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ABSTRACT

THE IMPLEMENTATION OF NMR TECHNIQUES FOR MEASURING
INTERACTIONS BETWEEN SMALL ORGANIC MOLECULES/
INHIBITORS AND ENZYME ACETYLCHOLINESTERASE: A STEP
TOWARDS ALZHEIMER’S CONTROL. The inhibition of the
acetylcholinesterase (AChE) might be an excellent therapy in controlling
Alzheimer’s disease as stated by the cholinergic hypothesis. In this context, the
inhibitors of AChE, are of medical and commercial paramount interest as
therapeutics for Alzheimer’s disease and as pesticides. However, the
conformational changes in inhibitors with AChE complex facilitate the rational
design of some novel inhibitors with increased potency and specificity.
Therefore, solution state NMR is a novel approach that seems to fulfil almost all
conditions necessary to investigate the AChE-inhibitor complex. In this
perspective, a combined strategy of STD, Tr-NOESY, DOSY, and docking
simulations were applied to compare the bindings of four synthetic coumarin
derivatives to tacrine for their binding potentials. Intriguingly, one of them
(compound 1) was found to have not only the stronger affinity than the control
but could bind with three sites. Furthermore, a competition of three inhibitors
(gallic acid, 4- methylumbelliferone, and scopoletin) was performed by taking
help of the STD NMR experiments. Interestingly, none of them was competing
for the some particular binding site. Nevertheless, in titration studies gallic acid
was found best based on dissociation constant values. Moreover, an ethyl acetate
fraction and its water suspension of the Terminalia Chebula RETZ, fruit extract
was studied. Three compounds (4-hydroxycinnamic acid, Ethyl-4-
hydroxycinnamate and lupeol) were seen to involve in interaction that were later
recognized by 2D NMR and ESI mass techniques. Moreover, for the first time in
the Federal University of Sdo Carlos, these NMR methods for the determination
of the bound conformation of any inhibitors towards AChE using NMR

spectroscopy have been applied.
XXVIi



Resumo

IMPLEMENTACAO DE TECNICAS DE RMN PARA MEDIR INTERACOES
ENTRE MOLECULAS ORGANICAS INIBIDORAS DA ENZIMA
ACETILCOLINESTERASE: UM PASSO PARA O ESTUDO DO
ALZHEIMER. A inibicdo da acetilcolinesterase (AChE) pode representar um
caminho para o controle da doenca de Alzheimer se consideramos a hipdtese
colinérgica. Neste contexto, os inibidores de AChE, representam interesse tanto
para a area médica como comercial utilizando-os como agentes terapéuticos para
a doenca de Alzheimer e como pesticidas. O entendimento das mudancas
conformacionais envolvidas no complexo com os inibidores de AChE pode
facilitar o planejamento racional de novos compostos, procurando aqueles com
maior potencial terapéutico e melhor especificidade. Portanto, a RMN em
solucdo é uma ferramenta muito util para se investigar possiveis inibidores da
AChE. Para tanto, uma estratégia combinando as técnicas de STD, Tr-NOESY,
DOSY, e simulacbes computacionais foram utilizadas para comparar as
interacOes de quatro derivados sintéticos de cumarina com o composto tacrine,
utilizado como controle. Curiosamente, para um dos compostos (composta 1) foi
encontrada uma maior afinidade que o préprio controle, além dele interagir em
trés regibes distintas. Além disso, foi realizado um experimento de competicdo
de trés inibidores (&cido galico, 4- metilumbeliferona e escopoletina) ao mesmo
tempo, através dos experimentos de STD, sendo que nenhum deles mostrou
competicdo para uma regido especifica da AChE. No entanto, estudos de
titulacdo via RMN mostrou que o acido galico foi o que apresentou melhor
resultado baseado nos valores das constantes de dissociacdo medidas por RMN.
Além disso, também se avaliou uma fracdo do extrato bruto de acetato de etila e
da sua suspensdo em agua, oriundas dos extratos dos frutos da espécie
Terminalia chebula RETZ. Trés compostos (4-hidroxicindmico, Etil-4-
hidroxicinamato e lupeol) apresentaram interacdo com a AChE e as suas

estruturas foram caracterizadas por RMN 2D e espectrometria de massas. Este
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trabalho representou o primeiro estudo, na UFSCar, onde se avaliou interagfes

de possiveis inibidores da AChE utilizando técnicas de RMN.
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1. Introduction

1.1 Alzheimer’s Disease (AD)

It is the most common form of the progressive chronic neurodegenerative,
which starts slowly and ends worse, manifested by cognitive and intellectual
deteriorations that results in a collective impairments of day-to-day life
activities, behavioural changes, and difficulties in speaking, mood swings, and
some other variety of psychiatric symptoms. ' Alzheimer’s disease is
abbreviated herein as AD throughout this thesis. Being a leading cause of death
particularly in the aged population, always remains mysterious to diagnose, and
progressively kills a human between the average duration of 8-8.5 years from
the first manifestation of a symptom of death. * However, to date, there is no
possible diagnostic procedure exist to finish this massacre disease prior to
autopsy reports, and more importantly, it is supposed to become more
aggressive and potential within coming 2 to 3 decades. * ° Prevalence studies
have shown that the America, China, and Western Europe are among the most
affected countries and by 2040 these regions will be expected to home of around
60% of the total population that affected across the world. ° In America alone,
the death toll per year exceeds than a half million peoples, as recorded in a very
recent report, ' and declared Alzheimer’s as the seventh fatal disease in the

region.
1.1.1 Historical Background of AD

Alois Alzheimer (1864-1915), a German neurologist was the first, who
discovered the AD in 1906 through manifestations the case of a 51 years old
woman Auguste D., who were under his treatment since 1901. ® Initially, she
reported on the problems associated with speaking, and anti-modem history of

impairing memory. During the course of her treatment, Dr. Alzheimer could get
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any conclusion about the nature of disease, however, after her death, in autopsy
reports he declared that she was affected by severe dementia. It was the first
time that he observed the neurofibrillary tangles and a dramatic shrinkage of the

brain cortex, (as shown in Figure 1) which latterly named after his name as

Alzheimer disease in 1910. The conclusions that Dr. Alzheimer presented in
1906 are still considered as the basis of today AD.

Language
Langua

Alzheimer's Affected

Normal Brain Brain
Figure 1: Comparison of human brains: normal (left-hand side) and
Alzheimer’s affected (right-hand side), picture theme adopted from Bright Focus
Foundation USA. °

1.1.3 Characterization and different stages of AD

Types of AD characterization based totally on the symptoms occurrences
in the victim, if population younger than 65 got affected, is called the familial

AD, because there might be some family history of this disease because of gene
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mutations. Conversely, sporadic AD affects only older population than 65. *°
The characterization of AD against normal aging and other dementias is easy e-
g, gradual loss of weight, hairs and bone density is common in aging along some
weakness in memories, but cognitive decline in memory is normal process of
aging. Likewise, significant cognitive loss owing to different diseases does not
mean AD. Each kind of disease has its dementia, e-g brain stroke as results in

vascular dementia, when blood flow decreases.

Different stages of AD depend on two factors, A) the severity of disease with
respect to the symptoms and B) the length of the period of the disease after the
first diagnoses. The long lasting disease consists of three stages, 1) early-stage,
2) moderate stage and 3) severe-stage AD. The length of each step different and
longer to the earlier one, e-g early-stage comprises 2-4 years from first
diagnostics while moderate-AD represents a longer 2-10 years of the stage.
Symptoms become more significant in the initial moderate stage, which
becomes more aggressive and increases potential in the later stage, and finally

the severe stage ends with the death.

1.1.4 Alzheimer’s Pathology

Pathology of AD is dependent on the some hallmark features those
associated with neuronal loss, the formation of plaques and neurofibrillary
tangles. * The cholinergic system starts damaging in the early stages of the AD.
However, the overall degenerations AD accounts for, are involving

noradrenergic, serotonergic and cholinergic systems. ***3

1.1.4.1 Amyloidal Plaques

Small spherical depositions of amyloid-beta protein (generally
represented as AP) as a result of some cleavage enzyme (beta amyloid cleavage
enzyme) are referred as amyloidal plaques. By nature, the AP is a sticky protein
that gradually gathers into the clumps and hence, forms the extracellular
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plaques. ** However, the mostly seen aggregations of these proteins are of Ap-
42 type. ** ¥ Plaques formation is not a uniform or stable state it further shows
mutations in the amyloid precursor protein (APP), which is more common in
familial AD, and more importantly, indicates the progression of the disease.
However, amyloidal cascade is generally not common in sporadic AD, in

addition, it equally found in the non-demented population. *®

1.1.4.2 Tau Protein Misfolding

The collections of intracellular helical filaments in the brain, which are
mostly insoluble, mark the second hallmark for the AD, ™ known as
neurofibrillary tangles. The insolubility characterized by the phosphorylation
and dephosphorylation process otherwise in normal condition tau protein is
soluble. However, the abnormal process of phosphorylation collapses the neuron
that subsequently leads to the death of the neuron cell. * A microtubule-
associated protein is the major component of these neurofibrillary tangles known
as tau protein, which provides structural firmness to the cell after binding with
microtubulin. The detachment of tau from microtubulin protein forms the tau

aggregations *°

, which subsequently left few grades on the chemistry of
microtubules in the form of some disassemblies in its structure. ** A comparison
of a normal neuron with the affected neuron clearly shows the hallmark changes

that are responsible for the AD, as shown in Figure 2.



Normal Neurons Neurofibrillary Tangles

.
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" Neucleous Amyloid Plaques -------- -

ADhaffected Neurons

Figure 2: Comparison of human neurons: normal (left-hand-side with green
colors) and Alzheimer’s affected (right hand-side with purple color), picture

theme adopted from Bright Focus Foundation USA. °

A parallel research showed that for the proper functioning of the neuron it
is necessary for microtubule to work perfectly, otherwise the neuron might have
itself some dysfunction responsible for AD ?°, and more importantly, if the tau
aggregates are in excess they can also mutate other proteins binding to

microtubules. %

Apart from aforementioned characteristically factors, a number of other

aetiological interconnected features that may have some important role in AD

21,22 24,25

are inflammation, #* % oxidative stresses, *® cholinergic effects, ** #etc.

1.1.5 Alzheimer’s Disease mechanism

Despite hard works from scientist across the world over the decades, AD
IS yet to be discovered about to the real facts that happen during the course,
instead of symptomatic treatments. In addition, the difference in rates of
succession in different individual and more importantly intensification with the
passage of time and proper treatment, etc., still needs to work. Three major

hypothesis are advanced that explain the causes that might involve in the
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intensification of dementia, progression with high rates, targeting mostly the
elderly population, etc., and are supposed to be the primary cause of AD. The
first and oldest one is a cholinergic hypothesis, ' which states the cholinergic
signaling are directly responsible for this initiative in the progression of AD.
Conversely, the other two hypotheses suggest that either misfolding of AP
protein or neurofibrillary tangles from tau protein are the root causes that
provide a healthy start to AD. However, the scientists are not yet to solve that
which of the earlier hypotheses is responsible for the advanced anatomical
changes resulting from AD. Therefore, a number of studies have been published
up to date, where scientific community believe in misfolding of AP (amyloid

hypothesis) to be a more dominant among others, ** > %% put is not clear yet.

1.1.5.1 Cholinergic Hypothesis

Being the oldest hypothesis, it could get hype, as did the later two
counterparts. The main reason for this discrepancy is the medication for the
treatment of cognitive dysfunctions resulting from this theme, provided
undesirables side effects. > # According to the cholinergic hypothesis, the
annihilation of cholinergic pathway due to the activity of AChE, results in
deficiency of a neurotransmitter (ACh)—responsible for cholinergic response. **
% Most of the early research focused this concept of the hypothesis and tried to
find the new results, however, outfits were not beneficent to cure the AD.
Although, these conclusions infer that acetylcholine may not a direct casual to
AD but also involve in damaging other brain tissues. Later on, in another report
made claim that the cholinergic effects are the main causative agents responsible
for later accumulation of the AP plaques as well as the Tau protein tangles and
hence leading to neuroinflammation in the body. ** The success of these results
makes this hypothesis stronger, and the basic concept of improving the
cholinergic effect need to be explored. More importantly, in an indirect way it
also involves in the later two hypotheses. Therefore, the level of AChE
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reduction as a result of some inhibitors can suppress the hydrolysis of ACh in
the synaptic cleft and hence regenerate the cholinergic effect. By taking
advantages of the review, ' published in 2004, the relation between the
cholinergic effect and acetylcholinesterase enzyme is explained in figure 3 that

how and where this process of hydrolysis take place.

1.1.5.2 Amyloid Hypothesis

The amyloid hypothesis based on the accumulation of small spherical
depositions of Amyloid-beta AP as result of some cleavage enzyme or due to
overproduction or failure of clearance mechanisms is referred as Amyloidal
plaques, which are responsible for the cholinergic impairments. This hypothesis
was supported by some observations carried upon mouse model and human
beings, which show the AP and their variant proteins, are responsible for the
formation of some cascade—enhance the cholinergic impairments. ** * The
actual linked mechanism of memory impairment and A protein is needed to be
elucidated but the importance of the AP is undeniable. The formation of the AP
plaques takes place from amyloid precursor protein (APP) as has been explained
in the previous section (1.1.4.1). APP also involving some synaptic regulation
self-functions, when examine this point of view in mice, the mice lacking APP
and their variant showed deficiencies in synaptic functioning and structure. ** *
In conclusion, the broad community of the “Baptist” who believe the amyloidal
precursors production, degradation and deposition are responsible for AD, on

the basis of some recently reported studies. **’



Synaptic clift
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Figure 3: The schematic representation of the acetylcholinesterase enzyme and
acetylcholine within the synaptic cleft of the human brain, where different cross
sections are made to explain the actual presence of the neurons in CNS system.

The idea for this figure was taken from the reference 1.



1.1.5.3 Tau Hypothesis

The collections of intracellular helical filaments in the brain, which are
mostly insoluble, mark the second hallmark for the AD, ™ known as
neurofibrillary tangles. AP protein shows some sort of interaction with the
signaling pathways associated with the phosphorylation of tau protein, which in
turn disrupts the hyperphosphorylation of tau from its normal functioning that
leads to neurofibrillary tangles. *® However, in a normal situation, the
phosphorylation regulated by the balance coordination of Kkinases and
phosphotases. * There are number of supportive materials published regarding
the tau hypothesis. However, the conclusion about the final cause are yet not
decided. Tau hypothesis is advanced because of some diseases, collectively
known as tauopathies, where the misfolding of this protein was found. *
Although the mystery of the AD is yet not clear but, the Tau-ists who believe,
the abnormalities within this protein are responsible for pathogenic disease

cascades.

1.2 Acetylcholinesterase (AChE)

AChE is a hydrolase enzyme, which hydrolysis ACh and perishes the
activity, ACh renown for that is carrying electrical impulses to one neuron to
other. This enzyme belongs to the subfamily of cholinesterase enzymes, which
comprises AChE and BuChE (Butyrylcholinesterase). The distinguishing
features of these subfamilies depend upon their specificities towards the
substrate as well as their nature of inhibitor. ** In recent years, it is well noted
that, besides the nervous transmission, the AChE also involve in a number of
different functions, including worked as an adhesion protein, in neurite growth,
as a bone matrix and specifically, the amyloid fibrils production in AD patients.
“2 Therefore, | would say, it is the one of the most vital and catalytically well-

organized enzyme ever known to human.
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1.2.1 AChE Structure

Much of the structural information and kinetic behavior available now
related to AChE are, as results of the X-ray crystallography of amino acids
residues studies mostly based on Electric eel, Torpedo Californica. However,
the human AChE (hAChE) crystal structure and amino acid residues are much
similar to TcAChE. This enzyme possesses a complex structure comprising
hydrolase type folds of o/ protein, * whereof 12-stranded central p-sheet
bounded by 14 a helices. ** In a gross manner, AChE possess some ellipsoidal
type of structure, having two prominent regions, a deep groove commonly
known as gorge groove located about 20 A deep and a peripheral anionic site
(PAS) which located about 14 A above the gorge. ** ** PAS varies among
different sources of AChEs, in electric eel Torpedo californica (TCAChE) five
amino acids residues (Phe 290, Tyr 70, Tyr 121, Trp 279, Asp 72)

are very important as in shown in figure 4.
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Peripheral binding site (PAS)

Phe 290
yr 70
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G
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Gly 118
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Ala 201

iad Esteratic site

Figure 4: The schematic representation of the TcAChE highlighting some

important active binding and sub-binding sites, as defined elsewhere.

It is obvious that the reversible inhibitors mostly use binding site of PAS
and this implication cause a direct passage of substrate to catalytic gorge cavity
through some steric blockade and electrostatic functions. Hence, play an
important role in hydrolysis of ACh and aid in other substrates to access the
active site through some allosteric variations. ** ** The catalytic site of AChE
consists of triad (glutamate 327, histidine 440, and serine 200) amino acids

residues, which play an important role in ACh hydrolysis in either acidic or
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basic fashion. On either side of catalytic site, an esteratic and oxyanion, sub-
sites exist—mostly catalytic machinery of these sub-sites depends upon the
catalytic sites. The oxyanion and esteratic sub-binding sites are believed to help
in positioning the ACh or other substrate through hydrogen bonding during the
hydrolysis process of catalytic site. * Another important site is, ‘anionic subsite’
comprising aromatic residues including Trp84, Glu199 and Phe330 , which
has a greater affinity towards the quaternary ammonium ligands or other
hydrophobic ligands through p-p interactions. The positive charge of the
quaternary ammonium type ligands and choline forms a stable complex with the
aromatic m bonding system that provide a support the ligand to positioning itself
down into gorge. The Acyl binding pocket is another important site comprising
two amino acid residues (Phe290 and Phe288), is supposed to be involved in
size reduction of the substrate during the hydrolysis process and hence, making

more efficient the process of hydrolysis. *
1.2.2 AChE Functions

In accordance with the rapid hydrolysis activity of the AChE that results
in a loss of cholinergic response by the termination of ACh within the synaptic
cleft, it is most important enzyme yet known to man. More specifically, AChE
regulates different functions besides nerve transmissions including worked as an
adhesion protein, in neurite growth, as a bone matrix. * Above all the
implications of AChE in loss of cholinergic response and the amyloid fibrils

production in AD patients, *

makes it more high-flying to be explored.
Annihilation of nerve transmission from AChE regulates in both central nervous
systems (CNS) as well as the peripheral nervous systems (PNS). However, the
reaction locus is different but involving the same mode of hydrolysis. Once the
nerves impulses are triggered by the ACh, the hydrolysis process terminates
them at the post-synaptic neuronal ACh receptor in CNS, whereas, the nicotinic

receptors at the neuromuscular junction in PNS. “°
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1.2.2.1 Hydrolysis Mechanism

In response to a potential action, ACh is released in presynaptic nerves
that diffuses through the neuron fluid and had to carry the electric impulse to
postsynaptic nerves by ACh receptors. At the same moment AChE, which is
readily available between the synaptic cleft rapidly hydrolysis this ACh and
terminates the ACh receptor gated ion channel and hence, the annihilation of the
nerve transmission (Figure 5). The primary function of the PAS is to increase
the concentration of ACh in the mouth of the narrow and deep gorge groove;
therefore, it ensures the sufficient amount of neurotransmitter (ACh) that readily

going to be hydrolyzed.

Synapglic Clift
Dendrites  Acetylcholine ’ Axon
SRR “_. ; Nucleous
;é " 5 :: ~~~~~ \Y
’\rN\ ! \‘ \
YIN

Choliné receptor

Synaptic V asicles 1

Post synaptic menibrane .-’ Acetate ion

Choline receptor Choline

Figure 5: Schematic representation of hydrolysis of ACh (acetylcholine) into
choline and acetate ion by the action of AChE (acetylcholinesterase) in the

synapses.
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The mechanism of hydrolysis operates in two steps, the acylation of the
active binding site takes place in the first step, and the deacylation follows in the
second step, on the same moiety. During the process of hydrolysis, a tetrahedral
intermediate state continuously prevails before and after the release of acetate
and choline. In the catalytic site, serine residue involve itself covalently with the
substrate (ACh), however, other two residues (glutamic acid and histadine) most
of the time act as proton acceptor/donor and provide the support to the
tetrahedral type of intermediate. ** ** %" After the acylenzyme generation further
mechanistic phase completes by using a conserved water molecule within the
system—Ileading all the way back to the unbound state of the enzyme by
deacylation process. In addition, there are some researchers who claimed that
the ACh exists in larger concentration and gets implicate with the PAS site as
well, with all kind of AChEs and specifically, forms the Michaelis complex as
result of acylation. This kind of ACh implication is common where; the
existence of either steric blockade or some charge repulsion exists, might lead to
the enzyme inhibition. * *° The detailed mechanism of the acylation and
deacylation that predominantly involves in this process is shown schematically
in Figure 6. There are also crystal structures evidential proofs that suppose in the
presence of a steric hindrance because of aromatic residues, which make CAS
too narrow that is enough to accommodate the ACh, for instance. > ** On the
other hands, the molecular dynamics believes in the formation of some gate that
opens and close rapidly and allowing entering and exiting the substrate easily. **
% AChE possess remarkably catalytic activity that can approach up to the
degradation of approximately 25000 molecules per AChE unit, and hence,

almost near to diffusion-controlled reactions.’* >
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Figure 6: Schematic representation of Hydrolysis of ACh into Choline and
Acetate ion by the action of AChE in the synapses, which operates in two steps:

1) acylation and 2) deacylation as characterized elsewhere.®

1.3 Inhibition of AChE

The AChE inhibition is quite important in controlling different lethal
diseases that associated with the activity of AChE. Therefore, the type of
compounds, which stops/terminates the activity of AChE, is called the

inhibitor/anti-cholinesterases. The AChE inhibitors mainly work, not all the
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time, safely in termination the AChE activity and increasing the duration and
level of ACh in the synaptic cleft, for an instant. * However, in some cases, the
inhibition becomes challenging especially while dealing with irreversible
inhibitors without having an idea of detaching the inhibitors after their function.
Therefore, based on the function the inhibitors they can be divided into two
groups: irreversible and reversible. Pharmacologically reversible inhibitors are
further sub-divided into competitive or non-competitive that are mostly used for
therapeutic purposes. However, irreversible are deemed to be toxic and used,

mostly, as an AChE activity modulators. *’

1.3.1 Reversible Inhibitors (competitive or non-competitive)

Reversible inhibitors have a significant role in pharmacological
manipulations related to AChE activity. While treating different types of
dementia, AChE inhibition is a special area of interest from various aspects. For
instance, inhibition of AChE remains a core issue whether targeting neurological
disorders or some muscular activities or chemical warfare nerve agents (CWA).
* Therefore, among inhibitors, the reversible inhibitors that have nowadays been
applied for various diagnostic or treatments purposes such as AD, myasthenia
gravis, bladder distension, postoperative ileus, glaucoma, as well as antidote to
anticholinergic overdose. *” Among reversible inhibitors, Tacrine was the first of
the AChE inhibitors approved by the FDA (US. Food & Drugs Administration)
for the AD treatment in 1993, however, later on its use has been abandoned
because of side effects issues related to hepatotoxicity. °* > However,
Donepezil, Rivastigmine, and Galantamine are among others AChE reversible
inhibitors who got the approval of FDA and EMA (Europeans Medicine
Agency) to be used in the treatment of AD. *” Most of the time the Donepezil
has been used for the treatment of moderate AD symptoms, however, in some
researches; it has been used for the patients with severe AD. In addition to

these receptors, the Memantine was also considered as NMDAR (N-methyl-D-
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Aspartic Acid Receptor) antagonist. *® > Rivastigmine is powerful carbamate
inhibitors that inhibit not only AChE but also the BuChE, as well, an unlike
behavior to donepezil. Chemical structures of the few reversible inhibitors are in
Fig. 7.

Rivastigmine(Exelon) :—

Donepezil (Arlcept)

Physostigmine

LD £

Memantine

H,N  Huperzine A Tacrine

B

AR RN RN RN RN RN RRRRRRRE])

Figure 7: Structures of some of the important reversible inhibitors that used in

the pharmacotherapy of AD.
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1.3.2 Irreversible Inhibitors (Organophosphorus Compounds

OPs)

The discovery of the OPs compounds as AChE inhibitors lead to a new
era in both pesticides development and also in CWA. The organophosphorus
compounds are the esters or thiol groups of the compound, which are derived
from the Phosphoric, phosphinic, phosphonic, and phosphoramidic acids with

the general structure provided in Figure 8.
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Figure 8: General structure and classification of OPs AChE irreversible

inhibitors.

In the agriculture and medicine parlance, organophosphates (blue highlighted in
Fig.8) are the compounds most often used as insecticides and CWA. ® In
accordance with the scheme presented in Fig. 8, the OPs compounds may have
the alkyl or phenyl substituent that can be directly linked to central phosphorus
atom or either through indirectly by oxygen or sulphur atom. ** Moreover, the

only R, substituent can make a bond indirectly through central phosphorus by an
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oxygen or sulphur group while R; remains directly linked, for an instant, in the
case of phosphonates or thiophosphonates. Similarly, R; and the R, group can
be replaced with a primary or secondary amine group that in turn can also make
direct or indirect bond to central phosphorus. The symbol X represents the
leaving group that may be any kind heterocyclic, aromatic or aliphatic group,
and more, importantly, can be bonded directly or indirectly through oxygen or

sulfur. *

The irreversible inhibitors are analogous to the ACh molecules and enter
into the CNS system where they bond themselves covalently with the serine-OH
residue of the active site, and thereby phosphorylation occurs in the AChE. This
irreversible phosphorylation causes the acute toxicity to the CNS. * ®
Moreover, this phosphorylated AChE remains unable to hydrolysed the ACh
which, causes an accumulation of this neurotransmitter in the synaptic cleft and
hence, an over stimulation occurs in both muscarinic and nicotinic ACh
receptors. As these ACh receptors are involved in pulse transmissions,
therefore, create problems. Some of the examples that are associated acute
poisoning are muscles weakness, agitation, sweating, etc., and the severe case

may lead to confusion, unconsciousness, and even death. ®*

The reaction of OPs with the AChE is similar to that of hydrolysis process
of ACh in its initial stages. However, once the adduct of the OPs and AChE is
formed, the reactivation of the enzyme is taken place either through water or in
the presence of oxime re-activator. To rejoice the enzyme activity depends upon
the structure of OPs, the spontaneous hydrolysis with water or oxime treatments.
Another important process, which carried out while this OPs-AChE adduct
formed and is known as aging. During this OP-AChE adduct intermediate the
dealkylation takes place that forms a phosphyl anion in the active cavity of
AChE, this is known as aged-AChE. The stability of this aged-AChE mostly

depends upon the hydrogen bonding between the histadine residue and the
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phosphyl anion (Figure 9). In this situation, the nucleophilic attack of the oxime

to the adduct remained fruitless and prevented by hydrogen bonding.

Examples of the some of the OPs compounds, which are most commonly used
as an insecticides, CWA, and some pharmacological purposes, are shown in

Figure 10.
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Figure 9: Schematic representation of AChE inhibition through OPs, the

formation of aged AChE, and reactivation by oxime as explained elsewhere.
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Figure 10: Structures of some of the important irreversible OPs inhibitors that
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1.4 Nuclear Magnetic Resonance and Drug Discovery

1.4.1 Nuclear Magnetic Resonance

The phenomenon of the NMR has been established, about 70 years ago,

first by the two independent groups in 1946, ¢ ¢

and just six years later, for this
new and progress achievements they awarded in common a noble price. Since
then, it has been successfully applied in different areas of the science as an
analytical tool in industry as well as in academics, including: medicine,
chemistry, biology, biochemistry, materials science and geology etcetera.
However, before the last two decades, NMR has gained widespread acceptance
as a pervasive tool for the structural characterization of the small compounds
(natural or synthetic compounds, and metabolites) to macromolecular
assemblies. " Besides this structural characterization, this emerging field of
science also got valued in the analysis of macromolecular and supramolecular

dynamics and, as a tool to see the static and transient state in the proteomics.

From last two decades or more, nuclear magnetic resonance spectroscopy
prejudiced much more the recognition studies because the molecular recognition
lies at the center of all life process. Since, most of our body processes based on
the complex interaction mechanism, therefore, these interactions existing
amongst the protein-protein or ligand-protein or inhibitor-enzyme are very
important, for instance. NMR has an upper edge over the other spectroscopic
techniques, involving binding interactions, in being detecting the binding at sub-
atomic level with greater sensitivity and without the requisite knowledge of any
prior function of the protein. ® This is not enough here, NMR also helps in the
optimization process of the hits into leads through providing the structural
information of both ligands and receptors as well, those linked to one another
through a loosely binding. Furthermore, group epitope mapping aids in the

information related to the binding conformations within the complex; which part
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of the small molecule is attached to which part of the target. Therefore, on the
basis of the information that can provide the nuclear magnetic resonance, there
are two types of the binding approaches available up to date.® 1) ligands-based
2) receptor-based studies. The scope of the binding interactions is so broad, in
sense of NMR applications, that to cover both types of screening is impossible
within this thesis; therefore, the basic concern of this project would focus only

the ligand-based screening.

1.4.1.1 NMR working principle

An atom consists of two parts, the electrons, and nucleus, which further
comprises nucleons. However, the basic principle of the NMR related to the
nucleus that exhibits magnetic moments (i) and nuclear spin (1). All nucleus
holds nuclear charge and rotation around its own axis. According to the classical
physics, all particles having charge and continues motion (angular momentum)
can generate a small magnetic moment, which interacts with an external applied
magnetic field (B,). Therefore, this magnetic moment u for a particular nucleus

can be expressed as

woc I.p (1
p=vyl.p (2

Where, ¥ is gyromagnetic ratio, is a constant depends upon the characteristic of

a particular nucleus and, p is the angular momentum of the nucleus. The
relationship between the magnetic moment and angular momentum is given by

the equation 3, where, m represents the magnetic quantum number. Since spin
quantum numbers depend upon the magnetic quantum asm = (21 + 1), it

means if anyone knows the spin quantum number can easily calculate the

magnetic quantum number, therefore,
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p=o_m (

Hence, the equation 2 can further be modified accordingly as under,

h
p=y.5—m (4

21
However, the magnetic resonance arises from the only nucleus with 1# 0,
so when such a nucleus is placed under the influence of the external magnetic
field. Here, u is a quantize value and can have certain specific values, which can

be calculated from m values. Most routinely used nucleus for the NMR are

having 1=, means nucleus having two spin quantum numbers; +1/2 and -1/2
and, including the 'H, *C, N, °F and *!P etc. The energy distribution
(difference) between the two spin states depends upon the magnetic strength
applied, larger the magnetic field greater will be the difference and, vice versa.
The energy of the magnetic dipole of the nucleus under the static magnetic field

(Bo), can be written as

E=u.Bo (5

By putting the values of the magnetic moments L, from equation 4, the relation

between the energy and magnetic field become clear as

hBo
2T

E=vy. m (6

The static magnetic field along the z-axis turns this equation as

E=y.—m (7
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Therefore, from the equation 6 and 7 the nucleus having +1/2 system can be

calculated as,

m= (21 + 1)
Hence, by adding the value of | = %,
1
m= (2 (+§)+ 1)
m=(1+1)>»=2 (8

There are two possible spin states exist for the nucleus with % spin as shown in

figure 11, the energy can be calculated as

AE = (E2 + E1) (9

|
()

td | =

m1=(—|—

E—, Bo (+1) for m 1 state 10

=v. o\ t3 ormls (

g, tBo ( 1) for m 2 state 11
=Y. o7\ 73 orm2s (

Similarly, for the spin state | =1 for instance deuterium, there will be 3 energy
states or the magnetic number and so on. So, by putting the values of m, and m;

in equation 9 the energy difference of the half spin system can be calculated as
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Figure 11: A) Energy level diagram for %2 spin state nucleus, B) Orientation of

protons in the absence (B, = 0) and in the presence of magnetic field Bo.

AE — hBo (+1) hEBo ( 1) 12
“Von \T2) TV T2 (
yh Bo
AE = 13
b 21 (

The direct relationship between the energy difference between the spin
states to the applied magnetic field represents the larger the magnetic field
greater will be the difference in energies of the nucleus, moreover, when there
will be no magnetic field there is no energy differences between the spins, both

will be equal and AE = 0.

Once the nucleus is placed under the static homogeneous magnetic field,
the establishment of the two would take place, the transition between these two
spins energy states can be set up by the use of proper energy in the form of

radiofrequency (v).
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According to the Max-Plank equation of energy,

E = hv (14

By combining the equation 13 and 14 frequency responsible for the absorption

can be calculated,

__ YhBo

E=nh
b v 2T

(15

Therefore, by canceling Planks constant from the both sides of the equation 15,

provides the actual NMR equation that explains the resonance phenomenon.

¥ Bo

= v= (16

21

In the above equation 16 there are two variables, 1) frequency and 2)
magnetic field, which affect the resonance. Resonance is possible by
manipulating either of them (variables) and keeping other ones constant, which
is known as Continuous Wave Spectrometry (CWS)—no more available,
especially in structure elucidation. " If the frequency was varied while keeping
the magnetic field constant, is called Frequency-Sweep method, and, on the
other hand, if the frequency is kept constant and magnetic field was altered then
this would call Field-Sweep method. Nowadays, FT (Furrier Transform)

instruments have superseded CWS.

1.4.1.2 Boltzmann distribution/ Energy population

Now consider the energy levels E, and E; to Ng and N,, respectively and,
in another way, the N, is the excited state or the number of protons that align the
external field and Ng are the protons in the ground state or that are antiparallel to
the applied magnetic field. The distribution of the energy levels can be

represented by Boltzmann equation as
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The combination of equation 13 and 17 gave the idea about how the NMR

signals come into being

Yo _ o Gmxt (18

Ng
Where, v is the gyromagnetic ratio; K is the Boltzmann constant, and T is the
temperature. By adding the values of the strength of the magnetic field, applied
along with the others constant gave the minute difference of energy populations
between the two (excited and ground) spin states—makes NMR relatively
insensitive technique. Conversely, when both the excited and the ground states
equal in their energy populations then, there will be no signal at all and, the

condition is called the saturation.

Apart from the aforementioned factors, some other features may have some
significant implication in a better NMR signals, including; proper and right
providence of the radiofrequency pulse, proper relaxation of the excited nucleus
after the pulse applied, and the effect of the shielding and deshielding etcetera.
The focus of the dissertation is to observe the interaction between enzyme and

inhibitors through NMR, which will be discussed in detail in the later sections.

1.5 NMR as a toll for ligand-receptor interaction studies

The Human body is a unique gift of God, complex in its structure and
having diversity in its functions. However, intermolecular recognition processes
mainly control all functional diversities. In fact, these molecular recognitions are
responsible for the maintenance, regulations as well as the progression of the
body. Therefore, these recognitions could be involved the ligand-receptor or

receptor-receptor type of molecular interactions that implicate in the
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physiological events. ® In this viewpoint, the events involving the ligand-
receptor interaction are focused, highlighted and explored by using the nuclear
magnetic resonance will be remained the core of this thesis. More importantly, it
would not be so easy to see the physio-chemical changes, involve in this ligand-
receptor interaction without the in-depth observations up to an atomic level.
Thus, high-resolution NMR is the most promising solution to see these changes,

which rely on the comparison of the free and bound states of the molecule. ™

In this context, the use of the high-resolution NMR has extensively been applied
in the past few years to monitor the molecular recognitions in drug discovery,
chemistry, biochemistry, cell biology and chemical biology as well. ® ™
Nowadays, a number of NMR methods that are being used in the academics as
well as in industries for this purpose. However, there is still an open challenge
available for the scientist working in this domain for the further development of
new NMR methods to unravel the problems associated with this interesting

recognition process.

NMR is a most powerful tool used for the characterization of ligand-
receptor interactions under physiological conditions especially; where many
physical techniques might be unable to give any answer because of the
inherently weak and transient binding and even, where ligand-receptor complex
does not exist as a single crystal form. " The affinity constant values of NMR
methods, which spanning between the nM to mM ranges have contributed well
in the molecular recognition process. * "> ™ Nuclear Magnetic Resonance has
therefore become an ideal choice for both screening purposes and to see the
Structure Activity Relationship (SAR) towards the efficacy of drug discovery. "

In NMR, the binding events can be monitor through the changes observed in
both ligands and macromolecular parameters. Therefore, on the basis of the
method observed, this screening and characterization can be either ligand-

observed and/or receptor-observed methods. ® ® The parameters that are
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affected by this process are the rate of relaxation, the chemical shifts, the
diffusion coefficient values, and intermolecular NOEs. Thus, there are a number
of NMR methods available to-date, which are responsible for detecting changes
within the ligand-receptor complex system including, STD NMR, ILOEs,
INPHARMA, DOSY NMR, T; and T, Relaxation methods, WATERLOGSY,
Line Broadening methods, heteronuclear experiments (**C, *°N) etc. So, based
on the perturbations a ligand/macromolecule receives, the NMR detection
principle can be utilized either ligand-observed or macromolecule-observed

methods.

1.5.1 Receptor-based NMR screening methods

To identify the specific binding from the non-specific ones, receptor-
based NMR methods are used, however, among those, the chemical shift
changes is easiest to follow the perturbations as result of the ligands addition
into the macromolecular solution. ™ More importantly, even a three-
dimensional structures of the macromolecules can be resolved with the help of
receptor-based methods like *C and *N-HSQC. " The dissociation constant
(Kp) calculation is also possible, usually by using an equimolar concentration of
protein and ligands. " In this way, the binding locus of the small molecule can
be tracked within the binding cavity of the protein through observing the
chemical shift changes in the macromolecule. ® Nevertheless, there are few
constraints present in using these methods e-g., need of isotopically enriched
protein; the size should not exceed than the 50 KDa e-g., for SAR through
NMR,’ apart from highly soluble protein and the long run time of experiments.
A high affinity ligand could be sort out through the process known as SAR
(Structure-activity-relationship) by NMR through the landmarks available from
an already available weak ligand for a specific target.”” This approach provides a

way to produce a high-rank lead by combining the results from all chemical

31



linkers. In addition to the augmentation of lead affinity, these SAR by NMR

methods also help in finding the bidentate ligands as well.”" ™

On the other hand, ligand-based NMR methods are widely used to see the
interactions, although observing both specific and non-specific bindings.
Nevertheless, none of the ligand-observed method demanding a labeled protein,
a high solubility or size limits of protein important for receptor-based NMR
screening. By considering a broad applicability of these methods, rely the

changes in ligands will be focused, highlighted and explained in this thesis.

1.5.2 Ligand-based NMR screening methods

In NMR parlance, ligand-observed methods can further be characterized
based on the nature of observance they offer, for example, relaxation-based
NMR methods, NOE-based methods, Magnetization-transferred NMR methods
and diffusion-dependent methods. Following sections of this thesis will discuss

each method thoroughly with appropriate examples.

1.5.2.1 NOE-based methods

Nuclear Overhauser Effect SpectroscopY (NOESY) is well established
for its characterization of macromolecules, * in mixture screening " and also for
observing the interaction studies. °® % ™ As a tool to see the interaction within a
complex system, including ligands and macromolecule depends upon the
changes in parameters of the free state ligand as compared to bound state
ligands. Therefore, upon binding, a ligand shows various behavioral changes
that can easily be detected through nuclear magnetic resonance spectra. These
changes include relaxation parameters, change in correlation times as well as the

tumbling rates. ™%
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1.5.2.2 Principle of Tr-NOESY experiment

A small molecule of size (1-2 KDa) in the presence of a substoichiometric
amount of protein has been taken into a uniform solution and then the spectrum
is recorded under chemical equilibrium. Since this experiment based on the
transfer of spin relaxation of smaller ligand while inbound state to the free state,
therefore, another spectrum comprising only the ligand molecule is also
necessary for comparison. Smaller molecule moves fast possess fast tumbling
rates, large relaxation rates and short correlation time, which is responsible for
the weak positive NOEs at slow rates (Figure 12). ® % ™ \Whereas, larger
molecules posses small tumbling rates, large correlation time and short
relaxation that leads to strong negative NOEs with fast development rates.
Therefore, when a small molecule binds into a macromolecule cavity it adopts
the small tumbling rate of that macromolecule during this transient bound-time
and hence, provided a negative NOEs in Tr-NOESY spectrum—a characteristic

of macromolecule.
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Figure 12: The schematic representation of Tr-NOESY experiment, showing the

sign of NOE through the ligand-receptor exchange system, as shown elsewhere.
80

However, a major disadvantage associated with Tr-NOE related to the fast
Ko rate (Ko >> relaxation rate), which is necessary for a successful experiment;
otherwise, the necessary information will be lost through relaxation process
before the dissociation of the small molecule with the receptor. ®° In Tr-NOESY
spectrum, the binding molecules can therefore be characterized by cross peaks,

which showed change in their sign in the presence of macromolecule, on the
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other hand, the cross peaks of the non-binding molecules either vanish or reduce

and possess the same sign to the diagonal as shown in figure 12.

The Tr-NOESY experiment can successfully be applied to a complex system of
the possible discrimination of the binders from the non-binder ones, where the
significant structure similarities exist between the ligands that might lead to
overlapped signals otherwise. ® Moreover, the conformational changes of the
ligand at receptor’s binding site can be deduced perfectly on the basis of the Tr-
NOE experiments. Another advantage that this experiment provided is the
requisite of small amount protein/macromolecule/receptor, which usually in the

mM amount with the 1:5 to 1:50 ratio of protein versus ligand excess.

In a particular situation when two ligands having similar residence times,
bind simultaneously to adjacent sites of the receptor and forming a ternary
complex with receptor, providing a strong ligand-ligand NOEs called as ILOEs
(Inter-ligand NOEs). 3% However, NOEs cross peaks are detected for all
involving ligand pairs with such effects; therefore, it could lead insufficient
information related to ternary complex, alternatively this represents the relative
orientation of the two ligands. ®” Parallel to ILOEs another variant of NOE effect
also exists, known as ILOE for pharmacophore mapping (INPHARMA).
However, the mixing time is the only parameter that might discriminate between
the INPHARMA, ILOEs and other NOESY-based experiments. Usually, 70 ms
of the mixing time found to be paramount for the INPHARMA, whereas, for Tr-
NOESY this can be varying between the 150-600 ms depending upon the nature
of the small molecule. On the other hand, in ILOESs this mixing time can be even
longer than Tr-NOESY experiments. **

1.5.3 Saturation Transfer Difference (STD) NMR:

From the past sixteen years or so, saturation transfer difference has

successfully been applied in academic as well as in industries. STD NMR
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method permits in deducing a clear discrimination between the interacting and
non-interacting ligands towards the protein. It a fast and robust NMR method to
observe binding of ligands to protein, which in favorable conditions, can also
provide information related to epitopes as well as the binding conformations. ®
% More importantly, the calculation of the dissociation constant values (Kp) of
the weakly binding ligands are also feasible within the range of 10°® to 107
molar.?® ® 8 Like Tr-NOESY, STD NMR also rely on the magnetization
transfer from the bound hydrogen to the free ones. ® ® 8 Therefore, in term of
amount of target used, normally in micromole concentration, STD NMR is even

smarter technique than Tr-NOE experiments. **
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Figure 13: The schematic representation of STD-NMR experiment, two FIDs

are obtained as a result of selective irradiation of the protein region (on-

resonance) and non-protein region (off-resonance). In the processing, subtraction

of the on-resonance spectrum from the off-resonance by phase cycling is done
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that provides the STD difference spectrum, having signals from molecules that

bind to the protein only.

1.5.3.1 Principle of the Experiment:

Usually, ligands concentrations are kept higher compared to protein
concentration (1:100 to 1:1000 (L: P)) because of the large binding pockets of

%, 8 7 9 acquire a STD spectrum. Mostly, micromolar

the proteins,
concentrations of the protein are utilized in and depend upon the size of the
protein. A pseudo two-dimensional experiment is run by selectively irradiating
the protein signals, generally not showing interference with any ligands signal,
by the use of a train of soft Gaussian pulses through FR. This FR is referred to
the on-resonance frequency that was use to saturate the protein molecule.
Similarly, an off-resonance frequency is also placed away from any signals of
protein as well as from ligands signal to ensure the irradiation of the ligands that
have not entered within the protein vicinity. °® The saturation of protein depends
upon the saturation times, and the propagation of this affect through entire
protein molecule takes place through effective spin diffusion. Then through
cross-relaxation effect, ligands molecule entering into the protein vicinity get
this irradiation and in turn transfer this saturation to other molecules. At the end
of this pseudo two-dimension experiments two types of spectra can be obtained
as an outcome, however, a higher number of spectra can also be acquired. * In
the processing, the only signals that provide interaction are appeared as a result
of subtraction of on-resonance spectrum from the off-resonance spectrum

through phase cycling as shown in figure 13.

A single experiment with one saturation time is more than enough to the
binding of small molecules, however, the use of different saturation times is
recommended, especially for quantitative purposes. °® * °* In addition, it well-
understood that the relaxation effect plays an important role in the STD NMR.
Therefore, it is better to run relaxation experiment before performing a STD
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experiment. ¥ 8% Another paramount parameter, which has a greater influence
on the results, is the pulse sequence that runs experiments should be a perfect
match in term of the requirements of the experiment. A number of pulse
sequences are present as provided by different NMR vendors, however, in order
to get better and even best spectra, especially, where the problem of overlap
exists or need to suppress some unwanted solvent signals, STD sequence is
coupled with other pulse sequences. For example selective TOCSY, * STD-
TOCSY,* STD-HMQC/HSQC,” STD-WATERGATE, % etc.

1.5.3.2 STD NMR Applications

Over the last decade, STD NMR has become an emerging tool to identify
the ligand-receptor interactions, for screening the natural extracts of unknown

.97 screening carbohydrates towards various receptors,® for the

compositions,
calculation of inhibitions constants, *° to determine the dissociation constants for
the weekly binding ligands,”® ' * for the quantitative purpose, ‘% etc. The
wide spread of this NMR technique can be attributed to its simple sample
preparations, use of small protein amount, no protein size constraint as in the
case of FBDD methods, and more importantly, it provides all necessary
information underlying binding, conformational and quantitative purposes. A
number of reviews are available up-to-date those describing utility of this robust

103

techniques in various area including: fragment-based drug design, recent

developments in STD,™ in carbohydrate recognition towards different

receptors, * comparisons with different screening methods.®® %%

Originally, CORCEMA (Complete Relaxation and Conformational
Exchange Matrix ) approach was developed and applied to the NOE
experiments, which later on, extended to STD NMR to remove the T1 bias, '®
normally occurs in the calculation of STD effect.'® % This theoretical approach
helps in understanding the thermodynamic and Kkinetics of the binding
experiments. CORCEMA-ST approach has been utilized in STD NMR for the
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different purposes like quantitative structural interpretation in STD data, °" for
the comparison of building curves with other experimental data available.
Additionally, this CORCEMA-ST is best evaluated for the ligands that bind

more than one site simultaneously, where the rebinding factors can co-exist.*®®

108, 109

In order to make the STD NMR more practical in term of solvent signal
suppression, another variant was introduced--STDD (saturation transfer double
difference). *° This STDD method was successfully applied to an integrin
allbB3 and cyclic-peptide system in 2005.1n this case, a second experiment was
performed without the ligand addition to removing the STD signals resulting
from other recognition events. Furthermore, marine natural products were also
screened through this method for the specifically targeting the cannabinoid G-

protein-couple receptors CB1 and CB2.'"

STD NMR is the most routinely used experiment to observe the affinity,
structural information and dynamic studies of the ligand-receptor complex since
right after the first time application. Therefore, with few core examples with a
brief experimental detail this topic is closed since it not possible to discuss
completely in this introduction. Nevertheless, after reading the provided

references to this method, ones may get the theme of this amazing technique.
1.5.4 WaterLOGSY (Water-Ligand Observed via Gradient

SpectroscopY)

It is a one-dimension experiment, another variant of STD experiment,
which provides information related to bound ligand through the bulk water on
the surface of the protein. As opposed to STD experiments, here the irradiation
frequency is place at the centre of water signal rather than protein signal and
secondly, only one frequency is used instead of two as in the case of STD NMR.

However, both experiments are same in the transfer of magnetization through
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NOE and spin diffusion and hence both experiments based on NOESY effect.®
The transfer of magnetization takes place either through water surrounding the

ligands or through the water in between the ligands and protein.**?**

1.5.4.1 Principle of the experiment

It is a 1D technique based on NOESY experiment, where the gradient was
preferred in order to reduce the radiation damping effect, suppression of solvent
signals and to enhance the sensitivity of the experiment. During the NOE mixing
time, the excited magnetization is transfer to the bound ligand via two
mechanisms, e-g., 1) indirectly through water to protein and then from protein to
ligands or 2) directly from water to ligands. However, the propagation of this
inverted magnetization as a result of WaterLOGSY can be through excited water
molecules to proteins mobile protons (amide, hydroxyl etc.) via chemical
exchange and then cross-relaxation/ dipole-dipole as well as spin diffusion takes
place that affects the bound ligands. ® In other words, there are two ways how
the ligand interacts with bulk water and consequently to protein, first, water-
ligand-protein and protein-ligand complex. In the final spectrum, the distinction
between the bound and nonbound ligand is very easy and can only be done by
observing the signals. The change in correlation time made this possible to be
distinguished the bound against the non-bound ligands. The smaller molecules,
those get a transfer of magnetization directly from the water generate small NOE
changes because both (water and ligands) have short correlation rates and hence,
show positive NOE. On the other hand, the ligands that receive magnetization
through protein indirectly, due to binding to macromolecule they show negative
NOE. Therefore, normal versus opposite signals can be observed in the

WaterLOGSY spectrum for the protein-bound and free ligands, respectively. **
114

41



1.5.4.2 Experimental Conditions:

Ligand concentration is the paramount important thing while selecting the
WaterLOGSY experiment because for this experiment ligand to protein ratio
should not exceed than the 100: 1 ratio, since it only reflects the bound and free
ligand state. ® ' Second important parameter is the NOE mixing time, it should
be longer enough to get the proper spin diffusion. Therefore, it recommended
that mixing time should be between 1-3 s. A number of best pulse sequences are
present however; recently two new pulse sequences come forward with increase
sensitivity by the factor of 2. ' The relaxation delay and mixing time can also

be shortened up to 0.7 s or 1 s by working with the water flip-back approach. **°

Primarily, it is the best experiment for the screening purpose, especially where
there is no need of GEM (group epitope mapping). It is the method of choice in
the FBDD (Fragment Based Drug Design)approach for the screening of weekly
binding ligands, *** however, normally for the ligands that bound too tightly, for
example the ligand beyond the Kp range in 10-9 M it is not good to choose this
technique like STD NMR.*"

Later on, in 2007 SALMON (Solvent accessibility and protein-ligand
bound studied by NMR spectroscopy) was introduced to remove the
shortcomings associated with WaterLOGSY like lack of information regarding
the GEM. The only changes, which are countable, are the gradient used. In
WaterLOGSY, the gradient was used for the phase cycling while in the
SALMON these were applied for the purpose of transfer pathway. In addition to
the different gradient function, short NOESY mixing time was also preferred in

order to avoid the massive spin diffusion from the solvent (water). *%**°

1.5.6 Diffusion-based NMR spectroscopy

The interaction can also be targeted through a comparison of the
diffusions coefficient of the ligands that well correlate to the molecular
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translational mobility’s of the ligands with and without the addition of the
macromolecule. Since the diffusion of a molecule related to the various physical
parameters of the molecule itself, for instance, shape, size, geometry,
temperature, aggregation state and viscosity of the solvent etcetera. **° Based on
this idea, a supplementary dimension along vertical axis was added in the typical
NMR spectrum that accounts for diffusion coefficient values besides the
chemical shift values along the abscissa. *** '# The diffusion-based NMR
methods underlying the same primary function as does the relaxation study,
however, the former targets the translational mobility and later rotational ones. ™*
Since from its starts, the diffusion coefficient edited experiments become an
important tool in the host-guest chemistry, ligand-receptor studies and for the
experiments rely on the physiological separations. However, the first-time
application as a tool to observe the affinities of ligands against protein was put
forwarded by the Shapiro and co-workers in 1997. *** Mostly used diffusion
filters are based on one of the two pulse programs; 1) stimulated echo (STE)
and 2) pulsed field gradient spin echo (PFG-SPE)."** #°

In a practical way, for the system with a ligand in a fast exchange between the
free and protein-bound state, the diffusion coefficient observed (Dops) will be
equal to its mole fraction of the free ligand and the translational diffusion

coefficient of the free and bound state, as shown in the following equation 19,,

DUB.S' = DF‘]“EQ XF‘]“EQ + D.E’Duﬂri (1 - XF?'eej (19

Where, Xre represents mole fraction of free ligand, Dgee and Dgoung fOr the

diffusion in free and bound state respectively.

A sample 2D diffusion spectrum accounts for two simultaneously
information; the observed diffusion and chemical shifts, therefore, this
experiments become a method of choice for two groups of peoples working with

NMR. At first place, as it provides the physiological non-invasive separations,
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make it the best tool for a few component separation technique; hence
sometimes, DOSY owes another name NMR chromatography. ** ¥ On the
other hand, based on the difference in the diffusion coefficient of the small
molecules before and after the addition of the receptor protein, it works well as
an affinity tool. In contrast to the ligands showing affinity towards some specific
target, those ligands, which don’t show affinity they devoid of alteration in their
diffusion coefficient in both conditions (with or without receptor-protein). There
are plenty of practical examples in different areas exist, where DOSY NMR
used for this purposes. For instance, for the calculation of dissociation constant,
128 for binding of antitumor agents to DNA, ** for the epitope mapping, ** for
counterfeit drug analysis, *** for the analysis of polymers and small molecular

100, 133, 234

complex, *** ligand-receptor affinity, and for the tracking the reaction

intermediates.**®

1.5.7 T1& T, relaxation methods as a tool to see the interaction

The relaxation experiments are the one of the oldest and well-established
class of binding assay that can be easily performed by using NMR. The basic
methodology relies on the comparison of the small molecular relaxation with
and without the macromolecular addition. In NMR spectroscopy, the relaxation
refers to the phenomenon of restoring the equilibrium magnetization and
arbitrary phase of the nucleus after getting perturb by any means. However,
there are two kinds of relaxation methods exist; T; means longitudinal relaxation
while the T, represents the transverse relaxation. Both relaxations occur parallel
to one another. Therefore, one mostly presents in the transverse plane (T,) and
other in the verticle line (T,). ® Macromolecules present broadened linewidth in
NMR spectrum because of the slow tumbling rates and longer correlation rates
% and hence, possess the large T, as opposed to a group of small molecules. In

fact, the relaxation methods depend upon the rotational mobilities i-e internal
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motion of the molecules. Therefore, the relaxation methods reflect only the
rotational tumbling rates and the hydrodynamic radius of the molecule in
solution. *** Based on the correlation factors, smaller molecule provides an
increase in T, relaxation time during the inbound state with some

macromolecule as compared to the free state.

Fesik and co-workers were the first who successfully utilized the relaxation
method for the screening the large library of the ligands for FK506 protein and
provided an excellent example of this. **® The effectiveness of the longitudinal
relaxation methods can be achieved by providing the protein an equilibrium
state while keep disturbing the ligand signals otherwise, it would not be
considered as a sensitive biomarker to observe the changes. ® If the protein
resonances are in equilibrium then the rest of the experiments with ligand

exhibit the same principle as does the reverse NOE pumping. **’

A study describes the use of acetylcholinesterase as a target for the relaxation
study as well as the line broadening method was evaluated first time in 2007 by
Delfini and co-workers, where a comparison was made between the tacrine and
its derivatives. **® A year later, another study has put forwarded by Chines
group, which describes the interactions of salvianolic acid B and rosmarinic acid

towards acetylcholinesterase. **°

In 2007, Segal and co-workers presented another variant of relaxation
method (Target Immobilized NMR Screening (TINS)), by using the solid support
(Sepharose beads or glass) to make protein immobilized in a solution, and
observed difference spectra (beads with and without protein) with high
sensitivity. *° In the outcome of the study, the only signals from the ligands
those implicated in interaction were existed. Similarly, SLAPSTIC (Spin Labels
Attached to Protein Side chains as a Tool to identify Interacting Compounds)
also based on relaxation method, which determines line broadening of that

ligand that present close to the protein. ' However, this experiment is
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applicable to a highly dilute solution (< 100 uM) to observe the vicinity of the

ligands in protein binding sites.

1.6 Docking Simulations

Docking is a computational method designed to examine intermolecular
bindings and respective conformations between two or more entities. > *3 |t
contains the procedure for producing a model of a complex given the known
three-dimensional structures of its segments, i.e. the receptor (protein,
macromolecule) and the ligand (a small molecule, a peptide), free or bound to
different species. *** Based on the energetic information it predicts the binding
conformations of the small molecules within a complex. Also, these
conformations are further refined with a numbers of time by taking account into
different binding poses. **> '* However, docking simulation demands the
precise and complete receptor and ligand structures before any data input. Quick
estimation of the binding poses could be obtained by using the scoring
function—a mathematical procedure. Most of the time docking targets only a
single receptor because a protein molecule possesses hundreds of amino acid
residues offering numerous types of binding to the respective ligands. ¥’
Hydrogen bonding, pi-pi interactions, hydrophobic-hydrophilic interactions,
wander Waal and dipole interactions are common types of binding that stabilize
a ligand-receptor complex. However, besides these interactions, water and
solvent effects also provide an enormous degree of freedom and are important,
but most of the time excluded from the calculation to make the process fast.
Although docking necessitates a specialist hand to proceed and prepare a
receptor structure but, is still a method of choice in the drug discovery process

8 and in virtual screening. '*

To begin this DS process, the 3D protein (apo and holo structure) structure is

vital, which demands the proper preparing the structure such as protonation,
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structure repair, and so forth, before experiencing calculations. **> **° Along
these lines, before posing and scoring, ligands are included into the protein
structure and subsequently, posing that might be systematic or random can lead
the actual dock. Another important factor that can reduce the sampling time is
the structure rigidity that typically reduce the conformational complexity.
Nevertheless, sometimes this rigid approximations is converted to flexible
structures because upon addition of small molecule, both structures (ligand, and
protein) show rearrangements. Consequently, the posing can be executed
diversely on diverse frameworks, e-g., Glide, FlexX, *® TrixX, *** Enovo, **?

1
k53

and Doc project can approach the systematic posing while, Gold 154 or

Autodock can do random posing. **°

Docking studies help in comprehension the coupling destinations and diverse

conformational impacts that make the overwhelming steady.

47



48



CHAPTER

49



2. Scope of the Thesis

Alzheimer’s disease (AD) was considered as a ghost that can have led the
infected to death since late nineteenth century. Nevertheless, the cholinergic
hypothesis came forward stating that the inhibition of the acetylcholinesterase
(AChE) might be an excellent therapy in controlling Alzheimer affect. In this
viewpoint, the inhibitors of AChE, therefore, are of great medicinal and
commercial paramount interest as therapeutics in the treatment of Alzheimer’s
disease and as pesticides in agriculture field. Nuclear Magnetic Resonance
seems to be an ideal approach for the understanding of the conformation of
inhibitors in the binding site and enables the rational design of some novel
inhibitors with increased potency and even greater specificity. The non-
invasiveness in action and physiologically evergreen in operation nature of
NMR makes it perfect to be utilized for observing week bindings where,

ordinary spectroscopic methods are unable to provide any answer.

The overall goal of the thesis is mainly devoted to the application of
liquid state NMR spectroscopy as a tool for drug discovery. Conversely,
automated docking procedures are a rich source of information on the binding
process of potential medical agents towards any receptors. In this perspective,
nuclear magnetic resonance-based binding studies were accomplished out to
probe the binding competitions and the inhibitions potentials by the selected
targets. Therefore, we have employed STD-NMR, Tr-NOESY, DOSY-NMR
and docking simulations combined strategy as a powerful tool to provide
substantial information regarding the molecular recognition of the compounds
towards the protein. The intensity of a signal under consideration in a STD
NMR spectrum is proportional to the proximity of the corresponding ligand
proton to receptor’s protons at the binding site. This strategy could help in

understanding the rational drug design based on inhibitors structural features.
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A comparison between the STD concentration-dependent studies with the
docking results with reference to a control (Tacrine) provided excellent results
that can be utilized for future development of better coumarin-based AChE
inhibitors. Particularly, for the study that would target the influence of the
different extensions on the parent coumarin structure. The new synthesized
coumarin derivatives with different positions of the substitutions having potent
to moderate inhibition of AChE activity were compared to Tacrine. The worth
noting results are presented in chapter four where the compound 1 possess a
similar inhibition and stronger binding to Tacrine. The data mentioned here can
further be utilized for clinical trial might help to replace and even remove the

sides affect associated with Tacrine.

A similar study was employed for the chapter five, where the three inhibitors
were titrated against each other for their binding site selectivity. Interestingly,
the STD NMR concentration-dependent experiments afforded that none of these
was competing for the same binding site. Moreover, the dissociation constant
values suggested that the gallic acid has the stronger affinity to AChE than the
4-methylumbelliferon and scopoletin. Furthermore, in extract screening studies
provided the way that how AChE selectively recognized its inhibitor from the
library of compound available. This testing method provided an exact agreement
between an early experimental approach performed in 2013 where AChE
selectively identified rosmarinic acid—a known AChE inhibitor to its binding.
Therefore, this experimental approach provided a fast method to screen a large
library for the potent inhibitors of AChE that might help in controlling AD.
Therefore, a significant progress has been made towards the investigations of the
binding of the different class of inhibitors towards AChE of Electrophorus
Electricus. And, for the first time in the Federal University of Sdo Carlos,
Brazil, this determination of the bound conformation of any inhibitors to AChE

by means of NMR spectroscopy was successfully performed.
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3. Materials and Methods

3.1 Equipments Used

3.1.1 NMR spectrometers

All the practical experiments were performed in the laboratory of Nuclear
Magnetic Resonance, Department of Chemistry, Federal University of Séo
Carlos, SP Brazil whereas, the theoretical part (Docking simulation) was
performed by the Dr. Zaheer Ul-Haq’s lab and co-workers (Dr. Panjwani Center
for Molecular Medicine and Drug Research, International Center for Chemicals

and Biological Sciences, University of Karachi, Karachi Pakistan).

All NMR spectra were performed and recorded on a Bruker Avance IlI

600.23 MHz—14.1 T, (Hydrogen nucleus) spectrometer at 296-302K°

temperature, equipped with a 5mm cryo-probe TCI (triple resonance
BC/®N/1H) having pulse field gradients along z direction, with the gradient
strength of 53.5 G/cm and with automatic tuning and matching unit (ATMA).
Data acquisition and processing were performed with the Bruker software
Topspin 3.0 version installed on the machine (especially for 2D experiments)

and also took help of Mestrenova (8.1.2) for processing 1D analysis.

However, sometimes Bruker AVANCE 111-9.14 T with 400.13 and 100.62
MHz for hydrogen and carbon nucleus respectively, have also been used for
recording two-dimensional NOESY spectra. The spectrometer is equipped with
multinuclear broadband inverse detection probe (BBI) with 5mm of diameter,
and gradients are along the z direction having the maximum strength of 50 G/cm
and ATMA unit as well.
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3.1.2 Analytical Balance

For NMR experiments, chemical compounds were measured by the help
of electronic balance Biopercisa Model (FA 2104N) with a weighing limit to
0.01 mg.

3.1.3 Biomixer

Moderately soluble extract and slightly soluble ligands were shaken
through QL-901 Biomixer (Brazil), for complete solubility and to achieve

homogeneity.
3.1.4 Sonicator

All the samples that were not completely soluble in the normal conditions,
after adding the NMR solvent were well solubilised and degassed through the
Symphony Model sonicator with 35 KHz operating frequency, for 1-30 minutes,

and up to 50 °C heating temperature.

3.2 Chemicals and Solvents used

The solvents and commercially available chemicals are given in the Table
1. Furthermore, for the natural extract study, Terminalia Chebula RETZ fruit
was purchased from the local market of Karachi, Pakistan. Nevertheless, the

extraction was performed at the Federal University of Sao Carlos, UFSCar.
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Table 1. Chemicals, solvents used in this thesis with a complete description of

their sources.ClIL= Cambridge isotope laboratories.

Chemical or solvent  Description Supplier
AChE protein Acetylcholinesterase Sigma (C2888)
Scopoletin 7-Hydroxy-6-methoxycoumarin Sigma (S2500)
4- 7-Hydroxy-4-methylcoumarin Sigma (M1381)
Methylumbelliferone
Gallic acid 3,4,5-Trihydroxybenzoic acid Sigma (G7384)
Tacrine 1,2,3,4-tetrahydroacridin-9-amine Sigma
CD;0D Deuterated Methanol, 99% CIL
D,O Deuterated water or deuterium oxide, CIL

99%
NaCl Sodium salt Baker
TFA Trifluoroacetic acid Fluka
Na,HPO, Sodium monophosphate Fluka
NaH,PO, Sodium diphosphate Fluke

3.3 Sample preparation

3.3.1 Buffer Preparation (PBS)

5ml of phosphate buffer solution was prepared by using Na,HPO,=146.25
mg, NaH,PO, = 26.25 mg and NaCl = 2.63 mg in D,0 with pH = 7.2 at room

temperature, afterwards, degassed by sonicating the mixture up to 2-3 mints.

3.3.2 AChE Stock Solution

10uM solution of AChE Electric eel (Electrophorus Electricus) sample

was prepared by dissolving in deuterated saline PBS. After this preparation, the

stock solution was stored at -28°C.
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3.3.3 Ligand stock solution for worked demonstrated in chapter 4

and chapter 5

All selected inhibitors solution was prepared in 5: 95 % v/v methanol-d,
and deuterated buffer (PBS) respectively. Sonication was applied for complete

dissolution.

3.3.3.1 Sample for the STD build-up experiment (chapter: 4 and chapter 5)

'H-NMR spectra of all inhibitors, and saturation time-dependent STD
NMR were obtained by using 1:100 AChE: inhibitor concentrations by making a
final volume of 100-120 ul in a 3mm NMR tube (Norrel, Inc. USA). Where, the
final concentration of each inhibitor was almost 1mM for the epitope mapping

experiments.

3.3.3.2 STD-NMR Titration for KD calculation (chapter: 4 and chapter 5)

For concentration-dependent STD NMR experiments, the inhibitor
concentrations were kept between 0.10 mM to 2.0 mM solution. In term of
ligand to protein ratio, the concentration-dependent experiments were performed
in between the 20-400 times ligands excess over protein (AChE) can be seen in
Table 2.
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Table 2. The concentrations and AChE vs. Inhibitor excess, used for the STD

titration studies are shown where 15uL solution of AChE was utilized.

Excess of Volume of Volume of Volume of Concentration
ligand Coumarin pL AChE pL Buffer pL of ligand in
mM
20 5 50 65 0.12
32 8 50 62 0.2
40 16 80 24 0.4
72 32 88 -- 0.8
120 45 75 - 1.12
133 48 72 - 14
200 60 60 - 15
333 72 42 8 1.75
400 80 40 - 2.0

3.3.3.3 Sample preparation for NOESY experiment (Chapter: 4, 5 and
Chapter 6)

The samples for NOESY and tr-NOESY experiments were prepared with
a final make-up volume of 100ul with 2mM of each inhibitor in 50uM AChE
concentrations. Where, the inhibitor-enzyme concentration was almost 40: 1 for
each experiment. However, for the extract screening the only known
concentration of AChE was used that was kept to 50uM whereas; 1-2 mg of the

extract amount was utilized, in chapter 6.

3.3.3.4 Sample preparation for DOSY experiment (Chapter: 5 and Chapter
6)
5 mM concentrations of inhibitors were used to obtain the DOSY spectra.

However, the protein concentration was maintained to 50 puM. On the other
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hand, for the extract screening 1-2 mg of crude extract was utilized for the

diffusion-edited experiment performed in chapter 6.

3.3.3.5 Sample preparation for plant extract (chapter: 6)

For the NMR experiments, a 2 mg of ethyl acetate fraction from the
Terminalia Chebula fruit extract was dissolved in deuterated PBS buffer and
CD3;0D, (95: 5 % v/v) while the AChE protein solution was prepared in sodium
phosphate buffer (pH 7.2) in D,0.

STD NMR studies were performed with the S0uM solution of AChE
protein in the phosphate buffer pH 7.2 in D,O and 2mg of crude extract
(Terminalia Chebula) in deuterated buffer and CD;OD (95:5% v/v)

respectively.

3.4 NMR Acquisition and processing

3.4.1 1H-NMR Spectrum

After injecting the sample inside the NMR spectrometer, locked the
spectrometer on the respective solvent and then to achieve the homogeneity of
the magnetic field, shimming was performed around all axis to ensure the
homogeneity. Adjusted the pulse program to ZG and then first tried to get
solvent-probe parameters by typing (getprosol). Following this, adjusted some
other important parameters such as data points, spectral width, relaxation delay,
number of scans, etc., and so on. Finally, acquired the receiver gain and then

gave the first acquisition to see the spectrum.
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3.4.2 90° Pulse Calibration

Beginning from the small duration of the hard pulse, a series of
experiments were carried out to achieve the null point means no signal in the
spectrum—towards the Pulse calibration. The null point represents the 180°. In
order to obtain 90° pulse, the calculated time duration was then divided by digit
2 that provided the signal with maximum intensity after the acquisition. For
authentication, the same procedure was performed twice or thrice with
multiplying the null point pulse duration by digit 2 and then dividing by four and
so on. The acquisition after the 90° pulse calibration provided the *H-NMR with
maximum intensity. However, for some time to save the time just used the

automatic calibration comman aropt’ or ‘pulsecal sn’.
t t librat d° t’ or ‘pul I sn’

3.4.3 Solvent suppression

For the solvent suppression, a new file was created from the formerly
pulse calibrated and perfectly shimmed ‘*H-NMR—to get rid of adjusting all
parameters, particularly the offset. VVarious pulse sequences have been tested and
developed during the course of this thesis. Among other pulse sequence used,

the most significant were zgcppr (Figure 14) and Ic1pnf2 (Figure 15).

/2 /2 7/2 w2

dl

g P19

Figure 14. Schematic representations of ‘zgcppr’ pulse sequence, given that

solvent suppression was performed by using composite pulses.*®
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Presat

PI21 Presat

/2 T2 /2

Presat

Presat
OGOOWM

Figure 15. Schematic representation of 1D-NOESY based double pre-

suppression by using two channels and two-pulse power for presaturation. **’

The perfect solvent suppression can be achieved by increasing the power
of the composite pulses or mixing time in case of 1D NOESY sequence. The
power for ‘pl9’ and ‘pl21° was adjusted between the 43-50db and usually, the
mixing time was pre-defined to 8 ms (d8). Both pulse sequences were widely

used for solvent suppression in this thesis.

3.4.4 Saturation Transfer Difference NMR

Saturation transfer difference NMR studies were carried out by using a
variety of pulse sequence and according to the necessity of the experiment; little
modification of pulses had been applied. Usually, at least two solvents were
involved in all experiments. Therefore, to eliminate the solvents peaks Bruker
standard STD pulse sequence with water suppressions was applied. However,
two STD pulse sequences with water suppression were applied extensively; STD
coupled with WATERGATE sequence (Figure 16) and STD coupled with

excitation sculpting (Figure 17).
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WATERGATE

Figure 16. WATERGATE coupled STD sequence for solvent suppression. *

S Pulses Read|[ Protein BG . .
l R Delay ]( Irradiation J[out PJ( signal sup ] (Solvent signal suppressmn] FP

F2 channel ‘ o

e L3 z

Flchannel T, filter

H

Gz

Excitation sculpting

Figure 17. Conventional STD pulse sequence coupled with excitation sculpting
for solvent suppression. ®

All STD experiments were recorded on a Bruker 600 MHz (for Hydrogen
nucleus) AVANCE Il NMR spectrometer at a temperature of 296-298 K. For
all saturation time-dependent experiments, the inhibitor concentration of 1mM
in 10 uM AChE solution was maintained at the final volume of 100 pl in a 3mm

NMR tube. While, in all concentration dependent STD NMR experiments, the
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inhibitors concentration were varied between 0.10mM to 2.0mM. Furthermore,
STD NMR experiments were recorded by using a Bruker stander pulse sequence
with water suppression, with a pseudo-2D setup through an interleaved
acquisition of on-resonance and off-resonance. Selective irradiation (saturation)
of AChE was achieved by using a train of soft Gaussian shaped pulses with
truncation of 1% and between 45-55 dB attenuation levels, having a 50ms of
length where, each pulse was separated with 2ms. Frequency, chosen for
selective irradiation of AChE was at -0.5ppm for On-resonance and 30ppm for
off-resonance. STD saturation curves were acquired by using the saturation time
range between 0.5 and 5 s, and with 5 to 10 numbers of experiments. STD
amplification factor (AF) was calculated by calculating the signal intensity of
the STD difference spectrum, relative to the reference (off-resonance) according

to the following equation 20. *®

Asrp =" X (20
Where, Astp is the amplification factor of the hydrogen under observation, 1o
and Isrp are the intensities of the given hydrogen in the reference and STD
spectra correspondingly, and [L] and [P] are the concentrations of ligand and
protein respectively. For the percent AF, the hydrogen signal with greater
integral intensity was given 100% values whereas; all other signals were
normalized with respect to this larger signal. Similarly, for the calculation of
dissociation constant Kp through the concentration-dependent STD experiment
by acquiring 5 to 10 experiments for each sample with the help of the following

equation 21. '

_ l:l!_ﬂ-p[L]
Astp =, (21

Where, Astp is the STD signal intensity, and astp IS the maximum STD

intensity assuming infinite concentration, and [L] is ligands concentration. After
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calculating the Astp and agstp values, line fitting of concentration curves was

performed through Ms excels (2007) and plotted by using the origin (8.0).

In all experiments, the number of scans for every analysis were kept different
from one another, therefore, for complete experimental details see the reference

9,100 and in Table 3.

Table 3. Acquisition parameters for the STD coupled with solvent suppression

techniques.

Experimental conditions

Parameter for STD with water suppression Values

Instrument

Solvents

Spectral width

On- resonance frequency

Off- resonance frequency

saturation time

shaped pulse for saturation

spinlock time

Gradient pulse

relaxation delay

delay for homospoil/gradient recovery
Power of shaped pulse for saturation
td2

LB

NS

Temperature

tdl

01

600.23 MHz (*H Nucleus)
CD,;0D/D,0

Variable (15-60) ppm
-0.5ppm

30ppm

Variable (0.5-5s)

50ms

20-40ms

3ms

1-3sec

200psec

45-55 dB (31.22-316.22 W)
32-64K

0-1Hz

16-256

296-302K

2

At solvent frequency
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3.4.5 NOESY and Tr-NOESY

Standard NOESY pulse sequence with Gradient Phase-sensitive spectra
were acquired in deuterated PBS buffer and CD;0D (95:5% v/v respectively)
solution for each inhibitor at 295-298K temperature, whereas, Tr-NOESY
spectra in AChE (50uM, in the deuterated PBS buffer, pH 7.2). All experiments
were performed on two different magnets; Bruker AVANCE 11l 600 MHz with
triple resonance inverse probe TCI (gradient along the z direction) and Bruker
400 MHz spectrometer (for NOESY spectra). For the transfer NOESY, Bruker
standard phase sensitive pulse sequence was modified by putting the spinlock of
3500Hz after the first 90° pulse to remove the spurious peaks of protein signals.
97191 The mixing time ranged between 250 ms to 400 ms (Chapter 4 and Chapter
5) and 300 ms (Chapter 6) for both NOESY and Tr-NOESY experiments with a
spectral width of 6000Hz in both dimensions (F; and F,) on 600MHz, and
4000Hz for 400 MHz spectrometer. The observed build-up rate for the Tr-
NOESY experiments was very fast as compared to the standard NOESY without
AChE. ** Furthermore, 16 and 32 transients were recorded in t; with 4K data
points and 256 increments in t, for Tr-NOESY and NOESY experiments
respectively. A relaxation delay of 2 s was enough to allow full relaxation
between the scans with 10 us of pre-scan time. The processing performed with
Bruker Topspin 3.0, consists of apodization with a squared cosine window
function, followed by zero-filling and Fourier transformation 4K (t;) x 1K (t;)

data matrices.

3.4.6 Diffusion Ordered Spectroscopy Studies

To obtain the DOSY spectra, Bruker LED pulse sequence has been used
for both with and without the addition of AChE. Where, the gradient length of
1000-1400 ps, 5 ms of longitudinal eddy current delay and 200 us of recovery
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times between the gradient was applied to the experiments that performed in
chapter 5 and 6. A total diffusion time of 60 ms by optimizing 64 different
gradient amplitudes were applied for both spectra, therefore, strength of the
gradients was kept between 1.07G/cm to 53.5 G/cm for 256 numbers of scans.
In each case (with and without AChE addition), the relaxation delay kept to 3 s
with the pre-scan delay of 16us, and with automatically baseline correction.
Topspin 3.0 (default set on the computer) was applied to the spectral processing
with the line broadening function of 1 and 0.30 Hz along F, and F; dimensions
respectively. DOSY macros with 64 data points, with the addition of the
threshold factor for the noise sensitivity to 24 and 0.01 Hz of Gaussians
function, were run. Comparison of diffusion coefficients in the presence or
absence of protein was measured by taking the water signal as standard; all

acquisition parameters are given in Table 4.
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Table 4. General acquisition parameters that were used to obtained 2D-

DOSY spectrum, shown in chapter 5.

Acquisition Parameters Values
Instrument 600.23MHz for 'H
Solvents CD,;0D/D,0
Pulse sequence ledbpgp2s (chapter 5)

Gradient pulse (little DELTA)
Diffusion time (big DELTA) D20

gpz6 variable in 1D

gpz7

gpz8
gpnam6

gpnamY/

gpnam8

Relaxation delay

Noise sensitivity factor

Delay for gradient recovery (d16)
DS

td2

LB

NS

Temperature

tdl

1000-1400ps
60msec
100%

-17.13

-13.17
SMSQ10.100
SMSQ10.100
SMSQ10.100
3s

24

200usec

04

64k

0.30

256

298K
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3.4.7 1D DOSY experiment

For the calculation of the diffusion coefficients, BPPLED pulse sequence
was utilized on the Bruker 600 MHz spectrometer. The diffusion coefficients
were extracted from nonlinear least squares fits of the integrated resonance
intensities of the selected peaks that were measured after a series of eight 1D
BPPLED spectra. Two series of 1D-type experiments were acquired, one with
AChE and other without this enzyme addition. All experiments were run as a
function of gradient amplitude, for instance, each sample with or without protein
was run from beginning of gradient at 2.675 G/cm to successive incremented
for 8 steps up to 52.43 G/cm with the 80 ms duration of each gradient. Three
selected signals without AChE and with addition were monitored for diffusion
coefficient calculations. The diffusion coefficient and intensity as a function of

the gradients are related to each other according to the equation given bellow.

Inf = — y2g28? (a—g}u (22

Where, 1 is the intensity of the peak of interest, y is the gyromagnetic ratio
(26750 rad g* s™ for 1H), g is the gradient strength in gauss/cm & is the duration
(1 ms) of gradient and A is interval between gradients. The slope of the linear

plot of natural log of the intensities of the given signal with AChE (I) over

without (lo) versus — y* g* &> (.ﬂ — g)D provided the diffusion coefficient of

the signal. The change in the diffusion coefficient values of the inhibitor alone

and AChE-plus provided the evidence of the interaction.
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3.5 Theoretical Experiments

3.5.1 Molecular Docking

To explore the binding mechanism of selected inhibitors against
acetylcholinesterase (AChE), docking simulation was carried out, for Chapter 4
and 5. In order to prepare the structure of these inhibitors, Molecular Operating
Environment (MOE) 2011.10 software was used. Each structure was sketched
followed by minimization with MMFF94x force field integrated with MOE, and
subsequently saved into mol2 format. Similarly, the standard (tacrine) structure
was extracted from Tacrine bound protein (PDB codes: 2WG2 and 1ACJ for
chapter 4 and 5 respectively) retrieved from Protein Data Bank (PDB). To
prepare the structure, ligand bound Tacrine is extracted followed by hydrogen
addition and minimization by the MMFF94x force field where all other
parameters were set to default value (gradient of 0.05 kcal/mol A). *® Since a
number of water molecules can be seen within the aromatic gorge of AChE
(ref), therefore we keep all the water molecules within 5.0 A during our docking
simulation. In the both PDB files (2WG2 and 1ACJ) with Tacrine bound
complex, a number of waters can be seen within the gorge, especially two water
molecules were found to be conserved. For software validation purpose, re-
docking was carried out into the aromatic gorge of the binding site. After the
assurance of MOE performance, all these inhibitors were docked by using
default setting into the active site of AChE. Chimera software was utilized to
explore the active site residues in the binding pocket of AChE. The selected
binding residues includes Asp 72, Phe 75, Phe 78, Ser 79, Gly 80, Ser 81, Glu
82, Met 83, Trp 84, Asn 85, Trp 114, Tyr 116, Gly 117, Gly 118, Gly 119, Phe
120, Tyr 121, Ser 122, Gly 123, Ser 124, Leu 127, Val 129, Tyr 130, Glu 199,
Ser 200, Ala 201, Gly 202, Ser 226 Glu 327, Ser 329, Phe 330, Phe 331, Leu
333, Tyr 334, Leu 430, Trp 432, Met 436, lle 439, His 440, Gly 441, Tyr 442,
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Glu 443 and lle 444 as could be seen from by using Chimera software around

8A. .

70



CHAPTER

71



4. Coumarin-derivatives AChE Inhibitors Binding Interactions

and Dissociation Constant Calculations

4.1 Abstract

Based on cholinergic hypothesis, the acetylcholinesterase (AChE)
inhibition is the most vital therapy among currently available treatments of
Alzheimer disease effect. In this context, we have designed structurally simple
coumarin-based ligands to study ligand-AChE interactions. By using NMR
spectroscopy, we have evaluated the binding epitope, dissociation constant (Kp)
and bound conformations within the inhibitor-AChE complex of these four new
AChE inhibitors. It is worth noting that compound 1 possesses similar inhibition
activity to Tacrine (a current drug, used for the treatment of Alzheimer) and also
has stronger binding (Kp =30uM) to AChE (cf Kp =140puM for Tacrine).
Moreover, the binding site investigation, as calculated by docking software also
provided evidence of simultaneously binding with three sites; (peripheral
anionic site (PAS), bottom of the gorge, and quaternary binding site) at the right

159, 160 inhibitors which

deep bottom of the gorge. According to early reports,
bind with two sites (PAS and a catalytic sub-site), both stop the acetylcholine
(ACh) hydrolysis and also help to muffle amyloid aggregation. Thus, in the light
of these reports and after the realistic NMR and docking evaluations, here we
suggest our potent inhibitor (compound 1) as a possible alternate to Tacrine and

drug candidate for Alzheimer’s disease in the future.

4.2 Introduction

Alzheimer’s disease (AD) a highly pathogenic and is a major threat to the
elderly population, especially in the Western world. One of the major

undisputed factors that are responsible for the AD is linked to the acetylcholine
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(ACh) deficiency in the brain. *** Since ACh is one of the most significant
neurotransmitters that transfers the electrical impulses carried by the nerves
cells, from one cell to other. Therefore, the loss of the cholinergic responses and
related behavioural abnormalities are the ultimate cause of the decline in the
ACh level at the synaptic cleft that act as port for the transfer of messages
between the nerve cells (neurons). Acetylcholinesterase exists mainly in the
synaptic clefts (between nerves and skeletal muscle) and central nervous system
(CNS) of living organisms—responsible mostly for the muscle proper
functioning as well as signal transmissions. *® *** However, about ten years ago,
it had also been found that AChE is be implicated in the production of amyloid

fibrils as well as the neurite outgrowth.

Soon after the release of acetylcholine from the nerve endings into the
synaptic cleft, it tries to bind to its respective receptors; however, the released
ACh enjoys very short half-life because it rapidly hydrolysed into choline and
acetate by acetylcholinesterase results in the loss of stimulatory activity. 4> 141
Acetylcholine is not only a major neurotransmitter in the human body, but it has
also been reported to exist in other vertebrates as well as in arthropods. '*
From last two decades or more so, it is well comprehended now that
acetylcholinesterase hydrolysis the ester bond of the released neurotransmitter
acetylcholine at synapses, and hence a discontinuation in the nerve impulse
transmission takes place, which turn into the loss of cholinergic activities that
lead the base to AD. ** '®'% Therefore, it is not a surprise that the inhibition of
AChE will re-establish the cholinergic response that resulting from the
prolongation of acetylcholine activity and hence, can reduce the impact of
Alzheimer disease. " Thus, in order to re-establish/enhance the cholinergic
response, as focused on an earlier cholinergic hypothesis, by the use of AChE
inhibitor can be a worth exploring in the new AD drugs. A variety of different
approaches resulting in a numbers of studies has therefore been applied, in this

perspective so far. - '® To date, the drugs acting as inhibitors of AChE, which
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mostly based on the cholinergic approach are galantamine,™ tacrine,

171

rivastigmine, and donepezil ' (See figure 7 for the structures of these

inhibitors)

Since after the appearance of the first AChE inhibitors as a drug, several
techniques have been applied in order to find new inhibitors and to observe their

172, 173

interaction with AChE, for example ultraviolet (UV), circular dichroism

(CD), '™ mass spectrometry (MS), fluorescence, > LC-mass tandem method,
176, 177 otc. Unfortunately, NMR-based techniques for the interaction-mediated
studies have not been explored for long time, mainly due to the problems
associated with the solubility of compounds in water. Nevertheless, the first
ligand-receptor reported % 1 pinding NMR studies with an
acetylcholinesterase-inhibitor complex were based on NMR line broadening and
changes in the longitudinal relaxation time T;. However, the data produced by
these methods were not conclusive and could only provide some idea about non-
specific interactions. Other NMR methods such as the saturation transfer
difference (STD-NMR), and transferred Nuclear Overhauser Effect
Spectroscopy (Tr-NOESY) provide more robust and precise information about
these types of interactions. To date, to the best of our knowledge, there is no
single study reported on STD NMR mediated AChE-inhibitors interactions,
although, STD NMR provides physiological conditions similar to the human

body. Moreover, it is the most routinely used technique for ligands/inhibitors

178, 179 94, 97

recognition of the larger known and unknown molecular libraries,

binding epitopes mapping % o 78 179

100, 101

as well as for calculating dissociation

constant of weakly binding molecules.

By taking advantage of the most extensively used techniques (STD NMR
and Tr-NOESY), the binding ability of the four new coumarin derivatives has
been studied with reference to acetylcholinesterase from Electrophorus

Electricus (electric eel). However, the selection of electric eel AChE was based
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on two factors; 1) a number of earlier reports based on X-ray studies have
claimed that, the oligomeric forms from eel organs is structurally similar to
AChE from human or other vertebrates,*** !

electric eel AChE.

and 2) the easy availability of this

4.3 Results and Discussion

Hundreds of natural and synthetic AChE inhibitors have been reported,
today. Nevertheless, the ability, as ligands to acetylcholinesterase has rarely
been identified. In this work, we have selected a set of four recently synthesized
coumarin derivatives (Figure 18) with potent to moderate inhibition of AChE
activity. ® ' The effects were studied by STD NMR and Tr-NOESY
experiments, and compared to Tacrine as a control. STD NMR was performed
by using the AChE: inhibitor mixture at 1:100 ratios for all non-concentration
dependent experiments. The inhibitors were dissolved in a solvent mixture
(methanol-d, and D,O in 5%: 95% v/v, respectively), while the AChE was
dissolved in phosphate buffer saline (PBS), pH 7.2 in D,0O in all experiments. To
avoid extensive signals overlapping, separate STD NMR titration studies were
performed for each compound instead of the mixture of compounds. For the
epitope mapping, we exploited non-competitive studies by varying incremented
saturation time (0-5 s) of protein, and STD amplification factors (%) were
calculated based on integral values. The largest signal in each experiment was
given a 100% STD amplification factor (AF) and all others were normalized

with reference to this.
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Figure 18: The pictorial representation of the selected inhibitors (1-4) including
the control (tacrine) structures, nomenclature numbering, and relevant percent
STD amplification factor (AF), are shown. The black and blue colors
representing the nomenclature numbering and the relevant percent STD AF,

respectively, for more clarity.

The signal intensities in STD spectrum are related to binding affinities
and proportional to the number of hydrogens and saturation received by the
given molecule. ** ¥ 178 117 Therefore, the presence of the signals in the STD
spectrum clues the existence plausible interaction. In the present study, our

focus was to establish the structure-affinity relationship behavior as a result of
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the change in STD signal intensities response by varying extensions on parent

coumarin.

In the first experiment, we performed STD NMR with compound 1 and
on the basis of integral values an amplification factor for each signal was
determined according to the experimental section. Chemical shift changes,

though are small, observed with the addition of AChE can be seen in Figure 19.
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Figure 19: 'H-NMR spectra of compound 1 with protein (A) and without
protein (B).

The signal intensity in STD spectrum reflects the relative vicinity as well
as the relative amount of saturation received by the particular hydrogen from the
protein via cross-relaxation. ** °" 1% 1 The relative STD effect for the
compound 1, clearly showed the methyl group (3H-2""") afforded 100% STD
effect. Nevertheless, the piperidinyl group remained predominant with a strong
response (Figure 20) of hydrogens 2°°/6"" (70%), 3"/5"" (67 %), and 4" (44%).
Based on these STD effects, it can be assumed that, the piperidinyl group
exhibits the most intimate contact with binding cavities of protein. Similarly, the
methylene hydrogens 1" and 1”°” showed only negligible STD effects (3% and 2
% respectively), suggesting almost no affinity towards protein. Among the

aromatic hydrogens from the parent coumarin, hydrogens H-8/H-6 showed the
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strongest STD effect (58%) while, H-4, and H-5 were well-nigh similar (34 %
and 36%, respectively).

p
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Figure 20: 1D STD NMR spectra of compounds (1-4) including tacrine, where,
all off- resonance spectra are represented by (B, D, F, H and J in black color)
and respective STD difference NMR spectra with (A, C, E, G and | in red color).
The top pair of the spectrum corresponds to tacrine, following that spectrum of

compounds 1-4 is given in descending order.

The STD studies of compound 2, where the ethoxyl side chain was
replaced by the piperidinyl group showed almost the same results as that of
compound 1 ( Figure 19 and 20E ). The chemical shift changes which observed
by the addition of AChE are shown in figure 21.
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Figure 21: 'H-NMR spectra of compound 2 with protein (A) and without
protein (B) .

The epitopes from compound 2 showed that, the hydrogens 3" from
piperidinyl group gave the strongest (100%) STD response, while the hydrogens
4" (71%) and H-8 (48 %) were next most prominent. Some weak interactions
were also seen for H-7 and H-4 hydrogens (23% and 29% respectively) (Figure
20E).

STD results from compound 3 suggest the ethoxyl group was responsible
for the affinity towards AChE in the absence of the piperidinyl group. From the
chemical shift behavior (Figure 22) and the STD spectrum (Figure 20G), the
unambiguous representation was achieved which established its binding. Where
the epitopes outcome showed the three hydrogens from H-2"" provided 100%
response towards AChE while, the H-2" and H-3" from phenyl substituent
provided 40 % and 81%, respectively.
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Figure 22: 'H-NMR spectra of compound 3 with protein (A) and without
protein (B) .

From the parent coumarin ring scaffold H-4 was prominent with 43%
STD effect and hence, affinity with AChE, while, H-5 and H-6 were well-
nighed similar with 35% and 36% affinity (Figure 19). Similarly, compound 4
also showed some level of affinity (Figure 20 1) and chemical shift changes (see
Figure 23), as is obvious from the relative STD effect as shown in Figure 19. In
compound 4, the ethoxyl side-branch is replaced with piperidinyl group which
provides a major contribution to affinity. Here, the hydrogens H-3" and H-4
from the piperidinyl group were provided 100% and 49 % STD AF respectively,
and thereby, interaction towards AChE.

Interestingly, unlike other selected compounds, the aromatic hydrogens
(parent ring scaffold) of compound 4 showed strong bindings when compared to
some of its piperidinyl hydrogens. The relative STD effect showed that the
hydrogen H-8 of the aromatic moiety gave 64% even greater than some of its
major hydrogens (2°/6" and 4") of the piperidinyl side-chain. Following this,
other aromatic hydrogens like H-6, H-5 and H-4 of compound 4 also provided a
good STD outcome between the 45-50 % and in that way, affinity towards
AChE. Based on these realistic results, we supposed that this anomalous

behavior of compound 4 is because of its smaller size, availability of fewer
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rational conformers and lack of large substituent off the parent coumarin ring.
Since this molecule is more rigid opposed to the other three structures and most
of the entrance into the binding cavity of AChE was as a result of edge contact
with a planar shape rather than more crowded or twisted conformation. On the
other hand, structures (1-3) with larger extensions off the coumarin ring might

help to interect within or across the deeper binding grooves of the AChE.
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Figure 23: 'H-NMR spectra of compound 4 with protein (A) and without
protein (B) .

From these epitope mapping outcomes, it can be concluded that, the
compound 1 interacts at the binding site by both ends via its larger extensions,
hence, providing the larger signal intensity in STD NMR spectrum. Indeed, this
compound tries to enter into binding cavity from either end; therefore, both ends
of compound 1 are getting more saturation transferred from the AChE, which
resulted into strong binding as opposed to the central aromatic part. A similar
behavior was observed when the ethoxyl scaffold was replaced by piperidinyl
scaffold in compound 2 then this end became prominent in the STD AF, in its
spectrum. Moreover, a similar fashion of epitope results was also observed for
the compounds 3 and 4, where the side chains (ethoxyl and piperidinyl)

provided the 100 % STD AF effect. From these experimental observations, it
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could, therefore, be concluded that the only the ends of all selected targets were

involved in strong bindings.

It is well understood that the STD signal intensity depends on the length
of the saturation time for the irradiation of protein as well as the number of
molecules (concentration of the sample). °* 1 Therefore, these findings are the
witnesses to this statement when epitope footprints were evaluated by varying
incremented saturation time for the irradiation of AChE. To accomplish this
purpose, we performed 6-10 experiments for each single sample by varying
saturation time to observe signal intensities and the growth of the stacked plots
(see Figure 24-28 for 2, 3, 4 and the Tacrine, respectively). The dependence of
the STD signals on saturation time a graphical representation of stacked plot for

compound 1 can be seen in Figure 29A.
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Figure 24: Stacked plot of 1D STD NMR spectra of compound 1 with varying

saturation times between 1-5 s (A) and respective saturation curve plot (B).
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Figure 25: Stacked plot of 1D STD NMR spectra of compound 2 with varying

saturation times between 1-5 s (A) and respective saturation curve plot (B).
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Figure 26: Stacked plot of 1D STD NMR spectra of compound 3 with varying

saturation times between 1-5 s (A) and respective saturation curve plot (B).
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Figure 27: Stacked plot of 1D STD NMR spectra of compound 4 with varying

saturation times between 0.5-4 s (A) and respective saturation curve plot (B).
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Figure 28: Stacked plot of 1D STD NMR spectra of standard Tacrine with

varying saturation times between 0.5-5 s (A) and respective saturation curve plot

(B).

Moreover, the affinity ranking of these four inhibitors and the control
(Tacrine) was defined by making comparisons of the dissociation constant (Kp)
values. It is well understood that the dissociation constant values justifies the
strength of binding of a ligand/inhibitor to protein. '™ For this purpose, the
direct measurements of the complex (inhibitor-AChE) dissociation constant for
each inhibitor have been performed by using different inhibitor concentration
between 0.10-2.0 mM while maintaining fixed protein concentration. These Kp

values were calculated with the help of the method reported elsewhere, % 1% 182
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Figure 29 A-B: Saturation curve Plot (A) and titration curve plot (B) of the
compound 1, obtained by calculating relative STD-AF by varying incremented

irradiation time of protein and inhibitor concentration respectively.

Here in this study, with reference to nine experiments (data not shown
here), we could find the dissociation constant value of compound 1, was
30uM—a graphical representation of the stacked plot growth for this compound
has shown in Figure 29 B. Similarly, 194uM value was found in a similar way
to the compound 2. An observed huge difference between the Ky values of these
two compounds (1 and 2) could be explained by considering their STD
amplification factors as a result of increasing inhibitor concentration. It is worth
noting that, in the compound 1, where both extensions (ethoxyl and piperidinyl)
enhanced the affinity towards the AChE whereas, alone piperidinyl group is
responsible for major affinity in compound 2. Thus, it was no wonder to get
better dissociation results for compound 1. On the other hand, Ky values for
compounds 3 and 4 also showed a similar (substitution dependent) behavior and
could secure the values 252uM and 210uM, respectively. Intriguingly, a clear
decrease in Kp of compound 3 could be seen as a result of replacing the
piperidinyl group by a phenyl group at position-8. Again, provided a same
inference that piperidinyl group is the major stakeholder in this affinity.
Moreover, a change of the ethoxyl moiety by piperidinyl group, lead the
compound 4 to even higher than 3 in this STD-affinity ranking. All these
concentration dependent experiments were carried out by keeping the saturation
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time 2s fixed for protein irradiation. The resultant curve plots obtained can be

seen in figure 30, for the compound 2, 3 and 4 and Tacrine respectively.
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Figure 30A-D: Concentration curve plots A, B, C and D for compounds 2, 3, 4
and standard tacrine respectively, obtained as a result of stacked plots (data not

shown here) of 1D STD NMR experiment for each compound .

In a similar manner, the Tacrine (the control) was also treated with the
same type of concentration studies towards AChE. The determined dissociation
constant value was 140uM via STD titration experiment. A curve plot of STD-
AF growth as a result of 10 titration experiments was shown in, Figure 30D.,.
Nevertheless, the value obtained for Tacrine is quite large when compared with
earlier Ellman method results. ***™ The discrepancies occurred between these
values might be due to instrumental sensitivity differences that exist between
NMR and other spectroscopic techniques, for instance, MS, Fluorescence, etc.
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For further consolidation of our STD results, we also investigated the
binding affinities of these inhibitors (compounds 1-4) through 2D Tr-NOESY
experiments. These experiments were performed by using the AChE in D,0 and
PBS buffer at pH 7.2 while inhibitors in 5: 95 v/v CD3;0D and D,0 respectively.
The control experiments (2D NOESY phase sensitive) were performed with
inhibitors (1-4) 20mM each, while the counterpart 2D Tr-NOESY experiments
with inhibitors (1-4) 20mM concentration in AChE 50uM solution (Figure
3land 32).
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Figure 31: Two-dimensional standard NOESY spectra without AChE
represented by A, B, C and D for the selected inhibitors 1, 2, 3 and 4,
respectively. All cross peaks were of the opposite signs to the diagonal (positive

NOE) represented by red color.
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Figure 32: Two-dimensional transfer NOESY spectra with AChE represented

by A, B, C and D for the selected inhibitors 1, 2, 3 and 4, respectively. All cross
peaks were of the same signs to the diagonal (negative NOE) represented by

blue color.

For the transfer NOESY, Bruker standard phase sensitive pulse sequence
was modified by putting the spinlock of 3500Hz after the first 90° pulse to
remove the spurious peaks of protein signals. ** ®" As it was expected for the
small molecular size molecules, spectra of free inhibitors showed small positive
NOEs (Figure 31,) due to the fast tumbling rate, however, few signals also
showed negative NOEs that might be due to uncorrected phase. In contrast,
inhibitors within AChE solution showed negative NOEs—a characteristic of
macromolecules due to slowly tumbling and fast relaxation rates. *** The build-
up rate of Tr-NOESY was much faster compared to NOESY spectra, despite
having short acquisition time. It is worth noting that, NOEs derived from all

signals of the piperidinyl group of compounds (1, 2 and 4) showed strong cross
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peaks; an excellent agreement to already performed STD NMR spectra (Figure
19 and Figure 20). Interestingly, the aromatic hydrogens of phenyl moiety
belonging to compound 3 showed also strong negative cross peaks (Figure 32
C); an unambiguously strong intimate contact to AChE as confirmed by STD
NMR between 70 to 80 % STD effect (Figure 19). The generation of negative
NOEs in Tr-NOESY experiments of all inhibitors (1-4) confirmed the true
affinity towards macromolecule. The negative NOEs are might be due to the
slow tumbling rates of inhibitors hydrogens in the binding cavity of AChE than
the free inhibitors alone. Strong NOEs signals related to piperidinyl ring
belonging to compound 1, 2, and 4 and aromatic signals of compound 3 gave the
same conclusion as we could get before with STD epitope mapping analysis.
The strong correlation between the STD epitope results and Tr-NOESY
permitted us to the conclusion that the edges of these small molecules are in

more intimate contact with the AChE and hence, binding.

STD NMR and Tr-NOESY experimental results provided the evidence of
binding regardless of the position of binding sites in the enzyme cavities; which
were validated through molecular docking simulation. Again, all inhibitors (1-4)
were compared well with Tacrine (the control) binding site residues and for free
energies. For this purpose, an already published protocol for the selection of
binding site residues has been applied. **® Docking simulations were performed
by using Molecular Operating Environment (MOE) 2011.10, where structures
were sketched followed by minimization with MMFF94x and protonation. For
the reference, Tacrine bound protein (PDB code: 2WG2) was retrieved from
Protein Data Bank, see more detail in the experimental section. Active site
information was received by using Chimera software (Figure 33) by selecting
the only available chain A of AChE. The molecular docking analysis revealed
that all inhibitors (1-4) showed interactions with the central pocket, in a deep

gorge and a peripheral pocket of AChE.
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Figure 33: Active site residues surrounding tacrine bound inhibitor as obtained

through chimera software.

These compounds showed almost all types of interactions, important for
the stability of AChE-inhibitor complex, including, hydrophobic contacts,
hydrogen bonding, m-m interaction and hydrophilic-hydrophobic interactions.
Compound 1 showed the water bridging property as well as hydrogen bonding
(Figure 34A). It is worth noting that, that MOE (Molecular Operating
Environment) ranked this compound 1 to the top position with free energy -7.46
Kcal/mol on the basis of interaction. In this way, docking simulation mimics the
STD titration results by nominating compound 1 at the top. Compound 1
showed interaction with multiple binding sites, including Gly118 of anionic sub-
sites through hydrogen bonding involving between its N-atom and Gly118 at
3.09 A (Figure 34B), this might be the presence of two extensions off the
coumarin rings helping it to cover large area. In addition, both aromatic rings
provided cation-r interaction with Trp84 at 3.63 A and 3.84 A (quaternary
ammonium binding locus). Similarly, Asp72 binds through hydrogen bonding
with water that in turn forms another hydrogen bonding with the carbonyl
oxygen of ester group at 2.91 A, and also interacting with Trp84 at the bottom of

158

the gorge (Figure 34B). However, Tyr 121 of the peripheral anionic site
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(PAS) 8 gets involved in hydrogen bonding through a water and the carbonyl
oxygen in the lactone ring at 3.5 A.
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Figure 34A-B: A 3D (A) and 2D (B) Molecular docking model of interactions
at lowest energy conformations between the acetylcholinesterase and compound
1. For clear understanding, a key (C) with different colors representing different

interaction are also provided. See more details in the experimental section.

Similarly, compound 2 approaches second position after compound 1 with
the complex binding energy of -7.39 Kcal/mol (Table 5) as it can be seen from

pictorial interactions (Figure 35).
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Figure 354A-B: Molecular docking models 3D (A) and 2D (B)of interactions at
lowest energy conformations between the acetylcholinesterase (AChE) and

selected Inhibitor 2.
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Table 5: Comparison of dissociation constant (Kp) values of inhibitors (1-4) and
the control (Tacrine) obtained as a result of concentration-dependent STD NMR
results to M.O.E., software. However, the Ky values are mean, + standard

deviations, where standard errors were all within the 5% of the mean.

STD Dissociation MOE Binding
Compounds
Constant uM Energies Kcal/mol
Tacrine 140 -5.13
1 30 -7.46
2 194 -7.39
3 252 -4.25
4 210 -6.50

This best-fit accommodation with second highest free energy again
supported the fact that single piperidinyl substituent is responsible for major
interaction. It provided a water-mediated interaction cage between the
electronegative oxygen of carboxyl group that makes interaction with Tyr121,
Asp72, Trp84 and Asn85 at a distance of 3.35 A, 2.95 A, 2.82 A, and 2.77 A,
respectively. These interactions and thereby free energies within inhibitor-AChE
complex could effectively provide an evidence of the same confirmation of
interaction results as we could obtain by STD and Tr-NOESY. Moreover, the
binding energies (-4.25 Kcal/mol) of compound 3 further provided an accuracy
of NMR results , and therefore led to the conclusion that, the moiety responsible
for the excessive interaction is the piperidinyl group (Figure 19 and Figure 20).

The interaction residues for compound 3 are provided in detail Figure 36A-B.
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Figure 36A-B: Molecular Docking models (3D (A) and 2D (B) of interactions
at lowest energy conformations between the acetylcholinesterase (AChE) and

selected Inhibitor 3.

Once again, compound 4 ( Figure 19) provided less complex binding
energy (-6.50 Kcal/mol) and hence greater stability or adaptability within the
complex, even less than compound 3. Even though, it possesses a smaller
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structure, however, it remains involved in binding with Phe330 hydrophobic
residues through cation-r interaction at 3.93 A as well as with Trp84 by making
a cation-z interaction at 3.66 A. The other aromatic amino acid also surrounds
the active site including Phe331, Tyr121, and His440 (Figure 37A-B)
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Figure 37A-B: A 3D (A) and 2D (B) molecular docking models of interactions
at lowest energy conformations between the acetylcholinesterase (AChE) and

selected Inhibitor 4.

MOE ranked Tacrine (the control) molecule on the fourth position with
binding free energy of the complex with -5.13 Kcal/mol that might be due to its
rigid structure and lack of the extensions, which aid in adaptability within/
across the binding grooves of AChE, see complete detail of interaction in Figure
38A-B. To find out the best-fit conformation having least inhibitor-AChE
complex binding energies, the docking protocol was applied several times with a
number of different conformations for each compound and the best fit docked

pose with minimum binding energy was determined.
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Figure 38A-B: A 3D (A) and 2D (B) molecular docking models of interactions
at lowest energy conformations between the acetylcholinesterase (AChE) and

Tacrine.
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4.4 Conclusions

Interestingly, from the concentration-dependent and saturation time-
dependent experiments, we obtained a direct evidence of piperidinyl
involvement as a major stakeholder in this interaction. The inhibitors (1, 2 and
4) with piperidinyl group gave a comparatively a lesser Kp value and hence,
stronger binding than the compound 3, lacking piperidinyl group. Conversely,
the ethoxyl group provided 100% STD effect in both structures deliberately
inferred most affinity towards the AChE binding cavities. Therefore, compound
1 with both major binding extensions (piperidinyl and ethoxyl) off the coumarin
rings stands tall in affinity towards AChE as provided evidence of STD NMR
with Kp value of 30 uM and Tr-NOESY experiment with clear negative signs
cross peaks i-e absolute correlation. Intriguingly, NMR results proved that
compound 1 has a better affinity for AChE in all selected compounds (2-4), and
even better than Tacrine (Kp = 140 pM). Intriguingly, docking simulation
mimics exactly the STD titration outcomes and nominated compound 1 on the
top with its free energy of -7.46 Kcal/mol, this might due to its larger extesions
coming off the coumarin ring and cover large surface of the proteins binding
grooves. All inhibitors (1-4) ideally spaced in the binding cavities of AChE as a
result of the cumulative effect of hydrophobic contacts, hydrogen bonding, n-n
interactions, and hydrophilic-hydrophobic interactions. Indeed, the exclusive
involvement of these important substituents with simultaneously three binding
sites like Gly118 (anionic subsite) Asp72, Phe330, Tyr334 and Tyrl21 (PAS),
His440 and Trp84 (quaternary anionic site, bottom of the gorge) made them
even more worth full. According to an earlier report, * the ligands that can bind
two sites can help to prevent the deposition and thereby aggregation of beta-
amyloid. Therefore, we supposed that, our library of inhibitors might not be
helpful only in stopping the acetylcholine hydrolysis but also can muffle the

amyloidal aggregation. More importantly, this study provided a way to
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synthesize and generate better AChE inhibitors by piperidine influenced
extensions. In addition, though experimental data based on eel AChE, however,
structural similarities of this enzyme to vertebrates AChE *****! further help in
the transfer of these results to the human AChE system. Therefore, based on
these realistic results from STD NMR, Tr-NOESY and docking simulations, we
suggest our compound 1 as a possible drug candidate for Alzheimer’s disease

and perhaps can be a possible alternate to tacrine.
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5. Binding Competition and Group Epitope Mapping of the AChE
inhibitors by STD NMR, Tr-NOESY, DOSY and Molecular

Docking studies

5.1 Abstract

Acetylcholinesterase is the most significant enzyme ever known to man
and a currently available therapy for controlling the Alzheimer’s affect. In this
perspective, NMR-based binding studies were performed to probe the inter-
ligand binding competitions and the inhibitions potentials towards a selected
target. In the ligands recognition assay, AChE-inhibitor complex was also
validated through site-specific inhibitor, gallic acid—a known competitive
inhibitor. The STD-competition experiments demonstrated that both inhibitors
did not compete with gallic acid for the same binding site, and possibly,
showing binding with some other site. However, in competition STD
experiments the order of binding potential has also been calculated, which
declares gallic acid at the top with 157 uM and 4-methylumbelliferone as the
least with 165 uM Kp value. Moreover, binding conformations, and diffusion
coefficients were calculated by taking advantages of the Tr-NOESY and the
DOSY experiments, respectively. Following the NMR results, docking
simulations were applied that declared gallic acid, as a second potent inhibitor
with a -5.0195 Kcal/mol after 4-methylumbelliferone with a -5.4894 Kcal/mol
binding energies. Thus, in conclusions, by combining the realistic NMR and
theoretical docking results permitted us to say that these molecular structures
and/or their extensions with basic scaffold of coumarin and gallic acid can

further be utilized in controlling Alzheimer’s disease in near future.
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5.2 Introduction:

Alzheimer’s disease (AD) the lead cause of almost all dementias that can
be characterized by severe behavioral abnormalities, memory loss and lessening
in intellectual abilities. AD is a progressive neurodegenerative disorder, which
in more general, a major threat to the elderly population. ** As per the
cholinergic speculation, the main reason for AD is the decomposition of
acetylcholine in the brain, and up-to-date reports counsel that by increasing the
level of acetylcholine in the brain through inhibiting the AChE
(acetylcholinesterase) activity might be an auspicious direction for AD
treatment. ** AChE exists mainly in the synaptic clefts (in nerves and skeletal
muscles) and in central nervous system (CNS) of living organisms '** that
belongs to the family of serine hydrolase enzyme. It catalyzes the hydrolysis of
the neurotransmitter acetylcholine (ACh) to choline (Ch) and acetate ions, which
plays a critical role in memory and cognition events. **% Typically, inhibitors
those bind themselves to catalytic sub-site (CAS) in the deep gorge groove are
deemed to possess an essential role in the inhibition of AChE. In addition, as
stated in few earlier reports, the AChE inhibitors those bind simultaneously to
two sites like peripheral anionic site (PAS) and catalytic anionic subsite (CAS),
besides stopping ACh hydrolysis might help in muffle the amyloidal
aggregation. *° ' Therefore, the use of such a selective inhibitors might be a
better option for controlling the acetylcholinesterase activity, and hence, for the
treatment of the AD. '*® Novel AChE inhibitors like Physostigmine, Donepezil,
Galantamine, and Tacrine are being used for the AD treatments, however, these
drugs also suffer from a number of limitations. For instance, Tacrine, the oldest
approved drug for the treatment of Alzheimer has few limitations like short half-
life and other side effects related to hepatotoxicity. **° Soon after the day when

first AChE inhibitor was introduced as a drug for the treatment of Alzheimer
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disease at the market level, small molecules obtained from natural origin retrieve

a prominent position. **!

In this viewpoint, we have selected three (Scopoletin, Gallic acid and 4-
Methylumbelliferone) AChE inhibitors and employed the saturation transfer
difference (STD) NMR, Transferred NOESY and Diffusion-ordered
spectroscopy (DOSY) in order to find the binding affinities and group epitopes
towards the AChE. Scopoletin is a coumarin that possesses a large number of
pharmacological activities such as spasmolytic, *** antifungal, ** antioxidative,
antihyperglycemic, antithyroid, *** antitumor ** and AChE inhibitory activity.
19197 On the other hand, 4-Methylumbelliferone is also a coumarin, which is

197

well known for its AChE inhibitory effect and hyaluronan synthase

suppressor activities. " Similarly, gallic acid is a type of phenol acid having

199-202 203, 204 anti-allergic **® and anti-inflammatory

anticarcinogenic, antioxidant,
%2 hiological activities. Moreover, gallic acid is a competitive inhibitor of AChE
and has a similar inhibition pattern as that of Galantamine. *** *** Furthermore,
gallic acid possess a strong antioxidant property which became the reason for its
selection in this binding study. It is well comprehended, that the antioxidant
compounds possessing AChE activity may have a better role in controlling the
AD. Even though, gallic acid possesses less AChE inhibitory activity, unlike the
other AChE inhibitors that are being used for the treatment of AD. However, the
additional advantages, in selecting and using these targeted compounds, are
associated with low molecular weight and smaller size that might help them to
reach the location of action (brain) after the oral or percutaneous administration,
and hence, can therefore helpful in the transport of material across the brain
barrier. Therefore, these active compounds might help in preventing the further
spread of adverse psychological and memory related features operating in some

patients with moderate or severe AD, more easily.
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Soon after the appearance of first acetylcholinesterase inhibitor, numerous
techniques started operating frontward to search out new inhibitors and their
interaction studies towards AChE in order to moderate the AD influence.
Unfortunately, NMR-based techniques for the ligand-protein interactions have
not been investigated extensively because of the problems related to solubility of
compounds in water, as it would be in normal conditions. Nevertheless, a few
NMR studies, based on line broadening and changes in the longitudinal
relaxation time T, are accounted for acetylcholinesterase-inhibitor complex, are
reported. ¥ ** In fact, information fingered by those NMR methods were
remained blur as opposed to the newly NMR methods in term of epitope
mapping and conformational information. In contrast, other new NMR
techniques, for instance, the saturation transfer difference (STD-NMR) and
transferred Nuclear Overhauser Effect Spectroscopy (Tr-NOESY) offer
additional conformational and epitope mapping details resulting from these
interactions. Additionally, STD NMR is most robust technique that could
distinguish the bound ligand from the free ones up to an atomic level precisely.
Therefore, nowadays STD NMR is a well-established and linchpin method for
NMR-based screening. It requires a very low concentration of protein without
isotopic labeling and, with no prior knowledge of its structure and function.
More so, there is no restriction on the protein size. Based on the aforementioned
facts, it is the foremost routinely used technique for ligands/inhibitors

recognition process; of the larger known and unknown molecular libraries, ** %

%97 and for calculating dissociation constant *® of

for binding epitope mapping,
weakly binding molecules where most of the other analytical methods are

unable to provide satisfactory answers.
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5.3 Result and Discussion:

5.3.1 'H-NMR and STD NMR Studies

In this work, we have selected a set of two coumarin derivatives—known
inhibitors of AChE (Scopoletin and 4-Methylumbelliferone) together with one
phenolic acid derivative (Gallic acid) to explore their interactions (Figure 39).
Since Gallic acid is a competitive inhibitor, and it shows competition with other
substrates for the same binding site as does the Galantamine. *** ?°" Therefore,
we intend to report herein a nuclear magnetic resonance spectroscopic binding
studies of these three inhibitors against AChE from the electric eel
Electrophorus Electricus. Specifically, STD-NMR, Tr-NOESY, and DOSY
NMR spectroscopic binding investigations have been utilized to portray the
comprehensive detail of this inhibitor-AChE complex system. Following this, a
docking simulation study has been applied which also provided the same results
as we could have through NMR data. By the combination of different
approaches, our results have confirmed that all compounds showed strong

interactions towards AChE, although showing binding with different locus.
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4-Methylumbelliferone (A) Scopoletin (B) Gallic acid (C)

Figure 39: Molecular structures of the targeted compounds (AChE inhibitors)

for binding interactions.

In the first experiment, "H-NMR spectra without and with protein were
performed with the aim to obtain a clear picture of all signal assignments
(Figure 40). Interestingly, the merged peaks of gallic acid and H-8 belonging to
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the compound (A) turn out to be separate by adding AChE (Figure 40A).
Following these hydrogen spectra, the STD NMR experiments were performed
by using the AChE: inhibitor mixture at a 1:100 ratio for all non-concentration
dependent studies. The inhibitors were dissolved in a mixture of solvents
(methanol-d, and deuterated phosphate buffer saline (PBS) in 5%: 95% vl/v,
respectively), while the AChE in deuterated PBS, pH 7.2 in all experiments.

-OCH;b
H-2/6¢ -CH3a

MeOD

w
]

Figure 40: 'H-NMR spectra of targeted compounds (Scopoletin, 4-
Methylumbelliferone and gallic acid) with (A) and without (B) addition of

AChE. Where, the signals were made different by giving numbers (a, b and c)
with pink, blue and black colors for the compounds 4-methylumbelliferone,

scopoletin, and gallic acid respectively.

Primarily, we performed the STD NMR experiment and slight changes in
chemical shift values were detected by adding AChE that can be seen in Figure
40. For the epitope mapping, we have done STD NMR experiments with
different saturation times (0.5-5 s) and percent STD amplification factors were

calculated on the basis of integral values from the stacked plot in Figure 41.
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Figure: 41: Stack plot of saturation time-dependent STD NMR spectra, for

more information, see the experimental details chapter 3.

In all STD NMR experiments, larger signal was given the 100% STD
amplification factor (AF), and all other signals were normalized with reference
to this. In the STD NMR experiment, the signal intensity not only reflects
the relative amount of saturation that received by the particular hydrogen from
the protein via cross-relaxation, but also the relative proximity to the protein. In
particular, signal intensities in STD NMR spectrum depend on two factors, one
is the concentration of ligands and the second is, the saturation that received by
the given molecule. As the ligand concentrations and saturation of protein are
increased, in response, intensities of STD signals will, therefore, be increased. **
.10 The relative STD effect as we measured for the gallic acid clearly showed
that it had a major affinity towards AChE as shown in Figure 42, which revealed
100% STD effect and remains tall. The second STD effect was obtained for
hydrogen H-8 of compound A (4-methylumbelliferone) with 75%, while the
third largest effect for —CH; group of compound B (scopoletin) which remained
noticeable with 61% effect. Similarly, the —OCH; group of compound B, and
hydrogen H-6 of the compound A remained prominent with 59% and 51%, STD

AF. On the other hand, the hydrogens H-3 and H-4 of compound B showed 49%
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and 41% and hence, were little more solvent exposed. In contrast to the
aforementioned hydrogens, H-8 of compound A, H-5 belonging to compound A
were well-nigh similar to 33 and 32 % STD AF, which supposed that these
hydrogens were further far from binding cavity and among other signals which
were more solvent exposed. However, H-5 of compound A could provide the
least STD AF with almost 25%, which clearly infers that this hydrogen was
absolutely far or in such a position that it could not receive an irradiation
transfer from the AChE. From these STD convincing results, it can be assumed
that gallic acid shows more interaction towards the binding cavities of protein.
While, the compound A (4-methylumbelliferone) and compound B (scopoletin)
showed lesser bindings towards the AChE or adopted themselves within a
shallow or large cavities where they were unable to get proper saturation transfer

from protein.
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Figure 42: 'H-NMR (A), Off-resonance (B) and STD NMR spectrum (C) of
targeted compounds (Scopoletin and 4-Methylumbelliferone and gallic acid) in
AChE. Where, signals were made distinct by giving numbers (a, b and ¢) with
pink, blue and black colors for the compounds 4-methylumbelliferone,

scopoletin and gallic acid respectively.
5.3.2 Transferred NOESY Studies

For further support to our STD results, we also probe the binding
affinities of the compound (A) (B) and (C) through 2D Tr-NOESY experiment.
A solution containing AChE dissolved in D,O and PBS buffer (pH 7.2) while
inhibitors (compound A, B and C) in 5:95 v/v methanol-d, and deuterated buffer
respectively, was prepared. The 2D NOESY experiment was performed by
keeping a fixed concentration of 20 mM for each inhibitor (A, B and C) while,
2D Tr-NOESY experiment was performed with the same concentrations of the
inhibitors in a 50 uM concentration of AChE. Importantly, for the Tr-NOESY
experiment, a Bruker standard phase sensitive pulse sequence was modified by
putting the spinlock of 3500Hz after the first 90° pulse to remove the
background signals of protein. * °" Since it is well comprehended that, free
small molecular size compounds show positive NOEs due to the fast tumbling

and slow relaxation rates. On the other hand, compounds within the
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macromolecular solution show negative NOEs because of slowly tumbling and
fast relaxation rates. *** The smaller molecules those show affinities towards
some macromolecule they owe the characteristics of the larger molecule and
behave like an as a part of the larger molecule, therefore, they show negative
NOEs—a characteristic of macromolecule. It is worth mentioning that, as
opposed to 2D NOESY, the buildup rate of Tr-NOESY was much faster with
short acquisition time, even though, both experiments were performed with
equal mixing time (400 ms). In the Tr-NOESY experiment, all inhibitors
showed negative NOE because of the slow tumbling rates of hydrogens while in
the binding cavity of AChE, unlike the free inhibitors (Figure 43) with positive
NOEs.The strong cross peak of the targeted inhibitors showed an excellent
agreement to the previously performed STD experiments. These unambiguous
results of Tr-NOESY and STD NMR findings allow us to deduce that these

small inhibitors showed clear affinity towards AChE.
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Figure 43: 2D-NOESY (A) and 2D Tr-NOESY (B) spectra of targeted
compounds (scopoletin and 4-methylumbelliferone and gallic acid) without (A)
and with (B) addition of AChE.
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5.3.3 STD NMR Titration Studies

After obtaining the knowledge associated with the bound conformations
of these interacting ligands, through STD NMR and Tr-NOESY towards the
AChE, the subsequent step was to seek out the specific binding site for each
ligand. To accomplish this goal, a competitive ligand with well-known and
delineate binding site (reporter or spy molecule) was evidently necessary to
form a comparison with the unknown molecule for the corresponding site hunt.
Therefore, in order to achieve this goal, we have applied STD NMR competition
studies—a well-known NMR experiment that can confirm that whether the
reporter molecule and ligand compete for the same site of protein or not. Since,
gallic acid is a well-known and selective binder towards AChE *** %7 however,

it is the first time it has been used for this type of titration studies.

It has been proven earlier that if a reporter molecule will show more affinity
towards the specific site of the given protein than to the other unknown ligand,
by increasing its concentration the respective STD signal intensity of the other
ligand will decrease. On the other hand, if the unknown ligand binds itself more
tightly than the reporter molecule does, by an increase in concentration of the
reporter molecule does not affect the signal intensity of the respective STD
signal. In other words, if the spy molecule is relatively less tight binder for the
same site as the unknown ligand then the increase in concentration of unknown
ligand will decrease or even wipe out the signal intensity of spy molecule at a
specific concentration, in the STD titration studies. However, despite these
possibilities, if both compounds (spy and unknown) are binding with different

sites, none of the signals is going to be affected.®”’

To make a lucid judgment upon competition, and to find that particular
concentration where one of these inhibitors (A and B) could replace gallic acid,
we prepared a solution of these three inhibitors (A, B and C) by using varying

concentrations ranging between 0.10-2.0 mM. The first experiment was
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performed with a concentration of 0.10 mM of inhibitors by using a constant
saturation time of 2 s. At this concentration, inhibitors (A, B) could not replace
gallic acid perhaps gallic acid showed more interaction towards AChE. In the
similar way, by gradually increasing concentration of inhibitors while keeping

AChE constant, different STD competition experiments were recorded (Figure

44).
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Figure 44: Stacked spectra of concentration-dependent STD-NMR experiments
of (A, B and C), by varying concentrations (0.1, 0.2, 0.4, 0.8. 1.20, 140, 180 and
2.0 mM) of inhibitors with respect to AChE.

Different experiments by varying the concentration of ligands to 0.20mM,
0.40mM, 0.80mM, 1.20mM, 1.40mM, 1.60mM, 1.80mM and 2.0mM, provided
a similar behaviour in the spectra with the same results explaining that, gallic
acid was not replaced by any inhibitors (A, B). From these competition studies
a conclusion can be suggested that none of inhibitors (A, B) compete with gallic
acid (see Figure 44) for the same binding site although they showed interaction
towards AChE with some other binding locus, therefore, showing binding with
different binding sites or behaving as a non-competitive inhibitors. However, a

little change in chemical shift values were observed at 1.80 and 2.0 mM
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concentration of the inhibitors, as shown in figure 44, although the signal
intensity of the gallic acid was not affected. The change in chemical shift values
at higher concentrations might due to the overload of inhibitors that turns the
bindings with some other site as well. Finally, the dissociation constant (Kp)
values for each inhibitor was calculated from these concentration-dependent
STD experiments by taking help of the method reported elsewhere. *® The plot
of the inhibitor concentrations versus STD signal intensity is shown in figure 45,
from where the dissociation value were evaluated. Interestingly, the calculated
Kp values declared gallic acid as a potential inhibitor of AChE as presented in
Table 6.
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Figure 45: STD amplification factor curve plot of A, B and C as a function of
varying concentrations for each single parabolic line that determined from the

STD concentration-dependent spectra as shown in Figure 44.
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5.3.4 Diffusion-Ordered Spectroscopy Studies

In addition to STD, Tr-NOESY, we have performed the 2D diffusion-
ordered spectroscopy for these targeted inhibitors with and without (Figure 46)
the addition of AChE. From years, this technique grows up as a method of
choice for the multicomponent systems separation, as well as binding interaction
analysis. *® Moreover, diffusion calculation and spectral understanding is very
easy because chemical shift occupies the abscissa (horizontal axis) and while,
the vertical axis (ordinate) with diffusions values in 1 x 10° m%s. First sights
look at comparative display of 2D DOSY (Figure 46) demonstrated that all
signals of the inhibitors, except the solvents, from both spectra (with protein and
without protein), are present between diffusion coefficient 0.7 x10™° m%s to 0.3
x10" m?/s along the F; dimension (ordinate axis). From two different color
signals (Figure 46), the change in diffusion coefficients of these small molecules
became quite clear upon addition of AChE. Therefore, based on the results, we
conclude that, targeted compounds are showing interaction, as it is well-
correlated with the fact that, the particle possessing affinity towards the receptor
molecule, exhibits the change in the values of diffusion coefficient by the

addition of the receptor. %%
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Figure 46: A double display of 2D-DOSY NMR spectrum of A, B, and C with
Acetylcholinesterase enzyme, where the X-axis contains the standard *H-NMR
chemical shifts values, while the y-axis contains the diffusion coefficient values

in 1x 10° m?%s.

By placing two spectra together in double display mode and by adding the
HOD signals one upon other in order to get absolute diffusion, the diffusion
changes in the spectrum with and without AChE were quite clear. Where, the
diffusion coefficient of inhibitor A as showed in the spectrum figure 46, is 4.29
x10" m’/s and 6.72 x10™*° m?/s with and without AChE addition respectively,
and with a total difference of 2.43 x 10" m?/s. Likewise, the first one, other two
inhibitors also afforded changes in their diffusion coefficients. For inhibitor B,
the values 6.47 x10™ m%s and 4.1 x10™° m?/s was noted with a difference of
2.37 x 10" m?/s while, the compound C was lying between 6.22 x10™° m%s and
3.59 x10™ m?/s with a total difference of 2.63 x 10™® m*s. This change in the
diffusion coefficient by the addition of AChE (Table 6) inferred a clear

indication of interactions of these targeted molecules.
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5.3.5 Molecular Docking Studies

After getting the results from STD, Tr-NOESY, and DOSY NMR, we
analyzed the binding mechanism of given inhibitors against
Acetylcholinesterase (AChE) through molecular docking simulations. For this
purpose, an already published protocol for the selection of binding site residues
has been applied. *** Using Molecular Operating Environment (MOE) 2011.10,
docking simulations were performed where structures were sketched followed
by minimization with MMFF94x and protonation. Active site information was
received through Chimera software by selecting the only available chain A of
AChE. The molecular and kinetics analysis revealed that all inhibitors (A, B and
C) show interactions towards the central pocket, in the deep gorge and the
peripheral site of AChE. All inhibitors displayed almost all types of interaction
important for stability of AChE-inhibitor complexes, like hydrogen bonding,
hydrophobic contacts, hydrophilic-hydrophobic interactions and m-w interaction.
gallic acid containing 3 hydroxyl groups at 3, 4 and 5 position of benzoic acid,
where, one of the hydroxyl groups is engaged in bridging water molecule at 3.1
A distance, which in turn links with Asp72 and Ser81 (Figure 47A, B) amino
acid residues. The calculated binding energy for gallic acid-AChE complex was
-5.0195 Kcal/mol (Table 6).
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Figure 47: A 2D (A) and 3D (B) molecular docking model of inhibitor A,
showing interactions between the Acetylcholinesterase (AChE) and 4-

methylumbelliferone.

Table 6: Comparison of dissociation constant (Kp) values of inhibitors (A, B
and C) obtained a result of concentration-dependent STD NMR and DOSY
experimental results to M.O.E. software binding energies, and total change in

diffusion values. For more detail, in chapter 3.

STD Dissociation MOE Binding Diffusion Coefficient
Comp
constant pM Energies Kcal/mole Changes 1 x10™° (m?/s)
A 165 -5.4894 2.43
B 162 -4.9313 2.37
C 157 -5.0195 2.63

On the other hands, 4-Methylumbelliferone is involved in hydrogen
bonding with Gly441 at 2.84 A, as well as Trp84, involved in making a cation-n
interaction at 3.97 A. Similarly, for water mediating interactions, as other

compounds do with the water molecule, the water molecule forms a bridge
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between Asn 85 and the hydroxyl group of the ligand at 3.07 A. In due course,
this water molecule forms bridge with another water molecule and Asp72
simultaneously, providing a binding energy of -5.4894 Kcal/mol as the outcome

of this overall interaction (Figure 48).
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Figure 48: A 2D (A) and 3D (B) molecular docking model of inhibitor B,
showing interactions between the Acetylcholinesterase (AChE) and Scopoletin,

generated by using Molecular Operating Environment (MOE) 2011.10.

In the same way, in the Scopoletin a key interacting Phe330 hydrophobic
residue is involved in cation-n interaction at 3.59 A and 3.95 A with two
aromatic rings. A water molecule forms bridge between ligand, Asp72 at one
end and between ligand Ser81 at a distance of 3.25 A, on the other hand (Figure
49). The resulting binding energy of this scopoletin-AChE complex was -
4.9313 Kcal/mol as provided by MOE software. Comparisons of binding
energies of MOE with dissociation values resultant from the STD and DOSY
experiments are shown in Table 6. MOE ranked 4-methylumbelliferone (A) at
the top with binding energy of -5.4894 Kcal/mol, gallic acid (C) made it space at
second position with binding energy of -5.0195 Kcal/mol, and scopoletin stands
third with the binding energy of -4.9313 Kcal/mol (Table 6).
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Figure 49: A 2D (A) and 3D (B) molecular docking model of inhibitor C,
showing interactions between the Acetylcholinesterase (AChE) and gallic acid,

generated by using Molecular Operating Environment (MOE) 2011.10.
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5.3.6 Conclusions:

Based on the cholinergic hypothesis, the inhibition of acetylcholinesterase
activity might assist in to control Alzheimer’s disease by enhancing the level of
cholinesterase in the synaptic cleft between the two neurons. Therefore, with
the aim of lessening Alzheimer’s affect has prompted us to study ligand
recognition assays and the competition studies by using gallic acid through the
most extensively and regularly using technique, saturation transfer difference
NMR. Saturation-transfer difference and nuclear overhauser effect results
clearly showed the evidences of the existence of bindings between these
selectively targeted inhibitors and acetylcholinesterase. Moreover, in
competition experiments, the dissociation constant value (157 uM) of gallic acid
showed that, it is binding more tightly than the others do. Furthermore, change
in the diffusion coefficient by the addition of the AChE in the system also
validated the saturation transfer difference results, a further evidence of binding.
Finally, by taking help of a theoretical approach—molecular docking, a 3-
dimensional model for each compound has also been evaluated. Free binding
energies of the acetylcholinesterase-inhibitors complex were calculated by using
Molecular Operating Environment software. Interestingly, docking simulation
provided the similar results that placed the gallic acid-AChE complex in the
second position with the least binding energy of -5.0195 Kcal/mol, might be
because it could provide binding through one kind of interaction towards the
enzyme. Therefore, we suggest, these new results might open a new window to
other scientists, interested in to do further investigation into the potential of
coumarin and gallic acid structure-based scaffold and their extensions in

controlling Alzheimer’s disease.
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6. NMR Binding Recognition Study of Terminalia Chebula

extract; New Insights into AChE Binding Behaviour

6.1 Abstract

Since antiquity, screening of the natural extract in everyday drug
discovery for selective targets plays a vital role, even when there was no papyrus
foundation of these remedies as we have today. However, a plethora of
medicinal plant extracts are still being used nowadays that are helping in
growing scientific interest towards herbals use in the new drug discovery. In this
context, Terminalia Chebula extract has been explored against
acetylcholinesterase (AChE). T. Chebula is famous to possess numerous
biological activities, which is why it crowned as the kind of medicine. On the
other hand, AChE is the one of the primary therapy available against
Alzheimer’s disease as stated by cholinergic hypothesis. Therefore, by targeting
AChE, we have successfully applied the most robust NMR methods such as
STD NMR, Tr-NOESY and the 1D- DOSY to find the lead compounds from an
ethylacetate fraction and its water suspension. This application provides a rapid
means of ligand recognition, as well as their group epitope mapping. The use of
NMR methods has unequivocally analysed the implication of three compounds
in this interaction study. However, the structural characterization by means of
two-dimensional NMR methods such as HSQC, HMBC, and Mass spectrometry
confirmed them as 4-hydroxyxinnamic acid 1, Ethyl 4-hydroxycinnamate 2, and
lupeol, 3. Moreover, a change in diffusion values by adding AChE as oppose to
alone T. Chebula extract spectra provided the evidence of interaction. Therefore,
the combination of these NMR data not only assured the explicit recognition for
AChE but also explain the behaviour of this enzyme in ligand selections.
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6.2 Introduction

Terminalia chebula RETZ (Combretaceace) is a medicinal plant widely
distributed throughout the central Asia and is well-known as “king of medicine”
because of exhibiting a bundle of potential activities. The dried ripe fruit of T.
chebula is known as Black Myrobalan has traditionally been used in the
treatment of asthma, sour throat, vomiting, hiccough, diarrhea, bleeding piles,
gout, and heart and bladder disease. *® *° A herbal formulation containing
T.chebula under the name “TRIPHALA” is very popular traditional medicine in

chronic disorders Black myrobalan is reported to have antioxidant and free

211 212

radical scavenging activities, it is effective against cancer cells and

214

Helicobacter pyroli. ?** It is also useful as anti-carries agent, ?* in the dermal

wound healing, ?** improving gastrointestinal motility, 2*® anaphylactic shock, %’
and diabetes mellitus as well. ?*® It has been reported that T.chebula contains a
constituent, which has a wide antibacterial and antifungal spectrum, **° and also
inhibit the growth of E. coli, the most common organism responsible for urinary
tract infections. #° It also exhibits activity against uropathogenic Escherichia
coli. ?*! Besides the aforementioned potential bioactivities, a recent report also
suggested that the extract of T. chebula possess the acetylcholinesterase (AChE)
inhibitory activities, ' however; there is no scientific data available to date
regarding the direct identification of the lead compounds from the extract. Thus,
the present systematic and methodological investigation has therefore been
designed to find the leads from the T. chebula extract that might aid in the future
process of drug discovery. Present study deals with in sito binding recognitions
of T. chebula RETZ methanolic extract towards the enzyme,
acetylcholinesterase, which will disclose the facts that how these compounds in

the extract show inhibition of the target through various types of bindings.

In this context, in sito molecular recognition towards a specifically

targeted macromolecule (AChE) could be paramount important in term of new
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drug discoveries. Especially, for the molecular entities those are even sensitive
towards the light and the solvents contact, and can oxidize in air or by some
environmental changes etcetera. To track such sensitive molecular entities, there
must be some analytical tool, which encounters all difficulties associated with.
A number of analytical methods, biological assays, and various tools are being
used nowadays for the purpose to cope this problem. Importantly among them,
the most commonly used analytical tools for the mixture analysis and for
exploring bindings are the Mass spectrometry (MS), NMR, Fluorescence (FS),
Ultra-violet (UV) and Circular dichroism (CD), etc. Therefore, NMR seems to
be an ideal approach that is non-invasive, environmentally friendly, and non-
destructive as well as could provide possible all information related to new

structure characterization and binding conformations.*®®

Moreover, NMR has an
upper edge over other analytical methods in observing the weekly binding
process, where most of the analytical methods are unable to provide a
satisfactory answer. '* There is no need of volatility of the compounds, not
necessary chromophores or unsaturation for the delocalization of the electrons,
and no optical absorbance is mandatory. * Unlike other analytical approaches,
for instance, MS, FS, UV, and CD respectively, demands to see the interactions.
Although in term of sensitivity, these techniques are far sensitive to NMR and
are therefore used commonly in drug discovery process. However, the
restrictions like difference in polarities of various components in mixture,
absence of optical absorbance, lack of resolving signals overlaps, and unable to
distinguish between the isomers make them unsuitable for the rapid screening

method.

Different NMR methods have been using nowadays to explore the
molecular recognition process—an utmost important phenomenon exists in our
body. Since most of the human body functions and disease controlling
mechanism involving, this molecular recognition process through ligand-

receptor or receptor-receptor types of interactions. Therefore, to focus molecular
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recognition process based on ligand-receptor or receptor-receptor is a prime
important domain in new drug discovery. We have selected to target the ligand-
based NMR methods for this study, as these method requisites less
macromolecular amount without any isotopically labeling. Amongst different
ligand-based NMR method saturation transfer difference (STD) NMR technique
78 and Tr-NOESY, *# is the more sensitive and reliable method available up-to-
date in observing binding interactions. Since STD NMR is well-established in
providing the binding interaction of the extracts towards a target, °" aiding in
calculating dissociation constant for the ligands within the complex and in group
epitope mapping of the binding ligands. '® On the other hand, Tr-NOESY
experiments are known because of proving; the special distance of two

interacting counterparts, and in intimate binding conformations. %22

In the present work, we have utilized the Tr-NOESY and STD NMR
experiments for small molecular recognition towards AChE. Since it is well
understood that AChE is implicated in hydrolysis of the most important
neurotransmitter acetylcholine (ACh) into choline and acetate ion and thereby,
destroying the nerve impulses that it carry. ** This continuous loss of nerve
impulses creates a cholinergic deficiency that turns into a disease commonly
known as Alzheimer disease (AD)—a neurodegenerative disease that leads to a
variety of psychiatric symptoms including memory loss. ??* The cholinergic
response can, therefore, be achieved by restoring the cholinergic deficiency in
the synaptic cleft through lessening the hydrolysis activity of AChE by its
inhibition. ** ** Thus, the AChE inhibitors are the best-known symptomatic
treatment that could somehow reduce AD effect by lessening or stopping ACh
hydrolysis.

To date, to the best of our knowledge, no one has ever used the terminalia
chebula RETZ extract for the screening of the lead compounds towards the

acetylcholinesterase enzyme. The terminalia chebula is best known for the
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inhibitory activity of the extract and some of its constituents against AChE. %
Therefore, screening of this extract by using the most robust NMR methods
might provide innovative idea in the field of new drug discovery in controlling
AD.

6.3 Results and discussion

Based on the controlling AChE activity, the uses of its inhibitor seem to
be an excellent treatment for the Alzheimer disease. Since the approval of the
first AChE inhibitor as to be a drug, numerous methods get involved to target
this enzyme for the new drug discovery. Therefore, among these NMR seems to
an ideal choice because of its robustness in operation and non-invasive in nature.
In this context, we have been utilizing the advantages of the NMR to evaluate

the recognition of Terminalia extract towards a specific target (AChE).

In the first step, 2 mg of ethyl acetate fraction (Figure 50) of the extract
from this medicinal plant with 1 micromolar solution was triggered into NMR
by adding the 5 % methanol-d, and 95 % PBS buffer made in ten percent

deuterated water solution into NMR spectrometer.
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Terminalia Chebula RETZ
3 grams dried choped fruits

500 ml ethanol and water (1:2)

DCM 3x100 ml i

DCM Fraction hydroethanolic f raction
170 mg dried 603 mg dried
l Ethylacetate 3x100ml
Hydroethanolic Fraction Ethylacetate Fraction
460 mg dried 63 mg dried
lWater 3x100ml
l Methanol 3x 100 ml l Water Fraction
18 mg dried
Hydroethanolic Fraction Butanolic Fraction

181 mg dried

Figure 50: Isolation scheme of the Terminalia Chebula RETZ fruit, used in this
study. The fractions in pink colours were used for this NMR based molecular

recognition study.

Two 1D 'H-NMR spectra (Figure 51) were recorded systematically with normal
(zg) and Watergate Bruker pulse sequence in order to see any hidden signals
under HOD signal. Following this, saturation transfer difference NMR method
was employed to observe binding recognitions. STD NMR results (Figure 51)
provided evidences of the involvement of some benzyl hydrogens (6.2-8 ppm)
and some sp3 hybridized proton region (0.5-2.5 ppm). In the next step, 2D NMR
techniques (COSY, HMBC, HSQC, and TOCSY) were acquired in order to
characterize the molecular structure of these interacting compounds. The
overlapped signals were proven a big hurdle in making a clear distinction
between the hydrogens from different AChE blockers. Secondly, in STD
spectrum the intensities of interacting signals from different entities were too
week and it was too difficult to characterize all interacting compounds based on

these signals. Therefore, this ethyl acetate fraction was further suspended in 100
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ml of water, this process was applied thrice, and water was evaporated through

rotary vapor apparatus.
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Figure 51: The 'H-NMR spectra ((A) normal hydrogen and (B) with HOD
signal suppression) and STD NMR spectrum (C) of the ethyl acetate fraction of

the Termilania Chebula extract in a 50 mM solution of AChE.

In a similar fashion, a 2 mg of the sample from the water suspended
fraction was dissolved in the same ratio of methanol and deuterated water.
Interestingly, the *H-NMR spectra comprised only the benzyl compounds and
all other signals that were later on proved as a triterpenoid moiety, disappeared
(Figure 52). A few minor benzyl signals that were present in the STD spectrum
of the ethyl acetate fraction were also missing that might be due to insolubility
in water or less concentration. It is well understood that the STD signals depends

on the concentration as well as the irradiation from the macromolecule. * %’
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Figure 52: The 'H-NMR spectra ((A) normal hydrogen and (B) with HOD
signal suppression) and STD NMR spectrum (C) of the water suspended
fraction from ethyl acetate portion of the Termilania Chebula extract in a 50
mM solution of AChE.

In both extract we were therefore able to characterize three compounds
(4-hydroxycinnamic acid (1), Ethyl 4-hydroxy cinnamate (2) and lupeol (3)) by
taking help of the two-dimensional NMR spectroscopy (Figure 53) and by
making a comparison with an earlier reported data, 2 ?** besides STD spectra.
An extra support in identification of these interacting molecules was obtained by
mass spectrometry (Figure 54 A-B)—an important identification hallmark.
Interestingly, all compounds are reported before from ethyl acetate fraction of
Terminalia Chebula and also known to have an excellent AChE inhibition

activity, 2 2
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Figure 53: A complete 2D- HSQC spectrum (A) of the Terminalia Chebula
extract, while, the inset B and C representing the major signal regions of

compound cinnamic acid derivatives and lupeol, respectively. A 2mg of the

extract was dissolved in D,O and CD5OD in order to obtain the spectrum.

NMR structural characterizations for the compounds 1 and 2 was possible
from the peaks 7.42 ppm (d, J = 8.70 Hz) and 6.66 ppm (d, J = 8.70 Hz) for the
hydrogens 2/6 and 3/5 position as shown in figure 3. However, the HSQC

resolved each peak into two hydrogens corresponding to 130 Hz, while the mass
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spectrum authenticated this confirmation with the peaks at 165 m/z and 192 m/z

(Figure 54).
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Figure 54: ESI spectrum of the ethyl acetate fraction of Terminalia Chebula

extract, where, for more visibility, this was devided into four sub-spectra with
region (5-200, 200-400, 400-600 and 600-800 m/z). The data containing higher

molecular mass was not shown here.

On the other hand, the position 3" hydrogen for compound 1 and 2
appeared at 7.24 ppm (d, J = 15.85 Hz) and 7.23 ppm (d, J = 16.12 Hz)
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respectively. Similarly, the counter hydrogen 2~ became visible at 6.22 ppm (d, J
= 16.12 Hz) and 6.27 ppm (d, J = 15.85 Hz) belonging to compounds 1 and 2
respectively. The methylene hydrogens of 2 were prominent at 3.75 ppm while,
the methyl hydrogens at 1.05 ppm in the STD spectrum see in Figure 52C.
Likewise, the characteristic peaks of Lupeol were also assigned with the help of

2D NMR spectroscopy and mass spectrometry peaks at 426.7 m/z.

The group epitope mapping (GEM) for the compounds 1, 2 and 3 was
calculated from the two STD NMR spectra (Figure 51C and Figure 52C) from
the ethyl acetate fraction and its water suspended portion, respectively. The STD
spectrum (Figure 51C) of ethyl acetate fraction indicates the presence of methyl
hydrogens from lupeol (3) at 1.68, 1.10, 0.96, 0.92, 0.89, 0.82 and 0.76 ppm
those representing the nomenclature numbering 23, 30, 26, 24, 25, 28 and 27
respectively as showed in Figure 55. The unequivocal representation of this
STD spectrum (Figure 51C) suggests that almost all methyl signals from the
Lupeol structure showed some level of enhancement, which establishes that
bulky methyl created a cloud around the ethylene hydrogens which remained
unable to produce STD effect. The GEM study was made effective by
comparing the individual signal integral values and providing the strongest
signals as 100 percent effect while the irradiation time for the protein was fixed
to 2 s. The rest of the signals were normalized to the signal with the largest
effect. Therefore, the given results in the Figure 55 suggest that methyl position
24 provided largest affinity towards AChE, on the other hand, methyls 30 and
23 remained more solvent exposed with the STD effect between the 15-30
percent. It is interesting to note that all the hydrogens oriented above the cyclic
ring of the lupeol were remained prominent in the STD spectrum, and hence,

stronger interaction.
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Figure 55:  Structures of the recognized compounds (1, 2 and 3) and their
relative amplification factors (AF) with absolute numbering are shown. For
more clarity in understanding the GEM results in the relative amplification
factors (AF) were given different colors, where each color has a significance

percentage AF as shown in the key.

Similarly, GEM calculation was performed from the water suspended
portion (Figure 52C) of the ethyl acetate extract in order to observe which part
of the molecule is showing more interaction. In this case, a 100 % effect was
calculated from the hydrogens 3/5 of compounds 1 and 2, respectively.
Following this second large STD effect was calculated for the adjacent
hydrogens (2/6) from the aromatic moiety. The extension coming off the parent
cinnamic acid structure remained prominent with above 50 % AF. Nevertheless,
the unsaturated hydrogens from both compounds could not provide a strong
interaction with this GEM results. Based on these GEM results it would be not
surprising to say that these compounds (1 and 2) were presenting interaction
pattern where the only edges are involved. Indeed, the compound 2 could be a

better inhibitor because it might provide greater interaction with the help of the
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extension that is coming off long way, which can cover large surface area of the

enzyme’s cavity.

Further consolidation to our STD NMR results from the Terminalia
extract, additional experiments 2D-NOESY with and without protein were also
performed. NOESY experiments are well-established for obtaining the bound
conformations of the ligands, within the ligand-receptor complex. ** ¥ In this
experiment, the correlation time (tc) IS a paramount parameter that decides
whether a small compound is in contact with the larger one or not. Since small
molecules possess short correlation time and a longer relaxation rate, therefore,
they provide positive NOEs. On the other hand, in the bound state this shorter 1,
changed to the longer one, resulting in a strong negative NOE. ** ° For this
purpose, same sample of the ethyl acetate fraction with AChE addition was
utilized to acquire the respective Tr-NOESY spectra that were utilized earlier for
STD NMR. Conversely, for NOESY, new sample of the ethyl acetate fraction
was prepared. Both experiments were performed with the almost similar
condition and observed the NOEs growth carefully. NOE build-up effect
generated faster in the Tr-NOESY experiment, as compared to the NOESY—a
characteristic of the bound conformation. ® The comparison of both spectra
(NOESY and Tr-NOESY) clearly inferred the interaction as results of the
change in correlation time of these interacting compounds (Figure 56). The
hydrogens (2/6 and 3/5) of compounds 1 and 2, those provided strong STD
effect, became more intense in the Tr-NOESY experiment. Furthermore, in the
Lupeol signal region, few peaks that were not present in the NOESY spectrum
became clear in the Tr-NOESY spectrum. In conclusion of these results, we can
say that the Tr-NOESY experiment mimic exactly the same results as we had
obtained from the STD experiment. Thus, in the light of combined STD NMR
and Tr-NOESY experiment these recognized compounds from the Terminalia

Chebula RETZ were showing excellent interaction. Since all three compound
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are previously known inhibitor of AChE hence might provide a best example of

the inhibition and in controlling Alzheimer disease.

i A

Fig 56: A side by side view of the 2D NOESY (A) and Tr-NOESY (B)
spectrum were shown, where the NOESY spectrum is 5 times zoomed for

clarity.
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Finally, the diffusion edited NMR experiments were attempted to point
out the existance of the observed interaction that could be seen from the STD
NMR and Tr-NOESY data. The diffusion edited NMR is only applicable to the
system with fast exchange, where the strength of the system to hold the ligand-
receptor complex can also be measured. Since the self-diffuion depends on the
physical parameters like size, shape and geometry of the molecule. ***
Therefore, it is well understood that the smaller molecules diffused more rapidly
than larger ones. Furthermore, for a fast ligand-receptor exchange system, the
diffusion coefficient of the small molecule will be equal to the weight average of

the all bound and free states. 1%

To calculate the self-diffusion, we assumed that our system is in
equillibrium, rapid, reversible, all binding sites with equal dissociation constant
and equally independed. Since the diffusion coefficient of the macromolecule
does not get affected when a small molecule bind to it, therefore, the diffusion
coefficient of this protein is no longer an unknown quantity, hence, a single
experiment is enough instead of varius titrations. >’ Moreover, the potential of
these diffusion edited experiments has been well evaluated to observe the

* In the view of the fact that a small molecule

liagnd-receptor interaction.
when binds with the macromolecule changes its diffusion coefficient values.
Therefore, we have decided to calculate diffusion coefficient of these recognized
compounds from extract by the addition of AChE and alone within this complex

system.

A simple 1D bipolar diffusion edited spin echo pulse was employed to the
system containing 2mg of the extract alone and with 50uM AChE. We supposed
1:1 ligands versus protein ratio in this system. Eight different 1D DOSY spectra
were acquired by systematically incremented gradient strength to 5 %, 10 %,
20%, 35%, 45%, 60%, 80%, and 98%. Three peaks (one from each compound)
were chosen because all were sharp rather than broaden, and having stability in
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the chemical shift values. The attenuation of the selected peaks (7.42 ppm for 1,
6.36 ppm for 2, and 0.76ppm for 3) against increasing gradient strength were

shown in figure 57.

radient Strength
5%
/M*k\

1 ‘ 6.‘36 ‘ ppm 02‘30 - 0‘75 ppm
M @) @)
Figure 57: The intensity attenuations of the three selected peaks with asterick

7.45 7.40 ppm

(7.42, 6.36 and 0.76 ppm) for compound 1, 2, and 3 were shown as function of
increasing (top to bottom) strength of gradients. In 8 experiments the gradient
field strengths from top to bottom were kept 2.67, 5.35, 10.7, 18.72, 2407, 32.1,
42.8, and 52.43 Gauss/cm respectively.

Figure 57 depicts the facts that the larger molecules show less change in the
diffusion opposed to the smaller molecules; and by increasing the gradient
strength the signal intensities either decrease or completely wipe out the

spectrum—as suggested by Stejskal-Tanner in eqaution 23. 2

Inl= —y*g?s* (A-2)D (23
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Where I, v, g, 6, A, and D stand for the intensity of the signal, gyromagnetic ratio

of the targeted nucleus, field strength in gauss/cm, duration of gradient pulse,
gradient interval, and diffusion respectively. The calculation for the D is very
simple; the slope of the linear plot of signal intensities versus other parameters
in the equation 23 is the translational diffusion of that compound. ?** The
selected signal intensities with and without AChE addition were plotted as a
function of the field strength because all other parameters in the equation 1 were
constant, a straight line for each single experiment was obtained. Therefore,
single peak intensity against increasing g values with and without addition was
shown in figure 58A-C to observe clear diffusional changes, and resulting

calculated D values were depicted in Table 7.
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Figure 58 A-C: Scattered plot for the signal intensity attenuations vs. square of
gradients strength applied during the BPPLED 1D sequence; the slope of these

lines provides the self-diffusion D.
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Table 7 portrays the diffusion coefficient values of the three compounds (1-3) in
presence and absence of the enzyme. The change in diffusion coefficient values
of the each compound with and without AChE is significant of the binding
between these small molecules and their host. Compound 3 (lupeol) showed
larger change in the diffusion upon addition of the AChE with the significant
change from 1.86 +0.04 x 10-9 m?s to 0.172 +0.01 x 10-9 m%s. Similarly,
compound 2, followed after the compound 3 with a change in diffusion
coefficient from 1.54 +0.02 x 10”° m?/s to 1.86 +0.04 x 10" m?/s. Nevertheless,
compound 1 (4-hydroxy cinnamic acid) presented an anomalous behaviour,
perhaps that might be because of the insufficient concentrations or some
competitions with other binders in the extract or convection problems. The
overall combine strategies from STD, Tr-NOESY and diffusion experiments
provided a best example of the extract studies where, a typical binding
behaviour of AChE—selectively binding with its inhibitors from a large library,

could be seen.

Table 7: Diffusion coefficients values of the compounds as calculated from the
linear fit of the series of 1D-DOSY spectra.
Diffusion (10° m?/s) in  Diffusion (10®° m?/s) in

Compounds
absence of AChE presence of AChE
1 2.41 +0.02 1.91 +0.03
2 1.91 +0.01 1.54 +0.02
3 1.86 +0.04 0.172 +0.01
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6.4 Conclusions

Drug discovery is a long process that takes over a decade to get proper
practise in daily life. Therefore, numerous new techniques with a number of
various methods are helping to reduce this period. In this context, NMR seems
to be an ideal choice because of its property to see the non-bonded interactions
and non-invasive nature. On the other hand, ligand-ligand and ligand-receptor
interactions are of prime importance, especially, this is particularly true in the
case of body functions and the disease controlling mechanisms. Therefore, by
targeting AChE, the data obtained would have an enormous impact on designing
the new drugs for controlling Alzheimer’s disease. In this viewpoint, performed
study is a best example of the lead recognition and characterization from an
enormous library of the compounds, towards a vital enzyme (AChE). Since
Terminalia Chebula is well known for its massive biological activities,
therefore, obtained results, perhaps will open a new window for the chemists
and pharmaceutics. The application of NMR methods to a medicinal plant
extract can be proved fruitful to the pharmaceutics in order to reduce the long
drug discovery process. STD NMR and DOSY are the valuable tools for
obtaining information about binding of small molecules to protein. Moreover,
GEM results inferred the site implication that is responsible for the primary
interaction. More importantly, the results of NMR screening might help in
designing a more potent and selective inhibitors by taking the example of the
cinnamic acid-influenced scaffolds in controlling Alzheimer’s disease, in the

light of the cholinergic speculation.
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7. Salient Features of the Thesis

Alzheimer’s disease is the one of the foremost alarming threat to the
elder populations, especially, to the western countries, which takes lives of
thousands of people per year. However, up-to-date there is no single treatment
available that could provide an absolute control to this massacre. More
importantly, before the autopsy report it is not possible to discriminate this
disease from other types of dementia. Since from its first-time diagnosis,
various methods are being utilized to come across this problem. Until now,
according to molecular speculation, the one significant way is to inhibit the
acetylcholinesterase activity, and in this way to regain of cholinergic response
can be achieved. Therefore, in this context, here we have selected different types
of the AChE inhibitors to observe the particular molecular recognition. To
accomplish this objective, we have helped by different NMR methods. Since
NMR is the significant tool for the ligand-receptor interaction studies because, it
IS non-destructive, non-invasive and physiological conditions are similar to the
environment where a drug will be applied.The most routinely and robust
methods like STD NMR, Tr-NOESY, and Diffusion-ordered spectroscopy has

been employed during this these.

For the first application of NMR methods, a set of four coumarin
derivatives AChE inhibitors have been utilized. The competition between the a
current drug (Tacrine ) and these selected targets were made on dissociation
constant values. STD titration driven results have shown that the compound 1
has a stronger affinity to AChE. Therefore, a similar competition based on
substitutions on parent coumarin ring were performed inter-inhibitors. The
superiority of interaction was seen in the compound 1 having two significant
extensions responsible for interaction. These results were exactly mimics by the
docking simulation and, inferred the explicit bindings. Moreover, docking

simulation driven calculations have shown that the compounds with longer
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extensions coming from the parent coumarin ring proved to be implicated in
three simultaneous locus. Therefore, based on the combined NMR and docking
results we have declared our compound 1 better than Tacrine, which can the

alternate to this.

Similarly, by using STD, Tr-NOESY and DOSY NMR a competition
study has been performed with three inhibitors (Gallic acid, 4-umbelliferone,
and Scopoletin) in chapter 5. In this analysis, interestingly, we found that none
of the inhibitors compete for gallic acids site. However, on higher
concentrations of inhibitors to AChE the change in chemical shifts of these
small molecules were observed. We suggest these changes because of the
saturation of the binding sites results in these shifts of peaks. Finally, the
diffusion coefficient were calculated with and without AChE via DOSY, the

change in diffusion values explicitly provided the binding evidence.

Lastly, the recognition protocol was applied to an ethyl acetate fraction of
Terminalia Chebula extract. This plant is famous to possess a plethora of
biological activity and is known as king of medicine. In a large number of
compounds, only three were provided the evidence of binding by peak
appearance in STD spectrum. As a result of combined NMR and Mass
spectrometry unequivocal structural characterization, 4-hydroxycinnamic acid,
Ethyl 4-hydroxycinnamate, and lupeol was confirmed to involved in bindings.
Intriguingly, the STD driven results disclosed the binding behavior of AChE in
only accepting its inhibitor.

In conclusion, as a step towards Alzheimer's control, a significant
progress has been made towards the investigations of the binding of the different
class of inhibitors towards AChE of Electrophorus Electricus. And, for the first

time in the Federal University of Sao Carlos, Brazil, this determination of the
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bound conformation of any inhibitors to AChE by means of NMR spectroscopy

was successfully performed.
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