V29 12.7 ± 4.4 39.2 ± 3.5 0.9 ± 3.6 

V30 8.9 ± 6.2 44.1 ± 8.5 -2.3 ± 3.7 

V31 2 ± 7.1 21 ± 0.6 3.1 ± 3.5 

V32 -0.1 ± 6.7 23.4 ± 1.1 6.5 ± 3.3 

V33 2.8 ± 5.9 35.6 ± 4.6 14 ± 3.1 

V34 9.1 ± 6.9 21.4 ± 7.8 -2.7 ± 3.7 

V35 5.2 ± 3.8 38.6 ± 22.4 0.2 ± 3.6 

V36 -2.6 ± 5.2 31.5 ±  18.5 8.8 ± 3.3 

V37 -2.7 ± 6.8 24.3 ±10.7 12.3 ± 3.1 

V38 -2.7 ± 8.2 22.2 ± 10.3 -0.6 ± 3.6 
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V39 -6.5 ± 6.4 25.2 ± 4.8 5 ± 3.4 

V40 31 ± 12.4 31.8 ± 13.7 6.7 ± 3.4 

V41 5.2 ± 5.5 22.7 ± 3.1 0.3 ± 3.6 

V42 24 ± 3.6 25.6 ± 18.1 0.6 ± 3.6 

V43 2.5 ± 3.4 49 ± 12.5 8 ± 3.3 

V44 30.5 ± 22.6 34.6 ± 19.0 8.8 ± 3.3 

V45 2.3 ± 7.4 26.9 ± 12.9 2.3 ± 3.5 

V46 1.6 ± 7.1 25.8 ± 6.1 5.6 ± 3.4 

Eserine - 98.8 ± 1.0 100.8 ± 0.0 

Rabeprazole 108.2 ± 12.4 -   

 

Moreover, from the in-vitro screening of the 46 hits on anti-targets rAChE and BuChE, we 

discovered some potential compounds with good selectivity and inhibitory activity towards 

rAChE. For instance, compound V29, V30 and V43 were highly selective (Table 5.2). V43 

was the strongest AChE inhibitor as it displayed 49.0±12.5% AChE inhibition in comparison 

to only 8.0% ± 3.3% and 2.5% ± 3.4% inhibition of BuChE and rChAT, respectively. V30 

inhibited human AChE by 44.1± 8.5% but had no or little effect on BChE (-2.3%) or ChAT 

(8.9± 6.2%). V29 showed 39.2± 3.5% inhibition of AChE and no or little effect on BChE (0.9%) 

or ChAT (12.7± 4.4%). Thereby, these three compounds are expected to be highly selective 

potent inhibitor of human AChE. However, given that the focus of this study was on ChAT we 

did not further analyze these compounds. 

5.3.2.1.ChAT inhibition kinetics analyses provided the inhibition constant and the mode 

of inhibition for V6 and V15 

As noted, the in vitro screening analyses indicated that the compound V6 and V15 inhibited 

Data are presented as % inhibition rate (IR) of ChAT enzyme and its off-target 

enzymes, AChE and BChE. The screening was done at the single concentration of 

10 µM. % IR for ChAT represent mean and SD of four independent experiments. 

% IR for AChE and BChE is the average and SD for two independent experiments, 

each with six replicates. rhChAT = recombinant human choline acetyltransferase; 

rhAChE = recombinant human acetylcholinesterase, BuChE = human plasma 

butyrylcholinesterase. 
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ChAT by 38% and 40.2% with negligible activity for the off-targets. We hence performed full 

ChAT inhibition kinetic assessment on these two top candidates.  The inhibition constant (Ki) 

and the IC50 values are shown in Figure 3 for V6 and in Figure 4 for V15, which was calculated 

based on the dose response curves at wide concentration range of the compound and choline as 

the enzyme substrate (Figure 5.3 & 5.4). The 2D structure of the compound V6 is shown in 

(Figure 5.3A). V6 exhibited a Ki value of 11 µM (with a 95% CI of 8.7-16.2μM) which was 

estimated by nonlinear regression analysis of the whole dataset (Figure 5.3B). The IC50 value 

was 21.73 µM at substrate concentrations ranging between 19 to 300 µM (Figure 5.3D). 

Nonlinear regression statistic suggested that V6 is a mixed-competitive inhibitor of ChAT 

because its data was fitted best in a mixed model inhibition equation. This was confirmed with 

Lineweaver-Burk plot (double reciprocal) analyses of the substrate-velocity curves of the 

rChAT enzyme activity at different substrate concentrations (ranging from 1,56 to 25 µM) with 

or without inhibitors at specified concentrations (Figure 5.3C). The Lineweaver-Burk plots 

were fitted using the linear regression analysis function of GraphPad Prism 9 software. 

Reciprocal of rate (1/v) is plotted as a function of reciprocal of substrate concentration (1/S) for 

various concentrations of V6, which produced straight lines on the graph where the X- and Y- 

axis intercept represents −1/ Km and 1/Vmax, while the slope is represented by Km/Vmax. The 

Lineweaver-Burk plot indicated that the Km value increases, and the Vmax value decreases with 

increasing V6 concentrations, suggesting a mixed model type inhibition of ChAT by V6, in line 

with the nonlinear regression analyses of the data. The Km and Vmax values for all concentrations 

of V6 were also calculated using the substrate-velocity curves (Figure 5.3B), which are 

presented in (Table 5.3).  

The corresponding ChAT Inhibition Kinetic analyses for V15 are shown in Figure 4. The 2D 

diagram for the compound V15 is depicted in Figure 5.4A. Nonlinear regression analysis 

indicated that V15 is a potent ChAT inhibitor with a Ki of 4.4 μM (with a 95% CI of 3.3-5.9μM) 
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and IC50 values of 9.4 µM (Figure 5.4B and 5.4C). In addition, the nonlinear regression statistic 

suggested that the data for V15 fitted best in the mixed model equation of GraphPad Prism 9 

software. This was confirmed by the Lineweaver-Burk plot analyses (Figure 5.4D). Similar to 

V6, the Km and Vmax values for all concentrations of V15 are presented in (Table 5.3), which 

were calculated using the substrate-velocity curves (Figure 5.4B). 

Altogether, V6 and V15 demonstrated high potencies as selective ChAT inhibitor, with a mode 

of activity indicating that they can bind to ChAT regardless of the enzyme being free or in 

complex with its substrate. This means that they are going to have full access to the total binding 

sites (ChAT molecules), which in turn indicates that the compound will have the highest 

binding potential determined by the concentration of ChAT, an important property for tracer 

candidates. 

 

Figure 5.3. ChAT Inhibition Kinetic for compound V6. A) Molecular structure of compound 

V6 (with its catalog no in VitasM Library). B) Non-linear regression fitting of the data and the 
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estimated Ki within the wide range of the substrate concentrations (x-axis) and the V6 

concentration range of 1.6 to 100 μM. The analysis was done by fitting and statistically 

comparing the data based on four different equations in GraphPad Prism 9, namely competitive, 

non-competitive, uncompetitive and mixed-competitive models.  The result indicated that V6 

data fitted best as the mixed-competitive inhibition mode of activity compared to all the other 

models (all p<0.001). C) Dose-response curves for estimation of IC50 of V6 against ChAT at 

the specified substrate concentrations. The IC50 value was calculated after fitting the curves 

using nonlinear regression function of GraphPad Prism 9. D) The Lineweaver-Burk plot 

analysis for confirmation of the mode of action of V6 as inhibitor of ChAT. The plot was 

obtained from the substrate-velocity curves of the ChAT enzyme activity at different substrate 

concentrations and the specified concentration range of V6 (i.e., from 1.6 to 25 µM). The 

Lineweaver-Burk plots were fitted using the linear regression analysis function of GraphPad 

Prism 9 software. ChAT = recombinant human choline acetyltransferase. 

 

Figure 5.4. ChAT Inhibition Kinetic for compound V15. A) Molecular structure of 
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compound V15 (with its catalog no in VitasM Library). B) Non-linear regression fitting of the 

data and the estimated inhibition constant (Ki) within the wide range of the substrate 

concentrations (x-axis) and the V15 concentration range of 1.6 to 100μM. The analysis was 

done by fitting and statistically comparing the data based on four different equations in 

GraphPad Prism 9, namely competitive, non-competitive, uncompetitive and mixed-

competitive models.  The result indicated that V15 data fitted best as the mixed-competitive 

inhibition mode of activity compared to all the other models (all p<0.001). C) Dose-response 

curves for estimation of IC50 of V15 against ChAT at the specified substrate concentrations. 

The IC50 value was calculated after fitting the curves using nonlinear regression function of 

GraphPad Prism 9. D) The Lineweaver-Burk plot analysis for confirmation of the mode of 

action of V15 as inhibitor of ChAT. The plot was obtained from the substrate-velocity curves 

of the ChAT enzyme activity at different substrate concentrations and the specified 

concentration range of V15 (i.e., from 1.6 to 25 µM). The Lineweaver-Burk plots were fitted 

using the linear regression analysis function of GraphPad Prism 9 software. 

ChAT = recombinant choline acetyltransferase. 

Table 5.3. The Km and Vmax values for compound V6 and V15 at different concentrations, 

obtained from the ChAT inhibition kinetic analysis performed using GraphPad Prism 7.  

Compound Concentration (µM) Vmax (µM /min) Km (µM) R square 

V6 

0 5908.0 ± 1.37 27.6 ± 62.2 0.988 

1.56 5504.4 ± 1.10 32.74 ± 31.1 0.991 

3.13 5102.2 ± 1.03 32.88 ± 24.7 0.991 

6.25 4932.3 ± 1.04 38.07 ± 17.2 0.993 

12.5 3684.6 ± 1.09 30.56 ± 15.7 0.985 

25 2188.6 ± 1.47 35.67 ± 5.68 0.925 

V15 

0 4992.5 ± 3.76 33.27 ± 84.5 0.993 

1.56  4065.0 ± 4.63 32.06 ± 73.2 0..993 

3.13 3713.9 ± 7.54 37.89 ± 72.8 0.986 

6.25 3053.4 ± 8.11 42.01 ± 39.6 0.989 
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12.5 1781.9 ± 22.1 42.90 ± 37.9 0.970 

25 604.7 ± 104.3 42.52 ± 37.0 0.877 

5.3.2.2.V6 and V15 did not exhibit cell toxicity at as high as 50 μM concentration 

We next assessed the cell toxicity of the compound V6 and V15 using MMT assay, given that 

potential tracers must be non-toxic compounds. We performed cellular toxicity study in the 

human neuroblastoma cell line, SH-SY5Y cells using MTT assay. The compounds were 

evaluated at two different concentrations 10 µM and 50 µM. The data, expressed as percent cell 

viability indicated that V6 and V15 had no toxic effect on the viability of the cells (Figure 5.5). 

Treatments were performed for 24 h. The percentages cell viability for V6 at 10 µM and 50 µM 

concentrations were 104.9±14.3% and 107.8%±6.5% respectively. The corresponding values 

for compound V15 at 10 and 50 µM concentrations were 102.0% ± 6.8% and 95.0% ± 11.3%, 

respectively. Furthermore, the morphological changes of the SH-SY5Y cells were observed 

under the inverted light microscope (Figure 5.6). 

 

Figure 5.5.  Cellular toxicity analyses for V6 and V15 using the human neuroblastoma cell 

line, SH-SY5Y cells. The analyses were done using MTT cell viability test. The cells were 

exposed for 24 hours to the 10 and 50 μM final concentrations of the compounds. Data are 

expressed as % mean values ± SD of 6 readings. Viability of the vehicle treated control cells 

were considered as 100%. 
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Figure 5.6. Morphological changes of SH-SY5Y cells as observed under an inverted light 

microscope (Nikon ECLIPSE TE300, 20× magnification). 

5.3.3. Hit compounds V6 and V15 interacts well with the binding pocket of ChAT 

ChAT protein is responsible for the biosynthesis of acetylcholine from choline by utilizing 

acetyl-coenzyme A (Acetyl-CoA) as the source of acetyl moiety. Choline and Acetyl-CoA enter 

from the opposite entrance sites of the catalytic tunnel of ChAT. The catalytic domain lies 

thereby between these two substrate binding sites within a narrow tunnel that extends across 

the enzyme. Then, the hydroxyl group of the choline moiety is activated by interaction with the 

HIS324 in the catalytic domain, and attacks the carbonyl carbon of the Acetyl-CoA thioester. 

Thus, HIS324 is essential for the catalytic function of ChAT (26).  Nonetheless, several other 

amnio acid residues are present in the binding pocket viz. TYR552, ASP390, SER221, 

ARG403, TRP325, and GLY280, which also contribute significantly to the overall activity of 

ChAT. 
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Table. 5.4. Comparison of the docking scores from virtual screening and re-docking along 

with the MM/GBSA scores for the top 46 hits. 

Sr. 

No. 

Compound 

ID 

Vina Docking 

Scores (kcal/mol) 

Glide Docking 

Scores (kcal/mol) 

MM/GBSA 

Scores (kcal/mol) 

V1 STK214797 -10.5 -7.814 -43.68 

V2 STK388849 -11.2 -7.795 -55.07 

V3 STK895919 -10.7 -8.483 -63.7 

V4 STL083128 -10.7 -7.622 -49.68 

V5 STL108088 -10.5 -7.503 -53.73 

V6 STK161404 -10.6 -7.979 -66.93 

V7 STK175247 -10.6 -7.448 -62.77 

V8 STK170827 -10.6 -7.676 -59.5 

V9 STK219072 -10.7 -7.381 -46.74 

V10 STK223530 -10.6 -7.617 -44.6 

V11 STK156227 -10.5 -8.044 -54.99 

V12 STK299795 -10.5 -7.728 -47.1 

V13 STK094615 -10.7 -8.933 -65.14 

V14 STL300279 -10.9 -7.489 -51.37 

V15 STK306932 -10.7 -7.533 -44.63 

V16 STK420897 -11.2 -7.627 -53.18 

V17 STK643610 -10.6 -8.23 -50.55 

V18 STK640056 -10.5 -7.643 -47.7 

V19 STK690288 -10.6 -7.73 -52.3 

V20 STL009303 -10.6 -8.756 -59.89 

V21 STL247594 -10.9 -9.72 -51.18 

V22 STL423291 -10.7 -8.166 -43.68 

V23 STL518544 -10.7 -7.399 -51.78 

V24 STL534544 -10.5 -8.86 -47.83 

V25 STL537500 -10.5 -7.851 -58.67 

V26 STL569268 -11.3 -7.561 -46.06 

V27 STL316461 -10.5 -8.631 -45.42 

V28 STL536828 -10.6 -7.647 -44.89 

V29 STL520058 -10.6 -7.681 -49.37 

V30 STL530439 -10.7 -7.561 -50.55 

V31 STK806261 -10.6 -7.713 -51.67 
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V32 STK642171 -10.5 -7.542 -48.19 

V33 STK607320 -11.1 -7.467 -45.25 

V34 STK622314 -10.7 -7.406 -44.76 

V35 STK631121 -10.7 -8.031 -44.46 

V36 STK636132 -10.8 -8.939 -52.49 

V37 STL464257 -10.7 -7.665 -54.59 

V38 STL160294 -10.5 -8.099 -44.38 

V39 STL009364 -10.5 -8.925 -46.61 

V40 STK070091 -10.9 -7.757 -50.32 

V41 STK494547 -10.5 -7.61 -51.94 

V42 STK432350 -10.8 -7.604 -47.49 

V43 STK084803 -10.7 -7.387 -56.09 

V44 STK079698 -10.5 -8.992 -68.07 

V45 STK055077 -10.6 -7.919 -52.53 

V46 STK026652 -10.6 -7.467 -44.61 

 

We performed and for comparison presented the docking scores obtained from the virtual 

screening and the Glide re-docking with the MM/GBSA scores (Table 5.4). Our analyses 

indicated that V6, with a Glide binding score of -7.979 kcal/mol, interacted through π-π stacking 

with HID324 through its furan ring (Figure 5.7A). Additionally, the carboxylic acid group of 

its chlorobenzene ring and the keto group of its imidazolidine ring formed two distinct hydrogen 

bonds with MET84 and SER438, respectively. We performed similar analyses on V15, which 

displayed an overall binding score of -7.533 kcal/mol, but a Ki value (4.4μM) that is 

approximately trice smaller than Ki of V6 (11 μM). Interestingly, we found that V15 formed 

four hydrogen bonds with the target protein, one with the crucial catalytic amino acid residue, 

i.e., HIS324 and the rest with SER540, SER96 and ASN88 amino acid residues owing to its 

amide and tetrazoline moieties (Figure 5.7B). Thereby, these could explain the higher potency 

of V15 compared to V6 as it can be deducted from a comparison of their Ki values.  
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Figure 5.7. 3D and 2D docking interaction diagram for the top performing compounds V6 and 

V15. STK161404 and STK306932 are the catalogue numbers of these two compounds in the 

VitasM library. 

5.3.4. Molecular Dynamics Simulation 

Next, we conducted MD simulations on V6 and V15 to get insight into their dynamic 

interactions the ChAT protein, formation of complexes with the enzyme, the structural changes 

that might occur and the overall stability of the system with respect to time. The initial starting 

structure were taken from the docking results as an input for the MD simulations. 

We first evaluated the RMSD for the ChAT protein complexed with the compound V6 and V15 

in the simulation (Figure 5.8A), where the green and blue line represents the ChAT protein 

when complexed with the compound V6 and V15, respectively. The protein RMSD value 

started at around 0.15 nm for both complexes. It reached the equilibrium state within the first 

10 ns, and remained stable throughout the simulation without any abrupt changes in the RMSD. 
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For the ChAT protein complexed with V6, the RMSD values ranged between 0.15 to 0.28 nm, 

and the values for the ChAT protein complexed with V15 (Figure 5.8A), was between 0.15 to 

0.3 nm, a lower value with very narrow fluctuations indicates a robust complex system 

formation with the ligands during the simulation. Likewise, we evaluated the ligand RMSD 

value for V6 and V15 (Figure 5.8B). The RMSD value ranged 0.15 to 0.5 nm for V6 and 0.2 

to 0.35 nm for V15, indicating good range of flexibility of the ligands in the binding pocket of 

the ChAT.  

Next, we evaluated the simulated system for its RoG value (Figure 5.8C). ChAT_V6 and 

ChAT_V15 complexes displayed RoG values between 2.52 to 2.57 nm and 2.53 to 2.55 nm, 

respectively. Both complexes exhibited minor RoG fluctuations, suggesting that the overall size 

and shape of the complexes remained consistent throughout the simulation indicating good 

stability of the formed complex. 

We then evaluated the system for its RMSF.  The RMSF of the protein and the ligands were 

evaluated separately for fluctuations and flexibility. The RMSF values ranges between 0.1 to 

1.2 nm for both ChAT_V6 complex, (Figure 5.8D) and ChAT_V15 complex (Figure 5.8E). 

The graphs illustrate a sharp peak for the N-terminus (residue ~0), indicating high flexibility at 

this part of the protein sequence, most likely due to a high exposure of the N-terminal surface 

with the solvent. Although the overall RMSF values landscape indicated that in general most 

of the ChAT protein exhibited low flexibility, we found high movement in certain regions in 

the enzyme´s binding cavity.  RMSF analysis of the ligands (Figure 5.8F) showed that RMSF 

values ranged 0.06 to 0.4 nm for V6 and 0.04 to 0.25 nm for V15, indicating high flexibility 

that is necessary for forming complex with a target protein. 
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Figure 5.8. Comparative analysis for the 200 ns simulated MD trajectories A) RMSD plots for 

the ChAT protein (PDB ID: 2FY3) during formation of a complex with V6 (represented in 

green) and formation with V15 (represented in blue). B) RMSD plot for V6 (violet) and V15 

(orange) during the simulation. C) RoG plot for ChAT_V6 (maroon) and ChAT_V15 

complexes (deep green).  D) RMSF landscape for ChAT protein during its complex formation 

with V6 throughout the simulation.  E) The corresponding RMSF landscape for ChAT protein 

during its complex formation with V15. F) Represents the RMSF plot V6 (purple) and V15 

(orange) during their complex formation with ChAT protein.  G)  The changes in SASA values 

of the ChAT_V6 complex (maroon) in comparison to the ChAT protein alone (green). H) The 

changes in SASA values of the ChAT_V15 complex (deep green) in comparison to the protein 
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ChAT (blue). I) shows the average numbers of H-bond formed within the ChAT_V6 (maroon) 

and ChAT_V15 (deep green) complexes J) Illustrate the average distance maintained by the 

formed H-bonds. It shows that distance was around the optimal value of 0.3 nm. 

We also performed solvent accessible surface area analysis for the system under investigation. 

We wanted to see how the SASA pattern for the ChAT protein complexed with V6 (Figure 

5.8G) differs compared to the pattern with ChAT protein alone, for instance how the SASA of 

the hydrophobic core of ChAT protein is changed upon formation of complex with the 

compounds. We found that the SASA for ChAT protein was higher (ranging 257 to 272 nm2) 

compared to the ChAT_V6 complex (ranging 253 to 267 nm2). This may suggest that the 

interaction with V6 stabilized the ChAT protein, leading to a slightly reduced and more stable 

SASA. A similar change in SASA levels was observed for the ChAT_V15 complex vs free 

ChAT protein (Figure 5.8H). For V15, the SASA level for ChAT protein alone ranged 255 to 

270 nm2 which is higher than the SASA level for the ChAT_V15 complex (252 to 267 nm2). 

Thus, both compounds V6 and V15 stabilized the ChAT protein upon the complex formation.  

Next, we analyzed the number of HBN for the system (Figure 5.8I), for the ChAT_V6 complex 

maintained 1-5 number of H-bonds over the time of simulation which is ideal. However, the 

ChAT_V15 complex maintained in average only one H-bond during the simulation time. 

Nonetheless, the distribution of hydrogen bond lengths was similar for both the ChAT_V6 

complex (~0.29nm) and for the ChAT_V15 complex (0.3 nm), which both are within the ideal 

range of H-bond formation (Figure 5.8J). 

Essential dynamics also known as principal component analysis was performed for the 

simulated the complexes. The PCA plots for V6 and V15 were prepared using the eigenvalues 

for the eigenvector index for the ChAT_V6 complex (Figure 5.9A) and ChAT_V15 (Figure 

5.9B). The illustrated data shows that the contribution of the eigenvalues decrease rapidly from 

the first to the second eigenvector, and the decline continue for the subsequent eigenvectors. 
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This indicates that the first few principal components (particularly the first two PCs), account 

most significantly for the system's dynamics of the complexes. Therefore, the first two principal 

components were used for further analyses (Figure 5.9C). The ChAT_V6 and ChAT_V15 

complexes both displays similar essential dynamics since the data points form distinct 

widespread clusters. This indicates that the conformational transitions were happening during 

the 200 ns MD simulation.  

 

Figure 5.9. PCA and FEL analysis of the simulated systems. A) Eigenvalue calculation for the 

first 10 principal components for ChAT_V6. The result indicates that the first two principal 

components eigenvector accounts for most of the motions of the system. B) the corresponding 
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eigenvalue calculation for the first 10 principal components for ChAT_V15 complex, showing 

that also here the first two principal components eigenvector accounts for most of the motions 

of the system. C) PCA plot for the first two PCs for the simulated systems ChAT_V6 (maroon) 

and ChAT_V15 (deep green); D-E) The 2D and 3D plot representations of FEL analysis for 

ChAT_V6 and ChAT_V15, respectively. 

Finally, we prepared the 3D FEL plot for the ChAT_V6 complex together with its 2D contour 

plot (Figure 5.9D). The 2D plot shows a distinct centralized low energy region (blue colour), 

which is displayed a sharp narrow funnel-shaped gorge in the 3D plot. The corresponding FEL 

analysis for the ChAT_V15 complex was essentially similar to that of ChAT_V6 complex. The 

findings are summarized as the 2D and 3D plots, shown in Figure 5.9E. Overall, the results 

indicates that both systems could form stable conformational arrangement and an energy 

minima conformation. 

5.3.5. Similarity Index Analysis 

Next, we performed Similarity Index Analysis, which is one of the most important aspects of 

such in silico virtual screening protocol. This is in simple term an estimation of chemical 

novelty of the identified compounds in comparison to the previously reported molecules. 

Thereby, giving rise to a completely new hit compound with better bioactivities and ideal 

physicochemical properties. The Tanimoto algorithm is a popular method to identify similarity 

between different compounds (27). It relies on a fingerprint-based representation, where each 

individual molecule is encoded to a series of bits that denotes the presence (1) or absence (0) 

of specific fragments within the chemical structure.  We calculated three different molecular 

fingerprints (Morgan, atom pair, and MACCS), each of which offers unique advantages. The 

Morgan fingerprints are based on the circular neighborhoods of atoms, providing detailed and 

customizable structural information, ideal for in-depth molecular similarity searches. Atom Pair 

fingerprint approach calculates the pairs of atoms and their topological distance with each other, 
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capturing medium range structural information in the molecule. It is useful for representation 

of the molecular shape, making it ideal for shape-based similarity searches. MACCS fingerprint 

predefines set of structural keys, representing the presence or absence of certain features (like 

presence of a particular functional group in the molecule). It is ideal for quick similarity search 

and substructure screening. These measures are given as Tanimoto coefficient, which ranges 

between 0 and 1 represented in X-axis. A larger coefficient reflects a higher similarity between 

the compounds, while a lower coefficient indicates more dissimilarity 

Compound V6 (STK161404) shows Tanimoto similarity of 0.15 using Morgan fingerprint with 

the earlier reported compound STK927381, while using Atom Pair fingerprint and MACCS 

fingerprint it showed a Tanimoto similarity of 0.42 and 0.44 respectively with the earlier 

reported compound STK111399. Likewise, the compound V15 (STK306932) shows Tanimoto 

similarity in Morgan fingerprint of 0.17 with the known ChAT inhibitor, STK111399, while 

using Atom Pair fingerprint and MACCS fingerprint it showed a Tanimoto similarity of 0.46 

and 0.54 with Ilaprazole (earlier reported ChAT inhibitor) (Figure 5.10). The findings indicated 

that our hit compounds V6 and V15 are novel and structurally diverse moiety as it shows very 

less similarity to previously reported inhibitors of ChAT obtained from CHEMBL and 

compounds reported by our lab previously. 
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Figure 5.10. Histograms of structural similarity shown as Tanimoto coefficient of the hit 

compounds STK161404 (V6) and STK306932 (V15) against reported human ChAT 

inhibitors. Active compounds against human ChAT were obtained from ChEMBL (ID: 

CHEMBL4039) and compared to the two identified hit compounds using Morgan, AtomPair 

and MACCS fingerprints using RDKit. 

5.3.6. Solubility study 

Solubility is one of the crucial parameters in the context of drug discovery, as it is a necessary 

physicochemical parameter for achieving the desired drug concentration in systemic circulation 

to exert pharmacological effect (28). Aqueous solubility is directly related to the absorption and 

bioavailability of the drug administered through oral route as well as a challenging factor to be 

considered for intravenous (i.v.) dosing, ultimately affecting drug development time and cost. 

(29) Given our ultimate goal is to develop the identified compounds as in vivo biomarkers for 

ChAT-containing targets in the brain, an optimal balance between the hydrophilicity and 

lipophilicity will be the key to obtain good pharmacokinetic profiles. Calibration curve was 
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prepared beforehand (Figure 5.11) to quantify the kinetic solubility studies for the compound 

V6 and V15. It revealed that the solubility for V6 and V15 was 0.21 mg/ml and 0.17 mg/ml, 

respectively. This suggests that at pH 7.4, compound V6 may exhibit better aqueous solubility 

than V15. Percentage purity calculations were also carried out for the compounds at 100 µM 

concentrations, which are shown as chromatogram in (Figure 5.12). The purity was 96.94 % 

for V6 and 91.67 % for V15. 

 

Figure. 5.11. HPLC calibration curve for the compounds using serial dilutions of 200 µM, 

100 µM. 50 µM. 25 µM, 12.5 µM, 6.25 µM and 3.125 µM A) V6, R2 value was 0.9932; B) 

V15, R2 value was 0.9982. 
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Figure. 5.12. Single injection HPLC chromatogram of hit compounds for percentage 

purity calculation. A) V6, Solvent system used Acetonitrile = 90%: Water = 10%, Flow rate 

was set to 0.4 ml/min, Absorbance was recorded at 382 nm; B) V15 Solvent system used 

Acetonitrile = 75%: Water = 25%, Flow rate was set to 0.4 ml/min, Absorbance was recorded 

at 250 nm. 

5.4. Material Methods  

5.4.1. Virtual screening protocol 

5.4.1.1. Protein structure preparation 

The 3D X-ray crystallographic structure of the target protein hChAT in complex with choline 

was obtained from the Protein Data Bank (PDB) (30) (PDB ID: 2FY3), (26) having a resolution 

of 2.27 Å. There are two primary binding sites in ChAT, CoA binding site and choline binding 

site. In between these two binding sites lies the catalytic domain which consist of amino acid 
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residue HIS324 which is responsible for the transfer of the acetyl group from Coenzyme-A to 

choline (26, 31). The protein was prepared by using AutoDock Tools (ADT) where all the 

unwanted water and ion molecules were removed, followed by the addition of the polar 

hydrogen bonds, then the AD4 bond was assigned and finally Kollman charges were added to 

the protein and saved as PDBQT format (32). 

5.4.1.2. VitasM screening library acquisition and preparation 

We download the VitasM laboratory database consisting of 1.4 million small molecules 

(structure data file; SDF) from https://vitasmlab.biz/. The library was preliminary filtered for 

molecules with optimal physicochemical parameters like molecular weight (100 to 500 Da), 

number of hydrogen bond donors (1 to 5), number of hydrogen bond acceptors (1 to 10), polar 

surface area (20 to 90) ClogP (-4 to 5), Number of rings (1 to 6), Number of rotatable bonds (1 

to 10). Finally, PAINS filter was also applied in order to remove any compounds that may result 

in false positive outcomes (33, 34). On screening the library size was reduced to ~8,00,000. The 

library was finally subjected to energy minimization using MMFF94 force field and was 

converted to PDBQT format for virtual screening using the Open Babel (35). 

5.4.1.3. Virtual Screening  

The structure based virtual screening protocol was carried out using Vina-MPI (22) on high 

performance computing facility ‘Paramshivay’ available at IITBHU, Varanasi. First the grid 

box was generated using ADT, where the choline bound to the ChAT structure in the co-

crystallized PDB was taken as the centroid for the generation of the grid box and was ensured 

that all the necessary residues of the active cavity were inside the box including the catalytic 

residue HIS324. The gridbox dimensions were set to 28 X 28 X 28 Å and the X, Y and Z 

coordinates were set to 6.528, 3.667 and 66.944 respectively. Exhaustiveness was set to 8 (36) 

and finally, the virtual screening protocol was carried out generating 9 poses for each 

compound. The first pose was selected for the docking scores based on which further decisions 
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were made. 

5.4.1.4. Post screening rescoring and MM/GBSA analysis 

The top scoring 5958 molecules from the Virtual screening protocol were selected for Xtra 

precision docking using Glide available on Schrodinger maestro (37). Where the protein was 

prepared using the protein preparation wizard available on glide, followed by the grid box 

preparation wizard where the Choline was selected as the centroid for the grid box preparation. 

The top scoring hits were prepared using the ligand preparation wizard and finally docked on 

ChAT using the Ligand docking wizard with Xtra precision (XP) mode. The tops performing 

250 compounds were then subjected to the MMGBSA free energy calculation using Maestro 

(38). 

5.4.2. Production and purification of recombinant human ChAT protein 

Recombinant human ChAT protein was produced and purified by the Protein Science Facility 

(PSF) at Karolinska Institute/SciLifeLab (http://ki.se/psf), as described before (19). The purity 

of protein was determined using sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) 

stained with Coomassie blue dye. The total protein concentration was measured using BioRad 

DC protein Assay (BioRad). The storage buffer for the protein was 20 mM HEPES buffer, pH 

7.5, containing 300 mM NaCl, 0.5 mM TCEP. The protein was diluted in the storage buffer to 

a concentration of 212 μg/mL. The diluted enzyme solution was then aliquoted (10μL/tube), 

frozen on dry ice, and stored at -20°C. 

5.4.2.1. In vitro fluorometric ChAT activity inhibition assay 

To validate our findings from the virtual screening the top 46 hit molecules were purchased 

from the VitasM library and were subjected to in-vitro ChAT activity inhibition assay using our 

in-house developed high throughput fluorometric method, utilising recombinant human ChAT 

(rChAT) protein. (21) The required reagents choline chloride, acetyl coenzyme-A (ACoA, 

A2181) and 7-Diethylamino-3-(4-maleimidophenyl)-4-methylcoumarin (CPM) for carrying 

http://ki.se/psf
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out the study were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

The ChAT assay was run in 384-well plates (Greiner Bio-One Item-No. 781209).  The dilution 

buffer was 20mM HEPES, pH 7.4 (containing 150 mM NaCl, 1.0 mM EDTA, 0.05% (v/v) 

Triton X-100). First, 20 μL/well of a 600μM choline chloride solution (final concentration, Cf, 

150 µM), and then 20 μL/well of a 0.212µg/ml of the recombinant ChAT (Cf = 0.053μg/mL) 

was added. Thereafter, 20μL/well of 400μM of different hit compounds were added to the wells, 

and incubated for ~30 minutes at room temperature under gentle orbital shaking (200rpm). 

Finally, the reaction was started by adding 20µL of a cocktail-A [containing 54μM ACoA (Cf 

= 13.3 µM) and 60 μM CPM (Cf = 15 µM)] was to each well. Immediately after adding the 

cocktail-A, the changes in fluorescence were monitored continuously at 3 minutes intervals for 

30 minutes using a microplate spectrophotometer reader (Infinite M1000, Tecan). The 

excitation and emission wavelengths were 390 nm and 479 nm, respectively. Each compound 

was applied in six replicates. On each 384-wells plate, several enzyme wells without any hit 

compounds but the vehicle were also included to serve as reference enzyme control wells. The 

vehicle was the compound dilution buffer containing the same amount of DMSO as the 

compound’s wells. Negative controls (or blanks) were wells without enzyme. The total volume 

in all wells were 80μL. The percentage inhibition for each compound was calculated based on 

the enzyme control value as a reference (100% activity). Based on the initial screening we 

selected the two most potent compounds that inhibited ChAT selectively for the enzyme 

inhibition kinetic studies. 

5.4.2.2. In vitro colorimetric AChE and BChE activity inhibition assay 

An in-house high throughput assay for the enzymatic activity of BChE and AChE was designed 

using a modified version of Ellman's colorimetric assay. The reagents, butyrylthiocholine 

iodide (BTC), acetylthiocholine iodide (ATC), and 5,5′-dithiobis (2-nitrobenzoic acid) 

(DTNB), were purchased from Sigma-Aldrich (St. Louis, MO, USA). The buffer system for 
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AChE and BChE assays was sodium/potassium phosphate buffer (50mM, pH 7.4).  

Briefly, for screening of compounds against BChE, 20 μL/well of a 1:100 diluted solution of a 

pooled human plasma (final dilution 1/400) was added to the wells of a 384 well plate (a 

flatbottom transparent plate). For screening against AChE, 20 μL/well of a 1:768 diluted (Cf = 

3.5 ng/mL) solution purified recombinant human AChE protein (Sigma, Cat no. C1682) was 

used. Then 20 μL/wells of a 400µM hit compounds solution (Cf = 100μM) was added to the 

assigned wells (six replicates/compound), followed by adding 20μL/well of a 1.6 mM freshly 

prepared solution of DTNB (Cf = 0,4 mM) to all wells. The plate was incubated at RT for ~30 

min. On each 384-wells plate, several enzyme wells without any hit compounds but the vehicle 

were also included to serve as reference enzyme control wells. The vehicle contained the same 

amount of DMSO as the compound’s wells. Negative controls (or blanks) were wells without 

enzyme. Lastly, 20 μL of a 4.0 mM BTC solution (Cf = 1 mM) or a 2.0 mM ATC (Cf = 0.5 mM) 

was added to each well, and the changes in absorbance were continuously monitored at 412 nm 

wavelength for 10 min with 1 min interval, using a microplate spectrophotometer reader 

(Infinite M1000, Tecan). The rate of the enzyme activity was determined from the linear part 

of the kinetic reaction curves as ΔOD/time. The total volume in all wells were 80μL. The 

percentage inhibition for each compound was calculated based on the enzyme control value as 

a reference (100% activity). 

5.4.2.3. Enzyme inhibition kinetics for determination of Ki, IC50, and mode of action of 

hits compounds 

Likewise, an identical protocol as inhibition assay was performed, a 2-fold dilution series of 

the compound is dispensed to 384 well plate, starting with a stock concentration of 50 mM. The 

compound is then diluted to five different concentrations of dilution series ranging from 100 to 

1.56 µM for the top selected compound V6 and V15.  Followed by preparing and adding a 2-

fold dilution series of choline to each well. The final concentrations of choline range from 320 
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µM to 0 µM. ChAT enzyme solution is added to each well resulting in a final concentration of 

0.053 µg/mL in each well. The 384 well plate is incubated at room temperature with 200 rpm 

orbital shaking for 30 minutes. The spectrophotometer is set up for read fluorescence intensity 

reading at 3-minute intervals. The excitation wavelength is set at 390 nm and the emission is 

measured at 479 nm. Finally, a 4-fold fluorescent detection reagent solution, which is prepared 

by mixing dilution buffer, 1 mM ACoA, and CPM stock solution was added (20 µL/well), 

resulting in a final concentration of 13.33 µM, 60 µM, and 15 µM, respectively.  

The rate of enzyme activity (RFU/hr/53ng rChAT) was calculated and processed using the 

GraphPad Prism 7 analysis software(39). The inhibitory constant (Ki) values were determined 

from the dose-response curve along with the half-maximal inhibitory concentration (IC50) 

calculated by plotting the percentage enzyme activity vs. the log of the compounds 

concentrations and fitting it with the nonlinear regression enzyme kinetics-inhibition function. 

The Michaelis-Menten constant (Km) and maximal velocity (Vmax) values were also obtained 

from the substrate-velocity curve by fitting the data with non-linear regression Michaelis-

Menten kinetic function. These values were then used for making the Lineweaver-Burk plot 

and was fitted using the linear regression function.  

5.4.2.4. Cell viability assay 

MTT assay was performed for the top performing compound V6 and V15 to determine the in 

vitro cellular toxicity (40).  Human neuroblastoma SH-SY5Y cells (ATCC, CRL-2266) were 

cultured at 37°C in a humidified environment with 5% CO2 in Dulbecco’s Modified Eagle’s 

medium (DMEM) with 10% fetal bovine serum (FBS) in 96-well plate to obtain 70–80% 

confluency. The cells were incubated with 10 µM and 50 µM compounds in sextuplicate for 24 

h at 37 °C. Cells treated with 0.25% DMSO were used as controls. At the end of the treatment, 

20 μL of MTT (5 mg/mL in Phosphate buffer saline pH 7.4) was added to each well and 

incubated for an additional 4 h at 37 °C. The media was then removed from the plate and 200 
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µL of DMSO was added to dissolve the violet formazan crystals. Finally, the absorbance was 

measured at 570 nm with a reference wavelength of 630 nm on CLARIOstar Plus microplate 

reader (BMG Labtech) with shaking before the reading. The percentage viability was calculated 

taking 0.25% DMSO control as 100 percent and represented as mean ± SD. 

5.4.3. Molecular Dynamics simulation 

Molecular dynamics simulation was performed for the two top performing hits with the help of 

GROMACS 2020 (41, 42) and CHARMM36M force field (43) was used. The redocked pose 

obtained from the Glide XP docking protocol was taken as the starting frame for the simulation. 

System preparation was performed as per the protocol mentioned in our previous article. 

Briefly, the complexes were solvated in a cubic box and TIP3 mode used as a water model for 

the system, with a 1.0 nm distance from each side of the complex and between the solvation 

box edges. 0.15 molar Na+ and Cl- ions was added to neutralize the system. The built system 

was then subjected to energy minimization by utilizing the steepest descent algorithm such that 

the maximum forces become less than 1000 kJ/mol/nm in order to obtain a decent starting 

structure for the simulation production run. Position restraints were set for the equilibration step 

by constant moles, volume and temperature in the canonical ensemble (NVT) and isothermal-

isobaric ensemble (NPT), each for 2ns so as to prevent distortions that can result in blow up of 

the system during the production run due to the lack of stability. The system condition was kept 

at 310.15 K temperature applying the V-rescale temperature coupling and pressure was 

maintained at 1 bar using the Parrinello–Rahman pressure coupling with a coupling constant of 

0.1 picosecond for the temperature setting and 2 picoseconds for the pressure setting. Particle 

mesh Ewald (PME) method was used to calculate the long-range electrostatic interactions and 

van der Waals interactions, the cut-off for short-range van der Waals was set to 1 nm (44). 

LINCS algorithm was used for setting constraints on the bonds and the time step was kept at 

0.002 ps for the simulation run (45). Finally, a 200 ns production run was initiated under the 
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periodic boundary conditions. The obtained trajectories were further analyzed for its RMSD, 

RMSF, RoG, SASA, HBN, HBD, PCA and FEL.  

5.4.4. Similarity Index Analysis 

We calculated the structural diversity of the hit compounds V6 and V15 by comparing their 

Tanimoto similarity with already reported compounds obtained from ChEMBL database and 

literature, considering IC50 values as indicator of the compound potency. We extracted the 

unique molecular structures (SMILES strings) of these compounds and removed duplicates to 

ensure data integrity and generated molecular fingerprints (Morgan, atom pair, and MACCS) 

for both the database compounds and the hit compounds using RDKit (46). Using these 

fingerprints, we computed Tanimoto similarity scores to quantify the structural resemblance 

between each query compound and the database molecules (27). We visualized the calculated 

similarity scores using kernel density estimation plots, which provided insights into the 

distribution of similarity values across different fingerprint types (47). 

5.4.5. Solubility and parentage purity assay 

Solubility study was performed as reported earlier (48). Initially making a primary stock 

solution of 10 mM of each compound V6 and V15 in an organic solvent (DMSO), followed by 

taking 50 μL of the 10 mM DMSO stock and adding it to a 950 μL of 1 M phosphate buffer 

saline (PBS) with a pH of 7.4. The resultant solution was set for 1.5 hours of mixing. The 

resultant solution was centrifuged and filtered using 0.22 μm nylon syringe filter and was 

quantified using RP-HPLC method. Calibration curve was made for the compounds by taking 

7 serial dilutions as follows, 200 µM, 100 µM. 50 µM. 25 µM, 12.5 µM, 6.25 µM and 3.125 

µM, and the R2 value for the compound V6 and V15 was found to be 0.9932 and 0.9982 

respectively. The percentage purity calculations were carried out using the 100 µM sample 

concentrations, chromatograms are shown in (Figure 5.11). HPLC Instrument used: Agilent 

2004, Method for V6: Solvent system used Acetonitrile = 90%: Water = 10% and for V15: 
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Solvent system used Acetonitrile = 75%: Water = 25%, Flow rate was set to 0.4 ml/min. 

Absorbance was recorded at 382 nm and 250 nm for compound V6 and V15 respectively. 

Sample volume for each injection was 20 µl, Column Specification: Poroshell 123, EC C18 4 

µm, 4.6*150 mm. 

5.5. Conclusion  

With the urgency and importance for the need of novel biomarkers in the field of AD and ALS 

diagnostics, the present work focused on the discovery of novel ChAT ligands having potential 

to be further developed into radio-labelled marker compounds for in-vivo PET imaging for 

mapping the distribution and concentration of ChAT in CNS, PNS and ENS, as the ultimate 

indicator of the health and function of the cholinergic neuronal system. To access these 

objectives there are a need for novel ligand with high selectivity towards ChAT and optimum 

pharmacokinetic parameters along with good BBB permeability.  

As was noted before, the few known classical inhibitors of ChAT lack the critical properties, 

such as selectivity and BBB permeability. Considering such limitations, our research group 

have previously identified and characterized three compounds from Asinex chemical database. 

These three compounds (B1, B4 and E1) behaved like mixed-competitive inhibitors of ChAT, 

with Ki values of 9.4 µM, 16.5µM and 25.4 µM, respectively (21). In another study we assessed 

the FDA chemical database over approved drugs and reported for the first time an 

unprecedented mechanistic link between use of proton pump inhibitors (PPI’s) with incidence 

of dementia, through an unprecedented potent inhibitory effect on ChAT (19). Among the tested 

PPIs, omeprazole/esomeprazole, tenatoprazole and rabeprazole emerged to be the most potent 

ChAT inhibitors. The Ki values for these PPIs were determined to be between 160nM to as low 

as 18nM. The dominant mode of ChAT inhibition by these PPIs was non-competitive reversible 

type. Initial docking analyses revealed that the pyridine ring in the PPI’s interact with the 

catalytic amino acid residue HIS324 in the catalytic tunnel of ChAT, potentially accounting for 
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the inhibition.  However, the BBB permeability of PPI’s is not well-known and the available 

literature indicates it to be about 10% of the concentration of the drug in circulation, (19) which 

might not be optimal for use as molecular probes of ChAT in the brain. Nonetheless, further 

studies are required scaffold exploration and SAR studies to further improve the affinity for 

ChAT and make other optimization required for developing molecular probes of ChAT with 

ideal pharmacological properties, for instance as PET tracers.    

Here, in the present study, we report two additional novel scaffolds as a ligand of ChAT. To 

achieve this, we subjected a compound library of 1.4 million compounds from VitasM to 

various filters and structure-based virtual screening protocol for hits with novel scaffold, high 

selectivity and BBB permeability based on various optimal physicochemical parameters and 

PAINS filter. This resulted in 769609 hit compounds that were further subjected to a docking-

based virtual screening, yielding 5958 potential hits with good docking scores. These were then 

re-docked using Glide for cross platform validity of the docking results, and the final top scored 

hits were then subjected to MM/GBSA rescoring. This resulted to 46 top hit compounds for in-

vitro screening. The compounds were purchased and were screened in vitro against human 

ChAT protein using our in-house high-throughput non-radiometric fluorescence assay. To 

assess their selectivity the hits were also screened against the potential anti-target enzymes, 

human AChE and BChE. The top two compounds, V6 and V15, had an IC50 value in the low 

micromolar range, 21.7 µM and 9.4 µM, respectively. Compound V6 exhibited better kinetic 

solubility (0.21 mg/ml), as compared to V15, which had a solubility of 0.17 mg/ml. Both 

compounds V6 and V15 displayed no toxicity as was assessed by MTT assay, demonstrating 

ideal characteristics for potential diagnostic biomarkers.  

Overall, by a combination of rigorous virtual screening and our high-throughput ChAT assay 

in vitro screening, we successfully identified two compounds, with high selectivity, low toxicity 

and good potency as ChAT inhibitors with structural diversity in comparison to previously 
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reported ChAT ligands.  
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